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Abstract

Rotating stall is a disturbance in axial compressors arising at operating
conditions beyond the stability limit of a stage. Mitigation is aggravated
due to a lack of both, feasible prediction methods and knowledge about
control possibilities. This thesis verifies the capability of a modified low-
fidelity approach to predict rotating stall. Moreover, the impact of certain
compressor features on the stall cell details is investigated allowing for the
identification of underlying physical mechanisms.

In order to provide a numerical reference for the low-order method, results
of high-fidelity computations of a one-and-a-half stage axial compressor
are presented and validated against experimental findings. The simula-
tions accurately predict the single-cell rotating stall with a discrepancy
in speed and circumferential size by about 15% and 7.9%, respectively.
Moreover, the calculations reveal a part-span tip-section stall covering a
region between 85% and 100% blade span.

The selected low-fidelity approach resembles a narrow quasi two-dimen-
sional section of the compressor tip region. The method reproduces the
single-cell stall with a minimum deviation in rotational speed of about
14.9% with reference to the high-fidelity result. Despite a matching cir-
cumferential extent, overall the reduced method exhibits larger distur-
bances expanding into multiple rows. The discrepancy in speed is found
to result from the difference in cell blockage. Based on the insights, the
method is concluded to be more suitable for the prediction of large pertur-
bations like full-span stall.

Using a design of experiments the impact of compressor shaft speed, guide
vane angle and nozzle area ratio, representing the throttle setting, on ro-
tating stall is investigated. Furthermore, the main drivers determining the
stall cell details are identified. While the propagation speed is found to
linearly correlate to the individual stall cell size, the cell count appears to
depend on the ratio between disturbance size and compressor shaft speed.






Kurzfassung

Rotating Stall beschreibt eine Stromungsstorung in Axialverdichtern, wel-
che eintritt, wenn der Betriebspunkt die Stabilititsgrenze einer Stufe iiber-
schreitet. Die Mitigation ist durch das Fehlen praktikabler Vorhersage-
methoden sowie fundiertes Wissen iiber mogliche Kontrollmechanismen
erschwert. In dieser Arbeit wird das Potential eines modifizierten Low-
Fidelity-Ansatzes zur Vorhersage von Rotating Stall iiberpriift. Dariiber
hinaus werden die Einfliisse unterschiedlicher Verdichterparameter auf die
signifikantesten Eigenschaften der Stall-Zellen untersucht, sodass sich zu-
grundeliegende physikalische Mechanismen ableiten lassen.

Um die simplifizierte Methode mit einer numerischen Referenz verglei-
chen zu kénnen, werden Ergebnisse aus High-Fidelity-Simulationen eines
anderthalbstufigen Axialverdichters priasentiert und mittels experimentel-
ler Daten validiert. Es wird gezeigt, dass die numerischen Rechnungen
den einzelligen Stall korrekt abbilden. Die Abweichungen beziiglich der
Umfangsgeschwindigkeit und -ausdehnung liegen bei 15% sowie 7.9%.
Zudem geht hervor, dass die Stallzelle einen Bereich in Blattspitzennihe
zwischen 85% und 100% der relativen Kanalhohe einnimmt.

Der gewihlte Low-Fidelity-Ansatz bildet eine schmale quasi-zweidimen-
sionale Sektion des Schaufelspitzenbereichs ab. Die Methode gibt den
einzelligen Stall mit einer maximalen Abweichung von 14.9% in der Aus-
breitungsgeschwindigkeit bezogen auf die Referenzrechnung wieder. Trotz
tibereinstimmender Zellausdehnung in Umfangsrichtung weist das Modell
grofiere Instabilitdten auf, welche sich axial bis in benachbarte Schaufel-
reihen ausbreiten. Die Diskrepanz in der Ausbreitungsgeschwindigkeit ist
auf die Unterschiede in der Zellblockage zuriickzufiihren. Basierend auf
den Erkenntnissen ist davon auszugehen, dass die Low-Fidelity-Methode
zur Vorhersage groBBer Storungen wie full-span Stall besser geeignet ist.
Mittels einer statistischen Versuchsplanung werden die Einfliisse von Dreh-
zahl, Leitradverstellung sowie Diisenquerschnittsfliche, welche den Dros-
selgrad reprisentiert, auf Rotating Stall untersucht. Daraus resultierend
erfolgt die Identifikation physikalischer Haupttreiber. Wihrend die Aus-
breitungsgeschwindigkeit linear mit der individuellen ZellgroBe korre-
liert, scheint die Anzahl der Zellen vom Verhéltnis zwischen Zellgrofie
und Drehzahl abzuhéngen.
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1. Introduction

Chapter 1
Introduction

Since the invention of the first jet engines by Frank Whittle (Britain) and
Hans von Ohain (Germany) in the late 1930s, the gas turbine gained con-
siderable importance in numerous fields of application. The most com-
mon examples are aircraft engines and heavy-duty industrial gas turbines
for electric power generation. The enormous significance of the inno-
vation can be properly appreciated considering the prosperity associated
with it. Depicted in Figure 1.1-A is the growth in global energy consump-
tion and air traffic during the past decades. Although the gas turbine can
not be held accountable for enabling such an advance alone, it definitely
contributed substantially.

A B
60 &) 0.5 ®
Take-offs-10° [-] J Class
% 40 - Z H Class
> _§ 0.4 - G Class
= 3
§ 20 4 % F Class *
@)
O T T 0.3 T T
1940 1970 2000 2030 1970 1990 2010 2030
Year Year

Figure 1.1: Review of global air traffic (Kaltschmitt and Neuling
(2018) [1]), primary energy consumption and CO, emissions
(Ritchie and Roser (2020) [2]) (A) as well as evolution of gas
turbine efficiency (Giilen (2019) [3]) (B)

Due to the simultaneous increase of greenhouse gas emissions, also shown
in Figure 1.1-A, the demands on future engine technologies increased im-
mensely. Environmental sustainability has become a key factor in the
course of climate protection setting the boundaries for prospective com-
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1. Introduction

petitiveness. Low emission level requirements confront both the aerospace
and power generation industry with the challenge of higher efficiencies
more than ever.

The increase in single-cycle gas turbine efficiency over time is illustrated
in Figure 1.1-B. According to Lechner and Seume (2019) [4], it is accom-
panied by a trend towards higher compressor pressure ratios at a minimum
number of stages. Gas turbines of the G/H-classes with pressure ratios of
about 20 are already settled at 13 to 14 stages. This number will decrease
even further through the technologies of upcoming generations with even
higher delivery pressures. With respect to aircraft engines, a decreasing
number of stages is especially desirable in terms of reduced size, weight
and costs.

(A) B
A Critical : -
ﬁ speeﬁar{ge
Q = __,—"' Blade mode
= —
=} RS
(=
=

? o
Shaft speed [Hz] Blade failure

Figure 1.2: Campbell diagram with blade mode excitation through rotat-
ing stall (A) and image of failed blades taken from Luo and
Wu (2016) [5] (B)

As a consequence of this trend, higher stage loadings lead to operating
conditions closer to the stability limit. With it, the risk of emerging com-
pressor instabilities rises. The most common phenomena are rotating stall
and surge. Due to large safety margins, nowadays the latter is fortunately
less likely to occur. Rotating stall (RS) on the other hand, is still a major
concern, especially during engine start-up and shut-down. Stall cells, sep-
arated flow regions spread over blades, travel in engine rotation direction
at a defined speed. As cell number and speed result in a determined an-
gular frequency, rotating stall can induce severe blade vibrations. Figure
1.2-A illustrates a typical Campbell diagram with blade mode excitation

2



1. Introduction

through rotating stall during an engine start-up. In addition, an exemplary
case of rotating-stall-induced fatigue in an industrial compressor is given
in Figure 1.2-B. Clearly visible is the first stage blade failure.

With structural fatigue and associated engine shut-downs posing a risk to
manufacturers and customers, strategies of how to deal with rotating stall
are of growing importance. For this reason, the unsteady phenomenon and
associated challenges represent central topics of this work.

1.1 Challenges of rotating stall mitigation

The management of rotating stall in axial flow compressors has become
a necessity in order to prevent unexpected excitations. Subsequently, the
main challenges associated with the development of mitigation strategies
are introduced. For clarification, they are broken down into two essential
aspects, rotating stall prediction and control.

I. Prediction: During the design phase, accurately predicting the rotating
stall onset, pattern and frequency is a delicate task. High-fidelity mod-
els applying unsteady full-wheel multi-stage computational fluid dy-
namics (CFD) are time consuming and CPU intensive. In other terms,
they are not applicable in the day-to-day business. Feasible and reli-
able low-order methods, in turn, are yet not available. What remains
are commercial CFD practices represented by single-passage steady-
state approaches. As these have proven to be valid particularly near
design conditions they are used in regards to compressor efficiency op-
timizations. Apart from that, stall margin predictions remain doubtful
and instabilities irresolvable due to simplifications. Eventually, knowl-
edge about compressor stall conditions is still derived from post-design
engine tests.

II. Control: Assuming well-known stall conditions during design phases,
the current unavailability of criteria dealing with instabilities would im-
pede any prevention. Although many tests and studies have been car-
ried out throughout the decades, the driving mechanisms determining
the number of spatial modes and their propagation velocity are still un-
known. One common approach to control rotating stall is using guide
vane schedules adjusting the inflow conditions at part-speed. The prin-
ciple idea is not to prevent the instabilities from emerging, but to alter
the associated frequencies and suppress possible blade excitations. As

3



1. Introduction

the exact impact of the guide vane setting on rotating stall is however
unknown, finding an appropriate schedule is mainly based on trial and
error during engine tests.

In summary, the main difficulties in terms of mitigating rotating stall are
associated with a lack of a) feasible yet accurate prediction methods or
models and b) detailed knowledge about the driving mechanisms control-
ling the disturbance characteristics.

1.2 Research scope and thesis outline

With the main challenges at hand, both scope and structure of this thesis
are subsequently described.

In general, the work aims at tackling the current lacks associated with
rotating stall mitigation. With respect to the unavailability of efficient pre-
diction methods, the determination, development and examination of a
suitable low-fidelity approach is pursued. By means of this method, larger
sets of parameter investigations are then envisaged in order to expand the
knowledge about what controls rotating stall. The objective is to identify
both, the impact of selected compressor features and the underlying phys-
ical mechanisms determining rotating stall characteristics. In short, the
following research questions (RQ) are defined for this work:

RQ 1.1 What features are required for a promising low-fidelity method
for RS prediction?

RQ 1.2 How capable is the derived low-order model to predict RS?
RQ 1.3 How do selected compressor parameters affect RS?

RQ 1.4 What are the underlying physical mechanisms controlling the RS
characteristics?

RQ 1.5 Are the findings derived in this work universally applicable or
constrained to certain cases?

In order to answer the individual research questions, the thesis is subdi-
vided into different chapters. Each of them deals with a distinct subject as
illustrated in Figure 1.3.
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Figure 1.3: Thesis structure

After a brief recap of fundamentals in the field of compressor aerodynam-
ics provided in Chapter 2, a review of relevant and available literature is
presented in Chapter 3. The review focuses on computational and ana-
Iytical approaches that have been applied to predict rotating stall. Addi-
tionally, a closer look is taken at parameter studies conducted in order to
determine stall cell sensitivities towards various compressor features.

For an in-depth analysis of the low-fidelity approach derived in this work,
a numerical reference is created by means of a high-fidelity model. There-
fore, experimental data of measurements performed in a test rig, intro-
duced in Chapter 4, and numerical strategies for accurate stall predictions,
described in Chapter 5, are utilized. The high-fidelity results are subse-
quently presented in Chapter 6. Plausibility and accuracy of the computa-
tions is verified on the basis of the experimental findings.

From the insights gained in the literature review, a modified version of
the most promising low-fidelity approach is described and investigated in
Chapter 7. By comparing results from both, the high- and low-fidelity
methods, capabilities and limitations of the reduced approach are verified.

5



1. Introduction

Subsequently, a design of experiments is conducted in Chapter 8 in order
to determine the impact of different compressor features on rotating stall.
For this purpose, the low-fidelity model is applied. Moreover, the large
dataset is used to identify some of the underlying physical mechanisms
controlling the instability.

In Chapter 9, the findings are then compared to additional data from other
compressor builds. The aim is to verify the generality of results and the
transferability to other engines.

Finally, key conclusions and a possible outlook are provided in Chapter
10.



2. Fundamental compressor aerodynamics

Chapter 2
Fundamental compressor aerodynamics

In this chapter essential aerodynamic features of single and multi-stage
compressors are described. The following sections are therefore meant to
provide basic knowledge about characteristic parameters and flow mech-
anisms relevant to this work.

2.1 Stage flow

The most important design components of a compressor are its blades and
vanes. They impart momentum and turn the flow through pressure gradi-
ents. Figure 2.1 illustrates a generic compressor front stage. It includes
three rows with inlet guide vanes, rotor blades and stator vanes.

IGV  Rotor Stator IGV Rotor Stator
______ Q

0
L 3,

Figure 2.1: Principle function of a compressor stage

The section A-A in the tip region provides a view on the velocity trian-
gles in between those rows. Absolute and relative velocity components
are denoted by v and w. After passing the guide vanes, the flow direction
is changed due to the geometry curvature. Pre-swirl is added to ensure a

7



2. Fundamental compressor aerodynamics

proper level of rotor inlet Mach number conditions in the relative frame
of reference. Although the flow is subsonic in the stationary frame of ref-
erence, the high circumferential blade speed U causes a supersonic rotor
inflow at a Mach number M > 1. As a consequence, a pattern of shock
and expansion waves occurs in proximity to the leading edges. At first,
the flow passes the shock of the preceding blade and decelerates. Subse-
quently, due to the blade curvature, a Prandtl-Meyer expansion fan is in-
duced accelerating the flow. When passing the following passage shock,
the flow is again decelerated leading to subsonic exit conditions at M < 1.
The decrease in relative velocity results in a deflection in the stationary
frame. Depending on the number of stages, the subsequent stator vane
then either ensures suitable conditions for the downstream rotor or re-
moves the swirl when the compressor exit is reached.

