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Abstract

This publication presents the results of a numerical analysis aimed at assessing the ap-
plicability of thermal tip clearance control (TCC) to the fore-to-last stage of a 10-stage
high-pressure compressor system. The chosen geometry is representative for the HPC
rear stages of a modern middle-sized turbofan, designed for large business jets and re-
gional airliners. Simplified models for two TCC concepts were implemented isolated
and in combination: external impingement cooling and heat pipes. The analysis was
performed by means of finite-element thermostructural simulations. Transient opera-
tional cycles, derived from a meanline model, along with empiric correlations for heat
convection provided the required boundary conditions. Qualitative similarity to selected
previous works in terms of temperature, stress and clearance evolutions was achieved.
The combination of concepts demonstrated its potential as a TCC system with up to
0.45% reductions in rotor and stator clearances. Calculated heat pipe temperatures and
heat fluxes were inside the estimated operational limitations. Regarding stresses, some
local concentrations were observed, without significant impact in critical stress regions.
A slam cycle analysis showed that, while blade rubbing remains a possibility, it can be
mitigated by robust cooling control. All in all, the concept was deemed worthy of more
detailed studies.

Keywords: Tip Clearance Control; Axial Compressor; Heat Pipes; Impingement Cool-
ing.
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NOMENCLATURE

Latin Symbols and Acronyms t Thickness

A Cross-sectional Area T Temperature

ADP Aerodynamic Design Point TCC Tip Clearance Control
Cq Discharge coefficient

D Diameter Greek Symbols

E Elasticity modulus @ Convective HT coefficient
EGT Exhaust Gas Temperature € Surface Emissivity
FEM Finite-Element Method K Isentropic exponent
h Blade height o Stress

HP Heat Pipe

HPC High-Pressure Compressor ~ Sub- and Superscripts

HPT High-Pressure Turbine a Adiabatic

k Thermal Conductivity ¢ Condensator

L Length e Evaporator

m Mass Flow ex External

Ma Mach Number i Inner

Nu Nusselt Number is Isentropic

p Pressure j Jet

Pr Prandtl Number o) Outer

R Gas Constant, Radius pl Plenum

Ra Rayleigh Number S Static Value

Re Reynolds Number t Total Value

S Tip gap height

1 INTRODUCTION

Improved gas path sealing has been an active field of development ever since the first
gas turbine engines were designed. The impact of tip clearances on engine performance
and lifespan has stirred interest on blade tip sealing techniques already from the 1960’s
[1]. At first, clearance control systems were mostly investigated for the engines’s hot end
(the HPT), given potential positive effects on component life. With tighter clearances, an
engine is capable of delivering the same thrust at a smaller EGT, which in turn results in
longer time spans between required maintenance rounds. In 1979, Kawecki [2] published
an extensive study of turbine TCC concepts for transport and military applications. His
conclusions show the positive impact of such systems over the overall life-cycle costs of an
engine. Along with blade cooling systems, turbine TCC has been established as standard
in modern engines.

The development of TCC systems for the cool side of the engine (HPC) has followed
somewhat different trends. It is established that tip leakage losses play a significant role
on compressor efficiency and stability. 1% extra clearance can represent up to 2% less
isentropic efficiency and 7.5% in surge margin [3], [4]. However, the additional costs and
complexity inherent to such systems has hindered past interest on them [2]. On a time
in which significant improvements in engine performance were still tangible by simpler
measures (e.g. improved aerodynamic design, faster rotating machines), it did not make
sense to pursue relatively expensive solutions. Attention to TCC modeling rose from the
1980’s. Research on simple, fast-running models for tip clearance has since then been
developed [5], [6], [7]. Among the goals stood correcting overall preliminary design and
performance models by considering transient clearance changes. More recently, interest
in TCC for HPC’s has been renewed and more extensive work was performed. Some
examples are the work of Rockel et al. [8], and Schmidt et al. [9] in auxetic structures for
influencing compressor tip sealings, a passive mechanical solution with limited potential.
Other proposed solutions involve aerodynamically influencing tip flow so as to reduce
the effective flow area, both by active inflow control [10] and recirculation [11]. On
the thermal side, Horn [12] assessed air impingement for the HPC over the operational
behavior of a turbofan. Also Schmidt [13] preliminarly investigated a casing cooling
design with embedded heat pipes for the HPC. Horn’s work performed a very simplified
analysis, with focus on the influences of clearances over the compressor operational lines
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by means of an idealized cylindrical casing geometry. Schmidt focused on TCC meta-
modelling for fast preliminary design calculations. More detailed investigations were not
performed.

