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Abstract

The fast and accurate prediction of lifting surfaces in rotating systems is crucial for efficient
workflows within the design process for various applications. Solutions have to be provided for the
classical fields of applications such as helicopters, propeller aircraft, and wind turbines as well as the
growing field of urban air mobility. In general, the requirements for a specific method differ for the
stages of the design process. During the pre-design stage, the focus is set on predicting the trends of
certain design modifications. Within the subsequent stages, the absolute quantities have to be
determined correctly. Consequently, the specific needs of a given problem have to be addressed by
efficient and reliable simulations with an appropriate fidelity level. The present thesis presents
enhanced solutions for several design stages.

At first, the generalized actuator disc concept with certain modifications is provided. The latter are
the application of a new Kernel function based on a raised cosine as well as a direct coupling for
solving the blade characteristics combined with the continuum simulation. Therefore, the blade
characteristics are determined by a panel method coupled with the boundary layer integration
method. Furthermore, the multi-domain approach was introduced. For this case, the blade
characteristics are directly solved by two-dimensional continuum simulations. For the presented
methods, four test cases starting from a two-dimensional cascade test case up to a propeller-
fuselage configuration are shown. For the simple test cases, the evaluation of the model specific
parameters is of high interest. For the complex scenario, the comparison of the numerical results
with experimental data is conducted. In general, a good agreement of the different approaches with
the reference data is shown. Moreover, a high speedup of the presented methods is shown.

At second, the flow around a helicopter including rotating rotor-head motion by introducing an
analytical, fast, linear-scaling deforming-mesh approach is provided. For the evaluation of the
speedup, a simplified test case is designed. The outcome is a significant speedup with respect to the
reference method while providing higher mesh quality during the simulation. Furthermore, a
complex test case for a scale model of a characteristic twin-engine light utility helicopter featuring
collective and cyclic pitch motion of the blade cuffs governed by a fully functional swash plate is
shown. Therefore, a comparable speedup as for the simple test case as well as a higher robustness of
the simulation is achieved. Moreover, complementary numerical and experimental investigations are
presented for two different configurations. The first excludes the tail boom and the stabilizers, while
the second includes them. For the configuration without the tail, a detailed description of the flow
field as well as a comparison of the latter for several crossflow planes between the numerical results
and the experimental data is given. For the configuration with the tail, the convection of the vortical
structures is presented qualitatively. In addition, phase-averaged quasi-volumetric particle image
velocimetry data for analyzing the wake flow are detailed and compared to the numerical results. In
general, a good agreement between the numerical results and the experimental data is achieved.
However, for a detailed analysis, the complementary approach is useful.



Zusammenfassung

Die schnelle und genaue Vorhersage von auftriebserzeugenden Fliachen in rotierenden Systemen ist
entscheidend fiir effiziente Arbeitsablaufe innerhalb des Auslegungsprozesses fiir diverse
Anwendungen. Losungen werden in den klassischen Anwendungsbereichen wie Hubschauben,
Propellerflugzeuge und Windkraftanlagen, sowie als auch in wachsenden Bereich wie der ,,Urban Air
Mobility” bendtigt. Im Prinzip entscheiden sich die Anforderungen an eine bestimmte Methode fiir
unterschiedliche Phasen im Auslegungsprozess. Wahrend der Vorentwurfsphase liegt das Augenmerk
auf der Vorhersage von Tendenzen diverser Anderungen des Entwurfs, wohingegen in den weiteren
Phasen, die absoluten Werte von Relevanz sind. Als Konsequenz miissen die speziellen
Anforderungen einer Aufgabenstellung mit effizienten und zuverldssigen Methoden angemessenen
Gutegrades erfiillt werden. Die vorliegende Arbeit beinhaltet Konzepte zur Losung fir diverse
Entwurfsphasen.

Als erstes wird das ,Generalized Actuator Disc Concept” mit bestimmten Veranderungen
bereitgestellt. Diese sind die Verwendung einer neuen Kernel Funktion basierend auch einem ,,Raised
Cosine” sowie eine direkte Kopplung der Losung fiir die aerodynamischen Eigenschaften des Blattes
mit einer Kontinuumslosung. Die aerodynamischen Eigenschaften des Blattes werden dafir mit
einem Panel-Verfahren gekoppelt mit dem Grenzschichtintegrationsverfahren gel6st. Zusatzlich wird
der ,,Multi-Domain® Ansatz vorgestellt. In diesem Fall werden die aerodynamischen Eigenschaften
des Blattes mit einer direkt gekoppelten zweidimensionalen Kontinuumssimulation bestimmt. Die
Ergebnisse der Methoden werden anhand von vier Testfallen prasentiert. Diese reichen von einer
zweidimensionalen  Kaskadenstromung, welche  hauptsachlich  zur  Bestimmung  der
modellspezifischen Parameter dient, bis hin zu einem komplexen Scenario, wobei der Vergleich der
numerischen Ergebnisse mit den Windkanaldaten im Vordergrund steht. Im Prinzip stimmen die
Ergebnisse fiir die unterschiedlichen Ansdtze gut mit den Referenzdaten lberein. Des Weiteren kann
eine grolRe Verringerung der Rechenzeit gezeigt werden.

Als zweites wird die Strémung um einen Hubschrauber mit rotierendem Rotorkopf dargestellt. Dazu
wird ein analytischer, schneller, linear skalierender Netzdeformationsansatz vorgestellt. Um die
Beschleunigung der Losung zu demonstrieren wird ein einfacher Testfall generiert, wobei eine
signifikante Erhohung der Losungsgeschwindigkeit bei hoherer Netzqualitdt wahrend der Simulation
im Verglich zur Referenzmethode festgestellt werden kann. Des Weiteren wird ein komplexer Testfall
flr einen charakteristischen zweimotorigen Leichthubschrauber prasentiert. Dieser enthélt einen
Rotorkopf mit voll funktionsfahiger Taumelscheibe, welche die kollektive und zyklische
Blattverstellung von Blattstummeln vorgibt. Die Erhohung der Losungsgeschwindigkeit ist
vergleichbar mit jener flr den einfachen Testfall mit gleichzeitig robusteren Simulationen. Zusétzlich
werden komplementdre numerische und experimentelle Simulationen fir zwei verschiedene
Konfigurationen durchgefiihrt. Die Erste inkludiert den Ausleger und die Leitwerke nicht, die Zweite
schon. Die Konfiguration ohne Ausleger und Leitwerke wird verwendet um eine detaillierte
Beschreibung des Stromungsfeldes sowie einen Vergleich von experimentellen und numerischen
Daten in Querstromungsebenen zu geben. Die vollstandige Konfiguration wird genutzt um die
Konvektion der kohdrenten Strukturen qualitative darzustellen. Hierbei werden die experimentellen
Daten aus phasengemittelten quasivolumetrischen ,Particle Image Velocimetry” Daten analysiert
und mit den numerischen Ergebnissen verglichen. Hierbei wird auch eine gute Ubereistimmung
zwischen den numerischen und den Experimentellen Daten erhalten. Jedoch erweist sich der
komplementare Ansatz fir eine detaillierte Untersuchung als hilfreich.
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with the cell length. The operating point is (J, a, 05p) = (0.25,5.0°,1/3). SRw =
10.9 Lgpg. AD-PANBL.....o.oeocveeeeeeeeeeeeeeeeee s sses s es s sss s s enansseseas 92

46: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to ] = 0.25 (top), ] = 0.5
(middle), and ] = 0.75 (bottom). AD-PanBL: Solid line; Res.: Dashed line. .........cceeeuveenneee. 94

47: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the angle of attack. The advance ratio is set to ] = 0.75. AD-PanBL:

Solid line; Resolved: Dashed liNE. ...t e e e e e arare e 96

Figure 48: Two-dimensional thrust and circumferential force coefficient for a blade depending
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on the solidity. The advance ratio is set toJ = 0. AD-PanBL: Solid line; Resolved:
(D 1 =T I Lo PPN 96
49: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the source region width nondimensionalized with the chord length of
the blade. The advance ratio is set to ] = 0.25. AL-PanBL........cccceeevciveiircieee e 98
50: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the averaging region width nondimensionalized with the source region
width. The advance ratio is set to ] = 0.25. AL-PanBL......ccccoecvveiieiiiiieeiiee e 100
51: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the smoothing region width nondimensionalized with the width of the
region. The advance ratio is set to /] = 0.25. AL-PanBL........cccceeeviiiieiiiiiee e, 101
52: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to ] = 0.25 (top), ] = 0.5
(middle), and ] = 0.75 (bottom). AL-PanBL: Solid line; Res.: Dashed line. ..........ccceeeuneeene 104
53: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the angle of attack. The advance ratio is set to J=0.75. AL-PanBL: Solid
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54: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to J=0. AL-PanBL: Solid line;
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55: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to /] = 0.25 (top), ] = 0.5
(middle), and ] = 0.75 (bottom). AD-2C: Solid line; Resolved: Dashed line. ...................... 108
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Figure 56: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the angle of attack. The advance ratio is set to J=0.75. AD-2C: Solid
line; Resolved: DAashed liNE. ...t e e e ae e e e e e 109
Figure 57: Two-dimensional thrust and circumferential force coefficient for a blade depending
on the solidity. The advance ratio is set to J=0. AD-2C: Solid line; Resolved: Dashed

Figure 58: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to /] = 0.25 (top), ] = 0.5
(middle), and ] = 0.75 (bottom). AL-2C: Solid line; Resolved: Dashed line..........ccccccuee.. 112

Figure 59: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the angle of attack. The advance ratio is set to J=0.75. AL-2C: Solid line;
[T o IVZ=To B D T T o T=Te N 11 =TSSP SPP 113

Figure 60: Two-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to J=0. AL-2C: Solid line; Resolved:

(D 1 g T=To I 1 o T TSP SPP 114

Figure 61: Sketch of the three-dimensional teSt CASe. .......ccccvueiiiciiie i e e 117

Figure 62: Blocking for the resolved cascade simulation. Blocking of the whole domain for a
solidity of a3p = 1/9 (left) and the detailed view of the blocking around the airfoil
(T4 019 I 4 To 1V o RSP 120

Figure 63: Blocking for the actuator disc simulation. Blocking of the whole domain (left) and
detailed view of the blocking with mesh in the actuator disc region (right) is shown........ 122

Figure 64: Blocking for the actuator line simulation. Blocking of the whole domain for a solidity
of a3p = 1/9 (left) and detailed view of the blocking with mesh in the actuator line
region (Fght) iS SNOWN. ..c..uii et e e sre e s te e e aae e s rae e 123

Figure 65: Mesh for the actuator disc approach coupled with 2D-CFD. On the left hand side, the
AD disc domain is shown while on the right hand side the resolved airfoil domains are
presented. The airfoil is shown in its non-rotated state........ccccceecieeeiiciiee e, 125

Figure 66: Mesh for the actuator line approach coupled with 2D-CFD. On the left hand side, the
AL disc domain is shown for a solidity of o3, = 1/9 while on the right hand side the
resolved airfoil domains are presented. The airfoil is shown in its non-rotated state........ 127

Figure 67: Three-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to /] = 0.25. Resolved. ....................... 130

Figure 68: Normalized, sectional thrust and circumferential force coefficient along the
spanwise direction. The results for the angles of attack of a = 2.5° (non-filled
symbols) and a = 5.0° (filled symbols) are shown. Resolved. ..........cccceevreeeiveeiieeeneeennee. 131

Figure 69: Isosurfaces of the normalized, axial vorticity for a value of w,b/U, = —10are
shown in the blade tip region. The top row depicts the suction side and the bottom
row the pressure sides of the blades. The left column presents the results for an
angle of attack of @ = 2.5° and the right column for an angle of attack of @ = 5.0°.

The isosurface for the solidity of o35 = 1/3 is orange highlighted, for the solidity of
o3p = 1/9 is blue highlighted, and for the solidity of a3, = 0 is green highlighted.......... 132

Figure 70: Slices of the normalized, axial vorticity for values smaller than w,b/U, < —1. The
slices are located in the range of —1 < x/c < 2 with x/c = 0 set at leading edge.
The distance between two slices equals Ax/c = 0.5. The angles of attack of @ = 2.5°
(top) and a = 5.0° (bottom) are provided for the solidities of o3, = 1/3 (left),

o3p = 1/9 (middle) and g3p = 0 (right). ResoIVed.......cccccoriiiiiriiiiiiieeeeeeeeeee, 133
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Figure 71: Distribution of the local thrust coefficient Cr f in the blade tip region. The solidities
of o3p = 1/3 (left), a3p = 19 (middle) and g3 = 0 (right) are presented for the
angles of attack of @ = 2.5° (top) and a = 5.0° (bottom). Additionally, the surface

SEreamIings are INSEITEU. .....coiiieieeee ettt e e e e et e r e e s e e e e seasaasaeaeees

Figure 72: Distribution of the local circumferential force coefficient Cry rin the blade tip
region. The solidities of a3 = 1/3 (left), a3p = 1/9 (middle) and a5p = 0 (right) are
presented for the angles of attack of @ = 2.5° (top) and a = 5.0° (bottom).

Additionally, the surface streamlines are inserted. .......ccccoveeeeiiieieeciiee e

Figure 73: Three-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to J=0.25. AD-PanBL: Solid line;
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Figure 74: Normalized, sectional thrust and circumferential force coefficient along the
spanwise direction. The results for the angles of attack of a = 2.5° (non-filled
symbols) and a = 5.0° (filled symbols) are shown. AD-PanBL: Solid line; Resolved:
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Figure 75: Slices of the normalized, axial vorticity for values smaller than w,b/U, < —1. The
slices are located in the range of 0 < x/c < 1 with x/c = 0 set at leading edge. The
distance between two slices equals Ax/c = 0.5. The angles of attack of & = 2.5°
(top) and a = 5.0° (bottom) are provided for the solidities of o3p = 1/3 (left),
o3p = 1/9 (middle) and a3p = 0 (right). The isosurface (grey) represents the source
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Figure 76: Three-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to J=0.25. AL-PanBL: Solid line;
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Figure 77: Normalized, sectional thrust and circumferential force coefficient along the
spanwise direction. The results for the angles of attack of a = 2.5° (non-filled
symbols) and @ = 5.0° (filled symbols) are shown. AL-PanBL: Solid line; Resolved:
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Figure 78: Slices of the normalized, axial vorticity for values smaller than w,b/U, < —1. The
slices are located in the range of —1 < x/c < 2 with x/c = 0 set at leading edge.
The distance between two slices equals Ax/c = 0.5. The angles of attack of @ = 2.5°
(top) and a = 5.0° (bottom) are provided for the solidities of o3, = 1/3 (left),
o3p = 1/9 (middle) and o3p = 0 (right). The isosurface (grey) represents the source
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Figure 79: Three-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to J=0.25. AD-2C: Solid line;
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Figure 80: Normalized, sectional thrust and circumferential force coefficient along the
spanwise direction. The results for the angles of attack of a = 2.5° (non-filled
symbols) and a = 5.0° (filled symbols) are shown. AD-2C: Solid line; Resolved: Dotted

Figure 81: Slices of the normalized, axial vorticity for values smaller than w,b/U, < —1. The
slices are located in the range of 0 < x/c < 1 with x/c = 0 set at leading edge. The
distance between two slices equals Ax/c = 0.5. The angles of attack of @ = 2.5°
(top) and a = 5.0° (bottom) are provided for the solidities of o3, = 1/3 (left),
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o3p = 1/9 (middle) and a3p = 0 (right). The isosurface (grey) represents the source

=T <41 TR B A PP PPPPPPPPPPPRY

Figure 82: Three-dimensional thrust and circumferential force coefficient for one blade
depending on the solidity. The advance ratio is set to J=0.25. AL-2C: Solid line;
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Figure 83: Normalized, sectional thrust and circumferential force coefficient along the
spanwise direction. The results for the angles of attack of a = 2.5° (non-filled
symbols) and @ = 5.0° (filled symbols) are shown. AL-2C: Solid line; Resolved: Dotted

Figure 84: Slices of the normalized, axial vorticity for values smaller than w,b/U, < —1. The
slices are located in the range of —1 < x/c < 2 with x/c = 0 set at leading edge.
The distance between two slices equals Ax/c=0.5. The angles of attack of @ = 2.5°
(top) and a = 5.0° (bottom) are provided for the solidities of o3, = 1/3 (left),
o3p = 1/9 (middle) and o3, = 0 (right). The isosurface (grey) represents the source
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Figure 85: Domain for the resolved propeller simulation. The rotating domain including blades
and spinner (left) and the stationary domain including the aft body and the rotating

domain (Fight) IS SNHOWN. co..eeieeieecee et e e bae e e be e eaae s

Figure 86: Mesh for the resolved propeller simulation. View showing the spinner and the

blades (left) and view showing the aft body (right) is provided. ........ccccveeeciieeieciieeennee.

Figure 87: Mesh for the propeller simulation. A detailed view of the spinner and a blade is
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Figure 88: Generalized Actuator disc approach. Surface of spinner and aft body are present. In
contrast to the resolved propeller (left), the propeller blades and the sliding mesh

interface are Not requUIred (ML) .....oou i e et

Figure 89: Thrust coefficient C (left) and efficiency n (right) depending on the advance ratio J
for an RBPA of 8,5 = 10° simulated with different modeling approaches. Resolved

propeller: URANS/RP; Actuator disc: RANS/AD; Actuator line: URANS/AL. ......c.cceveeene..

Figure 90: Sectional thrust coefficient ACy (left) and circumferential force coefficient ACr,
(right) depending on the nondimensionalized radius r /rgr for an RBPA of 8,5 = 10°
simulated with different modeling approaches. The sectional coefficients are
normalized with the corresponding coefficients of the blade. Resolved propeller:

URANS/RP; Actuator disc: RANS/AD; Actuator line: URANS/AL. .....cooovvvvveiviinieeiiinieeesene

Figure 91: Contour plot of the time-averaged normalized axial velocity for the URANS/RP and
the RANS/AD (bottom), and radial distribution of the normalized axial velocity
component at three different radial positions downstream of the propeller (top).

Cruise flight: v = 16.67, w = 261.080, and 075 = 10°% ....cociriiiiiiiiiieeeeeeeee

Figure 92: Contour plot of the time-averaged normalized axial velocity for the URANS/RP and
the URANS/AL (bottom), and radial distribution of the normalized axial velocity
component at three different radial positions downstream of the propeller (top).

Cruise flight: v = 16.67, w = 261.080, and 075 = 10° ...cooviiiriieiriiiiieenec e

Figure 93: Contour plot of the normalized Q criterion in the range of 2.5 < Q/n? < 50 and cut
off below Q/n? = 1 (top, right) is shown. Isosurface of the normalized Q criterion
with an isovalue of Q/n? = 5 (bottom; right) is exhibited. The isosurface is colored

red (resolved propeller) and blue (actuator liN€). ......cceeeeveeeiieiecieecee e
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Figure 94: Thrust coefficient C7 (left) and torque coefficient Cy, (right) depending on the disc
inflow angle ¢, for an RBPA of 8,5 = 10° simulated with different modeling
approaches. Resolved propeller: URANS/RP; Actuator disc: RANS/AD; Actuator line:

URANS/AL. <ottt st te st s e te st st e te e st et e st e emaesteestensesseenseseensensesneensessesnsensesneensenes

Figure 95: Lateral moment coefficient C,, (left) and vertical moment coefficient C,, (right)
depending on the disc inflow angle ¢p for an RBPA of 8,5 = 10° simulated with
different modeling approaches. Resolved propeller: URANS/RP; Actuator disc:

RANS/AD; Actuator INE: URANS/AL. ..uvveieiiiieeeeeeeeee e eeeeeetteee e e e e seeitateeeeessessnssseeeeesssnnnnnns

Figure 96: Isosurface of the normalized Q criterion with an isovalue of Q/n? = 5 colored by
the turbulent kinetic energy for a disc inflow angle ¢p = 90° and an RBPA of

6,5 = 10°. Resolved propeller: URANS/RP (left); Actuator disc: URANS/AL (right); .........

Figure 97: Test configuration mounted in the test section of the wind tunnel. View in direction
of the nozzle (left) and in the direction of the diffusor (right) is shown. Propeller and

SPINNET Are NOT SNOWN. ..euviiiieieeciee ettt ettt e e sreesraeesteete e teesreesreesneesnns

Figure 98: Configuration for the numerical simulation. The nozzle (orange highlighted), the
room including the test section (grey highlighted), the propeller-fuselage
configuration mounted on the sting (blue highlighted), the blades of the wind tunnel

(red highlighted), and the diffusor (green highlighted) are presented. ......cccccccceevveeenneen.

Figure 99: Blocking of the wind-tunnel domain excluding the diffusor (left) and the aircraft

domain (ML) iS SHOWN. ...cciieiiie et e e e ree e e e eara e e e e e

Figure 100: Thrust coefficient C; depending on the advance ratio J for an RBPA of 8,5 = 10°
for different modeling approaches and the experimental data (left). Experimental
data: W/T; Resolved propeller: URANS/RP; Actuator disc for propeller-fuselage
configuration: RANS/AD-W/T; Actuator disc: RANS/AD; Resolved propeller:
URANS/RP. Thrust coefficient caused by the drag of the fuselage and the mounting

Cr,p depending on the advance ratio J for different conditions (right)...........c.cccccc...

Figure 101: Test configuration with dismounted propeller (left) and with enabled propeller
representing the cruise flight condition (right) is shown. The advance ratio reads
J = 0.286. Isosurface of the normalized axial velocity with an isovalue of u/U, =
1.1 (top) and crossflow plane colored with the normalized axial velocity in the

0.5 < uU/Uyp < 1.4 (bOttOM) IS SNOWN. weovviiiiiiiiieieeeerte et

Figure 102: Static mesh (S) and rotating mesh (R) for the sliding mesh approach. Initial state is

shown on the left hand side, after rotation on the right hand side. .......c..ccccccovieieinnnnis

Figure 103: Static mesh (S), deforming mesh (D), and rotating mesh (R) for the deforming mesh
approach. Initial state is shown on the left hand side, after rotation on the right hand

LY Lo [T

Figure 104: Surface deformation obtained by the analytical mesh-deformation approach. The
initial state (top, left), the rotated-only state (top, right), the translation-only state
(bottom, left), and the combined rotation-translation state (bottom, right) are

(o] Ty =T o1 =T 1RSSR

Figure 105: Sketch and mesh for the mesh-deformation test case. A sketch showing the region
and measures is drawn (top, left). The initial mesh is presented (top, right). The
deformed meshes for the maximum deflection within the test case are presented for
the diffusion-based method (bottom, left) and the analytical mesh-deformation

Method (DOTEOM, FIZNT)....co i e e e e
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Figure 106: Required wall-clock time ty, for one simulation run obtained by the diffusion-
based mesh-deformation method (dashed line) and the analytical mesh-deformation
method (solid line) depending on the number of cells for different numbers of cores
N ettt sa e 184

Figure 107: Side and top view of the helicopter configuration. The framed parts are associated
to the configuration excluding the tail boom and the empennage.......cccccveeeviieeercnnennnne 187

Figure 108: Wind tunnel configurations. The full model (left) and the model without tail sting-
mounted (right) in the wind tunnel is presented. ........cccceeeeiiiiieeiiiee e, 188

Figure 109: Helicopter configuration without the empennage mounted on the one-armed
mounting sting (middle) is presented. Gray highlighted stationary domain with the
green highlighted embedded disc domain is depicted (left). Rotor head with
truncated rotor blades is exhibited (Fight). .....c.ccccoeeiieeece e 190

Figure 110: Blocking of the lower rotor head domain including the swash plate, the mast and
the scissors and lower parts of the steering rods (left) and blocking of the upper rotor

head domain (FIBNt). [5].cccveieiieeiiie ettt et e e s e e s be e e st e e steeeaaeesareeenns 191
Figure 111: Blocking of one blade domain (left) and blocking of the disk segment domain with
the embedded blade domain (Fight) [5]. .cccveieeeiiiie e 191

Figure 112: Mesh in the symmetry plane of the helicopter configuration excluding the
empennage, but with included mounting Sting........cccoociiieieiiie e, 192
Figure 113: Surface mesh of the rotor head. The rotor head includes rotor mast, hubcap,
scissors, damper, steering rods, and swash plate. The global view of the whole rotor
head (left) and a detailed view of the rotor head (right) is shown..........ccccccovvviiicinernnnen. 192
Figure 114: Definition of the deforming regions. Top view of the rotor (left) and view along the
blade in direction of the rotor head (right) is presented. The isosurfaces covering the
blades represent a deformation function of Fg.r = 0.01 (blue highlighted) and
Fger = 0.99 (red highlighted). A sector, associated to a blade, is divided by the green
highlighted iSOSUMACE. ....uiiiiiiie e e bee e e e 194
Figure 115: Additional deforming region (left) and actually used deforming region including the
mesh (right) is shown. The isosurfaces of the additional deformation function of
Fgerxp = 0.01 (blue highlighted) and Fyefy, = 0.99 (red highlighted) are presented

(1= 5 PP PSPTRPPRPON 195
Figure 116: Crossflow planes colored by the time-averaged vorticity magnitude in order to

determine the dominant flow structures [5]; Re = 1-10°, a = B =0° e 199
Figure 117: Definition of the crossflow planes. [5] ....ccciiiiiiiii e 200

Figure 118: Normalized time-averaged axial velocity distribution for the crossflow planes P1,
P2, and P3 in the wake flow of the backdoor section is shown [5]; Re = 1-10°, a =
B 0 ettt et h e e st st s b e e b e e nhe e s aee et e e te e teesreesaeenas 201
Figure 119: Surface streamlines obtained by a simulation with the SAS model. Blue highlighted
isosurface of the normalized time-averaged axial velocity with the value u/U,, = Ois
presented. Slice-planes colored and cut off by 0 < u/U, < 0.9 are shown. The

mounting sting is not included for this investigation; Re ~ 1+ 10°, a = f = 0°.............. 202
Figure 120: Normalized time-averaged axial velocity distribution for the crossflow planes P4,

P5, and P6 in the wake flow of the rotor head [5]; Re =~ 1-10°, a = B=0% s 203
Figure 121: Normalized time-averaged axial vorticity distribution for the crossflow planes P4,

P5, and P6 in the wake flow of the rotor head [5]; Re = 1-10°, a = B=0°% s 204
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Figure 122: Turbulence intensity distribution for the crossflow planes P4, P5, and P6 in the

wake flow of the rotor head [5]; Re = 1-10°, a = B =00 e

Figure 123: Energy spectra for the velocity components in dependence on the spatial wave

number k multiplied by the diameter of the hubcap [5]; Re = 1-10°%, a = = 0°.......

Figure 124: Wake structures for the FHC. The vortical structures are designated by the origin of
the structure as well as the associated number of the blade (B) if applicable. BTV:
Blade tip vortex; HCVP: Hubcap vortex pair; BIV: Inwards of the blade tip located

vortex; HTI: Hubcap BTV interaction; Re = 1 - 10, a = B =0 e

Figure 125: Quasi-volumetric PIV-setup. The grey highlighted planes show the measured
planes, and the blue highlighted cuboid exhibits the volume for the reconstruction of
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Figure 126: Isosurface of the normalized, phase-averaged Q criterion for an isovalue of

Q- (lref/ Uoo)2 = 0.5 colored by the axial vorticity component in the range of
—1.0 < wy " lref/Uw < 1.0. The vortical structures are designated by the origin of
the structure as well as the associated number of the blade (B) if applicable. BTV:
Blade tip vortex; HCVP: Hubcap vortex pair; BIV: Inwards of the blade tip located

vortex; HTI: Hubcap BTV interaction; Re = 1-10°, a = B =0 e

Figure 127: Crossflow planes colored by the phase-averaged, normalized vorticity magnitude in
the range of 1.5 < w - l.r /Uy < 9.5 cut off below the lower limit. The vortical
structures are designated by the origin of the structure as well as the associated
number of the blade (B) if applicable. BTV: Blade tip vortex; HCVP: Hubcap vortex
pair; BIV: Inwards of the blade tip located vortex; HTI: Hubcap BTV interaction;

RE = 15108, 0 = B = 0% oottt

Figure 128: Crossflow planes colored by the phase-averaged, normalized axial velocity
component in the range of 0.4 <u/U, < 0.9 cut off above u/U, = 0.95. The

blades are designated (B) ; Re = 1-10%,a = B = 0° oeeuereeeeeeercreeeeeeeee e,
Figure 129: Normalized raised-cosine function for x € [—1,1]. ccccceeiininiininiieneeeeeeeeee,
Figure 130: Normalized smoothing function for x € [—1.5,1.5]. cccceeoiiiriiiniiieiceeeeeee,

Xl

. 205

. 207

.212

.213
.234
.236



List of Tables

Table 1: Relaxation factor for the resolved propeller simulations of the two-dimensional test

o= PP PPPPTPPPTPPPNE 73
Table 2: Mesh independency study for the resolved simulation of the two-dimensional test

(or 1Y J PSP PPPPPRPPPN 73
Table 3: Relative deviation of the thrust and circumferential coefficient for the resolved

L4101 £ 4o T o PO PP UPP 81
Table 4: Relative deviation of the thrust and circumferential coefficient for the resolved and

the AD-PanBL SiMUIGtION. ...uiiiiiiie et e e s bee e e s srae e e e sanes 93
Table 5: Relative deviation of the thrust and circumferential coefficient for the Dependency

Test 1 of the AL-PanBL SIMUIAtION. ...oovieiiiiiiiiie ittt st 99
Table 6: Relative deviation of the thrust and circumferential force coefficient for the

Dependency Test 2 of the AL-PanBL simulation. ......cccccueeeeiiiiiiiiiiiee e, 100
Table 7: Relative deviation of the thrust and circumferential coefficient for the resolved and

the AL-PanBL SiMUIAtioN. ......coiiiiiiie et sbae e e e raeeeeas 103
Table 8: Relative deviation of the thrust and circumferential coefficient for the resolved and

The AD-2C SIMUIALION. ..iiiieeeiieeciee et e st s e e bee e s beeebaeessteesbeessnneeenes 107
Table 9: Relative deviation of the thrust and circumferential coefficient for the resolved and

The AL-2C SIMUIATION. .eiiiiee ettt e e st e e st eebeeessbeeebaeessteesseessnseeenes 111

Table 10: Relaxation factor for the resolved propeller simulations of the three-dimensional test

Table 12: Relative deviation of the thrust and circumferential force coefficient for the AD-
PanBL simulation related to the resolved simulation. ........cc.cccvvviirieeiieenceece e 137
Table 13: Relative deviation of the thrust and circumferential force coefficient for the AL-PanBL
simulation related to the resolved simulation........c.cccociiiniiiiiiiin e, 142
Table 14: Relative deviation of the thrust and circumferential force coefficient for the AD-2C
simulation related to the resolved simulation..........cccoecveriiiice e 146
Table 15: Relative deviation of the thrust and circumferential force coefficient for the AL-2C
simulation related to the resolved simulation..........cccoecieeciiiie s 149
Table 16: Contributions to the thrust coefficient due to the aerodynamic tare. .......ccccceeeevveeenneen. 172
Table 17: Ratio of the wall-clock time of the simulation ty, . for the diffusion-based mesh-
deformation method related to that of the analytical mesh-deformation method for

different numbers of cores and grid resolutions. .........ccceeeeeiee e, 184
Table 18: PPG for different NUMDErs of COres........cuuiiiiiiiiiiiiceee e 185
Table 19: PPC for different grid reSoIULIONS. ........ccviii it 186

Table 20: Force and moment coefficients obtained by the wind-tunnel experiment and the
numerical simulation according to Stuhlpfarrer et al. [5]. ..ccovvveiiiiiieiiee e, 198

XV



Nomenclature

Nomenclature

Latin Characters

Symbol Unit Description

A m? Area

AR, m Averaging regions; Position of the center
AR m Averaging regions; Widths of the smoothing region
AR, m Averaging regions; Widths of the region
a - Axial interference factor

aij m~t Influence coefficient matrix

a' - Rotational interference factor

B - Number of propeller blades

b m Half span

Cc - Constant

C - Courant number

Cp,Cp - Drag coefficient

Cry - Circumferential force coefficient
Cpcp - Lift coefficient

Co - Torque coefficient

Cr - Thrust coefficient

Cy - Side force coefficient

G, - Roll-moment coefficient

Cn - Pitching-moment coefficient

Cn - Yawing-moment coefficient

c m Chord length

o - Skin friction coefficient

Cp — Specific heat for constant pressure
Cp - Pressure coefficient

D N Drag force

D m Diameter

d m Distance

Fy, Fg N Circumferential force

Faistr — Distribution function

H - Shape factor

H; - Shape factor

] - Advance ratio

k m?/s? Turbulent kinetic energy

k 1/m Wave number

l m Length; Characteristic length
l,m,n Nm Moments

Ma - Mach number

m kg/s Mass flow rate

N - Number

n - Rounds per minute
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n - Surface orthogonal vector

PPC - Parallel performance related to number of cores
PPG - Parallel performance related to grid resolution
p - Pressure

Q - Torque

R - Radius of vortex ring

Re - Reynolds number

T m Radius

S; N/m3 Source term component

SR, m Source regions; Position of the center

SR, m Source regions; Widths of the smoothing region
SR, m Source regions; Widths of the region

T N Thrust

T - Thrust coefficient

t S Time

uv m/s Velocity

u,v m/s Disturbance velocity components

u,v,w m/s Velocity components

/4 m3 Volume

Vyel m/s Relative velocity magnitude

w m Width

X,V Z m Cartesian Coordinates

X,z m Cylindrical Coordinates

y* - Dimensionless wall distance

Greek Characters

Symbol Unit Description

a ° Angle of attack

a - Weighting parameter for mesh-deformation method
Qgen - Density relaxation factor

Cmom - Momentum relaxation factor

a, - Pressure relaxation factor

Atemp - Temperature relaxation factor

Atke - Turbulent kinetic energy relaxation factor
Xy update - Multi-domain update relaxation factor

Ay, - Turbulence eddy viscosity relaxation factor
a, - Turbulence eddy frequency relaxation factor
B ° Angle of sideslip

r m?/s Circulation

y m/s Vortex strength

y - Diffusion coefficient

o) ° Boundary layer thickness
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o ° Displacement thickness

€ m Characteristic length of the Kernel
Ne - Kernel function

6 ° Angle of Incidence

0 m Momentum thickness

0,5 ° Angle of incidence at 75 per cent of the blade tip radius
00,0¢, 05 ° Parameter for the governing law of the pitch angles
A - Aspect ratio

7 Pas Dynamic viscosity

u - Advance ratio

v m?/s Kinematic Velocity

Ve m?/s Turbulence eddy viscosity

p kg/m3 Density

o - Solidity

10) ° Inflow angle

bp ° Inclination of the disc relative to the inflow condition
¢ m?/s Potential

10 ° Polar angle

Q 1/s Rotational speed

w 1/s Angular velocity

w 1/s Turbulence eddy frequency
Subscripts

Symbol Description

AD Acuator disc

AD — 2C Actuator disc coupled with two-dimensional CFD
AL Actuator line

AL - 2C Actuator line coupled with two-dimensional CFD
AR Averaging region

amb Ambient

BT Blade tip

bf Blade fixed coordinate system

Cores Computer cores

c Cell

cart Cartesian coordinate system

cell Cell

cis Cells in segment

cp Cross plane

cr Center of the vortex ring

cr Cylindrical coordinate system

D Disc

distr Distribution function

e End of boundary layer
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FHC
FM,0
FM
FocC
f

G
Hub
10
Lj
in
out

per
rel
res
rms
sec

wc
W/T

xX,Y,Z

2D
3D

Acronyms
Symbol

AD
AD-2C
AFDD
AL
AL-2C
ANSYS
AS

BD
BEM
BET
BEMT
BIV
BTV

Full helicopter configuration

Fuselage and mounting sting without propeller
Fuselage and mounting sting with enabled propeller
Helicopter configuration excluding the tail and empennage
Face

Grid

Hubcap

Inlet to outlet

Indices

Inlet

Outlet

Propeller plane

Panel coordinate system

Periodic

Relative quantity

Resolved blade simulation

root-mean-square quantity

Sections

Total quantity

Wall clock

Wind tunnel

Ultimate wake

Cartesian coordinate

Freestream

Two-dimensional

Three-dimensional

Description

Actuator disc

Actuator disc coupled with two-dimensional CFD
U.S. Army Aeroflightdynamics Directorate
Actuator line

Actuator line coupled with two-dimensional CFD
Ansys Inc.

Actuator surface

Number of a rotor blade

Blade domain

Blade element momentum

Blade element theory

Blade element momentum theory

Inner vortical structure on a blade

Blade tip vortex
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CAMRAD I
CFD
CFX
CVFEM
DD

DS
DLR-TAU
DNS
EllipSys
elsA

Eu

FHC
Fluent
FLWB
FLWS
Flu3M
FOC
FUN3D
FVM
GAD
GIT

HCV
HCVP
HOST
HTI
JavaFaoil
LES
LRHD
LU
MEXICO
MFVP
MUSCL
MT
NACA
NASA
NS
ONERA
OpenFOAM
PanBL
PLU
PropPanBL
PUMA
RANS
ROBIN
SD

SST

Comprehensive analytical model of rotorcraft aerodynamics and dynamics
Computational fluid mechanics

Flow solver by ANSYS

Control-volume finite element method

Disc domain

Disc segment domain

Flow solver by DLR (Deutsches Zentrum fiir Luft- und Raumfahrt)
Direct numerical simulation

Flow solver by DTU (Technical University of Denmark)
Flow-Solver by ONERA

Euler

Full helicopter configuration

Flow solver by ANSYS

Forward skid landing gear bottom structure

Forward skid landing gear side structure

Flow Solver by ONERA

Helicopter configuration excluding the tail and empennage
Fully unstructured navier-stokes, Flow solver by NASA

Finite volume method

Generalized actuator disc

Georgia Institute of Technology

Hubcap vortex

Hubcap vortex pair

Helicopter overall simulation tool

Interactional vortical structure of hubcap vortex with blade tip vortex
Panel method coupled with boundary layer method written in Java
Large eddy simulation

Lower rotor head domain

Lower-upper

Model experiments in controlled conditions

Mast fairing vortex pair

Monotonic upstream-centered scheme for conservation laws
Momentum theory

National advisory committee for aeronautics

National aeronautics and space administration

Navier-Stokes

Office national d’études et de recherches aérospatiales

Open Source Field Operation and Manipulation, Flow solver
Panel method coupled with boundary layer integration method
Lower-upper with partial pivoting

Momentum theory coupled with PanBL

Lifting-line software

Reynolds-averaged Navier-Stokes

Rotor-body interaction

Static domain

Shear-stress transport
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STAR-CD
TUM
TUM-AER
URANS
URHD
VAWT
WENOS5
WBS
WDS
WSLG
W/T

2C

Flow solver by CD-adapco

Technical University of Munich

Chair of aerodynamics and fluid mechanics

Unsteady Reynolds-averaged Navier-Stokes

Upper rotor head domain

Vertical axis wind turbine

Weighted essentially nonoscillatory scheme fifth-order
Wake between the strakes

Wake downstream of each strake

Wake of the skid landing gear

Wind tunnel

Two-dimensional Reynolds-averaged Navier-Stokes simulation

XX



1. Introduction

1 Introduction

The present chapter provides the background of and the motivation for the thesis, followed by the
objectives and contribution of the work as well as the outline. The state of the art is not presented
within this chapter. Since this thesis includes one part related to the simplified propeller modeling
and another one regarding the deformation of computational fluid dynamic meshes for helicopter
rotor heads, the state of the art is presented separated in the corresponding subchapters.

1.1 Background and Motivation

The prediction of lift-generating surfaces in rotational reference systems started more the one
hundred years ago. The first attempts to describe the behavior of a propeller used simple analytical
methods, nevertheless, with in some cases, appropriate accuracy. The enhancement of the methods,
including more features of the real world, lead to an increased complexity and were not able to be
solved analytically anymore. Subsequently, a numerical solution was required. Due to the absence of
computers at that time, the results were difficult over even not possible to obtain. [1]

With the introduction of computational fluid mechanics (CFD), the flow around lifting surfaces can be
calculated in detail. However, such time-accurate, resolved simulations of flows applied for complex
geometries require a large computational effort. Consequently, for solving such flows, the limiting
calculation power, in particular of a common workstation, is still not sufficient for providing the
results within an appropriate wall-clock time. Furthermore, additional conditions, as for example
licensed software, require an economical utilization of the available resources. Consequently, fast
and efficient methods are highly beneficial. In the following, two examples are given briefly.
Considering the pre-design stage of a new aircraft configuration at first, a lot of different designs
have to be calculated, while the focus is not set on predicting the exact value rather than the
influence of a modification on the certain quantities. In order to solve this issue for flows around
lifting surfaces in rotating frames, a combination a continuum-based CFD simulation with a semi-
analytically-based description of the propeller was invented in [2]. After suggesting the method in
the late 1980s, several modifications and further developments were conducted. In addition, the
fields of application were extended continuously. Although nowadays a lot of variations of the basic
method are in use, there is still space for improvements as well as for detailed investigations
concerning the model parameters.

While within the pre-design stage the impact of a modification on a specific quantity is of main
interest, within subsequent stages of the design process, the focus is set on determining the absolute
value as accurate as possible. For some complex configurations, the solution cannot be obtained on a
common workstation. However, even for high-fidelity simulations executed on high-performance
computers, an efficient solution is beneficial also.

Conclusively, the main goal, arising out of the previous examples, is that for low- as well as high-
fidelity simulation the reduction of the numerical effort has to be achieved. Furthermore, for both
examples, enhanced solutions shall be provided within this thesis.

Some years ago, the Chair of Aerodynamics and Fluid Mechanics (TUM-AER) of the Technical

University of Munich (TUM) contributed to the research project EUROPAS. The focus of the project

was set on the technologies for autonomous, unmanned sensor platforms addressing efficient,

propulsion systems and ground station control technologies, while the main objective was the
1



1. Introduction

provision of solutions for all-electric, environmentally friendly and inexpensive unmanned aerial
systems. TUM-AER dealt on the one hand with the overall aerodynamics of the aircraft and on the
other hand with the aerodynamics of the propeller. For both topics, numerical and experimental
investigations were conducted. In the course of the project, in particular, the numerical modeling of
the propeller gained more and more attention. As mentioned in the last paragraph, the time-
accurate simulation of propellers for a large number of operating points is not feasible with limited
computational power. However, the project required aerodynamic data of the propeller itself as well
as mounted on the aircraft for several advance ratios, blade pitch angles, and Reynolds numbers. As
a result, the input data space is large. In order to overcome this issue, the application of the
generalized actuator disc approach was suggested. While at first, solely a passive disc with constant
disc loading was intended, the a priori unknown forces generated by the propeller lead to the
implementation of an active, coupled approach. Furthermore, the geometrical data for the propeller
within the project were provided by a three-dimensional scan. The idea was to create a framework
that is able to perform the workflow from reading in the geometrical data of the propeller to
calculate the generalized actuator disc simulation. In order to cover a wider range of test cases, both,
the actuator disc and the actuator line approach are used for the generalized actuator disc within the
framework. A detailed study of this framework was presented in [3]. The investigations included
several test cases for different flight regimes. The focus was set on the forces and moments for a
wide range of operating points. Nevertheless, the local pressure distribution and the wake field were
detailed for two operating points also. Although the results show a good agreement to the
experimental data, some effects and discrepancies could not be fully understood.

Consequently, a detailed study applying simple test cases, with gradually increasing the complexity,
enables the detection of the origins of the effects. For example, a two-dimensional test case aligned
within the plane perpendicular to the radial direction of the propeller allows for investigating the
impact of the dimensions of the actuator region on the results. Further, the extension to a three-
dimensional test case in a steady frame emphasizes, e.g., the influence of the blade tip vortex. Due to
the increasing interest of propellers operating in non-axial inflow conditions, the feasibility of the
approach for predicting that kind of flows is beneficial also. Conclusively, a comprehensive study of
the advantages and disadvantages of the method has to be performed.

At the same time as the aforementioned project, several projects regarding the flows around
helicopters were performed at TUM-AER. The emphasis was mainly set on drag reduction and
efficiency increase, but other topics, like fluid-structure interaction, were investigated also. The
research projects ADHeRo [4] and EcoHC2 [5] dealt with the aerodynamic optimization of a twin-
engine light utility helicopter. Within both projects, numerical and experimental investigations have
been performed. While the scales as well as the number of blades differ between the considered
configurations of the projects, the common feature of both was the application of a fully functional
rotor head including a swash plate for governing collective and cyclic pitch motion of the blade cuffs.
The main goal was the investigation concerning the drag of the configurations. As reviewed in e.g.
[4], the whole blade has not to be incorporated necessarily. The behavior of the drag can even be
estimated by including the rotor head and blade cuffs. The latter are obtained by truncating the
blade at the radial position of the first effective aerodynamic section. A further difference between
the projects was that the tail boom and the stabilizers were included only in the EcoHC2
configuration. After finishing these projects, TUM-AER contributed to the project CHARME. The
emphasize was set on aero-mechanical investigations applying the large scale model with the five-
bladed rotor head of the ADHero project as well as an added tail boom and stabilizers according to
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the EcoHC2 project. The objective was to investigate the interaction of the wake of the fuselage and
the rotor head with the tail parts of the helicopter. In the experiments, loads, flow field
measurements in the wake, and unsteady pressure probes located at the vertical stabilizer have been
evaluated. As a result, a comprehensive database was generated. For the numerical simulation, the
flow solvers of ANSYS were applied. Initially, the flow solver ANSYS CFX was applied within the
ADHeRo project [6]. The rotor head motion was established with the diffusion-based deforming
mesh approach provided by ANSYS CFX. The solution therefore, needed high computational effort,
while it was difficult to achieve convergence. Consequently, the solver was changed to ANSYS Fluent
for EcoHC2 as well as CHARME due to the better performance for unsteady flows. The computational
effort was much less; however, the solution of the mesh-deformation equations required a
comparable effort to that of the flow equations. Furthermore, convergence issues were still present.
Consequently, a fast and stable mesh-deformation method for the present case is beneficial. Since an
analytical prescription of the motion of the rotor head is applied in this case, an analytical function
for the mesh deformation can be defined as well. Furthermore, a detailed complementary analysis of
the numerical results with the experimental data in the wake flow of the helicopter shall be
performed.

1.2 Objectives and Contribution of the Work

Basically, the thesis is structured into two parts. On the hand, the simplified modeling of the
propeller by the generalized actuator disc concept and on the other hand, the modeling of the flow
around a helicopter including the rotor head motion by introducing a fast, linear-scaling deforming
mesh approach and comparing the results with complementary generated experimental data.

At first, the objectives concerning the simplified modeling of the propeller by the generalized
actuator disc concept are presented. Although the introduced method shows a good agreement for
the complex test case [3], the need for more detailed studies on the occurring effects with simple
test cases is stated in the previous section. Therefore, a more detailed description of the therein
applied generalized actuator disc method with theoretical considerations is made initially.
Furthermore, the distribution function applied for the investigations presented in [3] has to be
discussed in detail. In particular, the construction of the new Kernel function with the related model-
based parameters is declared. Furthermore, a presentation and description of the newly-introduced
multi-domain approach is provided. In addition, a comparison with the resolved propeller simulation
and experimental data is included.

The first main objective for the part of the thesis concerning the modeling of the propeller is to
investigate the influence of the model-based parameters on the results. Therefore, special designed
test cases in two and three dimensions are used. The range of the propeller and flow parameters is
based on the requirements needed for real-world applications, while allowing for simply separating,
various occurring effects. The test cases focus, in particular, on studies concerning the independence
of certain model parameters on the results and consequently, finding an appropriate parameter set,
providing a high quality of the prediction for a wide range of propeller and flow parameters.

The second main objective concerns the investigations of the directly-coupled multi-domain
approach. Since within the multi-domain approach, solely the calculation of the airfoil data is
changed, the same test cases can be simulated to validate the method. The model-based parameters
have not to be changed. However, therefore additional questions, like stability and convergence

3



1. Introduction

issues, have to be answered.

The final objective for the part of the thesis concerning the modeling of the propeller is the
demonstration of feasibility and applicability for more complex test cases. Therefore, two additional
test cases are designed. At first, the feasibility for simulating non-axial inflow conditions with the
simplified method has to be proofed and at second, the application for a complex aircraft
configuration including the propeller is provided.

In the following, the points beyond the state-of-the-art for the modeling of the generalized actuator
disc approach are described briefly:

o Kernel function: Instead of the usage of a common Gaussian Kernel function that is not
bounded in space, a distribution function based on a raised-cosine function is established.
For a Cartesian Grid, in combination with a well-suited parameter set for the distribution
function, an almost conservative, but smooth representation of the modeled propeller is
obtained.

e Raised-cosine kernel: The presented Kernel function is applied not solely for the distribution
of the source terms but also for evaluating the inflow conditions to the blade.

e Direct coupling and multi-domain approach: In contrast to the widespread approach of
taking tabulated airfoil data for calculating the aerodynamic properties of a propeller, a
direct coupling of the finite volume simulation with on the one hand, a panel method
coupled with a boundary layer integration method and, in particular, on the other hand, a
direct coupling with a two-dimensional Reynolds-averaged Navier-Stokes (RANS) simulation
within a multi-domain framework is conducted.

At second, the first main objective regarding the modeling of the flow around a helicopter including
the rotor-head motion by introducing a fast, linear-scaling deforming-mesh approach is provided.
The objective of this part is mainly to demonstrate and give a detailed description, including some
special consideration, of the presented method in [5].

The second main objective for this part is the comparison of the results for the wake flow obtained
by the numerical approach regarding those of the experimental data based on [5]. This comparison is
basically performed with averaged flow results of a scale-adaptive simulation and the data generated
by particle image velocimetry. In addition, phase-averaged quasi-volumetric particle image
velocimetry data are presented.

Concerning the helicopter simulation, the points beyond the state-of-the-art are as follows:

e Analytical mesh-deformation: Application of an analytical function based on a raised cosine
to describe the motion of the rotor blades as well as the deformation of the computational
grid.

e Complementary numerical and experimental investigations: Results of the numerical
simulations are compared to the experimental data. The wind-tunnel model features a fully-
functional rotor head. Results of the phase-averaged quasi-volumetric particle image
velocimetry measurements are presented.
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1.3 Outline

As already mentioned above, the thesis consists of two major parts. At first, the modeling of the
propeller action is described in chapter 2. The chapter starts with an introduction including a
comprehensive literature review in section 2.1. In the following, the basic concepts for calculating
the aerodynamic properties of a propeller, like the momentum theory, the blade element theory,
and the combination of the latter, the blade element momentum theory, are summarized in the
sections 2.2, 2.3, and 2.4, respectively. While the previous concepts do not allow for a detailed
investigation of the flow field, the enhancement by connecting the blade element theory with a
continuum-based numerical approach do. The result is the generalized actuator disc approach and is
presented in section 2.5. The panel method, applied for calculating the airfoil data, is presented in
section 2.6. The core element of the thesis, the direct coupling between the methods within one
framework as well as the application of the distribution function, is shown in section 2.7 in detail. In
section 2.8, solely the necessary modifications for the multi-domain approach by substituting the
calculation of the sectional airfoil data are described. Additional information for solving the problem
is given within the generic test cases in the next chapter. Finally, in section 2.9, a brief introduction
for the resolved simulations is given.

The test cases for investigating the introduced methods are presented in chapters 3 and 4. In chapter
3, the two-dimensional cascade test case is described. This test case is used to find an appropriate
set of the parameters for the actuator disc as well as the actuator line for a wide range of operating
points. The three-dimensional cascade test case, in section 4.1, represents the extension of the
previous test case by one dimension, in order to determine the quality of the prediction by including
three-dimensional effects. While the previous test cases are of generic type and emphasize in detail
on the behavior of the model, in section 4.2, the three-dimensional propeller test case is presented.
The latter is used for two points. On the one hand, an intermethod comparison of the modeled
propeller with regard to the resolved propeller simulation is presented. On the other hand, the
applicability for inclined inflow conditions is presented qualitatively. Finally, a complex configuration
of the propeller mounted on an aircraft is presented in section 4.3. Therein, a validation of the
numerical simulations with the experimental data is provided.

In chapter 5, the modeling of the rotorcraft is presented. In section 5.1, the introduction with the
literature review is provided. In section 5.2, a general overview of the mesh-motion methods,
containing the mostly-used ones, is given. Finally, in section 5.3, the analytical mesh-deformation
method is presented. Therefore, the basic considerations are made as well as results for simple
examples are described. In addition, a scalability study is presented.

In chapter 6, the results of the rotorcraft simulation is presented. In section 6.1, the test case
description is provided. In section 6.2, the test conditions of the numerical setup as well as the
measurement techniques are described. The numerical setup is presented in section 6.3. Basically,
the meshing and blocking strategy, the application of the analytical mesh-deformation method, and
the solver settings are shown. Finally, in section 6.4, a validation of the flow field in the wake is
presented for a helicopter configuration excluding the tail. In addition, a characterization of the flow
field is given for a helicopter configuration including the tail.
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2 Modeling of the Propeller Action

In this chapter, the methods for the modeling of the propeller action are discussed. First, an
introduction including the state-of-the-art is provided in Section 2.1. Within this subchapter, an
overview of the method and the fields of application are presented. Thereafter, the different basic
theories are described in detail. In Section 2.2, the momentum theory (MT) is explained followed by
an introduction into the blade element theory (BET) in Section 2.3. The latter methods are then
combined to the well-known blade element momentum theory (BEMT) presented in Section 2.4. The
complexity is increased and leads to the generalized actuator disk (GAD) approach presented in
Section 2.5. In Section 2.6, a brief overview of the panel method coupled with the boundary layer
integration method (PanBL) applied within this thesis is provided. In Section 2.7, the generalized AD
model developed within this thesis is coupled with PanBL for generating the airfoil data. In Section
2.8, PanBL is substituted with a 2D-CFD simulation for providing the airfoil data and results
consequently in a multi-zone approach. The theory concerning resolved simulations is finally
presented in Section 2.9. The latter are used for inter-method comparisons.

2.1 Introduction

The calculation of the forces and moments generated by propellers is a challenging task. The main
objective of a propeller is the generation of forward thrust. Therefore, the ambient fluid has to be set
into backward motion. During this process, losses in useful energy are inevitable caused by the
kinetic energy of the fluid downstream of the propeller. Moreover, the rotational motion of the fluid
downstream of the propeller is a source of loss. This motion is caused on the one hand by frictional
drag of the propeller blade and on the other hand by projection of the lift vector in the
circumferential direction. [1].

In order to capture all these effects appropriately, substantial effort has to be made. Since the
investigations of propellers have started more than hundred years ago and due to the absence of
computational resources at that time, it was not possible to include all effects occurring in the flow
around the propeller. In order to circumvent the problem, simplified models and assumptions have
been applied. One of the simplest models is the axial momentum theory or 1D momentum theory
presented initially by Rankine [7] and further developed by Froude [8]. Within this theory, an ideal
propeller is considered. This means that losses induced by the frictional drag of the blade as well as
the rotational motion of the slipstream is neglected. Furthermore, this model assumes a constant
thrust distribution across the whole disk. Within this model, in generally called Froude’s actuator disc
model, the propeller is modeled by a disc with a sudden increase of pressure through the disc while
the velocity profile is continuous. [1].

In order to enhance the axial momentum theory, the assumption that no rotation in the slipstream of
the propeller occurs has to be dropped. The rotational motion in the slipstream leads to a further
loss of useful energy. Including the rotational motion of the flow downstream of the propeller, the
general momentum theory is obtained [1]. Nevertheless, for the solution of the equations obtained
therein, still some simplifications had to be made. Joukowsky, for example, supposed a constant
circulation, since therefore, the flow in the slipstream remains irrotational except along the axis of
the propeller [1]. Some of the assumptions have been used as well to derive best efficiency
distributions across the disc. As a further refinement of the solution, the influence of the blade drag
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has been included, whereas additional simplifications, e.g. constant influence factors along the radial
direction of the blade, have been made to allow the originating integrals to be solved analytically. [1].

The results obtained by these theories provide the thrust and torque of the propeller in terms of the
increase in momentum of the fluid while passing the propeller disc. Moreover, the solution can also
determine the maximum possible efficiency. However, there is no statement made how these
integral values are connected to the actual shape of the propeller and consequently, the flow around
it. This gap was tried to be closed by W.Froude [9], who estimated the forces on the propeller.
Nonetheless, the evaluation of the primitive blade element theory was made by Drzewiecki [10]. The
idea of this method is that the blade is divided into several blade elements along the radial direction,
whereas each has individual inflow conditions and different geometrical properties. The aerodynamic
forces and moments of the section are estimated by considering the section as an airfoil with
specified inflow conditions. Summing over all elements, results in the total thrust and torque of the
propeller. Difficulties within this method have been found in the determination of the airfoil data and
the inflow conditions. It has to be kept in mind, that the airfoil data were generated for finite wings
with moderate aspects ratios. Drzewiecki [11] assumed that the axial inflow conditions for the
propeller depend on the undisturbed freestream conditions only. Since deviations compared to the
experiments have been detected, he has assumed the problem to rely on incorrect airfoil data and
suggested to perform tests with specially designed propellers. In contrast, Betz [12] and de Bothezat
[13] applied for their approaches the axial inflow velocity resulting from the momentum theory.
Moreover, Fage and Collins [14] modified the inflow conditions empirically. Although it was known
that the inflow is influenced by both, the global propeller action, and the local effect of one blade,
the clarification of the contribution of the effects could not be established until the introduction of
Prandtl’s airfoil theory. [1].

It is evident that each section of the propeller initiates a change in the circulation when it produces
lift. For an assumed constant circulation along the whole propeller blade, in combination with
Helmholtz’s second theorem, a vortex system is generated. This consists of the bound vortex, the
initial vortex, the axial vortex and the helical shaped tip vortex. For determining the inflow
conditions, the tip vortex has to be assumed as a vortex sheet. The latter assumption equals the
result for the limit of an infinite number of propeller blades. With this simplification and considering
symmetry issues, the obtained velocity in the propeller plane is similar to the velocity provided by
the momentum theory. This result is very important, since it says that the actual velocity at the
propeller plane has to be used as inflow condition for the local blade element. The global and local
effects of the flow around the propeller are therefore included. The arisen difficulties within the
primitive blade element theory have been avoided by the application of the actual flow data in the
propeller plane. However, the measured airfoil characteristics for finite aspect ratios have to be
transformed for infinite aspects ratios. Although, the prescribed approach has been derived for a
single propeller blade, it can be applied for propellers with more propeller blades as well. This
assumption was proved by Glauert [1], who stated that two-dimensional motion of single airfoil
could be applied for generating airfoil data for a blade element. With this knowledge, the calculation
of thrust and moments of a propeller can be performed. The predictive quality of the approach is
appropriate as well. In particular, it is even in usage in the pre-design stage. [1].

However, some drawbacks are contained within the method by the made assumptions. For example,
the mutual interference in the wake flow is not covered and problems can arise for heavily loaded
discs. The analysis of heavily loaded propellers with a nonlinear actuator disc model was provided by
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Wu [15], who solved a partial differential equation for the stream function [16]. Therein, an approach
for capturing complex geometries is given. This includes, for example, ducted propellers and
propellers with finite hubs. Further improvements therefore were made by Greenberg [17, 18] and
Conway [19, 20]. In the context of wind turbine aerodynamics, a nonlinear model was applied by
Madsen [21]. An overview of the state-of-the-art for this kind of approaches was given by van Kuik
[22]. Therein, the work of Peters [23] for example, is described. The latter mentioned is interesting
for the modeling presented in this thesis, since an actuator disc approach with a defined distribution
of sources is used which applies hyperbolic cosine and hyperbolic tangent functions. Nevertheless,
the interaction with other geometrical parts, like a fuselage, is still not possible to capture with all the
previous presented methods.

For this purpose, further enhancements can be made by coupling the blade element theory with the
Euler or Navier-Stokes equations. Within this thesis the term generalized actuator disc model [24]
denominates the combination of the Navier-Stokes equations for the governing flow and a
representation of the propeller action by e.g. source terms. The advantage within this approach is
the inherently captured mutual interference between the blade sections as well as the provided
induced velocity caused by the blade tip vortices. In addition, the influence of other lift generating
parts, e.g. the wing, as well as flow displacing parts, e.g. the fuselage, can be covered. The approach
has been applied in different areas of fluid mechanics by several authors. A lot of works have been
published in the field of wind turbine aerodynamics, since the approach is very suitable concerning
the flow conditions at the operating points. In the field of aerospace engineering, it has also been
applied for propeller and rotor flows as well as the simulation of turbomachinery. At last, it has been
applied for the propulsion system of ships. Since this method is from major importance within this
thesis, the literature review is detailed in the following.

The literature review is started within the field of wind turbines, since the most research has been
performed therefore. Review papers have been published by Vermeer [25], Leishman [26], Sanderse
[27], and Hansen [28], as well as Sorensen [29], which have been used as a basis for the presented
literature survey. Thereafter, the literature related to the field of aerospace engineering is reviewed.

2.1.1 Wind Turbine Applications

The first application of such a combined approach using Navier-Stokes/Euler equations and
introducing source terms for the blade action of vertical axis wind turbines (VAWTSs) was introduced
by Rajagopalan and different co-authors [30, 31, 32]. The first realization of the generalized actuator
disc approach for horizontal wind turbines was made by Sorensen [29, 33]. Therein, a constant disc
loading was established. Sorensen and Myken [34] improved the model by including non-constant
disc loading and azimuthal velocities in combination with airfoil data in tabulated form to estimate
the loading. Sorensen and Kock [35] additionally increased the numerical order of the method,
invented a filtering of the solution in order to suppress spurious oscillations, and allowed for
stretched grids also. The method solves the incompressible, axisymmetric Navier-Stokes equation in
vorticity-swirl velocity-stream-function notation by the application of finite differences. Further
investigations have been conducted by Masson et al. [36] and Ammara et al. [37] who also solved the
two-dimensional, incompressible, axisymmetric Navier-Stokes equation, but applying a Control-
Volume Finite Element Method (CVFEM). The influence of a coned rotor was investigated by Madsen
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and Rasmussen[1999], Mikkelsen et al. [38] and Masson et al. [39]. Ammara et al. [37] extended the
actuator disc (AD) method embedded into the CVFEM method to three dimensions for investigating
coned rotors obtaining acceptable results. As a further improvement, approximate models for yaw
were presented by Mikkelsen and Sorensen and Masson et al. [39].

Since the axisymmetric solution does not allow a varying distribution in azimuthal direction, a three-
dimensional NS-solution had to be applied to circumvent this shortcoming. Although that was made,
the fully unsteady behavior could even not be covered. The result for solving that issue was the
actuator line (AL) method presented initially by Sorensen and Shen [40]. Within this approach, the
action of the propeller is represented as a rotating line force. The force distribution along the blade is
calculated with the local inflow conditions in combination with tabulated airfoil data. The principle
was adapted as well by Leclerc and Masson [41]. A detailed description of the AD and the AL
approach can be found in the dissertation of Mikkelsen [24]. Investigations concerning the wake flow
of wind turbines with an emphasis on the tip vortices and the mutual interaction of the wake flow
within wind farms are presented in the dissertations of Troldborg [42] and Ivanell [43].