Also depicted in Figure 2.1 are the magnitudes of the static pressure p and
the absolute velocity v throughout the compressor. Within the guide vane
row, the static pressure is slightly reduced while the velocity increases.
The main reason for this is the decreasing passage throat area lowering
the exit pressure and accelerating the flow. In the rotor, kinetic energy
is added to the fluid and hence the velocity rises. The static pressure in-
creases as a result of the passage shock. In the stator, the kinetic energy is
converted into internal energy, leading to an increased static pressure and
a reduced flow velocity.

Ay = U - Avg 2.1)

The energy transfer from blade to fluid A/, is defined by Euler’s equation
for turbomachinery (Eq. 2.1, Cumpsty (2004) [6]). Raising the energy
input requires higher circumferential velocities U or deflections Avg. The
magnitude of both parameters, however, is limited. While the rotor speed
cannot be increased infinitely due to mechanical loads, the maximum flow
turning is constrained aerodynamically. Exceeding the aerodynamic sta-
bility limit will result in compressor stall.

2.2 Performance map

The performance of a compressor is mapped using a number of speedlines,
often named characteristics. An example is illustrated in Figure 2.2 for a
single-stage compressor. In general, the pressure rise is plotted against the

8



2. Fundamental compressor aerodynamics

flow rate for different shaft speeds N. In terms of the output pressure level
either the total-to-total pressure ratio I1, or the total-to-static pressure rise
coeflicient i is applied. The flow function is represented by the corrected
mass flow rate rir.,, or the flow coefficient ¢. The corresponding relations
are provided by Equations 2.2 - 2.3.

— Stablhty limit \N const. A \\ opened
E“ \\\ —
\ \ \ Nt closed N=const. _
Pitcor -] iy
Wi
ﬂ)» @%
U
opened
N S
VIGV vy N Y Rotor

Figure 2.2: Performance map of a single-stage compressor and impact of
the stagger angle on a constant speed characteristic

Reducing the mass flow rate at a constant speed increases the delivery
pressure due to a higher flow turning. As the operating point moves further
towards the left portion of the characteristic, losses and secondary flow
effects arise. With the maximum deflection being constrained, the point at
minimum mass flow rate denotes the aerodynamic stability limit. Beyond
this point, at even lower mass flow rates, compressor flow instabilities
occur.

T .
=2 and i = B[ ZE (0 )
Dtin Drin Tiisa
Vx 2 - (Pex = Prin)
_ W and = 2 WPex ~ Prin) 2.3
U v pU2 23)

Also indicated in Figure 2.2 is the impact of the guide vane () and rotor
(y) stagger angles on the compressor stage performance. Increasing the
stagger angle is generally denoted as closing the row, while decreasing
the parameter leads to opened vanes or blades. For a constant speed N,

9



2. Fundamental compressor aerodynamics

opening the variable inlet guide vanes (VIGV) for example reduces the
pre-swirl and leads to an increased flow incidence. As a result, the char-
acteristic is shifted towards higher pressure rise coefficients ¢ and flow
coeflicients ¢. The opposite effect occurs when the VIGV is closed. The
characteristic is influenced by the rotor stagger angle in a similar manner.

2.3 Stall inception

In this section the topic of stall inception is introduced, providing an
overview of the initial flow mechanisms involved in compressor stall.

As previously described, the aerodynamic performance of a stage is con-
strained by the stability limit. The reason for this are flow perturbations
arising as the inlet angle of the approaching air stream becomes too high.
The resulting stall is generally associated with low axial absolute veloci-
ties and an increasing drag on the blade due to boundary layer separations
on the suction side (Figure 2.3-A, Giilen (2019) [3]).

(A) (B)

'

/~-Spike-type
stall

Boundary layer

separation Modal-type

stall

Pressure rise y

\j

Streamlines Flow coefficient ¢

Figure 2.3: Beginning of stall in a blade row from Giilen (2019) [3] (A)
and stall inception model based on Camp and Day (1997) [7]

(B)

In order to increase the operating range of a compressor, the broad topic of
stall inception focuses on understanding the mechanisms behind the onset
of stall. The first theoretical explanation was given by Moore and Gre-
itzer (1986) [8], postulating infinitesimal disturbances with length scales
of the order of the compressor diameter. Later on, experimental evidence
for the existence of these so-called modes was reported by McDougall et
al. (1990) [9]. In addition to modal-type disturbances, McDougall et al.
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(1990) [9] as well as Day (1993) [10] were able to observe a second type
of stall precursor in their studies named spike. This form of disturbance
is described as short length scale perturbation moving around the circum-
ference and occurring as sharp peaks in the time-resolved velocity signals
of the flow field.

A generic model indicating whether modal oscillations or spikes appear as
stall precursor was reported by Camp and Day (1997) [7]. The basic idea
is illustrated in Figure 2.3-B. Therein, a distinction between both pertur-
bation types is based on the slope of the total-to-static pressure rise char-
acteristic at the stall point. If the compressor reaches the stability limit
while operating on the negatively-sloped portion, the stable flow break-
down is usually linked to spike-type inception. In case the characteristic
reaches zero-slope before stall, a modal activity is involved. At this point,
the slope can either be zero or slightly positive.

2.3.1 Spike-type disturbances

According to Camp and Day (1997) [7], Spike-type stall inception de-
scribes a stalling behaviour caused by transient perturbations of short
length scale and large amplitude compared to the mean velocity. Due to
their small circumferential extend of a few blade passages, spikes exhibit
higher angular velocities than modal disturbances, initially between 60%
and 80% of the shaft rotation frequency (g. As they grow in size, their
speed reduces leading to the development of rotating stall which usually
happens within half a rotor revolution.

The first flow field image related to spike-type perturbations was proposed
by Inoue et al. (2000) [11] describing a vortex tube that spans from blade
to casing. By considering computational and experimental results, Pullan
et al. (2015) [12] were able to extend the knowledge about this so-called
tornado-vortex shown in Figure 2.4-A. In their findings, the vortical dis-
turbance originally emerges from a leading edge separation caused by a
locally high flow incidence. From the vorticity shed by this separation,
the tornado-type disturbance is formed with its upper end on the casing
and the lower end on the blade’s suction side. With the following blade
passing through the vortex, a new leading edge separation is triggered, re-
sulting in the convection of the spike. The combination of regions with
high static pressure in front of the flow separation and low static pressure
on the compressor casing leads to the typically sharp up-down signature
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detected by upstream probes (see Fig. 2.4-B).

Despite the common believe that spike-type stall inception is a highly
three-dimensional phenomenon due to the radial and circumferential ex-
tend of the tornado-like vortex, Pullan et al. (2012) [12] were also able
to evince spikes in a two-dimensional cascade. Furthermore, the vortical
disturbance appears not to be tied to the presence of tip leakage flow as
it was found to occur in blade rows with and without tip clearance. The
geometrical feature, however, can play a role in triggering the initial lead-
ing edge separation, as the tip leakage flow may increase the local flow

incidence.
(A) (B)
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Figure 2.4: Schematic representation of the spike-type stall inception
mechanism based on Inoue et al. (2000) [11] and Pullan et
al. (2015) [12] (A) and associated signals acquired by hot-
wires placed around the annulus (B).

2.3.2 Modal-type disturbances

As described before, modes are disturbances which usually appear with
a wave length equal to the rotor circumference. They can be seen as
solely two-dimensional oscillations of the whole compressor flow field.
A schematic representation of a first order mode is given in Figure 2.5
together with exemplary signal traces captured by circumferentially posi-
tioned hot-wires.
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In their studies, Camp and Day (1997) [7] stated that the rotation fre-
quency of modes is generally below 50% of the rotor speed. With com-
paratively small magnitudes, the oscillations rarely exceed 2-3% of the
freestream velocity. As modal disturbances gradually build up in time,
however, they can eventually give rise to flow separations in multiple blade
passages transitioning into a finite rotating stall cell. The time between the
first sign of an undulation until the occurrence of rotating stall may take
several revolutions. The final amplitude a mode will reach before stall oc-
curs depends on how much loading any particular blade row can sustain
before becoming critically overloaded.
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Figure 2.5: Scheme of a modal-type oscillation based on Day (1993)
[10] (A) and associated signals acquired by hot-wires placed
around the annulus (B).

2.4 Rotating stall

In proximity to the stability limit, stall inception is initiated by flow per-
turbations of different length scales. As the initial disturbances grow in
size rotating stall emerges. In the following sections, the unsteady phe-
nomenon is presented in greater detail.

In general, rotating stall describes a non-axisymmetric disturbance in ax-
ial compressors arising at operating conditions beyond the stability limit
of a stage. The unsteadiness typically manifests itself as one or more

13



2. Fundamental compressor aerodynamics

regions of retarded flow dividing the annulus into defined stalled and un-
stalled sectors. The instabilities referred to as stall cells travel in engine
rotation direction at a defined speed. As the stall cell number nggs and the
individual cell speed wgg result in a determined angular frequency Qgs,
rotating stall can induce severe blade vibrations. The relation specifying
the rotating stall frequency is represented by Equation 2.4.

Qs = ngs - Wgs (2.4)

According to Day (2015) [13], a compressor that is stalled repetitively at
otherwise fixed boundary conditions will stall in the same manner each
time. This means, the stall point, the number of stall cells and their speed
will remain unchanged.

2.4.1 Classifications

In order to provide a basic overview, the different kinds of rotating stall are
introduced. Typically, a distinction is made between two types or patterns.
These are abrupt stall and progressive stall which are both illustrated in
Figure 2.6-A.
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Figure 2.6: Classification of rotating stall types based on Grieb (2009)
[14] and Day et al. (1978) [15]

Progressive stall is characterized by a gradual drop in pressure rise and
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flow coefficient at the stability limit. The emerging stall cells cover sev-
eral blades on a portion of the annulus height, wherefore this formation is
denoted as part-span stall. The number of part-span cells can vary, but is
usually found to be more than one. Although in this example illustrated at
the blade tip, they can also emerge at the hub.

At even smaller flow rates, the pressure rise exhibits a large drop accom-
panied with a change in rotating stall type. The arising full-span stall
is known to cover a large sector of the annulus over the complete radial
height. It usually consists of a single cell increasing in circumferential
size while the compressor is further throttled at an almost constant pres-
sure rise. The transition from part-span to full-span stall occurs as the
stalled portion of the annulus exceeds a value of approximately 30%. The
empirical correlation was found by Day et al. (1978) [15] and is based on
stall data of multiple axial compressors (see Figure 2.6-B).

Unlike progressive stall, abrupt stall is associated with the discontinuity in
pressure rise and flow coefficient already occurring at the stability limit of
the stage. As the delivery pressure drops, the compressor instantaneously
exhibits the single-cell full-span rotating stall.

2.4.2 Stall cell structure

A first conceptional description of the flow field associated with rotating
stall was introduced by Emmons et al. (1955) [16]. The essential parts of
the famous sketch are included in Figure 2.7-A. The principle idea behind
this illustration is to consider some blade passages to be blocked by flow
separations due to high incidence. The incoming flow is influenced by the
upstream effect resulting in different inflow angles along the cell leading
edge. While the incidence on the right-hand side is decreased leading to
improved conditions, it is increased on the left part. As a consequence, a
flow separation is triggered on the approaching blade. As this mechanism
continues, the cell propagates in opposite rotor direction in the relative
frame. In the stationary frame, the cell moves in shaft rotation direction,
but only at a fraction of the rotor speed.

Until extensive effort in respective measurements was undertaken, stall
cells were considered as dead wakes similar to the flow behind a solid
body. This would imply, that the cell edges are oriented according to the
streamlines surrounding them. Day (1976) [17] was the first to establish
a different theory supported by results from various compressor rig tests.
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As the rotor blades transport fluid from one cell side to the other (Figure
2.7-A), they can be seen as highly energetic and active rather than passive
regions.

Considering a part-span stall cell in the meridional plane, the fluid is
forced to move in both the positive and negative axial direction. A frac-
tion of the flow dives below the stalled region and enters the rotor at the
hub. After emerging from the trailing edge, the flow velocity is compara-
tively small and predominantly tangential. The other fraction of the fluid
entering the stalled region is centrifuged towards the tip in a recirculatory
fashion. Day (2015) [13] pointed out, that the three-dimensional nature of
the cells results in increased casing pressures and potential tip rubs.
Recent studies by Dodds and Vahdati (2015) [18] eventually gave more
insights into the three-dimensional structure of cells as illustrated in Fig-
ure 2.7-B. Clearly visible is the vortex-like pattern similar to the tornado-
vortices in the context of spike-type stall inception. In contrast to spikes,
however, the rotating stall vortices block multiple blade passages.
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Figure 2.7: Stall cell flow in the relative frame of reference based on ex-
perimental findings by Emmons et al. (1955) [16] and Day
(1976) [17] (A) and three-dimensional structure derived from
computational results by Dodds and Vahdati (2015) [18] (B)
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2.5 Stage matching effects

In the previous parts, solely the performances of single-stage compressors
have been considered. Real engine compressors, however, act as a group
of multiple stacked stages, implying that the overall matching is of high
importance. Figure 2.8-A illustrates a schematic performance map of a
multi-stage compressor. Shown is the overall total-to-total pressure ratio
I1, against the corrected inlet mass flow rate 7., at different shaft speeds
N. Also included are lines of constant isentropic efficiency n;; defined
by Equation (2.5). The working line denotes the path a compressor op-
erates on during ramp-up or shut-down. Along this line, the shaft speed
is continuously increased, as are the mass flow rate and the total pressure
ratio. At the aerodynamic design point (ADP), the compressor operates at
highest realisable efficiency.
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Figure 2.8: Exemplary multi-stage compressor map based on Briaunling
(2001) [19] (A) and associated stage matching effects as de-
picted in Cumpsty (2004) [6] (B)

Also depicted in Figure 2.8-A are different stability limits of the com-
pression system. The line along the pressure rise maxima is denoted as
the limit of the whole compression system or surge line. Different from
single-stage test rigs, exceeding this limit will result in compressor surge
instead of rotating stall. The reason for this is the impact of large plenum
volumes like combustion chambers on the whole system. As surge is not
an important aspect of this thesis, it will not be discussed in further detail.
Additional information on the subject can be found in the pertinent litera-
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ture.