To the extent of the authors’ knowledge, thermal TCC for compressor systems is still a
scarcely investigated topic. The present work aims to shed some light on it by presenting
a preliminary analysis of selected concepts. For this purpose, a rotationally-symmetric
FEM-model was developed considering a geometry representative for the HPC rear stages
of a modern middle-sized turbofan. Properties at different operational points were calcu-
lated using the commercial performance tool GasTurb® [14]. Secondary flow properties
were estimated following the approach described by Sultanian [15]. By means of cor-
relations available in literature (see [16], [17]), heat transfer was modeled. An in-house
developed tool allows flexibly creating transient cycle curves for various investigation
purposes. Two thermal TCC concepts, impingement cooling and heat pipes, were then
implemented and their isolated, as well as combined effects over the structure were as-
sessed.

This work starts by presenting the considered test geometry, the numerical setup and
associated boundary conditions. Then, first results for a square-like test cycle are pre-
sented and a comparative discussion with selected literature sources is made to qualita-
tively demonstrate the model’s ability of reproducing transient temperature, stress and
clearance evolution trends. The influence of the different concepts, isolated and com-
bined is discussed and parametric studies regarding heat pipe distribution and cooling
magnitude are presented. The combined concept is then tested under a slam deceleration-
acceleration cycle to assess its effect on a critical transient. Finally, conclusions and an
outlook to future work wrap up the written piece.

2 MODEL SETUP
2.1 GEOMETRY AND OPERATIONAL POINTS

An HPC representative geometry of a commercial twin-spool engine was selected as
the study object. Similar machines are currently in-service on large business jets, as well
as regional airliners with up to 80 passengers. Figure 1 depicts a cut view of the machine.
Following the considera-
tions made by Rockel et
al. [8], rotor 9 was cho-
sen to be modeled. The
fact that it is far from
the vortex reducer and
the rear cone enables
simplifying the model to
a single blisk fixed to
the surrounding struc-
ture by its lateral flaps.
For the casing, it was
decided to model the
complete double-walled
structure between the
two external flanges. This follows the approach of Schmidt et al. [18], which simpli-
fies structural fixation, besides leaving room for TCC features. Lattime and Steinetz’s
review [1] shows that axisymmetric thermal and mechanical loads are responsible for at
least 70% of total clearance changes. DeCastro et al. [19] set tolerances on clearance
control related to asymmetric effects at around 15% of total clearance changes. Based
thereon, modeling only axissymmetric loads and setting a minimal tolerance for clear-
ances should suffice to adequately represent tip clearance behavior. This also justifies
the adopted simplification of a rotationally-symmetric model. Only a sector of 10° was
modeled. The simplified geometry is exhibited in figure 2. The decision to remove flange
screws was based on the findings of Schmidt et al. [20]. Namely, bleed-air ports and
flange screws have a negligible contribution to clearance-relevant displacements. Natu-
rally, removing the screws and tying the flanges to one another will have an impact on

ORTEX REDUCEI

Figure 1: Cut view of representative HPC chosen for the study.
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local stress distributions. Those are however not primarily relevant for the present anal-
ysis. Finally, it was necessary to determine the material from which the structures are
built. Based on Schmidt’s discussion [13], INCONEL718 was chosen as the main alloy for
the structure and NiCoCrAlY for the rotor coatings. Mechanical properties were taken
from previous works (see [21], [22], [23], [24]) and a technical sheet [25].