As a further enhancement in the description of the propeller action, the actuator surface (AS)
method has been invented. It was originally presented by Shen et al. for VAWTs [44, 45]. The
difference between the AL and AS method lies in the representation of the propeller action.
According to the descriptive designation of the method, the AS prescribes the force distribution
across a rotating surface. In contrast to the actuator line, not only sectional drag and lift coefficients
are needed. In order to obtain a varying distribution in chordwise direction also, the local pressure
and skin friction at a certain position has to be known. Shen et al. [45] used XFoil for the generation
of the airfoil database. A different actuator surface approach was presented by Sibuet Watters and
Masson [46, 47]. Therein, inviscid aerodynamic theory was applied to generate pressure and velocity
discontinuities across the propeller surface. Subsequently, viscous effects are not included.

In the following, a lot of different implementations for various applications are presented. The
different rotor modeling strategies have been coupled with CFD models of different orders of fidelity.
A lot of work has been presented, investigating the wake of wind turbines as well as the mutual
interference of the wind turbine wakes with other wind turbines. It has been shown, that the
methods are well-suited for such investigations. Nevertheless, the focus of the review is based on the
modeling of the distribution and generation of the propeller forces.

Rethore [48] presented in his dissertation a different treatment of the forces in EllipSys as it had
been used for previous investigations, e.g. Mikkelsen [24]. Instead of a Gaussian distribution
function, a pressure jump term acting between adjacent cells was used. The result was a reduced
amount of wiggles, while allowed for a decreasing number of nodes in the region where the forces of
the propeller were applied. In addition, a method for distributing the forces area-weighted across the
cells was presented, which also was intended to speed up the simulation. Finally, a combination of a
Large Eddy simulation (LES) with an actuator disc method was presented for a wind turbine located
within a turbulent boundary layer, which served as basis to enhance the resolving capabilities of a k-¢
turbulence model. Troldborg [42] invented the combination of the actuator line approach with an
LES instead of a RANS simulation.

Wu and Porte-Agel [49] tested two different actuator disc models in combination with an LES for
wind turbine arrays. One was based on a uniform load distribution according to the axial momentum
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theory, while the second used BEMT theory. In comparison to wind-tunnel measurements, it was
shown that the inclusion of the BEMT led to better results for the modeling of the rotation within the
wake flow. Furthermore, Porte-Agel et al. [50] conducted numerical investigations using an AL
method which were in good agreement with the experimental data as well. However, the results for
the time-averaged velocities were similar to the AD in combination with the BEMT. Wu and Porte-
Agel [51] presented a further validation of the introduced model that was also in good accordance
with the experimental data of wake flow measurements. Therefore, the approach using the BEMT
showed again more accurate results. Additionally, the publication included a detailed investigation of
the layout effect of wind-farms. The interaction of wind farms with the atmospheric boundary layer
was investigated by Porte-Agel et al. [52]. The same methods as presented before were applied to
evaluate the different heat flux profiles in the boundary layer of the atmosphere as well as the heat
flux at the surface caused by the presence of a wind farm. The presented methods used the Gaussian
kernel for the distribution of forces.

Shen et al. [53] applied the actuator line method and compared it to experimental data for the
MEXICO rotor. Different airfoil data have been used within this work; one original data set and
another one including certain corrections (e.g. three-dimensional effects in the stall region). It has
been stated that the results including the correction gave a better agreement with the experiment
for this case in contrast to the uncorrected data.

An exclusively experimental investigation, which seems to be of interest for numerical modeling, was
made by Aubrun et al. [54]. It was shown that the actuator disc approach is appropriate to model the
wake field of a wind turbine. Therefore, wake field investigations for an experimental actuator disc
(modeled by a porous disc) and a three-bladed wind turbine rotor were conducted. The wake field
showed good agreement between both methods.

An enhancement of the numerical treatment was made by Johnstone et al. [55], who conducted a
direct numerical simulation (DNS) with an actuator disc approach, including an Ekman boundary
layer. Meaningfully, a spectral method was used for this purpose. As kernel for the distribution of the
forces a Gaussian curve is applied along the disc axis and an error function in the radial direction to
the disc edge. This shows that the method is even suited for fully scale-resolving simulations.

Malki et al. [56] presented a coupling of the blade element momentum approach and a RANS flow
solver for evaluating tidal stream turbine performance. With this method, similar results to classical
BEMT methods and reasonable agreement with experimental data were obtained. The method used
for wind turbines were applied successfully therefore. For this approach, the mesh has to be fitted
with the actuator disc shape.

Further investigations concerning AD modeling of the MEXICO rotor were presented by Mahmoodi
and Schaffarczyk [57]. Therefore, Fluent 5.7 was applied as flow solver. User-defined functions of
Fluent were called to calculate the source terms for the propeller action, by taking into account the
local inflow conditions and tabulated airfoil data. For this method, the mesh has to fit to the AD
geometry. The results were in good agreement with experimental data. This approach was in the
following implemented with slight modifications in OpenFOAM by Jeromin et al. [58]. Therein, the
Fluent and OpenFOAM AD results were compared to the results of the resolved CFD simulations with
DLR-TAU and the experimental data. It was concluded that similar error bands of all methods
regarding the experimental data were obtained for the prediction of the overall thrust and torque.
The trend of the overall torque was even better captured by the ADs than by the resolved CFD
simulations. Nevertheless, the spanwise distribution of the normal and the tangential force required
an improvement.
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Castellani and Vignaroli [59] applied a uniform disc distribution for investigating the wake of a wind
turbine including the boundary layer. Therefore, a RNG k-¢ model was used for the turbulence
closure. The comparison to experimental data provided a good agreement and better results than
simpler models. Masters et al. [60] applied a coupled BEMT/CFD approach for the wake flow of tidal
stream turbines. It was shown that the approach was even well-suited for such applications. The
numerical results obtained for the wake flow were in good accordance with the experimental data
for different non-uniform inflow conditions caused by different water surface gradients.

Makridis and Chick [61] investigated wind turbine wakes including terrain effects with an AD method
based on the approach of Zori and Rajagopalan [62]. The method was implemented in Fluent using
source terms in the momentum equation. The obtained results were stated to agree well with
experimental data in an overall perspective, whereas at some locations discrepancies were
detectable.

Schmitz and Jha [63] presented a turbine-turbine interaction test case as well as a rotor hub wake
investigation. The AL model of Sorensen and Shen [40] was coupled with an LES in OpenFOAM
therefore. The main objective of the rotor hub wake investigation was to evaluate, if the per-rev
harmonics can be represented by modeling the blade with drag forces exclusively. The conclusion
was that this goal can be fulfilled with the method appropriately.

Nishino and Willden [64] presented a low-order modeling of blade induced turbulence using an
actuator disc within the Fluent framework for RANS calculations. A simple permeable disc was
applied, but the objective was to study the effect of a rotor on the turbulence in its wake flow.
Therefore, a model for the blade-induced turbulence was developed. The obtained results were in
good agreement with the experimental data for appropriately chosen sets of parameters for the tip
vortex correction as well as the modeled turbulence of the rotor. Nevertheless, it was stated that
further validation studies are needed, in particular, to examine the robustness of the model.

Kim et al. [65] introduced an improved actuator surface method for wind turbine applications. The
difference is that the determination of the inflow velocities was fundamentally changed. Instead of
extracting the velocity from the flow field at the reference line for a direct estimation of the effective
inflow angles, a preceding procedure based on the lifting line theory was applied. Therefore, the
blade was divided into spanwise and chordwise elements. For all elements, the bound circulation and
the circulation of the shed vortices were determined. The induced velocities of all elements on the
reference line were taken into account to correct the inflow conditions. The results were provided
for a simple wing test case as well as two wind turbine test cases. The results showed good
agreement with the experimental data for all of the test cases. In addition, the dependence on the
distance of the reference line relative to the quarter-chord line on the results was small, if the
distance was at least greater than one chord length. Furthermore, it was stated that the tip loss
correction is not necessary for this model.

Gou et al. [66] conducted a detailed comparison of BEM-CFD and full resolved rotor simulations.
Therefore, an implementation in ANSYS CFX was used in accordance with Malki et al. [56]. Within this
work, numerical and experimental data for the airfoil characteristics were applied for the BEM. It was
found that the prediction of the thrust is comparable, while the power extraction is overestimated by
using the numerical data for BEM. The power showed a deviation in the radial distribution for
increasing radii. The averaged velocity field in the wake field gave reasonable predictions with the
BEM.

A hybrid actuator sector method was invented by Storey et al. [67]. This method represented a
combination between the actuator line and the actuator disc approach. The idea was to drop the
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restriction for small time steps by the actuator line approach and distribute the forces of the
propeller across a certain azimuthal sector. The limiting case for angles tending to zero is the
actuator line approach. The other limit results in the actuator disc approach. The prescribed
distribution along the azimuthal direction was generated by a trapezoidal function. The obtained
wake field results were comparable to the results of the AL approach, while the numerical effort was
similar to the AD approach.

Another revised BET-CFD model was presented by Edmunds et al. [68]. Within this model, an
additional source term was added. The main idea was to capture the effects of the tip vortex
appropriately. The strength of this additional source term was determined by applying the lifting line
theory assuming an elliptical distribution function and fulfilling a vanishing effective angle of attack at
the blade tip. It was concluded that a good correlation with experimental data was obtained in terms
of power, thrust, and wake flow field prediction.

Shives and Crawford [69] adapted two-equation models for AD simulations in order to obtain an
appropriated prediction of the wake flow field including the turbulent kinetic energy production due
to the breakdown of the trailed vortices. Certain terms were added in the respective equation and
resulted in a good agreement compared to the experimental data for various downstream positions
concerning the normalized axial velocities as well as the turbulence intensities.

Stevens et al. [70] presented a detailed investigation of the AD and AL approach using an LES and
compared the results with the experimental data for an isolated wind turbine as well as a wind farm.
The outcome was that in the near field, up to three turbine diameters downstream of a single
turbine, the AL captures the wake field better than the actuator disc while further downstream a
comparable result is obtained. Furthermore, it was stated that for a near wake prediction the
influence of the nacelle and the tower is important.

Baba-Ahmadi and Dong [71, 72] published wake investigations applying the AL method combined
with an LES. The wake characteristics as well as a validation were presented. It could be shown that
the time-averaged axial velocity profiles as well as the turbulent characteristics were in good
agreement with the experimental data.

Elli et al. [73] used a weakly-compressible formulation of the governing equation to simulate the
wake of a turbine. In order to reduce the numerical error and suppress the numerical dissipation, a
WENOS5 scheme was implemented. An AD approach was applied, which results show reasonable
agreement with the experimental data. In particular, the preservation of the vortical structures by
the WENOS in contrast to the MUSCL scheme was provided.

Park et al. [74] presented a validation of the model presented by Kim [65] for three test cases. A
single wing, three aligned wings as well the ONERA 7A hovering rotor test case were included in the
investigation. In addition, the results of this method were compared to results obtained with a
Gaussian distribution. In general, the new method showed good agreement with the experimental
data for all test cases.

Yang and Sotiropoulus [75] invented an AS method that allowed for accounting the influence of the
nacelle within an LES. Another difference within this framework was that instead of a Gaussian
distribution, a four-point sine function according to Yang et al. [76] was applied for distributing the
propeller forces.
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2.1.2 Aerospace Applications

The first application of the generalized actuator disc method for helicopters was performed by
Rajagopalan and Lim [2]. They performed steady state calculations with an actuator disc for a
helicopter in hover flight and axial translation. The flow was assumed to be laminar and
axisymmetric. That is why the flow field was solved in a cylindrical coordinate system. The inflow
guantities were extracted from the flow field and tabulated data for the airfoil sections were used to
generate the source terms for the momentum equations. Therefore, a good agreement with the
experimental data was obtained.

In the following years, Rajagopalan with several co-authors has performed further investigations with
this method. Rajagopalan and Moulton [77] investigated the interference of the propeller with a
wing and Rajagopalan and Mathur [78, 79] a helicopter rotor in forward flight. Additional information
for the latter investigation can be found in the dissertation of Mathur [80]. Furthermore, Zori and
Rajagopalan [62] investigated rotor-airframe interaction in forward flight. The applied method uses
an intersecting procedure in order to determine the inflow conditions for the rotor blade section
depending on the radial and azimuthal position of the cell center of the finite volume cell. Source
terms are subsequently used to prescribe the action of the propeller at this position in the NS
solution. The details therefore can be found in the Dissertation of Mathur as well [80].

In contrast, Fejtek and Roberts [81] discretized the rotor disc in azimuthal and radial segments. The
inflow conditions are averaged over each of the segments. Inflow and outflow boundary conditions
are applied for the modeling of the propeller action in the NS-solution. A similar approach using
segments has been used by Chaffin and Berry [82], but the pressure jump across the rotor disc was
represented by applying an additional mesh using the chimera approach.

In 1997, Poling et al. [83] used the method presented by Rajagopalan for investigations of the flow
field of different tilt rotor configurations in hover, which showed well agreement with the
experimental data.

Bettschart [84] implemented a steady actuator disc model in the FLU3M code. The distribution of the
forces of the actuator disc was realized by a pressure jump at a pre-defined mesh surface. The
amount of the rotor forces were set constant as well as determined by an external code that was
based on a lifting line method with a prescribed vortex lattice rotor wake.

Further investigations with the method of Rajagopalan were performed by Tong and Sun [85]. Within
this publication, investigations with coaxial, tandem, and side-by-side rotors were reported.
Comparison with the experiments showed a good agreement for the wake geometry as well as the
rotor performance.

A paper supervised by Filippone [86] provided a coupled BEMT-CFD approach within the commercial
flow solver Fluent. The aerodynamic characteristics of a blade section were determined by a 2D
panel method. It was stated that the latter is independent of the Reynolds Number. Furthermore, it
was described that the pressure boundary conditions were used by taken into account the dynamic
pressure and the velocity direction to model the propeller action.

Le Chuiton [87] gave a review of the state-of-the-art at that time concerning different possibilities of
the representation of the rotor action within such a coupled framework. Calculations were
performed with the block-structured flow solver FLOWer, whereby a constant disc loading as well as
a non-uniform disc loading computed by a flight mechanics code was prescribed. Results were shown
for the BO105 and the Dauphin 365N. Schweikhard [88] implemented this actuator disc method in
the unstructured flow solver DLR-TAU using source terms. The flow fields around the EC145 were
compared to the FLOWer results and were in good accordance. Further investigations using the
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actuator disc with FLOWer were made by Khier [89]. Time-accurate results were opposed to the
actuator disc results for the BO105 and the Dauphin 365N configuration.

O’Brian and Smith [90] presented results for various disc loading distributions for a generic
configuration as well as the Robin configuration. The paper includes constant and linear disc loading
as well as a blade element approach according to Chaffin and Berry [82]. There, the flow solver
FUN3D was used. It was shown that a constant disc loading is not appropriate for simulating the
rotor-fuselage interaction and at least a linear varying method should be taken into account.
Additional information, in particular concerning the implementation, can be found in the dissertation
of O’Brian [91]. In contrast to the actuator disc model presented in the paper, also an unsteady
actuator surface approach is presented within the thesis and compared to the results obtained by an
overset approach. Renaud et al. [92] presented a detailed study using the Dauphin 365N
configuration as test vehicle also. Different solvers of AFDD, ONERA, and GIT were used for the
investigations. Implicitly, different meshing strategies are taken into account. An isolated fuselage as
well as in combination with uniform and non-uniform disc loadings of the actuator disc were applied.
The non-uniform loadings were obtained by the lifting line based code HOST [93]. In particular, the
pressure coefficients on the surface as well as in the field were compared between the different
solvers and showed similar results. The validation with experimental data was in good agreement for
the isolated fuselage and the non-uniform disc loading.

Filippone and Mikkelsen [94] investigated the flow around the helicopter in the vicinity of the
ground. Therefore, a non-uniform actuator disc according to Sorensen was applied. In particular, the
usage of the Gaussian function for reducing spurious oscillations was included. Different forward
flight velocities were tested and the flow field in the vicinity of the ground was presented.

Kim and Park [95] carried out numerical simulations with the flow solver STAR-CD in an unsteady
manner applying the actuator line approach. Different inflow models were tested and compared to a
sliding mesh approach as well as validated with experimental data. A good agreement was found
while the numerical effort was reduced to approximately one third. An improvement of this method
was presented by Kim and Park [96, 97]. The simulations were conducted with STAR-CD as well.
However, instead of using an inflow model, the inflow conditions were extracted from the flow field
in a similar manner as it had been performed by Fejtek and Roberts [81]. In particular, it means that
the inflow values are obtained by averaging the appropriate cells of the NS-solution in chordwise
direction. Additionally, a chordwise force distribution in accordance with the two-dimensional airfoil
solution was chosen for representing the source terms. It was stated that for this approach, the
influence of the blade tip vortices is inherently covered by the formulation and consequently, a blade
tip correction is not required. Kim et al. [98] implemented this approach in the flow solver
OpenFOAM and validated the inflow velocities for the ROBIN test case and the GIT test case. The
rotor disc was meshed with triangles and the height of the disc was one cell. Nevertheless, the
results for both test cases were in good agreement with the experimental data for various advancing
ratios.

Zhang et al. [99] investigated a tilt rotor configuration in conversion mode by applying the actuator
disc method of Rajagopalan and Mathur [78]. The difference was that for the rotation of the rotor
disc during the conversion, an overset grid approach was used. This means that the source terms are
calculated initially within a rotor grid with the actuator disc method. The transfer of the rotor action
into the stationary background grid is thereafter performed by the overset method. Li et al. [100]
applied a validation with this actuator disc method. The results were in good agreement with the
experimental data. Furthermore, the actuator disc results were compared to a time-accurate solution

of the rotor flow. The objective within these investigations was the XV-15 rotor. Koning et al. [101]
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applied RotCFD for actuator disc simulations with the method of Rajagopalan for the same
configuration. The results of the actuator disc approach were compared to the results obtained by
CAMRAD Il [102] as well as validated with experimental data. The investigations have been
performed for several tilt angles including hover and axial flight conditions. The results were in good
accordance with the experimental data.

A new actuator surface method was presented by Linton et al. [103]. It combined a lifting line blade
model with a CFD convected free wake model and was implemented in OpenFOAM. Three test
cases, an isolated wing, the Caradonna and Tung rotor, and the UH-60A rotor were investigated.
Although, the results show good agreement for the test cases, certain enhancements can be made.
In particular, the spanwise load distribution for the Caradonna and Tung rotor can be improved.
Raichle [104] presented a conservative discretization of the actuator disc. Therefore, the actuator
disc is modeled as a discontinuous surface embedded into the fluid domain. The approach is
independent of the mesh topology and developed for axial inflow conditions. The results were
compared to experimental data and show a good agreement. Chiew and Aftomis [105] presented a
rotor model for steady and unsteady simulations based on the blade element theory. To determine
the intersecting cells of computational grid with the rotor disc, some kind of a cut-cell approach was
applied. This ensured that only cells within the disc are allowed to act as source terms. In addition,
for unsteady simulations a different distribution including a trapezoidal with “smoother edges” was
chosen. The validation with the numerical data showed good agreement. Ortun [106] presented a
coupled approach between the CFD solver elsA and the lifting-line software PUMA developed by
ONERA. In contrast to other methods, the source terms are distributed in axial direction according to
the shape of the blade. The strength of the source terms in axial direction is described by a Weibull
function. This method shows a good agreement between the reference CFD and the coupled
approach results in terms of thrust evolution of a single blade during one revolution. Battai et al.
[107] showed the applicability of the actuator disc approach in a fully coupled flight dynamics/CFD
simulation of a helicopter. The actuator disc method used the Gaussian distribution that has been
presented by Mikkelsen [24] for stabilizing the simulation. The test cases included were starting from
hovering flight out of ground effect and were ending up with landing on the deck of a ship. It was
concluded that although the results did not match perfectly, the approach was suitable for
investigating the coupling methodology.
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2.2 Momentum Theory

This subchapter summarizes the momentum theory according to Glauert [1]. Firstly, the axial
momentum or 1D momentum theory is described and secondly, the general momentum theory is
presented.

2.2.1 Axial Momentum Theory

As stated in the introduction, within the axial momentum theory the rotation of the fluid in the
slipstream as well as the frictional drag of the propeller blades is neglected. Furthermore, the load
distribution across the disc is constant. The thrust of the propeller can be easily determined with a
momentum balance per unit time. It is further assumed that the propeller is fixed in space while the
fluid is moving relative to the propeller. The flow velocity far upstream of the propeller is equal to
the freestream velocity U,,. The velocity in the wake far downstream of the propeller is defined as
the wake velocity u,,. The change in velocity of the fluid, which flows through the disc, results in the
thrust of the propeller. Figure 1 shows exemplarily the boundary streamtube of the flow through the
propeller disc with the above described positions. The mass flow through the disc is defined as

m=p Apup, (2.1)

where p is the fluid density, Ap is the area of the propeller disk and up is the velocity at the position
of the propeller disc. Thus, the thrust of the propeller reads

T=m(,—Us)=p Apup(uw = Us). (2.2)

In addition, the energy balance per unit time between the upstream and downstream location can be
established as follows

dE

E =P=p Apup(ua/ — Ugo): (2.3)
where E is the kinetic energy and P the power exerted by the propeller. The power of the propeller
can be expressed as P = T u, as well. Furthermore, applying the continuity equation and assuming

constant density gives

AUy = Apup = Ay uy,. (2.4)
Combining these equations provides the velocity up in the propeller plane according to

1
U, = E(UOO + u,,). (2.5)

The same result can be obtained by using the steady, incompressible Bernoulli equation upstream
and downstream of the disc independently and determine the pressure jump across the disc. After
the integration over the disk area, the thrust of the propeller is obtained [8]. This theory is also
referred to as Rankine-Froude theory. It allows estimating the ultimate limit of the efficiency in
dependence on the thrust or the power also. Although the equation for the thrust can be applied
strictly speaking for the whole propeller only, it is convenient to permit the usage for annular
elements as follows
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dT = p up(uy, — Us,) dA,,. (2.6)

Figure 1: Boundary streamtube of the flow through the propeller plane. In addition, the local areas for the integration at
certain radial positions are presented.

2.2.2 General Momentum Theory

In order to enhance the quality of the theory, the rotational motion in the slipstream has to be
included. For this purpose, the momentum balance in circumferential direction has to be applied.
Evaluating the results for the balance equation at the location of the propeller and far downstream
of the propeller in the ultimate wake, it reads

wp 1% = Wy, Ty (2.7)

In this equation, w and r represent the angular velocity and the radial position at the location P and
W, respectively. The torque of an annular element of the propeller is defined as

dQ = p u, wy 1, dA,. (2.8)

This theory can provide a connection between the axial and the radial velocity in the wake, which is
described by Glauert [1] and results in the following equation
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1 1

1 A—5w, Q—-35w0,

3 (u,, — Ux)? = u2 — u2 Uy Wy Ty 2 (2.9)
p w

Q denominates the rotational speed of the propeller. The arising problem is that this equation
cannot be solved in that form. Therefore, simplifications have been applied. If the flow is considered

to be irrotational except along the axis of the propeller, the following equation arises
2 _ 2 _
wp 1p° = wy, 1,° = C. (2.10)

This results in a constant circulation for all radial sections. With this assumption, the constraints for
the axial velocity in the propeller plane reads

1
u, > > (U +uy,). (2.11)

Apparently, there is quite a difference between the results for the axial and general theory. Since the
latter requires u, to be greater than the arithmetic mean between the velocities far upstream and
far downstream of the propeller plane. This is simply explained by the rotation of the slipstream.
Moreover, the torque of the propeller is obtained with this simplification by integration over the disc
to

Q=mR;pu,C. (2.12)

However, another important point can be clarified with the previous derived equations. It was shown
by Glauert [1] that the increase in u,, is small for moderate @ in comparison to the axial momentum
theory. The result justifies neglecting the influence of the rotation of the slipstream. Nevertheless,
the results for constant circulation cannot be fulfilled for all sections of the propeller, in particular,
the root region.

Since the angular velocity in the slipstream is small compared to the angular velocity of the propeller,
higher order terms like %27 can be omitted [1]. Thus, the incremnetal thrust and the torque of an
annular element are

1 3
dT=2mp ([2 — Ewp) Wy Ty A1y, (2.13)

dQ = 2mpu,w,r dr, (2.14)

respectively. Once the axial interference factor a = u, /U and the rotational interference factor
a' = 2w, /Q are defined, the equations for an ideal frictionless propeller read

dT = 4mpU&(1+a)ar, dr,, (2.15)

dQ = 4mpUs Q1 +a)a'r; dr,. (2.16)
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2.3 Blade Element Theory

This subchapter summarizes the assumptions of the blade element theory as e.g. presented by
Glauert [1]. Within this thesis, the blade element theory refers to the term primitive blade element
theory invented by Glauert [1]. For the blade element theory, the propeller is divided in several
different radial sections in a similar manner as for the momentum theories described in the
preceding chapters. The difference of the blade element theory in contrast to the momentum theory
is that the action of the propeller blade is of major interest. Figure 2 shows a generic propeller blade
or more general a generic wing with n sections. A NACA 0012 airfoil is used with an elliptical chord
length distribution along the span. The semi-transparent planes cut the propeller blade at certain
radial positions for the division into sections. It has to be noted that within this theory, planes are
used instead of cylindrical surfaces. The planes are positioned according to a cosine law depending
on the radial coordinate as well to resolve the larger gradients in the vicinity of the blade tip. The
dotted lines depict the intersection of the cutting planes and the propeller blade. The solid lines
show the reference airfoil for the respective section.

D

Figure 2: Exemplary radial distribution of the sections for the blade element theory. The numbers denominate each
section. The cut-planes show the boundaries of the sections and the black solid line the reference airfoil of a section.

The arising question is on the thrust and circumferential force generated by a certain section.
Therefore, the section is assumed as an airfoil as shown in Figure 3. The blade section is inclined with
a defined geometric pitch angle 8. The inflow angle at the blade section can be established with the
axial inflow velocity V; and the rotational velocity V, to

|74
¢ = arctan (V_> (2.17)

@

The angle of attack of the blade section reads

a=0-¢ (2.18)
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and the resultant inflow velocity is denominated as
Veet = V2 + V% (2.19)

The lift and the drag of a blade section AL and AD, respectively, are obtained with the associated
nondimensional coefficient ¢; and cp as well as the chord length c to

1 2
AL = 5P VieicLc Arp, (2.20)

1 2
AD = 5P Viicpc Arp. (2.21)

The thrust AT and the circumferential force AFy, of a blade section are established by a change of the
reference frame as follows

AT = AL cos(¢p) — AD sin(¢p) = % p V2, c (c;, cos(¢p) — cp sin(¢p))Aryp, (2.22)

AFy = AL sin(¢) + AD cos(¢) = % p V2,c (c;, sin(¢) + cp cos(¢p))Arp. (2.23)

These equations can be integrated along the radial direction in order to obtain the thrust and torque
of the propeller blade. Within this theory, the thrust of the whole propeller is calculated by
multiplying the thrust of a single blade with the total number of blades.

AL
AT A

Figure 3: Forces and velocities on a blade element. The sketch includes the circumferential V, and axial inflow I/,
velocities as well as the resultant velocity V.. The sectional thrust AT and circumferential force AF, as well as the
sectional lift AL an drag forces AD are shown.
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2.4 Blade Element Momentum Theory

As described in the introduction, Drzewiecki [11] adopted the inflow conditions of an undisturbed
flow for the equations derived in the previous subchapter. However, the results were not satisfying
with this approach. Therefore, the inflow conditions have to be modified according to the suggestion
of Betz and Bothezat [12] by including the results of the momentum theory. The combination can be
established by comparing the equations for the thrust and circumferential force of the momentum
theory and the blade element theory. Writing the equations in dependence of the axial influence
factor a as well as the rotational interference factor a’ the following system of equations can be

provided
dT = 4mp UL(1+ a)arp dr,, (2.24)
dQ = 4mp Q*(1 —aa'rg dr, =41 p Uy, Q1 + a)a'r3 dr,,. (2.25)
1 _
dT = 3P V,2,c B(c, cos(¢p) — cp sin(¢)) dr, (2.26)
1 _
dQ = 2P V2,c B (¢, sin(¢p) + cp cos(¢)) rp drp. (2.27)

Keeping in mind that c;, cp, ¢, and Vi, can be expressed in terms of the known propeller
parameters and the inflow condition, the unknown variables are a, a’, dT, and dQ. Thus, the
resulting system of equations can be solved. This task has to be executed numerically due to its non-
linear behavior. Furthermore, the d(-) has to be changed to A() for the discrete numerical
calculation. Starting with initial values for a and a’, the thrust and moment can be calculated
according to equations (2.26) and (2.27). In the next step the equations for thrust and torque (2.24)
and (2.25) are adopted to generate the interference coefficients. The new influence coefficients can
be used to improve the prediction of the thrust and torque in equation (2.26) and (2.27) again. The
described procedure has to be repeated until convergence of the influence factors is obtained.
Consequently, the thrust and torque of the whole propeller are determined by summing over all
sections of the propeller disc to

T =Y AT, (2.28)

Q=% AQ. (2.29)

This procedure is often used and the results show acceptable accuracy for moderately loaded
propellers in the pre-design stage. Nevertheless, it can be applied for axisymmetric inflow conditions
only. Furthermore, the mutual interference between the sections is omitted. For information about
non-axial inflow conditions, Appendix A.3 is referred.

A possible division of the propeller plane into several radial sections by a cosine law depending on
the radial coordinate is shown exemplarily in Figure 4. For each of these sections, the above
presented equation for thrust and torque is evaluated.
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Figure 4: Exemplary radial distribution of the sections for the momentum theory according to a cosine law.
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2.5 Generalized Actuator Disk Model

In this chapter, the generalized actuator disk model is described. This application of the method has
been presented by several authors in different fields of fluid mechanics as reviewed in the
introduction. The principle is to model the action of the whole propeller or one propeller blade and
couple it to the flow field that is governed by the Euler or Navier-Stokes equations. This could be
realized by different complexities of the propeller model. The simplest propeller model is the
actuator disc model, which is well-suited for steady flows. The actuator line approach allows the
simulation of unsteady effects also, but the numerical effort is much higher. The most complex
approach within this theory is represented by the actuator surface approach. The theory for the
approach is provided in the following subchapters. Nevertheless, the numerical treatment for the
coupling of all the models is similar. Hence, the basic idea is described at first.

In principle, within the generalized actuator disc method, the action of the propeller is added to the
momentum equation. To be exact, if the energy equation is solved also, the action has to be taken
into account as well. The momentum equation in its integral form is given as follows

dpu
f —dV+f pu(u-n)dAz—f pndA+f T-ndA+F. (2.30)
14 at A A A

The last term F on the right hand side in this equation is used for modeling the action of the
propeller. As mentioned above, several methods are possible to describe this term.

There are, in general, three different possibilities to couple the action of the propeller within the
Eu/NS-equations as summarized by e.g. LeChiton [87]. The force F can be introduced as a boundary
condition, as a pressure force, or as a momentum source. The applied method within this thesis is
based on the momentum source approach; consequently this one is described in detail. The other
two approaches are briefly discussed for clarifying the important differences.

Boundary Condition:

For this approach, the actuator disc geometry has to be taken into account during the mesh
generation. Figure 5 (left) shows the blue highlighted actuator disc geometry for a simple two-
dimensional mesh. As one can see, the disc has to be cut out of the fluid domain. As detailed in, e.g.
LeChituon [87], the boundary conditions at both sides have to be adopted in order to fulfill the
required local thrust of the propeller.

Pressure force:

In Figure 5 (middle), the principle of this method is depicted. Therefore, the disc geometry has to be
taken into account in general as well during the mesh generation. In this two-dimensional case, the
disc is meshed as a line as highlighted in blue in Figure 5 (middle). The local thrust of the propeller
results by adding an appropriate pressure jump between the adjacent cells. Another method to avoid
the effort of meshing is to cut the cells during the solution and prescribe the pressure forces at the
cut faces or lines depending on the dimensions of the case.
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Source Term:

For the method with source terms, there are basically no requirements concerning the mesh
generation. Figure 5 (right) shows the basic idea. Although the shape of the disc can be included in
the mesh generation and consequently, only cells inside a certain physical mesh region are
considered to be part of the disc, the description can also be made by functions to check if cells are
part of the disc. The action of the propeller is inserted into the fluid domain as a volume specific
source term. This leads to the following equation for the source term in the momentum equation

F = f sdv. (2.31)
VNV

F is the force generated by the propeller at a certain position in the domain. S is the source term,
which represents the force per an infinitesimal volume. The integration is performed over the
volume of the propeller Vp.

Strictly speaking, the integration has to be performed over the intersection VpNV, according to
Sanderse [27] applied to volumes. However, the domains are constructed within this thesis in that
way thatVp, € V. That allows for the simplification made in the following in accordance with
VpNV =Vp & Vp C V. Furthermore, S(x) = 0V x & Vp is taken for a simpler formulation.

L R L R L R
L R L R L R
L R L R L R

Figure 5: Different boundary conditions to realize the action of the propeller on the fluid. The principles of boundary
condition (left), pressure force (middle), and source term (right) are shown. The blue highlighted regions describe the
location of the impact of the propeller action into the fluid domain.

Applying the divergence theorem for momentum equation, incorporate incompressibility as well as
constant material properties, the differential form of the momentum equation in vector and index
notation for the implementation of source terms reads

au+( Vu = 1V + VA +1S (2.32)
atuu—ppvup, .

ou; N ou;  10p N 0%y, N 15 (2.33)
ot Y ox;  pox; v(’)sz p '
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2.5.1 Actuator Disc Model

The actuator disk model as a subpart of the generalized actuator disc model means that the whole
propeller action is simplified as a disk with a defined local force distribution. Therefore, different
methods for establishing the force distribution are possible. Basically, it has to be distinguished
between a prescribed and a coupled formulation for the determination of the local force distribution.
For the latter, the inflow conditions for the propeller model are dynamically extracted during the
simulation from the flow field and serve as input for a propeller solver.

The prescribed formulation is the simplest formulation. Therefore, the load distribution of the
propeller disc obtained by an analytical, a numerical, or an experimental approach is fed into the
flow field simulation. Consequently, computational effort is low, since the flow field solution does
not affect the disc load.

The coupled methods represent an enhancement of the prescribed formulation, but are more
computational time-consuming. The term coupled means in this context that the fluid flow solution is
directly coupled with the propeller flow solution. Consequently, due the non-linear behavior of the
underlying equations, an iterative procedure has to be used to obtain an appropriate solution. The
principle of the method is quite simple. The inflow conditions required by the propeller model are
extracted from the NS/Eu-solution upstream of the disc. The calculated forces by the propeller model
are subsequently fed back into the flow solution by one of the above described methods, e.g. source
terms.

For the coupled approach, different complexities in the modeling can be performed. The easiest way
is to prescribe, for example, a uniform loaded disc that is represented by a constant thrust coefficient
Tc = const. for the whole propeller disc area. A further enhancement is obtained by varying the
thrust coefficient T = f(r, @) across the propeller disc. Obviously, for unsteady simulations, the
thrust coefficient can additionally depend on the time T, = f(r, ¢,t). In all cases the thrust of an
element of the propeller is obtained as

1
dT =3 PViesTc dA. (2.34)

The reference velocity V;.. is extracted from the flow field of the NS/Eu-domain at a certain position
upstream of the disc as mentioned above. Logically, the reference velocity can be determined at one
defined position for the whole propeller as well as locally for each radial and azimuthal position. By
sampling the velocity at each iteration step in an unsteady simulation, time dependency is inherently
included. If time dependency has to be suppressed, a temporal filtering (or temporal averaging as
filter method) has to be employed additionally. Analog to the thrust coefficient, the circumferential
force can be established.

As a further enhancement of the model, the coefficients can be calculated by the blade element
theory for each location on the propeller disc. In this case, the local contribution to the total thrust
dT and circumferential force dF, depend on (dT,dF,) = f(r, ¢, t,c;, cp, up, ¢, p, B, w). The lift and
drag coefficient, ¢, and ¢, are depending on the nondimensional flow parameters (c;,cp) =
f(a, Ma, Re). Consequently, this method has an increased numerical effort due to the higher
amount of dependencies. Reconsidering the basic methods shown in the preceding subchapter,
simplifications can be made by dropping certain dependencies, e.g. steady flow (dT,dF(p) * f(1);
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rotational symmetry (dT, dF(p) # f(¢). The solution process is similar as for the uniformly loaded
disc. Firstly, the inflow conditions are extracted from the NS/Eu-simulation at a reference position.
Secondly, the BEM solver is executed with this data to provide the local thrust and circumferential
force. In the last step, the forces are distributed appropriately on the surface of the disc.

2.5.2 Actuator Line Model

In contrast to the actuator disc model presented in the previous chapter, within the actuator line
approach, the force is distributed along a defined line. The principle idea is that the line is rotating
comparable to the propeller blade. For each single time step, the inflow conditions are determined
dynamically out of the NS/Eu-domain on a reference position upstream of the actual position of the
line. The local thrust and circumferential force is established by the same methods as declared for
the actuator disc method in the preceding subchapter. Mostly, this method is coupled with a BEM
solver for the estimation of the local loads. Finally, the results are fed back into the flow domain with
the common methods. Preferable are methods, which do not require an adaption of the mesh to the
line, e.g. a source term method. Nevertheless, different methods exist that apply, for example, an
overset method in combination with an adapted mesh as well. A big advantage of the actuator line
method is its possibility to capture the blade tip vortices, instead of producing a vortex sheet as it is
obtained by the AD approach. Consequently, the unsteady predictive capabilities of this approach are
highly improved. Subsequently, the inflow quantities contain the effect of the blade tip vortex as
well, which can be used for the implicit modeling. Nonetheless, time-step restrictions lead to a higher
computational effort.

2.5.3 Actuator Surface Model

The actuator surface approach prescribes the forces on a defined surface. This approach represents
the extension of the actuator line approach by one dimension. The shape of the surface can be
planar as well as curved. In principle, the enhancement of this method is the distribution of the
forces along the chord. Therefore, instead of the overall airfoil quantities of a section like ¢; and c¢p,
additional information of the local quantities along the chordwise direction ¢, and ¢f are required.
Obviously, this allows for a more detailed description of the flow. However, models for these
distributions have to be applied. While it is possible within the AL approach to use experimental data
for the sectional lift and drag, analytical or numerical results have to be used for this approach, since
it would require a high effort to determine experimental pressure and skin friction distributions for
various inflow conditions. That is why one option for the prescription of the propeller action is the
application of certain approximate functions based on potential theory. Therefore, a reference line
for determining the inflow conditions is used, like for the lower order approaches, to calculate the
pressure and skin friction distribution on the surface. As mentioned above, the forces are distributed
according to these results along the chordwise direction. However, methods have been developed
that are directly incorporated in the NS/Eu-domain. This means that the pressure and velocity
discontinuities across the surface are obtained locally by inserting e.g. a vortex sheet in the domain
like in potential methods. The strength of the sheet is determined in that manner that e.g. the
kinematic condition is fulfilled.
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2.6 Panel Method Coupled with Boundary Layer Integration Method (PanBL)

As stated in the previous sections, the airfoil data have to be determined. These data can be
obtained experimentally, analytically as well as by low to high fidelity numerical methods. A low
fidelity model is for example the panel method, whereas a high fidelity method is for example CFD. In
order to keep the numerical effort at a low level while allowing the actual Reynolds number and
Mach number to be considered and adapted during the iteration process of the simulation, the panel
method combined with a method for solving the boundary layer represents a good trade off. That is
why for the calculation of the airfoil data a panel method coupled with a boundary layer integration
method is applied. The latter is used to estimate the frictional drag of the airfoil. Within this chapter,
the description of the method is summarized briefly. A more detailed explanation of the method is
presented in the Appendix A.2 which is based on the work of Wauquiez [108]. Figure 6 shows the
flow chart of the procedure of PanBL.

The linear-strength vortex panel method according to Katz and Plotkin [109] was applied for solving
the potential flow around the airfoil. At first, the airfoil data and the inflow conditions are read in as
an ordered point cloud. In the next step, the panels are created out of this cloud, whereas each cloud
point equals an end panel point. The control points are set in the middle of a panel. Thereafter, a
local coordinate system for each panel is generated and the geometrical data of each panel are
calculated. Following, the influence coefficients of each panel are calculated and put into the matrix
for the influence coefficients. The right hand side is obtained with the knowledge of the inflow
conditions. Subsequently, the system can be solved for the vorticity distribution. Consequently, the
tangential velocity distribution is determined by using the back substitution. The pressure
distribution results by the application of a simplified Bernoulli equation and can be integrated to
obtain the lift of the airfoil.

The first step of the boundary layer integration method is a repaneling with an increased number of
panels compared to the panel method. The tangential velocities therefore have to be interpolated on
the new panels. The stagnation point has to be determined to divide the airfoil in an upper and lower
part for the boundary layer integration method. The two boundary layers are solved sequentially in
the following. This allows an approximation of the overall frictional drag of the airfoil. In addition, the
lift is corrected, if a stall model is used.

Within this investigation, the boundary layer integration method is coupled one way with the panel
method. That means that the boundary layer displacement thickness is not fed back into the
calculation of the panel method iteratively. In particular, for low Reynolds numbers with large
displacement thicknesses, the results can be affected by this omission.
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Figure 6: Flow chart for the panel method coupled with the boundary layer integration method.
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2.7 Generalized Actuator Disc Approach Coupling with PanBL

Within this subchapter the actually implemented method within this thesis is described. At first, the
strategy of the solution process is presented. Secondly, the specified methods and required
parameters for each solution step are given. Lastly, the modification for the actuator line approach is
presented.

Certain contents of this chapter have been already published by Stuhlpfarrer et al. [3].

2.7.1 Solution Strategy

Within this chapter the applied strategy for the solution is described. It is presented for the actuator
disc approach in detail. The differences needed for the actuator line approach are explained briefly,
since the general procedure is similar.

The implemented method couples the finite volume method (FVM) for solving the Navier-Stokes
equation in three dimensions (3D) with the blade element theory. The applied solver for the NS
equation is ANSYS Fluent. The advantage of Fluent is that it allows the compilation and hooking of C-
code files in order to provide a complete framework for the propeller simulation within one
executable. For this purpose, the functions of the standalone PanBL are compiled within Fluent. The
resulting library provides the whole blade element theory capabilities within Fluent.

In the following, an overview of the applied procedure for solving the coupled simulation is given.
Since Fluent provides different interface macros at certain run times during the solution process, the
appropriate macro has to be chosen for the solution steps. Figure 7 shows the flow chart of the
solution procedure in Fluent. The blue highlighted terms refer to the interface for the coupling with
PanBL. The steps, mainly associated to one of the two parts of the simulation, are framed and
labeled.

At first, Fluent is opened and the case file is loaded. The libraries of PanBL are rebuilt if necessary. In
the next step, after the initialization of the flow field for the NS solution, the “User-Defined Init” is
performed by the DEFINE_INIT() macro of Fluent. This is used to call additional functions of the PanBL
library which allocate storage and read the geometrical data of the specified airfoil sections and its
radial positions. After the data have successfully been read, the simulation run is started. At the
beginning of each of the iterations, the “User-Defined Adjust” is performed by the DEFINE_ADJUST
macro of Fluent. This calls the functions of the PanBL libraries for determining the local aerodynamic
coefficients for each section and the resulting local thrust and torque of the propeller. These
guantities are used by the DEFINE_SOURCE macros of Fluent to prescribe the strength of the
momentum sources for the NS domain. It is called during the “Solve Momentum” sequence. The
simulation is stopped if a defined convergence criterion for the flow field quantities and/or the thrust
and torque of the propeller is met.
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Figure 7: Fluent flow chart for the generalized actuator disc approach with PanBL.

2.7.2 Inflow Conditions for the Actuator disc

Several methods to determine the inflow conditions for the blade element theory have been
published since the generalized actuator disc approach has been introduced. The different
approaches are logically depending on the type of the generalized actuator disc model.

At first, the developed method for determining the inflow conditions for the actuator disc approach
is presented. As detailed in the literature review above, the inflow conditions can be obtained by
different methodologies. Apparently, two groups may be distinguished:

o Determination of field values on control points for the actuator disc
e Averaging of values within a certain region of the actuator disc

The first group is in accordance to the method presented by e.g. Rajagopalan and Fanucci [30]. For
the determination itself, two different ways are possible and shown in Figure 8. Firstly, if control
points for the actuator disc are located at the same position as the mesh points of the computational
grid, the values at the points can be employed directly. Secondly, if the mesh points and the control
points are located at different physical positions some kind of interpolation has to be used. This can
be done in the easiest way by a nearest neighbor search or for a better approximation a linear or a
higher order interpolation. An alternative treatment for the determination of the control point values
is the usage of an overset method. This method inherently provides the interpolation from the rotor
grid to the background grid like it was shown by e.g. Chafin and Berry [82]. The drawback is that an
additional grid for the rotor with control points lying on the mesh points has to be generated.
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Figure 8: Methods to obtain the inflow conditions for the modeled propeller. Computational grid points and actuator disc
grid points are matching (left) and non-matching (right).

The second group is based on the approach of e.g. Fejtek and Roberts [81]. Therefore, two different
grids are established, one for the actuator disc and another one for the surrounding flow domain. In
this method the actuator disc is divided into several azimuthal and radial divisions. The inflow
conditions are obtained by averaging the local inflow quantities over each node point, which is
located physically within a certain division.

For the method within this thesis, an approach based on the second group is chosen. Nevertheless,
crucial modifications have been made therefore.

In the basic method, a three-dimensional background grid was generated with hexahedral elements.
The actuator disc grid was a planar, two-dimensional grid and consisted of quad elements. Due to its
circular shape, it was described in polar coordinates. The actuator disc grid was set in the x-y-plane
of the background grid. This resulted in a two-dimensional averaging process. In order to be more
flexible in terms of the positioning and the orientation of the actuator disc in the physical space (in
particular for distributed rotor/propeller configurations), a three-dimensional representation of the
disc is appropriate. This can be established on the one hand by an interpolation of the node values of
the NS-solution on a two-dimensional actuator disc plane, followed by a two-dimensional averaging.
On the other hand, a three-dimensional averaging of the node values within a certain actuator disc
volume can be performed.

Within this work, a three-dimensional volume averaging over an actuator disc volume is chosen. The
reason for choosing this approach is based on several points:

e Enhanced numerical stability for calculating the sectional coefficients with PanBL and the
whole simulation, since the averaging over a certain volume already acts as a low pass filter
on the inflow conditions. In particular, for the steady state simulation an increase of the
convergence rate can be obtained.

e The implementation as well as the application for unstructured grids is easy to establish.

e The parallelization for arbitrary partitioned meshes is easy as well.
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Concerning the consistency with respect to the flow physics by calculating the inflow conditions with
a volume averaging along the axial direction, some considerations have been made. According to the
axial momentum theory [1], the velocity across the propeller disc along the axial direction is
continuous. The actual value of the axial velocity in the propeller plane provided by this theory reads

1
Up :E(U"" +uy, ).

In the following, a short example for the volume averaging is provided. For this example, only the
axial velocity distribution is of interest. Therefore, the flow is assumed to be one-dimensional in the
axial direction of the propeller.

Considering the axial momentum theory, rotation is excluded. According to Glauert [1], the flow can
be assumed to be governed by a circular vortex sheet from 0 < x < c0. x = 0 is the position of the
propeller plane.

The induced axial velocity of one vortex ring along the axes of the ring is obtained by

r R?
Uu=—|—=1| (2.35)

- 3
2T\ (R? + x02)2

Therein, I represents the circulation, R the radius of the ring, and x., the distance along the axis,
measured from the center of the ring. In order to simplify the results, the radius is set to R = 1.
Additionally, it has to be mentioned that units are not taken into account for simplicity in this
example. The circulation is substituted by an infinitely small vortex element dI' = y dx,, whereby
the specific vorticity of the sheet is set to y = m. This leads to the integral

[oe]

1 1
u=— dx,. (2.36)

2 3
o \(1+(x—x)%)2

This can be integrated and provides the result for the velocity along the axis as follows

v = %(—x + 1). (2.37)
VxZ +1

According to this result, the velocity upstream and downstream of the propeller plane is point-
symmetric to the point x = 0 located at the axis of the circular vortex sheet. It follows that if the
averaging is performed in a symmetric region upstream and downstream of the propeller plane, the
value at the propeller plane is obtained. In addition, a freestream velocity U, can be superposed,
which leads to the following result

1
U=Ug+=

- (—x2’“+ —+ 1). (2.38)

: . . : 1
Both results are in accordance with the relation of the axial momentum theory up = E(U‘” +uy, ).

This result can be easily proofed by evaluating Uy, =lim,_,_, U (x), up = U(0), and u,, =
lim,_ U(x). Nevertheless, it has to be kept in mind that the result differs for the general
momentum theory. For a better understanding within this example, the velocity profiles and the
local radius of the stream tube are visualized in Figure 9 for different test cases. The local radius is
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calculated by the application of the continuity equation and assuming constant density. The static
thurst test case is represented by a freestream velocity of U, = 0. Therefore, the radius of the
stream tube is infinite at an infinite upstream position. The other cases, the propeller case and the
wind turbine case are characterized by a freestream velocity of U,, > 0. The difference is that in the
propeller case the fluid is accelerated and in the wind turbine case the fluid is decelerated.
Consequently, the axial velocities and the local radii, respectively, show an inverted behavior.

18k Static Case i Static Case
I Propeller Case 8 Propeller Case
Wind Turbine Case Wind Turbine Case

= |
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Figure 9: Simplified velocity U and radius r of the boundary streamtube for different operating points.

Furthermore, and in particular, a more important question arises, if up is the appropriate velocity,
which is needed by PanBL, since the latter requires the undisturbed flow far upstream of the
propeller blade. For this purpose, the method provides two additional parameters that can be set.
The first is the width of the disc w and the second is the distance of the center of the disc to the
center of the propeller d. This allows influencing the resulting inflow conditions in some way. Figure
10 shows a sketch of the important features for a forward flight case with a freestream velocity of
U, > 0.The velocity profile along the propeller axis (orange line) follows Equation (2.38). The
resulting stream tube (black line) is calculated by the application of the continuity equation while
assuming constant density. Logically, if the center of the averaging region is not located in the center
of the propeller plane the obtained axial velocity is higher or lower depending on the direction. It
becomes visible, that an increase ind in upstream direction leads to a smaller inflow velocity
obtained by the averaging method and vice versa for a region located downstream. Obviously, if the
center of the averaging volume coincides with the propeller plane (d = 0), the result of the axial
momentum theory is obtained.

Although the vortex sheet within the example has the shape of a circular cylinder, the continuity
enforces a flow contraction downstream of the propeller plane. In Figure 10, the averaging volume is
drawn enlarged. It has to be mentioned that the example represents a heavily loaded propeller. The
latter can be seen due to the massive flow contraction. That is why one difficulty of the averaging
process for heavily loaded propellers can be detected, in particular, in the blade tip region. It is
obvious, that by averaging in the blade tip region, the reconstructed inflow condition can differ. The
averaging is done in axial direction, while the streamlines are inclined towards the axial direction. To
overcome this problem, the averaging region has to be fitted locally along the direction of the
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2. Modeling of the Propeller Action

incoming streamlines. In addition, a local adaption of the averaging region can be applied as well for
non-axial inflow conditions, which will be discussed in the following.
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Figure 10: Determination of the inflow conditions for the actuator disc.

Since the basic ideas are presented, in the following the procedure for determining the inflow
conditions is declared. Therefore, a step-by-step description is given.

Realization of the Determination of the Inflow Conditions

In order to connect the NS/Eu-Solver with PanBL, the interfaces have to be set appropriately. The
implemented actuator disc approach has to be as general as possible. That is why Fluent is running in
the three-dimensional version. That means that the three-dimensional Cartesian coordinates are
used. Nevertheless, it is suitable to formulate the propeller action in a cylindrical coordinate system.
Moreover, the local forces generated by a certain blade section have to be solved in an additional
blade-fixed coordination system. This requires two coordinate transformations to obtain the forces
of the blade section.

In the following, the procedure is presented on a two-dimensional example. Figure 11 presents a
quad mesh drawn by the grey lines. The cell centers are marked by grey points. The black lines show
the imaginary propeller mesh. In this case, a segmentation in azimuthal as well as in radial direction
is performed, which is necessary to capture non-axial inflow conditions appropriately. At first, the
coordinates of the cell centers are transformed into the cylindrical coordinate system as follows
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/ X

x

<r> = Sy2+z2 | . (2.39)
cyl

o\ )

In the following, it is checked, if the cell is a part of a segment of the propeller mesh. Within this

cart

approach, the cell is assigned to a segment, if the cell center is located within it. Figure 11 shows that
exemplarily for one segment with blue highlighted cells, if the cell is inside the segment. The
velocities of all cells located in a segment are transformed as well into the cylindrical coordinate
system according to

u 1 0 0 u
=0 cos sin
(v) ( () (@)(U) . a0
W7 eyl 0 —sin(p) cos(p)/ \W/ cart
Ucyl Mcart,cyt Ucart

The representing velocity of one section is obtained by the averaging described above. The equation
therefore reads

_ ZNciS Ui cVic

w; = (2.41)
' ZNCiS Vi,C

Therein, the index N, represents the number of cells in a segment, i a segment, and c a cell in a
segment. Consequently, V; . is the volume of a cell ¢ in a segment i. Obviously, for an equally spaced
grid the volume averaging results in an arithmetic mean value. It could be considered also as some
kind of mass averaging for incompressible flow or in particular, flow with constant density.

The evaluation of the equation is easily done by using a serial solver. Additional considerations have
to be made if the equation is solved in parallel on several compute node processes and
consequently, mesh partitioning has to be performed. In this case, the numerator and the
denominator have to be evaluated at first for each partition of the mesh by the associated node
process. If every process has finished its independent summation, the sum over all processes is made
to get the correct sum for the numerator and the denominator of each disc segment. Subsequently,
the correct averaged velocity can be determined for each disc segment.

In the following, the averaged velocities have to be transferred into the blade-fixed coordinate
system. The sole difference between the two coordinate systems within this application is the
rotational speed of the blade fixed coordinate system around the x-axis that superposes a
circumferential velocity. In addition, the sign has to be changed, since the velocity of the blade leads
to a fluid flow in the opposite direction. Moreover, the vector is multiplied by a combined
permutation and reflection matrix to assign the coordinate directions as required by PanBL.
Therefore, the transformation reads

u 0 0 -—sgn()) Q 0 u
<v> = <—1 0 0 ) —<0)x<r>+<v> . (2.42)
W/ pr 0 1 0 0 0 w

cyl
N————
Upf Mpr Ucyl
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2. Modeling of the Propeller Action

The xp¢- and the y, r-coordintate of the blade-fixed coordinate system are then used to estimate the
local thrust and torque of a blade section. The reflection has to be made, because the Xps-diection of

the blade fixed coordinate system has to point from the leading edge to the trailing edge of the
airfoil.

Figure 11: Determination of inflow velocities of an actuator disc segment. The blue highlighted cells are set to be within
the associated propeller segment. The finite volume grid with its center points is drawn (grey lines and points) and the
propeller segments are represented by the black lines. The vectors show the velocity components of a cell in the
different coordinate systems. Velocity components: ©, v; Coordinate Systems: Cartesian and cylindrical according to
(2.40).
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2.7.3 Thrust and Circumferential Force of a Blade Section

The obtained inflow conditions are used to calculate the local forces of a certain segment. The inflow
conditions are providing the inflow angle as well as the magnitude of the inflow velocity. The values
are fed as input parameters into PanBL and the forces are the output. Within this subchapter, PanBL
is assumed to be a black box that determines the lift coefficient ¢, and the drag coefficient cp of a
certain segment depending on the inflow conditions. In the following, the important equations of the
blade element theory necessary for the applied approach are recalled briefly.

At first, the relations for the inflow conditions are applied to obtain the inflow angle ¢ and the inflow
velocity V,..;. With the knowledge of the local angle of incidence of the considered section, the angle
of attack is determined according to

v
¢ = arctan <ﬂ>, (2.43)
ubf
Vrel = fubfz + Ubfz, (244)
a=6-—q¢. (2.45)

The quantities V,..; and a are transferred to PanBL and the lift coefficient ¢; and the drag coefficient
cp are calculated. Subsequently, the thrust AT and circumferential force AF of the segment are

determined by the following equations.

1 Bc
ATy = 2 p Vrzel 2 1 (¢, cos(¢p) — cp sin(¢))Ar Ag, (2.46)
1 , Bc )
MFp ey =5 p Vi 5— 7 (e sin(@) + cp cos(§))Ar Ag. (2.47)

It is visible that the quantities are already written in the cylindrical coordinate frame. Initially, the
thrust AT and circumferential force AF for a segment are obtained in the blade fixed coordinate
system. However, the forces in the blade fixed and the cylindrical coordinate system are matching for
the considered azimuthal angle ¢ within the modelling approach. Consequently, the formula can be
written in the previous form.

In contrast to the equations presented in the description of the blade element theory in Section 2.3,
the present equations are valid for a segment instead of a section only. That means that an
additional partitioning in circumferential direction is added. This is represented by multiplying the
equation with (r A@)/(2nr), with Ag describing the angle of a sector. For a better understanding,
the formulas are rearranged additionally that the dependence of the forces on the solidity can be
seen directly.

The formulas can be further rewritten that the forces are related to the surface of a segment as
follows

AToy 1 . Be

Ar (T A(P) - E p Vrel 2_7_[7_ (CL COS(¢) —Cp Sin(¢))' (248)
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AF, 1 B c
@,cyl =—p VZ

Irrdg) 2 P Vel gy (G sin(@) + cp cos(¢)). (2.49)

This formulation is necessary for the determination of the sources presented in the following

subchapter.
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2.7.4 Source Terms for the Actuator Disc

Since the forces for each of the segments are determined, the source terms have to be established.
The procedure, to calculate the source terms, has to be inverted compared to the estimation of the
inflow conditions in terms of transformations between the different coordinate systems. This can be
performed straightforward. Nonetheless, additional considerations have to be made at first for the
realization of an appropriate flow flied solution. As stated above, the forces are calculated for each
segment. That means that for all of the cells within a certain segment, the same source term could be
applied. Figure 12 shows an exemplary distribution for five segments. Therefore, it is assumed that
the underlying source distribution is linearly varying in the vertical direction. In Figure 12 (left), for
each segment, all cell values of the associated segment are set according to the reference value of
this segment. It becomes visible that at the boundaries between the propeller segments
discontinuities arise. The approximation of such jumps by a series of smooth functions, e.g. Fourier
series, includes all wave numbers. The term wave numbers instead of frequency is chosen, since a
fully spatial problem is considered. Consequently, by applying the source terms in this way, spurious
oscillations in the numerical solution occur. Therefore, the convergence rate for a steady solution is
smaller and the stability of the simulation is worse. In order to circumvent this behavior, linear
interpolation between the reference cell values is performed. The resulting solution is shown in
Figure 12 (right). In this case, the discontinuities at the boundaries disappear. It can be argued, that
the derivative of the piecewise-linear interpolation is still containing discontinuities. That is true, but
due to the large size of the segment of the propeller compared to the cell sizes within this
application, the error might be small. A further point that may arise concerns the conservation of
momentum of this method. Due to the interpolation, the conservation is not exactly fulfilled, but the
error decreases with an increasing number of cells. Within this work, zeroth, first and third order
interpolation has been implemented. Investigations have shown that the difference between the
results of first and third order approximation is small. Hence, only the thirst order approximation is

used.

Figure 12: Interpolation of source terms of the actuator disk. Source distribution with constant segment value projected
to the computational grid (left) and linear interpolation (right). The propeller grid (black lines and points) and the finite
volume grid with associated center points (grey lines and points) are visualized.
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The previous example dealt with the interpolation of the source terms in the propeller plane. The
next point to be discussed is the treatment of the axial distribution of the source terms. Instead of
using a thickness of the source disc of one cell, the actual implementation is based on a volume
region similar to the averaging region for the determination of the inflow conditions. This approach is
highly flexible in the choice of the propeller disc region and is almost independent of the type and
shape of the mesh for the flow solution. The determination if a cell is a part of a volume is executed
analogously to the above presented method. Consequently, the same discontinuities appear in the
axial direction. In order to prevent the rectangular function in the distribution, a smooth function is
applied.

Therefore, a piecewise defined blending function consisting of a normalized raised cosine and a
rectangular function is constructed. Detailed information about this function can be found in the
Appendix A.1 . This method is used to avoid spurious oscillations in the flow field. In contrast to the
widely used Gaussian kernel function as e.g. presented by Sorensen et al. [110], the invented method
has been applied, since it is bounded in space.

At first, to be able to reveal the difference between the methods, the basic idea of the Gaussian
kernel is described, which reads as follows

1 Ax|\?
ne(|Ax]) = 3eXp[—<%> ‘ (2.50)

€3z

The function is used to distribute the action of a source at a certain point on several cells and
therefore, reduce the amplitude of the spectral velocities at higher wave numbers. The parameter €
defines the smoothness of the obtained result in terms of a characteristic length of the kernel. In
several publications this parameter has been chosen to vary between one and four characteristic cell
lengths [ .;;. |Ax| is the distance from the point of the evaluated propeller action to an arbitrary
mesh point. Obviously, the function tends to zero limsy-e 7c(|AX]) = 0 if the distance |Ax]|is
tending against infinity. However, within a finite domain, it will not be zero. Notwithstanding this, it
has to be stated that the smearing with this function can be performed for different input spaces of
the argument |Ax| € R™, whereby n = 1,2,3 for this application. In its original form, the function is
an image according ton.: R3 - R.

The actual implemented method within this thesis used the piecewise defined function

( 0, |x—SR.|>SR, \
! ™ (jx = SRel = SRy) ' lx — SR.| = SRy Alx —SR,| < SR

Faistr = { SRy cos 2 SR, 44 ch=+"11 x cl=272 4 (2.51)

1 I

l ST, |[x —SR.| < SR, )

w
SR,, — SR SRy, + SR

with SR, = —% > and SR, = % (2.52)

The mathematical properties of the function can be found in the Appendix A.1 . Nevertheless, the
main features are briefly reviewed in the following. Due to its smearing behavior in physical space,
spurious oscillations are reduced, and consequently, a smoother result is obtained if certain
requirements on the combination of the mesh parameters and the parameters of the distribution
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function are fulfilled. Moreover, the function is bounded in finite space in contrast to the Gaussian
Kernel function. That allows for a conservative representation of the distribution in a bounded spatial
domain.

Within the definition of the distribution function F;s, SR, is the axial position of the disc center,
SR,, is the width of the actuator disc, and SR, is the width of the smoothed cosine part of the
actuator disc boundary. The quantities are visualized in Figure 13. The definition of the parameter
SR, is shown for the green curve exemplarily. All in all, Figure 13 contains nine different parameter
variations, which provides the same integrational value of the distribution, as required. Strictly
speaking, SR is varied as well to get a spatial separation in axial direction of the three discs, which
would lead to 12 parameter settings. However, this aspect is not further discussed. Obviously, it can
be seen, the smaller the width of the disc, the higher is the amplitude of the peak. For this example,
three widths SR,, are applied, whereas the size is bisected from left to right. In addition, for each of
these different sizes, three smoothing widths are shown. The ratios of the smoothing width to the
disc width are set to SR;/SR,, = 1 for the magenta lines, SR;/SR,, = 0.5 for the green lines, and
SR;/SR,, = 0.25 for the blue lines.
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Figure 13: Parameter variation of the distribution function. The axial position of the disc center SR, the width of the
actuator disc SR,,, and the width of the smoothed cosine part of the actuator disc boundary SR; is varied. SR;/SR,, =
1 (magenta lines), SR;/SR,, = 0.5 (green lines), and SR;/SR,, = 0.25 (blue lines) are shown for three different
widths of the actuator disc SR,,.