Besides the surge line, the aerodynamic stability limit of the front stages
is depicted in the performance map. In multi-stage compressors, each
row can locally exceed the individual stall limit at off-design conditions,
while the compressor as a whole remains stable, see Longley and Hynes
(1990) [20]. More insight is provided by Figure 2.8-B, illustrating the
front and rear stage performance at part and design speed. With respect
to lower compressor speeds, especially the front stages are prone to stall.
Considering the large cross-sectional area at the compressor entry plane,
the circumferential velocities in the first stages are comparatively high.
In combination with low axial velocities, the flow coefficient ¢ becomes
small, moving the operating point denoted as (a) towards the stall limit.
For this reason, the front stages are often observed to exhibit rotating stall
during engine starts.
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At higher speeds, each row can be seen to operate near its efficiency max-
imum in the ADP. In this regime, however, the rear stages can be subject
to unfavourable flow conditions. Moving the operating point away from
the ADP towards point (b) at higher pressure ratios will increase the coef-
ficient ¢ significantly in the rear stages. The reason for this is the cumu-
lative increase in the pressure ratio with each stage. Accompanied with
the high back pressure and density are small axial velocities leading to a
decreased flow coeflicient ¢. As a result, the operating point crosses the
individual stability limit of the last stages. Due to the high discharge pres-
sures, the flow breakdown in the downstream stages usually leads to the
onset of surge instead of rotating stall. Hence, the stability limit of the
rear stages coincides with the boundary of the whole compression system
towards higher speeds.
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Chapter 3
Literature review

In this chapter the focus is put upon studies published in the available
open literature dealing with rotating stall prediction methods and sensitiv-
ity studies.

Of particular interest are reduced-order models used to forecast and study
compressor instabilities. Important factors are their applicability, accu-
racy and possible limitations.

Moreover, numerical and experimental investigations on rotating stall sen-
sitivities towards compressor operation and design parameters are pre-
sented. The knowledge about dependencies and correlations is considered
crucial in order to determine mechanisms controlling the instability.

In general, the following research questions are ought to be answered in
this chapter:

RQ 3.1 What kind of low-order methods have been derived to predict
rotating stall, how successful were they and what features did
they incorporate?

RQ 3.2 Which parameters were found to influence rotating stall and in
what way do they affect its characteristics?

3.1 Low-fidelity methods

At this point, different analytical and computational low-order methods
are presented and discussed.

3.1.1 Parallel compressor model

The parallel compressor model was first published by Day et al. (1978)
[15] and aims at estimating the compressor performance in rotating stall.
The basic idea is to consider the annulus as divided into stalled and un-
stalled sectors.

While the flow rate in a stall cell is almost zero, the flow through the un-
stalled portion is above average. With this in mind, the compressor can
be assumed to simultaneously operate at two different conditions B and C
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as illustrated in Figure 3.1. Both points are located at equal values of the
pressure rise coeflicient ¢ since the static exit pressure behind both sec-
tors, stalled and unstalled, is assumed to be identical. The combination of
both points B and C eventually leads to the averaged post-stall operating
point A.
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Figure 3.1: Estimated compressor performance based on the parallel
compressor model by Day et al. (1978) [15]

By testing different multi-stage compressors, the pressure rise at stalled
conditions was found to be almost independent of the compressor design.
As main driver the number of stages ng was identified. Using the correla-
tion published in Day (2015) [13], the location of the horizontal line can
be estimated to ¥=0.15ng.

The distances along the horizontal line AB and CB also allow for the de-
termination of the stalled portion of the compressor annulus. In general,
the so-called blockage factor is calculated by Azs=AB/CB. As the dis-
tances involve the average flow coefficient ¢ and the flow rate through the
unstalled portion ¢*, the blockage factor is defined by Equation 3.1.

dps=2—f-1-% 3.1
¢ ¢

In combination with the knowledge about the critical blockage value of
30% as presented in section 2.4.1, the type of rotating stall in the com-
pression system can be estimated. In case Ags<30%, part-span stall is
likely to be present, otherwise full-span stall can be assumed.
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3.1.2 Small disturbance theory

A fairly successful relation approximating the rotational speed of stall
cells was published by Cumpsty and Greitzer (1982) [21] and subsequently
improved by Moore (1984) [22]. Herein the impact of several compressor
parameters like rotor stagger angle vy, number of stages ng, axial row gap
L,, compressor diameter D as well as internal and external net lags m/k
is taken into account. Furthermore, the propagation velocity is consid-
ered to depend on the number of stall cells ngg since single full-span cells
were observed to move at lower speeds than multiple part-span cells. The
respective expression is represented by Equation 3.2.

WRS 0.5
= 3.2
s (3.2)

m 2 D 0.5(1+cos?(y))
1 + F cos=(y) T+ ns

A main feature of this model is that the propagation speed wgs /€25 reaches
an asymptotic value of 0.5 as the number of stages increases. This result is
based on Cumpsty and Greitzer (1982) [21] who stated that in multi-stage
compressors propagation velocities never exceed 50% of Qg. Larger stag-
ger angles or respectively small design flow coefficients will lead to higher
cell velocities. The influence of guide vanes, in turn, is little or even neg-
ligible. The given relation was found to be in good agreement with exper-
imental data despite its simplicity. Nevertheless it is constraint to concrete
cases with single-cell full-span stall. Agreement for stall patterns exhibit-
ing multiple zones was concluded to be more or less fortuitous.

3.1.3 Greitzer-Moore model

Although not applied in this thesis, the Greitzer-Moore model is consid-
ered as an important milestone in the field of rotating stall research and
therefore briefly presented.

Based on the analytical studies published in Moore (1984) [22, 23, 24],
a low-order model predicting the post-stall transients of low-speed axial
compression systems was proposed in Moore and Greitzer (1986) [8] and
Greitzer and Moore (1986) [25]. The model assumes an axisymmetric or
cubic performance characteristic and describes the dynamic response of
multi-stage compressors during stall and surge. The two-dimensional rep-
resentation of the unsteady flow involves a set of three non-linear differen-
tial equations derived from a Galerkin approximation. The corresponding
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relations yield the pressure rise, the average flow coeflicient as well as the
rotating stall amplitude as a function of time. The model has been widely
used to model the operating conditions in stall or surge and was applied
to study parameter effects on the stalled performance branch in e.g. Backi
et al. (2016) [26], HOs et al. (2003) [27] or Gravdahl and Egeland (1997)
[28].

3.1.4 Two-dimensional and quasi two-dimensional approaches

While analytical models are beneficial in terms of applicability, they lack
detailed information about the fluid dynamics inside stalled blade rows.
Consequently, a wide variety of two-dimensional (2D) and quasi two-
dimensional (Q2D) computational approaches has been developed espe-
cially in the early years of CFD. The basic idea is to extract the blade
shapes at a predefined span location of the original three-dimensional
(3D) geometry and compute the flow conditions within a blade-to-blade
domain. An example is given in Figure 3.2. The difference of a quasi
two-dimensional method in comparison to a two-dimensional approach is
associated with the slice width. In a Q2D domain, the radial flow compo-
nent is for the most part negligible, however not completely absent due to
a marginal radial extent Ar.

Extraction 2D

Slice — Slice

3D
geometry

Figure 3.2: Schematic representation of two-dimensional and quasi two-
dimensional computational domains

In the following, different studies applying 2D and Q2D methods are pre-
sented. Due to the large variety, only those methods validated against
experimental data are considered.

Nishizawa and Takata (1994) [29] studied rotating stall in a two-dimensional
finite pitch cascade by means of a vortex method. The results were com-

22



3. Literature review

pared to experimental data reported in Kriebel et al. (1960) [30]. Although
the numerical procedure did not match the original cascade geometry, fea-
tures such as pitch-to-chord ratio, stagger angle and Reynolds number
were almost the same. The data was found to be in acceptable agreement
regarding the circumferential stall cell size of 4 to 5 blade pitches with a
difference in cell propagation velocity of -8% relative to the circumferen-
tial velocity component vg.

Outa et al. (1994) [31] conducted both, numerical and experimental inves-
tigations of a single-stage low-speed compressor rig. The two-dimensional
computational model included the rotor and stator geometries at 66.5%
span. The blade-to-vane count ratio was reduced from 37:62 to 6:10. To
keep the original solidity, the stator vanes were slightly enlarged. The
numerical code was designed to solve the unsteady compressible Navier-
Stokes equations for perfect gas. Depending on the loading position, dif-
ferent types of rotating stall were observed. Besides deep stall comprising
both blade rows, the computations exhibited rotor as well as stator stall
independently. At deep stall conditions, the difference between calculated
and measured cell speed was about +10% relative to the rotor speed. It
was concluded, that the blade count restriction prevented the stall cell from
growing and therefore decelerating.

By means of an unsteady two-dimensional Euler approach, Saxer-Felici et
al. (1999) [32] investigated rotating stall in a four-stage low-speed com-
pressor. The numerical domain was reduced to a single stage including
half of the original blade and vane counts. The geometries corresponded
to a cut at the root-mean-square Euler radius of the four-stage compressor.
Despite the differences, both, the experiment and the computation exhib-
ited one full-span stall cell with a consistent blockage factor Ags between
31% to 46%. The cell propagation speed in the CFD was slightly higher
by about +8% relative to the rotor speed.

More recent studies by Ferlauto and Taddei (2015) [33] made use of a
quasi two-dimensional mean radius model. While the flow inside the
compressor was solved by means of the Euler equations, blade rows were
represented by non-linear actuator disks. Loss and deviation models re-
lying on empirical correlations were applied to ensure realistic operating
conditions in the stalled regime. Validation of the code was based on the
experimental results of a transonic rotor reported in Seyler and Gostelow
(1967) [34]. Four different rotor speeds were investigated with the nu-
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merical procedure predicting the propagation speed of the full-span stall
remarkably well. The relative error between numerical and experimental
results ranged from -4% to -10% based on the rotor speed. However, as
the model required the induction of initial flow perturbations for rotating
stall to emerge, the unsteady Euler equations gave rise to multiple possi-
ble solutions. The stall cell count relied heavily on the number of initial
perturbation spots.

In summary, both the 2D and Q2D methods predicted the rotating stall
characteristics strikingly well with matching stall cell counts and a maxi-
mum discrepancy in relative cell speed of about 10%. Especially in con-
sideration of those simplifications additionally introduced into the models
like e.g. reduced row and blade counts, loss correlations or Euler solvers.
The accuracy of the approaches can hence be assumed to increase as these
simplifications are omitted. Furthermore, the methods were solely vali-
dated against full-span rotating stall, a disturbance on a large scale. As the
models, in turn, resembled only a narrow slice, characteristics of smaller
disturbances like part-span rotating stall might be predicted even better.

3.1.5 Three-dimensional approaches

Besides two-dimensional methods, some works introduced higher-order
models considering the three-dimensional nature of compressor flows.
Righi et al. (2018) [35] developed a 3D through-flow method resolving
rotating stall and surge in axial compressors. The code was based on the
cylindrical Euler equations including a body force approach to mimic the
presence of blades. Performances were captured through empirical corre-
lations and a flow recirculation model. Validation was done against test
data of a low-speed three-stage compressor reported by Eastland (1982)
[36] and Gamache (1985) [37]. Good agreement was found with respect
to the single-cell full-span rotating stall. As the model required little com-
putational resources, the complete stalled branch of a constant speed line
could be obtained. The maximum relative difference between calculated
and measured cell speed was approximately -6%. The trend of increasing
circumferential cell extent with diminishing flow coefficient was captured
accurately.

A passage-spectral method (PSM) for unsteady flows was utilized by Ro-
mera and Corral (2019) [38]. Based on the Navier-Stokes Equations,
the approach required only a small number of blade passages, reducing
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the computational time by a factor of 3 to 7. By using spatial Fourier
coeflicients, the flow variables at the periodic boundaries were continu-
ously readjusted. The method was validated against experimental (steady)
and CFD (stall) data of the NASA rotor 67. The results revealed a good
agreement of the PSM with the full-annulus CFD. The method accurately
matched the number of stall cells, whereas the difference in cell speed was
not stated precisely.

In general, the presented three-dimensional methods are associated with
high model complexities. The implementation either requires access to
the source code of an existing solver or a design from scratch.

3.2 Rotating stall sensitivities

In this part, a review with focus on rotating stall sensitivities towards com-
pressor parameters is presented. The main objective is to identify influ-
ences on the stall cell speed wgs, count ngs and size. The latter is either
assessed on the basis of the previously introduced blockage factor Ags or
the disturbance extent in circumferential direction Ogg.

Despite the variety of features a compressor incorporates, a closer look is
especially taken at the impact of the shaft speed Qg, the flow coefficient ¢
and the stagger angles a and y. The reason for this is the fact, that these
parameters have been the primary subject in most studies.

Furthermore, it has to be considered that the majority of investigations
was conducted experimentally as the application of computational fluid
dynamics for parameter studies in this field is still cumbersome.

A general overview of the literature included in this review is presented
in Tables 3.1 and 3.2. They are divided into investigations of single- and
multi-stage builds, respectively.

3.2.1 Flow coeflicient

The effect of the flow coefficient ¢ on the rotating stall attributes has been
reported extensively. The most unequivocal impact was determined with
respect to the disturbance size. In accordance with the definition of the
blockage factor Ags (see Eq. 3.1), the disturbance extent was repeatedly
observed to increase linearly towards reduced flow rates in Ref. [39], [40],
[41, 42], [36], [37], [43] and [17].

With respect to the cell speed, the influence is less clear. In general, wgs
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is assumed to diminish with ¢ due to the increase in disturbance size.
As stated by Day (2015) [13], larger perturbations usually rotate at lower
speeds. The observation is supported by studies published in Ref. [44],
[41, 42], [45] and [36]. A different correlation, in turn, was reported in
Ref. [40], [37], [43] and [17]. After an initial decrease of cell speed with
disturbance size, the cell speed began to increase again.

For the number of stalled zones, a decrease towards diminishing flow co-
efficients was reported by Costilow and Huppert (1956) [44]. Apart from
that, the stall cell count was either reported to remain constant by Hick-
man and Morris (2017) [41, 42], Eastland (1982) [36], Gamache (1985)
[37] and Day (1976) [17] or observed to vary between different states by
Tanaka and Murata (1975) [40] and Lavrich (1988) [43].