Regarding operational data, little is gener-
ally available in open literature. At most, op-
erational limits are available in engine certifica-
tion sheets [26]. This information, along with
guidelines adopted by previous works (see [13],
[8]) oriented the values assumed for the design
point. Off-design data, detailed engine station
data, as well as meanline data for the HPC
were then calculated by means of the com-
mercial performance tool GasTurb®. Besides
meanline properties, it was necessary to esti-
mate the properties of relevant secondary air-
flows. Only then it became possible to simulate
the structure’s thermal behavior. For this pur-
pose, the airflows were modeled as inefficient
polytropic expansions, considering the discus-
Figure 2: Perspective view of modeled sions of Sultanian [15]. For the transients, it
geometry. was necessary to model the time evolutions of

all involved variables. There is in reality a two-
way coupling between structure and surrounding fluid flows, for which sophisticated
models are required. This would be an impossible task with the available resources, so
a simplified approach was adopted. Merkler et al. [5] discuss the transient behavior of
a HPC rotor disk and provide some details on the relaxation times for temperatures at
different locations. Based on that, the transients were modeled by means of logarithmic
functions whose coefficients depend on the prescribed relaxation times.

2.2 NUMERICAL MODEL AND BOUNDARY CONDITIONS

The numerical model consists of a FEM implementation in the commercial software
Abaqus®. Given the relatively small displacements, a one-directional coupling between
the energy and the stress-displacement equations was assumed. This allows sequentially
solving the transient heat transfer problem and then inputting the solution into the struc-
tural simulation, rather than solving a two-way coupled problem. The main advantages
are the robustness of the solutions and the reduced computational times. The same ap-
proach was used by Rockel et al. [8] and Schmidt et al. [20]. The domain was discretized
in fully-integrated, quadratic elements. Element shapes and mesh structure varied ac-
cording to the expected stress levels and geometry complexity. For the rotor, tetrahedral
elements were used, with a total of 245482 nodes. For the casing, a mixture of structured
and swept, unstructured meshing was applied. Elements were set as hexahedral, with
some exceptions in the swept regions of more complex geometry, such as stator 9. A total
of 492415 compose the casing mesh. An overview of the generated meshes is provided
in figure 3. A grid study was performed to ensure numerical accuracy while maintaning
the simulation times as fast as possible.

Contact modelling was required between the various parts of the casing structure.
Surface-based interactions were chosen with different properties, based on the nature
of contacts (screwed, mounted, rolling). The model was supplied with static pressure
loads, surrounding flow temperatures, surface emissivities and convective heat transfer
coeflicients. The approach was based on the work of Horn [12] and Rockel et al. [8].
A comprehensive overview of the considered thermal boundary conditions is provided in
figure 4, along with a summary of relevant correlations in table 1.
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Figure 3: Reference meshes for rotor (left) and casing (right).

.Casing rear - Free convection + radiation .Rotor disk - Rotating cavity convection + radiation
DAnnulus - Forced convection + radiation .Customer bleeds - Forced convection + radiation
.Casing external - Free convection + radiation |-|Blecd 4 - Forced convection + radiation

.Rear cavity - Free convection + radiation .Stator cavities - Radiation only

. Structural fixation

Figure 4: Meridional view of domain with considered BC’s. Static presures were also
modeled for all surfaces.