It has to be mentioned, that for the simulations SRy > 3 - [..;; should be fulfilled. l..;; represents a
characteristic cell length. Otherwise, the desired behavior of the distribution is not fully obtained.
The smaller the region of the smoothing is chosen, the sharper is the resulting jump in the
distribution. Consequently, for SR, < [..;;, a rectangular distribution is provided by the function due
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to the low-pass filtering property of the underlying finite volume method. In particular, the behavior
can be detected on the right hand side in Figure 13 for small disc and smoothing widths (blue curve).

In the next step, the source terms in the Cartesian coordinate system can be determined. Therefore,
the specific forces in the cylindrical coordinate system are transferred into the Cartesian coordinate
system with the inverse matrix of the one used for the source evaluation. Moreover, the distribution
function F;4 is scalar multiplied with the transformed quantities to obtain the required smooth
solution. Finally, the source terms read

AT¢yy
Sx 1 0 0 / Ar (r Ag)
(0 cos(¢) —Siﬂ((p)) 0 Faiser (%, SRc, SRy, SR;). (2.53)
0 sin(gp) cos(ep) AFy ey
Mcyicart Ar (r Ap) eyl

These are the principle functions for distributing the forces in the three directions in space within the
AD model. For the AL model applied in this work, the axial distribution is kept as for the AD method.

The variation along the chordwise direction is modified. That is evident, as presented in the
description of the methods. The AL is a part of an unsteady simulation including a rotating line in
contrast to the AD in the course of propeller simulations. Therefore, at each time step the position
and strength of the source is varying. In the following, the properties of the AL will be discussed.

It should be stated that the AD can be also applied for unsteady flows. This is of interest, e.g. if the
thrust of the propeller is of major importance while the interaction of the tip vortices with an
airframe is inferior.
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2.7.5 Inflow Conditions for the Actuator Line

Within this subchapter, mainly the differences to the actuator disc approach are described. The
determination of the inflow conditions is based on the implemented approach used for the actuator
disc. At first, the basic ideas in contrast to the common approaches are presented. In the following,
certain special considerations for the parameters are made. Finally, details for the implementation
within an unsteady simulation are presented.

As presented in the description of the actuator line method in Chapter 2.5.2, the actuator line is an
imaginary line that moves like a propeller through the domain. At this line, a certain number of
sample points are located. At each of these points, the local inflow velocities are determined by an
interpolation, e.g. tri-linear. This allows for a reconstruction of the inflow conditions. The detailed
description therefore is provided, while explaining the presented method.

In contrast to the actuator line approach, the actuator surface approach presented in chapter 2.5.3
requires a line that is located at a defined position upstream of the imaginary propeller surface. This
line includes a certain number of sample points as well. But for this case, additional corrections have
to be made for an appropriate reconstruction of the inflow conditions. The corrections are required,
since the actuator surface induces velocities at the sample points, which distorts the reconstruction
of the inflow. This topic is addressed in e.g. Shen et al. [45].

Within this approach, the determination of the inflow conditions is based on a volume averaging
around the actuator line. The distribution of forces is made as well on a volume region instead of a
line. That means that properties of an actuator disc and an actuator surface have to be considered
for the modeling. The applied procedure is quite similar as it is used for the actuator disk simulation.
Consequently, certain advantages of the approach are inherited, as for example, the spatial filtering
of the quantities. However, in order to highlight the appropriate effects of this method, some basic
considerations are necessary, after the principle of the method is presented briefly.

In general, the blade is segmented in a certain number of sections as already presented in the
description of the theory in Chapter 2.5.2. Figure 14 illustrates an elliptical wing consisting of NACA
0012 airfoils. The segmentation is visualized by the semi-transparent cut planes. The intersection of
the latter with the wing geometry is depicted by the dashed lines. The solid lines represent the actual
airfoil sections used for the calculation of the two-dimensional airfoil properties. Within this
approach, the velocities are volume-averaged within each section. In contrast to the actuator disc
approach, the averaging is bounded in streamwise direction also. As shown above, for the actuator
disc approach a circumferential averaging within an annulus is made. In Figure 14, the averaging
regions are rectangular boxes. The reason for the choice of the size and shape of the region will be
detailed below. Exemplarily, the absolute inflow vectors as well as its components for the sections
are depicted in Figure 14. Therefore, constant velocities normal to the chord lines and linearly
varying velocities along the radial direction are considered. The averaged velocities are used for the
calculation of the forces.
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Figure 14: Inflow velocities for the sections of the actuator line approach. The vectors for each section show the resultant
as well as the component of the inflow velocity.

The forces, regardless of how these are generated, are acting at the quarter chord points of the
airfoil of a respective actuator line segment. This is presented schematically in Figure 15. The blue
boxes represent the segments of the actuator line. Within each segment, the black points represent
the quarter chord points. At all of these points, the lift (green vectors), the drag (orange vectors), and
the resultant force of the section (red vectors) acts. The forces are drawn in accordance to the inflow
conditions shown in Figure 15 with the respective angle of attack and velocity magnitude. The
resultant forces are subsequently transferred into the finite volume method.

The source terms for the finite volume method are evaluated in a similar way as for the actuator disc
approach in the previous chapter. In order to avoid discontinuities in the solution, a distribution

function is applied. In the following, the required considerations of the modeling approach are
provided. This is demonstrated on two examples.
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Figure 15: Force distribution generated by the actuator line approach. The aerodynamic force is acting at the reference
point of each section. It is equal to the quarter-chord point of the reference airfoil of the section. The resultant force
(red) as well as the lift (green) and drag (orange) are presented.
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Two-Dimensional Airfoil

The first example concerns the size and position of the averaging region. For simplification issues,
this is demonstrated for a two-dimensional case. In Figure 16, a blue highlighted source distribution
is depicted. The shape of the NACA 0012airfoil is visualized with the dashed line and its quarter chord
point is marked in black. This point represents the center of the source for this example.
Furthermore, two averaging boxes with different centers highlighted in green and black are shown.
The open question is to find the best possible position for determining the undisturbed inflow
conditions of the blade section with the averaging method.

Figure 16: Position of the averaging region. The blue highlighted box represents the source term region and the black and
green highlighted boxes two possible averaging regions with the associated center points. The dashed line shows an
airfoil with the quarter chord point coinciding with the source region center point.

In the following, it is assumed that the flow fulfills all requirements to be considered as a potential

flow. The airfoil section has to produce lift. This can be easily modeled by superimposing a
freestream velocity with a potential vortex. The resulting velocity field reads

r
(g)=@+ﬁ(—yx) withr = \/x? + y2. (2.54)

U

Therein, Uy, and V,, are the undisturbed velocity in the freestream. I' designates the bounded
circulation of the airfoil. It is well-known that the circulation for an airfoil is related to the lift L of the
airfoil and subsequently to the lift coefficient c; as follows

_ L C |Uoo|

5 (2.55)

Within this equation, c defines the chord length of the airfoil. In Figure 17 (top) a, the superposed
velocity vector field according to the equations is shown. The arrows are drawn with a constant
length, since this does not interfere with the conclusions, but allows for a clearer visualization.
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Figure 17: Determination of the inflow velocities with a squared averaging region. The vector field represents the
resulting flow field (top), of a freestream flow with an angle of attack (middle), and a potential vortex (bottom). The
length of the vortices in set constant.
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Since it is obviously difficult to derive any visual information on how to determine the inflow
conditions with the averaging method for the actuator line out of the superposed vector field, the
undisturbed freestream velocity field as well as the velocity field produced by the bound vortex is
shown also. Considering these figures, the result is easy to detect. Without any vortex, the result is
logically independent of the position of the averaging region. Regarding the velocity field induced by
the bound vortex, it can be seen that the averaged velocity vanishes, if the center of the region is
positioned in the center of the vortex and the boundary of the region fulfills point-symmetry about
the center of the vortex. Consequently, the answer for the best location of the center is found. In
addition, this averaging can be applied and written as follows

daLx dAL.y

o) = T e Lo () 072 = (i7)
_ dvdx = ) (2.56)
(UAR) Aaryx dary _% _dAZL,y V) Y Voo

darx daLy

1 r
(7;22) - —_[_%_[_djz#ﬁ(_yx) dydx = (8). (2.57)

darx dary

For the actuator line models presented in the literature e.g. [24, 40], for which the sample points for
evaluating the inflow conditions equals the source points, this result is obtained inherently. This
could be imagined by reducing the size of the box to the limit of zero.

Moreover, considering Figure 17 (bottom), some further properties can be detected. If the averaging
region is moved in negative x-directon, the obtained averaged velocity in y-direction v, becomes
var > 0. Consequently, by moving the region in the opposite direction, the averaged velocity in y-
direction vy is obtained to vy < 0. Due to symmetry issues, this is analogue for the other
coordinate direction and averaged velocity.

At this point, it has to be mentioned that certain models presented for the actuator surface approach
in the literature can counteract this behavior for non-matching center points. Such models, in
general, subtract the induced velocity from the actual velocity at the sample point. The induced
velocity is calculated by modeling the blade with different vortex models as for example shown by
Shen et al. [45]. Due to the averaging made herein, this type of correction has to be slightly modified.
The sample point has to be substituted by the center of the averaging region. Although this approach
has been tested, it is not further discussed in detail, since there is no need for it if the center points
are matching.

Another open question for this approach is what happens if the source distribution is not a squared
region anymore. This might be interesting if, at least, the representative blade section has to be
positioned inside of the source term region. The answer is similar to the one above for the squared
shape of the region. But instead of modeling the action of the source as one vortex it can be
considered as a planar vortex distribution. Consequently, the circulation I'" of the bound vortex has to

be substituted by the area-specific vortex distribution, which is equal to the vorticity according to
dr o . .
w= Ty The usage of this information for the current example, leads to the equation for the

velocity field as follows
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(g= JJZT{r

The quantities marked with primes represent the position of a vorticity-containing element. The

)) dy'dx’ withr = \/(x —x)? + (y — y)2. (2.58)

resulting velocity field is shown in Figure 18. Applying the averaging method after separating the
superposed velocity field leads to the following equations

daLx dAL Y

Ugr
_— dyd —<
(vAR) dALx dALyfdAfo dALy ) y x

daLx daLy

Lé:) (2.59)

Uar
(VAR) daLx dALyfdALx.fdALyf .f

In particular, the second integral can be evaluated by taking into account the symmetry

y Y’ 'dx! = (° 2.60
anz _ )> dy'dx'dydx = (0) ( )

considerations made above. Obviously, that is valid only if the centers of the source and the
averaging region are matching. In other cases, it has to be argued like in the single vortex case.
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Figure 18: Determination of the inflow velocities with a rectangular averaging region. The vector field represents the
resulting flow field of a freestream flow with an angle of attack and a vortex distribution. The length of the vortices in set
constant.

A brief additional discussion is provided, concerning the fact that the description of the modeling
with a vortex distribution is presented, although a specific force distribution is applied within the CFD
simulations. This can be easily declared by imaging that the force induces a pressure jump across the
finite volume cell in the direction of the lift within this example. This pressure jump can be modeled
in terms of an acceleration potential [111] by a doublet of constant strength positioned in the finite
volume cell, while the axis of the doublet is orientated in lift direction. Since for this steady case, the

velocity potential is obtained by integrating the acceleration potential along the streamwise
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2. Modeling of the Propeller Action

direction, the constant doublet distribution of the acceleration potential will result in a linearly
varying doublet distribution in the velocity potential. Furthermore it is known, that the linearly
varying doublet distribution is similar to the constant vortex distribution [109]. Consequently, the
resulting flow field is similar.

The considerations made above concerns the averaging in the plane of the airfoil section. That is why
the two-dimensional airfoil has served as an example. In the following, the averaging in the third
dimension is of interest. Therefore, a simple three-dimensional wing is shown.

Three-Dimensional Wing

At first, the principles of setting the position and size of the sections is discussed. In Figure 19, a view
in streamwise direction at the left side of a symmetric half-wing configuration is shown. The black
points represent the quarter chord points of a section. The local inflow quantities are needed and the
geometrical airfoil data at the position of the points are applied for the estimation of the forces for
the respective section. In this case, the points are distributed according to a cosine-law depending on
the spanwise coordinate y. The averaging regions are marked by the black lines. It has to be noted
that the boundary between two regions are set in the arithmetic mean of two quarter points. The
green highlighted region shows an exemplarily modified position of an arbitrary selected averaging
region. This can affect the result of the averaging procedure and will be discussed in the preceding
paragraphs. In addition, the blue highlighted region represents the source term region. The shading
represents the strength of the source distribution. Moreover, the black dashed lines are the upper
and lower boundary of the wing. The chosen size of the source distribution region is larger than the
extension of the wing in vertical coordinate direction. The size of the averaging region in vertical
direction is chosen larger than the size of the source terms.

i

) O A T

Figure 19: Spanwise and vertical position of the averaging region. Streamwise view of a left side of a symmetric lifting
surface is presented. The source distribution (blue) is shown in the source region and the translucency represents the
local value. The averaging regions with the center points are marked black and one additional averaging region with
associated center point is marked green. The dashed lines represent the airfoil shape.

The detailed description of the chosen distributions, sizes, shapes, and position is presented in the
following after a brief discussion of the basic flow properties in a crossflow plane. Therefore, in the
following a constant blade loading along the span of the wing is assumed. Consequently, this can be
modeled by a bound vortex along the span of the wing, which has no influence on this result since
the vortex line is set directly at the considered crossflow plane. The resulting vector field is shown in
Figure 20. The vectors have a fixed length and, consequently, provide directional information only.
But it is known that the vortex induces magnitudes of the velocities, which are inverse-proportional
to the distance of the vortex center, in particular for this two-dimensional example. In Figure 20, the
red point marks the center of the vortex. The question is how the inflow conditions have to be
determined with this volume-based averaging. Therefore, some considerations are of interest:

e Influence of the height of the averaging region
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2. Modeling of the Propeller Action

e Influence of the inclination of the velocity vectors to the surface of the wing

e Influence of the size of the averaging region in spanwise direction

Obviously, the induced velocity by the blade tip vortices is inherently included at every point of the
wing. In the vicinity of the symmetry plane, the induced velocity vectors within an averaging volume
points almost vertically downwards. As a consequence, the averaged velocity for the region is almost
unaffected by its height. Moreover, for these regions the inclination and the size in spanwise
direction lead to small deviations of the obtained inflow conditions.
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Figure 20: Flow field in the crossflow plane for a concentrated vortex. The source distribution (blue) is shown in the
source region. The averaging regions with the center points are marked black. The dashed lines represent the airfoil
shape. The red point represents the center of the potential vortex. The length of the vectors is set constant.

But as it can be seen in Figure 21, the situation is different for regions near the wing tip. In order to
describe the flow conditions in the tip region, the model of the concentrated vortex is substituted to
a vortex distribution in vertical direction. The red line in Figure 21 shows the vortex distribution.
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Figure 21: Flow field in the crossflow plane for a vortex distribution. The source distribution (blue) is shown in the source
region. The averaging regions with the center points are marked black. The dashed lines represent the airfoil shape. The
red line represents vortex sheet. The length of the vectors is set constant.

The axis of each infinitesimal vortex element along the line is oriented perpendicular to the plane.
This is valid for a constant source distribution across the whole modeled wing in the CFD simulation.
In this case, the whole wing can be modeled in terms of an acceleration potential with a constant
doublet distribution with its axis aligned with the vertical direction. Consequently, as shown for the
two-dimensional airfoil example above, the modeling can be established by the constant strength
vortex distribution along the red line of the blade tip.
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Figure 22: Flow field in the crossflow plane in the vicinity of the blade tip for a vortex distribution. The source distribution
(blue) is shown in the source region. The averaging regions with the center points are marked black. The green lines
show a different calculation method for the sections. The dashed lines represent the airfoil shape. The red line
represents vortex sheet. The length of the vectors is set constant.

A detailed view of the flow field around the blade tip region is provided in Figure 22. The vectors are
drawn with a fixed length in this figure also. The smaller the distance from an evaluation point to the
wing tip, the greater is the deviation of the vectors from the vertical direction, in particular, at the
upper and lower boundary of the averaging region. But due to symmetry of the solution, it can be
stated that the spanwise velocity component is vanishing by averaging across one of the sections.
The only requirement therefore is that the center of the averaging region is at the same vertical
position as the center of the source region (for a symmetric one) or at least the vertical boarders are
symmetrically located regarding the center of the source region. Consequently, the size of the region
in vertical direction is not important. Considering the vertical velocity component, it is easy to
determine that the size in vertical direction influences the averaged velocity. The larger the vertical
size of the region, the lower is the averaged velocity due to the nonlinear behavior of the vertical
velocity along the vertical direction. Furthermore, it can be seen that the size of the averaging region
in spanwise direction is influencing also the result of the averaged vertical velocity. In particular, in
the vicinity of the blade tip, the effect is of importance. Consequently, in contrast to the airfoil test
case no size or ideal position of the region can be found in order to get an unaffected result for the
averaged vertical velocity component. Subsequently, the parameters have to be adjusted.
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2. Modeling of the Propeller Action

However, it can be argued that this aspect of the modeling is appropriate for the wing. Consider an
airfoil with a non-zero thickness. While for the lifting line theory the induced velocities are taken at
the position of the line, which gets the information of the inflow at a certain point only, the real
airfoil notices the flow field variation in the vertical direction as well. Concluding, the averaging
region includes information of the global flow field around the airfoil. Therefore, the sizes have to be
adjusted in accordance with the sizes of the source term region that will be discussed in the next
chapter.

For the presented example of the wing, a constant distribution of the source terms is shown. That is
an equivalent result to a constant lift distribution along the span, which is usually not obtained within
an application. By assuming a varying lift distribution along the spanwise direction (e.g., constant for
each section), the source term strengths are varying also. Although the jumps in the source
distribution are locally smaller between two sections as for the constant lift distribution at the blade
tip, the difficulty with the choice of the size of the averaging region (in particular, in the vertical
direction) is in this case present at all sections with high gradients in the lift distribution along the
spanwise direction. But for a certain spanwise position, the description made in the previous
paragraph may be applied locally.

Realization of the Determination of the Inflow Conditions:

In general, the implemented procedure for the actuator line approach is similar to the actuator disc
approach. Therefore, the three-dimensional solver has to be applied and consequently, the Cartesian
coordinate frame is the basic frame for the solution. In contrast to the actuator disc, the actual
implemented actuator line determines the inflow conditions for the finite volume calculation in a
blade fixed coordinate frame. Consequently, the coordinate transformation from the Cartesian to the
cylindrical coordinate frame is not performed for the position vectors. But, the position vectors
within the Cartesian frame have to be directly transformed into the blade fixed coordinate system.
This is established with the following relation

X 1 0 0

<y> = Mpg - (0 cos(Qt+ Agp)  sin(Qt+ A(pB)> “Xeare: (2.61)
z/ pf 0 —sin(Qt+ Apg) cos(Qt+ Apg)
Xbf Mcarenf

The matrix M pg is the permutation/rotation matrix as used in the actuator disc approach to reassign
the coordinate direction between Fluent and PanBL. The transformation matrix Mg, pf is @ time-

dependent rotation matrix that includes the angle shift A@g for multi-bladed rotors.

In the following, the cell to segment assignment is performed in the blade fixed coordinate system.
The principle is the same as for the actuator disc. A cell-center-based query is made to decide if a cell
is within a segment. In order to allow for applying the code structure from the actuator disc
approach, each blade is assigned to a sector and the blade is divided into the radial sections. This
allows a fast change between the methods and can be executed even during runtime and if
necessary, for example, create an initial steady state result as basis for the unsteady simulation.
Figure 23 shows the determination if a cell is part of a segment.
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2. Modeling of the Propeller Action

Figure 23: Determination of inflow conditions for the actuator line segment. The blue highlighted cells are set to be
within the associated propeller segment. The finite volume grid with its center points is drawn (grey lines and points) and
the propeller segments are represented by the black lines. The vectors show the velocity components of a cell in the
different coordinate systems.

In the following step, the volume averaged velocity is calculated in the same way as for a segment
within the actuator disc approach according to

_ ZNcis Ui Vic

U = . (2.62)
' ZNCiS Vi,C

In this case the averaging is conducted as well in the cylindrical coordinate frame which is obtained
by

Uey = Mcart,cyl Ucart- (2.63)

The statements concerning the parallelization have to be applied for these simulations also. Finally,
the transformed velocities into the blade-fixed coordinate system are obtained analogously and read
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Although it has been stated that the method is designed for time-accurate solutions, it can also be

[y oy e )
ubf=MpR'|\—<0)X<r>+(v) | (2.64)

used in a rotating frame simulation as well. The procedure is very similar. The only difference relies in
the matrix M cq.¢ pr, Which loses its time dependency, since the blade is not moving. Nevertheless,

the velocity calculation remains as it is for the time-accurate solution.

The calculation of forces is completely identical between the actuator line and actuator disc
approach, since no model for the calculation of unsteady airfoil effects is included.
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2.7.6 Source Terms for the Actuator Line

The determination of the source terms for the actuator line is as well quite similar to the approach
used for actuator disc. The forces obtained by PanBL are determined for each section of a blade. In
principle, the same inverse procedure in terms of coordinate transformations compared to the
workflow for the generation of the inflow conditions has to be performed. Furthermore, the linear
interpolation in spanwise direction is applied in order to avoid jumps of the source terms at the
section boundaries. The treatment of the sources including the distribution function in the axial
direction of the propeller is also applied for a smoother distribution of the sources at the respective
boundaries. The main difference occurs at the boundaries of the chordwise direction of the
imaginary blade. This might be clear, since the actuator disc is continuous in this direction. Due to
discontinuity generated by the actuator line, the same smoothing function is applied as in the axial
direction. This fact is briefly described in the following. For a better understanding, Figure 24 (left)
shows a linear distribution of the source terms along the spanwise direction of the blade. As it is
visible, a linear interpolation is used inside the segments as it has been presented to be a suitable
choice within the actuator disc approach. At the chordwise boundaries, no smoothing has been
applied in order to visualize the appearing jumps. In contrast, in Figure 24 (right) the smoothing has
been applied in chordwise direction with the distribution function Fj ;5. It has to be noted that the
axial coordinate of the propeller within the distribution function presented for the actuator disc is
substituted by the chordwise coordinate of the propeller for this example. A detailed description of
the modified function is provided in one of the following paragraphs. The ratio of the smoothing
width and the disc width is SR;/SR,, = 0.5. Logically, the statement for the actuator line remains
valid that the proposed minimum number of cells lying in the smoothing region has to be applied as
well according to SR; > 3 - l..;;. Consequently, the smoother result is well visible. In particular, this

behavior has advantages for the unsteady simulations.

REERE" RN RN

Figure 24: Interpolation of source terms of the actuator line. Source distribution without smoothing (left) and with
smoothing (right) in chordwise direction is shown. The propeller grid (black lines) and the finite volume grid with
associated center points (grey lines and points) are visualized. The color blue represents no propeller action.
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In order to show the principle, it can be assumed that a rotation of the blade with a small azimuthal
angle is performed. The rotation shall be that small that at a certain time step t,, one cell center is
inside the segment of the blade and the following time step t,, 4 it lies outside. Consequently, the
value of the source term will change abruptly from a non-zero value to a value of zero. This can lead
to spurious oscillations and a reduced convergence rate of the solution. Due to the distribution
function, this unfavorable behavior is improved. This might be even true for larger time-step sizes.

Since the smoothing function is applied in two coordinate directions, a more general formulation of
the distribution function can be provided as follows

Faistrx;
( 0,  |xi—SRey| > SRyy, )
2
_ {l SR;M cos <g(|xi —Sﬁgzcli—SRl)> % = SRex,| = SRy A|x; = SRey,| < SRy, l} (2.65)
l SR\llv’xi 4 |xl - SRC,Xil < SRl,xi J
With SRy 5, = — 21— s ang SRyx, = i & SRy (2.66)

2 2

In the following, the coordinates of the general form of the distribution function are set to x; = x
and x; = y to present some considerations in a simplified manner. These coordinates are described
in the blade fixed coordinate system within the current implementation. The important quantity of
the function is that it is bounded also for a concurrent application in several coordinate directions
according to

f Faistrx(%,SRcx, SRy SRs ) * Faistr.y(¥, SRe.y» SRw,y, SRs,) dx dy = 1. (2.67)

é\8

This result seems to be obvious. Although the functions are connected by a multiplication, the
integration can be performed independently in each coordinate direction due to the unique
appearance of the integrational variables in each function.

In Figure 25, the described quantities are visualized. In this example, the parameters of the source
region in the x- and y- coordinate direction are set to equal values. This concerns the position of the
center of the region regarding the quarter chord point of the representative section SR, = SR,
the width of the region SRy, , = SR,,,, and the smoothing width SR;, = SR;,.. The ratio of the
smoothing width to the source width is set to SR;,/SR,, » = SR, /SRy, = 0.5. The source
distribution in x-direction is highlighted in green, while the blue highlighted curve shows the
respective distribution in the y-direction. The detailed description of the influence of the different

widths can be found in chapter 2.7.4.
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Figure 25: Parameter variation of the distribution function. The position of the disc center SR, and SR, the width of
the actuator disc SRy, , and SR, ,, and the width of the smoothed cosinusoidal part of the actuator disc boundary SR, ,
and SR; ,, are shown. The green and blue lines represent the action of the propeller in different coordinate directions.

In the following, the procedure for the actual implementation of estimating the source terms for
each cell is presented. Therefore, the thrust and circumferential force is obtained for a certain
segment of the actuator line according to

ATey 1

=5 p Vi c (e cos(d) — cpsin(@)), (2.68)
Alzp:yl = % p V2, c (¢, sin(¢) + cp cos(¢)). (2.69)

In contrast to the determination of the source terms for the actuator disc, the thrust and
circumferential force is related to the radial increment of the segment solely. The circumferential
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distribution is inherently provided by the distribution function Fj;s:y x ¢ as it has been presented as

well in the axial direction with Fg;g,- , for the actuator disc approach.

In the next step, the source terms are transformed in the Cartesian coordinate frame. Since the
thrust and circumferential force are described in the cylindrical coordinate system, the inverse
coordinate transformation compared to the determination of the inflow conditions is performed. In
addition, the distribution function in both smoothing directions is applied and results in the equation

AT,y
Sy 1 0 0 Ar
Sy = (O cos(p + Qt) —sin(p + Qt)) 0 " (Faistrx * Faistry)bf- (2.70)
2] e 20 sin(p + Qt)  cos(p + Qt) /| AFyp ey
Mcyicart Ar cyl

It is important that the distribution functions are applied in the blade-fixed coordinate system. In
particular, the distribution function Fy;s:y x »5 Only works appropriately in the blade-fixed coordinate
frame. Due to the rotation of the blade-fixed frame around the x-axis of the cylindrical frame, an
execution in another frame will make the function useless. For the smoothing along the blade-fixed
y-axis it is not that crucial, since the coordinates remains the same after transformation. But for
consistency, it has to be implemented as well in the blade-fixed frame.

2.7.7 Improved Inflow Condition

Within this chapter a slight modification for the inflow condition is presented. It is intentionally
placed at the end of the description of the methods, since the distribution of the source terms and its
properties have to be known.

The initial formula for the determination of the inflow condition reads

_ ZNCiS ui,CVi,C

u; (2.71)
' ZNcis Vi,C

As described, the cell is counted to be within a region if its cell center is positioned within the region.
Consider a small movement of the mesh or of the cell center in axial direction. For the ideal case, the
averaging region shall be symmetric around the point of the source. Due to the discretization of the
continuous space, one cell center will drop out of the region on one side, while another center will
join the region on the other side. The obtained averaged value will therefore be different. In order to
obtain less dependence on the mesh, a multiplication with the symmetric and smooth distribution
function F;4, can be performed to reduce this behavior for arbitrary meshes. For an equidistant
mesh, a correct result is obtained. The resulting equation reads

ZNCL-S ui,cVi,c Fdistr

U; .
' ZNCiS Vi,c Fdistr (2-72)
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2.8 Generalized Actuator Disc Approach Coupling with Two-Dimensional CFD

Within this chapter, a modified method of the previous one is shown. The described method is fast,
although drawbacks can be identified. As it is generally known, panel methods, even coupled with
boundary layer methods, provide results of moderate quality in some cases. For example, separated
flows or flows including transonic flow regimes might be difficult to cover.

For this purpose, a direct coupling between a three-dimensional generalized actuator disc approach
and a two-dimensional simulation of the airfoil sections is established. In principle, the determination
of the inflow conditions as well as the generation of the source terms is equal. That is why it is not
discussed here. Differences are made in the solution strategy and logically, in the thrust and torque
calculation. In the following, these topics are addressed for the actuator disc solely. The application
for the actuator line is comparable as in the coupling with PanBL and can be implemented in a
straightforward manner.

The combined approach is realized completely in Fluent. Basically, the solution of the three-
dimensional domain including the generalized actuator disc and the two-dimensional airfoil
calculation is made within one single Fluent simulation. Therefore, several domains are loaded and
solved in parallel mode. The flow chart for the solution procedure within Fluent for this approach is
presented in Figure 26. The blue highlighted tasks present the interfaces for the two domains.

i User-Defined Init Iy *| User-Defined Adjust i
i ! ;
| 23R Solve Momentum |
| 3D-CFD Solve Continuity |
| Differs between | |
| coupled and segre- |
| gated solver |
I Exit Repeat !
i A A :
i Convergence? Solve Energy i
! A :
| y i
i Update Properties |* Solve Turbulence |

Figure 26: Fluent flow chart of the generalized actuator disc with 2D-CFD.
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At first, Fluent is started and a mesh including the multiple domains is loaded. After initializing the
flow field in all of the domains appropriately, the calculation is started. The DEFINE_ADJUST macro is
used for several tasks at the “User-Defined Adjust” step. Within the actuator disc domain, the inflow
guantities to the imaginary blade are sampled and stored. Furthermore, the forces acting on the
propeller blade in the two-dimensional blade domain are calculated and stored. Subsequently, the
flow field is solved with these values. In the following “Solve Momentum” step, two macros are used.
The DEFINE_PROFILE macro updates the inflow conditions of the blade domain with the sampled
inflow data of the actuator disc domain. The DEFINE_SOURCE macro is used at this runtime to insert
the action of the propeller in the actuator disc domain depending on the forces calculated on the
propeller blade. This procedure is repeated until a converged solution of the flow quantities in all
domains is established.
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2.9 Resolved Flow Simulations

In this section, the fully resolved simulations of the propeller by the application of computational
fluid dynamics are presented. There are two different methods available. Firstly, if rotational or
translational periodicity is applicable, the flow can be simulated within a moving reference frame.
This approach is presented in chapter 2.9.1. Secondly, for non-periodic flows the motion of the
propeller has to be captured. For this purpose, the sliding mesh approach is applied within these
investigations and is described in section 2.9.2.

2.9.1 Steady-State Flow Simulation with Moving Reference Frame

The steady state flow simulation with the moving frame approach requires less numerical effort in
contrast to the time-accurate flow simulation with the moving mesh approach. The latter means that
node locations are really moved in physical space, which is presented in the following chapter. The
moving reference frame allows an arbitrary motion of an object, while the physical node positions of
a mesh remain at its initial position. The motion is imaginary realized by additional terms in the
governing equation. The representation of a relative motion of certain parts of the mesh, however,
can be hardly realized.

For the applications presented within this thesis, translational as well as rotational moving frames
are used. For the simple two-dimensional test cases, the translation of the airfoil is modeled. For
these cases, it can be imagined that there is only a velocity superposed. For the more complex three-
dimensional cases, the rotation of the propeller is obtained due to the rotation of the rotating
reference frame. Caused by the rotation of the frame, in particular, additional forces like centripetal
force or Coriolis force are added for each cell. This kind of simulation is applicable for axisymmetric
flow solely. It cannot be used for non-axial inflow conditions since it violates the symmetry
constraint. A further advantage is the reduced effort for generating a mesh because only one domain
is required.

The required formulas for this approach are not described, since no modifications are made and it is
assumed as generally known. The implementation can be found in [112].

2.9.2 Time-Accurate Flow Simulation with the Moving Mesh Approach

The time-accurate flow simulation applying the moving mesh approach requires high effort to solve a
problem compared to the previously presented moving reference frame approach. First of all, it
obviously requires an unsteady simulation, since the nodes of the mesh have to be moved to realize
the motion. Subsequently, the node positions have to be updated at each time step. However, in
particular the abilities associated to the unsteady solution allow solving arbitrary motions of the
mesh. Furthermore, the relative motion of different mesh domains with a sliding mesh interface can
be realized. This interface type is able to transfer flow quantities from one domain into another
domain with relative motion to each other at a specified surface. Another approach for transmitting
the quantities is the overset method. In this case, an interpolation between two volume meshes is
performed. Further details of both approaches are presented in chapter 5.
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Applied to the simulation of propellers, some points can be summarized. Firstly, the effort in
generating the mesh is higher. Therefore, a rotating and a stationary domain have to be meshed.
Secondly, the calculation of the solution requires more computational effort. One the one hand the
physical position of each cell and node in the rotating domain has to be modified at each time step
and on the other hand the non-conformal interface cells using the sliding mesh approach have to be
calculated for every single time step. The term non-conformal interface means that the nodes of
both sides of the interface have not to be located at the same physical position. Consequently, for
the sliding surfaces the intersections have to be recalculated at each time step. Nevertheless, as
mentions for the general case of the method, there are fewer restrictions to the simulation setup;
e.g. non-axial inflow, time-depending inflow or non-uniform inflow conditions applied within
simulations can be performed also.
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3. Two-Dimensional Test Case

3 Two-Dimensional Test Case

Within this chapter, investigations for a two-dimensional, generic test case are conducted. Therefore,
a two-dimensional cascade test case is presented to investigate the influence of the averaging and
source region parameters which are described in chapter 2.7. For the test case, simulations with the
generalized actuator disc approach as well as the RANS/URANS simulations are performed and the
obtained results are presented and compared.

For this test case, a cascade using NACA 0012 airfoils is presented. The cascade provides a flow field,
comparable to the flow in a plane of constant radius for a propeller, but with reduced complexity.
Consequently, the modeling approach has to provide a comparable flow field solution and has to be
consistent with the underlying physics. Furthermore, the test case is designed as simple as possible,
to allow for investigating the influence of certain parameters associated to the cascade, e.g. number
of blades, angle of incidence, etc., as well as the parameters regarding the modeling of the
generalized actuator disc.

3.1 Test Case Description
General

Figure 27 (top) shows a sketch of the domain used for the simulations as well as the location and
types of the boundary conditions. The boundary condition on the upper side of the domain is set to a
velocity or pressure inlet. The boundary condition on the lower side of the domain is set to a
pressure outlet. On the left and right hand side of the domain, a periodic boundary condition is
applied. In order to realize the motion of the blade, a moving reference frame is used for these
investigations. This means that the blade in the figure imaginarily moves from right to left and
consequently, the relative inflow to the stationary considered blade is from left to right.

In addition, Figure 27 (top) exhibits two airfoils (NACA 0012 airfoil), representing the blade for two
different angles of incidence. This dashed black line corresponds to an angle of incidence of 8 = 0°
while the dashed orange line shows the same airfoils at an angle of incidence of § = 15°. The red
point is the quarter chord point which is used as the pivot point for the rotation of the blade. Figure
35 (bottom) illustrates the domain for the calculation in the middle and the imaginary adjacent ghost
domains, implied by the periodic boundary conditions, to the left and the right hand side.

A measure that includes the number of blades of a propeller in nondimensional form is the solidity. It
relates the sum of the chord lengths c(r) of all propeller blades at a certain radial position to the
total circumferential length at this radius as follows

__Be (3.1

2nr
B represents the number of blades within this relation. For this two-dimensional investigation of the

cascade the solidity is defined as

¢ 3.2
O2p =7 — (3-2)
per

o~
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Figure 27: Sketch of the two-dimensional test case. Basic description (top) and application of the periodic boundary
condition (bottom).

Lyer is the periodic length of the domain. The definition of g, can be imagined to be the ratio of the
length covered by the blade to the distance between the reference points of two adjacent blades.
Nevertheless, it should be kept in mind that this parameter is not affected by the pitch angle 6.
Strictly speaking, the projection of the chord length on the horizontal axis differs depending on the
angle of incidence, but this influence is not accounted here.

The designed simulation setup has been chosen in order to allow for the possibility of setting
different solidities within this investigation in an easy manner. Therefore, the solidity can be varied
by adjusting the periodic length L,,.,.. Considering Figure 27 (bottom), this issue becomes visible in
accordance to the above stated pictorial description of the parameter. For simplicity, the chord
length is set to ¢ = 1 m for the results presented in this subchapter.

The limiting case for o,, = 0 results in a periodic length ., — . It is obvious that it is not possible

to calculate this solidity with the applied setup, but the resulting case equals an undisturbed stand-
65



3. Two-Dimensional Test Case

alone airfoil. Consequently, the periodic boundary conditions are modified to an inlet and an outlet
boundary condition. The size of this domain has to be large enough that no interaction of the
boundary conditions with the airfoil is given. This is proven by checking the pressure field. Within
Fluent, for the outlet boundary condition a “pressure outlet” boundary condition or an “outflow”
boundary condition can be chosen. It has been tested that the “pressure outlet” boundary condition
with “average pressure specification” shows an equivalent result as the outflow boundary condition.

Inlet

Outlet

lio

Inlet

lper

A
\ 4

Outlet

Figure 28: Sketch of the two-dimensional test case for the limiting value of o, — oo.

Definitions: In order to be in conformity with a propeller flow, the velocity in x-direction u represents
the circumferential velocity of a propeller simulation. That is why the terms circumferential and
horizontal velocity are used synonymously for u. Further, the velocity in y-direction v corresponds to
the axial velocity of a propeller simulation. Consequently, the terms axial and vertical velocity are
used synonymously for the velocity v. Moreover, as described above, the limiting case is obtained for
o,p — 0. However, for simplicity the case is referred to g, = 0.

Objectives and Parameters

The objective of the investigations is set on the comparison of the results obtained by the fully
resolved cascade flow and the modeled ones for certain operating points. Therefore, two different
cases are presented. Firstly, a case that corresponds to a forward flight of the propeller is chosen. In
this case, a velocity boundary condition is set at the inlet of the domain. Secondly, a case for the
determination of the static thrust of a related propeller is considered. The boundary condition at the
inlet is set in this case to a pressure boundary condition. That leads to the results, that the velocity at
the inlet of the domain is adjusted automatically by the produced thrust of the blades.
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3. Two-Dimensional Test Case

Before describing the set of parameters, some basic properties of the test case and its impact on the
expected results are reviewed. This is necessary to justify the choice of certain prescribed input
parameters as well as the chosen quantities for the discussion of the results.

Firstly, as described in the previous theory chapter, the propeller increases the total pressure across
the propeller disc. The force generated by the propeller determines the amount of the increased
total pressure downstream of the disc. Obviously, for an infinite thin disc, a discontinuity in the
pressure profile along the direction of the propeller axis will arise. Secondly, the continuity equation
has to be fulfilled. In particular, the latter has to be discussed for this test case in detail.

As stated above, the flow is considered to be incompressible. Therefore, the continuity equation in
its integral and simplified form for the actual flow domain reads as follows

fvindx— f Voue dx + fupemdy— fuper_zdy=0. (3.3)

Inlet Outlet Per 1 Per 2

The applied periodic boundary conditions for this case establishes the velocity at a certain position y
to be u(Y)per,1 = U(Y)per2 # C, although they are allowed to vary in y-direction. Consequently, the
last two terms on the left hand side of the equation are vanishing. The resulting equation is

jvindxz f Voue dX. (3.4)

Inlet Outlet

In general, the velocities at the inlet and the outlet for a certain position x are not equal v(x);, #
v(x),ut- However, it can be stated that the averaged velocities or the mass flow rate have the same
amount at the inlet and the outlet. Furthermore, it can be assumed that if [;ois large enough, the
influence of the airfoil on the velocities at the boundaries is negligible and as a consequence
v(x)in = C and v(x) oyt = C. In this case the local velocity equals the averaged velocity at the inlet
as well as the outlet and has to be equal vy, = v,,¢. This is important to consider for the choice of
the boundary conditions to not overdetermine the set of parameters of the system.

In the following, the momentum equation in the y-direction is reconsidered and written in simplified
and reordered form as follows

J pvinvindx - J pvoutvoutdx + f pindx - f poutdx + TZD = 0. (3'5)

Inlet Outlet Inlet Outlet

It has to be mentioned that compressibility and viscous effects are not taken into account. In
addition, the periodic boundaries are not incorporated due to its designated properties. The thrust
T,p is the thrust acting on the propeller that is why the sign is changed. However, one can easily see
that the propeller with positive thrust leads to an increase in static pressure or an increased velocity
at the outlet. As outlined in the last paragraph, the velocity at the inlet and the outlet will be almost
the same and therefore, the thrust causes mainly an increase in the static pressure at the outlet
compared to the inlet for this test case.
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Furthermore, the momentum equation in the x-direction written in simplified and reordered form
reads as follows

- f PUnVindx + f PUoutVourdx + Fy2p = 0. (3.6)

Inlet Outlet

Moreover, the periodic boundaries are not included according to its properties. The circumferential
force F, ,p is the force acting on the propeller. Since the velocity at the inlet u; =0, the
circumferential force F,. ,, can be determined easily.

Consequently, for the evaluation of the forces acting on the blade, the momentum difference
between inlet and outlet can be used as well. In addition, by substituting the thrust of the blade by
the source term in the actuator disc or actuator line simulation, the presented procedure can be
applied in the same way. The same considerations are valid for the circumferential forces also.

The properties of the governing equations applied to this setup allow some conclusions for the test
cases.

e For the forward flight test case, applying a velocity at the inlet v;,, establishes the mass flow
through the domain. In this case the solver has to provide a static pressure at the inlet p;,
that is smaller than at the outlet. The total pressure difference is determined by the
propeller-specific parameters like the solidity, angle of incidence and translational speed of
the blade. The prescribed parameters for this test case are in order to avoid an
overdetermination of the parameters as follows:

o Velocity at the inlet v,
o Static pressure at the outlet p,,,;

e For the static thrust test case, the total pressure at the inlet p,;, is set. Therefore, the
velocity at the inlet vy, is part of the result. The propeller causes as well a difference in total
pressure as described at the previous bullet point for the forward flight case. The prescribed
parameters are therefore:

o Total pressure at the inlet p; ;,,
o Static pressure at the outlet p,,,;

e As presented above, the averaged velocity at the inlet equals the velocity at the outlet
Vin = Voyt for a sufficient large domain. Therefore, the pressure difference between inlet
and outlet can be easily taken for determining the thrust, or at least for plausibility
considerations. In analogy, the force in the translational direction can be established by the
x-momentum equation in a simply manner.

e Since for the actuator disc simulation of the cascade, only one cell in x-direction is
necessary, it can concluded that the inlet velocity v;,, equals the velocity through the whole
domain v = v;,. This point has to be kept in mind for setting the regions of the actuator
disc.
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e The behavior of the velocity u is different. Under the assumptions made, the velocity equals
Ui, = 0 upstream of the plane of the blades and downstream the additional x-momentum
provided by the blade will lead to a velocity u # 0.

The quantities used for the comparison between the two methods are the forces produced by one
single blade of the cascade. However, other quantities can be chosen due to its relation to each other
as presented in detail. They will be used for additional proofs of the results only.

Since the general properties of the test case are presented, the parameter settings for the
investigations are discussed. This includes beside the parameters associated with the test case itself,
the parameters that are necessary for the AD and the AL modeling. The nondimensional parameters,
which are of main interest for the test case, are the following:

e Angle of Incidence 0
e Solidity ayp

e Advance Ratio J

e Reynolds Number Re
e Mach Number Ma

The first two parameters (08, g,p) are corresponding to the geometrical properties of the cascade.
The advancing ratio J describes the kinematics of the blade relative to the flow and the last two
parameters (Re, Ma) are related to the properties of the flow. Consequently, the spanned parameter
space needed to be investigated can be large by considering all possible combinations. Therefore, a
reduction of the parameter space is unavoidable. For this purpose, subspaces, which map the
requirements for certain real-life applications of the method, have to be defined a priori.
Furthermore, simplifications can be considered. For example, the angle of incidence 8 can be
combined with the advance ratio ] resulting in the angle of attack a of the blade.

Nonetheless, the focus of the investigation is set on the influence of the solidity on the resulting
forces, since the test case is well-suited for that. The loading of the blade is correlated to the angle of
attack which allows the application of the above stated simplification. The Reynolds Number Re and
the Mach Number Ma are varying within practical applications that is why the necessary input space
has to include these two parameters usually.

The next step is the description of the parameters related to the modeling approach of the actuator
disc. According to the previous theory chapter, the actual implemented modeling method requires a
defined region for calculating the inflow quantities as well as for inserting the specific forces into the
finite volume method domain. These quantities are:

e AR_: Axial position of the center of the region for determining the inflow conditions
e AR,,: Width of the region for determining the inflow conditions

e AR,: Width of the smoothing region for determining the inflow conditions

e SR.: Axial position of the center of the region for distributing the forces

e SR,: Width of the region for distributing the forces

e SR.: Width of the smoothing region for distributing the forces

The first parameters (AR., AR,,, AR;) are used to determine the inflow conditions, while the last
parameters (SR., SR,,, SR;) are parameters for distributing the action of the propeller to the

appropriate finite volumes. The position of the center of the region for distributing the forces SR, is
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3. Two-Dimensional Test Case

set to the position of the corresponding quarter-chord point of the airfoil in the fully resolved
simulation. The influence of this position is not investigated.

As stated in the paragraph concerning the distinct properties of this test case above, the velocity v
through the cascade for the actuator disc simulation is constant. That means that the position of the
region for the averaging of the inflow conditions AR, has no influence. Nevertheless, since the
velocity u is changed due to the action of the blade on the fluid, the position AR, the width AR,
and the smoothing width AR, of the averaging region relative to the position SR, width SR, and
smoothing width SR used for the source term distribution becomes important.

Therefore, an easy example based on the description in the theory chapter is given. Considering a
resulting velocity profile like a Heaviside function. Obviously, the average value will be different if the
center of the averaging region is set at the position AR, = 0 or at one side AR, < 0 || AR, > 0 of
the jump. For this example, it means that a position of the center left of the discontinuity will lead to
smaller average values and right of it to larger ones. For arbitrary functions, the parameters of the
averaging region have an influence as well. In particular, if the distribution function for the sources
which is introduced in the theory chapter is applied, the resulting velocity profile differs from the
Heaviside function. In this case, the properties of the averaging function are important also.

The extension of the parameters used for the actuator disc to the actuator line is straightforward by
adding one dimension as described in the theory chapter. The parameters therefore read as follows
and will not be further discussed within this subchapter:

e AR.x, AR,
e ARy, ARy,
* ARsy, ARg,
®* SRcx, SRcy
e SRy SRy,
* SRy, SR,

Conclusively, within this test case, the focus is set on the influence of the interactional effects of the
blades within the cascade for certain flow conditions. Therefore, the variation of the solidity for
different advance ratios and pitch angles is of major importance. Although, the local flow conditions
around the blade are depending on the Mach number Ma and Reynolds number Re, these
parameters are set constant within this investigation. It is clearly evident that the latter parameters
change the local effects and the resulting lift and drag of the blade, and as a consequence, the wake
of the blade. That is why a combination of these parameters is chosen which provides a solution with
a comparable local behavior of the flow around the blade for the resolved and modeled method.
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3.2 Mesh Generation and Numerical Setup

In the following, the blocking and meshing approaches for the different methods are described. At
first, the simulation setup for the resolved blades is presented. In the following, the actuator disc and
actuator line approach combined with PanBL are explained and finally, the combination with the
two-dimensional CFD for obtaining the airfoil data is provided.

Resolved Propeller

In Figure 29, the blocking strategy for the resolved simulations is shown. The airfoil is surrounded by
an O-grid due to its finite trailing edge. In order to realize the different periodic lengths of the
domain and consequently different solidities, a block is inserted at the left side of the domain which
can be easily extended. Due to the periodic boundary condition, there will be logically no difference
if this block is located upstream or downstream of the airfoil, in particular, since a one-to-one
connection of the related nodes of each side of the periodic face is established. This means that each
node of the one side of the periodic condition has a vertically equally positioned node on the other
side. The accuracy of the results of a one-to-one connection has been compared to a general
interface without matching nodes. It has been found out that the pressure gradients at the interfaces
are represented correctly for a one-to-one connection, while it is not necessarily fulfilled for non-
matching nodes at the boundaries. Figure 29 (left) shows the whole domain for the simulation of a

solidity of o, = %. In Figure 29 (right) the O-grid and the region near the airfoil is detailed. There are
visualized the main blocks, while the additional block is cut on the left side of the figure.
Furthermore, it is visible that the domain is designed for solidities less than g,p < § Higher solidities

are not considered, since the modeling aims on propeller configurations and not on fans. It is a
matter of fact that for propeller configurations with a high number of blades even higher solidities
can occur near the spinner, but the amount of the forces and moments produced in this region is
small compared to the overall performance. Moreover, in this region several three-dimensional
effects that cannot be covered with these modeling approaches occur anyway.

Figure 29: Blocking for the resolved cascade simulation. Blocking of the whole domain for a solidity of o, = ﬁ (left) and
detailed blocking around the airfoil (right).

71



3. Two-Dimensional Test Case

The different settings for the angle of incidence of the airfoil are easily performed by applying the
mesh-deformation method presented in the chapter 5.3. It is not described within this chapter, since
it is used only as a tool for the rotation of the airfoil and the deformation of the adjacent cells of the
mesh within this application. Nevertheless, in Figure 30 the original (left) as well as a deformed mesh
(right) of this setup is shown exemplarily.

Figure 30: Mesh for the resolved simulations. Initial mesh (right) and rotated airfoil with deformed mesh (right).

In order to proof the independence of the obtained results on the mesh, a mesh independency study
is performed. The initial mesh for the fully resolved simulations includes 46 blocks with 40942 cells.

These values are for the mesh with a solidity o, = § The number of cells along the chord of the

blade is 118. The first cell of the boundary layer is set in order to fulfill a nondimensional wall
distance of y* < 1. The O-grid blocks adjacent to the airfoil are therefore designed to have 80 cells
in the direction perpendicular to the surface with a size of 1 - 10™5m for the first cell along this
direction. That is necessary, to resolve the linear behavior within the viscous sublayer of the
boundary layer appropriately. Consequently, the application of a wall function in not required.

In the following, one refined and one coarsened mesh is generated. Respectively, a scaling factor of

1.4 and ﬁ is applied. The initial scaling at the surface of the airfoil is not modified. The quantity of

the mesh independency study to be evaluated is the thrust coefficient as well as the circumferential
force coefficient of the airfoil.

Prior to the discussion of the results of the mesh independency study, the solver settings are
described briefly. As presented above, the flow is considered to be incompressible and steady.
Consequently, the two-dimensional, planar, pressure-based, coupled solver is applied for solving the
problem. For the velocity formulation, the absolute option is set. The energy equation is not solved
within this investigation. The turbulence modeling is performed by the shear-stress transport (SST)
turbulence model. The density of the fluid is set to p = 1.225 kg/m3, while the dynamic viscosity
reads u = 1.225- 107> kg/(m s). The resulting kinematic viscosity is v = 1 - 107>, The gradients are
evaluated by a least squares cell based method. The second-order pressure discretization scheme is
applied. The momentum equations are discretized by the second-order upwind scheme. For the
turbulent kinetic energy as well as the specific dissipation rate, first-order upwind schemes are
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applied. The set flow Courant number varies between the different simulations. Since the periodic
length of the domain [,,.,- depends on the solidity, different scales of the Courant number might be
necessary due to the variation in the length of the domain. Furthermore, certain angles of attack will
show less stable solutions with too high flow Courant numbers. Consequently, the Courant number is
adopted for each of the simulations in the range of 5 < € < 100. The relaxation factors are shown
in Table 1. The convergence criteria for all quantities to be solved are setto 1 - 107°.

Table 1: Relaxation factor for the resolved propeller simulations of the two-dimensional test case.

Explicit-Relaxation Factors and Under-Relaxation Factors

Momentum Pressure Density Turbulent Specific Turbulence
Kinetic Energy | Dissipation Rate Eddy
Viscosity
0.1 <amem <05| 01<a,<05 | ag, =10 e = 0.8 a, =0.8 a,, =1.0

The mesh independency study is performed for the operating point (J, o,p, @) = (0.25,%, 5.0°). This

represents a case with strong interaction of the blades and a moderate blade loading. Table 2
provides the thrust and circumferential force coefficient for the three meshes. As it is visible, the
deviation between the values even for the course related to the fine mesh is far less than 1%.
Nevertheless, the initial grid is taken for the generation of the validation results.

Table 2: Mesh independency study for the resolved simulation of the two-dimensional test case.

Coarse grid Initial grid Fine grid
Crap 0.492 0.493 0.493
Crx2D 0.053 0.053 0.053

Actuator Disc Approach with PanBL

For the comparison of the actuator disc (AD) approach coupled with PanBL (AD-PanBL) with the fully
resolved cascade, in general, the mesh resolution as well as the applied numerical settings shall be
comparable. That is why for the actuator disc simulation a similar mesh resolution in the region of
the imaginary blade and its wake is chosen. Considering the properties of this test case for the
actuator disc in detail, it can be easily seen that one cell in the circumferential direction of the
imaginary blade is sufficient if periodic boundary conditions are used. This results out of the fact that
in the circumferential direction of the imaginary airfoil movement, no variation of the forces can be
obtained, caused by the averaging procedure within the actuator disc model along the
circumferential direction. The periodic length for the one cell in the circumferential direction is set to
lyer = 1. The setting of the solidity is done solely within the calculation as a numerical parameter.
The resulting flow field is the same as modifying the periodic length by B, but without generating
meshes for each value of the solidity. The procedure for generating the periodicity is equal as for the
resolved simulation. The variation of the underlying angle of incidence is performed within the
calculation of forces also.

The mesh independency study for the actuator disc simulation is performed in one dimension only.
This is obviously sufficient, caused by the periodic boundary condition and one cell only in the
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circumferential direction of the blade. The initial mesh consists of 4 blocks with 200 cells. The
blocking strategy is shown in Figure 31 (left). In Figure 31 (middle), the distribution of the cells of the
mesh is presented. In the region of the actuator disc, a constant spacing of 1- 1072 m is applied.
Therefore, Figure 31 (right) details the region were the actuator disc acts. In general, the refined
region has not to be that fine as well as that large for the actuator disc simulation. However, it is
made to allow for investigating different parameters of the actuator disc approach on a part of the
mesh with equally distributed cells. Subsequently, a finer and a coarser mesh is generated with a

scaling factor of 2 and %, respectively. The initial scaling is modified in this case as well. The quantities

for the comparison of the different mesh resolutions for the actuator disc approach are as well the
thrust and circumferential force coefficient as presented for the resolved simulation. However, since
for the AD modeling, the mesh resolution is coupled with the modeling parameters of the AD, the
results are not provided in this section. A discussion concerning this aspect is presented while
analyzing the influence of the modeling parameters in chapter 3.3.

ML ]

IEERRRRRRHii

Figure 31: Blocking strategy for the actuator disc (left). Whole mesh for the actuator disc simulation with refinement in
the actuator region (middle) and detailed view of the actuator region (right).

The chosen numerical schemes and models are the same as for the resolved configuration.
Moreover, for the actuator disc simulation with the smaller periodic length of [, = 1m, the
Courant number C has to be reduced to ensure fast, or in special cases at least convergence. The
convergence criteria for all quantities to be solved are set to 1 - 107°.

74



3. Two-Dimensional Test Case

Actuator Line Approach with PanBL

The blocking strategy and the mesh setup for the actuator line (AL) approach coupled with PanBL
(AL-PanBL) are based on those of the resolved simulation. In contrast to the actuator disc approach,
it is not possible to use one cell only in the direction of motion of the imaginary moving blade. The
reason is that the actuator line provides a non-constant distribution along the circumferential
direction. However, the periodic boundary condition is applied in the same way as for the previous
presented approaches. The setting of the solidity is made by the definition of the periodic length .,
of the domain, while the angle of incidence is set within the calculation of forces as a numerical
parameter.

The difference in the blocking strategy between the resolved simulation and this approach is
attributed to in the blocks in the region of the airfoil which are substituted by a Cartesian grid block.
Within this investigation, the choice of the Cartesian grid is justified to reduce the influence of the
mesh on the results in the region of the actuator line representation. Figure 32 (left) shows the
blocking strategy for this approach. The global view of the mesh is presented in Figure 32 (middle),
while in Figure 32 (right), a detailed view of the region containing the actuator line is presented.

Figure 32: Blocking strategy for the actuator line (left). Whole mesh for the actuator line simulation with refinement in
the actuator region (middle) and detailed view of the actuator region (right).

The mesh independency study for this test case is made with three different meshes. However, a
scaling in both coordinate directions in the same way as for the resolved cascade simulations is

conducted. The initial mesh for g, = %includes 12 blocks and 30800 cells. The resulting resolution

in the region of the actuator line is 10 mm. Figure 32 (right) shows the mesh in the described region.
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The refined and coarsened mesh is obtained by a scaling with a factor of 1.4 and1—14in each

coordinate direction, respectively. Therefore, the evaluated quantities are like for the other methods
the thrust and circumferential force coefficients. For the AL simulation, the statement made for the
AD simulation concerning the coupling of mesh resolution and modeling parameters is valid as well.
Consequently, the analysis of the mesh resolution is shifted to the discussion of the influence of the
parameters on the results in chapter 3.3.

Finally, the settings of the numerical schemes and models are chosen as for the resolved simulation
with certain operating-point-dependent modifications of the Courant number.

Actuator Disc Approach with 2D-CFD

As described in the theory chapter, this approach is a combination of the actuator disc and the
resolved simulation of a blade in two dimensions. Within this simplified two-dimensional test case,
the actuator disc mesh and the resolved cascade mesh are taken as they are. Consequently, the
mesh independency study for this simulation has no to be presented, since the results are already
included within the description of the other test cases before. Nevertheless, the combination of the
meshes for this setup is described briefly. Therefore, Figure 33 shows the meshes of the domains
used for the calculation. On the left hand side, the actuator disc domain is represented, while in the
domain on the right hand side, the resolved airfoil is embedded. For the actuator disc domain, the
periodic mesh of the AD-PanBL simulation is applied, except for the solidity of a,, = 0. For that
solidity, by definition, no feedback into the AD domain is performed. In this case, the finite force
generated by the airfoil is distributed over the imagined infinite periodic length [,,.,. The source in
the AD domain obtains the limiting value of zero. It is noted, that the latter behavior is valid for the
AD coupled with PanBL as well. For the simulation of the airfoil section, the resolved airfoil mesh is
taken. It has to be noted that the mesh for the stand-alone airfoil has to be chosen therefore.
Consequently, velocity inlet and outlet boundary conditions are chosen. Moreover, the deforming
mesh capabilities are used for describing the appropriate angle of incidence of the airfoil section. The
solidity is set within the force calculation like for the AD-PanBL simulations.

1

Figure 33: Mesh for the actuator disc approach coupled with 2D-CFD in its initial state (left) and with rotated airfoil
(right). For each state, on the left hand side the AD disc domain is shown while at the right hand side the resolved airfoil
domain is presented.
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The numerical setup and models are taken from the basic cases as well. Nevertheless, some
adjustments are necessary in order to obtain a fast, stable, and converging solution. Since the
solution is performed within one Fluent task, the same global Courant number is applied for both
domains. Furthermore, due to the diverging scales of the domains, in particular in the circumferential
direction, the updating of inflow conditions and the sources in the corresponding domain, can lead to
oscillations. For example, in Figure 33 is the length of the AD domain set to 1 m. The length
measured from the inlet to the leading edge of the airfoil in the resolved domain is greater that
10 m. The velocity at the inlet of the resolved domain is established by the averaging process
executed in the AD domain. Consequently, the velocities are in the same order of magnitude. With
the same Courant number and comparable velocities, the propagation of the updated inflow
velocities to the position of the airfoil in the resolved domain causes higher numbers of iterations.
Consequently, the forces fed back into the AD domain by source terms are delayed in terms of
iterations, regarding the change of the inflow conditions. To avoid the declared issue, different
updating schemes for forces and inflow conditions in the corresponding domain are executed. For
example, the forces or inflow conditions of the corresponding domain are updated only if local
convergence is achieved for the previously updated states. In addition, a non-linear relaxation factor
has been implemented to limit the maximum change per iteration. The convergence criteria for all
quantities to be solved are setto 1-1077.

Another possibility to avoid this issue is to change the angle of attack by modifying the angle of
incidence of the blade with the deforming mesh routine at each updating step. In this case, the delay
due to the propagation through the domain is vanished, since the inflow conditions remain in its
initial state. The disadvantage is that besides the angle of attack, the magnitude of the velocities
changes. Therefore, the inflow velocity has to be changed as well, or the frame motion has to be
invented. Although all of these procedures are already included in the framework of Fluent in
combination with the UDFs written at AER, the method is not applied here. The convergence is good,
even with the updating schemes presented above. Nevertheless, for further improvements and in
particular for speeding-up the simulation runs, the method has to be taken into account.

Actuator Line Approach with 2D-CFD

This approach is the straightforward extension of the previous presented combination from the
actuator disc to the actuator line. The existing meshes are used as well and therefore, the mesh
independency study is not presented as discussed above. Figure 34 shows exemplarily the meshes of

the domains used for the calculation. The setup is depicted for a solidity of o, = %. On the left hand

side, the actuator line domain is shown and on the right hand side, the resolved airfoil domain is
presented. The periodic boundary condition is used for the actuator line domain except for o,p =0
as well. However, for the latter mentioned solidity, the source terms are fed back into the AL domain
in contrast to the AD approach. Furthermore, since the distribution region is finite in both coordinate
directions, a non-zero source term is generated. The velocity inlet and pressure outlet is used for the
resolved airfoil domain. The solidity is set with the periodic length of the AL domain and the angle of
incidence set with the mesh-deformation routine in the resolved airfoil domain. For the solidity of
o,p = 0, the inlet and outlet boundary condition is applied for the AL domain instead of the periodic
boundary conditions.
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3. Two-Dimensional Test Case

Figure 34: Mesh for the actuator line approach coupled with 2D-CFD. On the left hand side the AL domain is presented,
while on the right hand side the resolved airfoil domain in its initial state is shown.

The numerical setting and models are taken as well from the basic cases. For this simulation, the
scales of the domain are also strongly varying. Apparently, due to the larger extension of the AL
domain compared to the AD domain in the previous description, the convergence is better. For this
investigation, the update schemes have to be applied as well; however, the number of iteration for
local convergence is less. The non-linear relaxation factor is not applied within these investigations.
The convergence criteria for all quantities to be solved are set againto 1-107°.
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3.3 Results and discussion

In the following, the results for the simulations concerning the variation of the solidity o, the angle of
attack @ and the advance ratio J are discussed. The investigation is, at first, performed for the
resolved cascade to clarify the general effects appearing within the test case. Therefore, the thrust
and the circumferential forces are presented. The further steps are to evaluate the quality of each of
the presented modeling approaches for certain model parameters. Finally, an overall comparison of
the approaches and conclusions are provided.