Overall, conformity in the observations is only found for the effect of the
flow coefficient ¢ on the stall cell size. With respect to the impact on the
stall cell speed and number, ambiguous results have been reported. Hence
influences and trends are not clearly identifiable.

3.2.2 Compressor shaft speed

The compressor shaft speed (25 has mainly been investigated in order to
understand its impact on the stall cell speed wgg. Studies on single-stage
builds were performed by Choi et al. (2011) [46, 47] and Day (2015)
[13]. While the former observed an increase in wgs with Qg, the latter did
not identify any substantial impact. With respect to multi-stage compres-
sors, investigations were reported in Huppert et al. (1954) [48], Dodds
and Vahdati (2015) [49, 18] and Dodds (2016) [50]. Similar to the single-
stage builds, different observations were made. While in Huppert et al.
(1954) [48] as well as in Dodds and Vahdati (2015) [49, 18] the stall cell
propagation velocity can be noticed to increase with compressor speed,
Dodds (2016) [50] later concluded an only minor impact.

With respect to the number of stall cells ngg, no variations were observed
in the single-stage investigations by Choi et al. (2011) [46, 47]. The data
reported by Huppert et al. (1954) [48] in contrast, indicates an increasing
disturbance count towards higher speeds. A similar observation is made
for the rotor tip stall reported in Dodds and Vahdati (2015) [49]. For the
stator hub stall, in turn, the number of cells was seen to first increase and
then decrease again at compressor ramp-up.

The impact of the shaft speed on the disturbance size was briefly discussed
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in Choi et al. (2011) [46, 47]. The effect, however, appears to be negligi-
ble.

In summary, no clear influence of the compressor speed on the stall cell
characteristics is determinable due to varying observations. A particular
problem associated with changes in Qg is the direct impact on the flow
coefficient ¢ (see Eq. 2.3). Increasing the circumferential speed will al-
ways affect the flow coefficient simultaneously. Consequently, separating
and correctly assigning the influences of both parameters on rotating stall
is aggravated.

3.2.3 Stagger angles

At this point, the impact of both blade (y) and vane (a) staggers is pre-
sented. The former was mainly studied in single-stage builds. While the
data in Fabri and Siestrunck (1957) [39] indicates almost no impact of y
on wgs, Day (2015) [13] reported a slight increase in cell speed for closed
blades. In addition, Fabri and Siestrunck (1957) [39] reported shrinking
disturbances for increasing rotor stagger angles. The effect, however, is
influenced by the flow coefficient and diminishes at low values of ¢.

The guide vane angle a was investigated by Costilow and Huppert (1956)
[44] and observed to neither have impact on the cell speed nor the number
of stall cells. A different picture was presented by Dodds (2016) [50]. For
rotor tip stall, closed vanes were found to increase the cell speed while the
opposite behaviour was seen for stator hub stall.

Similar to the compressor shaft speed, identifying the stagger effect on ro-
tating stall is aggravated due to the simultaneous impact on the operating
point and hence flow coefficient. Dodds (2016) [50] pointed out, that the
observed changes in cell speed wgs may rather be assigned to the variation
in axial velocity caused by the guide vane angle adjustments.

3.2.4 Other parameters

Besides those parameters presented above, additional features were stud-
ied in the past.

The axial row gap L, in single-stage compressors for example was inves-
tigated by Tanaka and Murata (1975) [40] and Day (2015) [13]. In both
works, increasing the row spacing is seen to increase the stall cell speed
wgs - Moreover, the stall cell count and disturbance size appear to increase

27



3. Literature review

for larger values of L.

Also studied by Tanaka and Murata (1975) [40] was the hub-to-tip ratio
rn/ry. In general, increasing the parameter can be concluded to increase
the likelihood of full-span stall after stall inception. According to this,
larger blockage factor Ags and overall cell sizes can be expected. In ad-
dition, the number of stall cells and their propagation speed are found to
reduce towards higher values of ry/r;.

In Day (1976) [17] and Day (1978) [15] a high number of stages ng was
concluded to increase both, the stall cell speed and size.

Parameters without significant impact on the propagation speed wgs, in
turn, were found to be the tip clearance and the overall blade profile in
Day (2015) [13].

3.3 Conclusions

In this chapter a review of available publications on the topics rotating
stall prediction and control was presented. Different analytical low-order
models and methods were discussed in order to assess their suitability
for rotating stall predictions. Furthermore, studies were shown in which
selected compressor features were varied with the aim to identify related
stall cell sensitivities.

In summary, the key findings referring to the initial research questions of
this chapter are as follows:

3.1-1 In the course of rotating stall research, analytical models based
on empirical correlations as well as two-dimensional and more re-
cently three-dimensional computational approaches have been de-
veloped.

3.1-2 For the prediction of the stall cell details (e.g. wgs and ngg), the
computational 2D and Q2D methods are found to be most promis-
ing. The reason for this is their comparably low complexity in com-
bination with a generally good agreement with experimental data.
More precisely, the models exhibited matching cell counts and a
maximum difference in cell speed of about 10%. Furthermore, they
were not reported to be constrained to particular use cases such as
the analytical approaches.

3.1-3 In consideration of numerical and geometrical simplifications addi-
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3.1-4

3.1-5

3.2-1

3.2-2

3.2-3

3.2-4

tionally introduced into the two-dimensional methods, such as e.g.
reduced blade counts or loss correlations, the accuracy is assumed
to increase even further by omitting these modifications.

As the 2D methods were solely validated against full-span stall, al-
though resembling only a thin fraction of the annulus, the prediction
of smaller disturbances like part-span stall might lead to even more
accurate results.

The two-dimensional methodology for rotating stall predictions is
hence the subject of further investigations in this work.

With respect to the impact of compressor features on the stall cell
details, different studies were examined. In general, the compressor
shaft speed (g, the flow rate ¢ and the row staggers a and y were
the primary subject in various studies.

Different observations were reported in regards to feature impacts
on the stall cell speed, count and size. Sensitivities towards param-
eter variations are hence not clearly identifiable.

The determination of effects is additionally aggravated by the fact,
that stagger angle and shaft speed variations are usually accompa-
nied by simultaneous changes in the flow coefficient. Identifying
and assigning stall cell sensitivities to a particular parameter impact
is therefore barely possible.

For this reason, the influences of the compressor shaft speed, flow
rate and stagger angles will be studied in greater detail in this work.
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Test Parameter Impact on
Ref. o . Comments
conditions variations WRS nRs Ags or Ogs
Single-stage a T ~const. | ~ const. n/a -
Costilow and Huppert (1956) [44] / high-speed
/ EXP 4 i \ l n/a -
Single rotor / ® l ~ const. n/a T
Fabri and Siestrunck (1957) [39] low-speed / .
EXP b% ) ~ const. n/a l Impact on Aggdecreases with ¢
. ¢ l land 7 Tand | 1 _
Single-stage
Tanaka and Murata (1975) [40] / low-speed / rufre T l l T Part-span RS becomes full-span RS
EXP Ly T T 7 7 Effect on wgglessens for full-span RS
Single-stage
. / high-speed
Choi et al. (2011) [46, 47] JEXP & Qg T T const. const. -
CFD
Qg ) ~ const. n/a n/a
b T T n/a n/a
Day (2015) [13] Sl/n_g;el;‘;e;ge Ly T T n/a n/a Lack of detailed information
Blading - ~ const. n/a n/a
Tipgap T ~ const. n/a n/a
Single-stage
Hickman and Morris (2017) [41, 42] / high-speed @ 1 1 const. T -
/ EXP

® Increases in row angles correspond to closed blades

Table 3.1: Literature review on rotating stall parameter studies with focus on single-stage builds
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Ref.

Test
conditions

Parameter
variations

Impact on

WRS

NnRs

/IRS or ®RS

Comments

Huppert et al. (1954) [48]

Multi-stage /
high-speed /
EXP

Qg T

n/a

Calvert et al. (1956) [45]

Multi-stage /
high-speed /
EXP

unclear

n/a

Eastland (1982) [36]

Multi-stage /
low-speed /
EXP

const.

Gamache (1985) [37]

Multi-stage /
low-speed /
EXP

land 7

const.

Lavrich (1988)[43]

Multi-stage /
low-speed /
EXP

land 7

varying

Day (1976) [17], Day (1978) [15]

Multi-stage /
low-speed /
EXP

12

ns

land 7
T

const.

~ const.

T
1

Part-span RS becomes full-span RS

Dodds and Vahdati (2015) [49, 18],
Dodds (2016) [50]

Multi-stage /
high-speed /
EXP & CFD

Qg

- S |- «

a

~ const.

land 7

unclear

unclear

n/a

n/a

When effect is decoupled from vane schedule

wgs | : S1 hub stall / wgs T: R1 tip stall

® Increases in row angles correspond to closed blades

Table 3.2: Literature review on rotating stall parameter studies with focus on multi-stage builds
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Chapter 4
Experimental method

Despite the increased liability of numerical methods, rig testing still plays
an essential role in the design of gas turbines. To provide experimen-
tal verification of the numerical approaches used in this thesis, tests were
performed on the high-speed rig at Technische Universitit Darmstadt. The
work has been part of the AG-Turbo COOREFLEX 1.2.5a project (FKZ
03ET7021P). Detailed information is given in Kunkel et al. (2019) [51]
and Kunkel and Werner (2019) [52].

In the following sections, the overall rig specifications are described com-
prising a general overview of the test facility, the core module and the
measurement equipment.

4.1 Rig overview

The basic setup of the compressor test rig is presented in Figure 4.1. The
open loop cycle is fed with ambient air by the buildings air intake sys-
tem. Guided by bends and a subsequent diffuser, the air enters the settling
chamber (1) in which the flow is homogenized and the turbulence level
reduced by a sieve. Passing by the mass flow measurement section (2),
the air stream enters the compressor core module (3) followed by the ex-
haust collector box (4). The non-contact torque transducer (5) monitors
the power input to the compressor which is driven by a 1.8 MW AC-Motor
(8) including a planetary gearbox (6). Due to high rotational speeds up to
20000 rpm, a safety clutch (7) with membrane coupling connects motor
and gearbox preventing severe damages in case of major component fail-
ures.

Total pressure ratio [-] > 1.7 | Mass flow rate [kg/s] > 25
Max. shaft speed [rpm] 20000 | Inlet diameter [mm)] <500
Rotor tip speed [m/s] > 400 | Nominal power [MW] 1.8

Table 4.1: Compressor test rig parameters from Kunkel et al. (2019) [51]
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1: Settling chamber 5: Torque transducer
2: Mass flow measurement section 6: Planetary gearbox
3: Compressor module 7: Safety clutch

4: Exhaust collector box 8: 1.8MW AC-motor

Figure 4.1: Sketch of the test facility for transonic compressor stages
at Technische Universitit Darmstadt based on Kunkel et al.
(2019) [51]

4.2 Compressor module

The compressor module is the core of the test rig as shown in Figure 4.1
at station (3). It is a scaled one-and-a-half stage representative of a gas
turbine compressor front stage, designed by Siemens AG. Rows of vari-
able inlet guide vanes (VIGV) and stator vanes (VSV) enclose the three-
dimensionally optimized rotor geometry. To ensure the Mach number
similarity, scaling was based on realisable rotational speeds. The mod-
ular design in combination with a cantilevered rotor position allows short
turnaround times between geometry changes.

Operating conditions of the compressor are altered using a ring throttle
located subsequent to the radial diffuser. The throttle valve features two
concentric rings with a set of slots. By rotating the outer ring, the slots
can be closed or opened depending on their relative position. With this
changing the area at the compressor outlet, the mass flow rate and hence
the operating point can be controlled. Closing is done using pneumatic
cylinders pushing against a spring preload. In case of unfavourable oper-
ating conditions, e.g. during rotating stall, the compressor can quickly be
dethrottled by releasing pressure from the cylinders and opening the slots.
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VIGYV Rotor

Figure 4.2: Sectional view of the compressor core module from Kunkel
and Werner (2019) [52]

4.3 Instrumentation

Both, the core module and the rig are extensively equipped with steady
and unsteady instrumentation to monitor and analyse the compressor per-
formance. In total 169 pressure and 64 thermocouple channels for steady
measurements are available. Additionally, up to 48 piezoresistive pres-
sure transducers can be recorded simultaneously. Figure 4.3 provides an
overview of the different rig measurement sections which are subsequently
described in more detail.

In plane A of the settling chamber, two rakes with combined kielheads are
aligned in vertical and horizontal direction measuring both total pressure
and total temperature. Along with the data acquired by the subsequent
inlet rake in plane B, mass flow measurements are conducted using a dif-
ferential pressure approach. As the rake is traversable by 360 degree, it is
also used to check the homogeneity of the incoming flow which was found
to be sufficient. Boundary layer profiles and total quantities are acquired
using a corresponding rake in front of the struts in plane Strut;,.

The rotor exit flow is assessed by stator leading edge instrumentation
(VSVjy) located at two different vanes. Each of them contains five probes
along the channel height for total pressure and total temperature mea-
surements. Additional data of higher resolution can be obtained using
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traversable five hole probes. Using an axial array of 23 piezoresistive pres-
sure transducers mounted to the rotor casing, the unsteady wall pressures
are measured with a sampling frequency of 500 kHz. The data is primar-
ily used for flow field visualization by means of pseudo-spatial contours.
Further transducers were placed around the annulus to capture the circum-
ferential movement of emerging flow disturbances.

The total quantities at the stage exit are measured in between VSV and
OGYV. The corresponding plane is denoted as OGVj,. Two circumferen-
tially distributed rakes as well as a rake of five-hole probes are utilized in
this section.

A

VSV,

trut.
Stuta | oGy,

o %‘g

-

Figure 4.3: Sectional view of the compressor test rig indicating the differ-
ent measurement planes based on Kunkel et al. (2019) [51]

Not to scale
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Chapter 5
Computational method

Compressor stall computations are generally associated with higher mod-
elling requirements due to unsteadiness and the involvement of multiple
blade passages. The prediction of compressor stall is hence considered as
one of the most challenging task to which computational fluid dynamics
is applied (see Denton (2010) [53]).