St . Boundary Nu Correlation
Radiation was considered by apply- (Source)
ing buil@‘{c)—in implementations available in le{l;iﬂ[?;;uﬁ 0.0214PrO4[Re% — 100]
Abaqus'®. Based on the ﬁnd%ngs of Keller Blndos 0T R P
et al. [27], e = [0.1; 0.6] is reasonable (VDI Heat Atlas [17]) L+ 2.443Re [P _ 1]
for INCONEL 718. Inside this range, the Rotor disk 6.9356 x 10—5 Re. 1501 (f) =352
e - (Alexiou et al. [16]) ’ = b
emissivity was set to 0.2 after prelimi-
X : . ; Customer bleeds 0 0214P7‘0'4[R30'8 — 100)
nary simulations revealed marginal influ- (VDI Heat Atlas [17]) :

ence. This is in line with previous find- | Casing external suface ~9/16~4/914/3 p,1/3
p (VDI Heat Atlas [17]) 0.15[(1 +2Pr ) I"*Ra

ings, Wthl'l s‘upport the relatively small Casing rear surface iaproaa (B =075
role of radiative (10%-15%) compared to (VDI Heat Atlas [17]) :
. . . . . 0.5
convective heat transfer inside a compres- Casing rear cavity 0.2Ra0% (B
(VDI Heat Atlas [17]) r

sor [28]. From Tirovic et al. [29] and
Jalalpour et al. [30], the range for flange
contact conductances in high-performance

engineering applications should be about
2000-20000 W/(m?K). The conductances

Table 1: Summary of adopted correlations
for convective heat transfer over the struc-
ture.
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were set to 2000 W/(m?K), after initial calculations revealed again marginal changes in
overall response for higher values.

3 TIP CLEARANCE CONTROL CONCEPTS
3.1 EXTERNAL IMPINGEMENT

The impingement concept was con-
ceived based on current systems present

Feed-valve 7

(from bypass) Circumferential

in low-pressure turbines of typical turbo-
fan engines. The system consists of bleed-

pipe with nozzles

Distribution box

ing cool air from the bypass and impinging
it over the structure. A conceptual sketch
of it is presented on figure 5. The main
feature of this concept is to create a local-
ized area of high heat transfer at the ex-
pense of little bled mass flow. Another at-
tractive feature of external impingement is
its easy integration to existing geometries
without the need for major restructuring,
required to isolate the various flows at dif-
ferent pressure levels inside the casing. In
order to characterize the system, a model
was created using the correlation available
in Florschuetz et al. [31] for the Nusselt
number and the corrections by Goodro et
al. [32] for higher Mach numbers. Given
a jet diameter (D;) and thermodynamic
state of the fluid inside the distribution
box (pe.p1, Tt p1), all other relevant quantities can be calculated. That is, jet Reynolds
and Mach numbers (Re;, Ma;), jet static pressure and temperature (T j, ps,;), and the
jet mass flow (7h;). Pressure losses and jet velocities are a function of the discharge
coefficient, defined as the ratio of isentropic to real mass flows [33], or

Iz

Figure 5: Conceptual design of impingement
system.

m;

(1)

Mjis

where

M s (2)

K—1
G
pt,pl

For the present work, the free design variable for the impingement system is the jet
diameter. The total pressure and temperature are fixed by the available air in the bypass.
Figure 6 displays the calculated impingement jet properties. The system is feasible as
long as the jet static pressure is above the static pressure of the medium where the
flow is impinging, which proved to be the case for all investigated diameters. From the
results, smaller nozzles are more favorable. Considering the heat pipe design exposed in
the next section, another restriction is that the complete condensator area is cooled by
the impingement system. Therefore, the diameter is set to 3mm, also to ensure a static
pressure safety margin. At this diameter, a;;=321.1 W/m?K, 11;=0.57 g/s, N,;=130 for
a M tota1=74.13 g/s of impingement air. Considering the estimated mass flow of 70.46
kg/s for the bypass, the amount of required bleed air lies at 0.11% and is negligible in
terms of lost fan thrust.

In the FEM model, the impingement cooling is implemented as a surface boundary
condition with the given temperature and heat transfer coefficient. The number of jets,
as well as the surface area impacted are determined considering that the pitchwise dis-
tribution of jets and the axial averaging length of Nu; is equal to 5xD;.