In order to obtain dimensionless coefficients, the following definitions are applied. It has to be noted
that the definition of the coefficients within this investigation differs from the common notation for
propeller investigations. The forces are considered only for one single blade. Furthermore, the
definitions are made in two-dimensional space.

Two-dimensional thrust coefficient of a blade:

TZD
Crap = 1 ) (3.7)
7P Vrer €
Two-dimensional circumferential force coefficient of a blade:
F ,2D
CFx,ZD = 1 =
3 pvinc 3:8)
Advance ratio:
v
J=my (3.9)
Segment loading:
T. T.
SL = 12D =25, (3.10)
per

The advance ratio is defined including the m, in order to be consistent with the definition of ] for
propellers and consequently, obtaining comparable inflow angles for certain values of J.

Relative deviation of force coefficients between two certain solidities:

Ci,zn /, 02p,1» a) - Ci,ZD /, 02p,2» a)

,withi = {T, Fx} (3.11)
CizplJ, UZD,lJa)

ACi,ZD,rel,a (0(,]) =

This relative deviation is analyzed to quantify the influence of the solidity on the forces. The value is
chosen instead of the derivative of the forces with respect to the solidity, since within this
investigation mainly the deviation between the highest and smallest solidity is of interest.
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3. Two-Dimensional Test Case

Resolved Propeller

At first, the results for the forward flight test case are presented. Therefore, the set of the advance
ratio is / = {0.25,0.5,0.75}. Since the influence of the solidity on the forces generated by the

cascade is of main interest within this investigation, the two-dimensional solidity is the dependent

variable. The computed values of the solidity are o,p = {l 1L 0}. In addition, the angles of

attack @ = {0.0°,2.5°,5.0° 7.5°} are applied to obtain results for different blade loadings. In Figure
35, the two-dimensional thrust and the circumferential force coefficient of a single blade depending
on the solidity are presented. The advance ratio J is varied ascending from Figure 35 (top) to Figure
35 (bottom) and each curve represents an angle of attack.

The influence of the solidity and the angle of attack on the force coefficients is discussed starting
with an advance ratio of /] = 0.25. It can be seen that the thrust as well as the circumferential force
coefficient has a distinct dependence on the solidity, in particular, with increasing angles of attack.
The reason for the reduction of the forces with higher solidities g, relies in the interaction of the
blade with the wake flow of the upstream blades. Obviously, the smaller the distance between two
blades, corresponding to higher solidities, the greater is the reduction of the forces at the
downstream positioned blade. The reason is the modified inflow condition of the blade. Moreover,
the higher the angle of attack, the higher is the lift of the blade. Subsequently, the greater is the
deflection of the flow downstream of the blade also. Consequently, the more pronounced is the
effect of the solidity for higher angles of attack. For an angle of attack of @ = 0°, almost no influence
can be detected. In this case, the dominating effect responsible for generating the wake flow is
introduced by the friction of the airfoil. Therefore, the force vector is aligned with the inflow velocity
vector and as a result, the flow in the wake of the blade is not deflected. This can be seen in Figure
35 for the point (J, o,p, @) = (0.25,0,0°). In contrast, for higher solidities the thrust coefficient gets

smaller Cr,p (0.25%, 0°) < Cr,p(0.25,0,0°) although the global inflow conditions are the same.

This effect is explained by the effective inflow conditions of the blade. For an advance ratio of
J = 0.25, the inflow angle equals ¢ = 4.55°. The angle of incidence is set to 8 = 4.55° to obtain the
required undisturbed angle of attack @ = 0°. Along the direction of the chord line upstream, the
adjacent blade upstream is located on the left hand side while the adjacent blade downstream is
located on the right hand side. In this case, the asymmetric blocking effects due to the blade and its
wake are sufficient to change the local inflow condition that the produced lift, and subsequently the
thrust, becomes slightly negative. The effect is more pronounced the higher the solidity. Due to the
contribution of the lift to the circumferential force, the latter is as well decreasing for higher
solidities. Considering higher angles of attack, this effect is still valid. The reaction of the thrust
deflects the fluid downstream of the blade downwards which amplifies the reduction of thrust. In
general, the similarity of the slopes of the thrust and the circumferential force is explained by the
dominating fraction of the lift to the circumferential force also. Since even for an angle of attack of
a = 2.5°, the fraction of the lift acting in circumferential direction dominates the drag of the airfoil.

In order to get a more quantitative representation of the behavior, the relative deviation
- 1
AC; 7p re1 5 between the quantities for g, = 0 and 0,p , = 3 related to the result for o,,; = O are

provided. The relative deviation of the thrust coefficients for the respective set of angles of attack
a = {0.25°,0.5°0.75°} read ACr;preio = {5.06 %,8.25 %, 12.22 %}. The angle of attack of
a = 0°is intentionally not shown, since the absolute value is too small for useful results after
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3. Two-Dimensional Test Case

normalization. Consequently, the trends could not be shown representatively. However, the above
described reduction is well visible. The corresponding relative deviation of the circumferential force
coefficients are ACry 2p rei,o = {3.04 %, 4.12 %, 6.00 % }, which shows the same trend.

The global behavior of the forces for the advance ratios of ] = 0.5 and J = 0.75 is similar as for those
of the advance ratio of /] = 0.25. Nevertheless, differences are present. Due to the rotation of the
inflow vector for different advancing ratios, the thrust as well as the circumferential forces is
changed. In the present test case, the corresponding inflow angles for advance ratios of J] =
{0.25,0.5,0.75} are ¢ = {4.55°9.04°,13,43°}. Consequently, for the applied advance ratio range,

the impact of the rotation is mainly detectable for the circumferential force. Considering exemplarily
Cr2p(0.75,0,7.5°)

= 0.97 and the ratio of the circumferential force
Cr,2p(0.25,0,7.5°)

the ratio of the thrust coefficients

Crx,2p(0.75,0,7.5°)
Crx,2p(0.25,0,7.5°)

depending on the solidity are getting steeper with higher advance ratios. This indicates a stronger

coefficients = 2.57, the statement is proofed. Furthermore, the slopes of the forces

interaction of the blade with the adjacent blades and the corresponding wake flows.

Before providing a more detailed explanation of the occurring effects, the quantitative analysis for
the remaining advance ratios /] = 0.5 and J = 0.75 is presented. Therefore, the relative deviation of
the thrust and circumferential coefficient is calculated as for the advance ratio of ] = 0.25 in one of
the preceding paragraphs. The set of angles of attack is as well @ = {0.25°,0.5°,0.75°}. For a better
structuring, the results for all advance ratios are summarized in Table 3. Obviously, the results
coincide with the above made statements. However, one interesting point is that the relative
deviation of the thrust coefficient depending on the angle of attack is increasing stronger the higher
the angle of attack. For the circumferential force coefficient that behavior is observed just for the
advance ratios of ] = 0.25 and J = 0.50, while for ] = 0.75 a local minimum at & = 5.0° is detected.
The increase of the deviation of the force coefficients depending on the advance ratio, however, is
almost constant.

Table 3: Relative deviation of the thrust and circumferential coefficient for the resolved simulation.

] ACT,ZD,rel,a ACFx,ZD,rel,a
a = 2.5° a =5.0° a =7.5° a=2.5° a =5.0° a=7.5°
0.25 5.06 % 8.25 % 12.22 % 3.04 % 4.12 % 6.00 %
0.50 11.43 % 12.72 % 15.67 % 8.27 % 8.50 % 9.97 %
0.75 16.81 % 16.81 % 19.12 % 13.31 % 12.69 % 13.73 %

Basically, the effective inflow conditions can be imagined as a combination of the effective inflow
angle and the effective inflow velocity. However, to determine an appropriate inflow condition for a
blade is not trivial. While the determination is still possible for a single blade, the complex flow field
through a cascade including interactional effects, in particular for high solidities, do not allow this.
Since the understanding of these effects is necessary for the modeling approach, the flow field is
briefly discussed for two certain points. One point, for a single blade excluding mutual blade

interaction (J, o,p, @) = (0.75,0,7.5°), and another one (J, g,p, @) = (0.75%, 7.5°), for the highest

obtained interaction within the investigated parameter field.
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Figure 35: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to ] = 0. 25 (top), J = 0.5 (middle), and J = 0. 75 (bottom). Resolved.
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In Figure 36, a contour plot of the normalized relative circumferential velocity is shown for the point
(J,09p, @) = (0.75%,7.5°) (top, left) and for the point (J, g,p, @) = (0.75,0,7.5°) (top, right) to
present the qualitative behavior. For the quantitative discussion, three graphs (bottom) depict the
relative circumferential velocity along the lines inserted in the contour plots. Considering the contour
plot, the distinct behavior of the relative circumferential velocity across the blade row is well visible.
The stand-alone airfoil without interaction generates only a small local disturbance in the relative
circumferential velocity along the y-axis. For y — +oo, the disturbance in the velocity will almost
vanish. In contrast, the flow field for the blade row with, in particular, high solidities shows two
different velocities far upstream and far downstream of the blade row. The reduction of the relative
circumferential velocity across the blade row is well visible in the graphs in Figure 36 (bottom). The
velocity decreases almost monotonically for the case with interaction, globally. In addition to the
global influence on the flow field, the wakes of the blades are detectable as well. The case without
interaction shows only the mentioned local change in velocity.
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Figure 36: Contour plot of the normalized relative circumferential velocity for the operating points (J,0,p, @) =
(0. 75,%, 7.5°) (top, left) and (J, o2p, @) = (0.75,0,7.5°) (top, right). Graphs of the circumferential velocity along the

lines inserted in the contour plot depending on the vertical direction (Bottom). Red line: (J, o,p, @) = (0. 75,%, 7.5°),
Blue line: (J, o2p, ) = (0.75,0,7.5°).

In Figure 37, a contour plot of the velocity v is shown for the point (J, o,p, @) = (0.75,%, 7.5°) (top,

left) and for the point (J, g,p, @) = (0.75,0, 7.5°) (top, right). Additionally, the graphs of the velocity
along the inserted lines are presented (bottom). The biggest difference arises due to the periodic
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boundary condition. As it is visible, for the stand-alone airfoil without interaction, downstream of the
airfoil, the downwash of the latter has increased the magnitude of the axial velocity. For the periodic
case, the flow velocity downstream and upstream of the blade is the same if the circumferential
distance between two points for a constant vertical position equals Ax = L. Furthermore, due to
continuity, the mass flux in vertical direction, related to the area obtained with the periodic length
Lyer, is constant. Consequently, in both cases, the velocity far upstream and downstream of the
blade is equivalent in a global consideration. Moreover, the local change in the velocity is less for the

higher solidity of g, = %caused by the fixed flux. As a remark, the influence of the wake of the

upstream located blades is detectable as well for the latter solidity.
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Figure 37: Contour plot of the normalized axial velocity for the operating points (J, a5p, ) = (0. 75,%, 7.5°) (top, left)
and (J, o,p, @) = (0.75,0,7.5° (top, right). Graphs of the axial velocity along the lines inserted in the contour plot
depending on the vertical direction (Bottom). Red line: (J,a,p, @) = (0. 75,%, 7.5°) , Blue line: (J,02p, @) =
(0.75,0,7.5°).

The next point to be discussed is the dependence of the forces on the angle of attack for different
solidities. For this purpose, the thrust and circumferential force coefficient versus the angle of attack
are shown in Figure 38. The advance ratio is chosen to be ] = 0.75, since as presented above, the

highest interaction is visible for this operating condition. The chosen solidities are o,p = %and

o,p = 0. Since the latter is imagined as a stand-alone airfoil, some statements can be made to
explain the behavior. The applied symmetrical airfoil has a point-symmetric lift curve depending on
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the angle of attack. The drag of the airfoil is non-linear. However, the lift of the airfoil dominates the
drag for the shown angle of attack range by at least one order of magnitude. Consequently, the
thrust polar is almost point-symmetric as well, since the fraction of the lift vector provides the
dominating contribution to the thrust for the chosen advancing ratio. For the circumferential force,
the influence of the non-linear drag is much higher, hence, it is clearly visible that there is no point
symmetry, although the fraction of the lift still dominates the fraction of drag. The next step is to

. - 1 . , .
consider the solidity g, = 3 and discuss the changes in the result. The slope of both forces deviates

more for the different solidities the higher the magnitude of the angle of attack. The higher the angle
of attack, the higher is the lift and consequently, the deflection of the flow in the wake of the blade.
Subsequently, the inflow conditions are changed more. In particular, the circumferential velocity is
modified. For high positive angles of attack, this issue leads to a reduction of the thrust and for high
negative angles of attack to an increase of the magnitude of the thrust. The circumferential force
shows a similar behavior due to the dominating influence of the fraction of the lift.
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Figure 38: Two-dimensional thrust and circumferential force coefficient for one blade depending on the angle of attack.
The advance ratio is set to ] = 0. 75. Resolved.

Finally, the results for the static thrust test case are presented. For this test case, the pressure at the
inlet is set while the velocity at the inlet results as part of the solution. This is comparable to a static
thrust test case of a propeller. Consequently, the value of the advance ratio would result inJ = 0.
Subsequently, the inflow angle refers to ¢ = 0° and the angle of attack a meets the angle of
incidence 8. Therefore, the variation is made within this investigation for different angles of
incidence 6. Nonetheless, it is evident that the actual inflow velocity is non-zero and as a result, the
effective angle of attack differs from the angle of incidence.

In Figure 39, the thrust and circumferential force depending on the solidity are presented for three
different angles of incidence. The basic trend of all curves shows, the greater the solidity the smaller
are the forces produced by the blade. Since the velocity is not fixed at the inlet, the resulting velocity
is proportional to the square root of the segment loading SL. This relation can be simply determined
with the momentum equations. The segment loading can be expressed by the solidity multiplied by
the thrust. Furthermore, the higher the axial velocity v, the smaller is the angle of attack and
consequently, the lift of the blade. Subsequently, the thrust of the segment is reduced. Although the
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segment loading is implicitly reduced as well, the thrust of the segment is finally less for higher
solidities. The complexity of the case with its implicit connections, therefore, requires a well-thought
solution procedure with appropriate initial condition to obtain a converged and fast solution.
Nevertheless, for higher angles of incidence, the lift increases and as result the thrust increases as
well. Moreover, due to the above described connection, the negative slope is steeper with higher
angles of incidence. Lastly, for low solidities and high angles of incidence, the angles of attack are
high due to the low induced velocity which will lead to the stall of the blade. The latter is well visible
for the angle of incidence 8 = 30°. The circumferential force shows a similar characteristic, since the
lift of the blade has a dominating influence due to the high inflow angles. It has to be kept in mind
that for the static thrust test case, the variation of the inflow angles is much greater than in the
forward flight case due to the implicit set of the induced velocity.

05
Ak [ 6-10° ; e 9=10°
T —e—— §=20° i ——p— G =202
1.2f ; ——2=30 0.4 S —— ©0=30

—h
T T T

CT,2
o
0

CFX 2D

0.6 —4— ... ™ )

L A \\&.
C ™~ 0.1 i
0.2 ' i
O ——"%1 0z 03 04 O ——"%i oz 03 04
O2p T2

Figure 39: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J = 0. Resolved.

Conclusion and required modeling capabilities: The test case is basically designed for evaluating the
influence of the solidity and the related interactional effect on the integral quantities as well as on
the flow field. The interaction of the blade with the wake flow leads to a reduction of the forces with
increasing solidity. Moreover, the higher the angle of attack, the higher is the reduction of the forces.
Consequently, the capabilities shall be fulfilled by appropriate models. Nevertheless, the model shall
provide appropriate solutions for the limiting case of a single airfoil also.
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Actuator Disc Approach with PanBL

This subsection starts with the investigation of the modeling parameter for the actuator disc coupled
with PanBL. As described in the corresponding theory chapter, some adjustable parameters of the
model are available. The model includes parameters for the calculation of the inflow conditions as
well as the distribution of the sources. As it is described in the theory chapter, the position of the
centers of both regions should be coincident and not be modified. Consequently, the data set to be
investigated is reduced to the width of the regions (AR,,, SR,,) and the width of smoothing of the
regions (AR, SR). The investigations are performed for selected points in the field only. Finally, with
the obtained parameters, the whole field is calculated and compared to the resolved simulation
results.

Dependency Test 1: At first, the influence of the widths of the regions (AR,,, SR,,) is investigated.
For this investigation, the width of the averaging and the source region is set to be equal AR, =
SR,,. In addition, the widths of the smoothing of the regions are set to be equal and constant,
AR; = SR, = C. The required condition that the distribution function is wider than three
characteristic cell lengths is fulfilled as well. For the first three investigations, three operating points
are chosen. The first point is (J, &, 0,p) = (0.25,5.0°, g). In order to obtain, on the one hand, results
for less interactional effects and on the other hand for less blade loading, the points (J, a,0,p) =
(0.25, 5.0°,%) and (J,a,0,p) = (0.25,2.5",%) are chosen, respectively. In Figure 40, the thrust and
circumferential force coefficient for the three points are plotted depending on the width of the
source region SR, nondimensionalized by the chord length of the airfoil. It is visible, that almost no
influence, neither for the thrust nor for the circumferential force, can be detected. The maximum
relative deviation between the largest and smallest region width related to the largest region width is
for all shown calculation points less than ACt ;p ¢; < 0.4% for the thrust and less than ACgy 2p re1 <
0.2% for the circumferential force. Consequently, the result can be seen as independent of the size
of the region. The number of cells to be fully accounted within the regions is between 5 < N, < 30.
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Figure 40: Two-dimensional thrust and circumferential force coefficient for one blade depending on the source region
width nondimensionalized with the chord length of the blade. The advance ratio is set to J] = 0.25. AD-PanBL.
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Dependency Test 2: The second investigation deals with the width of the averaging region AR,,.
Therefore, the width of the source term region is set to be constant SR, = C. The width of the
smoothing region for the averaging region as well as for the source term region is also not varied
AR; = SR; = C. The condition for the width of the smoothing region relative to the characteristic
cell length is fulfilled here as well. As stated for the first investigation, the same three operating
points are chosen. Figure 41 shows the thrust and circumferential force coefficient for the operating
points depending on the ratio of the averaging region width related to the source region width.
Within this investigation, a rather independent solution is obtained also. The maximum relative
deviation of thrust between the largest and the smallest ratio is less than ACr ;p r¢; < 0.1%, while
for the circumferential force it is less than ACgy ;p e < 0.05% regarding the largest ratio. The
number of cells to be fully accounted within the averaging region is between 5 < N, < 20.
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Figure 41: Two-dimensional thrust and circumferential force coefficient for one blade depending on the averaging region
width nondimensionalized with the source region width. The advance ratio is set to ] = 0.25. AD-PanBL.

Dependency Test 3: Within the third investigation, the influence of the width of the smoothing
function is evaluated. For this purpose, the widths of the smoothing function for the averaging and
the source region are set to be equal, but varying AR; = SR,. The width of the source and the
averaging region is kept constant AR,, = SR,, = C. In Figure 42, the thrust and circumferential force
coefficient for the above described operating points depending on the ratio of the width of the
smoothing function related to the width of the source region are presented. There is also almost no
influence of the numerical parameter on the predicted forces. However, is has to be stated as well
that the size of the smoothing function is greater than three characteristic cell lengths. The maximum
relative deviation between the smallest and the largest width of the smoothing function is for the
thrust less than ACr;p e < 0.025% and for the circumferential force less than ACpyoprer <
0.015% regarding the largest ratio. The number of cells to be fully accounted within the smoothing
region is between 5 < N, < 20.
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Figure 42: Two-dimensional thrust and circumferential force coefficient for one blade depending on the smoothing
region width nondimensionalized with the width of the region. The advance ratio is set to J = 0.25. AD-PanBL.

Dependency Test 4: Finally, the centers of the source and averaging region are varied coincidently,
relative to the grid. Therefore, three difference widths of the smoothing function are applied,
however, the width of the smoothing region for the averaging and the source region is equal
AR = SR;. The width of the averaging and the source region is set to be equal and constant
AR,, = SR, = C. The idea of this test is mainly to demonstrate the influence of the smoothing
function on the results. For this investigation, one operating point is presented only, since it is
sufficient to declare the numerical effects induced by the method. The chosen point is (J, @, 0,p) =
(0.25,5.0°,3).

At first, the width of the averaging and the source region is set to AR,, = SR,, = 10.5 [,;;.- Within
this setup, the shared cell face of two considered, adjacent cells is set in coincidence with the center
of the source region SR, = 0. Consequently, the cell centers of the adjacent cells are located at
y = 1 0.5 [ The cell centers of the sixth cell in positive and negative direction are at the position
y = % 5.5 l,;;. Recalling, the method counts a certain cell to be part of a region if its cell center is
located within the region. For this example, the cell centers have to be at the positions according to
lyl < SR% = 5.25 l¢ to be located within the source region. The statements are made solely for the
source region, but they are valid as well for the averaging region. In the initial state, five cells in
positive and negative direction are included. Considering a movement of the center of the source
region 0 < ASR, < 0.25 [l,,;, the obtained result is the same. However, if the displacement of the
center of the region is between 0.25 [ .;; < ASR. < 0.75 I, the sixth cell in the positive direction
is included also. For proofing this fact, the limiting value of ASR. = 0.25 [, is applied. The resulting

. . I . SR
constraint for the position of the cell center to be within the region reads—TW+ASRc =

—50len<y=< SR% + ASR; = 5.5 l;¢y;. Consequently, eleven instead of ten cells are counted for
the region. The influence on the forces is provided in Figure 43. The latter shows the thrust and
circumferential force coefficient for the blade depending on the center of the regions related to the
cell size. Since the actual volume of the cells within the region is not accounted, severe changes of
the resulting forces are observed without smoothing. It has to be remarked that the calculated
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specific forces to be fed into the finite volume solution are related to the ideal volume of the
actuator disc as presented in the theory of the method. It can be argued, that the actual sum of cell
volumes within the disc region can be used for renormalization. Applied to this example, for
0 < ASR, < 0.25 l,; the obtained volume within the disc region equals the volume of ten cells and
for 0.25 1l oy < ASR. < 0.75 1., it equals the volume of eleven cells. Executing with the
renormalization, the change of the magnitude of the forces is smaller at the position of the
discontinuities, but the discontinuities do not vanish. Although the forces of the modeled disc are
conservatively transferred into the finite volume domain after renormalization, the inflow conditions
are different and subsequently the predicted forces. Including the smoothing function, a smooth
solution for the forces is obtained. Implicitly, the conservation is fulfilled on equidistant grids also.
The renormalization is not applied for the investigations within this thesis except in this section. The
latter can be applied if the grid is strongly distorted. That is why the procedure is not activated for
these investigations since Cartesian meshes are made in the actuator region. The maximum relative
deviation of the maximum and the minimum value related to the maximum value gives for the thrust
ACr 2pret = 7.92 % and for the circumferential force ACpy ;p rer = 8.22% excluding the smoothing
function SR; = 0. In contrast, the maximum relative deviation including the smoothing function
SR¢ = SR,, read for the thrust AC7;p e = 1.52 107° and the circumferential force ACpy2prel =
1.95-1077. As an additional fact, excluding the smoothing function SR, = 0 and using the
renormalization provides a relative deviation of ACr ,p r¢; = 0.26 % for the thrust and ACgy ;p re; =
0.049% for the circumferential force. The application of smoothing function and renormalization is
equal to the results for activating the smoothing function only.
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Figure 43: Two-dimensional thrust and circumferential force coefficient for one blade depending on the center of the
source and averaging region nondimensionalized with the cell length. The operating pointis (J, &, o,p) = (0.25,5.0°, i).
SRW =10.5 lcell' AD-PanBL.

Secondly, a reduction of the width of the regions is performed. Therefore, the width of the source
and the averaging region is set to AR,, = SR,, = 5.5 l;;. This should represent the half of the
width, but the value has to fulfill (i + 0.5)l..;; whereby i € Z in order to have the discontinuities for
the same center position displacement as in the previous example. In Figure 44, the thrust and
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circumferential force coefficient of a blade depending on the center of the regions related to the cell
size are provided. It is obvious, that in conjunction with the above declared issues, the occurring
changes in magnitude of the forces at the discontinuities are greater for the smaller region width by
excluding the smoothing function SR; = 0. The reason is that the ratio of the ideal disc volume
related to the volumes of cells accounted to be within the disc differs more the smaller the number
of cells involved. In the present case, five or six cells are detected to be within the region, while in the
previous case ten or eleven cells are included. Consequently, the maximum relative deviation of the
maximum and the minimum value related to the maximum value reads for the thrust ACr ;p ye; =
15.22 % and for the circumferential force ACry 2p ye1 = 15.22%. Including the smoothing function
SRs; = SR,,, the related values are ACr,p e = 2.88-107° and ACpy2prer = 4271076, In
addition, the deviation with renormalization and excluding the smoothing function SRy, = 0 is
calculated to ACr ;p rer = 1.81 % and Cry 2p re1 = 0.31%. It becomes visible, that the deviation for
the smaller region width is higher, even, with the smoothing function compared to the previous
presented setting. Further facts have briefly to be discussed. Although this test shall show only the
arising discontinuities, the following additional statements are of interest for the modeling. As visible
in Figure 44, the thrust predicted with the smoothing function SR, = SR; differs strongly from the
average of the minimum and maximum without the smoothing function SR; = 0. Considering the
normalization, it could be expected that the minimum and the maximum thrust for SR = 0 differs

from the thrust obtained for SR,, = SR, only by the ratioss?sand 5;55, respectively. However, the

obtained inflow conditions are changed as well. This is partially caused by the changing width of the
averaging region as already clarified in the theory chapter of the actuator disc. Moreover, it is found
that for high specific forces, the velocity v through the disc is not smooth anymore, although
converge down to 1077 is achieved for all solved quantities. This behavior disagrees mathematically
and physically with the periodic boundary condition for this particular test case but is provided by the
present flow solver. Consequently, the averaged process could not obtain the correct velocity.
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Figure 44: Two-dimensional thrust and circumferential force coefficient for one blade depending on the center of the
source and averaging region nondimensionalized with the cell length. The operating pointis (J, &, o,p) = (0.25,5.0°, %).
SRW =5.5 lce”. AD-PanBL.
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Moreover, it has to be mentioned that for this fourth dependency test the disc widths are chosen
intentionally small to better see the effects and the discontinuities. Considering the first dependency
test, the herein applied widths of the region are located at the lower boundary of the parameter
space for which independency is not achieved. This leads to the next reason why the values of thrust
differ from the expected ratios with and without applying the smoothing function. Since the test is
made for small widths of the disc SR, the activation of the smoothing function with SR, = SR,,
implicitly increases the width of the distribution function of the disc as well. Comparing the results
for the smallest presented width SR, in Figure 40, the increasing of the thrust with the width can be
detected. The issue is not visible in this distinctness for the circumferential force.

Finally, the averaging and the source region width are set to AR,, = SR, = 10.9 [..;;. This is made
to confirm the above made statements, in particular, for region widths which are almost integral
multiples of the cell size. Therefore, the thrust and circumferential force coefficient of a blade
depending on the center of the regions related to the cell size for this setting are provided in Figure
45. Consider at first the case with inactive smoothing function SR; = 0. By moving the center region,
the periods with high thrust are nine times larger than for the low thrust. The changes in magnitude
of thrust at the positions of the discontinuities are comparable to the case with AR, = SR,, =
10.5 Iy as well. That seems to be obvious, since the involved number of cells is the same. The
maximum relative deviation of the maximum and the minimum value related to the maximum value
results for the thrust coefficient in ACr;pre; = 7.96 % and for the circumferential force in
ACpy2pret = 8.24%. In contrast, the related results with activated smoothing function are
ACrprer = 6.62-107° and ACpy 2p re; = 6.88 - 1075, Due to the difference in the obtained inflow
conditions, the minimum as well as the maximum thrust without smoothing function are smaller
than the thrust obtained with smoothing function.
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Figure 45: Two-dimensional thrust and circumferential force coefficient for one blade depending on the center of the
source and averaging region nondimensionalized with the cell length. The operating point is (J, &, o,p) = (0.25,5.0°, i).
SRW =10.9 lce”. AD-PanBL.
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Comparing the results of the three widths with activated smoothing function, the relative deviation
reads for the thrust approximately ACr,p,e = 0.25% and for the circumferential force
ACFx,ZD,rel ~ 0.07 %.

Conclusively, the important points are summarized. For this test case, the independency of the forces
is obtained if the source region width is at greater than SR,, > 0.1 c. Moreover, no dependence on
the width of the averaging region is the detected if it is equal or greater than the width of the source
region AR,, = SR,,. Furthermore, there is no impact of the width of the smoothing region if the last
two requirements are fulfilled. As described in detail, the smoothing function has to be applied to
obtain smooth results. Subsequently, an appropriate parameter set of the method for calculating the
whole physical parameter field is AR,, = SR, = 0.2 ¢, ARy = AR; = 0.1¢, and AR, = SR, =0 c.
The reference data for this investigation are taken from the resolved simulations.

As already mentioned in the description of the test case, the influence of the cell sizes on the result is
connected to the widths of the actuator disc. The presented results confirm that statement.
Consequently, the results of the mesh independency study are not shown, because the results to not
provide additional information. The important aspects for the modeling approach are the ratios of
the actuator disc widths related to the cell sizes.

Parameter field calculation: In order to check the requirements on the method, the same parameter
field as provided for the resolved simulation is calculated and presented. At first, the forward flight

test case is discussed. The set of the advance ratio is /] = {0.25,0.5,0.75}, for the solidity it is

111 1 1 e 0 5 o o o .
Oyp = {E'E'E'E’E’ O}, and for the angle of attack it is @ = {0.0°,2.5° 5.0°,7.5°}. In Figure 46, the

two-dimensional thrust and the circumferential force coefficient of one single blade depending on
the solidity are shown. The advance ratio of J are in ascending order from Figure 46 top to bottom.
The global behavior of the results is similar to the resolved simulation. With increasing angle of
attack a, the thrust and the circumferential force coefficients are increasing. However, with
increasing solidities g,p, the thrust coefficient as well as the circumferential force coefficient is
reduced. Furthermore, for increasing advance ratios, the slope of the thrust and circumferential
force coefficient depending on the solidity becomes more negative. Consequently, the global effects
are represented correct. For a more quantitative consideration concerning the prediction of the
interaction, the relative thrust and circumferential force coefficients for the actuator disc simulation
are compared to the results for resolved simulation and presented in Table 4.

Table 4: Relative deviation of the thrust and circumferential coefficient for the resolved and the AD-PanBL simulation.

] ACT,ZD,rel,cr,res ACT,ZD,re‘l,O',AD
a=25° | a=50°| a=75° a = 2.5° a = 5.0° a=7.5°
0.25 5.06 % 8.25 % 12.22 % 11.25% 14.67 % 18.24 %
0.50 11.43 % 12.72 % 15.67 % 14.08 % 17.06 % 20.07 %
0.75 16.81 % 16.81 % 19.12 % 17.00 % 19.63 % 22.25%
] ACFx,ZD,rel,a,res ACFx,ZD,rel,G,AD
a=25 | a=50° | a=75"° a=25° a=5.0° a=175°
0.25 3.04 % 412 % 6.00 % 7.88 % 10.13 % 12.19%
0.50 8.27 % 8.50 % 9.97 % 1091 % 1297 % 14.39 %
0.75 1331 % 12.69 % 13.73 % 13.96 % 15.57 % 16.85 %
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Figure 46: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to /] = 0. 25 (top), ] = 0.5 (middle), and J = 0.75 (bottom). AD-PanBL: Solid line; Res.: Dashed line.
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The coefficients are calculated according to (3.11), with the corresponding solidities of o, ; = 0 and
O2p2 = % At first, the thrust is discussed. The reduction of thrust for the whole parameter range is

overestimated by the actuator disc method. The biggest difference is obtained for the medium angle
of attack and the smallest advance ratio with = 6.4%, while the smallest difference occurs for the
smallest angle of attack and the greatest advance ratio with = 0.2%. The progressive increase of the
reduction of thrust with increasing angle of attack is not provided by the actuator disc method.
Considering the circumferential force, the biggest difference is predicted for the smallest advance
ratio and the highest angle of attack with = 6.2% while the smallest difference takes place for the
smallest angle of attack and the greatest advance ratio with = 0.7%. In general, it can be stated, the
higher the interaction, the better is the prediction of the actuator disc. The difficulty within this test
case is for the actuator disc that a variation of the velocity v is not allowed due to continuity, periodic
boundary condition, and only one cell in x-direction. The resolved simulation includes the first-
mentioned two constraints as well, but the extension in x-direction allows a variation of the
circumferential velocity u locally. Consequently, the prediction is more accurate, the higher the
influence on the circumferential velocity u. This is provided for higher advance ratios due to the
rotation of the vectors of lift and drag, as well as for small angles of attack as a result of the smaller
lift.

In the following, the dependence of the thrust and the circumferential force on the angle of attack is
analyzed. Therefore, in Figure 47 the corresponding coefficients are plotted for the solidities g, = 0

and g,p = % The range of the angle of attack is extended to @ = +£10° and the advance ratio is set

toJ = 0.75. For o, = 0, by definition, the inflow conditions are set to the undisturbed freestream
conditions. Comparing the resulting thrust coefficient of the actuator disc simulation with that of the
resolved simulation, the first difference relies in the slopes of the thrust depending on the angle of
attack. Although the Reynolds number for the investigations equals Re = 10°, the derivative of the
lift with respect to the angle of attack is smaller for the resolved simulation due to the presence of
the boundary layer. The behavior cannot be modeled with the one-way coupling of PanBL. For the
angle of attack @ = 10°, the thrust coefficient obtained by the actuator disc simulation reads
Cr2p,4p(0.75,0,10°) = 1.08, while the related thrust coefficient for the resolved simulation equals
Cr2pres(0.75,0,10°) = 1.0 . Evidently, the thrust is overestimated by approximately 8% .
Considering the value for an angle of attack of @« = —10°, the corresponding coefficients are
Cr2p,4p(0.75,0,—10°) = —1.09 and Cr3p res(0.75,0,—10°) = —1.01. The deviation is as well
approximately 8 %. That seems to be correct for the symmetric airfoil and the small inflow angle.
The values for the circumferential force are not provided, since the amount of the deviation is
comparable due to the dominating contribution of lift.

The influence of the interactional effects on the forces depending on the angle of attack is captured
well by the actuator disc approach for the solidity o, = g With increasing angle of attack, the thrust
is reduced compared to the stand-alone airfoil. The thrust coefficient for an angle of attack @ = 10°

reads for the actuator disc approach CT,ZD,AD(O.75,§,10°) = 0.82. The reference value of the

resolved simulation equals CT,ZD,res(0-75:§'10°) = (0.78. The deviation between the values is

approximately 5%. Caused by the overpredicted reduction of the thrust with increasing solidities and
the overprediction of the absolute values of the thrust by PanBL, the overall deviation of the thrust is
less for higher solidities.
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Figure 47: Two-dimensional thrust and circumferential force coefficient for one blade depending on the angle of attack.
The advance ratio is set to ] = 0.75. AD-PanBL: Solid line; Resolved: Dashed line.

Finally, the static thrust test case is discussed. In Figure 48, the thrust and circumferential force

coefficient is presented depending on the solidity for the angles of incidence 8 = {10°,20°,30°}.

Considering the global trends, a good agreement with the resolved simulation is obtained for the

angles of incidence 8 = 10° and 8 = 20°. For the angle of incidence of 8 = 30°, the behavior is in

good agreement as well, while the stall of the blade is not represented correctly. This is caused by

the simple stall model included in PanBL which does not capture the stall appropriately.
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Figure 48: Two-dimensional thrust and circumferential force coefficient for a blade depending on the solidity. The

advance ratio is set to J = 0. AD-PanBL: Solid line; Resolved: Dashed line.

For this investigation, the quantitative discussion is made with the relative deviation of the force

coefficients obtained by the AD simulation related to the corresponding one of the resolved

simulation. The slope is not discussed, since it is not caused by the interactional effects only, rather

due to the implicit setting of the velocity governed by the thrust. The maximum deviation for the
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outlier reads AC73p re = 156.06% in the thrust and ACgy ;prer = 12.57% in the circumferential
force. Excluding the outlier, the mean deviation over all solidities for 8 = {10°,20°, 30°} reads for
the thrust ACr 2p re; = {3.44%,4.07%,4.22%} and for the circumferential force ACpy2p rer =
{=7.67%, 3.10%, 5.43%}. Conclusively, the results show a good agreement.
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Actuator Line Approach with PanBL

Within this subsection, the investigations concerning the influences of the parameters for the two-
dimensional extension of the above presented actuator disc approach, the actuator line, are
provided. Comparing the theory of the actuator disc with that of the actuator line, for all method-
specific parameters, merely the directional information in the circumferential direction is added. For
simplicity, the parameters are kept equal for the different dimensions within the present
investigations. This fact results in squared regions. Moreover, the position of the center of the
averaging and source region is set to be equal for both dimensions AR. y = SR.x, AR;y = SR, ,.
That is why in this section the following definitions are applied: AR, = AR, = AR, SR, =
SRy = SR, , AR, x = ARy, = ARy, , SRy, x =SR,,, =SR,, , ARs;x = ARy, = AR, SRg, =
SRsy = SRs. For the comparison with the resolved simulation, the centers are positioned at the
quarter chord point of the airfoil. Finally, the whole cascade parameter field is calculated and
compared.

Dependency Test 1: The first investigation deals with the influence of the width of the averaging and
the source regions AR, and SR,,. As conducted for the similar investigation of the actuator disc
approach, the width of the source and averaging region is set to be equal, but not constant
AR, = SR,,. However, the widths of the smoothing kernels are set to be equal and constant
AR; = SR, = C. Additionally, the required condition that the smoothing function is wider than three
characteristic cell lengths is fulfilled in both directions. In order to obtain comparable results to the
actuator disc approach in the previous chapter, the same operating points are taken for the

investigation with the actuator line. The points are (J, @, 0,p) = (0.25,5.0°,§) as initial state,
(J,a,00p) = (0.25,5.0°,%) for less interactional effects, and (J,a,0,p) = (0.25,2.5",%} for less

blade loading. Therefore in Figure 49, the thrust and circumferential force coefficient depending on
the width of the source region SR,, nondimensionalized by the chord length of airfoil are shown.
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Figure 49: Two-dimensional thrust and circumferential force coefficient for one blade depending on the source region
width nondimensionalized with the chord length of the blade. The advance ratio is set to ] = 0.25. AL-PanBL.
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In contrast to the actuator disc approach, a dependence on the width of the region is detected, in
particular, for small widths of the region. The higher the loading of the blade, the greater is the
reduction of both forces. High blade loading leads to high specific forces in the finite volume domain.
The arising problem is that the center of the vortex as described in the theory chapter differs from
the real center of the vortex in the simulation if the specific forces become higher. Consequently, the
averaging procedure, which is based on the theory, provides incorrect inflow conditions. An
opportunity to overcome this issue is a local adaption of the averaging region. For this purpose, the
center of the vortex has to be localized and the center of the region has to be shifted to the center of
the vortex within each of the iterations. For the presented investigations, the procedure is not
included.

In the following, the quantitative description is given. The relative deviation of the thrust from the
largest (SR,, = 0.6 c) to the smallest (SR,, = 0.1 c), related to the largest calculated width of the
region is presented in Table 5. The above stated behavior that the deviation increases with higher
loadings is well visible. Nevertheless, the influence of the parameter on the forces is too high to

consider the result to be independent of the mesh, e.g. ACr ;p e (0.25,2—15, 5.0°) = 7.31 %. Ideally,

the extension of the region shall be as small as possible, e.g. for real-life applications if bodies are in
vicinity of the blade or for small errors in the three-dimensional case as presented in the theory
chapter. Considering Figure 49 again, a good compromise between a small region width and small
deviation to the independent result seems to be SR,, = 0.2 c. For larger widths SR, > 0.2 ¢, the
slope of the curves reduces fast to almost zero. That is why the relative deviation of the thrust and
circumferential force coefficient for SR, = 0.2 is printed in Table 5 as well. It is detectable, that all
relative deviations are acceptable for the modeling approach, however, the higher the blade loading
the greater is the deviation. In contrast, the dependence of the results on the mesh for the actuator
disc is negligible in the comparable investigation if SR,, > 0.1 c. The number of cells to be fully
accounted within the source regionis 10 < N, < 60.

Table 5: Relative deviation of the thrust and circumferential coefficient for the Dependency Test 1 of the AL-PanBL
simulation.

(0251 50°) (025 ! 50°) (0251 25°)
. ’ 3 ] . ) 25 ) I . ) 3 ) L
SR, = 0.1

ACr2prel 5.31 % 7.31% 3.86 %
ACry 2D rel 2.40 % 428 % 2.29 %
SR,, = 0.2

ACr o rel 0.34 % 1.88 % 0.42 %
ACry.2p rel —0.21% 1.39 % 0.12 %

Dependency Test 2: The second investigation is addressed to the width of the averaging region AR,,,.
The width of the source term region is set to be constant SR, = C. Furthermore, the width of the
smoothing function for the averaging as well as the source region is set to a constant value
AR, = SR, = C. The minimum required width of the smoothing function related to the characteristic
cell length is fulfilled as well. For reasons of comparison, the same operating points as in the previous
test are chosen. In Figure 50, the thrust and circumferential force coefficient for the operating points
are plotted against the ratio of the width of the averaging region to the width of the source region. In
contrast to the actuator disc simulation, a distinct influence of the size of the averaging region can be
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3. Two-Dimensional Test Case

detected. The smaller the width of the averaging region, the smaller is the generated force.
Furthermore, the higher the force, the more pronounced is the reduction. For a larger width of the
region, the averaging procedure reduces the influence of the local modified velocity within the wake,
e.g. caused by the drag of the blade, for the determination of the inflow conditions. As a result, the
obtained inflow velocity is higher and the force as well.
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Figure 50: Two-dimensional thrust and circumferential force coefficient for one blade depending on the averaging region
width nondimensionalized with the source region width. The advance ratio is set to ] = 0.25. AL-PanBL.

For the quantitative discussion, the relative deviation of the thrust and circumferential force for the

. AR . AR AR o
largest ratio S‘T‘” = 6 to the smallest ratio —= = 1, related to the largest SR—W = 6 ratio is calculated

w w w

and summarized in Table 6. In this test, the relative deviation shows no independence of the mesh

AR . . L AR - .
forﬂT‘”z 1 as well. That is why the relative deviation forSR—W= 2is inserted in Table 6 also.

w w

Although the relative deviation is even greater than 2% for one operating point, the ratio can be
seen to be acceptable. It has to be kept in mind that the width of the source region SR, for this test
is the smallest presented width of the previous study. As it is shown in the latter, the deviation is
smaller with larger widths of the regions. Consequently, by increasing the size of the source region
the deviation for comparable ratios becomes even smaller. The number of cells to be fully accounted
within the averaging regionis 10 < N, < 60.

Table 6: Relative deviation of the thrust and circumferential force coefficient for the Dependency Test 2 of the AL-PanBL
simulation.

1 o 1 o 1 o
(0.25,5,5.0 ) (0.25,£,5.0 ) (0.25,5,2.5 )

AR, /SR, = 1

ACr.2p.rel 5.56 % 7.10 % 3.73%

Crr.2p el 2.82% 411% 2.25%
AR, /SR, = 2

ACr.2prel 1.64 % 2.72 % 0.59 %

Cr.2p el 1.29 % 217 % 0.37 %
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3. Two-Dimensional Test Case

Dependency Test 3: Finally, within the third investigation, the influence of the width of the
smoothing function SR is presented. The width of the smoothing function of the source and the
averaging region is equal AR, = SR, and the width of the source and the averaging region is set to
be equal and constant AR, = SR, = C. In Figure 51, the thrust and circumferential force coefficient
depending on the ratio of the width of the smoothing function to the width of the source region are
plotted for the above described operating points. The requirement on the minimum width of the
smoothing function related to the characteristic cell length is fulfilled as well. As it is visible, almost
no influence of the mesh on the resulting forces can be detected. The maximum relative deviation
between the smallest and the largest width related to the largest width of the smoothing function
reads ACr ;p rer = 1.05% and for the circumferential force ACry 2p yei = 0.64%. The number of cells
to be fully accounted within the smoothing region is between 10 < N, < 60.

| AR, =SR, =0.2¢ =201y | AR, = SR, % C | AR, =SR. =0
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Figure 51: Two-dimensional thrust and circumferential force coefficient for one blade depending on the smoothing
region width nondimensionalized with the width of the region. The advance ratio is set to ] = 0.25. AL-PanBL.

As conclusion, the important facts resulting out of the dependency tests are summarized. In contrast
to the results obtained with the actuator disc method, a stronger dependence on the widths of the
method is apparent. Due to the requirement, to have small regions for certain modeling issues as
well as small deviations from the independent solution, the source region width has to be at least
equal or greater than SR,, = 0.2 c. The size of the averaging width related to the source region

. AR . .
width has to be at least equal or greater than szTW = 2. The result is obtained for very small source

w

regions SR,,. For greater source widths, the ratio can be smaller, since the result is somehow
affected by the absolute size of the width of the region. The smallest influence on the results is
obtained by the width of the smoothing function. This can be seen independent of the width for all
tested sizes. Consequently, the chosen parameter set for the calculation of the physical parameter
field is AR,, = SR, = 0.2 ¢, AR; = AR, = 0.1¢c, and AR, = SR, = 0 c. The parameter set is the
same as for the actuator disc simulation with the extension in the second coordinate direction. It has
to be mentioned that the choice of the parameter set for the actuator disc simulation has been
influenced by the results of the actuator line also. Otherwise, the widths for the AD can be chosen
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3. Two-Dimensional Test Case

smaller. The reference data for the comparison are taken from the resolved simulations. The results
of the mesh independency study are also not shown as described for the actuator disc approach.

Parameter field calculation: The description of the calculation of the parameter field is structured in
the same way as for the previous methods. At first, the forwards flight test case is discussed

analogously. Therefore, the advance ratios are set to J] = {0.25,0.5,0.75}, the solidities to

Oyp = {l,l,l,i,i, 0}, and the angles of attack to ¢ = {0.0°,2.5°,5.0°,7.5°}. The two-dimensional
37679°12’25

thrust and the circumferential force coefficient of a single blade depending on the solidity are
presented in Figure 52. The advance ratios are arranged in ascending order from Figure 52 top to
bottom. The global behavior predicted by the actuator line is comparable to that of the resolved
simulation. Evidently, the thrust and circumferential force coefficients are increasing with the angle
of attack a. In contrast, the higher the solidity a,p, the smaller is the thrust and circumferential force
coefficient. In addition, the slope of the thrust and circumferential force coefficient depending on the
solidity is more negative for higher advance ratios. Although the global trends agree well, the points
without interactional effects, corresponding to o, = 0, show too small forces for all presented
advance ratios. Comparing with the resolved simulation, the forces predicted by the actuator line
calculation are still higher. However, for these points the slope of the curve changes its sign for small
solidities. The reason relies in the calculation of the inflow conditions. In contrast to the actuator disc
approach, the inflow condition for o,, = 0 are obtained by the application of the averaging
procedure as for the remaining solidities. By definition, the inflow conditions for the actuator disc
approach for o, = 0 are set to the conditions of the undisturbed inflow. However, the averaging
procedure for the actuator line provides incorrect values, in particular, for the circumferential
velocity of a stand-alone airfoil. In this case, the local influence of the drag results in an
underestimated relative circumferential velocity and consequently, in underestimated forces. The
underestimation is caused by the finite extension of the averaging and the source region. The idea of
the averaging procedure is basically based on inviscid flows. Due to the drag of the blade, in
particular, the relative circumferential velocity downstream of the blade is reduced. As stated above,
the source region is embedded within the averaging region. Consequently, the averaging procedure
provides a reduced velocity. Reconsidering the discussion of the flow field obtained for the resolved
propeller within a cascade above, the relative circumferential velocity downstream of the blade is
reduced significantly compared to the stand-alone airfoil caused by the wakes of the blades.
Furthermore, the velocity along the circumferential direction is periodic. Conclusively, it can be
imagined that the inflow conditions for a certain blade contain the information of the wakes of the
upstream located blades. The actuator line approach includes this information, caused by the
averaging procedure, but even for a stand-alone blade. That is why the representation of the inflow
velocities is captured better for the cascade flow and, in particular, for higher solidities.

For the actuator line, the quantitative discussion is made is the same manner as for the actuator disc.
Therefore, the relative thrust and circumferential force coefficients for the actuator disc simulation
are compared to the results for the resolved simulation and presented in Table 7. The coefficients are

. I 1 1
calculated according to (3.11) for the solidities o,p =Eand O2p2 = 3- In contrast to the

investigation for the actuator disc approach, the solidity representing less interactional effects is not
set to o,p 1 = 0, since this is not representative for the interaction within this investigation, due to
the reasons declared in the last paragraph. Starting the discussion with the thrust coefficient, it is
visible that the actuator line overestimates the reduction of the thrust for almost the whole
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3. Two-Dimensional Test Case

parameter range. The biggest difference is obtained for the smallest angle of attack and the smallest
advance ratio with = 5.1%. The smallest discrepancy can be detected for the smallest angle of attack
and the highest advance ratio with approximately —0.4%. The deviation of the actuator line
regarding the resolved calculation shows a comparable behavior as for the actuator disc method. For
the circumferential force, the biggest difference is predicted for the smallest advance ratio and the
medium angle of attack with = 4.1%, while the smallest difference is detectable for the greatest
advance ratio and the smallest angle of attack with = 0.1%. For the circumferential force, also a
comparable behavior for the deviation of the actuator line as for the AD, compared with that of the
resolved simulation, is obtained. Obviously, the statement made for the actuator disc approach that
the prediction of the forces is more accurate the higher the interactional effects of the blade are, is
still valid. In contrast to the actuator disc approach, the periodic boundary condition in combination
with the continuity does not prohibit a variation of the axial velocity v along the circumferential
direction x. This is basically enabled by the number of cells to be greater than one in the latter
mentioned direction for the actuator line method.

Table 7: Relative deviation of the thrust and circumferential coefficient for the resolved and the AL-PanBL simulation.

] ACT,ZD,rel,o',res ACT,ZD,rel,cr,AL
a=25 | a=50° | a=75"° a=25° a=5.0° a=175°
0.25 349% 6.43 % 10.11% 8.60 % 1121 % 13.56 %
0.50 9.73 % 10.85 % 13.62 % 11.75% 14.27 % 16.62 %
0.75 14.81 % 14.62 % 16.69 % 14.46 % 16.70 % 18.80 %
] ACFx,ZD,rel,a,res ACFx,ZD,rel,a,AL
a=25 | a=50° | a=75° a=25° a=5.0° a=175°
0.25 2.03% 2.95 % 470 % 555% 7.04 % 7.87 %
0.50 7.02 % 7.18 % 8.61 % 8.93 % 10.50 % 11.56 %
0.75 11.71 % 10.98 % 11.92% 11.78 % 13.15% 14.04 %

The following discussion focuses on the dependence of the thrust and circumferential force on the
angle of attack generated by the actuator line approach. In Figure 53, the thrust and circumferential

force coefficient for the soldities o,p = 0 and o,p = gare plotted. The range of the angle of attack is
set to ¢ = £10 for an advance ratio of | = 0.75. Although for the discussion of the slope above, the
solidity a,p = % is applied for representing the flow with less mutual interaction, the solidity

o,p = 0 is chosen for this discussion. As detected during the discussion on the slope of the curve, the
latter mentioned point can be seen as an outlier. However, for the discussion of the dependence on
the angle of attack, the choice is appropriate. The thrust as well as the circumferential force
coefficient obtained by the actuator line approach shows a good agreement with the corresponding
coefficients of the resolved simulation. In contrast to the actuator disc simulation, the slope is
captured better, in particular, for the case with no interaction. However, this is a result of two
counteracting trends. On the one hand, as described in the preceding paragraph, the averaging
procedure provides inflow conditions which results in reduced forces. On the other hand, PanBL
overestimates the forces due to the lack of the modeling caused by the one-way coupling. The latter
behavior is well visible for the result of the solidity 0,5, = 0 obtained by the AD simulation in Figure
47. Therefore, equivalent inflow conditions for the resolved and the AD method are present.
Conclusively, the occurring deviation can be addressed solely to the modeling approach of the blade.
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Figure 52: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to /] = 0. 25 (top), ] = 0.5 (middle), and J = 0. 75 (bottom). AL-PanBL: Solid line; Res.: Dashed line.
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The quantitative discussion is started for the stand-alone blade for an angle of attack of @ = 10°. The
thrust coefficient provided by the actuator line simulation equals Cr ,p 4;,(0.75,0,10°) = 1.0, while
the related thrust coefficient for the resolved simulation reads Cr ;p ¢5(0.75,0,10°) = 1.0 also. As
already mentioned in the qualitative description, the thrust is in very good accordance caused by two
counteracting effects. Reconsidering, the value of thrust for the actuator disc approach reads
Cr2p.4p(0.75,0,10°) = 1.08. As described, this value is obtained if the actual freestream conditions
are submitted to PanBL. Consequently, PanBL overestimates the thrust at this operating point by
approximately 8%. Conclusively, the averaging procedure of the actuator line underestimates the
thrust by approximately 7%. The effects are comparable for an angle of attack @ = —10°. The
corresponding  coefficients are Cr,p4;(0.75,0,—10°) = —=1.0 and Cr;pes(0.75,0,—10°) =
—1.01. The deviation is approximately 1 %. Taken into account the corresponding thrust coefficient
of the actuator disc Cr,p 4,(0.75,0,—10°) = —1.09, the influence of the counteracting trends on
the results is comparable to the positive angle of attack of a = 10°. The values for the
circumferential force are not discussed, since the trends are similar due to the contribution of the lift.
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Figure 53: Two-dimensional thrust and circumferential force coefficient for one blade depending on the angle of attack.
The advance ratio is set to J=0.75. AL-PanBL: Solid line; Resolved: Dashed line.

In the following, the solidity o,p = 3 representing a strong interaction is discussed quantitatively. For
an angle of attack of a = 10°, the thrust coefficient for the actuator line simulation reads

CT‘ZD’AL(O.75,§, 10°) = 0.81 , while the resolved simulation provides a coefficient of
CT,ZD,reS(OJS,%, 10°) = 0.78. The deviation is approximately 4%. The thrust coefficient obtained by

the actuator disc approach for this operating point is CT,ZD,AL(O-75'§ﬁ 10°) = 0.82. Consequently,

the reduction of thrust caused by the averaging procedure is almost not present for the smaller
solidities as already stated in the qualitative description of the trends.

The final discussion addresses the static thrust test case. In Figure 54, the thrust and circumferential
force coefficient depending on the solidity for the angles of incidence 8 = {10°,20°,30°} are shown.
The global behavior, predicted by the actuator line approach, agrees well with the results of the
resolved simulation for the angles of incidence of 8 = 10° and 8 = 20°. For the angle of incidence of

105



3. Two-Dimensional Test Case

6 = 30°, the global trend is represented correct also, unless the blade stalls. The reason for the
reduced thrust in this case is not caused by the stall model of PanBL only. Another reason for the
reduction of the thrust is the averaging procedure of the actuator line method. As already
mentioned, the drag causes an underestimated prediction of the circumferential velocity during the
averaging process. Although this aspect leads to a higher angle of attack, the thrust is decreased as a
result of the dominating effect of the reduced velocity magnitude. Furthermore, the influence of
moved center of the bound vortex for higher specific loadings leads to a reduction of the thrust.

The quantitative discussion is conducted with the relative deviation of the force coefficients obtained
by the AL simulation related to the corresponding quantity of the resolved simulation. The slope is
not discussed as for the AD simulation, since it is not caused majorly by the interactional effects. The
maximum deviation for the outlier is established by AC7;p e = 111.97 % in the thrust and
ACpy2pret = —8.47 % in the circumferential force coefficient. Excluding the outlier, the mean
deviation over all solidities for the angles of incidence 8 = {10°,20° 30°} reads for the thrust
coefficient  ACr2prer = {2.98 %,3.09 %,2.42%} and for the circumferential  force
coefficientACry 2p re1 = {—8.34 %, 1.87 %, 3.03 %}. Conclusively, the results of the actuator line are
in good accordance with those of the resolved simulation.
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Figure 54: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J=0. AL-PanBL: Solid line; Resolved: Dashed line.
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Actuator Disc Approach with 2D-CFD

Within this subsection, the results for the actuator disc simulations coupled with 2D-CFD (AD-2C) for
generating the airfoil data are presented. For this approach, a parameter variation of the actuator
disc parameters is not necessarily performed. Since the major difference is solely the generation of
the blade forces. That is why within this study, the parameters for the actuator disc are taken from
the simulation of the actuator disc coupled with PanBL. The same parameter field points are chosen
for the simulation and compared to the resolved simulation.

Parameter field calculation: The structure of this section is the same as in the preceding subsections.

Consequently, the forward flight test case is discussed, at first, for the set of advance ratios

J ={0.25,0.5,0.75}, of the solidities o, = {1 1112

{0.0°,2.5°,5.0°,7.5°}. The two-dimensional thrust and the circumferential force coefficient of one
blade depending on the solidity are presented in Figure 55. The advance ratio of / are in ascending

0}, and of the angles of attack a =

order from Figure 55 top to bottom. The global trend of the forces is comparable to that of the
resolved simulation. The increasing forces with higher angles of attack a, the reduction of forces with
higher solidities as well as the more negative slope of the forces depending on the solidity with
increasing advance ratios are captured correctly. By the definition of the actuator disc approach, the
inflow conditions for o,p = 0 are matching the conditions for a stand-alone airfoil. In combination
with the generation of 2D airfoil data calculated with the same mesh as for the resolved simulation,
the corresponding results of the resolved approach and the actuator disc approach are equal for
o,p = 0. The quantitative description is conducted with the relative deviation of the thrust and
circumferential force coefficient. In Table 8, the deviations for the corresponding solidities a,51 = 0

and o,p, = iare presented. The choice of the solidities is in accordance with the applied solidities

for the AD-PanBL simulation.

Table 8: Relative deviation of the thrust and circumferential coefficient for the resolved and the AD-2C simulation.

] ACT,ZD,rel,c)',res ACT,ZD,rel,O',AD—ZC
a=25° | a=50°| a=75° a = 2.5° a = 5.0° a=7.5°
0.25 5.06 % 8.25 % 12.22% 1191 % 14.63 % 17.77 %
0.50 11.43 % 12.72 % 15.67 % 14.12 % 16.54 % 19.28 %
0.75 16.81 % 16.81 % 19.12 % 16.74 % 18.84 % 21.24 %
] ACFx,ZD,rel,O',res ACFx,ZD,rel,cr,AD—ZC
a=25 | a=50° | a=75"° a=25° a=5.0° a=17.5°
0.25 3.04 % 412 % 6.00 % 7.95% 9.98 % 11.97 %
0.50 8.27 % 8.50 % 9.97 % 10.37 % 12.15% 13.78 %
0.75 1331 % 12.69 % 13.73 % 13.10 % 14.63 % 15.98 %

The reduction of the thrust is overestimated for almost the whole parameter range by the actuator
disc approach coupled with 2D-CFD. The biggest difference occurs for the smallest angle of attack
and the smallest advance ratio with = 6.9 %. The smallest difference can be detected for the
smallest angle of attack and the highest advance ratio with = —0.1 %. This is a similar result to the
AD-PanBL approach. The maximum of the deviation for AD-PanBL and AD-2C results distinguishes by
approximately 1 %. The higher the interaction, the better is the prediction. Nonetheless, the
dependence of the thrust on the solidity is almost not affected by the airfoil data generation.
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Figure 55: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to ] = 0. 25 (top), J = 0.5 (middle), and J = 0.75 (bottom). AD-2C: Solid line; Resolved: Dashed line.
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The biggest difference in the circumferential force is obtained for the smallest advance ratio and the
highest angle of attack with = 6.0%. The smallest difference is predicted for the smallest angle of
attack and the highest advance ratio with ® —0.2 %. The difference between the values generated
by the AD-PanBL and AD-2C approach is below 1 %. Consequently, the impact of the airfoil data
generation can be seen to be negligible for the dependence of the circumferential force on the
solidity as well. The statements concerning the interaction made for the AD-PanBL approach are valid
here also.

The next point to be discussed is the dependence of the thrust and circumferential force on the angle
. - I 1
of attack. In Figure 56, the related coefficients are shown for the solidities o, = 0 and o, = T The

range of the angle of attack is set to « = £10 and the advance ratio equals /] = 0.75. As noted, for
the actuator disc approach, the inflow conditions are set to the undisturbed freestream conditions
for o, = 0. Consequently, the resulting forces for the latter mentioned solidity are equal for both
presented methods. In order to investigate the effects caused by the interaction of the blades, the
results for the solidity a,p = %are discussed. The behavior of both forces is captured well by the

actuator disc simulation, in particular, for positive angles of attack a > 0.
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Figure 56: Two-dimensional thrust and circumferential force coefficient for one blade depending on the angle of attack.
The advance ratio is set to J=0.75. AD-2C: Solid line; Resolved: Dashed line.

For an angle of attack of a = 10°, the thrust coefficient for the actuator disc simulation reads

CT‘ZD’AD(O.7S,§,1O°)=0.77, while the resolved simulation provides a coefficient of

CT,ZD,reS(OJS,%, 10°) = 0.78. Subsequently, the deviation is approximately 1%. In contrast, for an

angle of attack of @ = —10°, the corresponding coefficients read Cr,p 4p (0.75,%, —10°) = —1.08

and Cr2p res (0.75%, —10°) = —1.20. The resulting deviation is approximately 10%. Reconsidering

the results of the AD-PanBL approach, the deviation between the thrust coefficients obtained by the
actuator disc and the resolved simulation is similar for the angle of attack @ = —10° and a = 10°.
However, in the present investigation, the range of positive angles of attack is captured much better.
The reason is the overestimation of the lift by PanBL.
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The final point to be discussed is the static thrust test case. Therefore, in Figure 57 the thrust and
circumferential force coefficient depending on the solidity for the angles of incidence 6 =
{10°,20°,30°} are presented. For this test case, a very good agreement for the whole parameter
range is obtained with the actuator disc method. Even for the angle of incidence of 8 = 30°in
combination with small solidities and occurring stall, the trend is represented correctly. One the one
hand, the underlying 2D-CFD simulation for generating the airfoil data can handle the stall behavior.
In addition, the resolved simulation and the airfoil data generation for the actuator disc is performed
on the same mesh. On the other hand, the determination of the correct inflow condition seems to be
appropriate accurate in accordance with this result.
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Figure 57: Two-dimensional thrust and circumferential force coefficient for a blade depending on the solidity. The
advance ratio is set to J=0. AD-2C: Solid line; Resolved: Dashed line.