The following chapter focuses on different methodologies applied in the
context of stall computations and evaluation methods. It describes the ap-
proach used in this work and (where possible) takes a closer look at those
reported in the literature. Based on the information listed in Table 5.1,
the decisions made for the applied methodology will be elaborated un-
derlining the increased demands upon the numerical procedure for stall
computations. The chapter hence deals with the research questions speci-
fied below:

RQ 5.1 Which modelling approaches and numerical strategies have to
be considered for feasible yet accurate stall computations?

RQ 5.2 Which analysis techniques are most suitable for rotating stall
evaluations?
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Compressor |Turbulence! Time steps Exit . Mesh resolution Difference to EXP
Authors . = . Trigger Comments
build model Per rev. Per pitch condition Passage Total Cell count Cell speed
Vahdati et al. (2008) | Multi-stage Spalart- Mistuning 6
[54] (H-FA) Allmaras n/a n/a Nozzle (=0.5%) n/a 60 x 10 +1 n/a -
G"“’da‘“[?s;‘l‘ 2010y S‘“g(lFe/':)‘age fﬁfﬁi‘fﬂ; 10000 ~333 Q“f:‘fla“c None 500 x 103 31 x 106 2 +15.0% -
Choi and Vahdati Single-stage na y y Conv. | Mistuning y y y y Eeltl::p?;;‘/m[i-r:/:l??z g::::ej
(2011) [56] (FA and H-FA) na wa nozzle | (~0.5°) ma na na na Y ca. =527 from a ;
[No impact of mistuning on solution|
Choi el[j!;] 2011y Smg(ll;e:)tage n/a n/a n/a rs)(;x;\lle Mistuning n/a 24 x 100 n/a n/a -
i ingle- istuni 0 +6.2% Case 1: 60% design speed
Choi et ?l, (2012) Single-stage n/a 1200 ~ 45 Conv. Mlslunlng nja 20 x 106 o . !
[47] (FA) nozzle (-0.5%) 0 +1.3% Case 2: 95% design speed
. —  ects o Mistuning Cell count differed in case with
L[';;‘]‘dLsiﬁ'(;‘;‘;f&z) S'"“;(];A*)“ge :ﬁ;‘rl:f“ 1350 ~375 nc(f;r;e (-02°)+| 165x103 10 x 10 n/a /a damaged blade by +5 from
o e i damaging reference
Dodds and Vahdati . .
Multi-stage | Spalart- N Conv. 3 5 0 -15% Case D: Stator hub stall
(201(% 5 16 >;1{,;3Tdds HEA) | Allmares 1200 ~35 romle | Nome | 300x 10 70 x 10 3 5% Case G: Rotor tip stall
Single-stage | Spalart- Conv. 3 6 max.
Q - -
Lee etal. (2018) [59] (FA) Allmaras n/a n/a nozzle None 300 x 10 13 x 10 0 3.1%
. Single-stage | Spalart- Conv. | Mistuning 6 0 +7% Case 1: Full-span stall
Kim et al. (2019) [60] FA) R n/a 160 nowsle | (0.2 n/a 100 x 10 o 4% Case 2: Part-span stall

® FA = Full-Annulus / H-FA = Hybrid Full-Annulus

Table 5.1: Literature review on rotating stall computations applying high-fidelity CFD
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5.1 Flow solver TRACE

All CFD calculations mentioned in the present work were performed us-
ing the numerical flow solver TRACE version 9.1. It is developed by Ger-
man Aerospace Center (DLR) and especially designed for problems in tur-
bomachinery. Based on the cell-centered finite-volume-method, TRACE
solves the compressible Reynolds-averaged Navier-Stokes equations in
a rotating frame of reference. The inviscid fluxes at the cell interfaces
are calculated from Roe’s flux-difference splitting method together with
an upwind approximation. Additionally, a MUSCL-scheme and a van
Albada-Limiter are utilized. All calculations are second-order accurate in
space and time by means of the implicit backward Euler scheme. Time
marching is carried out by a dual time stepping technique. Further details
on the code can be found in Ashcroft et al. (2010) [61], Becker et al.
(2010) [62] or the official user guide [63].

5.2 Solver properties

In all computations the fluid was treated as ideal gas. Solid surfaces were
assumed adiabatic and smooth applying wall functions where necessary.
Due to the implicit behaviour of TRACE, high Courant-Friedrichs-Lewy
(CFL) numbers are possible without affecting the numerical stability. Typ-
ically a value of 100 was used allowing fast convergence.

As presented in Table 5.1, in most stall computations turbulent viscosity is
approximated using the Spalart-Allmaras one-equation model (see Spalart
and Allmaras (1992) [64]) in a standard or modified form. In this thesis,
the suitability of the k-w SST two-equation model by Menter (2003) [65]
was investigated additionally.

Time scales in the unsteady computations are usually based on the number
of steps and sub-iterations per blade passing. The minimally required time
steps size for accurate results usually depends on different factors. These
are for example the time scales of the phenomenon to be studied or the
spatial grid resolution. Finding an appropriate amount of steps is hence
cumbersome and requires extensive sensitivity studies. Considering Table
5.1, the values can vary between 35 and 333. However, comparing the
details from Choi et al. (2012) [47] and Gourdain et al. (2010) [55], more
time steps per pitch do not necessarily lead to more accurate results. For
this reason, the number of time steps per blade passing was set to 30 with
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20 inner loops.
5.3 Convergence criteria

Convergence of the steady-sate RANS computations was considered to be
reached as the maximum residuals fell below 103 with the mass flow rate
and pressure fluctuations in each row reducing to 0.1% over the last 1000
iterations.

For the unsteady URANS computations the default convergence criteria
are impractical due to oscillations caused by instabilities. Therefore, an
additional premise was introduced taking the dominant harmonics into
account. This was done by analysing the pressure and velocity traces cap-
tured by numerical probes. By applying a sliding discrete Fourier trans-
formation (see section 5.7.1), the evolution of the signal and hence of any
disturbance can be assessed. Convergence was assumed in case the first
three harmonics remained constant for at least 10 revolutions. This equals
about five flow-through times from domain inlet to exit.

5.4 Nozzle exit boundary condition

It is usual to predefine the static pressure at the compressor exit. At stalled
conditions, however, the flow becomes non-uniform and unsteady. There-
fore, applying a time-invariant static exit pressure is inappropriate. An
alternative method is represented by a variable-area nozzle added to the
domain exit. The approach was first reported by Vahdati et al. (2004) [66]
and is hence commonly applied in the context of stall computations (see
Ref. [47, 18, 67, 68]). The major advantage of this approach is its reliabil-
ity and accuracy. By using the alternative method, the pressure behind the
compressor becomes flexible and adjusts automatically, while the nozzle
outlet pressure p,, is fixed. In case of the nozzle being choked, the flow
becomes independent of the outlet conditions. For an ideal gas, the mass
flow rate is mainly determined by the total pressure p;; and total tem-
perature T;;, at the nozzle entry plane and the throat area A* (Eq. (5.1),
Bréunling (2001) [19]).

k+1
A*-p,: 2 \2&-D
. Ptin K( ) (51)

m-= ———
‘/Tt’m R\xk+1

The concept usually applies a simple convergent nozzle with the throat
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area matching the domain outlet (see Table 5.1). In the current work, the
numerical stability was observed to decrease when the exit Mach number
was large at choked conditions. For this reason, the approach was mod-
ified using a convergent-divergent nozzle as shown in Figure 5.1. The
basic idea is to enforce a shock in the divergent section leading to a flow
deceleration and exit Mach numbers below unity. In order to obtain such
conditions, the back pressure has to be sufficiently high to provoke the
shock, but still small enough to maintain a choked nozzle.

———=Convergent f Divergent——
pt,in
T in ex
i Shock P

[M< /1~ | > | <1

Symmetry plane

Figure 5.1: Schematic of a convergent-divergent nozzle

5.5 Geometry considerations

Computations on the steady branch of a constant speed characteristic are
generally performed using single-passage RANS models. Especially close
to the design point, the calculations have proven to be reliable. Near the
peak of a speed line, the models usually fail due to the growth of large
separations. The computations do either not converge or stop because of
recirculations reaching the mixing interfaces. The failure is then referred
to as numerical stall. For an accurate prediction of the stalling behaviour,
however, the single-passage approach is not suitable. In the following,
some aspect regarding the computational domain in the context of un-
steady stall computations will be discussed.
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(A) (B) i Singl ©
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Figure 5.2: Schematic of different geometrical features used in the con-
text of rotating stall computations

5.5.1 Circumferential extent

As compressor stall is usually initiated by disturbances propagating around
the annulus, a sufficient number of passages has to be modelled. For spike-
type stall inception, this was shown by Pullan et al. (2015) [12]. By com-
paring the results of a single-passage and a quarter-annulus domain, they
observed the latter to stall at higher mass flow rates. The early formation
of spikes was hence concluded to require multiple passages. For distur-
bances on a larger scale, such as rotating stall, Crevel at al. (2014) [69]
compared computations applying one eighth of the annulus to experimen-
tal data. The results showed, that the CFD could neither match the odd
number of stall cells nor their propagation speed due to the forced period-
icity. Hence, in this work full-wheel domains were applied for computa-
tions near and beyond the stability limit as shown in Figure 5.2-A.

5.5.2 Axial extent

Crevel at al. (2014) [69] examined the impact of upstream and down-
stream volumes on the stalling pattern. Therefore, two different models
were investigated. The first configuration solely included the core com-
pressor, whereas the other one contained the whole test rig. While the
propagation speed marginally increased by about 2%, the number of stall
cells fell from 24 to 16 as the rig volumes were taken into account. For
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this reason, parts of the upstream and downstream ducting were taken into
account in this thesis. Due to computational costs, however, the complete
rig geometry could not be considered.

5.5.3 Hybrid models

On one hand, the studies mentioned above emphasize the necessity of full-
wheel models including supporting structures like struts or the ducting for
accurate results. The accompanying computational costs, however, can
rise tremendously. A compromise is represented by hybrid models applied
in References [54, 56, 18, 50]. The idea is to model parts of the compres-
sor in a full-wheel fashion for URANS computations. For the downstream
rows, in turn, a single-passage steady-state approach is applied. An exem-
plary sketch is illustrated in Figure 5.2-B. The advantages of this method
are the integration of large volumes at manageable costs. Additionally,
downstream domain and hence row interactions are modelled automati-
cally. The downside of using a hybrid model is that it is only reasonable
if the location of the stalling blade row is known. Furthermore, Choi and
Vahdati (2011) [56] compared results of a hybrid approach to data from a
conventional full-wheel model. The study revealed a discrepancy in cell
speed by -69.7%. As a consequence, the hybrid approach was not consid-
ered in this work.

5.5.4 Mistuning

Another important aspect is the initiation of stall at an early stage. For
a perfectly symmetric full-wheel geometry, the development of inhomo-
geneities from locally high incidences can take several revolutions. In
order to reduce the computational time, Vahdati et al. (2008) [54] intro-
duced an aerodynamic mistuning by changing the stagger angle of a few
adjacent rotor blades. As the flow is impaired by the restaggered blades,
the compressor begins to stall as depicted in Figure 5.2-C. The procedure
was since used in various computational studies (see Ref. [12, 56, 46, 47]).
The introduced mistuning usually varies between -0.2° and -0.5° as shown
in Table 5.1. In general, small stagger changes do not affect the con-
verged solution. Larger deviations, in turn, can lead to discrepancies in
the stalling pattern. This was shown by Li and Sayma (2012) [57] who
compared a case with a partly restaggered rotor to computations including
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a damaged blade. The latter led to six stall cells, whereas the reference
case was observed to exhibit single-cell rotating stall. In this work, three
adjacent rotor blades were restaggered by -1° opening the passage.

5.6 Speedline process

Knowledge about the overall performance curve is crucial when focusing
on compressor stall. Based upon the slope, characteristics like the stability
limit or the inception type can be derived. The process applied to compute
a performance curve is illustrated in Figure 5.3.

0o
1 (o]
’
’
Yt 1
8 I’
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6| oo©
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—
A
= RANS
O URANS

Mass flow rate

Figure 5.3: Procedure for the computation of a compressor performance
curve

In general, the curve is obtained by calculating multiple operating points
at different mass flow rates. Each computation is divided into three steps.
In the first part, a CFD is conducted at given boundary conditions. Sub-
sequently, the converged solution is analysed to derive all relevant flow
parameters. Afterwards, the compressor is throttled by reducing the noz-
zle area ratio A*/A (see section 5.4). Thus, the following CFD computes
an operating point at smaller mass flow rates. During the last step, the
static exit pressure is adapted to the area ratio and the total pressure at the
nozzle entry plane. This ensures the nozzle to be choked with a perpen-
dicular shock within the diverging section.

The steady branch of the performance curve is computed using single-
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passage RANS CFD. The procedure starts with an operating point at high
mass flow rates near compressor choke conditions. The procedure stops
as the stability limit is reached. Subsequently, the model is adjusted using
the steps described in section 5.5. The resulting full-wheel URANS CFD
starts at the last stable operating point obtained from the single-passage
RANS computations and is throttled into compressor stall incrementally.

5.7 Signal analysis techniques

For the evaluation of the unsteady compressor flow field, both numerical
and experimental signal traces were analysed. By using different tech-
niques, the data captured by probes then allowed for the determination of
the rotating stall properties. In the following, the methodologies applied
to derive the characteristic quantities are presented and discussed.