For this investigation, the quantitative discussion is conducted as well with the relative deviation of
the force coefficients obtained by the AD simulation related to the corresponding quantity of the
resolved simulation. The discussion of the slope is also not made caused by the above declared
reason. Due to the good agreement, instead of a mean deviation applied for the previous methods,
the maximum deviation is presented for this comparison. The maximum deviation over all solidities
for the angles of incidence 8 = {10° 20° 30°} reads for the thrust coefficient AC;,Z\D,rel =
{0.83 %, 0.19 %, 0.40 %} and for the circumferential force coefficient
ACgy 2p rel = {0.95 %, 0.48 %, 0.64 %]}. Conclusively, the results of the actuator disc coupled with
2D-CFD are in very good agreement with those of the resolved simulation in the quantitative

consideration also.
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Actuator Line Approach with 2D-CFD

Within this subsection, the investigations of the actuator line calculations coupled with 2D-CFD (AL-
2C) for generating the airfoil data are presented. The parameters obtained for the actuator line
approach coupled with PanBL are taken, since as declared in the previous section for the actuator
disc approach coupled with 2D-CFD, solely the generation of the blade forces differs for the
corresponding methods. For comparison issues, the investigations are performed for the same field
points as in the previous investigations and compared to the resolved simulation.

Parameter field calculation: For consistency, the structure of this section is built in the same way as
for the preceding parameter field calculations for the other approaches. At the beginning of the
investigation, the forward flight test case is discussed for the advance ratios ] = {0.25, 0.5, 0.75}, the

solidities o,p = {l i1l 0}, and the angles of attack a = {0.0°,2.5°,5.0° 7.5°}. In Figure 58,

the two-dimensional thrust and the circumferential force coefficient acting on one blade depending
on the solidity are presented. The advance ratios J are in ascending order from Figure 58 top to
bottom. The global trend of the forces is predicted similar compared to the that of resolved
simulation. This means in particular, the higher forces for higher angles of attack «, the smaller forces
for higher solidities as well as the more negative slopes of the forces depending on the solidity with
increasing advance ratios are represented appropriately. Considering the point for the solidity
o,p = 0, including no interactional effects, the same statements as made during the discussion for
the actuator line approach coupled with PanBL are valid. For the present method, the deviation is
even better detectable. For the AL-PanBL approach, the overestimation of the forces caused by the
airfoil data generation of PanBL partially overcompensates the underestimation of the forces due to
the averaging process. For the present method, the airfoil generation performed by 2D-CFD provides
the same airfoil data as for the resolved simulation for a certain inflow condition. Consequently, the
forces within this investigation are underestimated compared to the resolved simulation for almost
the whole parameter range. The biggest deviation is obtained for solidity g, = 0, due to the above

mentioned reasons. The quantitative description is made with the relative deviation of the thrust and

circumferential force coefficient. In Table 9, the deviations for the corresponding solidities g, 1 = P

and ayp, = are shown. The choice of the solidities is in accordance with the applied solidities for

the AL-PanBL simulation.

Table 9: Relative deviation of the thrust and circumferential coefficient for the resolved and the AL-2C simulation.

] ACT,ZD,rel,a,res ACT,ZD,rel,a,AL—ZC
a=25 | a=50° | a=75"° a=25° a=5.0° a=17.5°
0.25 3.49% 6.43 % 10.11% 8.65 % 10.61 % 12.75%
0.50 9.73 % 10.85 % 13.62 % 11.48% 13.53 % 15.72 %
0.75 14.81 % 14.62 % 16.69 % 13.99 % 15.80 % 17.79%
] ACFx,ZD,rel,c)',res ACFx,ZD,rel,O',AL—ZC
a=25° | a=50°| a=75° a = 2.5° a = 5.0° a=7.5°
0.25 2.03% 295% 4.70 % 5.00 % 6.28 % 7.25%
0.50 7.02 % 7.18% 8.61 % 8.14 % 9.63 % 10.81 %
0.75 11.71 % 10.98 % 11.92% 10.78 % 1211 % 13.16 %
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Figure 58: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to /] = 0. 25 (top), J = 0.5 (middle), and J = 0.75 (bottom). AL-2C: Solid line; Resolved: Dashed line.
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For the actuator line approach coupled with 2D-CFD, the reduction of thrust is overestimated for
almost the whole parameter range. The biggest discrepancy is obtained for the smallest angle of
attack and the smallest advance ratio with = 5.2 %. The smallest difference occurs for the smallest
angle of attack and the greatest advance ratio with = —0.8 %. This is a comparable result to the AL-
PanBL approach. The maximum of the deviation for AL-PanBL and AL-2C distinguishes by
approximately 1 %. Furthermore, the higher the interaction, the better is the prediction within this
investigation and the dependence of the thrust on the solidity is almost not affected by the airfoil
data generation as well. The biggest difference in the circumferential force is detected for the
smallest advance ratio and the medium angle of attack with = 3.3%. The smallest difference is
obtained for the smallest angle of attack and the greatest advance ratio with = —0.9 %. The
maximum discrepancy between the values generated by the AD-PanBL and AD-2C approach is
approximately 1 %. The airfoil data generation can be assumed to be negligible for the dependence
of the circumferential force on the solidity also. The statements concerning the interaction made for
the AL-PanBL approach are valid for the AL-2C also.

In the following, the dependence of the thrust and circumferential force on the angle of attack is

presented. In Figure 59, the related coefficients are plotted for the solidities o, = 0 and g, = %

The range of the angle of attack is set to @ = +10 and the advance ratio equals J] = 0.75. The choice
of the solidity o,p = 0 for representing the low interaction test case is in accordance with the choice
made for the AL-PanBL approach. In this case, the effect of the averaging procedure of the actuator
line approach on the resulting forces is obtained directly. The airfoil data generation for the actuator
line method uses the same numerical mesh and setup as the resolved simulation. Consequently, the
discrepancies between the solutions can be attributed to the inflow conditions provided by the
averaging procedure of the actuator line method.
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Figure 59: Two-dimensional thrust and circumferential force coefficient for one blade depending on the angle of attack.
The advance ratio is set to J=0.75. AL-2C: Solid line; Resolved: Dashed line.

Considering the thrust for the solidity o,, = 0, it is visible that the actuator line approach
underestimates the magnitude of the thrust for the whole angle of attack range. The reason
therefore is caused by the determination of the inflow conditions as stated above. For an angle of
attack @ = 10°, the thrust coefficient provided by the actuator line simulation reads
Cr2p.41(0.75,0,10°) = 0.9, while the related thrust coefficient for the resolved simulation equals
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Cr2p.res(0.75,0,10°) = 1.0. The thrust predicted by the actuator line approach is underestimated
by approximately 10 %. For the angle of attack of a = —10°, the related coefficient are
Cr2p,4.(0.75,0,—10°) = —0.93 and Cr p ¢5(0.75,0,—10°) = —1.01. As a result, the magnitude of
the thrust is underestimated by approximately 8 %. Comparing with the results for the AD-PanBL
and the AL-PanBL, the effects of the different approaches are clearly visible. While the AD-PanBL
approach overestimates the thrust due to the overprediction of the airfoil forces by PanBL and the
present approach underestimates the thrust solely caused by the averaging procedure, the AL-PanBL
includes both contradicting deviations. That is why the latter method shows the best agreement for
this type of investigation. The results for the strong interaction of the blades are presented for the

solidity a,p = e A good agreement for the both forces is detected. It is visible, that the prediction is
better for positive angles of attack @ > 0. The thrust coefficient for the actuator line simulation

equals for the present solidity CT,ZD,AL(O.75,§,10°) = 0.73. The related thrust coefficient for

resolved simulation equals Cr ;p res (0.75,%, 10°) = 0.78. Subsequently, the deviation is calculated

to be approximately 5%.

Finally, the static test case is discussed. In Figure 60, the thrust and circumferential force coefficient
depending on the solidity for the angles of incidence 6 = {10°,20°,30°} are presented. A good
agreement of the forces generated by the actuator line method with respect to the resolved
simulation concerning the global behavior is obtained for the angles of incidence 8 = 10°and
6 = 20°. However, the forces for the operating points with occurring stall on the blade are not
predicted appropriately, e.g. for the combination of small solidities o, and the high angle of
incidence 8 = 30°. The presented behavior is comparable as for the AD-2C approach, but the stall is

predicted for higher solidities of o, < % instead of g, < 2—15also. Nevertheless, the reduction of
the forces, if stall occurs, is captured better. Although the underlying airfoil data generation is
performed with the same numerical setup and allows therefore the prediction of the stall behavior,

the averaging procedure leads to discrepancies in the determination of the inflow conditions and
consequently in the forces.
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Figure 60: Two-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J=0. AL-2C: Solid line; Resolved: Dashed line.
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As the last point of this subsection, the quantitative discussion is conducted also with the relative
deviation of the force coefficients obtained by the AL simulation related to the corresponding
guantities of the resolved simulation. The discussion of the slope is also not presented due to the
above declared reason. In analogy to the results obtained for the actuator disc approach coupled
with 2D-CFD, the maximum deviation is chosen for the comparison. The maximum deviation over all
solidities in the stall region for & = 30° reads for the thrust ACy,p e = —71.74 % and for the
circumferential force ACgx 2p re] = —46.08 %. Excluding these points, the maximum deviation over
all solidities for the angles of incidence 6 = {10°,20° 30°} reads for the thrust coefficient
AC?_Z\D_rel ={-1.28 %,—2.32%,—2.40 %} and for the circumferential force coefficient
AC&Z\DRI ={-1.76 %, — 2.93 %, —2.86 %}. Conclusively, the results of the actuator line coupled
with 2D-CFD are in good agreement with those of the resolved simulation for the quantitative
consideration also.

Overall Comparison and Conclusions

Before the results between the different methods are compared, a brief review of the important
aspects obtained by the resolved simulations for this test case is provided.

For the forward flight test case, the dependence of the forces on the solidity, the angle of attack as
well as the advance ratio is investigated. Basically, the higher the solidity, the smaller are the forces.
In contrast, the higher the angle of attack, the higher are the forces. For increasing advance ratios,
the slope of the forces depending on the solidity becomes more negative. In general, all modeling
approaches show the trends correctly. The PanBlL-based models overestimate the lift and
underestimate the drag which leads to different absolute values. Consequently, the thrust is
overestimated for all operating points. For the circumferential force, however, it is depending on the
amount of the contribution of the lift and the drag for the considered operating point. For the AL-
based models, the underestimated angle of attack obtained by the averaging procedure, in
particular, for higher blade loadings results in a more positive slope of the forces depending on the
solidity. Both issues can be detected in the plots of the forces depending on the solidities as well as in
those depending on the angle of attack.

For the static thrust test case, the dependence of the forces on the solidity and the angle of incidence
is investigated. Basically, the higher the solidity, the smaller are the forces and the higher the angle
of incidence, the higher are the resulting forces. However, the slope of the forces depending on the
solidity is more negative than for the forward flight test case. The trends are representing correctly
by the modeling approaches for this case also. The two issues concerning the PanBL-based and the
AL-based methods are detectable for the static thrust test case also. Furthermore, additional effects
occur. Since the PanBL-based approaches cannot handle the stall appropriately, the thrust is
massively overpredicted for low solidities and high angles of incidence. The AlL-based approaches,
however, underpredict the thrust for low solidities and high angles of incidence. In particular, the
higher the calculated drag, the smaller is the predicted thrust due to an underpredicted inflow
velocity by the averaging procedure.

Conclusively, the methods show a good agreement for a wide range of input parameters. Moreover,
the results obtained by the modeled approaches predict the results of the resolved simulation well
for the forward flight case as well as for the static thrust test case.
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4 Three-Dimensional Test Cases

This chapter includes the results of the propeller simulations for the generic test case and the
complex configuration test cases. The generic test case is chosen in order to investigate the principle
effects of the presented modeling approach in detail. The complex test cases have been investigated
within the research project EUROPAS [3] in detail and delivers validation data in addition. For all of
the test cases, simulations with the generalized actuator disc approach as well as the RANS/URANS
simulations are performed and the obtained results are presented and compared. In chapter 4.1, the
three-dimensional cascade test case is shown to investigate the modeling approach in spanwise
direction. In chapter 4.2, the three-dimensional propeller is used to demonstrate, e.g. non-axial
inflow conditions. Finally, the complex test case is discussed in chapter 4.3.

Certain contents of this chapter have been already published by Stuhlpfarrer et al. [3].

4.1 Three-Dimensional Cascade Test Case

The three-dimensional test case is based on the two-dimensional test case by adding a finite wing
span with a certain aspect ratio. That means that the geometrical data as well as the numerical setup
is very similar. The purpose of this investigation is to proof the quality of the methods including
three-dimensional effects. In particular, the influence of the model parameters in the blade tip
region, as it is described in the theory chapter, is of interest. The three-dimensional cascade is
chosen instead of the propeller, at first, as a simplification within a non-rotating frame.

4.1.1 Test Case Description
General

Figure 61 shows a sketch of the domain used for the simulations as well as the location and types of
the boundary conditions. Due to the straightforward extension to the third dimension, the boundary
conditions are kept, as far as possible, the same as for the two-dimensional investigations.
Consequently, the boundary condition on the upper side of the domain is set to a velocity inlet. The
boundary condition on the lower side of the domain is set to a pressure outlet. For the boundaries in
chordwise direction, a periodic boundary condition is applied. In spanwise direction, for the
symmetry plane a symmetry boundary condition is chosen, while on the opposite boundary a free-
slip wall is applied. In order to realize the motion of the blade, a moving reference frame is used for
these investigations in the same way as for the two-dimensional test case.

Moreover, Figure 61 exhibits the blade with an aspect ratio of A = 20. The applied airfoil is also the
NACA 0012. The angle of incidence is set to 8 = 0°. The red line represents the quarter chord line
which is used as rotation axis for the blade. The definition of the angle of incidence is in accordance
with Figure 27.
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Figure 61: Sketch of the three-dimensional test case.

Although this test case is three-dimensional, however, the definition of the applied solidity is taken
over from the two-dimensional test case. This is possible, since the third dimension is established
solely by a finite extrusion of the airfoil of the two-dimensional test case. Moreover, the underlying
idea of the test cases, to apply a translational motion only, is the same. Consequently, the parameter
allows for covering all the effects to be investigated. In addition, a direct comparison with the results
of the previous chapter can be made. Nevertheless, the subscript is substituted for a better
distinction.

¢ 4.1
O3p =7 (4-1)

lper
Iper remains the periodic length of the domain and c the chord line of the blade. The chord length is

set to c = 1 m as well. For more details concerning the settings of the parameter and its properties,
3.1is referred.

As stated, the limiting case for o,p — 0 results in a periodic length l,e — . In order to simulate
this special case for o3p — 0, the periodic boundary conditions are modified to an inlet and an outlet
boundary condition, comparable to the two-dimensional test case. The modification is remarked in
Figure 61 also. The size of the domains for the different investigations is similar to the two-
dimensional test case. Consequently, the influence of the boundary conditions on the results is
comparable small.

Definitions: The applied terms for this test case are in accordance with the two-dimensional test
case, see 3.1. The only change is the subscript. The limiting case a3, — 0 is referred to ag;p = 0
within this test case.
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Objectives and Parameters

The objective of the investigations emphasizes as well on the comparison of the results obtained by
the fully resolved cascade flow and the modeled ones for certain operating points. For the three-
dimensional investigation, solely the forward flight test case is presented. The reasons are that the
results for the two-dimensional test show for the static thrust case similar predictive quality as for
the forward flight case. As a consequence, the static thrust case would not provide an added value.
Furthermore, due to the higher computational effort in three dimensions in contrast to two
dimensions, a reduced number of total simulations is intended.

For the present test case, the description of the properties and its impact on the expected results is
discussed briefly. Due to the application of the symmetry and the free-slip wall boundary condition,
the derived relations for the two-dimensional test case, see 3.1, are applicable by substituting the
line integral with a surface integral, e.g. [(-)dx — [(-)dxdz. Evidently, the added boundaries do not
contribute to the equations caused by the orthogonality; neither to the continuity nor to the
momentum equation. The statements, concerning the influence of the periodic conditions made in
the description for two-dimensional case, remains valid as well. However, the fact that the axial
velocity v(x, z) at the inlet and at the outlet is equal for a large length [}, of the domain is not
fulfilled. The finite span of the blade with the resulting induced vortex sheet, if aerodynamic forces
are generated by the blade, provides different axial velocities downstream of the blade in
dependence on the spanwise position. Consequently, the forces are determined only by the
integration of the appropriate quantities over the surface of the blade within this investigation.

Since only the forward flight is investigated for this test case, the appropriate set of boundary
conditions is presented briefly. Like for the two-dimensional test case, the velocity v;, is set at the
inlet and the static pressure p,,; is set at outlet. The static pressure at the inlet p;;, is a part of the
solution and determined implicitly by the propeller-specific parameters.

In the following, the parameter settings for this test case are presented. At first, the propeller-
specific parameters are shown and secondly, the parameters assigned to the AD and AL modeling.
The nondimensional parameters associated to the propeller are the following

e Angle of Incidence 6
e Solidity a3p

e Advance Ratio J

e Reynolds Number Re
e Mach Number Ma

In the course of this test case, only the angle of attack a of the blade and the solidity o3p is varied.
Consequently, the influence of different blade loadings as well as different mutual interferences
between the blades is presented. The angle of attack a can be imagined as a linear-combination of
the angle of incidence 8 and the inflow angle ¢ caused by the advance ratio J. The influence of the
Reynolds Number Re and the Mach Number Ma is not investigated. For more details concerning the
parameters see 3.1. It is noted that the set of parameters investigated within the three-dimensional
test case is a subset of the two-dimensional one, in order to allow for simple comparison. Since the
blade for the present test case is designed with zero twist, the parameters are constant along the
blade and consequently, a reference position is not needed.
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The parameters associated with the AD and AL modeling are the same as for the two-dimensional
test case, see 3.1. Although the parameters are able to vary along the spanwise direction, this matter
of fact is not taken into account for the investigations. The reason is that the blade has constant
geometrical properties along the spanwise direction, e.g. chord ¢, angle of incidence 8. Moreover,
the investigations concerning the required widths for the two-dimensional test case, in order to
obtain a mesh-independent result, are related to the chord. Consequently, constant widths of the
regions along the spanwise direction are justified. In addition, although the actuator line allows for
different widths in each coordinate direction, within a plane perpendicular to the spanwise direction,
see 3.1, the widths are set equal within the two-dimensional test case. Subsequently, it is set equal
within the present test case also and the parameters can be concluded to:

e AR_: Axial position of the center of the region for determining the inflow conditions
e AR, Width of the region for determining the inflow conditions

o AR,: Width of the smoothing region for determining the inflow conditions

e SR_: Axial position of the center of the region for distributing the forces

e SR,,: Width of the region for distributing the forces

e SR,: Width of the smoothing region for distributing the forces

4.1.2 Mesh Generation and Numerical Setup

In the following, the blocking and meshing approaches for the different methods are described as for
the two-dimensional test case. At first, the simulation setup for the resolved blades is presented. In
the following, the actuator disc and actuator line approach combined with PanBL are explained and
finally, the combination with the two-dimensional CFD for obtaining the airfoil data is provided. Since
the three-dimensional meshes and setups are based on its two-dimensional counterpart, the
descriptions are made briefly and if necessary, the corresponding chapter is referred.

Resolved Propeller

The blocking strategy for the resolved propeller is based on the two-dimensional test case. The blade
is embedded in an O-grid, except at the symmetry plane. Figure 62 shows the blocking. The
application of the periodic boundary condition, with a one-to-one node-connection, and the settings
of the solidity is in accordance with 3.2. These settings are obtained also by inserting a block

upstream of the blade. The applicable range of solidities is from o3p =§to o3p = 0. For the

different settings of the angle of incidence, the deformation method is applied as well. Therefore, a
constant deformation is applied along the spanwise direction, starting from the symmetry plane and

ending at the wall. In Figure 62 (left), the whole domain for the simulation of a solidity of o3p = %is

shown. In Figure 62 (right), the O-grid and the region near the airfoil is detailed.
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Figure 62: Blocking for the resolved cascade simulation. Blocking of the whole domain for a solidity of a3p = % (left) and
the detailed view of the blocking around the airfoil (right) is shown.

A mesh independency study is performed as follows. The initial mesh includes 151 blocks with
4.81 Mio. cells for the mesh with a solidity o3p = % The number of cells along the chord is 71. The

height of the first cell within the boundary layer is set to fulfill a nondimensional wall distance of
y* =1, in order to resolve the linear behavior within the viscous sublayer appropriately. The O-grid
blocks, adjacent to the blade, include 58 cells in the direction perpendicular to the surface with a
height of the first cell of 2 - 107> m. In comparison to the two-dimensional test case, the number of
cells is reduced to decrease the numerical effort. Subsequently, the refined and coarsened mesh with
a scaling factor in each coordinate direction of 1.25and 1/1.25, respectively, is generated. The
initial scaling at the surface of the blade is not modified. The evaluated quantities are the thrust as
well as the circumferential force coefficient.

In analogy to the two-dimensional test case, the solver settings are described prior to the discussion
of the results obtained by the mesh independency study. The settings are basically taken over from
the two-dimensional test case. The flow is considered to be incompressible and steady.
Consequently, the three-dimensional, pressure-based, coupled solver with absolute velocity
formulation is applied. The turbulence model and the numerical schemes are the same as for the
two-dimensional test case, see 3.2. Furthermore, the properties of the fluid are unchanged. The
Courant number between the simulations is varied in the range of 5 < € < 100, in order to obtain
fast and converging results. The relaxation factors are presented in Table 10. The convergence
criteria for all quantities are set to 5 107>, However, for the solidity of a5, = 0, only values less
than 6 - 107° for an angle of attack @ = 2.5° and values less than 7 - 107> for an angle of attack
a = 5.0° are achieved. A detailed study using different explicit-relaxation factors as well as different
Courant numbers has been made and shows that the average pressure specification used for the
outlet boundary condition hampers convergence. Nevertheless, force convergence is achieved for
every result.

As a side node, although for the periodic case the average pressure specification at the outlet is not

applied intentionally, an additional test for the operating points (0.25,%, 2,5°) and (0.25,%, 5.0°) is

performed including it. Interestingly, no parameter set is found to realize at least force convergence
with that boundary type due to almost non-damped numerical oscillations.
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Table 10: Relaxation factor for the resolved propeller simulations of the three-dimensional test case.

Explicit-Relaxation Factors and Under-Relaxation Factors

Momentum Pressure Density Turbulent Specific Turbulence
Kinetic Energy | Dissipation Rate Eddy
Viscosity
Cmom = 0.3 a, = 0.3 Agen = 1.0 e = 0.8 a, =0.8 a,, =1.0

The mesh independency study is performed for the same operating point as for the two-dimensional
case (J,0,p, @) = (0.25,%, 5.0°), representing strong interaction and moderate blade loading. Table
11 provides the thrust and circumferential force coefficient for the three meshes. Resulting, the

initial grid is applied for the present investigations.

Table 11: Mesh independency study for the resolved simulation of the three-dimensional test case.

Coarse grid Initial grid Fine grid
Crsp 0.172 0.173 0.173
Crx3p 0.035 0.035 0.035

Actuator Disc Approach with PanBL

The mesh for the three-dimensional actuator disc (AD) simulation coupled with PanBL (AD-PanBL) is
based on the two-dimensional counterpart as well. The mesh resolution in the region of the actuator
disc is similar to that of the resolved simulation for comparability. Taking into account the periodicity,
one cell in the circumferential direction is sufficient for this test case, see 3.2. In the axial direction,
the distribution law is like in the two-dimensional test case. For the spanwise direction, a refinement
is established in the region of the blade tip. The blocking and the mesh are shown in Figure 63. The
periodic length for the one cell in the circumferential direction is set to L, = 1 m and the setting of
the solidity as well as the angle of incidence is performed as numerical parameter within the
calculation. The periodicity is established in the same way as for the resolved simulation.

For the present investigation, the mesh independency study is not conducted. The reason therefore
is the connection of the sizes of the cells with the width of the distribution function. As described in
3.3, the ratio of the width of the distribution function related to the size of the cell is more important
than the absolute size of the cell for obtaining mesh-independent results.

The applied mesh consists of 8 blocks with 10400 cells. The blocking strategy is presented in Figure
63 (left). In the region of the actuator disc, a constant spacing of 2 - 1072 m is established in the
vertical direction. For the spacing in the spanwise direction, a non-linear distribution of the nodes is
applied. At the blade tip, almost squared cells are obtained. Therefore, Figure 63 (right) details the
region where the actuator disc acts.
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Figure 63: Blocking for the actuator disc simulation. Blocking of the whole domain (left) and detailed view of the blocking
with mesh in the actuator disc region (right) is shown.

The chosen numerical schemes and models are the same as for the resolved configuration. The
Courant number is set to C =5 and the relaxation factors for momentum and pressure to
Amom = &p = 0.3. For the distribution of the actuator disc, a cosine-law with 10 sections is applied

in spanwise direction.

For this method, an independency study of the residuals is performed as well. Recalling the two-
dimensional test case, a more scientific, strict criterion is chosen. Due to the higher numerical effort
of the three-dimensional test case and with regard to modeling a complex real-world application
with limited computational power, the influence of the convergence criterion on the results has to be
investigated. Therefore, the thrust and circumferential force coefficients are evaluated. The
convergence criteria are set to 1074, 10~°, and 107° for all residuals. The simulations are made for
all operating points presented in the discussion of the results in the next section. The maximum
relative deviation of the thrust and circumferential force, by taking into account all points, results for
the criteria 10™* related to the criteria 107%in less than ACr3p re; < 4,8+ 107* and ACpy 3p rer <
4,21-107°, respectively. Consequently, the criteria of 10™%is sufficient. Nevertheless, since the
results are calculated for the stricter criterion anyway, the discussion is made with the results for the
criterion of 107°.

Actuator Line Approach with PanBL

The blocking strategy and the mesh setup for the actuator line approach (AL) simulation coupled with
PanBL (AL-PanBL) are based on those of the resolved simulation. The modifications follow the
workflow as provided within the two-dimensional test case, see 3.2. The periodic boundary condition
is applied also. The setting of the solidity is conducted by the definition of the periodic length L, of
the domain and the angle of incidence is set within the calculation of forces as a numerical
parameter.
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Basically, the blocks in the region of the airfoil are substituted by a Cartesian grid block, but with
equal and constant spacing solely in plane perpendicular to the spanwise direction. In order to keep
the modifications between the different approaches as small as possible, the blocking is generated
by extruding the blocking of the two-dimensional AL approach along the spanwise direction and
prescribing the spanwise distribution of the three-dimensional AD approach. Consequently,
comparisons between the different approaches can be made easily. Figure 64 (left) shows the
blocking strategy for this approach. In Figure 64 (right), a detailed view of the region containing the
actuator line is presented.
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Figure 64: Blocking for the actuator line simulation. Blocking of the whole domain for a solidity of o3p = % (left) and
detailed view of the blocking with mesh in the actuator line region (right) is shown.

The mesh independency study is also not conducted for the present investigation. The arguments are
the same as for the AD approach of the three-dimensional test case in the previous section.
Reconsidering therefore the results generated by the actuator line approach within the two-
dimensional test case as presented in 3.3. The outcome is that the ratio of the width of the
distribution function related to the size of the cell is more important than the absolute size of the cell
for obtaining mesh-independent results. Obviously, the statement is applicable for the AD as well as

the AL approach. Nevertheless, the mesh for gzp =§inc|udes 24 blocks and 915200 cells. The

resulting resolution in the region of the actuator lineis 2- 1072 m .

Finally, the settings of numerical schemes and models are chosen as for the resolved simulations
with certain case-dependent modifications of the Courant number. For the latter, in addition, an
iteration-step depending scheme is applied. The initial value reads C = 100. If after a certain target
of iterations convergence is not reached, the number is successively reduced. This procedure allows
at the beginning a fast convection of the initial perturbation through the domain and when reaching
the end of the simulation, convergence can be achieved easier. Nevertheless, most simulations
within this investigation do not make use of this procedure, since convergence is obtained at first.
The relaxation factors for momentum and pressure are set to @, = @, = 0.3. The convergence
criterion is set to 1075 for all residuals. Therefore, force convergence is achieved as well. For the
distribution of the actuator line, a cosine-law with 10 sections is applied in spanwise direction.
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Actuator Disc Approach with 2D-CFD

According to the theory chapter, the present approach is a combination of the actuator disc and the
resolved simulation of a blade section in two dimensions (AD-2C). In contrast to the AD-PanBL
simulation, for this test case, the airfoil data generation is substituted by two-dimensional
simulations of resolved blades (2C) for all sections. For comparability issues, the mesh including the
actuator region is taken from the AD-PanBL simulation. For the two-dimensional resolved airfoil, the
mesh of the resolved airfoil simulation of the two-dimensional test case is taken, see 3.2.
Subsequently, it is extruded in spanwise direction by one cell, in order to enable the solving within
the three-dimensional Fluent solver. Consequently, a mesh independency study is not conducted,
since studies are performed or arguments for its necessity are already provided for the underlying
cases. Figure 65 shows the mesh of the different domains. On the left hand side, the actuator disc
domain is presented. On the right hand side, the multiple domains for each section of the two-
dimensional resolved airfoil simulation are provided. For the actuator disc domain, the periodic mesh
of the AD-PanBL simulation is applied, except for the solidity of o,5 = 0. It has to be noted that for
the simulation of the blade section, the mesh of the stand-alone airfoil of the two-dimensional test
case, with inlet and outlet boundary conditions, serves as basis. In addition, the deforming mesh
capabilities are used for describing the appropriate angle of incidence of the airfoil section. As a side
note, a non-constant twist of the blade could be established easily as well for the three-dimensional
case with this capability. The solidity is set within the force calculation like for the AD-PanBL
simulations.

Before starting the description of the numerical setup, some aspects on the generation of the mesh
and the workflow are provided. The idea of the approach is to simulate all domains within one
multiple-domain solver run. At first, the domain including the actuator region is inserted. Thereafter,
the first domain including the first blade section is added at a translated position. This is not
necessary for solving the problem, but enables easier post-processing. Subsequently, the domains
are copied several times according to the number of sections needed. These allows for simulations
on the exactly same mesh for each section which is necessary for fast convergence. The tasks are
fully automated within the developed framework.

The principal numerical setup and models are taken from the basic cases. However, due to the high
effort for generating the setup manually, the developed framework allows a fully automated
generation of the numerical setup as well. The executed tasks are:

e Loading the mesh

e Renumber boundary condition in accordance to UDF

e lLoading material database and setting materials for the domains; allows, for example, to
calculate with constant density within the AD domain and with ideal gas within the resolved
blade section domain to cover compressible effects

e Setting models, e.g. turbulence model

e Setting boundary conditions, e.g. inlet velocity, and linking with UDF

e Setting domain parameters, e.g. source terms, and linking with the UDF

e Setting initial values in the appropriate coordinate frame
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Figure 65: Mesh for the actuator disc approach coupled with 2D-CFD. On the left hand side, the AD disc domain is shown
while on the right hand side the resolved airfoil domains are presented. The airfoil is shown in its non-rotated state.

These tasks are necessary for the two-dimensional test case as well, but due to the high number of
domains, the automation provides a huge advantage. Considering the whole workflow, starting with
the mesh generation, it is ensured that each domain has the same properties. For the present test
case, an investigation on the equality of the results over the domains is performed as well. The study
is made in serial as well as parallel mode of the solver. Therefore, constant quantities are set and
initialized for all domains. The result is that in serial as well as in parallel mode the results are equal
to an appropriate number of digits; far more than required for the result. In particular in the parallel
mode, the final digits may differ, caused by the application of the dissection method within the

domains.

As discussed for the two-dimensional test case, the diverging scales of the domain require some
special treatment to obtain at first, stable and at second, fast converging solutions, see 3.2. A further
increase in the complexity arises that for the three-dimensional case not solely two domains are
involved. Since for every considered section, a two-dimensional simulation within a separate domain
is performed, the number of domains equals the number of sections plus one. Consequently, a stable
and fast converging solution has to be obtained for each individual simulation in order to avoid an
oscillating global solution, basically. In addition, to allow for convergence in the domain of the
modeled blade, the distribution along the spanwise direction should not include oscillations. That is
why for the present method different update scheme for the forces and the inflow conditions are
applied as well. However, due to the higher complexity and the higher number of degrees of
freedom of the system, the scheme is formulated stricter as for the two-dimensional case. In general,
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at first the flow field in the AD domains is calculated by a one-way coupling. Therefore, the inflow
conditions in the domains for each blade section are kept constant and the resulting forces are fed
into the AD domain as appropriate source terms. If the flow is developed, the two-way coupling is
enabled and the inflow conditions for each domain of a section are updated appropriately. For the
inflow velocities, the relaxation factor of @ ;pgqte = 0.05is applied. The usage of the non-linear
relaxation factor, as presented for the two-dimensional test case of this approach in 3.2, is not
implemented, since the estimation of the factor in three dimensions is more difficult. However, the
solution itself is not affected; solely, an additional simulation speed-up can be achieved by the
implementation. The update interval is determined in order to achieve a certain local convergence
prior to the following update. As a side note, the described method to change the angle of attack at
each update cycle by rotating the airfoil with the application of the mesh-deformation method
instead of the modifying the inflow conditions of a section, see 3.2, can be considered. Occasionally,
higher convergence speeds can be achieved.

The settings of the Courant number and the explicit-relaxation factors for momentum and pressure
are for the current approach in accordance with the applied ones for the AD-PanBL approach. The
quantities read € = 5 and @0 = @, = 0.3. The convergence criteria for the residuals are set to
107°, generally. However, for certain operating points with well-suited initial condition, force
convergence is not obtained. In this case, the simulations are extended to achieve a convergence
criterion of 51077 for all residuals. For the distribution of the actuator disc, a cosine-law with 10
sections is applied in spanwise direction.

Actuator Line Approach with 2D-CFD

Finally, the combination of the actuator line with the simulation of the resolved airfoils in two
dimensions (AL-2C) is detailed. Since it is the extension of the AD-2C approach presented in the last
paragraph by one dimension as well as for comparability issues, the meshes are overtaken as far
possible from the previous cases. The mesh embedding the actuator line is taken from the AL-PanBL
simulation, while the meshes for the different blade sections are taken from the AD-2C simulation.
The mesh independency study is also not conducted due to the clarification of its necessity stated for
the underlying basic meshes. Figure 66 shows the assembly of the meshes. On the left hand side, the

actuator line domain is depicted. The setup is shown for a solidity of g3 =%. The boundary

conditions are set depending on the solidity. On the right hand side, the multiple domains for the
resolved airfoil sections are provided. For each domain, the setup of the resolved simulation applied
for the two-dimensional test case serves as basis. The further modifications are conducted as for the
AD-2C simulation. The setting of the angle of incidence is performed by the deforming mesh routine
and the solidity is set by the periodic length ;.

The generation of the mesh for the present test case is performed in analogy to the previous
described workflow for the AD-2C approach. Therefore, the same automated mesh generation
process is applied. Consequently, only the AL domain is different. Moreover, the automatic
generation of the numerical setup of the test case is executed as well. Since the domains for the
airfoil sections remain unchanged related to the AD-2C simulation, the equality of the results for
each section using, in particular, the parallel solver is not investigated.
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Figure 66: Mesh for the actuator line approach coupled with 2D-CFD. On the left hand side, the AL disc domain is shown
for a solidity of o3, = %while on the right hand side the resolved airfoil domains are presented. The airfoil is shown in its

non-rotated state.

The numerical setup is similar to the AD-2C approach. The difficulties concerning the difference in
the scales of the domains as well as the possibility for an unintended oscillating solution described
for the AD-2C approach have to be considered for this approach also. Basically, the update scheme
described for the AD-2C simulation is applied for the present investigation. The relaxation factor for
the inflow conditions reads @y, ypqate = 0.1. The actuator line allows a more aggressive setup of the
explicit-relaxation factor and the Courant number. This is, among others, caused by the dimensioning
of the domain. The setting for the Courant number and the explicit-relaxation factors can be taken
over from the AL-PanBL approach applied to this test case. The initial Courant number is set to
C = 50. In contrast to the AL-PanBL simulation, the step-wise modification of the Courant number is
not required due to better convergence behavior. Obviously, the applied update procedure has a
similar effect on the solution. The values for explicit-relaxation factor for momentum and pressure
are amem = @, = 0.3. For the distribution of the actuator line, a cosine-law with 10 sections is

applied in spanwise direction.
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4.1.3 Results and Discussion

In the following, the results for the simulations concerning the variation of the solidity o and the
angle of attack a for a constant advance ratio J are discussed. At first, the investigation is conducted
for the resolved cascade to clarify the general effects occurring within the test case. Therefore, the
thrust and the circumferential forces are presented comparably to the two-dimensional test case.
The further steps are to evaluate the quality of each of the presented modeling approaches followed
by an overall comparison of the approaches and a conclusion.

In order to obtain dimensionless coefficients, the following definitions are applied. It has to be noted
that the definition of the coefficients within this investigation is an extension of the two-dimensional
test case and differs from the common notation for propeller investigations as well. The forces are
considered only for one single blade.

Thrust coefficient of a blade:

c _ T3p
T,3D — # (4.2)
7P Vrer € b
Circumferential force coefficient of a blade:
C _ Fx,BD
Fx,3D = # (4.3)
7 PVre € b
Advance ratio:
J=m (4.4)
=1T"— .
u
Segment loading:
T3p T3p T3p
SL = =——03p = ——O0. 4,
Lerb b 3D = 4 93D (4.5)
Normalized, sectional force coefficients for the resolved simulation:
ZNfiS Fi,f cAz
Crap,i = T A (4.6)
3 P Ve € b AN LS
Normalized, sectional force coefficients for the modeled simulations:
ZNcis Si,c Vi,c Acp Az . SRW lper' AD
Crapi =7 With Aep = { SRZ, AL (4.7)

5 p vrzel ch ZNCL-S Vi,c Faistr

The advance ratio is defined including the m, in order to be in consistent with the definition of J for
propellers and consequently, obtaining comparable inflow angles for certain values of J.

128



4, Three-Dimensional Test Cases

Resolved Propeller

As presented in the general description of the test case, only the forward flight test case is
presented. Therefore, six operating points are chosen. The advance ratio equals ] = 0.25. The

solidities are set to o3p = {%é 0} and the angles of attack to a = {2.5°,5.0°}. The parameter space

covers a variation of the mutual interaction effects of the blades as well as different blade loadings.
The advance ratio is not varied, since at it is shown for the two-dimensional test case, mainly the
rotation of the force vectors caused by the variation of the inflow angle change the results.

In Figure 67, the thrust and the circumferential force coefficient of a single blade depending on the
solidity are presented for an advance ratio of /] = 0.25. In addition, the corresponding results for the
two-dimensional test case, see Figure 35, are added. Basically, for the three-dimensional test case, a
distinct dependence of the forces on the solidity is detected. For higher angles of attack, the
reduction of the forces is more pronounced. Compared to the two-dimensional results, the
maximum values for the whole range of the solidity are smaller and the slopes depending on the
solidity are more negative for the three-dimensional case. At first, the deviation of the maximum
value is discussed. The maximum of the thrust and circumferential force is obtained for the solidity
o3p = 0. Taking into account the common formula for the decrease of the lift slope depending on
the aspect ratio for an elliptical wing, derivated from the extended lifting-line theory, the reduction
of the lift can be approximated [113]. The ratio of the lift slopes for a finite wing with an aspect ratio

of A =20 and an infinite wing reads approximaterCC—L:sO.9. Applying the ratio to the two-
Loo

dimensional lift, the result of the three-dimensional test case is still slightly smaller. However, it also
has to be mentioned that the lift slope depending on the aspect ratio is smaller for the rectangular
wing than for the elliptical wing and the efficiency of the airfoil reduces the lift slope as well. Due to
the contribution of the lift to the thrust and circumferential force, the reduction of the coefficient is
visible in both quantities. After describing the maximum value, the slope of the thrust and
circumferential force coefficient depending on the solidity is discussed. As stated above, the trends
of the forces for the two-dimensional as well as the three-dimensional case are similar, but the
gradients differ. The difference is mainly caused by the design and properties of the test cases. For
the two-dimensional test case, the inflow velocities for a certain blade are varying slightly for
different section loadings, while the mass flow through the domain is constant. For the three-
dimensional test case, the mass flow through the domain is constant as well. However, the difference
occurs due to the finite wing. Considering two planes, offset parallel from the symmetry plane. One
plane is positioned within the wing span and one outside. Evidently, the finite lift-generating wing
produces a downwash and blade tip vortices. For an infinite number of blades, the vortices can be
imagined as vortex sheet, separating the higher downwash velocity in the wake of the blade from the
velocity outside of the wing region. The higher the segment loading, which is proportional to the
solidity, the higher is the axial inflow velocity to the blade and subsequently, the reduction of the lift
of the blade is higher. Although the mass flow, and consequently the mean axial velocity are equal
for the test cases, the differing velocity distribution along the spanwise direction leads to this result.
The curves can also be compared to the result for the two-dimensional static thrust test case, see
Figure 43. For the static thrust, the inlet velocity is not fixed, by definition, and the velocity is
adjusted automatically depending on the segment loading. The resulting curve shows a similar trend
as the three-dimensional test case with fixed inflow velocity in forward flight. However, the slope is
even more negative than for the three-dimensional test case. It can be imagined, that the restriction
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for the change of, in particular, the axial velocity is at highest starting from the two-dimensional
forward flight test case via the three-dimensional flight test case to the two-dimensional static thrust
test case. This aspect declares the slopes of the curves. Moreover, the plausibility of the results can
be checked with this relation. In contrast to the two-dimensional forward flight test case, a measure
for the reduction of the forces depending on the solidity, e.g. see (3.11), is not provided. As stated
above or according to the detailed description of the two-dimensional static-thrust test case, see 3.3,
the different segment loading is dominating the trend on the forces in the present case.
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Figure 67: Three-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J = 0. 25. Resolved.

After discussing the global quantities obtained for test case, the spanwise distribution is provided.
Therefore, the normalized, sectional force coefficients are calculated according to (4.6). Before
starting the analysis of the results, some notes on the basic ideas for the determination of the
guantity are described briefly.

The coefficient is used to present the spanwise distribution of the forces for a certain number of
sections N, for the evaluation. The distribution of the sections, within these investigations, is
constant in spanwise direction with Ng,. = 20. Furthermore, the coefficient has to provide results
for the resolved simulation as well as for the modeled simulation for allowing comparison. For the
resolved simulation, the forces are obtained by surface integration, while for the modeled
simulations, the forces result out of volume integration. Due to the discretization, the integration is
substituted by a sum. In order to check if the force of a certain element, face or cell, contributes to a
certain section, the centroid of the element is considered. Is the latter positioned within the region,
the whole elements contributes to the section. The principle is comparable to that applied for the
velocity averaging and the source distribution of the modeled approaches. Since the cells of the
mesh are not continuously distributed along the spanwise direction, one section can include more
cells than the adjacent section and consequently, the obtained forces for the section are higher. In
order to prevent this behavior, the forces are related to the effective projected area or effective
volume within the section, respectively. In addition, for the modeled approaches the volumes are
multiplied with the local value of the distribution function, since the source terms inherently include
the weighting. Finally, the results are extended by the ideal area or volume within a section. This
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volume is different between the AD and AL approach, due to the definition of the ideal quantity. The
representative radius for a certain section is the mean radius of each section. The latter is used for
plotting the spanwise position of the corresponding normalized, sectional force coefficient.

In Figure 68, the distribution of the normalized, sectional thrust and circumferential force coefficient
along the spanwise direction is presented. At first, the distributions associated to a solidity of
o3p = 0 are considered. For both angles of attack, a common distribution known of a wing is
obtained. The values of the thrust coefficient scale almost linear with the angle of attack from
a = 2.5°to @ = 5.0°. This result is caused by the dominating contribution of the lift to the thrust. For
the circumferential force, the scaling is evidently non-linear. In the next step, the results for the
solidity of a3, = 1/3, representing strong mutual interaction, are considered. In a global view, for
both angles of attack, the sectional forces are decreased in comparison to the non-influenced case
with a solidity of a3;p = 0. The description therefore is already provided within the discussion for the
overall coefficients and is caused by the modified inflow conditions, induced by the upstream located
blade. However, the sectional thrust and circumferential force are increased locally in the vicinity
blade tip. The higher loading occurs due to the interaction of a certain blade with the blade tip
vortices of the upstream located blades. Due to the contraction of the flow in streamwise direction,
the blade tip vortices are shifted to smaller spanwise positions and consequently, the interaction of
the vortices with the downstream located blades takes place on the blade surface. For spanwise
positions, greater than those of the axes of the vortices, the induced velocity of the latter increases
the local angle of attack and subsequently, the lift in this region. The effect is more pronounced the
higher the angle of attack of the blade. Due to the contribution of the lift to the thrust as well as to
the circumferential force, the increasing local loading is detectable in both distributions. In addition,
the drag is increasing as well with higher angles of attack caused by the interaction with the vortices.
The results for the solidity o3p = 1/9 show the same trend, but reasonably, not that pronounced.
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Figure 68: Normalized, sectional thrust and circumferential force coefficient along the spanwise direction. The results for
the angles of attack of a« = 2. 5° (non-filled symbols) and a = 5. 0° (filled symbols) are shown. Resolved.

For a better visual imagination of the flow field, in Figure 69, isosurfaces of the normalized, axial

vorticity for a value of al)]—"b = —10 are plotted. In particular, the influence of the solidity on the

0

vortex formation shall be illustrated. Therefore, the isosurface associated with the solidity of a5 = 3
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is orange highlighted, with the solidity of a3 = %is blue highlighted, and with the solidity of a3 = 0
is green highlighted. Comparing the results for the smaller angle of attack of & = 2.5° (left) with that
of the higher angle of attack of &« = 5.0° (right), it is evident the cross section of the isosurface is
larger which is related to a higher vorticity inside. Moreover, the deflection of the vortices in
negative spanwise direction with increasing angle of attack, caused by the contraction of the flow, is
detectable. The same trend is visible for higher solidities also. Basically, the higher the angle of attack
and the solidity, the stronger is the interaction of the blade with the vortices of the upstream located

blades. The highest interaction occurs for the angle of attack of @ = 5.0° and the solidity of a5, = % .

For this operating point, the vortex of the upstream located blade, represented by the isosurface,
matches the surface of the blade. For the smaller angle of attack of @ = 2.5° and the same solidity,
the vortex is located more downwards. A similar behavior, but with a different strength of the vortex,

is obtained for the angle of attack of « = 5.0° and the solidtiy of o3, = é. Comparing the results with
the distribution of the forces presented in Figure 68, the described local increase of the forces in the

blade tip region is proofed.

T . S

Figure 69: Isosurfaces of the normalized, axial vorticity for a value of ‘;—"b = —10 are shown in the blade tip region. The

top row depicts the suction side and the bottom row the pressure sides of the blades. The left column presents the
results for an angle of attack of & = 2. 5° and the right column for an angle of attack of a = 5. 0°. The isosurface for the
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solidity of o3p = % is orange highlighted, for the solidity of o3p = % is blue highlighted, and for the solidity of o3, = 0 is
green highlighted.

Although the isosurface shows the location of the vortices relative to the blade appropriately, in

. . . . .. wWyb
Figure 70, slices of the normalized, axial vorticity for values smaller than UL < —1 are shown and

o]

contoured to present the strength of the vortices more detailed and allow for a better visualization
of the contraction of the flow. Recalling (4.5), the segment loading is proportional to the thrust of a
single blade and the solidity. According to the momentum theory, the contraction of the flow is
higher for higher segment loadings. In addition, the strength of the vortices is also higher for higher
segment loadings. The highest segment loading within the present investigation is obtained for an

angle of attack of @ = 5.0° and a solidity of o3 = L As it is visible in Figure 70 (bottom, left), the
3

contraction of the flow is the highest compared to the other operating points. The same statement
can be made for the strength of the vortices. In particular, the above declared interaction of the
vortices with the blade is well detectable. An interesting aspect concerning this operating point is
that due to the interaction of the upstream vortex with the blade a larger diameter of the vortex core
appears. Finally, the stand-alone wing shows a commonly increased strength of the vortices for
higher angles of attack, obviously.
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Figure 70: Slices of the normalized, axial vorticity for values smaller than l'l)]—"b < —1. The slices are located in the range of
-1< ’—: <2 with’—: = 0 set at leading edge. The distance between two slices equals % = 0.5. The angles of attack of

a = 2.5° (top) and a = 5.0° (bottom) are provided for the solidities of o3p = % (left), o3p = %(middle) ando3p =0
(right). Resolved.

In addition, for the resolved blade simulation, the distribution of the local thrust and circumferential
force coefficient is presented in order to detail the result of the interaction on the blade. In Figure 71,
the local thrust distribution is shown for the angles of attack of @ = 2.5° (top) and a = 5.0°
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(bottom). The depicted solidities are a3p = % (left), o3p = % (middle), and a3p = 0 (right). In the

blade tip region, surface streamlines are included to visualize the influenced region of the vortical
structures. For both angles of attack, the increased local thrust in the vicinity of the blade tip, for
higher solidities, is detectable. In particular, the interaction of the blade with the vortex provides at
the leading edge an increased contribution to the thrust for higher solidities due to the
aforementioned local increase of the angle of attack caused by vortex. In addition, the interaction

shows a larger influenced region considering the surface streamlines for higher solidities.
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Figure 71: Distribution of the local thrust coefficient Cr ¢ in the blade tip region. The solidities of o3) = % (left), o3p = %
(middle) and o3p = O (right) are presented for the angles of attack of a = 2.5° (top) and a = 5.0° (bottom).
Additionally, the surface streamlines are inserted.

For the distribution of the local circumferential force coefficient, in Figure 72, the same layout is
chosen as in the previous Figure 71. The local circumferential force is increased in the blade tip
region as well as the local thrust caused by the interaction with the vortices. In contrast to the local
thrust, which is increased mainly at the leading edge of the blade, the local circumferential force is
increased on the whole suction side of the blade. The main reason therefore, is the reduced pressure
caused by the vortices on the suction side. The influence becomes more pronounced, the higher the
angle of attack and the solidity, because the strength of the vortices is higher and they are located
closer to the surface of the blade. The topology of the vortices can be detected with help of the
surface streamlines as well.
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Figure 72: Distribution of the local circumferential force coefficient Cr, ; in the blade tip region. The solidities of o3 = %

(left), o3p = % (middle) and o3p = O (right) are presented for the angles of attack of & = 2.5° (top) and a@ = 5.0°
(bottom). Additionally, the surface streamlines are inserted.

Conclusion and required modeling capabilities: This test case is based on the two-dimensional test
case and is designed for evaluating the influence of the three-dimensional effects. The interaction
leads to a reduction of the forces with increasing solidities and increasing angles of attack. In
particular, the spanwise distribution of forces is changed due to the influence of the mutual
interaction of the blades. Consequently, the modeled approach shall predict the overall forces as well
as the spanwise distribution appropriately. In addition, the wake field shall be captured appropriately
also.
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Actuator Disc Approach with PanBL

In this subsection, the results of the actuator disc coupled with PanBL are presented and compared
to those of the resolved simulation. The parameter set for the present investigation is extended in
contrast to the resolved simulation. While the advance ratio and the set of angles of attack is kept

equally, with J = 0.25 and a = {2.5°,5.0°}, respectively, the set of the solidity equals o;p =

111 1 1 . . . . .
}. In addition, the limiting value of the two-dimensional test case is inserted

according to g, = g3p = 0, to obtain the result for the non-influenced wing. The parameters for
actuator disc are taken over from the two-dimensional test case and read AR, = SR,, = 0.2,
AR; = SR; =0.1c,and AR, = SR, = 0c.

In Figure 73, the thrust and the circumferential force coefficient of a single blade depending on the
solidity are presented for an advance ratio of ] = 0.25. Considering the thrust coefficient, the global
behavior obtained by the AD-PanBL approach agrees appropriately with that of the resolved
simulation. Apparently, the higher the solidity, the better is the prediction of the approach. In the
next step, an additional description concerning the choice of the set of solidities is provided. For both

approaches, the resolved and the actuator disc, the set includes the solidities o3p = {%%}
Consequently, a one-to-one comparison of the resulting coefficient is legitimated. For the resolved
simulation, the solution for the solidity of a;p = 0is calculated by a modification of the boundary
condition to obtain the stand-alone blade. For the actuator disc model, the result for the latter
solidity represents, basically, a stand-alone blade solution as well. However, due to the definition of
the inflow condition for the actuator disc approach, the disturbance of the other blades as well as the
influence of the blade itself vanishes if the solidity tends to zero. Subsequently, the influence of the
self-induced velocity of the considered blade is not captured by the approach. The result is a flow
around the blade with constant, non-disturbed inflow conditions along the spanwise direction.
Consequently, the resulting coefficients for the solidity in two and three dimensions g, = g3p = 0
are equivalent. In order to proof the behavior of the coefficients while converging the limit, the

- 1 1 1 . .
solidities of a3p = {E’ﬁ'ﬁ} are added in the input space.
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Figure 73: Three-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J=0.25. AD-PanBL: Solid line; Resolved: Dashed line.
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It is visible that the thrust coefficient converges smoothly to the result of the two-dimensional test
case. The discrepancy of the results for lower solidities can be declared with the above stated
relationships as well. The trend of the circumferential force coefficient shows a reasonable
agreement between the approaches. However, the circumferential force coefficient converges
smoothly to result for the limiting value also.

For a detailed quantitative discussion, in Table 12, the deviations of the thrust and circumferential
force coefficient obtained by the actuator disc related to the results of the resolved simulation are
shown. At first, consider the relative deviation of the thrust coefficient. While the quantities obtained
by the different models agree well for high solidities, the prediction for the lower ones is worse. The
relative deviation for the solidity o3p =0 reads ACr3p e ap(0.25,0,2.5°) = 28.15% and
ACr 3p,re1,ap(0.25,0,5.0°) = 26.88%. In the following, the reasons for the discrepancy are provided.
As discussed in the previous subsection, the two-dimensional thrust coefficient for the resolved

simulation is evidently higher than the three-dimensional one. For the present operating points the

ratios of the coefficients reads %(0.25,0, 2.5°) = 1.158 and 227es (0 25,0, 5.0°) = 1.155.
D

T,3D,res Cr3D,res

Furthermore, within the two-dimensional test case, it is described that the AD-PanBL overestimates
the thrust coefficient compared to the resolved simulation by approximately 8%, see 3.3. Although
the advance ratio differs, the value can still be used for a rough estimation. Taking into account both
aspects, the thrust coefficients for the present operating points can be estimated to be too high by
approximately 25%. Obviously, the reasons for the deviations are detected. As stated in the
description of the state-of-the-art, for propellers, a tip loss factor can be invented. This factor can
increase the accuracy of the prediction for the actuator disc method, in particular for low solidities,
by taking into account the finite number of blades by the distance between the wake sheets of two
adjacent blades, see [1]. For the present test case, the application of the propeller tip loss factor is
not intended, since the properties of the approaches can be investigated easier by excluding that
additional effect. Considering higher solidities, the agreement with the resolved simulation is better,
reasonably. On the one hand, for higher solidities, the influence of the induced flow around the
blade, caused by the blade itself as well as the mutual interaction of all blades within the cascade, is
captured better. In addition, as already detected within the two-dimensional test case, the AD-PanBL
approach provides a more negative slope of the thrust over the solidity than it is obtained for the
resolved simulation.

Table 12: Relative deviation of the thrust and circumferential force coefficient for the AD-PanBL simulation related to the
resolved simulation.

03D ACr3pret,ap ACrx 3D rel,aD
a=25° a =5.0° a=25° a =5.0°
1/3 6.19 % 3.68 % —17.33% —9.38 %
1/9 9.39 % 8.61 % —9.94 % —2.16 %
0 28.15 % 26.88 % 0.85 % 4.77 %

While the results for thrust coefficient of the two approaches are in good agreement for high

solidities, the results for the circumferential force coefficient show an inverted behavior. In this case,

the discussion is started with the high solidity of g;p =§, to declare the reason for the large

deviation at first. Obviously, the discrepancy of the force coefficients between the two approaches is

almost doubled for an angle of attack of @ = 2.5°in contrast to an angle of attack of & = 5.0°.

However, the absolute deviation of the value is comparable. Recall the results of the two-
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dimensional test case for the advance ratio of ] = 0.25. The circumferential force coefficient shows
for the AD-PanBL and the resolved simulation for an angle of attack of @ = 0° a comparable absolute
deviation as for this test case, see Figure 46. The difference occurs due to the underestimation of the
zero-lift drag by PanBL with respect to the resolved simulation. For lower solidities, the deviation of
the circumferential force coefficients gets smaller. As discussed for the thrust coefficient, the lift is
overestimated by the actuator disc approach for lower solidities. Due to the contribution of the lift to
the circumferential force, the underestimation of the latter caused by the zero-lift drag is partly
compensated by the overestimated lift. It has to be remarked, that the discrepancy is smaller for
higher advance ratios, assuming moderate of lift coefficients. Therefore, the contribution of the lift
dominates that of the drag to the circumferential force, in general.

In the following, the spanwise distribution of the forces is discussed. The normalized, sectional thrust
coefficient according to (4.7) is calculated for this purpose. The same constant distribution as for the
resolved simulation with Ng,. = 20 is applied. For the investigation, solely a subset of the operating
points is discussed. Therefore, the points allowing a one-to-one comparison are taken. These are the
points for the solidities of o3p = {%,%} Although for the operating point with the solidity of a;p = 0
a one-to-one comparison is possible as well, the distribution does not give any additional
information. While for the resolved simulation a common distribution of a finite wing is obtained, the
actuator disc simulation results into a constant distribution along the spanwise direction. In Figure
74, the distribution of the normalized, sectional thrust and circumferential force coefficient along the
spanwise direction is shown.
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Figure 74: Normalized, sectional thrust and circumferential force coefficient along the spanwise direction. The results for
the angles of attack of & = 2.5° (non-filled symbols) and a = 5. 0° (filled symbols) are shown. AD-PanBL: Solid line;
Resolved: Dotted line.

At first, the distribution of the thrust coefficient for the solidity of a5 = %is discussed. For an angle

of attack of @ = 2.5° the sectional thrust coefficient is in good agreement with the resolved
simulation along the spanwise direction. In particular, the higher loading in the region of the tip is
represented correctly. For an angle of attack of @ = 5.0°, the results matches well also. While the
actuator disc shows a slightly higher loading over the whole wing span, in the vicinity of the blade tip,
the sectional thrust is predicted well. Considering the solidity of a;p = %, the agreement is not that
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good. For an angle of attack of @ = 2.5, the prediction along the spanwise direction is provided
appropriately by the actuator disc regarding the resolved simulation. However, in the vicinity of the
blade tip, the actuator disc highly overestimates the thrust. For the higher angle of attack of a =
5.0°, the sectional thrust coefficient is overestimated over the whole span and in particular, in the
vicinity of the blade tip. The discrepancy between the results in the blade tip region is mainly
associated to the actuator disc model, whereas the deviation along the spanwise direction is caused
by the overpredicted lift by PanBL. In the following, the distribution of the circumferential force
coefficient is discussed. Excluding the tip region, the latter is underestimated by the actuator disc
approach regarding the resolved simulation for each presented operating point. As stated for the
overall coefficients above, the difference of the predicted zero-lift drag is the reason therefore, in
particular, the lower the contribution of the lift. Considering the circumferential force in the vicinity

. . 1
of the blade tip, solely for the advance ratio a3, = 3 and an angle of attack of @ = 5.0, at least, the

trend is represented correctly. The absolute values are predicted too small for all operating points. As
described for the resolved simulation, a distinct increase of the circumferential forces is obtained in
the blade tip region due to the interaction of the flow with the blade tip vortices of the other blades.
The actuator disc approach cannot capture the effect appropriately. In the resolved simulation, the
interaction of the vortex with the blade leads to a complex flow field. Depending on the position of
the axis of the vortex with respect to the blade, the induced velocity at the surface of the blade is
modified and the local pressure distribution as well. Furthermore, due to the pressure field,
separation of the flow can occur. The actuator disc approach condenses the whole information,
introduced by the vortex, into inflow conditions for a section. In particular, the vortex is changing the
local inflow angle for a section. Consequently, the angle of attack of the blade is modified as well.
The angle of attack influences mainly the lift of the section. The drag of the section, provided from
two-dimensional airfoil data, is that of an airfoil for non-disturbed inflow conditions. Occasionally,
local regions of separated flow occur at the blade due to the local pressure distribution within the
cascade, while occurring not for the undisturbed airfoil at the same angle of attack. Resulting, the
increase of the lift is appropriately captured and the drag is underdetermined. In addition, a modified
inflow angle, leading to an increased angle of attack, provides a decreased fraction of lift added to
the circumferential force. Putting those aspects together, the underestimation of the circumferential
force caused by the interaction is declared.

. . . . .. wWyb
In Figure 75, slices of the normalized, axial vorticity for values smaller than UL < —1 are shown and

o]

contoured for the actuator disc approach. Basically, the three slices show the same result for one
operating point. This is caused by the definition of the actuator disc approach which does not allow a
variation in circumferential direction. The trend of the contraction of the flow is represented
correctly regarding the resolved simulation. The higher the segment loading, the higher is the
contraction. Furthermore, the increased strength of the vortex sheet with higher segment loading is
visible also. Nevertheless, the result is expected like this, since the overall forces also show the
correct trend. An interesting fact is that the higher loading in the region of the blade tip is predicted
correctly by the actuator disc approach for the operating points with higher segment loading.
Recalling the basic principles of the approach according to the theory chapter and considering a
crossflow plane, the circulation in the vicinity of the blade tip, in particular for a constant load
distribution, is introduced by vertical vortex sheet aligned with the tip of the blade. Consequently,
solely a downwards induced velocity along the span is obtained. However, for non-constant load
distributions, the center of the rotation moves and consequently, the local induced velocity in
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vertical direction can change the sign along the spanwise direction. Considering the operating point
for the advance ratio g3p = 3 and an angle of attack of @ = 5.0, it is visible that the vortical region

moves in spanwise direction inwards. As a result, the induced velocity in the blade tip region is
pointing upwards and leads to a smaller inflow angle, higher angle of attack, higher lift, and finally, to
an increased thrust. The result is in accordance with the force distribution along the spanwise
direction. Furthermore, the strength of the vorticity for the different operating points is correlated
with the level of the peak at the blade tip.
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Figure 75: Slices of the normalized, axial vorticity for values smaller than ‘;—"b < —1. The slices are located in the range of

0

0< % <1 with% = 0 set at leading edge. The distance between two slices equals% = 0.5. The angles of attack of

a = 2.5°(top) and a = 5.0° (bottom) are provided for the solidities of a3, = g (left), o3p = %(middle) andosp =0
(right). The isosurface (grey) represents the source region. AD-PanBL.

Actuator Line Approach with PanBL

This subsection provides the results for the actuator line approach coupled with PanBL and a
comparison with the resolved simulation. The parameter set for this investigation is the same as for

the resolved simulation. Consequently, the advance ratio reads ] = 0.25, the solidities are set to

O3p = {%,%,0}, and the angles of attack to ¢ = {2.5°,5.0°}. The model specific parameters for the

actuator line are based on the two-dimensional test case and read AR,, = SR, = 0.2 ¢, AR; =
SR, =0.1c, and AR, = SR, = 0 c. Furthermore, all regions are equally spaced in both direction of
the line, e.g., AR, x = ARy, = AR,,.

Figure 76 shows the thrust and the circumferential force coefficient of a single blade depending on
the solidity for an advance ratio of ] = 0.25. Similar to the AD-PanBL simulation, the prediction of
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the AL-PanBL for the thrust coefficient is appropriate with respect to that of the resolved simulation.
Basically, the higher the solidity, the smaller is the deviation. The trends obtained for the
circumferential force coefficient are comparable to those of the AD-PanBL simulation also.

—t— @, =2.5° —a—— 0 =2.5°
0.6 —— ;= 5.0° 0.06 —— o0:=5.0°
| !
3 | g
0.4 0.04 S
o < g | ‘~\‘_7
op- i \“m‘\\ Ou- K M
i ¢ -‘\" B ‘\ﬁ\"‘“—
0.2\ G N 0.02 e gl T
| k- ~ | N
| -"-~__~_=_g L
L T Bl
0 0.1 0.2 0.3 04 0 0.1 0.2 03 0.4
O3p O3p

Figure 76: Three-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J=0.25. AL-PanBL: Solid line; Resolved: Dashed line.

In the following, the quantitative discussion is provided. Therefore in Table 13, the deviations of the
thrust and circumferential force coefficient determined by the actuator line related to the results for
the resolved simulation are presented. In contrast to the actuator disc approach, the results for the
solidity a3 = 0 can be determined directly. Considering the thrust coefficient, the highest deviation
is obtained for the latter solidity. The reason for the deviation can be declared basically by the
overestimation of the lift by PanBL. By definition of the actuator line approach, the induced velocity
of blade tip vortex is included in the determination of the inflow conditions. Consequently, if the
approach is consistently implemented, mainly the airfoil data causes the deviation. Recalling from
the last subsection, the overestimation of the thrust coefficient by PanBL obtained for the two-
dimensional test case reads ~ 8. For the stand-alone blade, the deviations for the operating points
read ACr2p rer41(0.25,0,2.5°) = 9.07% and ACr2p rer 41(0.25,0,5.0°) = 8.02%. Obviously, the
deviation is comparable. Nevertheless, this comparison should serve only as a rough estimation,
since the advance ratios are not identical. However, due to the resulting small difference in the
inflow angles the made conclusion is justified. As an additional effect that has to be taken into
account, recall the results of the two-dimensional test case by AL-PanBL. For the solidity of o, = 0,
the thrust coefficient shows a better agreement the higher the loading of the airfoil due to two
counteracting effects. On the one hand, PanBL overestimates the lift for a certain angle of attack and
on the other hand, the averaging procedure establishes a too small angle of attack. For the present
loading in the symmetry plane of the wing, the deviation caused by the averaging procedure, found
for a comparable loading by the two-dimensional test case, can be estimated to be less than 4%.
Subsequently, the thrust obtained by the AL-PanBL approach includes this reduction, in particular, for
spanwise positions with higher sectional loading. Considering higher solidities, the deviation of the
predicted thrust between the approaches is smaller. This trend is detected for the AL-PanBL
approach in the two-dimensional case as well.
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Table 13: Relative deviation of the thrust and circumferential force coefficient for the AL-PanBL simulation related to the
resolved simulation.

O3p ACr3p rel ACpy3prel
a=2.5° a =5.0° a =2.5° a =5.0°
1/3 5.68 % 2.63 % —17.68 % —9.50 %
1/9 6.85 % 5.97 % —11.51 % —2.81%
0 9.07 % 8.02 % —6.87 % 0.57 %

Concerning the deviation of the circumferential force coefficient, an inverted trend related to that of
the thrust coefficient is shown, as already described for the AD-PanBL approach in the previous

subsection. The discussion is started with the solidity of o3p = % The deviation for this solidity is the

highest with respect to the resolved simulation, but it is comparable to that of the AD-PanBL
approach for both angles of attack. The reason therefore is, as described for the AD-PanBL approach,
the underestimation of the zero-lift drag by PanBL related to the resolved simulation. For the lower
solidities, the deviation is smaller compared to the AD-PanBL. Since the lift is overpredicted in this
case as well, the contribution of the lift to the circumferential force compensates the underestimated
zero-lift drag in parts also. In particular for the solidity of o3, = 0, the overestimation of the lift by
the actuator line is much smaller than by the actuator disc. Consequently, the contribution of the lift
to the circumferential force is smaller also. This fact declares the spreading of the deviations
between the AD and AL approach with respect to the resolved simulation.

After presenting the overall quantities, in the next step, the distribution of the forces along the
spanwise direction is presented. The discussion is made with the normalized, sectional thrust
coefficient according to (4.7). Consistently, the constant distribution with N, = 20 is applied. For
the present investigation, the same operating points as for the resolved simulation are shown.
Therefore, in Figure 77 the distribution of the normalized, sectional thrust and circumferential force
coefficient along the spanwise direction is provided.
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Figure 77: Normalized, sectional thrust and circumferential force coefficient along the spanwise direction. The results for
the angles of attack of @ = 2.5° (non-filled symbols) and ¢ = 5. 0° (filled symbols) are shown. AL-PanBL: Solid line;
Resolved: Dotted line.
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At first, the distribution of the thrust coefficient for the stand-alone blade represented by a solidity
of o3p = 0 is discussed. For both angles of attack, « = 2.5° and o = 5.0°, the known distribution of a
wing is obtained, reasonably. However, the actuator line approach overestimates the sectional thrust
with respect to the resolved simulation for almost the whole range distinctly. The reason therefore is
the already stated overprediction of the lift by PanBL. In the next step, the sectional thrust coefficient

for the solidity of o3p = gis discussed. For an angle of attack of a = 2.5°, the result obtained by the

AL-PanBL simulation is in very good agreement with respect to that of the resolved simulation. The
distribution along the spanwise direction as well as the blade tip region is captured correctly. For the
angle of attack of a = 5.0°, the agreement is well also, evenly, in the blade tip region. Nevertheless,
it can stated, the higher the loading, the worse is the agreement of the AL-PanBL with respect to the
resolved simulation. For this solidity, including strong interactional effects, the overestimation of the
sectional thrust coefficient by PanBL is slightly compensated by the overpredicted interactional
effects of the actuator line method which is already observed for the two-dimensional test cases. The

distribution of the thrust coefficient along the spanwise direction for the solidity of o3p = 5 agrees

acceptable between the modeled and the resolved approach. Along the spanwise direction, the
overpredicted lift of PanBL leads to higher thrust values, while in the blade tip region, the impact of
the interaction with the vortices is underestimated. In the following, the distribution of the

circumferential force coefficient is analyzed. Considering a solidity of a3p = %and an angle of attack

of @ = 2.5°, the impact of the underestimation of the zero-lift drag by PanBL becomes visible along
the spanwise direction at most. The discrepancy in the region of the blade tip, however, is associated
to the actuator line modeling. As described for the actuator disc in the previous subsection in detail,
solely the inflow conditions for a section represent the behavior of a section. Consequently, the
complex vortex field in the presence of a vortex cannot be handled exactly by condensing the whole
information into inflow conditions only. Nevertheless, as already detected for the actuator disc
approach in the previous section, the contribution of the overestimated lift, in particular for the
operating points with lower solidities, compensates the underestimated zero-lift drag in parts.

. . . . .. wyb
In Figure 78, slices of the normalized, axial vorticity for values smaller than UL < —1 are shown and

(=]

contoured for the actuator line approach. In contrast to the actuator disc approach, the ability to
resolve the vortices is well visible. In general, the trends are represented correctly compared with
the resolved simulation. This concerns the contraction of the flow as well as the higher strength of
the vortices for higher segment loadings. Comparing the vortices of the actuator line simulation with
those of the resolved simulation, it is detectable that the position of the cores is predicted

appropriately, while the size differs. For the advance ratio of o3p = %and an angle of attack of

a = 5.0, the tip vortex of a certain line even merges with the tip vortex of the upstream located line
slightly downstream of this certain line. Consequently, the positions of the vortices predicted by the
different methods do not match for this operating point. The reason therefore is the overestimated
size of the vortices which is caused by the origin of the vortex. For the resolved simulation, the vortex
arises from a separation of the flow at the blade tip. Consequently, the initial scale of the vortex is
dominated by the size of the boundary layer. In contrast, for the actuator line approach, the vortex
arises due to the source term region and is mainly dominated by its width SR,,. By reducing the
width, the initial core size could be reduced as well, depending on the resolution of the mesh. As
already stated, the cell sizes for this test case are set smaller than necessary for the generalized
actuator disc approach to avoid an influence of the mesh on the results and allow for an investigation
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of the model parameters. From this point of view, the width can be reduced. On the other hand, the
results of the independency study for the actuator width show a minimum required width to obtain
an independent result. Furthermore and in particular for real-world applications, the prediction has
to provide appropriate accuracy for coarse meshes to save computational effort. Nevertheless,
according to the obtained forces, the quality of the prediction is good enough. As a side note,
comparing the interaction of the vortex with the actuator line with that of the vortex with the

. 1 . .
resolved blade for the advance ratio of ag;p = 3 and an angle of attack of & = 2.5, a similar behavior

is detected. In both cases is the vortical structure divided into two smaller structures. While it is
known that the presence of the solid wall causes this effect, the presence of the source term results
in a similar effect. Finally, the stand-alone airfoil is discussed briefly. The basic behavior is captured
appropriately. Both, the tip vortex as well as the vortex sheet emanating from the trailing edge is
captured. Nevertheless, the larger scale of the width of the actuator line compared to the trailing
edge results in a different representation of the vortex sheet. While the vorticity is locally high for
the resolved blade, a wider-distributed result with lower vorticity is obtained for the actuator line.
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Figure 78: Slices of the normalized, axial vorticity for values smaller than ";—"b < —1. The slices are located in the range of
0
-1< % <2 with% = 0 set at leading edge. The distance between two slices equals % = 0.5. The angles of attack of

a = 2.5° (top) and a = 5.0° (bottom) are provided for the solidities of a3p = % (left), o3p = %(middle) andosp =0
(right). The isosurface (grey) represents the source region. AL-PanBL.
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Actuator Disc Approach with 2D-CFD

In this subsection, the results of the actuator disc coupled with 2D-CFD are presented and compared
to those of the resolved simulation. The parameter set used for this investigation is in accordance to

that applied for the AD-PanBL approach. The advance ratio reads ] = 0.25, the angles of attack

a = {2.5°,5.0°}, and the set of the solidity equals o35 = {l I } The actuator disc

parameters are kept the same for as well are set to AR,, = SR,, = 0.2 ¢, AR; = SR, = 0.1 ¢, and
AR, = SR, = 0 c. The choice of the parameters is motivated within the description of the AD-PanBL
simulation.

The thrust and the circumferential force coefficient of a single blade depending on the solidity are
presented for an advance ratio of ] = 0.25 in Figure 79. The global trend of the thrust coefficient
agrees well between the AD-2C approach and the resolved simulation. Even the global behavior of
the circumferential force coefficient is represented appropriately. Primarily, the made statements
are valid for the operating points that allow for a one-to-one comparison. These points are related to

the solidities of o3p = {%%} For the lower solidities, the lack of capturing three-dimensional effects

leads to the discrepancy. The additional operating points for the solidities of o3p = {2—15,%,%.0}

provide a continuous convergence of the forces to the limit for the solidity of a;p = 0.
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Figure 79: Three-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J=0.25. AD-2C: Solid line; Resolved: Dashed line.

In the following, the quantitative discussion is presented. Therefore, in Table 14, the deviations of
the thrust and circumferential force coefficients obtained by the actuator disc related to the results
of the resolved simulations are shown. The relative deviation of the thrust coefficient for the solidity
of a3p = 0 is caused by the three-dimensional effects. Obviously, since the numerical method for
generating the airfoil data is identical, solely the dimensions differ. For the clarification of the three-
dimensional effects, the description within the presentation of the resolved simulation is referred.
The higher the solidity, the better is the prediction of the thrust by the actuator disc approach.
Therefore, the flow around the blade, induced by itself, and the mutual interaction of all blades
within the cascade is captured better. The better prediction for higher solidities is detectable for the
AD-PanBL simulation also. However, since the airfoil data is calculated by the execution of the same
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solver within the present investigation, the deviation can be addressed mainly to the actuator disc
approach. The more negative slope of the thrust over the solidity, as already stated for the two-
dimensional test case, is visible for both angles of attack as well.

Table 14: Relative deviation of the thrust and circumferential force coefficient for the AD-2C simulation related to the
resolved simulation.

03p ACr3pret,ap—2c ACrx3pret,aAD—2¢C
a=2.5° a =5.0° a=2.5° a =5.0°
1/3 1.16 % —0.66 % —0.48 % —2.59%
1/9 2.37 % 2.08 % 0.74 % —0.24 %
0 15.77 % 15.45 % 6.16 % 3.51%

In contrast to the coupling with PanBL, the coupling with the 2D-CFD shows a good agreement for
the circumferential force coefficient as well. Due to the application of the same numerical method
for both, the calculation of the section within the actuator disc approach as well as the whole blade
within the resolved simulation, the zero-lift drag for the airfoil is equal. Resultantly, the deviation can
be attributed mainly to the actuator disc modeling. Considering the deviation of the circumferential
force coefficient for the solidity of a3, = 0, the contribution of the overestimated lift is clearly

visible. For the higher solidities, of a;p = {%,%}, the influence of the lift appears also. Nevertheless,

the circumferential force coefficient is predicted slightly too small for the highest solidity and the
highest angle of attack. A reason therefore is that the additional, interactional drag, caused by the
complex flow field within the cascade, is not captured appropriately.

In the following, the distribution of the forces along the spanwise direction is provided. Therefore,
the normalized, sectional thrust coefficient according to (4.7) is calculated with the same constant
distribution as for the resolved simulation with Ng,. = 20. In accordance to the investigation of the
AD-PanBL approach, solely a subset of the operating points, allowing a one-to-one comparison, is

considered. These are the points for the solidities of a3 = {é%}
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Figure 80: Normalized, sectional thrust and circumferential force coefficient along the spanwise direction. The results for
the angles of attack of a = 2.5° (non-filled symbols) and @ = 5. 0° (filled symbols) are shown. AD-2C: Solid line;
Resolved: Dotted line.
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The analysis is started with the thrust distribution for the solidity of o3p = é Excluding the blade tip

region, a very good agreement between the actuator disc and the resolved simulation is achieved.
For the angle of attack of @ = 2.5°, the higher loading in the tip region is predicted appropriately,
although the value itself is provided too low compared to the resolved simulation. A comparable

behavior is obtained for the higher angle of attack of @ = 5.0°. For the solidity of a3, = %, the thrust

coefficient obtained by the actuator disc approach meets that of the resolved simulation also very
well for both angles of attack, except in the blade tip region. In the latter, the prediction of the
actuator disc shows a slightly higher loading for the angle of attack of @ = 2.5°. For the angle of
attack of @ = 5.0°, the actuator disc approach overestimates the thrust in the blade tip region also.
Interestingly, the region with increased loading is predicted wider and with a lower local maximum
by the resolved simulation related to the actuator disc. Nevertheless, the statement made for the
AD-PanBL approach that the discrepancy between the resolved and the actuator disc simulation in
the blade tip region is caused mainly by the actuator disc modeling and in the remaining regions of
the wing mainly by the airfoil data generation is still valid. Rather, it evenly can be confirmed by the
herein presented results. Since for both simulations, a CFD calculation with the same solver on a
comparable mesh is included, the deviation due to the generation of airfoil data vanishes and
consequently, the spanwise distributions of the thrust coefficient, excluding the blade tip region, are
almost coincident. For the distribution of the circumferential force coefficient, a similar behavior as
for that of the thrust coefficient is obtained. Excluding the blade tip region, a very good agreement
between the actuator disc approach and the resolved simulation is shown. In contrast to the AD-
PanBL simulation that underestimates the zero-lift drag caused by PanBL, the present method
including a CFD calculation with the same solver on a comparable mesh provides appropriate drag
data. Considering the blade tip region, the shortcomings in modeling the three-dimensional effects,
as detailed for the AD-PanBL simulation, are visible. For each presented operating point, the higher
circumferential force obtained by the resolved simulation in blade tip region is not predicted by the
actuator disc simulation.

. . . . .. wyb
In Figure 81, slices of the normalized, axial vorticity for values smaller than UL < —1 are shown and

(=]

contoured for the actuator disc approach coupled with two-dimensional CFD. In general, the trends
of the contraction of the flow and the strength of the vortices for higher segment loadings are
comparable to those obtained by the AD-PanBL simulation. The absolute values for the vorticity are
predicted smaller by the AD-2C simulation caused by the overestimation of lift by PanBL.
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Figure 81: Slices of the normalized, axial vorticity for values smaller than ";L < —1. The slices are located in the range of
0

0< % <1 with% = 0 set at leading edge. The distance between two slices equals % = 0.5. The angles of attack of

a = 2.5° (top) and a = 5.0° (bottom) are provided for the solidities of a3, = g (left), a3p = %(middle) andozp =0
(right). The isosurface (grey) represents the source region. AD-2C.

Actuator Line Approach with 2D-CFD

This subsection includes the results for the actuator line approach coupled with 2D-CFD as well as the
comparison with the resolved simulation. The parameter set is taken over from the resolved
simulation and equals that applied for the AL-PanBL simulation. The advance ratio reads /] = 0.25,

the solidities are set togzp = {%%0} and the angles of attack to a = {2.5°,5.0°}. The model

specific parameters for the actuator line are in accordance to that applied for the AL-PanBL approach
and read AR,, = SR, = 0.2 ¢, AR; = SR; = 0.1 ¢, and AR, = SR, = 0 c. Furthermore, all regions
are equally spaced in both direction of the line, e.g., AR, x = AR, , = AR,,.

Figure 82 presents the thrust and the circumferential force coefficient of a single blade depending on
the solidity for an advance ratio of | = 0.25. The prediction of the AL-2C for the thrust coefficient is
in excellent agreement with respect to that of the resolved simulation. For the present approach,
even the circumferential force coefficient is predicted well.
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Figure 82: Three-dimensional thrust and circumferential force coefficient for one blade depending on the solidity. The
advance ratio is set to J=0.25. AL-2C: Solid line; Resolved: Dashed line.

In the following, the quantitative discussion is provided. The deviation of the thrust and
circumferential force coefficient determined by the actuator line related to the results for the
resolved simulation is presented in Table 15. Considering the deviation of the thrust coefficient at
first, the excellent agreement is confirmed. Since the AL-2C includes the three-dimensional effects as
well as the airfoil data obtained by CFD, the greatest sources for the deviations, found out in the
previous subsections, are remedied. Since trends of the deviations are not distinctively detectable
and several counteracting effects occur, the clarification of the origins is made by discussing the
spanwise distribution. For the present test case, the statements made for the thrust coefficient are
valid for the circumferential force coefficient also.

Table 15: Relative deviation of the thrust and circumferential force coefficient for the AL-2C simulation related to the
resolved simulation.

03p ACr3pretaL—2c ACrx3pret,aL-2¢
a=2.5° a =5.0° a=2.5° a =5.0°
1/3 1.07 % —1.19% —0.58 % —2.56 %
1/9 0.18 % —0.25% —0.96 % —0.84 %
0 —0.73 % —0.96 % —1.08 % —0.55%

The distribution of the forces along the spanwise direction is presented in the following. The
discussion is made again with the normalized, sectional thrust coefficient according to (4.7) using the
constant distribution with Ng.. = 20. The same operating points as for the AL-PanBL simulation are
shown. Therefore, in Figure 83 the distribution of the normalized, sectional thrust and
circumferential force coefficient along the spanwise direction is provided.
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Figure 83: Normalized, sectional thrust and circumferential force coefficient along the spanwise direction. The results for
the angles of attack of a = 2.5° (non-filled symbols) and a = 5.0° (filled symbols) are shown. AL-2C: Solid line;
Resolved: Dotted line.

Considering the distribution of the thrust coefficient for the solidity of o3p =§, an excellent

agreement is achieved between the AL-2C and the resolved simulation for the angle of attack of
a = 2.5° For the angle of attack of @ = 5.0°, in particular, discrepancies occur in the vicinity of the
blade tip. The latter is caused by the modeling of the actuator line approach. As described before, the
condensation of the complex flow field into an inflow condition is not able to capture all occurring
effects. The slightly underpredicted thrust coefficient along the spanwise direction is associated as
well with the actuator line approach. However, the reason therefore is already found out within the
investigation of the two-dimensional test case that the averaging procedure of the actuator line

provides a too small angle of attack for higher loadings of the blade. For the solidity of g3p = %, the

underestimation of the thrust along the spanwise direction is visible for both angles of attack as well.
While for the angle of attack of @ = 2.5°the flow characteristics in the blade tip region are
represented appropriately, for the angle of attack of a= 5.0°, the maximum of the coefficient is
predicted at a more inboards located position. The sources of the deviations are the same as
described for the higher solidity above. For the solidity of 35 = 0, the underestimation of the thrust
coefficient along the spanwise direction as well as the small shortcomings in modeling the three-
dimensional flow in the blade tip region are visible. Considering the circumferential force coefficient,
a very good agreement between the actuator line and the resolved simulation is obtained by
excluding the blade tip region. However, the smaller the solidity, the greater is the deviation due to
the contribution of the lift. The underestimation of the latter, caused by the averaging procedure of
the actuator line approach, is the reason therefore. The local maximum of the circumferential force
in the blade tip region is provided less distinctively by the actuator line approach compared to the
resolved simulation for solidities including mutual interaction (a5p > 0).

. . . . .. wyb
In Figure 84, slices of the normalized, axial vorticity for values smaller than UL < —1 are shown and
(o]

contoured for the actuator line approach coupled with two-dimensional CFD. In general, the trends
of the contraction of the flow and the strength of the vortices for higher segment loadings are
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comparable to those obtained by the AL-PanBL simulation. The absolute values for the vorticity are

predicted at lower levels by the AL-2C simulation caused by the overestimation of lift by PanBL.
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Figure 84: Slices of the normalized, axial vorticity for values smaller than ?]L < —1. The slices are located in the range of
0

-1< % <2 with% = 0 set at leading edge. The distance between two slices equals %=0.5. The angles of attack of

a = 2.5° (top) and a = 5.0° (bottom) are provided for the solidities of o3p = % (left), o3p = %(middle) andozp =0
(right). The isosurface (grey) represents the source region. AL-2C.

Overall Comparison and Conclusions

Before the results between the different methods are compared, a brief review of the important
aspects obtained by the resolved simulations for this test case is provided.

For the three-dimensional test case, solely the forward flight test case is investigated, but besides the
overall forces, the force distribution along the spanwise direction and the flow field are detailed.
Concerning the overall forces, the principal behavior is comparable to that of the two-dimensional
test case. The higher the solidity, the smaller the forces generated by one blade. Further, the higher
the angle of attack, the higher the forces. Basically, the modeled approaches capture the trends well.
As already remarked for the two-dimensional test case, the PanBL-based methods overpredict the lift
and underpredict the drag. Resultantly, the absolute values of the thrust are overpredicted and for
the circumferential force the prediction is depending on the considered operating point.
Furthermore, the influence of the reduced angle of attack obtained by the averaging procedure for
the AlL-based approaches is visible also. An additional effect, occurring in the three-dimensional test
case, is the overestimation of the lift by the AD-based methods for low solidities, since the three-
dimensional effects are not accounted sufficiently.
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Considering the spanwise distribution, the principal behavior of the forces is represented
appropriately also. The effects described in the previous paragraph, in particular those related to two
dimensions, are influencing the distributions of both forces along the spanwise direction distinctly.
Nevertheless, the absolute values are represented appropriately also by all approaches. Obviously,
the agreement with the resolved simulation is better captured by the 2C-based method. In the blade
tip region, the prediction of the characteristic of the thrust is provided appropriately, but the AL-
based method captures the three-dimensional effects better. The distribution of the circumferential
force in the blade tip region is predicted reasonable. Although the AL-based approaches agrees
better with the resolved simulation, both the AD-based as well as the AL-based approaches cannot
handle the increasing drag of the blade caused by the blade vortex interaction for higher solidities.

The representation of the wake field is predicted appropriately by all modeled methods. The
principal behavior of the wake, like the flow contraction with increased segment loading, is provided
also. By definition, the AD-based methods show only a vortex sheet while the AL-based methods
capture each vortex. The agreement of the predicted positions of the vortices by the latter is good
related to the resolved simulations. However, the sizes of the vortex cores are presented too large
depending on the widths of the actuator line. The application to the stand-alone wing shows a too
large extension of the vortex sheet in the wake of the wing as well.
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4.2 Three-Dimensional Propeller Test Case

As further increase in the complexity of test cases, the three-dimensional propeller test case is
presented. In contrast to the above presented test cases, the applied propeller is not of generic type.
Therefore, a three-bladed fixed-pitch propeller, investigated within the research project EUROPAS [3]
is applied. The investigation includes the resolved propeller simulations for generating reference data
as well as modeled simulations using the AD-PanBL and the AL-PanBL approach. The multi-domain
coupling is not applied for this test case.

4.2.1 Test Case Description

As mentioned in the introduction, the propeller is the same as used within the research project
EUROPAS [3]. The three-bladed fixed-pitch propeller allows for a manual adjustment of the reference
blade pitch angle. Nevertheless, for the present investigation, the angle is kept constant. The
reference blade-pitch angle defined at 75% of the tip radius (RBPA) reads 8,5 = 10°. The purpose of
the test case is, on the one hand, a comparison of the results between the different approaches, and
on the other hand, to show the reasonability of the prediction for inclined inflow conditions
regarding the propeller disc. For this reason, the angle of the disc relative to the inflow is set in the
range of 0 < ¢, < 90°. For the calculation of the airfoil data, only PanBL is applied within this
investigation. The propeller is presented in Figure 85 (left). The whole calculation domain is
presented in Figure 85 (right). The diameter of the propeller is D = 1.4 m. The configuration includes
an aerodynamically-shaped aft body. The latter is basically invented to avoid wake shedding of the
spinner. The length and shape of the aft body is designed in order to reduce the region of separated
flow. The dimensions of the domain are 15D in the axial direction and 10D in the other directions.

The range of the freestream velocity reads 16.67% SUyp < 33.34% and the range of the rotational

speed is set t0 25571 < n < 41.667 s~ 1. The associated range of the Reynolds number based on
the chord at 75% span of the blade reads 4.74 - 10° < Re < 7.97 - 10°.

Figure 85: Domain for the resolved propeller simulation. The rotating domain including blades and spinner (left) and the
stationary domain including the aft body and the rotating domain (right) is shown.
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4.2.2 Mesh Generation and Numerical Setup

In the following, a short description of the meshing strategy and the numerical setup is given. Firstly,
the setup for resolved propeller, secondly, that for actuator disc approach coupled with PanBL, and
lastly, that for the actuator line coupled with PanBL is presented.

Resolved Propeller

The blocking strategy and mesh generation are employed as detailed in [3]. The computational grid is
of block-structured hexahedron type. The blocking consists of two domains. The static domain,
including the aft body, embeds the rotational domain. The latter contains the propeller blades as well
as the spinner. Furthermore, the boundary layer is resolved in order to prevent the application of a
wall function. Therefore, the dimensionless wall distances for the cell centers of the wall-adjacent
cells are set to approximately y* =~ 1. In addition, the number of cells in the boundary layer along
the direction perpendicular to the wall is approximately 20. Taking into account the rotational
periodicity of the three-bladed propeller, only a sector of 120°is meshed, copied, and rotated to
obtain the mesh for the full disc. The rotating domain is inserted into the static domain and
connected by a sliding mesh interface [112]. The static domain consists of 151 blocks with 6.4 - 10°
cells while one-third of the rotational domain includes 598 blocks with 2.3 - 10°cells. In order to
suppress spurious oscillations at the sliding mesh interface, the ratios of the edge lengths of the cells
on both sides of the interface are set close to one. Figure 86 shows the mesh of the resolved
propeller.
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Figure 86: Mesh for the resolved propeller simulation. View showing the spinner and the blades (left) and view showing
the aft body (right) is provided.

In Figure 87, the surface mesh of the blade is exhibited in detail. In addition, the mesh of the spinner
is presented.
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Figure 87: Mesh for the propeller simulation. A detailed view of the spinner and a blade is presented.

For the resolved propeller, the URANS equations are solved by applying the k — w shear-stress
transport model (SST) [114]. Zonal LES results of the resolved propeller and LES results of the
actuator line can be found in Stuhlpfarrer et. al [115, 116]. Due to maximum blade tip velocity of
ugr = 183 m/s, the blade tip Mach number exceeds Ma > 0.3. Consequently, the compressible
pressure-based solver is chosen. For the SST model, viscous heating, compressibility effects, and a
production limiter are included [114]. Furthermore, the absolute velocity formulation is applied for
all domains. Although time-accurate simulations are conducted, for speeding-up the simulation, a
steady-state solution is calculated in the first step as part of a two-step solution. The steady-state
solution sets, besides the steady-state flow field, the turbulence decay appropriately. In the second
step, the solver switches to the unsteady mode automatically. The pressure-velocity coupling is
enabled by the SIMPLE algorithm. For the spatial discretization of the momentum, density, and
energy equation, a second-order upwind scheme is applied in order to reduce the numerical
dissipation. A bounded second-order implicit scheme is chosen for the temporal discretization. The
scheme enables a solution-depending blending between a first-order and second-order spatial
scheme to suppress spurious oscillations. A detailed study of the effect of spatial and temporal
discretization schemes on the results and, in particular, on capturing the convection of vortices is
presented in [116]. The transport equations related to the turbulence modeling, like the turbulent
kinetic energy and the turbulence eddy frequency, are discretized by a first-order upwind scheme.
The determination of the required gradients is established by the least-squares cell-based method.
The under-relaxation factors for the pressure and the temperature are set to @, = @temp = 0.2,
respectively, for the steady-state simulation and for the first 10 time steps of the unsteady
simulation. Thereafter, the factors are increased to @, = 0.3 and Q¢ = 1.0. The under-relaxation
factors for the momentum, density, turbulence eddy viscosity, turbulent kinetic energy, and the
specific dissipation rate read a;om = 0.7, @gen = @yt = 0.2, @tre = @, = 0.8, respectively. For the
resolved simulation, air, complying with the ideal gas law, a specific heat of ¢, = 1006.43l{;—K, a
molecular viscosity 4 = 1.7895 - 10~°Pa s, and a thermal conductivity of A = 0.0242% is applied

as fluid. The chosen boundary condition for all inlets is a velocity inlet boundary condition. The
velocity vector at the inlet isu;,, the pressure at the inlet equals p;;;, = 101325 Pa, and the
temperature T;,, = 293.15 K. The turbulence intensity and the turbulence eddy viscosity ratio at the

inlet is calculated by the application of the analytical description of the turbulence decay, in order to
155



4, Three-Dimensional Test Cases

establish the turbulence quantities as in the wind-tunnel tests, see 4.3.2. For all outlets, the pressure
boundary condition with a pressure of p,,; = 101325 Pa and a temperature of T,,,;; = 293.15 K is
set. For the pressure far-field boundary condition, a pressure of p,r =101325Pa and a
temperature of T, = 293.15 K is prescribed. For the outlet and the far field, the temperature is
provided as a total quantity. The pressure is prescribed locally as a total quantity in case of backflow
in the domain. Furthermore, the direction of the backflow in the domain is determined from the
neighboring cell inside the domain and the turbulence quantities are prescribed approximately by
the quantities at the position of the propeller. Due to the compressible formulation, the non-
reflecting acoustic wave model is applied for all pressure-based boundary conditions. The physical
surfaces are set to no slip and adiabatic walls. The motion of all parts is in compliance with the wind-
tunnel configuration, see 4.3.2.

Generalized Actuator Disc Approach

The blocking strategy and mesh generation for the generalized actuator disc approach are associated
closely with the resolved simulation to enable an adequate comparison. For the static domain, the
mesh of the resolved propeller is taken over. The blocking strategy for the propeller domain differs,
since the mesh needs not to capture the geometry of the propeller, see Figure 88, and the sliding
mesh interface can be omitted, because the mesh does not rotate. Basically, the mesh can be
generated as one single domain also, but local refinements of the mesh are applied in the propeller
region in some cases for this investigation.

YX

Figure 88: Generalized Actuator disc approach. Surface of spinner and aft body are present. In contrast to the resolved
propeller (left), the propeller blades and the sliding mesh interface are not required (right).

For comparison issues, the solver settings and the models are based on the resolved propeller
simulation, but with certain modification. For the actuator disc approach, a steady-state simulation is
conducted due to the application of the averaging procedure. Furthermore, the compressibility
effects are assumed to take place solely in the near field of the blade. The latter effects are modeled
by PanBL and consequently, the simulation is conducted incompressible and the energy equation is
not solved. The under-relaxation factors of the steady-state calculation in the first step of the
resolved propeller simulation are taken.

For the actuator disc and the actuator line approach, a study of the parameters is conducted.
However, the widths of the averaging and source region are set to be equal for this test case
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(AR;; = SR; ;). The resulting widths for the averaging region of the actuator disc approach read
ARy, = 0.05mand AR, = 0.025m. The widths in the axial direction are the same for the
actuator line approach. For the latter, the widths of the averaging region in circumferential direction
are set to AR,,,, = 0.1 m and AR, = 0.05 m. The center of the disc and line is determined in order
to coincide with the center of the resolved propeller.

The applied constant density for the investigation isp = 1.2 %. The boundary conditions are

comparable as well, whereas the information related to the energy equation is not applied.

Mesh Independency Study

The mesh and time-step size independency study is performed for the resolved propeller and for the
generalized actuator disc approach. For the resolved propeller, a systematic variation of the grid size
as well as the time step size is performed. Since for the actuator disc approach a steady-state
simulation is conducted, solely a mesh independency study is required. For the actuator line
approach, however, a mesh and time-step size independency study has to be performed. The
operating conditions of the operating point for the study are a freestream velocity of U, =
16.67 m/s and a rotational speed of w = 209.44 rad/s. The RBPA is set to 8,5 = 10°. The quantity
to be investigated is the thrust.

The study for the resolved propeller is conducted for three different numbers of cells and five
different time-step sizes. The number of cells of the coarse, medium, and fine grid are 6.9 Mio.,
12.9 Mio., and 25 Mio., respectively. Therefore, a systematic refinement over all domains is
performed. The time-step sizes in terms of azimuthal propeller angle per time step are 0.25°, 0.5°,
1.0°, 2.0°, and 4°. For the evaluation of the thrust and to assess convergence, the mean values for
periods of two, one, and a half propeller revolution are considered. If the values for the different
periods are converged, the final result is achieved. The basic idea is to find a minimum of necessary
revolutions to be calculated for reducing the computational effort. For the present case, the
deviation between the mean values for one and for a half propeller revolution at five propeller
revolutions is in the order of magnitude of minus four. Consequently, five propeller revolutions are
chosen for the simulations. The medium mesh in combination with a time-step size of 2° azimuthal
propeller angle per time step is applied for the simulations. Although the thrust coefficient is still
decreasing slightly for smaller time-step sizes and a higher mesh resolution, the deviation is less than
one per cent compared to the fine grid in combination with the smallest time-step size. Taken into
account the smaller computational effort, the choice is justified [3].

Initially, the mesh independency study for the actuator disc approach is conducted for three different
mesh resolutions. The difference of the thrust coefficient between the course and the fine mesh is
less than one per cent [3]. However, as detailed for the generic test case, the more important
qguantity is the width of the actuator disc region compared to the characteristic cell length which is
set appropriately. Furthermore, the constraint concerning the characteristic cell length in relation to
the width of the smoothing function is fulfilled. Since the medium mesh is applied for the resolved
propeller simulation, for comparison issues, the medium mesh is taken for the actuator disc
simulation also.

The independency study for the actuator line approach is conducted for three different time-step
sizes in combination with the different widths of the line. However, an independence of the time-
step size is achieved, if the distance of the blade tip covered per one time step is less than the width
of the actuator line. For the applied widths, the time-step size is set to size of 2° azimuthal propeller
angle per time step.
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4.2.3 Results and Discussion

In this section, the results for the generalized actuator disc approach and the resolved blade
simulations are presented. At first, the integral coefficients for axial inflow conditions are provided.
Thereafter, the distribution of the thrust along the radial direction of the blade is presented for one
operating point. For the latter, the wake flow field is analyzed. Finally, the applicability of the
generalized actuator disc approach for non-axial inflow conditions is described.

In order to obtain dimensionless coefficients, the following definitions are applied.

Thrust coefficient:

T
CT = —p n2 D4' (48)
Torque and moment coefficients:
Q m n
CQ:PnzDS'Cm:PnzDS'Cn:PnZDS (49)
Advance ratio:
U
= — 4.10
J — (4.10)
Efficiency:
] Cr
n= 27 Cq (4.12)
Sectional force coefficients for the resolved simulation:
ACg withF =T, F, (4.12)

=pn2 D%’

In Figure 89, the thrust coefficient (left) and the efficiency (right) are shown depending on the
advance ratio J. The RBPA is set to 8,5 = 10°. The results are presented for the URANS simulation of
the resolved propeller (URANS/RP), the RANS simulation applying the actuator disc approach
(RANS/AD), and the URANS simulation applying the actuator line approach (URANS/AL). At first, the
thrust coefficient is considered. The global trend of the results for the modeled approaches is in
accordance to that of the resolved propeller simulation. Nevertheless, the slope is different between
the approaches. The modeled approaches provide a similar slope, while it is less negative for the
resolved simulation. The reason therefore is the overestimated lift slope depending on the angle of
attack. This issue can be derived by taking into account the derivative of the angle of attack regarding
the advance ratio as well as that of the thrust coefficient regarding the angle of attack. Otherwise, it
can be tested by a BEMT code applying different lift slopes. The modeled approaches show a good
agreement with the resolved simulation for the advance ratios associated to the climb flight. In
general, if the simulated advance ratio is closer to the design advance ratio, the result is better. In
this case, the local angles of attack along the radius of the blade are in a region that can be predicted
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appropriately with PanBL. In the following, the efficiency depending on the advance ratio is
considered. The modeled approaches provide a similar trend. In contrast, the resolved simulation
shows a reduced efficiency for low advance ratios and an increased efficiency for high advance ratios.
This aspect is reasonable by taking into account the definition of the efficiency as well as the trends
of the thrust coefficient depending on the advance ratio. Nevertheless, the maximum of the
efficiency is predicted for the same advance ratios with all methods, although the maximum value
differs. In [3], the results for four different RBPAs reading 8,5 = 8°, 8,5 = 10°, 8,5 = 12°, and
0,5 = 14° were presented. Moreover, a quantitative discussion is provided therein. In contrast to
the results shown here, the distribution function is solely applied for the sources, but it is not
included for the averaging procedure. However, the differences of the results are small. For the
estimation of the thrust and efficiency, the RANS/AD simulation is approximately 400 times faster
than the URANS/RP.
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Figure 89: Thrust coefficient Cr (left) and efficiency 1 (right) depending on the advance ratio J for an RBPA of 6,5 = 10°
simulated with different modeling approaches. Resolved propeller: URANS/RP; Actuator disc: RANS/AD; Actuator line:
URANS/AL.

In order to assess the quality of the prediction for the distribution of the forces along the blade, in
Figure 90, the sectional thrust and circumferential force coefficient depending on the radial direction
are presented. The sectional coefficients are related to the corresponding integral coefficient of the
blade. The operating point is associated to the climb flight with a freestream velocity of U, =
16.67 m/s, a rotational speed of w = 261.80 rad/s, and the RBPA is set to 6,5 = 10°. The
corresponding advance ratio reads ] = 0.286. For the sectional thrust, a very good agreement of the
modeled approaches with the resolved propeller simulation is detectable. Slight differences occur for
the prediction of the maximum and in the blade tip region. The behavior of the thrust, in the vicinity
of the blade tip, is captured better by the actuator line approach than by the actuator disc approach
regarding the resolved simulation. Considering the circumferential coefficient, a very good
agreement of the modeled approaches with the resolved simulation is found also. Solely for one
section, the circumferential force coefficient is provided slightly smaller for the resolved simulation.
The behavior in the blade tip region is represented well by the modeled approach regarding the
resolved propeller simulation also. It has to be noted that the local angles of attack are moderate for
the considered operating point. As a side note, in [3], an additional operating point representing the
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cruise flight was shown. For this operating point, the local angle of attack is high in some regions.
Although the applied method in [3] differs, as remarked in the preceding paragraph, it was shown
that the sectional thrust coefficient is not captured appropriately in the vicinity of the spinner for
higher advance ratios. In this region, the actuator disc provides a negative thrust, while the resolved
propeller simulation provides a thrust close to zero.
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Figure 90: Sectional thrust coefficient ACy (left) and circumferential force coefficient ACg, (right) depending on the
nondimensionalized radius r/7r gy for an RBPA of 8,5 = 10° simulated with different modeling approaches. The sectional
coefficients are normalized with the corresponding coefficients of the blade. Resolved propeller: URANS/RP; Actuator
disc: RANS/AD; Actuator line: URANS/AL.

In the following, the wake flow field obtained by the resolved propeller simulation is compared
qualitatively and quantitatively to that of modeled approaches. The operating point associated to the
climb flight is used as well. In Figure 91 (bottom), the time-averaged normalized axial velocity
distribution for the URANS/RP and the RANS/AD is depicted. The contour plot shows upstream as
well as downstream of the propeller a qualitatively good agreement between both approaches.
Differences are visible mainly in the wake flow of the aft body. The region of separated flow at the
aft body is predicted smaller by the resolved URANS/RP. The size of the region of separated flow is
influenced by the state of the boundary layer downstream of the propeller. Basically, crucial
differences in the boundary layer are present between the approaches. For the resolved propeller
simulation, the flow is disturbed B times per revolution, while the actuator disc acts continuously on
the flow. Furthermore, the velocity field of the resolved propeller simulation is time-averaged. The
influence of the periodic wake of the blade cannot be captured fully by the steady actuator disc
simulation, in particular, for the boundary layer. It is remarked that the velocity in the propeller
domain is averaged in the rotating frame. As a result, the blade tip vortex is visible. For the
guantitative comparison, the time-averaged normalized axial velocity is provided along the radial
direction for three different downstream positioned lines in Figure 91 (top). The axial positions are
exhibited in the contour plot also. In general, a good agreement is achieved for the RANS/AD
compared to the URANS/RP for each downstream location. The RANS/AD overestimates the velocity
radially outwards and underestimates the velocity radially inwards. Furthermore, the influence of the
linear interpolation between the sections can be detected in the flow field. The higher velocity deficit
in the vicinity of the aft body, provided by the RANS/AD, is well visible for the most upstream located
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line. Moreover, the higher velocity deficit at the propeller axis can be identified for the downstream
located lines. For the estimation of the wake flow field, the RANS/AD simulation is approximately 800
times faster than the URANS/RP. In order to obtain a converged flow field for a downstream distance
of three propeller diameters, ten revolutions have to be calculated by the URANS/RP simulation.
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Figure 91: Contour plot of the time-averaged normalized axial velocity for the URANS/RP and the RANS/AD (bottom),
and radial distribution of the normalized axial velocity component at three different radial positions downstream of the
propeller (top). Cruise flight: v = 16.67, w = 261.080, and 6,5 = 10°.

In Figure 92 (bottom), the time-averaged normalized axial velocity distribution for the URANS/RP and
the URANS/AL is depicted. While the contour plot shows qualitatively a good agreement between
both approaches downstream of the propeller, upstream of the propeller, slight deviations are
noticeable. Apparently, the velocity upstream of the propeller is predicted slightly lower by the
URANS/AL. Taken into account that the thrust is provided smaller by the latter also, the results are
reasonable. In accordance to the results obtained by the RANS/AD simulation, differences between
the modeled approach and the resolved propeller simulation are visible in the wake of the aft body
as well. The size of the region of separated flow is predicted larger by the URANS/AL. The reason
therefore is the interaction of the modeled propeller with the boundary layer of the aft body like for
the RANS/BET. However, the modeled blade acts for the URANS/AL B times per revolution on the
flow like the resolved propeller blade. By comparing the flow field downstream of the connection of
the blade with the spinner, the velocity deficit is predicted higher for the URANS/AL compared to the
URANS/RP and consequently, the boundary layer includes less momentum. For the quantitative
comparison, the time-averaged normalized axial velocity is provided along the radial direction for
three different downstream positioned lines in Figure 92 (top). In general, a good agreement is
achieved for the URANS/AL regarding the URANS/RP for each downstream location. The region of the
blade tip and the outer part of the blade is predicted better by the actuator line than by the actuator
disc. The velocity inwards is underpredicted by the URANS/AL compared to the resolved propeller
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simulation. The influence of the linear interpolation as well as the higher velocity deficit in the wake
can be addressed also.
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Figure 92: Contour plot of the time-averaged normalized axial velocity for the URANS/RP and the URANS/AL (bottom),
and radial distribution of the normalized axial velocity component at three different radial positions downstream of the
propeller (top). Cruise flight: v = 16.67, w = 261.080, and 6,5 = 10°.

Besides the time-averaged distribution, the actual flow field at a certain time is presented for the
actuator line and the resolved propeller simulation only. The discussion is conducted basically in
order to investigate the occurring coherent structures. Therefore, the Q criterion is applied. In Figure

93 (top, left), the contour plot of the normalized Q criterion in the range of 2.5 < % < 50 and cut off

beIow% = 1 is exhibited. The plane is defined by the axis of the propeller and the radial direction of

the blade. On the upper side, the result for the resolved simulation and on the lower side, that for
the actuator line is shown. The detectable coherent structures are the blade tip vortices, the blade
hub vortices, and the wakes of the blades. The location as well as the strength of the blade tip
vortices is represented well by the URANS/AL in comparison to the URANS/RP. Moreover, the
prediction of the wakes of the blades is provided well by the actuator line approach. The biggest
discrepancy is detectable for the blade hub vortices. While the resolved simulation shows the vortical
structures separated for the aft body and with higher strength, the actuator line approach provides
the structures weaker and with more interaction to the aft body. Consequently, the higher influence
on the boundary layer is visible as mentioned above. Furthermore, the larger region of separated
flow is predicted by the actuator line approach. In addition to the contour plot, the isosurface of the

normalized Q criterion for a value of% = 5 is presented in Figure 93. The side view is included in

Figure 93 (top, right) and three-dimensional views are shown in Figure 93 (bottom). The isosurface
for the resolved simulation is highlighted red and that of the actuator line is highlighted in blue. It has
to be remarked that the results for the actuator line are mirrored. In general, this view shows the
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good agreement of the results as well. In particular, the blade tip vortices are captured similarly
between the approaches. Nevertheless, the structures meet well even in the aft body region. Due to
the larger extent of the actuator line in axial direction of the propeller, the shear layer is represented
larger.
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Figure 93: Contour plot of the normalized Q criterion in the range of 2.5 < % < 50 and cut off below % = 1 (top, right)

is shown. Isosurface of the normalized Q criterion with an isovalue of % = 5 (bottom; right) is exhibited. The isosurface
is colored red (resolved propeller) and blue (actuator line).

In the following, the discussion on the applicability to non-axial inflow condition is provided.
Therefore, the thrust and torque as well as the remaining moments are discussed for disc inflow
angles in the range of 0 < ¢pp < 90°. An angle of ¢p = 0° represents axial inflow and an angle of
¢p = 90°an inflow aligned with the z-axis. The inflow conditions are a freestream velocity of
Uyn = 16.67 m/s, a rotational speed of w =261.80rad/s, and the RBPA of 8,5 = 10°. The
corresponding axial advance ratio reads | = 0.286. In Figure 94, the thrust and the torque coefficient
depending on the inflow angle are depicted for the URANS/RP, the RANS/AD, and the URANS/AL. At
first, the thrust coefficient is considered. A good agreement between the approaches can be
detected for an inflow angle of ¢, = 0°. With increasing disc inflow angle, the modeled blade
approaches predicts a higher thrust than the resolved propeller simulation. While a reasonable
agreement is still obtained for a disc inflow angle of ¢, = 30°, for ¢p = 60°, and ¢pp = 90° the
agreement becomes worse. However, the difference between the modeled approaches is small for
the whole range of the disc inflow angle. The reason for the discrepancy between the modeled and
the resolved approaches is found in the estimation of the airfoil data for a section with PanBL. The
identified drawbacks of PanBL within the two-dimensional test case are the overpredicted slope of
the thrust coefficient depending on the advance ratio as well as the incorrect stall behavior. For the
present investigation, on purpose, a rather large RBPA is applied in order to demonstrate this issue.
For higher disc inflow angles, the axial inflow velocity component is lower. Moreover, the lateral
inflow component leads to an increased angle of attack on the retreating blade side. However, the
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angle of attack on the advancing blade side is reduced. Nevertheless, if the angle of attack is too high
within the resolved simulation, the blade stalls. Since the stall model in PanBL does not cover the
blade stall correctly, [usually it occurs for much higher angles of attack than for the resolved
simulation,] the maximum predicted thrust is higher. Due to the higher thrust, the induced velocity is
higher. The latter causes a reduced angle of attack for the operating point and consequently, higher
disc inflow angles can be realized without the blade stall. Regarding the torque coefficient, the global
trend is presented correctly by both modeled blade approaches. The discrepancy for ¢, = 0°is
associated to the underestimation of the drag by PanBL in contrast to the resolved blade simulation.
The difference between the approaches for higher disc inflow angles is caused by the blade stall and
modified inflow conditions. Although the global trends are represented well, the effects leading to
the behavior are different. Therefore, the variation of the torque for the disc inflow angle of
¢p = 60°to ¢pp = 90°is considered. For the actuator disc, the reduction is caused for upwind
positions of the blade, associated to azimuthal propeller angles in the range of 180° < ¢ < 330°,
with its peak at ¢ = 240°. For the resolved propeller simulation, in contrast, the reduction occurs for
azimuthal propeller angles in the range of 240° < ¢ < 330° with no distinct peak. Moreover, the
radial position of the contribution to the reduction is different. While the reduction of the torque
takes place in the center of the blade for the resolved simulation, it is located in the blade tip region
for the actuator disc simulation. For the latter, the torque can be even negative. As already stated for
the simplified three-dimensional test case, the actuator disc condenses the information of the
complex flow field around the blade to an inflow condition of a blade section only. Moreover, the
interaction of the blade with the blade tip vortex of the upstream located blade induces a velocity in
negative x-direction. Consequently, the local angle of attack is increased and due to the lack of the
appropriate modeling of the separation by PanBL, high local lift is obtained. In addition, the inflow
angle becomes negative and provides a negative torque.
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Figure 94: Thrust coefficient Cr (left) and torque coefficient C, (right) depending on the disc inflow angle ¢, for an RBPA
of 8,5 = 10° simulated with different modeling approaches. Resolved propeller: URANS/RP; Actuator disc: RANS/AD;
Actuator line: URANS/AL.

In particular for the mechanical design, the moments around the remaining axes are of interest.

Therefore in Figure 95, the lateral moment coefficient (y-axis) and the vertical moment coefficient

(z-axis) depending on the disc inflow angle are provided. Consider the lateral moment coefficient at
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first. The overall trend is represented well by the modeled approaches. For disc inflow angles of
¢p < 60°, the agreement of the generalized actuator disc with the resolved propeller simulation is
good. For ¢p = 90°, the modeled approaches overestimate the moment. The reason therefore is the
above stated lack of modeling the lift slope accurately and the blade stall reasonably. Considering the
vertical moment, the overall trend is not represented correctly. The deviation between the modeled
approaches and the resolved propeller simulation increases with higher disc inflow angles. In
particular, the moment for a disc inflow angle of ¢, = 90°is provided differently. For the latter
angle, the thrust of the blade on the advancing blade side is predicted much higher by the
generalized actuator disc approach compared to that of the resolved propeller simulation. Again, the
issue is addressed to the modeling of the airfoil characteristics by Pan BL. The better agreement of
the results for the lateral moments compared to those of the vertical moments is caused by the
smaller influence of the disc inflow angle on the local conditions along the circumferential direction
of the blade. Obviously, the difference in the local inflow conditions between the advancing and the
retreating blade side is higher than that between the upwind and downwind blade side.
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Figure 95: Lateral moment coefficient C,, (left) and vertical moment coefficient C,, (right) depending on the disc inflow
angle ¢ for an RBPA of 8,5 = 10° simulated with different modeling approaches. Resolved propeller: URANS/RP;
Actuator disc: RANS/AD; Actuator line: URANS/AL.

Finally, the occurring coherent structures are compared between the actuator line approach and the
resolved propeller simulation. The actuator disc approach is not shown, since the coherent structures
are not comparable due to the averaging. Therefore, the isosurface of the normalized Q criterion

with an isovalue of% = 5, colored by the turbulent kinetic energy, is exhibited in Figure 96 for a disc

inflow angle ¢p = 90° and an RBPA of 6,5 = 10°. The results for the resolved propeller simulation
are presented in Figure 96 (left) and for the actuator line simulation in Figure 96 (right). In general,
the previously discussed issues for the integral coefficients become visible. In both simulations, the
blade tip vortices are captured. Furthermore, the interaction of the blade with the tip vortex of the
previous blade is presented well on the advancing and the retreating blade side by the actuator line
approach. The induced velocity and the increased angle of attack in the blade tip region can be
imagined easily by considering the figure. Moreover, a chaotic wake, due to local separations of the
flow at the blades, is depicted for resolved propeller simulation. Due to the higher thrust provided by
the actuator line approach, the greater deflection of the flow is exhibited.
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F ]

Figure 96: Isosurface of the normalized Q criterion with an isovalue of% = 5 colored by the turbulent kinetic energy for
a disc inflow angle ¢pp = 90° and an RBPA of 8,5 = 10°. Resolved propeller: URANS/RP (left); Actuator disc: URANS/AL
(right);

4.2.4 Conclusions

Within this test case, the application of the generalized actuator disc model for a three-bladed
propeller is provided. Therefore, the thrust and efficiency, the distribution of the forces along the
blade, and the wake was investigated for axial inflow conditions. In addition, the applicability of the
method for non-axial inflow was presented.

Basically, the results for the thrust and efficiency of the modeled approach show a good agreement
with those of the resolved propeller blade simulations. Furthermore, the distribution of the forces
along the blade is represented well. Discrepancies occur mainly due to the prediction of the airfoil
data by PanBL. The overpredicted lift slope leads to the more negative slope of the thrust coefficient
depending on the advance ratio. Although the magnitude of the efficiency is not predicted correctly
by the modeled approaches compared to that of the resolved propeller simulation, the advance ratio
for the maximum is. Concerning the wake flow field, a good agreement of both modeled approaches
with the resolved simulation is found also. The biggest differences in the results are detected in the
wake of the aft body, since the interaction of the modeled blades with the boundary layer of the
latter is not captured appropriately. The strength and position of the blade wakes as well as of the
blade tip vortices are in good agreement between the modeled approach and the resolved propeller
simulation. The application of the methods for non-axial inflow angles demonstrated a good
agreement for moderate disc inflow angles regarding the forces and moments. For high disc inflow
angles, the airfoil data are not provided appropriately by PanBL and consequently, the forces and
moments are overestimated.
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4.3 Propeller-Fuselage Configuration

A complex scenario is represented by the configuration that has been investigated within the
research project EUROPAS. Within this project, complementary numerical and experimental
investigations were performed for the propeller of an electrically powered ultra-light aircraft.
Furthermore, the overall aerodynamic characteristics of the aircraft were evaluated. The
experimental data are applied, in particular within this thesis, to validate the numerical results.
Within this thesis, a reduced data set of the results presented in [3] is provided. For more details
concerning the comprehensive database refer to [3]. In contrast to the publication, the distribution
function for the averaging of the inflow conditions is applied only herein.

4.3.1 Test Case description

The numerical as well as the experimental investigations are conducted for a real full-scale ultra-light
aircraft without the wing and the horizontal tail. The reason therefore is that the initial objective of
the wind-tunnel campaign was the evaluation of the electric propulsion system in freestream
conditions. The expected results should include information about, for example, the cooling system
and the battery system. Nevertheless, the setup is also suitable for validating the numerical methods
and to determine the influence of the wind tunnel on the results.

The numerical investigations are carried out on a propeller-fuselage configuration with the three-
bladed propeller presented in section 4.2.1. The complementary wind-tunnel tests have been
conducted for the same configuration. The latter has been sting-mounted in the wind tunnel A of the
Chair of Aerodynamics and Fluid Mechanics of the Technical University of Munich. The length of the
propeller-fuselage configuration reads approximately 5.5 m. Figure 97 shows the propeller-fuselage
configuration mounted in the test section. The mounting is realized by a specific cranked sting that
connects the wing attachment shaft to the six-component underfloor balance. In order to limit
possible occurring oscillations of the aircraft, a wire connects the tail of the aircraft with the collector
of the wind tunnel on the upper side and with the floor on the lower side. As a side note, the
influence of this wire on the forces has been tested for low wind speeds with no remarkable effect.

For this test case, only force and moment measurements for the configuration have been conducted.

Figure 97: Test configuration mounted in the test section of the wind tunnel. View in direction of the nozzle (left) and in
the direction of the diffusor (right) is shown. Propeller and spinner are not shown.
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Within this thesis, the emphasis of the test case is set on validating the numerical results obtained by
the different methods with the wind-tunnel data. Basically, three different numerical setups are
applied; at first, the RANS/AD, at second, the RANS/AD-W/T, and at last the URANS/RP. The first and
the last are already described within the previous chapter. The RANS/AD-W/T, however, is presented
herein. Basically, the method is the same as for the RANS/AD, but the setup includes the propeller-
fuselage configuration as well as the major parts of the wind tunnel in the numerical simulation also.
The applied geometry for the numerical simulation is exhibited in Figure 98. Therein, the nozzle
(orange highlighted), the room including the test section (grey highlighted), the propeller-fuselage
configuration mounted on the sting (blue highlighted), the blades of the wind tunnel (red
highlighted), and the diffusor (green highlighted) are presented.

g ]

Figure 98: Configuration for the numerical simulation. The nozzle (orange highlighted), the room including the test
section (grey highlighted), the propeller-fuselage configuration mounted on the sting (blue highlighted), the blades of the
wind tunnel (red highlighted), and the diffusor (green highlighted) are presented.

4.3.2 Measurement Technique and Test Conditions

The experimental investigations have been conducted in the large low-speed facility A of TUM-AER.
The force and moment measurements have been performed with a six-component underfloor
balance. Details concerning the facility and the measurements of forces and moments can be found
in the Appendix A.4. The maximum blockage for the mounted configuration in the wind tunnel is
approximately 15%. The uncertainty in the drag and the thrust coefficient is established to be below
3.5 % based on the actual loads and repeatability tests.

4.3.3 Mesh Generation and Numerical Setup

The blocking strategy and mesh generation are employed as reported in Stuhlpfarrer et al. [3]. The
computational grid is of block-structured hexahedron type and the blocking consists of three
domains. The blocking for the wind tunnel is separated into two domains for a simplified mesh
generation. One domain includes the nozzle, the room around the test section, and the collector
blades at the entry of the diffusor. The other domain includes solely the diffusor. The wind-tunnel
domain excluding the diffusor is exhibited in Figure 99 (left). The test section domain is embedded in
the latter. The test section domain includes the model to be investigated. The idea of separating the
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domains in this way is to allow for changing the model easily in the “numerical wind-tunnel”. For the
present investigation, the propeller-fuselage configuration, the mounting sting and the test section
floor is included within this domain. In Figure 99 (right), the test section domain is presented. The
domains are finally connected by a non-conformal interface [112]. In general, the boundary layer is
resolved for all domains in order to prevent the application of a wall function. Consequently, the
dimensionless wall distance for the cell centers of the wall-adjacent cells are approximately y* =~ 1.
The wind-tunnel domain excluding the diffusor consists of 490 blocks and 2.16 - 10° cells. The
diffusor domain includes 9 blocks with 8.47 - 10° cells. The test section domain is made of 2883
blocks and 2.73 - 10°cells. The actuator disc parameters are in accordance to those described in
4.2.2.

Figure 99: Blocking of the wind-tunnel domain excluding the diffusor (left) and the aircraft domain (right) is shown.

The settings of the numerical schemes are based on that of the generalized actuator disc approach
for the three-dimensional propeller test case described in section 4.2.2. Since just RANS/AD
calculations are performed, exclusively steady-state simulations are analyzed. A difference of the
settings is found in the discretization of the equations. Due to the complex flow field and the fact
that solely steady-state simulations are conducted, a first-order upwind scheme is used for the
momentum equation. The pressure is discretized by a second-order scheme. Moreover, the coupled
solver is applied instead of the SIMPLE algorithm. The Courant number is set to C = 20, and the
explicit-relaxation factors for the pressure and momentum are set to a, = @y om = 0.3.

The applied boundary conditions are a velocity inlet boundary condition at the inlet of the nozzle and
a pressure outlet boundary condition at the outlet of the diffusor. The velocity at the inlet is adjusted
in order to achieve the required velocity at the exit of the nozzle. The velocity at the exit of the
nozzle is considered to be the freestream velocity for the propeller-fuselage configuration. The
turbulence quantities are set in order to obtain comparable conditions at the inlet of the test section
as for the wind-tunnel experiments. For the outlet, the pressure is set to p,,; = 101325 Pa. The
boundary conditions for the room around the test section are modeled by free-slip walls.
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4.3.4 Results and Analysis

Within this section, the thrust obtained by the different numerical approaches is compared to the
experimental data generated in the wind tunnel. Moreover, a brief analysis of the influence of the
wind tunnel on the estimation of forces is provided.

The present investigations are conducted for an RBPA of 8,5 = 10° only. In Figure 100 (left), the
thrust coefficient depending on the advance ratio is exhibited. The thrust coefficient is provided for
the experimental data of the propeller-fuselage configuration (W/T), the RANS simulation applying
the actuator disc approach for the propeller-fuselage configuration (RANS/AD-W/T), the RANS
simulation applying the actuator disc approach for the aft body configuration (RANS/AD), and the
URANS simulation of the resolved propeller for the aft body configuration (URANS/RP). The idea for
choosing this order is to allow for a step-by-step comparison. At first, the difference of the thrust for
the W/T and the RANS/AD-W/T is presented. While the thrust coefficients meet well for moderate
advance ratios, discrepancies are detected for low and high advance ratios caused by the different
slope of the thrust coefficient depending on the advance ratio. The reason therefore is identified for
the three-dimensional propeller test case by the inappropriate prediction of the lift slope by PanBL.
Since the geometry for the numerical simulation and the experiment is similar, the calculation of the
thrust is performed comparable as well. For the measurements of the wind-tunnel configuration, the
direct estimation of the thrust of the propeller is not possible. Obviously, the force obtained by the
six-component underfloor balance contains the drag of the fuselage as well as the thrust of the
propeller. Furthermore, the aerodynamic force acting on the mounting sting is included also. Usually,
an aerodynamic tare is conducted for revising the wind-tunnel data. Consequently, the procedure of
the aerodynamic tare is applied to the RANS/AD-W/T too. In general, two different measurement
setups are required therefore. For the first, the propeller is dismounted and for the second, the
propeller is mounted and the required advance ratios are set. Finally, the thrust of the propeller is
determined by subtracting the force resulting for the setup with the dismounted propeller from that
with the enabled propeller. It has to be remarked that the aerodynamic tare does not capture the
influence of the higher velocity in the slipstream and subsequently the higher drag of the
downstream located components appropriately. An estimation of the deviation can be found in [3].
Therein, the axial momentum theory was applied for determining the induced velocity and
subsequently, the drag of the fuselage and the mounting sting was interpolated for the resulting
velocity. The deviation increases with the increase of the thrust coefficient. It was shown that for
small advance ratios, the thrust coefficient is underestimated up to 10%. This issue results in a less
negative slope of the thrust coefficient depending on the advance ratio. However, the blockage of
the fuselage downstream of the propeller and the small distance of the blade tip to the floor of the
test section are influencing the results also. For these effects, a simple estimation of the deviation is
not applicable. Comparing the results of the thrust coefficient for the RANS/AD-WT and the
RANS/AD, a good agreement for the considered range is visible. It has to be recalled that for the
RANS/AD solely the force on the blades is considered for the calculation of the thrust. Consequently,
the underestimated thrust caused by the interaction of the slipstream of the propeller with the
fuselage and the mounting sting is compensated by the overestimation of the thrust due to the
blockage of the fuselage and the small distance to the test section floor. Comparing the results of the
URANS/RP with those of the RANS/AD, the slope of the thrust coefficient depending on the advance
ratio is predicted less negative. The slope for the URANS/RP is comparable to that obtained by the
experimental data. It is noted that for the URANS/RP solely the thrust on the blades is taken into
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account as for the RANS/AD. Nevertheless, the influence of the different measurement procedures
does not affect the result much, as shown previously. Consequently, a good agreement between the
W/T and the URANS/RP is stated. In contrast to the RANS/AD, the URANS/RP is able to predict the
local aerodynamic characteristics of an airfoil section better.