5.7.1 Frequency spectra

The frequency spectra of each signal were obtained by applying the Dis-
crete Fourier Transform (DFT) with the efficient Fast Fourier Transform
(FFT) algorithm described by Cooley and Tukey [70]. The DFT is the
equivalent of the continuous Fourier Transform for signals of a finite num-
ber of samples and yields a corresponding complex-valued function of
frequencies f.
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Figure 5.4: Exemplary frequency spectrum (A) and spectrogram (B)
showing the occurrence of rotating stall
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An exemplary frequency spectrum is depicted in Figure 5.4-A exhibiting
significant peaks at high and low frequencies. In this case, both peaks are
assigned to the blade passing (BP) period and a propagating rotating stall.
In order to evaluate the occurring frequencies over time, a sliding DFT
was used. The approach applies a DFT over a fixed sample interval con-
tinuously moving along a signal stream. As a result, a frequency spectro-
gram is generated as illustrated in Figure 5.4-B. The engine order (EO)
on the ordinate is commonly applied to obtain a non-dimensional quantity
defined by Equation 5.2.

f
EO = Oy (5.2)
Due to shortcomings of the DFT some additional features were imple-
mented. These for instance concern reduced resolutions of the frequency
spectrum resulting from small sample sizes. The effect is depicted in Fig-
ure 5.5-A. To circumvent this loss in accuracy, a parabolic interpolation
was applied as proposed by Gasior and Gonzalez (2004) [71].
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Figure 5.5: Exemplary parabolic interpolation (A) and frequency spec-
trum of a signal superimposed by a window function (B)

A second disadvantage of the DFT is associated with data set lengths not
corresponding to an exact signal period. In this case, the energy of sin-
gle bins is often experienced to spread as shown in Figure 5.5-B. The
so-called spectral leakage can be reduced by superimposing the original
signal with a window function. The purpose is to attenuate the samples in
proximity to the boundaries and fit adjacent periods smoothly. The effect
was also studied in Gasior and Gonzalez (2004) [71] using different func-
tions. Based on the results, the Blackman window was selected in this
work (see Blackman and Tukey (1958) [72]).
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5.7.2 Circumferential speeds

The cross-correlation function offers a way to determine the propagation
speed of any arising disturbance in circumferential direction. Therefore,
two probes with a slight angular offset A8 are required. Using the corre-
sponding time-dependent signals x(t) and y(t), the correlation function can
be calculated via Eq. 5.3 (see Bendat and Piersol (2010) [73]). Therein, T’
and R, represent the measurement period and the correlation coeflicient.
When both signals x(t) and y(t) are almost identical and only shifted in
time, the maximum of the cross-correlation function is located at the time-
shift Atz.
T/2
R, (Af) = % f x(®) - y(t + Ar) - dt 5.3)

-T/2

Using both, the angular offset A and difference in time At required by the
perturbation to travel circumferentially, the individual cell speed wgs can
be calculated.

5.7.3 Circumferential modes

In order to determine the number of disturbances travelling around the
annulus, two different approaches were applied.

OO
315° 45° Stall cell
270° 90° =
225° 135° . . .
180° 0°  90° 180° 270° 360°

Figure 5.6: Representation of circumferential modes captured by multi-
ple probes

The first method was proposed by Dodds and Vahdati (2015) [49] and
evaluates the engine orders in the rotating EO,, and stationary EOgg
frame of reference. The number of stall cells ngg for example is then
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calculated using Equation 5.4.
ngs = EORgs ror + EORs star (5.4

The second approach was suggested by McDougall et al. (1990) [9] in
which the velocity or pressure traces were captured at multiple locations
around the annulus. The signals were then combined at each instance
in time to obtain a circumferential distribution as depicted in Figure 5.6.
Subsequently, the dominant circumferential harmonics were obtained by
using a Fourier analysis.

5.8 Conclusions

In this chapter the general computational method was presented and dis-
cussed. Based on approaches reported in the available literature, decisions
regarding the numerical setup were made. With respect to the initial re-
search questions defined at the beginning, the following conclusions can
be drawn:

5.1-1 The Spalart-Allmaras model was found to be the main turbulence
model applied to rotating stall computations in other works. For
this reason, the Spalart-Allmaras and the Wilcox k-w-SST model
were subsequently investigated.

5.1-2 As 35 time steps per pitch were seen to be sufficient for accurate
stall predictions, the amount of time steps for the unsteady compu-
tations was set to 30 with 20 inner loops.

5.1-3 To enable a time-variant static exit pressure at the domain outlet, a
variable-area nozzle was added. In contrast to the commonly used
convergent geometry, a convergent-divergent nozzle was applied to
increase the numerical stability.

5.1-4 Regarding the computational domain a full-wheel model was ap-
plied in order to avoid inaccuracies associated with forced period-
icities. As the axial extent was concluded to affect the stall cell
number, parts of the upstream and downstream ducting were taken
into account. To accelerate the development of inhomogeneities,
three adjacent rotor blades were restaggered and opened by 1 de-
gree initiating the stalling process at an early stage.
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5.2-1

5.2-2

5.2-3

The rotating stall frequency Qgs was derived using the DFT and
the sliding DFT enhanced by a parabolic interpolation and the ap-
plication of a Blackman window function.

The stall cell speed wgrs was determined by applying the cross-
correlation function to signal traces captured by two probes located
at different circumferential positions.

The number of stall cells was calculated from the engine orders in
the stationary and rotating frame of reference. Additionally, the
Fourier analysis of the circumferential pressure distribution was
applied to obtain the spatial harmonics.
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Chapter 6
High-fidelity computations

In this chapter a three-dimensional high-fidelity model of the TU Darm-
stadt high-speed compressor and the respective simulation results obtained
are presented and discussed. The main objective is the generation of a nu-
merical reference which the low-fidelity method will be compared to in
detail in Chapter 7.

Plausibility and accuracy of the computational results is validated using
experimental findings. To the authors knowledge, this is the first time the
capabilities of the flow solver TRACE are so widely verified in terms of
compressor stall simulations. As the results allow for an enhanced inter-
pretation of the measured findings, additional light is shed on the aerody-
namic phenomena involved at near stall and stalled compressor operation.
In general, the following research questions are of interest and will be
answered in this chapter:

RQ 6.1 To what degree is the flow solver TRACE capable to predict com-
pressor stall?

RQ 6.2 What insights can be derived from the computations regarding
the stall mechanisms?

6.1 Steady simulations

The steady-state compressor performance is predicted using single-passage
RANS computations. Information on both the numerical setup and do-
main is presented subsequently. Additionally, considerations regarding
different post-processing approaches are discussed. Eventually, the com-
putational results are validated against experimental data.

6.1.1 Domain and boundary conditions

The numerical model used for the steady-state computations is illustrated
in Figure 6.1. Besides the compressor core module, the intake section as
well as supporting structures like strut and outlet guide vanes are included.

51



6. High-fidelity computations

Due to the different blade counts, the single-passage model contained mix-
ing interfaces in between all rows.

The inlet boundary condition was defined as uniform preserving the total
conditions in the test facility. More detail is provided in Table 6.1. Both,
the values for the turbulent intensity and length scale were estimated due
to a lack of hot wire measurements.

St{ut Ro;tor O?V Inviscid

Viscous

4 1
VIGV VSV

l Exit plane

Mixing
interfaces

Inviscid

A

Entry plane Ma: 0.5 1.0

Figure 6.1: Schematic view of the computational single-passage model

At the exit, a fully meshed convergent-divergent nozzle was added. With
the nozzle being choked, the compressor operating conditions were altered
by adjusting the throat area. As described in section 5.4, the performance
hence was independent of the static exit pressure defined at the domain
outlet. Solid walls in the nozzle block were modelled as inviscid.

Total pressure [Pa] 101325.0 | Turbulent intensity [%] 1.0

Total temperature [K] 288.15 | Turbulent length scale [m] 0.001

Table 6.1: Inlet boundary conditions
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6.1.2 Computational grid

In order to ensure independence of the numerical results from the spatial
grid resolution, four different meshes were investigated. The number of
grid cells ranged from 1.5 to 6.5 -10°. Simulations were performed re-
solving a complete constant speed characteristic. The level of uncertainty
is assessed by the percentage error € relative to the measured data.
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Figure 6.2: Error € relative to measured data obtained from different
meshes applied for the computation of a constant speed char-
acteristic

Figure 6.2 depicts the relative discrepancies for two different control vol-
umes. One ranging from strut to VSV (top) and the other one from strut to
OGYV (bottom). Usually mesh studies are performed to investigate the grid
independence in the aerodynamic design point. In this work a more com-
prising evaluation was pursued by focusing on three distinctive quantities
at the near stall (NS) and near choke (NC) conditions. These are the total
pressure ratio II; ys, the total temperature ratio ®; ys and the corrected
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mass flow rate .o Ne-

In general, the maximum deviation of the numerical results from the mea-
sured data is close to 1% and hence considered small. Regarding the im-
pact of the spatial resolution on the accuracy no clear trend can be noticed.
In other words, the application of the highly resolved mesh with about
6.5 -10% cells does not result in substantial improvements compared to
the more feasible grids. For all subsequent investigations the mesh com-
prising 3.2 -10° cells was chosen, although a less sophisticated resolution
might have been suitable as well.
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Figure 6.3: Mesh resolution in the core compressor module with 3.2- 10
cells

The grid within the core compressor rows is illustrated in Figure 6.3. In-
dicated by the red numbers is the amount of cells in each direction. The
structured grid had about 250 to 500 - 10° cells per passage which is in
accordance to the resolutions used in other works reviewed in Table 5.1.
Blade features like fillets, rotor tip gap and stator partial gaps were in-
cluded. With a non-dimensional wall coordinate of y+ < 1 in close prox-
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imity to solid walls, boundary layers were sufficiently resolved.
6.1.3 Post-processing considerations

The standard post-processing of numerical data usually differs from ex-
perimental approaches. In CFD quantities are calculated in every cell
while measurements are performed at distinct locations within the flow
field using probes and sensors. When deriving the characteristic compres-
sor parameters by building the circumferential and radial area-averages,
discrepancies can result from different resolutions.
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Figure 6.4: Differences in the data of the standard and modified post-
processing approaches relative to the measured data

In order to assess the discrepancies between numerical and experimen-
tal findings due to post-processing differences, an adapted approach was
developed. The routine evaluates the compressor parameters at those lo-
cations predefined by the rig instrumentation. More information on the
approach can be found in Gnanasampanthan (2019) [74].
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Figure 6.4 illustrates the error deviation Ae. The parameter represents the
differences in the data of the standard and modified post-processings rel-
ative to the measured values. In order to obtain the total relative discrep-
ancy to the experimental data, A€ has to be added to the errors € defined in
the previous section. Again, two control volumes were taken into account.
Additionally, the impact was studied for three different compressor shaft
speeds with QS,] > QS’Z > 95,3.

Overall, the deviations associated with the modified post-processing are
below 1% and therefore rated small. An explicit tendency of the addi-
tional error Ae towards smaller shaft speeds Qg is not identifiable. Due to
the rather marginal discrepancies, the standard post-processing was kept
for all data presented hereinafter. The decision was also made, since the
domain for the unsteady computations did not include the strut geometry.
An experimentally-based post-processing was hence not applied.

6.1.4 Compressor performance

In the following, the compressor performance is presented and discussed
by means of calculated and measured characteristics. In addition, the suit-
ability of different turbulence models for the given compressor test case is
investigated.

Figure 6.5 illustrates the total-to-total pressure and temperature rise char-
acteristics for (g 1. Due to confidentiality, the abscissa is set in relation to
the corrected mass flow rate at choked conditions #i...yc. The ordinate,
in turn, is divided by the total pressure ratio Il; ys and the total tempera-
ture ratio ®, ys near compressor stall. Also included are error bars of 1%
relative to the measured data. The studied turbulence models are the two-
equation models by Menter (2003) [65] and Wilcox (1988) [75] as well as
the single-equation approach by Spalart and Allmaras (1992) [64]. They
are denoted as k-w-SST, k-w and SA, respectively.

Clearly visible for all computed speedlines is the good agreement with
the experimental data. For almost all measured operating points, the dis-
crepancies are close to the indicated error of 1%. With respect to the SA-
model, the best alignment with the experimental slope can be observed.
However, the turbulence model fails to yield the operating points near
the measured stability limit due to a prediction of the stall onset at 7.1%
higher mass flow rates. Both two-equation models, in contrast, are able
to capture the whole operating range. The corresponding speed lines are
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nearly identical with negligible differences. Regarding the stalling point,
the models underpredict the onset by about 2.2% in corrected mass flow
rate.

- EXP k-w-SST ~ =+=-= k-w =—=—=SA
Strut;, : VSVi, Strut;, : OGVj,
1.05 1.05
NS
— 1.00 - <?$\ 1.00 -
- N
% 0954 22% 0.95 -
=
= o904 L%, 0.90 -
NC
0.85 1 0.85 —
0.85 0.90 0.95 1.00 1.05 0.85 0.90 0.95 1.00 1.05
Strut;, : VSVi, Strut;, : OGVj,
1.02 1.02
~. NS
. 1.00 {?"? 1.00 - ?:?N
— — AN }
% 0.98 1 2.2% + > 0.98 1 2 2%
@ 0.96- , 0.96 - 7.1%
S 7.1% —
0.94 - NC 0.94 - N
0.92 | 0.92 |

085090095100105 085090095100105

mcorr/mcurr,NC ['] mcorr/mcorr,NC [']

Figure 6.5: Measured and computed total-to-total pressure and tempera-
ture rise characteristics for Qg

The radial total-to-total pressure and temperature ratio profiles behind the
rotor and VSV are depicted in Figure 6.6. Presented are both conditions,
near choke and near stall. For the latter, the SA model is not included as
it failed to resolve the corresponding operating point.

Similar to the performance curves, agreement with the experimental re-
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sults is sufficiently good. The CFD captures the radial diversion of both
quantities towards the casing with decreasing mass flow rate accurately.
The higher loading in the rotor tip area at near stall conditions also indi-
cates in which region compressor stall is initiated. The design can hence
be considered as tip critical.
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Figure 6.6: Measured and computed total-to-total pressure and tempera-
ture profiles for Qg ; at near choke (NC) and near stall (NS)

conditions

With respect to the capabilities of the investigated turbulence models, the
differences between the two-equation approaches is considered negligible.
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Therefore, the k-w model is not be utilized hereinafter.

6.2 Unsteady simulations

In order to resolve any form of instability arising in proximity to the stabil-
ity limit and beyond, URANS computations are performed. The applied
numerical model differed from the RANS setup previously presented. The
adapted domain and boundary conditions are hence described in the fol-
lowing. After assessing the overall compressor performance in stall, both
the inception mechanism and rotating stall type are evaluated in greater
detail.

6.2.1 Domain and boundary conditions

The numerical model used for the unsteady computations is illustrated in
Figure 6.7. Besides applying a full-wheel domain, the nose cone along
with the strut were excluded to reduce computational costs and time. To
avoid unphysical coupling with the inlet plane, an inviscid duct was added
upstream to the VIGV. The flow conditions behind the strut were extracted
at the previous interface plane and applied as new entry boundary condi-
tion. The OGV was kept since the vane count ratio between VSV and
OGYV was an integer number. In case of any resulting interferences, the
model was hence able to capture them. In order to initiate stall at an
early stage, three adjacent rotor blades were restaggered by 1 degree as
described in section 5.5. The entire setup contained around 70 -10° cells,
leading to a runtime of 8 hours per revolution on 240 CPU with 30 time
steps per blade passing period.

For the evaluation of the unsteady compressor flow field, as described in
section 5.7, numerical probes were placed around the annulus in each row.
Depending on the location, blade or vane, signals were captured in either
the rotating or stationary frame of reference. The probes were placed close
to the leading edges with the total number depending on the blade count.
Consequently, the blade-to-probe ratio in the rotor and stator domains was
one and two, respectively.
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Figure 6.7: Numerical full-wheel model applied for the unsteady compu-
tations

6.2.2 Compressor performance

For a global view on the conditions in proximity to the stability limit and
beyond, the computed compressor performances are discussed.

As usually applied in the context of compressor stall, the total-to-static
pressure rise ¢ is plotted against the flow coefficient ¢ in Figure 6.8. For
an easier validation of the stalling point, the abscissa as well as the or-
dinate are set into relation with the near stall conditions. With respect
to the turbulence modelling, the k-w-SST as well as the Spalart-Allmaras
approaches were applied. Due to the negligible differences between the
two-equation methods, the Wilcox k-w model was not considered.

With the strut geometry being left out in the adapted setup, the data could
not be compared to the experimental data used before. Hence plausibility
and accuracy of the modified models are verified on the basis of the pre-
viously validated RANS computations. Since no significant discrepancies
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are apparent in the steady performances, the adapted setup is concluded to
be without additional inaccuracies due to the modifications.
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Figure 6.8: Compressor performance represented by the total-to-static
pressure rise i against the flow coefficient ¢

The unsteady procedure was initiated close to the steady-state near stall
point. In comparison to the single-passage computations, an increase in
the operating ranges can be observed for both applied turbulence models.
The last stable operating points prior to stall inception (SI) are marked
in Figure 6.8, indicating the individual discrepancy to the experimental
stalling point. While for the k-w-SST simulations flow rate and pressure
rise are mismatched by about -6.7% and 6%, the SA-model evinces dif-
ferences of approximately 3.2% and -13.7%. As the stalling process was
initiated slightly prior to the peak of the total-to-static pressure rise char-
acteristics, spike-type stall inception can be assumed. The expectation
will be verified in section 6.2.3.

After crossing the stability limit, the compressor encountered volatile op-
erating conditions. The transient behaviour is indicated by the dashed
lines in Figure 6.8 and explicitly shown in Figure 6.9. With respect to the

61



6. High-fidelity computations

k-w-SST model, the pressure rise and flow rate oscillations are observed
to diminish in time. As a consequence, the transient performance curve
exhibits a spiral shape resulting in a stable operating point after about 25
revolutions. The point is denoted as RS-1 in the compressor map. Further
throttling resulted in additional solutions which converged after about 10
revolutions each. Contrary to this behaviour, the SA model did not yield
stable conditions within the computed time range of 35 revolutions. The
depicted operating point RS-1 hence represents the average flow rate and
pressure rise. With the loss in pressure rise being comparably mild in both
characteristics, the arising disturbance can already be associated with pro-
gressive or part-span stall introduced in section 2.4.1. The hypothesis is
evaluated in section 6.2.8.
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Figure 6.9: Oscillations in flow coefficient ¢ and pressure rise coefficient
Y as the compressor transitions into stall

As the performance branch at stalled conditions could not be acquired
experimentally, respective data for comparison was not available. In or-
der to verify the stall computations, the results are subsequently validated
against stall cell details derived from unsteady pressure signals. Plausibil-
ity and accuracy are hence primarily examined on the basis of the stall cell
speed wgs, count ngs and circumferential extent @gs. In the following,
this is done with focus on those operating points marked as RS-1 as they
include both the stall inception process and the accompanied transition
into stall.
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6.2.3 Circumferential pressure distributions

In order to derive the stall inception type and stall cell propagation speed
wgs , the circumferential distribution of the pressure traces is evaluated.
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Figure 6.10: Circumferential distribution of pressure traces captured by
experimental Kulite sensors and numerical probes in the sta-
tionary frame of reference

Both, the measured and computed results are illustrated in Figure 6.10.
For clarity, the zeroth revolution denotes the onset of compressor stall.
At this point, the experimental signal data evinces a sharp peak travelling
in circumferential direction at about 0.7€)s. Considering the short-length
scale and comparably high propagation velocity, the stall precursor can
be determined as a spike-type disturbance. Within a few revolutions, the
amplitude of the pressure fluctuation increases indicating the transition of
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the spike into a stall cell. Interestingly, the propagation speed remains
identical with wgs=0.7CQs despite the disturbance growth. This is rather
atypical, as spikes were often observed to decelerate as they increase in
size until they have become a fully developed stall cell.

With respect to the computation applying the k-w-SST model, a spike-
type fluctuation is noticeable in the pressure traces at revolution zero. The
circumferential speed is at about 0.69Qs which agrees well with the mea-
surements considering the error of 1%. As the compressor gradually tran-
sitions into stalled operation, the spike evolves into rotating stall. Due to
the oscillating operating conditions, depicted in Figure 6.9, this process
takes about 5 revolutions until the individual cell speed reaches a final
value of wrs=0.55Q5. The propagation velocity hence differs by about
15% from the measurements.

Similar to the previous results, the data of the Spalart-Allmaras model
computation exhibits the presence of a short-length scale disturbance prior
to rotating stall. The spike-type precursor travels at approximately 0.75Q; .
With a discrepancy of 5%, the result is in good agreement with the exper-
imental findings. Since the performance curve was already observed to
oscillate without reaching a stable operating point, neither the amplitude
nor the frequency of the disturbance are noticed to change significantly
over time. After about 15 revolutions, the propagation velocity is at about
wrs=0.73Qg. In regards to the error of 3%, the finding correlates well
with the experimental data.

In consideration of the propagation speeds derived from the circumferen-
tial pressure distributions, the results exhibited by the computations ap-
plying the Spalart-Allmaras model appear to be most promising, at first
glance. In the following, however, a more clearer picture is provided.

6.2.4 Frequency spectra

For a detailed look at the various frequencies arising as the compressor
crosses its stability limit, the spectrograms of the unsteady pressure sig-
nals are analysed. Based on these, the rotating stall frequency Qgs within
the stationary frame of reference is determined. In combination with the
previously gained knowledge about the cell speed wgs , the number of stall
cells ngs is derived using Equation 2.4.

The different frequencies emerging over time are presented in Figure 6.11.
The corresponding amplitudes of the unsteady pressure i’ are provided
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as percentage of the pressure rise coefficient at near stall condition ¥y .
The zeroth revolution on the abscissa denotes the beginning of compres-
sor stall. For those points in time which are of particular interest, the
frequency spectra are depicted additionally on the right. The plots hence
allow for an easier determination of the primary engine orders which are
defined by Equation 5.2.
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Figure 6.11: Spectrograms of the unsteady pressures acquired by experi-
mental Kulite sensors and numerical probes in the stationary
frame of reference

Clearly visible in all three datasets is the blade passing (BP) frequency at
higher engine orders. As the blades continuously rotate at constant speed,
the frequency band is permanently apparent. With respect to the exper-
imental data, additional frequencies are not emerging before the zeroth
revolution. As the compressor begins to stall, however, a significant peak
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becomes identifiable in the frequency spectra which is assigned to the
emerging rotating stall. The engine order of the disturbance is determined
to 0.7 with a corresponding amplitude of 5.2% at revolution sixteen. The
intensity, however, is observed to vary over time in accordance with the
operating conditions presented before. Based on the rotating stall fre-
quency Qgs=0.7Qg and the individual cell speed wgs =0.7Qg, the number
of stall cells is ngg=1. For the experimental test rig, a single-cell rotating
stall can hence be considered as main disturbance pattern.

In regards to the computation applying the k-w-SST model, the emerg-
ing rotating stall is seen to exhibit some differences to the experimental
data. First of all, the disturbance requires about five revolutions to estab-
lish a periodic signal which was also observed in the preceding section.
After this time range, the corresponding engine order is at about 0.55 and
hence below the measured value by -15%. The relative amplitude, in turn,
is almost three times as large with ¢’ /yys=14.4%. One reason for the
discrepancy in the unsteady pressure amplitude can be associated with a
sightly different axial location of the numerical probes. In order to ob-
tain the signals in the stationary frame, probes were located further down-
stream in the stator domain. Based on the presented results, a single-cell
rotating stall with ngg=1 can be concluded for the k-w-SST computations,
matching the experimental findings.

For the computation including the SA model, no constant frequency band
besides that of the blade passing is clearly identifiable. At lower engine
orders of approximately 8.0, a broad spectrum can be seen. As described
in Day (2015) [13], such broadband humps are typically associated with
rotating instabilities (RI). The term defines disturbances with a time vary-
ing nature due to changing frequencies, wave numbers and intensities. In
this case, the average amplitude of the disturbance is ¢’ /s =8.7% with
a wave mode of about 11. The highest peak in the frequency spectrum,
however, is found at a smaller engine order of 1.35. The peak is associated
with a discontinuously emerging rotating stall with an intensity of about
10.6%. Considering both, the rotating stall frequency of Qgrg=1.35Q
and the propagation speed of wgrs=0.73Qg, the number of cells can be
determined to ngg~2. In general, the results of the Spalart-Allmaras com-
putation are found to agree rather poorly with the experimental data.
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6.2.5 Unsteady casing wall contours

For a more detailed look at flow structures inside the rotor domain, the
unwrapped casing wall pressure contours are presented. Thereupon, the
circumferential extent of the rotating stall patterns @gg is extracted.

EXP

k-@-SST

SA

Circumference ®

Figure 6.12: Casing wall pressure contours at near stall conditions

The results of the measured and computed datasets at near stall conditions
are depicted in Figure 6.12. Note, that the experimental finding represents
a pseudo-spatial pressure distribution, whereas the numerical data shows
the pressure contour at a particular point in time. In all three illustrations
the shock and tip leakage flows (TLF) are apparent in every passage. For
an easier identification, the corresponding structures are exemplarily indi-
cated by dashed lines. Besides these patterns, distinctive regions of low
pressure are observed in proximity to single leading edges. With their time
stamp being identical to the previously mentioned spikes in the pressure
traces, they are assigned to the inception process. In more detail, these
regions of low pressure are associated with radial vortices described in
section 2.3.1 and labelled accordingly in the Figure.

The casing wall pressure contours at stalled conditions are presented in
Figure 6.13. Large areas of perturbed flow comprising several blade pas-
sages are identifiable in these plots. With respect to the previously iden-
tified rotating stall, the regions are assigned to the disturbance. Based on
the contours, the single-cell rotating stall becomes apparent which was
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concluded for the experiments and k-w-SST simulations. In contrast,
the result derived from the computation applying the Spalart-Allmaras
model exhibits the previously estimated twin-cell pattern. The distur-
bances, however, are observed to differ in size and intensity verifying that
the pattern is not yet fully established at this point in time.

Stall cell
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SA

Circumference ®

Figure 6.13: Casing wall pressure contours at stalled conditions

By analysing the pressure distributions along the leading edges, both dis-
turbance extent and amplitude can be assessed roughly. The interval in
which the pressure rise exceeds the mean value is considered as circum-
ferential disturbance size. Hence, for the measured data a rotating stall ex-
tent of about @gs=33% is derived, whereas the k-w-SST and the Spalart-
Allmaras simulations yield 25.1% and 21.9%. The results are therefore
in acceptable agreement with the experimental findings. The solution of
the k-w-SST computation is considered best due to the matching stall cell
count.

6.2.6 Summary of rotating stall details

For an enhanced comprehension of the disturbance properties determined
in the previous sections, a general overview is presented. Based on the
derived cell speed wgs /€25, count ngg and circumferential extent ®gg, the
stall prediction capability of the numerical models is assessed.

The rotating stall details of the experimental and computational studies
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are listed in Table 6.2. With respect to the k-w-SST model, additional
points computed at smaller mass flow rates than RS-1 (see section 6.2.2)
are included as well for the sake of completeness. Also presented is the
blockage factor Ags which was calculated via Equation 3.1 for each nu-
merical point.

Model | =& [-] | £ [-] %LSS [-]1 | nrs [-] | Ors [-] | Ars [-]

EXP n/a n/a 0.700 1.0 0.330 n/a

0911 | 0.970 | 0.550 1.0 0.251 0.110
0.881 | 0.928 | 0.500 1.0 0.287 | 0.162
k-w-SST | 0.871 | 0.922 | 0.490 1.0 0.316 | 0.174
0.832 | 0.887 | 0.473 1.0 0.421 | 0.224
0.795 | 0.877 | 0.466 1.0 0.503 | 0.262

SA 1.005 | 0.734 | 0.730 ~2.0 0.219 | 0.086

Table 6.2: Measured and computed rotating stall details

In general, the computations applying the k-w-SST-model exhibit the best
agreement with the experimental data with a matching single-cell rotating
stall and discrepancies in cell speed and size of about 15% and 7.9%. Con-
sidering those operating points at reduced flow rates, an improvement with
respect to the circumferential cell size is apparent. The trade-off, however,
are larger differences in the cell propagation speed as throttling the com-
pressor led to reduced values of wgs/€Qs. The correlation between cell
growth and cell propagation speed was already observed by Day (2015)
[13] who stated that larger disturbances usually rotate slower.