In the following, the drag of the fuselage and the mounting sting, required for the aerodynamic tare,
are discussed. Therefore, the contributions of the drag on the revised thrust coefficient are exhibited
in Figure 100 (right). That means that the thrust coefficient is calculated by substituting the thrust
with the drag in the equation. For all curves, a polynomial fit with the order of two is applied. The
drag of the fuselage and the mounting sting with dismounted propeller is shown for the experimental
data (Dppow,r) and for the numerical results (D). In general, both methods provide the same
trend. The result is reasonable, since with increasing J, the drag is increased. Furthermore, by
extrapolating the curves forJ = 0, a drag of C;, ~ 0 is obtained. Nevertheless, the experimental
data provide a higher drag than the numerical results. However, certain parts generating noticeable
drag are not captured in the numerical simulation. For example, the cylindrical mounting of the
horizontal stabilizer, see Figure 97, is not included. The drag of the fuselage and the mounting sting
with the enabled propeller (Dpy,) is presented for the numerical results only, since it is not possible
to determine the contribution with the actual experimental configuration. The drag of the fuselage
with the enabled propeller is increasing as well with higher J. For ] = 0, however, the drag is non-
zero due the induced velocity in the slipstream of the propeller. Another plausibility proof can be
made by comparing the advance ratio for the intersection of Dgyq and Dgy, with the advance ratio
for zero thrust in Figure 100 (right). If no thrust is produced, the induced velocity of the propeller
equals zero. Differences can be present, since even if the overall thrust of the propeller is zero, the
local thrust can be non-zero and influences the drag of the fuselage. Finally, the difference of Dy,
and Dpgyg is calculated (ADgy). Obviously, if the thrust coefficient is zero, the difference is almost
zero as well. Furthermore, the above noticed underestimation of the thrust coefficient with
approximately 10% is detectable.
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Figure 100: Thrust coefficient Cr depending on the advance ratio J for an RBPA of 8,5 = 10° for different modeling
approaches and the experimental data (left). Experimental data: W/T; Resolved propeller: URANS/RP; Actuator disc for
propeller-fuselage configuration: RANS/AD-W/T; Actuator disc: RANS/AD; Resolved propeller: URANS/RP. Thrust
coefficient caused by the drag of the fuselage and the mounting C7  depending on the advance ratio J for different
conditions (right).
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For one operating point, a quantitative description is provided. A rather small advance ratio of
J = 0.317 is chosen in order to enable a better demonstration of the effects. The associated axial

velocity and the rotational speed read U, = 16.67% and w = 235.619 571, respectively. The

velocity in the experiment is slightly higher which leads to a slightly higher advance ratio. In Table 16,
the contributions to the thrust coefficient are presented for the RANS/AD-W/T, the W/T and the
RANS/AD. The table shows entries only for those boxes where values can be obtained. The
contribution to the thrust coefficient caused by the drag of the fuselage and the mounting sting with
dismounted propeller Cr p,,,, is slightly underestimated by the numerical simulations. As described
above, not all parts of the experimental setup are included in the numerical simulation. Considering
the thrust coefficient caused by the drag of the fuselage and the mounting sting with enabled
propeller Crp,,,, solely the RANS/AD-WT allows to determine the value. The drag of the fuselage
and the mounting sting is more than doubled, comparing the results for the enabled propeller with

CT.DEm

those for the dismounted propeller, = 2.31. Considering the thrust coefficient of the

T.DFmo
propeller blades only Crprop, the propeller produces for the wind-tunnel configuration

approximately 10% more thrust related to the stand-alone propeller. The resulting thrust coefficient
for the propeller-fuselage configuration, consisting of the propeller thrust as well as the drag of the
fuselage and the mounting sting Cr gy, is overpredicted by the numerical simulation ACr gy e =
0.57 %. For the final result with the completed procedure of the aerodynamic tare, the thrust
coefficient is underestimated by the numerical simulation by ACr,..; = —0.69 %. However, even by
taking into account the isolated blade only, the absolute deviation of the thrust coefficient is still less
than 3%.

Table 16: Contributions to the thrust coefficient due to the aerodynamic tare.

J Crormo Crpey Crprop Crrm Cr
RANS/AD-WT 0.317 | 0.0036 | 0.0083 0.0637 0.0554 0.0590
W/T 0.318 | 0.0043 0.0551 0.0594
RANS/AD 0.317 0.0578 0.0578

Finally, a brief analysis of the flow field obtained in the test section of the wind tunnel is made. In

Figure 101 (top), the isosurface of the normalized axial velocity for a value ofUi = 1.1 is shown. The

o]

results for the RANS simulation without propeller (left) and the RANS/AD (right) with enabled
propeller are exhibited. The operating point for the cruise flight with an advance ratio of ] = 0.286 is
chosen. For the configuration with the dismounted propeller, the isosurface of the increased velocity
is detectable in the vicinity of the largest cross section of the fuselage only, whereas for the
configuration with the enabled propeller, the increased velocity is obtained within the slipstream of
the propeller. For both configurations, the wake of the sting mounting is well visible. Moreover, the
distribution of the normalized axial velocity is shown for a crossflow plane in Figure 101 (bottom.)
Therefore, the influence of the enabled propeller is well visible also. The slipstream caused by the
propeller is well visible. In addition, considering the case with the propeller disabled, the shear layer
of the caused by wind tunnel can be detected. By enabling the propeller, the shear layer is shifted
slightly downwards.
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Figure 101: Test configuration with dismounted propeller (left) and with enabled propeller representing the cruise flight
condition (right) is shown. The advance ratio reads ] = 0.286. Isosurface of the normalized axial velocity with an
isovalue of UL= 1.1 (top) and crossflow plane colored with the normalized axial velocity in the 0.5 < Ul <14

(bottom) is shown.

4.3.5 Conclusions

Within this test case, a complex scenario used for the validation was presented. Therefore, the
propeller-fuselage configuration was investigated experimentally and numerically. Furthermore, the
procedure of the aerodynamic tare was discussed in detail.

The URANS/RP results show from the numerical approaches the best agreement with the W/T data.
In particular, the slope of the thrust coefficient depending on the advance ratio is represented very
well. The AD-based approaches provide a different slope caused by the representation of the airfoil
data by PanBL. The thrust of the propeller-fuselage configuration in the “numerical wind-tunnel”,
obtained by the application of the aerodynamic tare, is in accordance with that produced by the
modeled propeller for the isolated propeller configuration. The detailed investigation of the
contribution of forces, taken into account the aerodynamic tare, shows that the increasing drag of
the fuselage for higher thrust levels is compensated by the higher thrust due to the blockage of the
fuselage and the small distance of the propeller to the floor of the test section.
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5 Modeling of the Rotorcraft

Within this chapter, the theoretical basis for the applied modeling approach of a full helicopter
configuration is presented. Therefore, at first an introduction including the review of the state-of-
the-art of flow simulations for helicopter configurations is presented. The focus of the investigations
is set on the methods used for the rotation of the rotor head including the blades and that is why the
state-of-the-art for this topic is detailed. Secondly, the actual mesh-deformation approach applied
within this thesis is presented. Finally, a study on the scalability of the deformation method is
provided.

Certain contents of this chapter have been already published by Stuhlpfarrer et al. [5].

5.1 Introduction

The accurate prediction of the wake flow of a helicopter is important concerning the interaction of
the wake flow with the downstream located parts of the helicopter [117]. However, the realization of
this requirement is challenging by the application of computational fluid dynamics. In general,
different flow regimes (i.e., laminar, transitional, or turbulent boundary layers) as well as regions of
attached and separated flows are present for a common helicopter configuration. In particular, the
flow resulting for complex geometries, including laminar-turbulent transition, cannot be resolved by
the standard turbulence models such as the Spalart-Allmaras, the k — €, or the k — w turbulence
models appropriately. Besides the modeling concerning the physical effects, the numerical loss of
information due to the temporal and spatial discretization schemes affects the convection of the flow
structures also [118]. Consequently, scale-resolving turbulence models in combination with low-
dissipative and low-dispersive numerical schemes have to be applied to enhance the quality of the
simulation.

In the last years, a variety of works have been published regarding the wake flow of helicopters. In
general, the wake flow of parts of the fuselage as well as that of the rotor and the rotor head were
investigated. However, for the interaction of the wake with downstream located parts of the
helicopter, the flow structures originating on the upper side of the helicopter are more important. As
a consequence, the majority of the investigations have been conducted for the wake on the upper
side of the helicopter including the rotor head as well as the rotor. For the present thesis, the wake
flow on the upper side of the helicopter is of higher importance as well.

Nevertheless, a brief description of the investigations concerning the wake flow of the fuselage is
provided. Vogel [119] provided aerodynamic analyses for two helicopter configurations. The focus
was set on the origin and the action of the aerodynamic forces and moments depending on the angle
of attack and the angle of sideslip. Therefore, numerical and experimental investigations were
conducted. Besides the forces and moments, the surface pressure distribution as well as the wake
flow field was presented. Although the numerical results meet the experimental data appropriately,
it was stated that the application of scale-resolving turbulence models on refined meshes as well as
the inclusion of the rotor-head motion is beneficial. A complementary experimental and numerical
study concerning the wake flow of parts of the fuselage in combination with an optimization focusing
on the parasite drag was presented by e.g. Grawunder [4] at TUM-AER for a twin-engine light utility
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helicopter. Therefore, experimental and numerical investigations were conducted to describe the
flow topology in the wake in detail. The optimization of the parasite drag was conducted by
Grawunder et al. for the skid landing gear [120] and for the aft body by the application of passive
flow control [121]. For both optimizations, a detailed explanation of the wake flow field is presented
also. For the numerical simulations, the Reynolds stress model was applied. The complementary
results show a good agreement.

A recently published and comprehensive experimental study was conducted for a large transport
helicopter configuration by De Gregorio [122]. For the helicopter blunt fuselage model, the
effectiveness of the active flow control in the ramp region by alleviating the flow separation was
demonstrated. Therefore, drag reduction was obtained with a little negative impact in terms of
negative lift in some instances. In addition, particle image velocimetry (PIV) measurements of the
wake flow are presented.

In contrast to the wake of the fuselage, a large number of investigations concerning the wake of the
rotor and the rotor hub can be found in the literature. Since the wake of the rotor head is of higher
importance for this thesis, the focus of the review is set thereon. Shenoy et al. [123] conducted
numerical simulations for a moderately complex rotor hub. The results were used to investigate
scaling effects. Furthermore, the results were compared to experimental data and show a good
agreement. Grawunder et al. [6] investigated the wake flow of a fully-functional rotor-head featuring
cyclic and collective pitch motion. Complementary numerical simulations and experiments were
conducted and a validation of the results stating good agreement was provided.

A comprehensive and detailed review of the numerical and experimental efforts as well as an
investigation of the hub was provided by Reich et al. [124]. The result was that complementary
numerical and experimental investigations are an adequate tool. Moreover, information of small-
scale hubs can represent the qualitative behavior of full-scale hubs although Reynolds number
effects have to be kept in mind, in particular, for cylindrical and spherical components. Finally, a
static analysis is found to be not sufficient to predict the hub drag. For further investigating the
complex flow field in the hub region, in the course of the first rotor hub flow prediction work shop,
the emphasis was set on the precise prediction of the flow around the rotor hub and its wake. An
overview of the experimental and numerical contributions is provided by Schmitz et al. [125]. The
reference data were provided by experiments of a model helicopter rotor hub in the water tunnel in
order to enable higher Reynolds numbers in contrast to a wind tunnel by Reich et al. [126]. The
model consists of a notional helicopter hub of a large helicopter. However, blade cuffs and as a
consequence, the ability for a cyclic pitch motion is not featured. Coder and Foster [127] provided
numerical simulations with a second-order temporal and a fifth-order spatial discretization scheme.
A grid refinement in the wake was performed in order to reduce the error caused by the
discretization. It is stated that the results capture a wide spectrum of turbulent scales, but
discrepancies with the time-averaged quantities obtained by the experiment require further
investigations. Moreover, a scale-resolving hybrid RANS/LES turbulence model was applied to avoid
the overprediction of the turbulence eddy viscosity. Furthermore, Coder et al. [128] investigated
different turbulence modeling strategies for rotor hub flows. Basically, two scale resolving models
were considered, a delayed detached eddy simulation and the hybrid RANS/LES simulation
combining the SST model with a Smargorinsky-type LES sub-grid scale model. That outcome was that
the hybrid RANS/LES simulation is less dissipative and the results for the higher harmonics agree
better with the experiment.

Although a quite large number of contributions concerning the wake flow of the rotor hub is
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available, complementary numerical and experimental investigations capturing cyclic pitch motion
can be found only to a limited extent [124].

Besides the detailed investigations of the rotor head above, in the following, a brief review of
selected works of the flow around the helicopter configuration including the whole rotor is provided.
Although this is not the focus of the thesis, some methods and test cases have to be mentioned, in
particular, the scale resolving simulations. Furthermore, works are considered solely if the simulation
incorporates the rotor head.

A numerical simulation of the UH-60A airloads rotor mounted in the wind tunnel was conducted by
Lee-Rausch and Biedron [129]. The model includes a fuselage, a very simple rotor hub, and the rotor.
The trends of the solidity-weighted propulsive force and the power coefficients match the
experimental trends over the range of advance ratios. Kowarsch et al. [130] presented aeroacoustic
simulations of a complete H145 helicopter in descent flight. Therefore, a fifth-order WENO-Z scheme
is applied in order to reduce the numerical error of the spatial discretization, whereas for the
temporal discretization a second-order scheme was used. The simulated noise was compared to
flight test data and shows a good agreement. With the same numerical method, but with a strongly
refined mesh, consisting of 485 mio. cells, Schaferlein (né Kowarsch) et al. [131], investigated the tail
shake phenomenon by including the structural dynamics as well. The presented approach resolves
the excitation of low-frequency tail-boom eigenmodes with good agreement compared to the flight
test data. However, due to the weak tail shake of the helicopter, only candidates can be identified. A
detailed investigation of the UH-60A rotor/wake interaction using adaptive grids was published by
Chaderjian [132]. Therefore, as well high-order spatial numerical schemes are applied. The finest
grid consists of 1.8 billion cells. The combination of high-order schemes with fine grids allows for
capturing the vortices even for long wake ages. The results were used to investigate the loads as well
as the flow field containing blade-vortex interactions. Experimental data have been used for
validation and a good accordance is shown.

The previously presented review is based on the flow around a helicopter. Since this thesis
introduces an analytical mesh-deformation method also, a review of the treatment of relative
moving parts of the mesh is provided in the following. It is obvious that the appropriate capturing of
the wake flow requires a detailed representation of the rotor-head geometry as well as the cyclic
pitch motion. The latter leads to a relative motion of the blades related to the rotor head. For
computational fluid dynamics, two different modeling approaches have been applied to adapt the
mesh, as summarized, for example, by Steijl et al. [133]. One approach is the Chimera or overset grid
approach. Basically, for the overset grid or Chimera approach, at least two different grids are applied.
One grid is moving, for example, with each of the rotor blades and the other one, the background
mesh, is stationary. In addition, the grid of the blade can be deformable. At the Chimera boundaries,
the two mesh regions are overlapping and an interpolation of the flow quantities of the different
solution spaces has to be performed. Some advantages of the method can be identified. If the mesh
of the blade is solely rigidly moved and consequently not deformed, the quality remains as set up
initially. Moreover, the generation of the background mesh is simple and enables high quality
meshes. Ideally, Cartesian grids can be generated and in combination with higher-order spatial and
temporal discretization schemes, the numerical error of the flow solution can be reduced. An
investigation including several applications of the method in the field of rotorcraft is provided by
Renzoni et al. [134]. Pahlke and van der Wall [135] applied the approach for a simulation of
multibladed rotors in high-speed forward flight with weak fluid-structure-coupling. The results show
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an improved solution with respect to the experimental data by incorporating the elastic blades.
Pomin and Wagner [136, 137] investigated the flow of a helicopter rotor in hover and forward flight
featuring aeroelastic behavior and enabling deformable meshes. The loads as well as the
deformation agree fairly well. Potsdam et al. [138] investigated the UH-60 rotor by the application of
the chimera method using a loose aerodynamic/structural coupling obtaining a good agreement with
the flight test data. Dietz et al. [139] used vortex-adapted chimera grids to improve tip vortex
conservation of the main rotor.

The other approach is the deforming mesh approach. Therefore, different deformation types can be
applied [e.g. transfinite interpolation (TFl), spring analogy, diffusion-based mesh-deformation, or
finite element methods]. As a side note, the deforming mesh approach is applied to realize the cyclic
motion of the blade; the rotation is realized by a combined sliding mesh approach. Dubac et al. [140]
presented the TFl for a two-dimensional test case that shows that the deformation of the grid do not
significantly influence the results compared to a rigid motion of the grid. Park and Kwon [141]
applied the spring analogy for the mesh deformation. The results of the numerical simulation show a
good agreement with experimental data. Steijl et al. [133] introduced a novel mesh-deformation
approach by combining rigid mesh motion for the blocks attached to the blades and a deforming
mesh for the remaining blocks. The deformation is performed by the TFl. The main idea was to keep
the quality in the vicinity of the blades high, while requiring low computational costs due to the
application of the TFl. Daheze and Barakos [142] presented a hybrid method combining the constant
tetrahedron method, the TFI, as well as the spring analogy method for simulating deforming rotor
blades. The approach combines the advantages of underlying approaches and the outcome was that
the convergence is not affected by the deformation. Grawunder et al. [6] investigated the wake flow
of a fully-functional rotor-head featuring cyclic and collective pitch motion by applying the diffusion-
based mesh-deformation. Although the results match well with the experimental data, the
computation effort is high and bad convergence was detected.

5.2 Mesh Motion Method

For the method presented in this thesis, the relative motion between the different parts of the rotor
head is captured with a combination of the sliding mesh and a deforming mesh approach. If there is
enough space, the sliding mesh approach is a well-suited technique; in particular, if rigid body
motions are included exclusively. The advantage of this method is that the flow quantities have not
to be interpolated in contrast to e.g. the Chimera approach between the different meshed, since the
flux on a certain face can be calculated directly. Furthermore, since the sliding surfaces are in two-
dimensional space, the evaluation of the intersecting surfaces is simple, even for a three-dimensional
mesh. Consequently, for a two-dimensional configuration the intersecting surface degenerates to a
curve. Such a two-dimensional example is show in Figure 102. The static domain (S) is fixed, while the
rotating domain (R) is rotated from the initial state (left) about the axis normal to the plane of the
paper to obtain the rotated state (right). Nevertheless, one major drawback is that both sliding
surfaces must have the same geometrical shape. That may be difficult to obtain in regions with small
physical spaces or complex geometries.

The deforming mesh approach, however, provides the capabilities to work appropriately in such
regions. Therefore, the treatment of the governing equation might be more complex, since the
change of the control volume has to be included. Nevertheless, it is necessary for the treatment of
the rotor head motion caused by the high-level geometric complexity. In addition, the deforming
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mesh approach allows for elastic surface motion as well. Nonetheless, in order to obtain a similar
result for a rotation as presented for the sliding mesh approach above, the methodology differs.
Figure 103 presents a rotation with the deforming mesh approach. Therefore a simple quad mesh is
applied that is divided into three subdomains, the static (S), the deforming (D), and the rotating
domain (R). The static domain remains in its initial state, while the rotating domain discovers a
rotation with a certain angle ¢, merely. The angle can depend on the solution time also. The
deforming zone has to fulfill the required motion of the boundary to both adjacent domains.
Obviously, the approach cannot handle too large rotational angles.

Figure 102: Static mesh (S) and rotating mesh (R) for the sliding mesh approach. Initial state is shown on the left hand
side, after rotation on the right hand side.
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Figure 103: Static mesh (S), deforming mesh (D), and rotating mesh (R) for the deforming mesh approach. Initial state is
shown on the left hand side, after rotation on the right hand side.
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Initially, the standard deforming mesh approaches provided by Fluent have been tested. In the
course of this investigation, the diffusion-based method has been applied. In contrast to the other
methods of Fluent, like the spring analogy and the finite element based method, it provides the most
stable results with best mesh quality. The diffusion based method relies on the diffusion equation
with a diffusion coefficient y, in order to set the local influence of, e.g. the normalized cell volume or
the normalized distance from the boundary layer. The diffusion equation reads

V-(yVu) =0. (5.1)

The diffusion coefficient can be described according to

1
var for the normalized cell volume
=31 (5.2)
qa’ for the normalized boundary distance

depending on the chosen method. An additional input parameter @ = 0 can be set in order to weight
the influence of the cell size or the boundary distance. It is obvious that the diffusion equation will be
transformed into the Laplace equation for the velocity if the input parameter is set to @ = 0. Since
the parameter is set globally, difficulties in solving the system can arise if the mesh velocities and the
length scales within the mesh are strongly varying. The result is a low convergence rate, or in the
worst case, divergence of the simulation run. Furthermore, the computational effort for solving the
system of equations scales with the order of magnitude of two related to the number of cells. This
issue is a drawback, in particular, for highly resolved mesh regions. Another drawback is that the
mesh is not periodic in time, even for an underlying periodic problem. This issue is caused by the
diffusion equation which is applied for each time step depending on the present mesh. As a result,
the quality of the mesh can be worse for increasing solution times and finally, this issue can lead to
divergence of the simulation. Consequently, the analytical mesh-deformation method is developed.

5.3 Analytical Mesh-Deformation Method

At first, the idea of the analytical mesh-deformation is described. Secondly, the speed-up is
presented. The application for the complex test case is shown in chapter 6.

The basic principle of the approach is to describe the motion of the parts of the rotor head and the
rotor blades as well as the motion of the nodes of the surrounding computational grid with one
analytical function. Furthermore, a combination of rigid and deforming mesh regions is applied, but
in contrast to [133], independent of the blocking. In general, the governing law for a pitching motion
of the rotor blades in terms of the pitch angle 6 reads

0() =604+ 0, cos(y) + O - sin(y). (5.3)

Apparently, the motion of the rotor blades is described by an analytical function. For the other parts
of the rotor head connected to the blade, an analytical function can successively be found also.
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Nevertheless, the mesh between the moving and the stationary part has to be transformed
dynamically. Considering the diffusion function, the adaption of the mesh between two relatively
moving parts is realized by a time-dependent transition depending on the velocities of the individual
parts. However, there is no restriction to move the nodes of the mesh by an analytical function for
each time step that provides a comparable result. In the present case, a smooth function based on a
raised cosine is applied. Basically, the function uses the construction applied for the Kernel function
of the generalized actuator disc approach within chapter 2.

In the following, the principle is clarified with some examples. Therefore, the application of the mesh
deformation is described for a two-dimensional rotation as illustrated in Figure 103. The deformation
function F.r is defined depending on the radius. Fyer shall be smooth at the inner and outer
boundary of the deforming domain and it shall fulfill the constraints Fyer(1in) = 1 and Fger(Tour) =
0. The angle of the rotation of the rotating mesh (R) shall be ¢. The analytical deformation function
for this case reads

( 0, T > Tout \
A N AL
Faer(r) = { cos (— : —) T 2T AT < Tour } (5.4)
Tout — Tin 2
k 1, r < Tin J

The resulting rotation of the whole mesh is determined by the angle ¢4o¢ = Fger - ¢. The analytical
deformation function acts, in this example, on the angle of the rotation. In general, the method is
implemented in a node-based manner. Consequently, if a node is located within a certain region, the
associated function is applied for the node regardless of the position of the cell center.

The position of the nodes is finally obtained by performing a coordinate transformation. Due to the
choice of the smooth function, a smooth transition of the mesh lines is preserved at the boundaries
between the stationary and the deforming domain as well as between the deforming and the
rotating domain. The smooth transition is visible, in this example, at the radial positions 7, and 7.
In addition, the parameter n is included in this equation. The latter allows for modifying the shape of
the smoothing function. Basically, the higher the value of the parameter n, the smaller is the region
of the deformation. In general, the value is set to n = 1 which results in a point-symmetric function

Tout—Tin

aroundr = . It has to be kept in mind that a smooth transition on both limits is obtained only

for values of n = 1. Nevertheless, n = 0.5 can be used if the mesh at the lower limit is located on a
mesh boundary, where it does not matter if the mesh lines change its orientation. Obviously, the
inverse behavior of the function providing Fyer(7in) = 0 and Fyer(Toy:) = 1 can be obtained by
substituting the cosine by a sine for certain applications.

For the translational motion, a similar function can be applied. In this case, the deformation is acting
directly on the coordinate for the motion according to X4ef = Fger - X. The deformation function
therefore reads as follows

0, x| > xoue ]
x| —x; @ an
Fer(x) = {COS (—m—> x| =1 Alx] < Xoue } (5.5)
Xout — Xin 2
\ L Jxl <xip )
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5. Modeling of the Rotorcraft

As a side note, while for the rotational motion, in most cases, a cosine distribution with a parameter
value of n = 1 is applied, for the translational motion a sine distribution with a parameter value of
n = 0.5 is useful. The latter value is, in particular, of interest if an extension of the first cell is not
prohibited and therefore, the quality within the mesh can be kept higher.

Furthermore, the rotational as well as the translational motion can be superposed. Therefore, a
further example combining a translation with a rotation is provided and illustrated in Figure 104.
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Figure 104: Surface deformation obtained by the analytical mesh-deformation approach. The initial state (top, left), the
rotated-only state (top, right), the translation-only state (bottom, left), and the combined rotation-translation state
(bottom, right) are presented.

In Figure 104 (top, left), the initial state of a mesh is presented. The ranges of the shown region are

[_xmin'xmax] =[-11] , [_Zmin»Zmax] =[-11] and [_Ymin'.Vmax] =[0,4] . The mesh-
deformation function shall perform a linear increasing rotation of the mesh around the y-axis

max

depending on the latter according to ¢(y) = " V. Vmax fepresents the location of the red

max

highlighted plane and ¢4, = 30°, the maximum angle of the rotation. The center of the rotation is
positioned in the center of the xz-plane (black). The rotation shall be performed within a cylinder of
r < 0.25 and the mesh shall remain in its initial state for r = 0.75. Between the limiting radii, the
analytical mesh-deformation is applied for a cosine distribution with n = 1. Furthermore, a non-
linear translation in z-direction depending on the y-coordinate shall be conducted according to

2
z(y) = 0.25 - (y::j) . In Figure 104 (top, right), the result of the rotation is well visible. A smooth

transition of the mesh is obtained. Furthermore, the quality of the mesh remains well, even for the
rotation of ¢4, = 30°. The mesh after conducting the non-linear translation function is depicted in
Figure 104 (bottom, left). Therefore, the quality of the mesh remains also well. Obviously, while for
the rotation the cells are mostly skewed, for the translation, the cells are mostly stretched or
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compressed. Finally, in Figure 104 (bottom, right), the superposed result of the rotation and
translation is provided.

For these simple examples, the position of the boundaries, e.g. r;, and 1,,;, are kept constant.
Nevertheless, additional dependencies can be set. For example, the radius can be varied depending
on the y-coordinate according to 13, (v) which is useful for a flapping rotor blade. Moreover, the
radius can be adapted locally in order to obtain elliptical or piecewise curved shapes according to
Tin (@), with ¢ being the two-dimensional polar angle. This adaption might be necessary if in certain
regions only less physical space is available, e.g. between the rotor blade and the steering rods.

Before a study of the performance of the method is given, a brief description concerning the
implementation and the workflow is presented. The mesh deformation is coded in standard C. Since
the commercial flow solver ANSYS Fluent is applied, the user-defined functions (UDFs) are used to
hook the code of the mesh-deformation function. For the investigations within this thesis, multi-
block meshes are used and converted to unstructured ones. As mentioned, the method allows for
the utilization of unstructured meshes also. That is obvious, due to the node-based definition and the
analytical description of the regions, the determination if a certain node is associated to a deforming
or non-deforming region is independent of the shape and location of any blocks. The function is
designed usually in such a manner that the mesh is considered to be rigid in the vicinity of
boundaries and further away it is deformed. The sizes of the deforming region can be changed easily.

In the following, an example concerning the computational effort and the resulting speedup of the
method compared to the diffusion-based method is provided. Therefore, a simple test case based on
Figure 103 is presented. A sketch of the test case is presented in Figure 105 (top, left). However, for
the present test case, the rotating domain is excluded and the action is modeled solely by a motion
of the boundary nodes. The dimensions of the domain are [—Xmin Xmax] = [—11],
[=Vmin Ymax] = [—1,1] and [—Znin, Zmax] = [0,2]. The inner radius is set to r;,, = 0.25. The outer
radius is varied and reads r,,,,; = 0.75 and r,,,,; = 1.0. The latter is solely necessary for the analytical
deformation function. For the diffusion-based mesh-deformation, the whole region between 1y, and
the outer boundary is deformed. The two different radii are presented for two reasons. On the one
hand, the comparison of the computational effort between the two methods is only fair if in both
cases the whole domain is deformed. Although this is even not fulfilled for 7,,,,; = 1.0, but almost the
whole domain is deformed. On the other hand, it is demonstrated that the mesh quality is still high if
Tour = 0.75 and it allows to reduce the size of the deforming region. In Figure 105 (top, right), the
initial mesh is presented. The mesh for the maximum deflection obtained by the diffusion-based
method is shown in Figure 105 (bottom, left) and the mesh provided by the analytical mesh-
deformation function for r,,,,; = 0.75 is exhibited in Figure 105 (bottom, right). It is well visible that
the size and shape of the cells on the rotating surface are almost not modified and the angles of the
cells at the surface remain almost perpendicular for the latter. The angle of the rotation is governed
by ¢(t) = Prmax - sin(w t), with ¢e = 30°and w = 21121—0%. Consequently, 20 time steps with a
time-step size of 1 s are required for one period. Finally, the wall-clock time is determined for the
simulations of one period with both methods. For the investigations, a coarse, a medium, and a fine
mesh with 0.12 Mio., 1 Mio., and 8 Mio. cells, respectively, are generated. In addition, the number
of cores is set to 1, 2, 4, 8, 16, and 32. Due to the large computational effort of the diffusion-based
method for the finest grid with 8 Mio. cells, only two time steps are calculated. The time step with
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less elapsed wall-clock time, in this case the second one, is chosen and multiplied by twenty to
estimate the required wall-clock time for the whole simulation.

Figure 105: Sketch and mesh for the mesh-deformation test case. A sketch showing the region and measures is drawn
(top, left). The initial mesh is presented (top, right). The deformed meshes for the maximum deflection within the test
case are presented for the diffusion-based method (bottom, left) and the analytical mesh-deformation method (bottom,
right).

In Figure 106, the wall-clock time required for one run is presented for the diffusion-based mesh-
deformation method and the analytical mesh-deformation method. For the following comparisons,
the results for the radius r,,; = 1.0 are chosen. The magnitude of the relative deviation of the wall-
clock time forr,,; = 0.75and r,,; = 1.0 is less than 1.5 %. In addition, repeatability tests are
conducted showing a magnitude of the relative deviation of the wall-clock time of less than 1.1 %.
Due to the large difference of the computational effort between the two methods, a logarithmic
scale has been chosen. The speedup of the analytical mesh-deformation method related to the
diffusion-based is up to an order of magnitude of two. Concerning the number of cores, a similar
behavior is provided by both methods. For both methods, the slope is comparable. The reduction of
the wall-clock time for higher numbers of cores as well less numbers of cells is obtained. The parallel
performance drops for both methods if the number of cores is too high and the number of cells is too
low. Obviously, since the boundary cell count ratio gets bad for these points. The absolute wall-clock
time ty ¢ is discussed for the medium mesh, since the mesh size is representative for a complex test
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case and in contrast to the fine mesh, all points are calculated. The range of the wall-clock time for
the analytical mesh-deformation method is given by 8.2 s <ty < 46.7 s, whereas the wall-clock
time for the diffusion-based mesh-deformation mesh reads 771.5 s <ty < 6091.8 s, depending
on the number of cores used. Nevertheless, even by applying the serial solver with the analytical
method, in contrast to the parallel solver with the diffusion-based method, a big advantage in terms
of wall-clock time is shown.

10°
o 1 Core g S
A 2 Cores o ’__,a\.
v 4 Cores R e Ui
10 e 8 Cores e T _ == T
<& 16 Cores T | e B SRS
O 32 Cores e T e I e L
B _,-“"-'-' _,_...-"""--' ,,;7-""':—::::—-
3 - - B e R
,_,10 E BT e BT na P e S
-; i &-’-’—"'—_—::::::::—‘ //E]
102 E"::::—-—' l/‘/’:
3 W
10' £ A
105 106 107
N

<

Figure 106: Required wall-clock time ty, for one simulation run obtained by the diffusion-based mesh-deformation
method (dashed line) and the analytical mesh-deformation method (solid line) depending on the number of cells for
different numbers of cores N .

In order to quantify the speedup of the analytical methods, the ratios of the wall-clock times for the
diffusion-based mesh-deformation method related to those of the analytical mesh-deformation are
presented for different numbers of cores and grid resolutions in Table 17. The values marked with (*)
are obtained by the multiplication of the wall-clock time needed for one time step with the
maximum number of time steps as described above. In general, the speedup is at least one order of
magnitude. Nevertheless, for most combinations the speedup is in the order of magnitude of two.
The speedup for high numbers of cores on the coarse grid is the smallest. It has to be remarked that
the wall-clock time for the coarse grid is less than 2 s for the calculations with 4, 8, 16, and 32 cores
and the overhead caused by serial processes cannot be determined exactly. Consequently, long
computational time for serial processes will affect the results strongly.

Table 17: Ratio of the wall-clock time of the simulation ty;, for the diffusion-based mesh-deformation method related to
that of the analytical mesh-deformation method for different numbers of cores and grid resolutions.

Number of Cores Coarse Medium Fine
1 117.24 130.53 200.96"
2 112.43 130.71 205.81"
4 93.77 123.85 167.63
8 76.87 114.60 172.86
16 5711 94.95 174.49
32 53.43 88.37 174.29
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In the following, a brief description and a comparison of the parallel performance for both methods
are provided. Therefore, two different approaches are presented. On the one hand, the number of
cores is kept constant and the size of the problem is increased and on the other hand, the size of the
problem is kept constant and the number of cores is increased. Instead of applying the formulation
for weak and strong scaling, a simplified approach is used. For the first investigation concerning the
variation of the size of the problem, the wall-clock time of the simulation ty;, . related to the number
of cells N, is calculated for two different grids. Subsequently, the ratio of the quantities for the
coarser to the finer grid is evaluated according to

tweer [tweez -
PPG = : < : > . (5.6)
N¢61 N G2

The results for different numbers of cores are shown in Table 18. If the wall-clock time per cell is
equal for larger problems, the result of the ratio equals PPG = 100%. Considering the diffusion-
based mesh-deformation method, the ratio is less than PPG < 100% for all calculated points.
Consequently, the higher the number of cells, the longer is the required wall-clock time. In addition,
almost no influence of the number of cores is visible. For the analytical mesh-deformation method, in
contrast, the simulation speedup is in some cases PPG > 100% or needs approximately the same
time PPG = 100%. The highest speedup is, in particular, obtained for a large number of cores on a
coarse gird. In this case, the boundary cell count ratio is high. By increasing the number of cells, the
ratio gets smaller and as a result, less information has to be transferred relatively during one time
step. The effect is more pronounced for the analytical mesh-deformation method, since the
computational effort for deforming the mesh is low compared to the other tasks to be executed
during one time step.

Table 18: PPG for different numbers of cores.

Diffusion-based mesh-deformation
method Analytical mesh-deformation method
Number of
Cores Coarse to medium Medium to fine Coarse to medium | Medium to fine
1 95% 62%" 106% 96%"
2 96% 62%" 111% 98%"
4 94% 75% 124% 102%
8 94% 72% 140% 108%
16 94% 65% 156% 120%
32 98% 65% 162% 134%

The second investigation deals with the variation of the number of cores. Therefore, the wall-clock
time of the simulation ty, - related to the number of cores N¢,es is calculated for two different
numbers of cores. In this case, the ratio of the quantities for the lower to the higher number of cores
is evaluated according to

-1
PPC = tCoresl ( tCoresZ > ) (5.7)
NCoresl NCoresZ
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The results for different numbers of cores are shown in Table 19. If the wall-clock time per core is
equal for larger problems, the result of the ratio equals PPC = 100%. The results for this
comparison are similar. Nevertheless, the speedup is even slightly higher for some points by the
diffusion-based mesh-deformation method, in particular, the coarser the resolution of the grid and
the smaller the number of cores. Due to the high computational effort of the diffusion-based mesh-
deformation method per time step in contrast to the analytical mesh-deformation method, the
influence of the effort for the data transfer is comparably low. Consequently, the resulting speedup

for the coarse mesh is higher.

Table 19: PPC for different grid resolutions.

Diffusion-based mesh-deformation method| Analytical mesh-deformation method
Cores Coarse Medium Fine Coarse Medium Fine
1to2 95% 96% 95%" 91% 96% 98%"
2to4 100% 98% 119%" 83% 93% 97 %"
4to8 81% 81% 77% 66% 75% 80%
81016 64% 64% 58% 47% 53% 59%
16 to 32 49% 51% 51% 46% 47% 51%
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6 Results of the Rotorcraft Simulation

Within this chapter, the results of the numerical and experimental investigations of the rotorcraft
simulations are presented. At first, the test case description in combination with the experimental
setup is provided. At second, the numerical setup is described. The latter includes the blocking
strategy, the generation of the mesh, and the description of the application of the invented
deforming mesh approach. Lastly, the results and discussion of the test case is presented.

Certain contents of this chapter have been already published by Stuhlpfarrer et al. [5].

6.1 Test Case Description

The investigations are conducted with a 1:5 scale model of a characteristic twin engine light (TEL)
utility helicopter as presented in Figure 107. Major parts of the detailed model contain front and
main cabin section, backdoor section, upper cowling, mast fairing, 5-bladed rotor head, skid landing
gear, tail boom, as well as vertical and horizontal stabilizer. The fuselage parts of the model are
manufactured of composite material and are connected to an inner load-bearing frame made of
aluminum. The tail boom is made of plastic and the vertical as well as the horizontal stabilizer is
milled from an aluminum block. The latter are connected to the inner load-bearing frame also. For
connecting the model frame to the model support, a tail sting element located inside of the tail
boom and the vertical stabilizer is used. The rotor head features collective and cyclic pitch motion of
the blade cuffs governed by a fully functional swash plate in combination with steering rods. The
blade cuffs are obtained by truncating the blade at the radial position of the first effective
aerodynamic blade section. The model is based on Airbus Helicopters Green Rotorcraft
Demonstrator Bluecopter [143]. The key parts are an aerodynamically optimized shape at the
backdoor section including contoured strakes, a faired skid landing gear as well as a T-tail. The
strakes originated from and adjoint-based optimization method by Zhang et al. [144].
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Figure 107: Side and top view of the helicopter configuration. The framed parts are associated to the configuration
excluding the tail boom and the empennage.
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Basically, investigations for mainly two different setups have been conducted. The first setup
contains all above mentioned parts and the second excludes the tail boom and the vertical as well as
the horizontal stabilizers. Due to the varying sizes of the models, different mountings are used.
Figure 108 (left) presents the full helicopter configuration (FHC) mounted in the test section of the
wind tunnel A. The model is sting mounted via the tail sting and a two-armed frame on a six-
component underfloor balance. In Figure 108 (right), the configuration excluding the tail and
empennage (FOC) is shown. The latter is mounted via a tail sting on a one-armed frame on the six-
component underfloor balance. The reason for the different mountings is, on the one hand, the
resulting loads and on the other hand, to position of the fuselage in the center of the test section.
Both frames are covered aerodynamically in order to prevent an influence of the flow on the
measured forces. The underfloor balance, in combination with a second actuator included within the
cover of the mounting sting, is used for setting the angle of attack and the angle of sideslip for both
setups. The length of the FHC model equals Iz = 2.19 m and the fuselage width is b = 0.33 m.
The length of the model excluding the tail boom and the empennage (FOC) equals lpoc = 1.24 m.
The FOC is applied, in particular, for the presented validation of the numerical results, while the FHC
is used to demonstrate the quasi-volumetric particle image velocimetry results.

i

Figure 108: Wind tunnel configurations. The full model (left) and the model without tail sting-mounted (right) in the wind
tunnel is presented.

For the validation of the numerical results, the freestream velocity is set to U, = 40 m/s and the
angular velocity of the rotor equals w = 100.8 rad/s in order to fulfill an advance ratio of 4 = 0.35
at ambient pressure and temperature. The freestream Reynolds number of Re =~ 1 - 10° is based on
a characteristic length of the fuselage derived from the model cross section. The angle of attack and
the angle of sideslip for the conducted investigations are set to @ = § = 0. The governing law for the
pitch motion reads 6(y) = 6, + 6, - cos(¥) + 6, - sin(y), 6, = 11.5°, 6, = 2.0°,and 65, = —8.8°
representing a level flight condition. The azimuthal angle of 1 = 0° corresponds to the back blade,
and the angle of = 90°to the advancing blade. The angles are associated to a level flight at
maximum takeoff weight and are computed by a flight mechanics code. The governing law for the
pitching motion differs slightly for the FHC.
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6.2 Measurement Technique and Test Conditions

The experimental investigations have been conducted in the large low speed facility A of the TUM-
AER. The force and moment measurements have been performed with a six-component underfloor
balance. Details concerning the facility and the measurements of forces and moments can be found
in the Appendix A.4. The resulting maximum error for the coefficients within the present
investigation is determined to ACp, = 2.8-1073, ACy = AC, = 5.7-1073, AC,, = 2.5-1073, and
AC; = AC,, =3.5-1073,

The determination of the velocities in the wake is conducted with Stereo-PIV. For the generation of
the time-averaged wake flow field needed for the validation data, the laser is operating with an
averaged double pulse frequency of approximately 12 Hz. Therefore, the camera and the recording
frequency are equivalent. However, the recoding rate for the phase-averaged measurements is
obtained as the least common multiple of the blade passing frequency, the laser frequency, and the
camera frequency. For the investigations concerning the validation data, the images are recorded by
two sCMOS cameras with a resolution of 2560 x 2160 pixels, resulting in a spatial resolution of
approximately Ad = 3.5 mm (Ad/b = 0.011) [145]. The light sheet thickness is obtained to
approximately 3 mm.

The size of the measurement windows is chosen in order to capture the whole wake of the rotor
head on the upper side and the whole wake of the cabin backdoor section and the skid landing gear
on the lower side of the tail boom. The velocity fields are determined by averaging over 400 time-
accurate data samples.

In order to proof the independence of the averaged values depending on the number of samples, the
difference of the dimensionless root-mean-square (rms) values for the axial velocity between 350
and 400 samples, evaluated for one plane in the wake of the rotor head, are calculated according to
(Urms 400 — Urms350)/Uoe = 0.005. The corresponding relative deviation therefore reads (Uyms 400 —
Urms,350)/Urms,400 = 0.05.  The maximum error for all velocity components related to the
freestream velocity is established to Au; /u, < 2% [5].

6.3 Numerical Setup

This section provides, at first, the meshing and blocking strategy. Secondly, the application of the
mesh-deformation method for this test case is described. Finally, the solver settings are presented.

6.3.1 Meshing and Blocking Strategy

Within this section, a detailed description of the blocking and meshing strategy is presented.
Basically, the mesh is subdivided in several domains. This separation is conducted, on the one hand,
to simplify the mesh generation by using, for example, periodicities and on the other hand, to realize
the relative motion between certain parts of the mesh.

The whole domain for the simulation is divided into three parts that are connected by a sliding mesh

interface. The sliding mesh interface allows for a time-accurate solution at nonconformal boundaries.

The adjacent cell faces of each part of the mesh are intersected and the mass, momentum, and

energy fluxes through each of the resulting faces are determined. The domains are the static domain

(SD), the rotating disc domain (DD), and the blade domains (BDs). The static domain contains the
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helicopter configuration excluding the rotor head. The rotating disc domain is embedded in the static
domain. This domain includes the rotor head related parts as well as the inner parts of the blade
cuffs. Furthermore, the blade domains are inserted for providing the cyclic motion of the blade cuffs.
The model parts for the simulation are in accordance with the experimental setup. However,
although the numerical representation of the rotor head shows simplifications, the important parts
are featured. For the mesh generation, the blocking is subdivided additionally. In the following, the
individual parts are presented. In general, each part of the mesh is generated block-structured and
consists of hexahedral elements exclusively.

Figure 109 (middle) depicts the FOC including the one-armed mounting sting. In Figure 109 (left), the
surrounding static domain around the helicopter configuration is shown. The dimensions of the
domain are chosen for a negligible influence of the boundary conditions on resulting forces as well as
on the wake flow field. For this purpose, the resulting pressure field is checked mainly. Although, the
mounting sting is present, the wind-tunnel floor is not. The green highlighted disc in Figure 109 (left)
represents the rotating disc domain. Therein, the rotor head including the truncated rotor blades is
located. As mentioned above, the DD embeds the BDs to allow for the pitching motion of the blades.
Before describing the domains, in Figure 109 (right) the rotor head with the truncated rotor blades is
shown in detail. The rotor head consists of the rotor mast, hubcap, scissors, damper, steering rods,
and the swash plate. Due the high complexity of the detailed geometrical representation of the rotor
head, the latter is divided into several mesh parts that are connected by non-conformal interfaces. As
far as possible, periodicity is used for the mesh generation and the resulting mesh is copied and
rotated. That is why the DD is divided in the upper rotor head and hubcap domain (URHD), the lower
rotor head domain (LRHD), and in disc segment domains (DSs). The periodicity is applicable for the
URHD and the DD. The LRHD has to be meshed without applying periodicity due to the two-armed
scissors.
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Figure 109: Helicopter configuration without the empennage mounted on the one-armed mounting sting (middle) is
presented. Gray highlighted stationary domain with the green highlighted embedded disc domain is depicted (left). Rotor
head with truncated rotor blades is exhibited (right).

Figure 110 (left) exhibits the blocking of the LRHD. The related parts to this domain are the swash
plate, the lower part of the mast and the steering rods, and the scissors. It is clearly visible that no
periodicity can be used for this domain. The domain performs a rotation only. In Figure 110 (right),
the blocking of the URHD is presented. The domain includes the hubcap, the upper part of the mast
and the steering rods, the dampers, the inner part of the blade, and a simplified connection of the
blade and the mast. Obviously, periodicity can be considered for this domain. For the mesh in this
domain, the deforming mesh method is applied. The truncated rotor blades and the dampers fulfill
the cyclic pitch motion in combination with a rotation of the rotor head, while the remaining parts of
the domain are performing a rotation only. Consequently, a relative motion occurs. However, due to
the small space between the different parts, the sliding mesh approach does not work. For the latter,
it is not possible to include the required interface surface without intersecting the geometry. The
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deforming mesh method handles the motion of the boundaries as well as the motion of the nodes of
the mesh.

Figure 110: Blocking of the lower rotor head domain including the swash plate, the mast and the scissors and lower parts
of the steering rods (left) and blocking of the upper rotor head domain (right). [5]

In Figure 111 (left), the blocking of one BD is shown. Since the blade is considered to be rigid in the
present case, solely a rotation depending on the prescribed cyclic pitch angle relative to the rotor
head is required. There is enough space for the application of the sliding mesh approach. Figure 111
(right) depicts the blocking of one DS as well as the embedded BD. The DS domain is designed by the
inclusion of the periodicity. Finally, the LRHD, URHD, and DS are taken to build the DD. Therefore, the
URDH and the DS are copied and rotated four times and connected with the LRHD. The connection of
the aforementioned domains is realized by nonconformal interfaces, but without allowing for a
relative motion between the domains. However, a one-to-one connection of the nodes is established
if possible. The BDs are copied and rotated four times also, but the connection between the BDs and
the DD is established by a sliding mesh interface to enable the cyclic pitch motion. In particular, this
concerns also the interfaces of the BDs with the DSs as well as with the URHD. The presented
approach captures the cyclic and the collective pitch motion of the blade. Furthermore, the motion
of the steering rods and the swash plate could be realized also. Nevertheless, in the course of this
investigation, the swash plate is not inclined and the scissors and the steering rods perform a
rotational motion only.

Figure 111: Blocking of one blade domain (left) and blocking of the disk segment domain with the embedded blade
domain (right) [5].
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After describing the structure of the blocking, the important parameters for the generation of the
mesh are presented. In general, the values for the dimensionless wall distance of the first cell are set
to approximately y* = 1 for each no-slip wall in all domains in order to resolve the velocity gradient
at the wall appropriately and to avoid the application of a wall function. Concerning the settings of
the cell sizes at the interfaces, the ratio of the lengths of the cells at both sides of the interface is set
to approximately one. Ratios of approximately one can significantly reduce the numerical error at the
interface and suppress the generation of non-physical wiggles. For the determination of the cell sizes
in the wake region, the estimated turbulence length scale obtained from previous simulation runs is
taken into account. The mesh in the symmetry plane of the helicopter plane is presented in Figure
112.

In Figure 113 (left), the whole mesh of the rotor heads is presented. A detailed view of the mesh of
the rotor head is exhibited in Figure 113 (right). Therein, the structure due to the application of the
periodicity is well visible. Caused by the complexity of the geometry, the cell growth ratios are high
or even show peaks in some region. Nonetheless, these growth ratios do not lead to problems
concerning the stability of the simulation run.

Figure 112: Mesh in the symmetry plane of the helicopter configuration excluding the empennage, but with included
mounting sting.

Figure 113: Surface mesh of the rotor head. The rotor head includes rotor mast, hubcap, scissors, damper, steering rods,
and swash plate. The global view of the whole rotor head (left) and a detailed view of the rotor head (right) is shown.
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The quality of the mesh is assessed by the representative determinants and the angles. In this
context, the determinant refers to the ratio of the smallest determinant divided by the largest
determinant of the Jacobian matrix evaluated for each cell. The minimum obtained value for all
applied meshes within the whole computational domain is greater than 0.25. The angle designates
the minimum internal angle for a cell. The angles are greater than 14 degrees for all applied meshes
within the whole computational domain.

6.3.2 Application of the Mesh-Deformation Method

As presented in the previous section, the sliding mesh approach is used if possible. However, due to
the small space between the different parts with relative motion in the URHD, a deforming mesh
approach has to be applied. Therefore, the diffusion-based mesh-deformation method provided by
ANSYS Fluent has been tested initially. A similar rotor head configuration has been successfully
investigated with the comparable method of the flow solver ANSYS CFX by Grawunder et al. [6].
However, within these investigations some drawbacks were identified and procedures, like reloading
the mesh after some time steps, had to be invented to obtain at least convergence. As stated in the
previous chapter, the diffusion equation is a partial differential equation and requires a system of
equations to be solved. For an unsteady case, it is has to be solved within each time step. Although
the method allows for the application of an iterative solver and parallelization, the computational
wall-clock times for deforming the mesh, within the present application, are even higher than for
solving the flow equations for one time step. Furthermore, the convergence for calculating the mesh
deformation in a parallel simulation depends strongly on the number of partitions as well as on the
type of partitioning. In the worst case, the simulations are diverging for the present case. In order to
avoid such issues, the analytical mesh-deformation is used for this investigation. The resulting
speedup for the analytical mesh-deformation method is established up to an order of magnitude of
two within this test case. The speedup is comparable as for the simple test case presented in section
5.3.

The method is applied for the URHD only. At first, several azimuthal divisions of the domain are
obtained by the application of one analytical constraint. Therefore, the whole URHD is divided in five
sectors by one analytical function. The green highlighted isosurface, representing the boundary of
one sector to its neighboring sectors, is presented in Figure 114. In Figure 114 (left), the top view and
in Figure 114 (right) the view along the blade in direction to the rotor head is shown. Each of these
sectors contains one blade and allows for governing each blade pitch angle independently. The first
described deforming function handles the mesh-deformation around each blade. Since the blade
fulfills a cyclic, rotational motion, an inner radius 1y, and an outer radius r,,,; are required for the
deformation function. The mesh deformation is based on the angle 8,07 (¥, ...) = Fyer(...) - ().
Due to the complexity of the geometry of the rotor head, constant values for the radii cannot be
applied. The space around a certain blade is limited by the surrounding blades as well as by the
steering rod, the hubcap, and the mast. For the presented test case, 6 blade sections located along
the spanwise direction of the blade y,;,; are generated within the URHD. For each of the sections, the
inner and the outer radius of a blade section, 155 4 ($ps) and 155 o (Pps), respectively, are varied
depending on the local circumferential direction ¢gs. Therefore, piecewise-defined curves are used
to define the shape. Between the spanwise sections, a linear interpolation of the boundary radii is
conducted. The second function handles the boundary of the deforming region at the inner part of
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the blade. The function is solely depending on the spanwise position along the blade yy;. The final
deformation function is a result of the multiplication of the two deformation functions.

Faer (s, ®s: Yb1) = Faer1(Tes, Poss Y1) * Faer2Vp1) (6.1)

In Figure 114, the resulting deforming regions are exhibited by two isosurfaces of the deformation
function. The blue highlighted isosurface provides a value of the deformation function of Fyor =
0.01 and the red highlighted isosurface of Fy.r = 0.99. The values are chosen instead of Fgor = 0.0
and Fg.r = 1.0 to enable the depiction of the surface. The nodes outside of the blue highlighted
isosurface are not moved cyclically, whereas the nodes inside the red highlighted isosurface are
rotated with the blade. Consequently, the mesh of the boundary layer is not modified and
subsequently, the quality of the mesh remains as is. The deforming law is applied for the mesh
regions within the two isosurfaces.

Within this investigation, tests with an additional deformation function are performed. The idea is to
generate a second deformation function that is superposed and allows for a movement of the nodes
located between the blades and the interface between the URHD and the LRHD. The isosurfaces for
Faerxp = 0.01 and Fyefxp = 0.99 are presented in Figure 115 (left). This function enables a motion
of the nodes at the grey interface in accordance with the circumferential component of the rotation
of the blade. The function can be applied if the required pitch angles are large. For the present
investigations the function is set to Fyeryp = 0.0. In Figure 115 (right), the mesh at the interface
between the URHD and the adjacent domains, the DD and the BD is depicted. The mesh is shown for
a pitch angle close to the maximum. It is visible, that the quality of the mesh remains high.

Figure 114: Definition of the deforming regions. Top view of the rotor (left) and view along the blade in direction of the
rotor head (right) is presented. The isosurfaces covering the blades represent a deformation function of Fg.r = 0.01
(blue highlighted) and F ;.; = 0.99 (red highlighted). A sector, associated to a blade, is divided by the green highlighted
isosurface.
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Figure 115: Additional deforming region (left) and actually used deforming region including the mesh (right) is shown.
The isosurfaces of the additional deformation function of Fy,fy, = 0.01 (blue highlighted) and F .5y, = 0.99 (red
highlighted) are presented (left).

The definition of the boundaries for the deforming domain is set manually within this investigation.
Nevertheless, the boundaries can be determined by an automatic detection of the boundaries as
well.

6.3.3 Solver Settings and Independency Studies

For the numerical simulations, the URANS equations are solved with the commercial flow solver
ANSYS Fluent. Caused by a Mach number of Ma < 0.3 in the whole domain, the incompressible
formulation of the governing flow equations is applied. Consequently, the pressure-based solver is
chosen. During the simulation, the pressure-velocity coupling is treated by the application of the
coupled or the SIMPLE algorithm. The absolute velocity formulation is chosen for all domains. A
bounded second-order central difference scheme for the spatial discretization of the momentum
equations is chosen in order to reduce the numerical dissipation. The boundedness of the solution is
ensured by a local blending to a first-order upwind scheme. Moreover, spurious oscillations can be
avoided. The standard pressure interpolation scheme of Fluent that takes into account the
momentum equation coefficients is applied. The transport equations for the turbulent kinetic energy
and the turbulence eddy frequency are discretized by a first-order upwind scheme. The modeling of
turbulence is realized by the SAS model [146, 147] and the flow is assumed to be fully turbulent. The
model is able to act as a statistical turbulence model in stable flow regions (e.g., boundary layers) and
provides LES capabilities in unsteady flow regions (e.g., wake-flow region). The terms stable and
unstable are in accordance with the publications. The method allows for resolving the turbulent
structures comparable to a detached-eddy simulation. However, a dynamic adjustment of the
turbulent length scale is used instead of an explicit dependence on the local mesh resolution. [146].
As a side note, the model is based on the SST model. An additional source term is added to the w-
equation for avoiding an overprediction of the turbulence eddy viscosity in regions of highly unsteady
flow regimes.

The assumption of a fully-turbulent simulation is justified by the work of Grawunder et al. [148] for a
comparable configuration. It was shown that the laminar-turbulent transition takes place at the front
cabin section and consequently, the length of the boundary layer being laminar is small compared to
that of being turbulent.

A comparison of the SST and the SAS model is provided by Stuhlpfarrer et al. in [145, 149]. In
particular, the influence of the turbulence model on the separation of the flow at the backdoor
section was detailed in [149]. The outcome is that the choice of the turbulence model is crucial.
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While the SAS model leads to a symmetric region of separated flow, the results with the SST model
show an asymmetric one. Moreover, the region of separated flow is predicted larger by the latter.
The comparison of the numerical results with the experimental data obtained by PIV in several
crossflow planes downstream of the cabin backdoor section was provided by Stuhlpfarrer et al. [150,
151, 152]. Due to the good agreement of the results generated by the SAS model, the latter is
applied.

For the time-accurate solution, a two-step solution scheme is applied. At first, a steady state
simulation with a fixed rotor head is performed to generate a developed flow field around the
helicopter that features the turbulence decay appropriately also. In this step, the azimuthal angle of
the rotor head is set to ¥ = 0° and the pitch angles of the blade cuffs are set in accordance to the
steering law. The rotor head and the blade cuffs are meshed for one certain collective pitch angle,
caused by the copying and rotating of the parts of the mesh during the mesh generation.
Consequently, the cyclic pitch angle has to be adjusted to fulfill the steering law prior to the first time
step. For the steady state solution, the coupled solver is applied. The latter calculates the flow
quantities (u, v, w, p) in one coupled system of equations. The Courant number is set to C = 5 and
the explicit-relaxation factors for the pressure and the momentum are set to @, = &yom = 0.5. The
small values are necessary to obtain convergence for the complex geometry. The under-relaxation
factors for the turbulent kinetic energy and specific dissipation rate are set to ay, = a, = 0.8.
Following, the unsteady simulation with rotor head motion is performed. In order to reduce the
numerical dissipation, a temporal second-order implicit scheme is chosen. The time-step size is set to
obtain an incompressible Courant number of C < 1 in the wake flow field [146, 147, 112]. For this
case, a rotation of one degree azimuthal angle of the rotor head per time step is chosen. In order to
speed up the simulation, for the unsteady part the SIMPLE algorithm is chosen. The under-relaxation
factors for the pressure and the momentum are set to a, = 0.1 and @, = 0.6, respectively. The
under-relaxation factors for the turbulent kinetic energy and the specific dissipation rate are set to
Atre = @, = 0.4. In order to obtain convergence within a time step, approximately 10 iterations are
necessary. The fluid properties for the numerical simulations are set to a density of p =
1.225 kg/m3 and a molecular viscosity of u = 1.7894 - 10~>kg/ms. The boundary conditions are
set in accordance to the experimental setup. The velocity at the inlet equals u;;, = U, = 40 m/s and
the static pressure is set to p;, = Pamp = 101325 Pa. At the outlet, as well as on the remaining
boundaries of the calculation box, the pressure is set to p = pgmp- All physical surfaces are modeled
with a no-slip boundary condition. The turbulence quantities at the inlet are determined by
considering the turbulence decay in order to obtain comparable turbulence quantities at the model
as in the wind-tunnel test. If backflow into the domain occurs locally at a pressure-based boundary
condition, the direction of the inflow is established by the flow direction of its neighboring cell inside
the domain.

Concerning the sensitivity of the grid resolution and the time-step size on the solution, both a mesh-
independency study and a time-step-size independency study are conducted. The mesh-
independency study is based on a medium mesh of 21.4 million cells. Basically, one coarsening and
one refinement step with a factor of 1/1.2 as well as 1.2, respectively, is executed. The mounting
sting is included in the simulation, while the forces on the latter are not considered. As a side note,
the author showed with a simulation applying the SAS model that the influence of the mounting sting
on the flow at the cabin backdoor section is small [149]. Moreover, the cyclic pitch motion is not
enabled. 13 rotor-head revolutions are simulated for the study and the time-averaged drag
coefficients over the last two rotor-head revolutions are taken for the comparison. The coefficients

196



6. Results of the Rotorcraft Simulation

are considered to be converged, since the deviation in the coefficients between the 10" and the 13"
revolution is less than 0.7%. The resulting drag coefficients read for the coarse mesh C;, = 0.1952,
for the medium mesh Cp = 0.1952, and for the fine mesh €, = 0.1993. The maximum relative
deviation of the coefficients related to that of the finest grid is |AcD,rel| < 2.1%. Although the
relative deviation of the coefficients is acceptable, the biggest change is obtained from the medium
to the fine grid. In order to ensure the result, an extra fine mesh with 66.7 million cells is generated
that provides a drag coefficient of Cp = 0.1995. Consequently, the resulting relative deviation
between all coefficients related to that of the finest grid reads |ACp ¢;| < 2.1% and the medium
grid is applied. As a side note, the obtained trend of the drag coefficient depending on the mesh
resolution is caused by a counteracting behavior of different parts of the helicopter. A quantification
of the contribution of the different parts of the helicopter to the overall trend is presented in [5]. For
the time-step-size independency study, three different time-step sizes are chosen. The initial time-
step size is 1° azimuthal rotor-head angle per time step. The larger time-step size equals 2° and the
smaller 0.5° azimuthal rotor-head angle per time step. The drag coefficients read for the largest
time-step size Cp = 0.1927, for the medium time-step size Cp, = 0.1952, and smallest time-step
size Cp = 0.1951. The maximum relative deviation between the largest and the smallest time-step
size is |CD,rel| < 1.3%. For the investigation, the time-step size is set to 1° azimuthal rotor-head
angle per time step. In the following, a brief discussion of the choice of the mesh resolution and the
time-step size and, in particular, of the connection of both is presented. The time-step size appears
larger than in other works published, e.g. [128]. However, the mesh resolution is coarser also. As
stated above, a Courant number of approximately one is set in the wake of the helicopter. Regarding
the linear advection equation on an equidistant grid, the leading dispersive error term of the
temporal and spatial discretization schemes is comparable for this Courant number. In this case, the
dissipative error is caused by the temporal discretization scheme. It is a matter of fact that smaller
time-step size leads to reduced numerical dissipation for this scheme also. However, since the focus
is set in the course of this investigation on the near-wake flow field and verifying the applicability of
the mesh-deformation approach, the time-step size is appropriate. For more detailed investigations
of the far field downstream of the helicopter and the interaction with the tail, the mesh has to be
refined and the time-step size has to be reduced, accordingly. Moreover, higher-order discretization
schemes are beneficial to conserve the coherent vortical structures appropriately. As shown by
Kowarsch et al. [153], for example, for a rotor-fuselage interaction, a fifth-order weighted essentially
nonoscillatory discretization scheme (WENO5) is applied. This scheme reduces the dispersive error
significantly compared to a second-order central difference scheme while applying dissipation only
for high wave numbers.
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6.4 Results and Analysis

In this section, the results of the experimental and numerical investigations are presented and
compared. Firstly, the force and moment coefficients are discussed briefly and secondly, a detailed
description of the flow field is presented. The investigations therefore are conducted for the FOC.
Finally, numerical results as well as the quasi-volumetric PIV results are presented for the FHC.