Regarding the SA model simulation, a different stalling pattern was ob-
served. Although the individual propagation speed of wgs /Qs=0.73 agrees
well with the experimental findings, the number of circumferential modes
is determined to ngg=2. Furthermore, the emerging rotating stall was ac-
companied by secondary disturbances associated with rotating instabili-
ties. These, in turn, were not observed in the experimental data. Conclu-
sively, the SA model was not applied hereinafter for further investigations
of rotating stall.
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6.2.7 Spike-stall structure

In the previous sections, spike-type stall inception was concluded to initi-
ate the stalling process in the one-and-a-half stage high-speed compressor.
In this part, the fluid dynamic process leading to the formation of the spike
as well as its structure will be discussed.

| I
Yins [-]: -1.0 1.0 Yhpns [-]: -1.0 1.0
M Tornado-vortex }9@2 Tornado-vortex

(A) - Near stall (B) - Stall inception

Figure 6.14: Formation of radial vortices at different operating conditions
resulting in spike-type stall inception

The flow conditions in the rotor tip area of the numerical computations are
depicted in Figure 6.14. Presented are the results of the k-«w-SST model
simulations.

The conditions prior to the stall onset are shown in part A of the figure.
Included is the iso-surface of the A, criterion visualizing the already well-
known vortex-tube. The short length scale disturbance can be observed to
draw fluid from the tip leakage vortex (TLV) while connecting the casing
wall and the blade suction side through the vortex leg. Also illustrated
by the black lines is a region of reversed flow indicating a blade suction
side separation at mid-chord. As the location of the recirculation area co-
incides with the white iso-line of M=1.0, there is indication for a shock-
induced boundary-layer separation. Further downstream, the suction side
separation begins to roll-up, eventually forming the vortex leg. As the
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disturbance emerges inside the passage, it propagates solely downstream,
barely influencing the adjacent blades.

With the operating point moving towards the stability limit, the vortex-
tube grows in size. As a result, the passage becomes blocked by the
enlarged disturbance leading to spill-forward. Due to the accompanied
increase in incidence of the adjacent blade, the suction side separation
is now triggered at the leading edge, as shown in Figure 6.14-B. Conse-
quently, the interaction between tip leakage flow and leading edge separa-
tion initiates the radial vortex further upstream. At this stage, the propaga-
tion process described by Pullan et al. (2015) [12] begins. With the distur-
bance arising upstream, it gets caught by the following blade triggering a
new leading edge separation. The flow process continues accordingly, in-
volving the disturbance to start travelling in circumferential direction and
eventually resulting in rotating stall.

6.2.8 Stall cell structure

Both the experimental data and computational findings revealed large dis-
turbances affecting several passages once the compressor entered the stalled
performance branch. Similar to the previous section, the structure of the
corresponding stall pattern is presented and discussed.

Radial
vortices

Figure 6.15: Stall cell structure exhibited in the computations applying
the k-w-SST model at RS-1
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Figure 6.15 illustrates the contours of the pressure rise coefficient ¢ in
combination with the iso-surfaces of the A, criterion derived from the
computations using the k-w-SST model. The depicted area corresponds
to the region covered by the stall cell. Based on the indicated streamlines,
three distinctive flow mechanisms can be observed which are involved
in forming the passage blockage. These are the spillage along the rotor
leading edges, the formation of radial vortices and the backflow entering
the passages in proximity to the trailing edges. In contrast to the three-
dimensional structure reported by Dodds and Vahdati (2015) [18] (see
Section 2.4.2), the stall cell is not represented by a single vortex blocking
multiple passages. Instead, the stall cell includes numerous radial vortices
which appear to be triggered by the spill-forward. With respect to the ra-
dial extent, the stall cell is found to cover a region between 85% to 100%
blade span.

6.3 Conclusions

In this chapter results of steady and unsteady computations were presented
to study the performance as well as flow mechanisms of the TU Darmstadt
high-speed compressor and create a numerical baseline for the subsequent
low-fidelity computations. The general findings related to the initial re-
search questions are as follows:

6.1-1: At steady conditions, the computational results matched the mea-
sured compressor performance characteristic within an error of
1%. With respect to the stability limit, the prediction of the stall
onset varied for each investigated turbulence model. While the
k-w and k-w-SST models underpredicted the stalling point by
2.2%, the Spalart-Allmaras model exhibited the performance drop
at 7.1% higher mass flow rates.

6.1-2: The unsteady computations revealed the same spike-type incep-
tion mechanism prior to compressor stall as the experimental data.
For both, the k-w-SST and SA model the disturbance propagation
speed was found to agree well with the measured value of 0.7Qg.
More precisely, the discrepancies were about 1% and 5%, respec-
tively. While the application of the k-w-SST model led to an un-
derprediction of the stalling point by about 6.7% in flow rate, the
difference for the SA model computation was 3.2%.
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6.1-3:

6.2-1:

6.2-2:

6.2-3:

At stalled conditions, the k-w-SST model showed a single-cell ro-
tating stall also observed in the experimental results. Cell speed
and circumferential size, however, differed by about 15% and
7.9%. The Spalart-Allmaras model did not show a periodic rotat-
ing stall although the computations were performed for 35 revolu-
tions. Despite the good agreement regarding the cell propagation
velocity with a discrepancy of 3%, the discontinuously emerging
rotating stall exhibited two cells. Furthermore, the disturbance
pattern was affected by a rotating instability not observed in the
experimental data. Consequently, the Spalart-Allmaras model is
not used for further studies on rotating stall. Instead, the k-w-SST
model is applied exclusively.

The spike-type disturbance initiating the stalling process was found
to correspond to a radial vortex in proximity to the blade tips. Ini-
tially, the perturbation originates from shock-induced boundary
layer separations forming a tube while drawing tip leakage flow.
In the early stage, the disturbance emerges near mid-chord only
able to propagate downstream. As the operating point moves to-
wards the stability limit, the vortex grows in size blocking the
passage and leading to spill-forward. Due to the increased inci-
dence, the adjacent blade exhibits a leading edge separation with
the vortex tube forming further upstream. At this stage, the distur-
bance starts propagating circumferentially by triggering a leading
edge separation on the next blade and initiating compressor stall.

After stall inception, the compressor encountered transient oper-
ating conditions with alternating pressure ratios and mass flow
rates. Due to the oscillations, the emerging single-cell rotating
stall varied in size and intensity.

The stall-cell was observed to mainly cover a fraction of the blades
between about 85-100% span and is hence associated with part-
span stall. The three-dimensional structure was found to include
flow mechanisms like spill-forward, backflow and multiple radial
vortices leading to the passage blockage.
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Chapter 7
Low-fidelity computations

The development of reduced-order models for rotating stall predictions
has been an active field of research for decades. Different approaches used
to investigate the unsteady phenomenon were presented and discussed in
Section 3.1.

In this chapter the principal idea behind those low-fidelity models only
resembling a fraction of the annulus is picked up. As these were reported
partly successful in reproducing the number of stall cells and their rota-
tional speed, they are considered a promising approach.

Contrary to previous studies, however, the investigations are focusing on
the part-span rotating stall exhibited in the high-fidelity computations.
Moreover, the approaches applied do not rely on any additional simpli-
fications other than radial contractions.

The main questions to be answered in this chapter are:

RQ 7.1 To what extent are the applied low-fidelity models able to predict
rotating stall?

RQ 7.2 What are the requirements and limitations of such an approach
for accurate predictions?

7.1 Methodology

In order to provide a general overview, the methodology pursued to pre-
dict and study rotating stall with less computational effort is described
below. Thereupon, the different low-fidelity models applied in this work
are presented.

In section 3.1.4 two-dimensional and quasi two-dimensional approaches
used to study rotating stall were discussed. In many cases, the computa-
tional models were reported to show good agreement with experimental
data. On the downside, all of these methods were limited to full-span stall
with the computational domain resembling the compressor at mid-span.
Apart from that, almost all of the reported models introduced additional
simplifications to reduce computational costs. Examples are axially and
circumferentially minimized domains as well as the neglect of viscous
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or compressible effects. Any discrepancy observed in the predicted cell
speed and size is hence assumed to originate from these additional con-
straints.

Rotor Low-fidelity St
domain

. ..-': Viscous \

i Inviscid

hrel [']

Axial direction [m]>

Figure 7.1: Sketch of the intersection between low- and high-fidelity do-
main

The models studied in this work differ from other reported methods in two
ways. First and foremost, the general approach focuses on part-span rotat-
ing stall. For this reason, the high-fidelity computations are subsequently
used as baseline or reference. Secondly, only radial effects are diminished
or neglected. Further simplifications are not included in order to be con-
sistent with the reference computations.

In general, the low-order models were characterized by reducing the high-
fidelity domain to a narrow subregion at a determined radial location. As
the part-span rotating stall was found to emerge in the tip region between
85% to 100% span, the reduced models resembled the compressor accord-
ingly. The intersection between low- and high-fidelity domain is depicted
exemplarily in Figure 7.1. To ensure comparable meshes, the amount of
radial grid points was kept identical to the number of nodes applied in the
corresponding model region within the baseline domain. While the hub
boundary was always treated as inviscid to prevent any boundary layer
growth, the tip boundary was either viscous or inviscid. If the actual cas-
ing contour of the high-fidelity model was included, a viscous boundary
condition was used to be consistent with the baseline model. Otherwise
the tip boundary was also treated as inviscid.
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As the influence of both, radial location and extent was initially unknown,
four different model variations were investigated. These are distinguished
as follows:

Lofi-1: The reduced model reached from 85-100% span, fully resolv-
ing both, rotor and stator radial gaps.

Lofi-2: Similar to Lofi-1, the domain resembled all geometries lo-
cated between 85-100% span. However, radial gaps were ex-
cluded in order to quantify related effects and verify whether
they have to be included for accurate stall predictions.

Lofi-3: The model was located at 95% relative channel height with
a radial width of 0.5% span. Due to the minimal extent it is
considered quasi two-dimensional.

Lofi-4: Similar to Lofi-3, the model was of quasi two-dimensional
nature and located at 90% span with a radial extent of 0.5%.

The procedure for all low-fidelity computations was similar to the base-
line approach. Starting from a steady-state single passage calculation,
the nozzle area ratio was reduced stepwise until the compressor reached
its stability limit. Thereupon, unsteady full annulus computations were
conducted. Each operating point was calculated for about 30-60 revolu-
tions until the signal of the emerging disturbance was periodic within a
time frame of at least 10 revolutions. With reference to the quasi two-
dimensional models (Lofi-3/4), the wall clock time per revolution on 240
CPUs was approximately 15 minutes. This corresponds to a time reduc-
tion of 92% compared to the high-fidelity computations.

7.2 Performance characteristics

For an easy identification of the stalled and unstalled operating conditions,
the compressor performance curves are presented.

Figure 7.2 shows the computed results of the different low-fidelity ap-
proaches. Also included is the data of the baseline model for reference.
To enhance the comparability, the corresponding flow quantities were ex-
tracted at identical span locations as applied in the respective low-fidelity
domains. Moreover, each compressor characteristic is divided into a stalled
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and unstalled portion.
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Figure 7.2: Comparison of the total-to-static pressure rise characteristics
computed by the high- and low-fidelity models

Considering the unstalled performance branches, the reduced models match
the reference characteristics well. The beginning of compressor stall, in
turn, is shifted towards smaller flow coefficients in all low-fidelity com-
putations. Also striking is the initial drop in the pressure rise coefficient
Y prior to the stalling point exhibited by those models without tip gaps
(Lofi-2/3/4). The interim pressure loss was found to originate from a pre-
stall disturbance which is discussed in section 7.4 in greater detail. With
respect to the stalled performance branches, none of the reduced models
matches the results of the high-fidelity calculations. The reason for this is
most likely the delayed stall onset.
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7.3 Stall onset

The investigated reduced-order models evinced the transition into com-
pressor stall at smaller flow coefficients than the baseline computations.
Subsequently, the origin of this behaviour is discussed.

Wex Awy

DF =1 - (7.1)

Win 20 - Wiy
The maximum loading a compressor blade can bear is usually assessed
using the well-known diffusion factor DF by Lieblein et al. (1953) [76].
The coefficient is defined by equation 7.1 and relates a blades pressure rise
capability to the suction side boundary layer thickness. Based on this, the
parameter can be applied to identify a critical value DF),,, at which the
blade row stalls.
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Figure 7.3: Comparison of the rotor diffusion factors DF/DF;fi max at
stable operating conditions
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In order to evaluate the differences in the maximum loading, Figure 7.3
depicts the diffusion factors against the flow coefficient for the high- and
low-fidelity models. As before, the baseline data was extracted at span
locations comparable to the respective low-fidelity domains. For an eas-
ier assessment, the diffusion factor DF is set in relation to the maximum
loading exhibited in the high-fidelity computations DFy; ¢ max-

For all simulations a trend towards higher diffusion factors with decreas-
ing flow coeflicient can be observed. As expected, the blade loading hence
increases as the compressor is throttled. However, for all reduced-order
models a less progressive increase in DF/DFy;f; max towards smaller val-
ues of ¢ can be noticed. With respect to the maximum diffusion coeffi-
cient in proximity to the stability limit, only slight discrepancies between
the high- and low-fidelity calculations are identifiable. Thus, all investi-
gated models exhibit stalled operating conditions at a similar rotor blade
loading.

As the low-order models exhibit a weaker increase in DF/DF y;fi max to-
wards reduced ¢, a closer look is taken upon the internal flow conditions.
Thereupon, the origin of the delayed stall onset is determined. Therefore,
Figure 7.4 illustrates the streamlines and velocities in the rotor domain at
a constant flow coefficient of ¢=0.36. The Lofi-1 model and the corre-
sponding tip section of the high-fidelity simulation are shown.
Comparing the streamline contours, a less pronounced recirculation area
within the rotor tip gap can be seen in the low-fidelity computation. With
respect to the inlet profiles of the relative and circumferential velocities,
w and wy, identical magnitudes are apparent. The exit profiles, in turn,
exhibit larger discrepancies and generally higher velocities in the low-
fidelity computation.

By taking the modelling approach of the reduced-order models into ac-
count, the mentioned observations are assumed to originate from the im-
peded radial flow diversion. In the high-fidelity computation, the tip re-
gion flow is able to migrate radially, leading to reduced rotor exit veloci-
ties. This diversion, in turn, is impeded by the hub line in the low-fidelity
domain. Although modelled as inviscid, it still represents an imperme-
able border. As the flow does not divert radially, the velocities remain
high at the rotor exit. With the diffusion coefficient depending on the ra-
tio wex/wi, and the difference Awy, the impeded radial migration hence
reduces the rotor loading.
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