6.4.1 Validation and Flow Field Description

The validation of the forces and moments is conducted with the time-averaged quantities of the
numerical results and the wind-tunnel data for the FOC. In contrast to the mesh independency study,
the cyclic pitch motion is included. In Table 20, the experimentally and numerically obtained
coefficients for the six degrees of freedom are presented. The drag coefficient measured in the wind-
tunnel experiment reads Cp = 0.1827 while the numerical result gives C, = 0.2020. The obtained
relative deviation is ACp ..; ® 10% and is stated to agree reasonable according to other publications
as reviewed by Reich et al. [124]. It is has to be remarked that if the cyclic motion of the rotor head is
enabled, the resulting drag coefficient predicted by the numerical simulation is less by approximately
ACp 11 = —6.4% related to the solely collective pitch motion. Considering the lift and the side-force
coefficient, the magnitude of the values is very small related to that of the drag coefficient.
Subsequently, the relative deviations are large. However, the absolute deviations are in the same
order of magnitude as for the drag coefficient. Concerning the moment coefficients, the relative
deviation shows a good agreement between the experimental data and the numerical results. The
relative deviation of the coefficients reads AC,, ; = —6.2% for the pitching moment, AC; ., =
—14.6%, for the rolling moment, and AC,, ;.o; = —9.1% for the moment of yaw.

Table 20: Force and moment coefficients obtained by the wind-tunnel experiment and the numerical simulation
according to Stuhlpfarrer et al. [5].

CD CL CY Cl Cm Cn
Experiment 0.1827 —0.0459 0.0083 —0.0206 —0.0484 —0.0022
Simulation 0.2020 —0.0162 —0.0360 —0.0176 —0.0454 —0.0020

In the following, the detailed description of the flow field as well as a validation of the numerical
results with the experimental data for certain crossflow planes is provided. At the beginning, the
occurring flow structures are presented and designated in Figure 116. The latter shows crossflow

i
slice planes of the time-averaged velocity magnitude colored in the range of 1.5 < |(‘-’l|]_ref <195

[ce]

and cut off at the limits. The flow structures related to the lower side of the helicopter are the
forward skid landing gear wake at the side (FLWS), the forward skid landing gear wake at the bottom
(FLWB), the wake of the skid landing gear (WSLG), the wake region between the strakes (WBS), and
the wake downstream of each strake (WDS). The flow structures associated to the upper side of the
helicopter are the blade tip vortices of the truncated blades (BTV), the mast fairing vortex pair
(MFVP), and the hubcap vortex pair (HCVP). In general, the flow structures are designated in
association to the part of its origin. The structure at the side of the helicopter, initiated by the visible
edge, is not discussed.
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Figure 116: Crossflow planes colored by the time-averaged vorticity magnitude in order to determine the dominant flow
structures [5]; Re ~ 1- 105, a = B = 0°.

Concerning the topology of the flow at the lower side of the helicopter, the skid landing gear has a
crucial influence. Initially, the shape of the forward bar of the skid landing gear governs the position
of the separation as well as the size of the region of separated flow WBS. A small region of separated
flow at the forward skid landing gear, resulting in the FLWB, is the origin for the separation between
the strakes WBS. This issue was addressed in [149] and is reviewed later in this section. Moreover,
the wake region WDS has its origin also at the forward bar of the skid landing gear. The connection of
the bar with the cabin side causes a region of separated flow, resulting in the FLWS, which leads to
the wake region WDS.

The dominating structures on the upper side of the helicopter are mainly the MFVP and the HCVP.
Due to the averaging, the strength of the BTV is less compared to the aforementioned ones, since the
vortices obviously are varying its position during one revolution. However, the BTV vorticity
magnitude of the retreating blade (in forward flight on the left hand side) is less compared to that of
the advancing side.

In the following, the validation of the numerical results with the experimental data is provided.
Therefore, the representation of the flow field at six planes located in the wake of the helicopter is
considered. Three planes are located downstream of the backdoor section and further three planes
downstream of the rotor head as schematically depicted in Figure 117.
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P4 P5 P6

Figure 117: Definition of the crossflow planes. [5]

For the planes P1, P2, and P3, the normalized time-averaged axial velocity component is discussed
and depicted in Figure 118. The discussion of the vertical velocity is referred to [5]. Figure 118 a), c),
and e) depicts the experimental data while b), d), and f) show the results of the numerical simulation.
Figure 118 a) and b) refer to P1, c) and d) to P2, and e) and f) to P3. Considering P1, the wake of the
skid landing gear (WSLG) is provided by the experimental data as well as by the numerical solution as
presented in Figure 118 a) and b). However, the magnitude of the velocity deficit is predicted higher
by the numerical simulation. Furthermore, the region with the velocity deficit between the strakes at
the aft body (WBS) is observed. The numerical simulation predicts the size of the velocity deficit
region larger as well as the magnitude of the velocity deficit higher. Moreover, the region with
velocity deficit downstream of each strake (WDS) is identified in the experimental data and the
numerical result. The size of the region as well as the magnitude of the velocity deficit is more
pronounced in the results of the numerical simulation. The WDS merges with the WSLG. In general,
the numerical simulation provides the sizes of the regions larger and the associated magnitudes of
the velocity deficits higher for P1. In Figure 118 c) and d), the same quantity is depicted at the
further downstream positioned plane P2. The wake flow of the skid landing gear (WSLG) agrees well
between the numerical results and the experimental data. The size and shape of the region of
velocity deficit between the strakes (WBS) is provided similar by the experimental data and the
numerical solution. However, the result of the numerical simulation provides a higher magnitude of
the velocity deficit. The region of the velocity deficit downstream of each strake (WDS) is provided
larger and with a higher magnitude of the velocity deficit by the numerical simulation. In accordance
to the results of P1, the numerical simulation predicts the structures for P2 more pronounced than in
the experiment. Figure 118 e) and f) depict the same quantity for P3. The wake of the skid landing
gear (WSLG) is represented by the experimental data and the numerical results, but the magnitude of
the velocity deficit is predicted higher by the numerical simulation. The region of the velocity deficit
between the strakes (WBS) and the region of retarded velocity downstream of each strake (WDS) are
predicted larger by the numerical simulation in contrast to the experimental data. Furthermore, the
magnitude of the velocity deficit is predicted higher for the numerical results. For P3, the results of
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the numerical simulation shows the structures more pronounced than the experimental data. In
general, a higher velocity deficit in the wake is associated with a higher drag. Reconsidering the
comparison of the drag coefficients, the relative deviation of the drag coefficient obtained by the
numerical simulation related to that of the experimental data reads approximately ACp o; = 10%.
Conclusively, the higher drag predicted by the numerical simulation can be declared.

a) PIV, P1

c) PIV, P2 | d) URANS, P2

e) PIV, P3 f) URANS, P3
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Figure 118: Normalized time-averaged axial velocity distribution for the crossflow planes P1, P2, and P3 in the wake flow
of the backdoor section is shown [5]; Re =~ 1-10%, a = 8 = 0°.

In the following, the review concerning the origin of the flow separation is described. Therefore, the
flow at the bottom of the fuselage is analyzed in accordance to [149]. In Figure 119, the time-
averaged surface streamlines at the bottom of the fuselage obtained by a numerical simulation with
the SAS model are shown. In addition, slice planes of the time-averaged axial velocity colored and cut

of by 0 < Ul < 0.9 as well as the isosurface of the quantity forU1 = 0 are depicted. At first, the flow

around the forward bar of the skid landing gear is considered. At the intersection of the fuselage and
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the skid landing gear a separation of the flow occurs that is related to the FLWS. Moreover, a region
of separated flow is detectable at the bottom of the fuselage that is caused by the curvature of the
geometry. Both structures are of vortical flow type and provide a velocity deficit downstream of the
separation. However, the structure at the bottom is less pronounced. Considering the surface
streamlines, in particular at the bottom of the fuselage downstream of the forward bar of the skid
landing gear, regions of convergence and divergence of the surface streamlines are visible. In the
region of convergence, the boundary layer thickness is increased. Tracing the inwards located
structure downstream, the influence on the separation at the cabin backdoor section is visible. The
increased boundary layer thickness triggers the onset of the separation. The FLWS interacts with the
backward bar of the skid landing gear as well. The resultant increase of the boundary layer thickness
downstream of the backward bar leads to the WDS. The converging surface streamlines are
detectable in this region also.

Figure 119: Surface streamlines obtained by a simulation with the SAS model. Blue highlighted isosurface of the
normalized time-averaged axial velocity with the value /U, = O is presented. Slice-planes colored and cut off by
0 <u/U, < 0.9 are shown. The mounting sting is not included for this investigation; Re ~ 1 - 108, a = B = 0°.

After discussing the structure at the lower side of the helicopter, the wake flow of the rotor head is
discussed in the following. Therefore, the normalized time-averaged axial velocity component, the
normalized time-averaged axial vorticity component, and the turbulence intensity obtained by the
experimental data and numerical results are presented at the three planes P4, P5, and P6. The
discussion on the vertical velocity is referred to [5]. Figure 120 depicts the experimental data and the
numerical results of the normalized time-averaged axial velocity component in the wake of the rotor
head applying the same layout as presented for the backdoor section. The velocity field in plane P4
exhibits two regions of velocity deficits marked with A for the retreating blade side and B for the
advancing blade side. Both regions are represented similar in size and shape by the experimental
data and the numerical results. However, the numerical simulation predicts the size of region A
slightly smaller. Considering the downstream located plane P5, the regions of velocity deficits, A and
B, merge to one. The agreement between the experimental data and the numerical results is better
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than in the upstream located plane P4, but the size of region A is still obtained slightly smaller by the
experimental data. Finally, a similar behavior of the flow field as in plane P5 is obtained in plane P6.

f) URANS, P6
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Figure 120: Normalized time-averaged axial velocity distribution for the crossflow planes P4, P5, and P6 in the wake flow
of the rotor head [5]; Re ~ 1-10°, a = g = 0°.

Figure 121 shows the experimental data and the numerical results of the normalized time-averaged
axial vorticity component in planes P4, P5, and P6. As described above, the dominating vortical
structures for the time-averaged consideration are the MFVP and the HCVP. The influence of the BTV
is small due to the changing position during a revolution of the rotor head and the temporal
averaging. The numerical simulation predicts the vortices at the plane P4 at a comparable position as
provided by the experimental data, while the strengths and sizes of the vortical regions are different.
In general, the numerical solution exhibits the vortical regions more concentrated than the
experimental data. Both, the experimental data and the results of the numerical simulation show the
strengths of the vortices at the retreating blade side higher than on the advancing blade side.
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HCVP HCVP

a) PIV, P4 b) URANS, P4
HCVP

c) PIV, P5 d) URANS, P5
HCVP HCVP
e) PIV, P6 f) URANS, P6
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Figure 121: Normalized time-averaged axial vorticity distribution for the crossflow planes P4, P5, and P6 in the wake flow
of the rotor head [5]; Re ~ 1-10%, a = 8 = 0°.

The maximum negative axial vorticity is obtained within the hubcap vortex on the retreating blade
side. The associated maximum value reads for the experimental data and the results of the numerical

w_xlref _

simulation —5.0, but the location of the maximum differs within the vortex. The maximum

o]

positive axial vorticity magnitude is obtained within the mast fairing vortex on the retreating blade
w_xlref — 5 9

[ce]

side. The associated maximum value predicted by the numerical simulation reads

Wy lref

however, the experimental data provide a value of 2 = 4.6. Again, the location of the maxima

o)

differs within the vortex. Considering the downstream positioned plane P5, the numerical results
agree well with the experimental data also. The size of the hubcap vortex on the retreating blade
side is predicted smaller and more concentrated by the numerical simulation, but the strength of the
vortices is comparable. The size of the hubcap vortex on the advancing blade side is provided smaller
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and the strength is predicted less by the numerical simulation. The MFVP is not visible for P5, since
the vorticity magnitude is small and the structures move downwards. For the downstream located
plane P6, the agreement between the numerical results and the experimental data is satisfactory
also. Moreover, the convection of the vortices is captured also well. For example, the reduction of
the maximum of the axial vorticity magnitude of the hubcap vortex on the retreating blade side
during the convection is in good agreement between the experimental data and the numerical
results. It is noted the spatial resolution of the numerical results and the experimental data is
comparable. While the distance between two adjacent data points for the experimental data reads
approximately Ad = 3.5mm, the range for the same quantity is provided for the numerical results
with 2mm < Ad < 10mm.

e) PIV, P6 f) URANS, P6

71 IS -

0.05 0.08 0.11 0.14 0.7

Figure 122: Turbulence intensity distribution for the crossflow planes P4, P5, and P6 in the wake flow of the rotor head
[5]; Re ~ 1-10% a = =0°.
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After discussing the mean values, the fluctuations are discussed. Therefore, the turbulence intensity
distributions for the experimental data and the numerical results in the planes P4, P5, and P6 are
presented in Figure 122. In plane P4, the distribution shows a good agreement between the
experimental data and the numerical solution, although the region of increased turbulence
intensities is provided larger by the experimental data. The maximum of the turbulence intensity
occurs at the retreating blade side and reads for the experimental data Tl = 0.17 and for the
numerical simulation TI = 0.16. For the downstream located planes P5 and P6, a good agreement
between the experimental data and the numerical results is obtained, but the regions are
represented larger for the experimental data also. In plane P6, the maximum turbulence intensity
determined by the experimental data is TI = 0.12 and for the results of the numerical simulation it
reads TI = 0.10. The agreement is good by taken into account that the freestream turbulence varies
up to an order of magnitude of minus two also.

In order to identify the dominant scales in the wake of the rotor head, the energy content for the
spectral velocities depending on the spatial wave number is analyzed and assessed. For this purpose,
the following procedure is applied for the planes P4, P5, and P6. For each plane, on 16 vertically
positioned and laterally oriented lines, one-dimensional velocity spectra along the lateral direction
are evaluated. The energy spectra are calculated from the velocity spectra for each line. Finally, the
sum of the energy spectra depending on the wave number for one plane is determined. This
procedure is performed for the 400 time-accurate samples of the data set and the temporal average
is calculated. The raised-cosine function is applied as windowing function. For the PIV data, the
results are smoothed to suppress noise. The applied method is similar to that presented by Foucaut
et al. [154]. In Figure 123, the energy spectra of the axial and the vertical velocity component
obtained by the experimental data and the numerical results are presented for the planes P4, P5, and
P6. The wave number is nondimensionalized with the diameter of the hubcap. Figure 123 a) shows
the energy spectra for the axial velocity component for plane P4. The dominant peak in the energy
spectra is detected at a nondimensionalized wave number close to one k Dy,,;, ® 1. The result is
reasonable, since the size of the largest structure is associated to the diameter of the hubcap. A
further characteristic peak in the energy spectra cannot be detected. However, the energy content at
higher wave numbers is predicted too small by the numerical simulation compared to the
experimental data. Due to the spatial resolution of the computational grid in the wake, the smaller
scales related to higher wave numbers are not fully captured. Figure 123 b) exhibits the energy
spectra for the vertical velocity component for plane P4. The dominant peak for k Dy,,;, = 1 and the
energy content for low wave numbers is predicted higher, whereas for higher wave numbers, the
energy content is presented lower by the numerical simulation in contrast to the experimental data.
In Figure 123 c), d), e), and f), the energy spectra for the downstream positioned planes P5 and P6
are shown. Basically, due to the numerical dissipation of the smaller scales, the energy content for
higher wave numbers is predicted too low by the numerical simulation the more downstream the
plane is located. The trends can be detected easily by comparing the results for the planes P4, PS5,
and P6, for a high nondimensionalized wave number of, e.g., k Dy,;, = 8. The statement is
applicable for the axial as well as for the vertical velocity components.
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Figure 123: Energy spectra for the velocity components in dependence on the spatial wave number k multiplied by the
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6.4.2 Wake Flow Analysis

Within this section, the occurring flow structures for the FHC are discussed. At first, an overview of
the occurring structures is presented on the basis of the numerical results. Thereafter, the phase-
averaged quasi-volumetric PIV methodology is explained. Moreover, the data obtained by the latter
are exhibited. A one-to-one comparison is not intended, since the blade pitch angles and the
rotational speed for the numerical simulation are slightly different with respect to the experimental
data.

In Figure 124, the flow structures are presented with the application of the Q criterion for the
numerical result. Therefore, the isosurface of the nondimensionalized Q criterion is provided for a

2 2
value of Q - (%) = 0.5 (left) and for a value of Q- (%) = 10.0 (right). The isosurfaces are

1
colored by the nondimensionalized axial vorticity in the range of —1 < % < 1. The discussion is

(5]

focused on the dominating vortical structures appearing in Figure 124. These are the blade tip
vortices (BTV), the hubcap vortex pair (HCVP), the interactional vortical structure of the hubcap
vortex (HCV) with the blade tip vortex on the retreating blade side (HTI), and the radially inwards of
the blade tip positioned vortical structure (BIV). If applicable, the structures are associated to the
number of the blade (B) causing the structure. The blades are numbered from 1 to 5 with increasing
azimuthal rotor-head angle. At first, the blade tip vortices are discussed. The convection of the
vortices, visualized by the lower level of the Q criterion, is represented well by the numerical
simulation. The tracking can be performed on the advancing as well as on the retreating blade side
easily. For the higher level of the Q criterion, the strength of the vortices enables the visualization
solely in the vicinity of the blade. Nevertheless, for the lower level of the Q criterion, the interaction
of the blade tip vortices of two adjacent blades is well visible for BTV2 and BTV3 on the advancing
blade side in Figure 124 (middle, left). Furthermore, the interaction of BTV3 and B2 is shown. On the
retreating blade side, the convection of the blade tip vortices, exhibited by the lower level of the Q
criterion, is captured well also. The position of the HCVP is detectable on both sides of the hubcap.
Basically, it cannot be identified as one unique vortical structure in this time-accurate capture. The
interaction of the HCVs with the blade leads to small, higher-harmonic vortical structures.
Nevertheless, the direction of the rotation of the vortices around the streamwise direction is
provided reasonably. A further dominating structure results from the interaction of the HCV on the
retreating blade side with the blade tip vortex of a certain blade. Consider the blade for an azimuthal
rotor-head angle of iy = 180°. Blade B3 is shown in approximately this position. If the blade is
further rotating, the vortex is moving downstream with the local velocity of the flow. For an
azimuthal rotor-head angle of approximately i = 250°, the blade tip vortex interacts with the
hubcap vortex and leads to the structure HTI4. The position of blade B4 is shown in a state shortly
after this interaction. The structure HTI4 is not shown in Figure 124, since it is hardly to detect in this
initial state between the mast faring and the blade. Nevertheless, the evaluation of the structure
downstream is captured well by both levels of the Q criterion. Finally, the second vortical structure
originating radially inwards of the blade tip (BIV) is discussed. The vortical structure is initiated by a
change of the airfoil section in radial direction. Radially outwards, the generated lift is higher than
inwards. Consequently, a vortex arises. The direction of the rotation is opposed to that of the blade
tip vortex. The vortex is captured well by the lower level of the Q criterion and interestingly, it is
moving almost parallel to the blade tip vortex.
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Figure 124: Wake structures for the FHC. The vortical structures are designated by the origin of the structure as well as
the associated number of the blade (B) if applicable. BTV: Blade tip vortex; HCVP: Hubcap vortex pair; BIV: Inwards of the
blade tip located vortex; HTI: Hubcap BTV interaction; Re ~ 1-10°%, a = g = 0°.

In the following, the reconstruction of the volumetric flow data from the measured two-dimensional,
three-component PIV data is presented. Figure 126 exhibits the helicopter geometry, the grey
highlighted PIV planes, and the blue highlighted cuboid. For the reconstruction, 15 crossflow PIV
planes are used. The distance between the planes is set to Ax = 50 mm and the spatial resolution in
the plane reads approximately Ay =~ Az = 3 mm. For the grid points of the cuboid, a spatial
resolution of Ax = 50 mm, Ay = 10 mm, and Az = 10 mm is chosen. The intention is that the PIV
planes are aligned with planes of constant x-coordintate of the cuboid to simplify the interpolation.
The PIV data are interpolated by an inverse-distance interpolation on the nodes of the cuboid.
Therefore, the eight nearest nodes of a PIV plane are considered. In order to allow the investigation
for the temporal evolution of the flow, the PIV data include azimuthal rotor-head angles of Y = 0°,
P = 18° ¢ = 36° and Y = 54°. Obviously, a temporal resolution in terms of azimuthal rotor-head
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angle of Ay = 18°is achieved due to periodicity. The PIV data for a certain azimuthal rotor-head
angle are obtained by phase-averaging of 400 data samples. A similar approach, applying high-speed
PIV for the evolution of the blade tip vortices, can be referenced to Bauknecht et al. [155].

Figure 125: Quasi-volumetric PIV-setup. The grey highlighted planes show the measured planes, and the blue highlighted
cuboid exhibits the volume for the reconstruction of the volumetric data.

1 2
Figure 126 shows the isosurface of the nondimensionalized Q criterion of Q - (J—ef) = 0.5 colored

B
by the axial vorticity component in the range of —1.0 < % < 1.0 for the experimental data. The

(=]

isosurface is presented for the azimuthal rotor-head angles of iy = 0° (top, left), Y = 18° (top, right)
P = 36° (bottom, left), and ip = 54° (bottom, right). The dominating structures are, like for the
numerical results, the blade tip vortices (BTV), the hubcap vortex pair (HCVP), the interactional
vortical structure of the hubcap vortex with the blade tip vortex on the retreating blade side (HTI),
and the radially inwards of the blade tip positioned vortical structure (BIV). By comparing the results
of the numerical simulation with the experimental data for the same level of the Q criterion, one
major difference is well visible. Since the numerical simulation provides a time-accurate solution and
the experimental data are phase-averaged, the latter shows mainly the periodic structures. The
experimental data can be considered as a temporally-filtered flow field. Nevertheless, the
experimental data represent the dominating structures well. Furthermore, the convection of the
structures is visualized well. For a more detailed analysis, consider the BTVs on the advancing side at
first. The blade tip vortices are designated according to the blade (B) of the origin. The blades are
numbered from 1 to 5 with increasing azimuthal rotor-head angle. The volumetric PIV allows for
tracking the position of the vortices during the convection easily, since the vortices are captured
within the whole reconstructed domain. Basically, the lateral position of the vortex is determined
mainly by the lateral position of the blade tip during the formation of the BTV. Since it is not possible
to measure planes closer to the rotor head due to shading caused by the blade, the numerical results
are taken into account for determining the origins of the vortical structures. While the blade tip
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vortices on the advancing side are captured, the size of the measurement window is too small in the
lateral direction in order to include the whole blade tip vortices on the retreating blade side also. As
a remark, the goal of the investigation is the evaluation of the interaction of the vortical structures
with the tail of the helicopter and therefore, the size of the window is sufficient. Nevertheless, the
fragments of the BTVs are still depicted at the retreating side as well. The comparison with the
numerical results shows a qualitatively well agreement for the strength and location of the BTVs. The
HCVP is shown by the experimental data also. Compared to the numerical results, the phase-
averaged data provide smoother structures. This issue is caused by the loss of the unsteady
information during the averaging process. Consequently, the experimental data appear to be filtered
by the application of a low-pass filter.

HTI1
B )

P = 54° “ P =72° ‘

HTI5 HTI1

B |

1 -08-06-04-02 0 02 04 0.6 08 1

Lres \?
Figure 126: Isosurface of the normalized, phase-averaged Q criterion for an isovalue of Q - (U—f) = 0.5 colored by the

xlre . . o o
axial vorticity component in the range of —1.0 < % < 1.0. The vortical structures are designated by the origin of
the structure as well as the associated number of the blade (B) if applicable. BTV: Blade tip vortex; HCVP: Hubcap vortex
pair; BIV: Inwards of the blade tip located vortex; HTI: Hubcap BTV interaction; Re ~ 1 - 10°, a = p =0°.

The interaction of the HCV on the retreating blade side with the BTV of a certain blade, as previously

discussed for the numerical results, is shown by the experimental data also. Basically, a similar

behavior is provided. However, the structures are better to detect for the experimental data, since

less structures appear, caused by the filtering. The structures are designated by HTI. Between two

consecutive structures, e.g. HTI1 and HTI2, another structure is found that is not that distinctly
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exhibited in the numerical solution. It is mentioned in the last paragraph that the HTIs are caused by
the interaction of the HCV with the BTV. The other structure occurs by the interaction of the HCV
with the blade itself. The second vortical structure, originating radially inwards of the blade tip (BIV),
is presented by the experimental data as well. In particular, the behavior is comparable to that of the
numerical solution. Due to lower strength of the structure, it is not fully captured for all azimuthal
rotor-head angles.

In order to determine the strength of the structures, crossflow planes of the nondimensionalized

1
vorticity magnitude in the range of 1.5 < lwll]—ref < 9.5 are presented for the experimental data in

o]

Figure 127. The values are cut off below the lower limit. The data are provided comparably as in
Figure 126 for the azimuthal rotor-head angles of ip = 0° (top, left), yp = 18° (top, right) Y = 36°
(bottom, left), and ¥ = 54° (bottom, right). The structures, showing the highest strength, are the
BTVs at the advancing blade side, the HCVP, and the HTIls. In particular, the highest values are
exhibited for the hubcap vortex on the retreating blade side between two consecutive HTls. The
vorticity of the BIV is small compared to the previously mentioned structures.
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Figure 127: Crossflow planes colored by the phase-averaged, normalized vorticity magnitude in the range of 1.5 <
€
lell—r” < 9.5 cut off below the lower limit. The vortical structures are designated by the origin of the structure as well as

the associated number of the blade (B) if applicable. BTV: Blade tip vortex; HCVP: Hubcap vortex pair; BIV: Inwards of the
blade tip located vortex; HTI: Hubcap BTV interaction; Re ~ 1 - 10%, a = p = 0°.
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Finally, the velocity deficit in the wake is described. Therefore, crossflow planes of the
nondimensionalized axial velocity component in the range of 0.4 < ul < 0.9 are presented for the

o]

experimental data in Figure 128. The values are cut off above an value ofUL = 0.95. The data are

&)

provided comparably as in Figure 126 for the azimuthal rotor-head angles of iy = 0° (top, left),
P = 18° (top, right) Y = 36° (bottom, left), and iy = 54° (bottom, right). The most important
information obtained from the results is that the region of the velocity deficit in the wake of the
rotor head does not change much in dependence on the azimuthal rotor-head angle. Nevertheless,
slight deviations of the velocity deficit depending on the azimuthal rotor-head angle are present.
Basically, the two regions already described for the FOC in a time-averaged manner, namely A and B
in Figure 120, are detected. Resultantly, the axial velocity component impinging at the vertical
stabilizer is changing slightly in time.

0.4 0.5 0.6 0.7 0.8 0.9

Figure 128: Crossflow planes colored by the phase-averaged, normalized axial velocity component in the range of
0.4 < ui < 0.9 cut off above ui > 0.95. The blades are designated (B) ; Re ~ 1-10°%,a = 8 = 0°.
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6.5 Conclusions

Complementary experimental and numerical investigations of a 1:5 scale model of a characteristic
twin-engine utility helicopter were presented. Investigations for the helicopter configuration
excluding the tail were applied for validating the numerical results in terms of the global forces and
moments as well as of the velocity field in the wake flow. The full helicopter configuration was used
for a characterization of the flow field and a comparison to the flow field reconstructed from PIV-
data. Moreover, the application of the introduced mesh-deformation method was described in
detail.

For the configuration without the empennage, the validation shows a reasonable to good agreement
for the forces and moments. The prediction of the time-averaged axial velocity in the wake of the
cabin backdoor section provides a good agreement between the experimental data and the
numerical results. In addition, the origins of the separation of the flow at the cabin backdoor section
were described. Concerning the wake flow of the rotor head, a validation of the time-averaged axial
velocity and axial vorticity distribution as well as the turbulence intensity distribution was presented.
The global behavior is in good agreement for all quantities between the experimental data and the
numerical results. Nevertheless, the more dissipative character of the numerical simulation is
detectable. In addition, the spectral energy content in the wake of the rotor head was investigated.
While the energy content for the planes in the wake close to the rotor head is predicted well by the
numerical simulation, the agreement with the experimental data is worse the higher wave numbers
and the more downstream the plane is located. For the full configuration, the detailed analysis of the
wake field was presented by the numerical simulation. The application of the phase-averaged quasi-
volumetric reconstruction of the PIV-data for several azimuthal rotor-head angles allowed for a
qualitative comparison with the numerical simulation. The dominating structures are captured
comparably for the experimental data and the numerical results. Basically, the blade tip vortices, the
hubcap vortex pair, and interactional structures are included. The convection of the structures is
predicted also well. For a detailed investigation, the complementary investigation is highly beneficial
for the characterization of the flow field.
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7 Conclusions and Outlook

The fast and accurate prediction of lifting surfaces in rotational reference systems is important for
many applications. The fields of application range from classical applications such as helicopters,
propeller aircraft, or wind turbines to combined applications. The latter can be found, for example,
within the growing field of urban air mobility. In general, the method for solving a given problem has
to be suited for the specific needs. During the pre-design stage, a lot of designs have to be evaluated.
The main objective therefore is the prediction of the trends for a certain modification. Within the
subsequent stages, the focus is set on determining the absolute quantities correctly. Obviously, the
requirements for the methods are different. However, the results for both questions have to be
solved with the appropriate fidelity level in the context of efficient and reliable simulations.

The presented thesis provides enhanced solutions for both parts. Concerning the first part, the
generalized actuator disc concept with certain modifications was presented. These were the
application of a new Kernel function based on a raised cosine as well as a direct coupling for solving
the blade characteristics in combination with the continuum simulation. As a further extension, the
multi-domain approach was introduced. At the beginning, a very detailed literature review was
provided. The theoretical basis was set by briefly summarizing the important ideas and equations of
the momentum theories, the blade element theory, and as a combination of the latter, the blade
element momentum theory. In the following, the fundamentals of the generalized actuator disc
approach were described. For this thesis, in particular, the actuator disc (AD) and actuator line (AL) is
important. In the next step, a brief description of the estimation of the airfoil data with the panel
method coupled with the boundary layer integration method (PanBL) was presented. The latter
method was used for the direct coupling with the generalized actuator disc approach. The actually
implemented generalized actuator disc method in the course of this thesis was detailed thereafter.
The workflow for the generalized actuator disc approach showed that three steps are important for
the approach. The evaluation of the inflow condition, the generation of the airfoil data, and the
calculation of the source terms for the continuum-based solution. At first, the steps for the actuator
disc coupled directly with PanBL (AD-PanBL) were described as basis. Therefore, theoretical
considerations concerning the best-suited position for the evaluation of the inflow conditions relative
to the position of the disc in axial direction were made based on the momentum theory.
Furthermore, the averaging process for determining the inflow conditions out of the cell quantities of
the continuum-based solution was provided. Moreover, the definition and implementation of the
Kernel function based on the raised-cosine function was presented in association with the
distribution of the source terms. The difference in the determination of the inflow conditions and
source terms for the actuator line coupled directly with PanBL (AL-PanBL) was presented
subsequently. Therefore, theoretical considerations for the determination of the position of the
averaging region in the plane normal to the spanwise direction of the blade were conducted based
on potential theory. In addition, the spanwise distribution of the averaging regions was discussed
also. Based on the previous information, the direct coupling of the three-dimensional continuum
solution with the two-dimensional Reynolds-averaged Navier-Stokes simulations (2C) for generating
the airfoil data within a multi-domain framework was described shortly. The multi-domain
framework was applied for the actuator disc (AD-2C) and the actuator line (AL-2C). Therefore, solely
the panel method coupled with the boundary layer integration method is substituted by the
Reynolds-averaged Navier-Stokes simulation. However, due to the different size of the domains and
the flow velocities through the domains, the practical realization needs a well-suited updating
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scheme in order to obtain fast converging simulations. The applied schemes were presented in detail
for the two-dimensional and three-dimensional test cases.

In order to evaluate the quality of the methods, several test cases with different complexity were
established. The two-dimensional test case was used to evaluate the characteristics of a two-
dimensional cascade of airfoils. Therefore, parameters related to the cascade like the advance ratio,
the solidity, and the angle of attack were varied. In addition, the influence of the parameters
associated to the generalized actuator disc model was investigated. The parameters are determined
for the averaging and the source regions. For both regions, the width of the region, the widths of the
smoothing region, and the center of the region has to be set. While for the actuator disc, the
guantities are defined in one dimension, for the actuator line, two dimensions are required. For both
parameter spaces, systematic studies were performed.

Concerning the parameters associated to the generalized actuator disc model, some findings can be
concluded for the actuator disc:

e The forces acting on the blade are not dependent on the width of the averaging and source
region if the latter are larger than five characteristic cell lengths.

e An independent result of the forces acting on the blade is obtained if the width of the
averaging region related to that of the source region is greater than one.

e The resulting forces acting on the blade are not dependent on the width of the smoothing
region if the region is larger than five characteristic cell lengths.

e By enabling the smoothing region, independence and smoothness of the forces acting on the
blade are obtained for a relative motion of the actuator regions relative to the mesh.

While an independent solution of the forces on the blade is obtained for a wide range of the
parameters for the actuator disc, for the actuator line, in particular for small widths of the averaging
and source region, a decrease of the forces on the blades is detectable.

With the knowledge of these investigations, a well-suited parameter set for the generalized actuator
disc was chosen for the calculations of the parameter field associated to the cascade. The simulations
with the generalized actuator disc approach were conducted for a forward flight case as well as a
static thrust test case and were compared to the resolved cascade simulations. Based on the latter,
for the forward flight test case it can be stated:

e The higher the solidity, the smaller the forces acting on the blade.

e The higher the angle of attack, the higher the forces acting on the blade.

e For increasing advance ratios, the slope of the forces depending on the solidity becomes
more negative.

For the resolved simulation of the static thrust test case it can be summarized:

e The higher the solidity, the smaller the forces acting on the blade.

e The higher the angle of incidence, the higher the forces acting on the blade.

e The slope of the forces depending on the solidity is more negative than for the forward
flight test case.

For the test cases, the actuator disc and the actuator line models were directly coupled, on the one

hand, with the PanBL, and on the other hand, within the multi-domain framework, with two-

dimensional Reynolds-averaged Navier-Stokes simulations. In general, all modeling approaches
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provided the trends correctly with respect to the resolved simulation. The PanBL-based models
overestimate the lift and underestimate the drag which leads to different absolute values. For the
AlL-based models, the underestimated angle of attack obtained by the averaging procedure, in
particular, for higher blade loadings results in a more positive slope of the forces depending on the
solidity. One additional effect becomes visible for the static thrust test case. Since the PanBL-based
approaches cannot handle the stall appropriately, the thrust is massively overpredicted for low
solidities and high angles of incidence. Nevertheless, the modeled approaches show a good
agreement with the resolved simulation for a wide range of input parameters for both the static
thrust and the forward flight test case.

The three-dimensional cascade test case was based on the two-dimensional test case by adding a
finite wing span. The purpose of this test case was to proof the quality of the methods including
three-dimensional effects, in particular, in the blade tip region. For this test case, solely the forward
flight state was investigated; however, the force distribution along the spanwise direction and the
flow field was described also. The principal behavior is comparable to that of the two-dimensional
test case and the modeled approaches capture the trends also well. Moreover, the overestimation of
the lift and the underestimation of the drag by PanBL-based methods are detectable. The influence
of the reduced angle of attack resulting by the averaging procedure for the AL-based methods for
higher blade loadings is visible also. In addition, an overestimation of the lift by the AD-based
methods is obtained for low solidities due to the not sufficiently accounted influence of the three-
dimensional effects. The prediction of the spanwise distribution is covered appropriately by the
modeled approaches also. However, the statements made for the two-dimensional test case are
valid for the sections of the three-dimensional test case. In general, the agreement with the resolved
simulation is better with the 2C-based methods than with the PanBL-based methods. In the blade tip
region, the AlL-based methods capture the three-dimensional effects better. The prediction of the
circumferential force in the blade tip region is reasonable. Although the AL-based approaches agrees
better with the resolved simulation, both the AD-based as well as the AL-based approaches cannot
handle the increasing drag of the blade caused by the blade vortex interaction for higher solidities.
Concerning the wake flow field, the principal behavior, like the flow contraction with increased
segment loading, is predicted appropriately well by all modeled approaches. The agreement of the
predicted positions of the vortices by the AL-based models is good related to the resolved simulation.
However, the sizes of the vortex cores are presented too large depending on the applied widths of
the actuator line.

As an increase in complexity, the three-dimensional propeller test case was conducted. The applied
propeller was a three-bladed fixed-pitch propeller. The investigations included the resolved
simulations for generating reference data as well as the modeled blade simulations using the AD-
PanBL and the AL-PanBL approach. For this test case, different freestream velocities and rotational
speeds were taken into account. In addition, the applicability of the approaches for non-axial inflow
conditions was considered. For axial inflow conditions, the results for the thrust and efficiency of the
modeled approach show a good agreement with those of the resolved propeller blade simulations.
The distribution of the forces along the blade is represented well while discrepancies occur mainly
due to the prediction of the airfoil data by PanBL. The overpredicted lift slope by PanBL leads to the
more negative slope of the thrust coefficient depending on the advance ratio. Although the
magnitude of the efficiency is not predicted correctly by the modeled approaches compared to that
of the resolved propeller simulation, the advance ratio for the maximum is. Concerning the wake
flow field, a good agreement of both modeled approaches with the resolved simulation is found also.

The biggest differences in the results are detected in the wake of the aft body, since the interaction
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of the modeled blades with the boundary layer of the latter is not captured appropriately. The
strength and position of the blade wakes as well as of the blade tip vortices are in good agreement
between the modeled approach and the resolved propeller simulation. It has to be remarked that
the AD-PanBL approach is up to 400 times faster for generating the resulting forces and up to 800
times faster for generating the wake flow field compared to the time-accurate resolved blade
simulation. The application of the methods for non-axial inflow conditions demonstrated a good
agreement for moderate disc inflow angles regarding the forces and moments. For high disc inflow
angles, the airfoil data are not provided appropriately by PanBL and consequently, the forces and
moments are overestimated.

For the complex scenario within this thesis, a propeller-fuselage configuration was considered.
Therefore, complementary numerical and experimental investigations were performed for a fuselage
with mounted propeller of an electrically powered ultra-light aircraft. The wind-tunnel tests of the
full-scale configuration have been conducted in the wind tunnel A of the Chair of Aerodynamics and
Fluid Mechanics of the Technical University of Munich. The data served mainly as basis for the
validation of the numerical approaches. For this test case, three different numerical setups with
different approaches were applied. At first, AD-PanBL simulations incorporating the crucial parts of
the wind-tunnel geometry (RANS/AD-W/T) are executed. At second, simulations of the isolated
propeller using AD-PanBL (RANS/AD) were performed. At last, time-accurate simulations of the
resolved propeller (URANS/RP) were conducted. This chain allows besides determining the overall
characteristics of the different approaches, an isolated study of the occurring effects. Moreover, the
procedure of the aerodynamic tare was discussed for the wind-tunnel tests and the “numerical wind-
tunnel”. The URANS/RP result shows the best agreement with the W/T data of the applied numerical
approaches, in particular, for the slope of the thrust coefficient depending on the advance ratio. The
AD-based simulations provide a different slope due to the representation of the airfoil data as
already seen for the other test cases. The thrust of the propeller-fuselage configuration in the
“numerical wind-tunnel”, obtained by the application of the aerodynamic tare, is in accordance with
that produced by the modeled propeller for the isolated propeller configuration. The detailed
investigation of the contribution of forces, taken into account for the aerodynamic tare, shows that
the increasing drag of the fuselage for higher thrust levels is compensated by the overestimated
thrust due to the blockage of the fuselage and the small distance of the propeller to the floor of the
test section.

For the modeling of the propeller, it can be concluded that the presented low to mid fidelity methods
show good agreement with respect to the reference data for a wide range of input parameters by
reducing the numerical effort drastically. Starting from the two-dimensional test case to the complex
scenario, a good agreement is achieved for forces and moments as well as for the flow field
prediction. Moreover, the procedure of the aerodynamic tare is applicable for the presented
configuration despite mutual interference.

Nevertheless, certain aspects can be improved. For the PanBL-based approaches, the overestimation
of the lift of the airfoil leads to overestimated forces of the propeller. As a result, the slope of the
thrust and circumferential force depending on the advance ratio is predicted more negative.
Therefore, PanBL can be substituted with XFoil which provides better airfoil data due to the inclusion
of the boundary layer thickness by the two-way coupling. However, for the first estimation of results,
PanBL has advantages caused by the high robustness.

For the AlL-based approaches, the issue with the underestimated angle of attack caused by the
averaging procedure is stated. Therefore, a dynamic adaption of the vortex center during the
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iterations can be performed, for example, by subdividing the averaging region and determining the
critical point of the flow topology and move the center of the averaging region to the position of the
critical point.

The modeled approaches are best-suited for Cartesian grids. Consequently, the full potential of the
method can be exploited by using these. In the last years, Fluent has enabled the generation of
hexahedral core meshes within the field in combination with polyhedral meshes at the boundaries.
By using bodies of influence for a local refinement of the mesh in the region of the propeller disc, the
described modeling approach can be combined with the meshing process and can be completely
automated. This allows, for example, the optimization of propeller positions for an aircraft.

Although the multi-domain approach was presented for the cascade test cases, the application for a
three-dimensional propeller test case would be interesting. One question to be answered is, for
example, if the stall of the blade can be captured appropriately for the AD and the AL modeling. For
the latter, a further question is if the unsteady flow phenomena for a blade section can be captured
also. Nevertheless, for both questions the numerical effort has to be taken into account.
Furthermore, for achieving the highest benefit of such an enhancement, a high level of automation is
required as already stated for the three-dimensional cascade test case.

The second part of the thesis dealt with the modeling of the flow around a helicopter including the
rotor-head motion by introducing an analytical, fast, linear-scaling deforming-mesh approach.
Furthermore, complementary numerical and experimental data were provided. In particular, phase-
averaged quasi-volumetric particle image velocimetry measurements for analyzing the wake flow
were conducted. At the beginning of this part, a detailed literature review was given. The focus of
the latter was set on the one hand, on the flow around helicopters and on the other hand, on
methods capturing mesh motion. In the following, a brief theoretical description of the methods for
the motion of meshes was given. These were mainly the sliding mesh approach, the Chimera or
overset mesh approach, and the deforming mesh approach. In particular, the subtypes of the
deforming mesh approach realized in Fluent were discussed. Since the first investigations, prior to
the development of the analytical mesh-deformation method, were made with the standard mesh
approaches provided by Fluent, the latter served as basis for measure the quality and the speedup of
the analytical mesh-deformation method. Thereafter, the analytical mesh-deformation method was
detailed. The basic ideas were introduced and simple test cases were set to highlight the results
graphically. The analytical mesh-deformation function is based on certain connected functions for
rotation and translation of the mesh. The smoothing is based on a raised-cosine function. In order to
determine the speedup compared to the diffusion-based mesh-deformation method provided by
Fluent, a simple and well-suited test case was established. A relatively rotating cylinder was
embedded in a squared domain and the space between was meshed by an O-grid. For the study, the
number of cores as well as the number of nodes was varied. In general, a speedup in the order of
magnitude of two is achieved by the analytical mesh-deformation. Furthermore, a linear scaling is
obtained and the mesh quality remains visibly higher.

In the following, the detailed description of the main test case was provided. The investigations were
conducted for a detailed, 1:5 scale model of a characteristic twin-engine light utility helicopter
featuring collective and cyclic pitch motion of the blade cuffs governed by a fully functional swash
plate. The model is based on Airbus Helicopters Green Rotorcraft Demonstrator Bluecopter. Two
setups were considered. One setup included the whole helicopter and the other one excluded the
tail boom as well as the vertical and horizontal stabilizer. The applied measurement techniques were
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force and moment measurements with a six-component underfloor balance as well as flow field
measurements with Stereo-PIV. The latter was used for the phase-averaged quasi-volumetric
reconstruction of the flow field. The description of the numerical setup started with the applied
meshing and blocking strategy. Thereafter, the application of the analytical mesh-deformation
method for the test case was presented. For this test case, two multiplicatively connected
deformation functions were applied. The first governed the rotation of the blade and the second
described the mesh in the vicinity of the hub. Before the analyses of the results were provided, the
solver settings were discussed in detail. For the configuration without the empennage, the validation
shows a reasonable to good agreement for the forces and moments. The prediction of the time-
averaged axial velocity in the wake of the cabin backdoor section provides a good agreement
between the experimental data and the numerical results. In addition, the origins of the separation
of the flow at the cabin backdoor section were described. Concerning the wake flow of the rotor
head, a validation of the time-averaged axial velocity and axial vorticity distribution as well as the
turbulence intensity distribution was presented. The global behavior is in good agreement for all
guantities between the experimental data and the numerical results. Nevertheless, the more
dissipative character of the numerical simulation is detectable. In addition, the spectral energy
content in the wake of the rotor head was investigated. While the energy content for the planes in
the wake close to the rotor head is predicted well by the numerical simulation, the agreement with
the experimental data becomes worse with increasing wave numbers and the more downstream
location of the plane. For this complex test case, the speedup of the analytical mesh-deformation
method compared to the diffusion-based mesh-deformation method is in the order of magnitude of
two which is in line with the simple test case. Moreover, no stability issues of the simulations with
increasing rotor revolutions were detected. For the full configuration, the detailed analysis of the
wake field was presented by the numerical simulation. The application of the phase-averaged quasi-
volumetric reconstruction of the PIV-data for several azimuthal rotor-head angles allowed for a
gualitative comparison with the numerical simulation. The dominating structures are captured
comparably for the experimental data and the numerical results. The convection of the structures is
predicted also well. For a detailed investigation, the complementary investigation is highly beneficial
for the characterization of the flow field.

For the modeling of the flow around the helicopter, it can be concluded that the results of the
presented method show a good agreement with the experimental data concerning the forces,
moments, and the flow field. Nevertheless, for this test case enhancements can be made.
Concerning the mesh generation, a Cartesian grid is beneficial for this case also, since the mesh-
deformation method is working better, the better the quality of the initial mesh. For example, for a
given angle of rotation, the final mesh quality remains higher and consequently, faster convergence
rates are achievable. Moreover, the numerical error is also less for meshes of higher quality. For such
simulations, the combination of hexahedral core meshes within the field in combination with
polyhedral meshes at the boundaries is suggested as well.
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A Appendix

A.1 Normalized Cosine-Squared Function

Within this thesis, the normalized cosine-squared function is applied for different purposes due to its
well-suited properties for the presented applications. It is used as a smoothing function for the
actuator disk approach as well as the analytical grid-deformation method. The important properties
are described as follows.

The cosine function cos(x;) is a continuous function and is defined for all real numbers x; € R and
subsequently, the cosine-squared function cos(x;)? as well. More accurate, the function
f(x) = cos(x;)? is a mapping of the domains according to f: R — R, in particular, f(x;) € [0,1]. In
addition, the function f(x) is a continuously differentiable function. Moreover, it is an even function
with the maxima at x; = k- m with k € Z. In the context of this work solely the domain of

xX; = [—g,g]is of interest.

Another useful property is that after a substitution of x; = %”, the integral

= _f <COS (XTH)>de b (A1)

over the interval of x € [—1,1] results to unity. Consequently, due to its even character, the integral
over x € [0,1] gives F = 0.5. Figure 129 shows the normalized cosine-squared function for
x € [—1,1]. One can easily see the results of the integration by considering symmetry.
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Figure 129: Normalized raised-cosine function for x € [—-1, 1].
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Piecewise Defined Smoothing/Distribution Function Based on the Raised Cosine

As presented in this thesis, some applications require a rectangular function for prescribing certain
guantities. The rectangular function is defined as

=
Vv

]

B
I

)

0
1

1G9 =13 (A2)
1

, X<

NP RN -

The function show discontinuities at [x| = 1/2. However, discontinuities in distributions functions in
computational fluid dynamics lead to oscillations by using numerical schemes of reduced order.

The unitary Fourier transform of the rectangular function results in the sinc function. Consequently,
it can be recognized that the rectangular function includes all wave number in spectral space.
Applying a numerical scheme of reduced order which does not exactly handle all occurring wave
numbers in spectral space appropriately, changes in phase and magnitude of the function lead to
spurious oscillations in physical space.

In order to reduce spurious oscillations, the rectangular function is combined with a squared-cosine
function to obtain the well-known raised-cosine function. The rectangular function is cut at the
locations of the discontinuities and the positive and a negative part of the raised cosine is added at
the respective position. The equation reads

( 3 3
0, > —
|x| >
2
x| —05)n 1 3
Fsmooth = § cos u x| == and |x] <= 2 (A.3)
2 2 2
1
1, x| <=

2

For a better imagination, the function is presented in Figure 130. Integrating this function over the
interval of x € (—o0,00) the solution is given to

F= f Femootndx = 2. (A.4)

Obviously, the integral reaches the same results as a rectangular function with the discontinuities set
at |x| = 1. After scaling the function by 1/2, unity is obtained. That is a useful property, for a
distribution function. Furthermore, the function Fg,00tn is bounded as well as continuously
differentiable function. Moreover, the spectral representation is not a pure sinc function anymore
and in particular, the spectral content at high wave numbers is decreased.
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TN

Fsmooth

T \

Figure 130: Normalized smoothing function for x € [—-1.5,1.5].

Moreover, to obtain a more general function for the application, additional scaling factors can be
applied to vary the width of the rectangular part and the cosinusoidal part of the function. For this
purpose, the function is modified by inventing the parameters d; and d, that represents the position
of the start and the end of the cosinusoidal part. For the mesh deformation, the function is applied in
accordance with this definition which reads

0, x| > d,
m (x| —dy) \*
smooth cos <2 (dz — d1) , |x| = dl and |x| < dz ( )
1, x| < d,

However, as easily can be determined, the integral of the function is not normalized. Furthermore,
the center of the function is set to x = 0. Both properties are appropriate for a smoothing function,
however, the distribution function has to allow for varying the center of the distribution as well as
the integration has to provide unity. Since the function for the applications is assumed to be
symmetrically, the set of parameters has to consist out of the center of the function d, the width of
the underlying rectangular function d,,, and the width of the cosinusoidal part d;. Finally, the
distribution function gives

( 0, I|x—d.>d, \
| 1 m(x—d.| —d)\ |
c 1
Faistr = {ECOS<E ds > '|x_dc| Zdl /\lx—dcl < d2 }'
I 1 | .
- lx —d.| <d :
k dw c 1 }

d, —d dy,+d
with d, =% and d, =%.

The function fulfills the requirements formulated above. The integral over the interval of x €
(—o00,0) leads to unity independent of the parameters d, d,,,, and d;.
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A.2 Panel Method Coupled with Boundary Layer Integration Method

A.2.1 Panel Method

The linear-strength vortex panel method according to Katz and Plotkin [109] is applied and described
briefly. A more detailed description can be found in Stuhlpfarrer et al. [3]. The impermeability
constraint is fulfilled at the boundaries by a Neumann boundary condition that reads

_9%% _

- — A7
o 0, (A7)

Un

with the surface orthogonal vector n. The potential ¢p at a certain field point P(x, y) is obtained by
the freestream potential ¢, and the potential caused by the distribution of vortices with the
strength ¢y located at the boundary of the airfoil:

Y
¢p = Uoox¢+ Vo) + .[5 Ee ds (A.8)

ov

Applying the Neumann boundary condition and dividing the airfoil into n,, panels gives

Np
G}
(Uoo,Vw)-n+2f a—nvdsz(Uoo,Voo)-n+(u,v)-n=0. (A.9)
i=1"Sp

with u and v being the induced velocity components due to vortex distribution at a certain panel. For
the linear-strength vortex distribution, the vortex strength in the local panel coordinate system is
defined as y(xp) = Yo *+ V1 " Xp and subsequently, the velocity components in the panel coordinate
system read

"= ﬁ(}’j“ - yj) lnm N yj(xj+1 - xf) + ()/j+1 - ]/j) (xp - Xj) (9}-+1 _ 9]'), (AlO)

p= _
M\X — %) T 2n(x;41 — x;)

yj(xf"'l —x;) + (Vj+1 - Vj) (% —x) Y <yj+1 - y].) [
= - n—+—

X1 X
= 0... —0.)|. (A.11)
27'[(x]-+1 — x]-) Tiy1 2m + ( J+t 1)

v
p
yp

Y41 T A
Applying these equation to all panels, redistributing and transforming it into the global coordinate
system, provides the influence coefficient matrix

aij = (u, v)i,j n; (A12)
as a set of N algebraic equations with the right hand side

RHS; = —(Uoo,Voo,) - (cos a;, —sin a;). (A.13)

In addition, the Kutta condition on the trailing edge is applied as follows
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Y1+ 7¥n+1=0. (A.14)

The system of equations is solved by a lower-upper (LU) decomposition with partial pivoting (PLU)
due to the higher numerical stability and the low computational effort of O (§n3) compared to other

methods. With the resulting vortex distribution, the local tangential velocity at each panel is
obtained and the pressure coefficient distribution can be calculated according to

Ue
p=1-7= (A.15)

o

Finally, lift and drag coefficient are generated by summation and coordinate frame rotation.

A.2.2 Boundary Layer Integration Method

The boundary layer integration method is based on a similar formulation as described by Wauquiez
[108]. Consider Prandtl’s boundary layer equations for incompressible flow [156]. Combining them to
one integral equation and solving it along the y-direction fromy = 0 to y — oo, the Karman integral
momentum equation results. Introducing the shape factors H, the latter equation reads

d9+9(2+H)dU"’—1c (A.16)
dx U, d« 2T '
2
Multiplying (A.16) with %, substituting L = 633 %, and A = Ref d—l;“’ gives
Ue 46 _ 2(L— 2+ HA) (A.17)
v dx? ' .

Using Thwaites’s approach [157, 158] for approximating the right hand side with 2(L — (2 + H)A) =
0.45 — 61 leads to

1d
;a(@ng) = ()4-5Ue5 (A18)

The equation can be integrated by a 5-th order Gaussian quadrature along the streamwise direction
of the airfoil, starting form the known value at the stagnation point. With the knowledge of 6, A can
be evaluated. Applying the semi-empirical formulas of Cebeci and Bradshaw [158], H(4) and Cf(4)
can be determined. Cr(4) is used to check if laminar separation occurs. If separation is detected, a
model for turbulent boundary layers is utilized downstream of the separation point. In addition,
Michel’s criterion [159] is applied to estimate if laminar-turbulent transition occurs. Therefore, a
critical Reynolds number based on the distance from the stagnation point is evaluated. If the critical
Reynolds number is reached, laminar-turbulent transition is assumed. The formula reads
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22400

Reg > Regyrir = 1.174 (1 + )Rex"-%. (A.19)

€x

The turbulent boundary layer is estimated by Head’s model [160]. Therefore, the volume rate of fluid
within the boundary layer at the streamwise position x is combined with the definition of the
displacement thickness according to

5(x)
5 =8— f w@y) o (A.20)
Ue
0

Using the shape factor H; and including the experimental data of Cebeci and Bradshaw [158], the
following equations are obtained,

ii(U 0H,) = 0.0306(H, — 3)70653 (A.21)
Updx > ¢ 1 1 ’
_ {3.3 +0.8234(H — 1.1)"1287 ifH<1.6 (A22)
171334 1.5501(H — 0.6778)~396* jf H > 1.6. '
The skin friction is determined by the Ludwig-Tillman skin friction law [161],
Cr = 0.246 - 1070678H . Rg; 0268, (A.23)

The equations are integrated from the transition point to the trailing edge, or in the case of turbulent
separation, to the point of the separation. The drag coefficient is calculated with the Squire-Young
[162] formula that reads

Hrg+5 Hrg+5
CD = [Z(QTE/C)(UQ/UOO)TE2 ]UP + [2(GTE/C)(Ue/Uoo)TE2 ]DOWN- (A.24)

A.2.3 Coupling of Panel Method with Boundary Layer Integration Method

A one-way coupling between the panel method (A.2.1) and a boundary layer integral method (A.2.2)
(PanBL) is applied within this thesis. The implemented approach is based on [108]. At first, the
inviscid potential flow around the airfoil is calculated. Secondly, the resulting boundary layer
parameters are integrated along the streamwise direction and finally, the drag coefficient cp is
determined. No feedback of the calculated boundary layer displacement thickness to the panel
method is provided. In addition, the Prandtl-Glauert compressibility correction can be applied for the
panel method. Additionally, the Java-Foil stall correction [163] is applied in order to approximate the
effect of the separation on lift and drag. A brief validation of the method with Xfoil [164] results for a
NACA 0012 airfoil is presented in [3]. For angles of attack @ < 8, a good agreement is achieved
between both methods. However, in the stall region, PanBL overestimates the lift coefficient
drastically and the drag coefficient slightly.
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A.3 Propeller Thrust and Torque Calculation with Blade Element Momentum
Theory

A simple and fast tool to evaluate the thrust and torque of the propeller could by generated by the
application of the blade element momentum theory. In the course of this thesis, the blade element
theory has been coupled with PanBL (PropPanBL) in the well-known manner to obtain fast results.
Within this code, the equations derived for the blade element momentum theory presented in
chapter 2.4 are solved. However, for solving the equations numerically, the infinitely small
differences have to be modified to finite differences d — A.

AT = 4 pVZ(1 + a)arp Ary,

AQ = 4mpV Q1+ a)a'r dr,.

) (A.25)
AT = E p VT'ZelC B(ACL COS(¢) - ACD Sln(¢)) AT,

1
AQ = 5P V2,c B (Acy, sin(¢) + Acp cos(¢)) rp Arp.

Following the iterative procedure to solve this equation described in chapter 2.4 and summing the
values for all sections accordingly provides the overall thrust and torque of the propeller.

T =Y AT,

0=7 AQ. (A.26)
In addition, to this procedure a modified set of equations can be solved, alternatively. A problem by
solving the above presented equations for a and a’ occurs if the inflow velocity becomes small. Since
the inflow factors are normalized by the inflow velocity located infinite far upstream of the propeller.
That means that the inflow factor will tend to infinity. In this case an absolute formulation has to be
applied. The first two equations of the above presented system therefore are written as follows.

AT = 471 p (V + Upnag)Uing Tp AT,
(A.27)
AQ =4n P .Q(V + uind)wmd 7"159) dTp.

In this formulation, the values for u;,,4 and w;,4 solved. The advantage of this formulation is that it
allows for negative inflow velocities also. The requirement due to the chosen directions of the
velocity vectors and to obtain correct signs is that (V + u;,4) > 0. The inequality implies u;,q > —V.
This inequality imposes that the induced velocity for each section has to be higher than the negative
inflow velocity. The result appears to be obvious; since the assumption for the theory is that there is
no reversed flow through the propeller plane. Moreover, the results can be questionable if
—V = ujnq, since the assumption of stream tubes and its neglected mutual interference may not be
satisfied anymore. Nevertheless, the iterative solution can be obtained by rearranging the first
equation to solve for u;,,; and the second equation to solve for w;, ;. However, the restrictions have
to be kept in mind.
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In order to estimate the thrust and torque for inclined inflow conditions, a simple modeling approach
has been implemented in PropPanBL as well. This has been conducted with the contribution of A.
Kimmel. For both of the formulations presented above, a simple vector decomposition of the inflow
velocities depending on the angle of incidence of the propeller plane and the azimuthal angle of the
propeller element is conducted. Therefore, the propeller disc is divided along the circumferential
direction as well as in the radial direction. This approach is able to provide an approximation of the
lateral moments caused by the propeller.

In order to optimize the shape of the propeller for prescribed airfoil geometries, a Betz optimum
solver has been implemented according to [165] by Kimmel et al. [166] that has been used to
generate the geometry for the generic test case.
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A.4. Wind Tunnel A

The test section dimensions are 1.8 min height, 2.4 m in width, and 4.8 m in length. The closed
return wind tunnel (Gottingen type) is operated with an open test section for the investigations
conducted within this thesis. The uncertainty of the freestream velocity in the empty test section is
less than 0.2%. The turbulence level is determined to be less than 0.4% and the uncertainty in the
spatial and temporal mean velocity distribution less than 0.067%. [145]

Force and Moment Measurements

The aerodynamic forces and moments are measured by an external six-component underfloor
balance. The measuring range for the forces reads F, = + 1500 N, E, =1 3000N, and E, =
4 3000 N in the streamwise, lateral, and vertical direction, respectively. The measuring range for the
moments are M, = + 700 Nm, M,, + 500 Nm, and M, = + 700 Nm for the rolling, pitching, and
yawing moments, respectively. The load cell accuracy based on maximum loads provides a maximum
error of less than 0.025% related to the full measurement range. In addition, the balance allows for a
rotation of the model about the vertical axis.

In the course of this thesis the external balance has been applied for providing the reference data for
the numerical simulations. It has been used for the propeller test case as well as the helicopter test
case whereas different mounting strategies have been applied.

Wake Field Measurement

The wake flow field measurements are conducted with the Stereo-Particle Image Velocimetry
technique (PIV). This method allows for generating velocity field data within defined planes. The PIV
system used for the investigations in the course of this thesis contains a double cavity pulsed Nd:YAG
laser. The maximum output energy per pulse is 325 mJ and the wavelength equals 532 nm. The
maximum possible frequency of a double pulse is 15 Hz. The operating frequency range for maximum
power output is between 13 Hz and 15 Hz. The pulse delay is set to 10 us. An adjustable laser beam
guiding arm with light sheet optics mounted on a three axis traverse system enables the
displacement of the measurement plane. The light sheet thickness at the measurement plane is
approximately 3 mm. The image acquisition is performed by two sCMOS cameras with a resolution of
2560 x 2160 pixels. The spatial resolution depends on the choice of the objective and the distance of
the lens to the measuring plane as well as the size of the interrogation windows. Due to the
synchronization with the blade passing frequency for the phase-averaged measurements, the least
common multiple of the latter, the laser frequency, and the camera frequency is needed to
determine the recording frequency. For the time-averaged measurement, the recording rate can be
set in order to obtain maximum laser performance.
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