Dt,pl (pex ) " 2K
VR pir \Prpi k=1
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Figure 6: Impingement jet properties for fixed feed-flow conditions (cruise-flight). Pa-
rameter range for which the model is valid: Re € [10000,60000]; Ma € [0.2,0.6].

3.2 CONCENTRIC ANNULAR HEAT PIPES

Concentric annular heat pipes

P

ol R;

[osleRi ‘ Parameter ‘ Value

provide improved anti-gravity

operation when compared to con- Evaporator L. R; [mm] 0.5
ventional designs. This is due to R, [mm] 4

the extra wick area made possi- Le [mm) 4.3

ble by the presence of the inner L [mm] 46

pipe wall. The design considered  pgiapatic zone L fc [[T:Ln:;]] 075

in this work is inspired by Zhao Filfing atio 25'%

et al. [34], who also proposed a Working fiuid | Dowtherm® A
composite wick design to increase 400-200 mesh
the capillary limit even further Wick structure composite
for a high-temperature concen-  Condensator - L screen wick [34]

tric annular heat pipe. The con-
ceptual design of the heat pipes
applied in this work is depicted
in figure 7, as well as the main
associated dimensions.

From Noda et al. [35], a model for the screen wick properties was derived. The
results were modified to include the improvements achieved by Zhao et al. [34]. Using
the modelling approach described by Chi [36] and Faghri [37], and applied by Nemec et
al. [38], the operational limits of the heat pipe design were calculated. The geometric
dimensions of the heat pipe were set within the limits of structural accomodation on
the reference casing geometry. Material properties for the working fluid were taken from
Faghri et al. [39],[40]. With all the parameters defined, it was possible to calculate the
operational envelope of the heat pipe. It is displayed in figure 8 for the case in which the
heat pipe is operating against gravity (i.e. the most unfavorable condition). The internal
stresses were also estimated using a simple pressurized pipe model, as defined by Faghri

Figure 7: Conceptual design of the concentric annular
heat pipe.
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[36]. Given the proposal of manufacturing the heat pipes with the same material as the
casing, the estimated values are well below any material limits and were not taken as
cause for concern.

The heat pipes are implemented in the

~—Sonic Limit FEM model as individual parts composed

700 | +gztriimﬂ? lim. | of two different materials. The container
=600 Boﬁinzrlyim@' volume is modeled as INCONEL718, with
g { |« Laminar flow lim.| ~exactly the same thermomechanical prop-
§500— ~HI envelope erties as the casing structure. The in-
T2 400 F ner volume of the heat pipe is modeled
q:m 3001 following the approach adopted by Kise-
\gg mann et al. [41]. That is, to consider
< 200¢ 1 the inner heat pipe material as having a
10047 \\\ 1 small elasticity modulus (taken as E=10

0 : T MPa), a very high thermal conductivity

400 450 500 550 600 650 700 (k=20000W/m.K), a density and specific

Tup K] heat which corresponding to the mass av-
erage of working liquid and vapor, both
temperature-dependant. The thermal ex-
pansion coefficient is taken as the same as
for the container. That way, the high heat flow can be simulated and non-physical effects
caused by thermal expansion and mechanical stress transmission are avoided. The overall
heat pipe conductivity is then mainly a function of the container thickness and the wall
area over which heat is transferred, which is automatically handled by the FEM solver.
For the considered model, the estimated mass of one heat pipe lies at 4.7g. If they are
placed circumferentially at a 5° pitch (72 units), the total added weight is 338.4g. In
comparison, copper bars with the same volume would weight in total 1.86kg, roughly 5.5
times more.

4 RESULTS AND DISCUSSION
4.1 SQUARE CYCLE ANALYSIS

Although the lack of experimental data makes proper validation an impossible task,
a qualitative comparison with selected literature sources was performed. For the rotor,
temperature and stress evolutions for a squarecycle (IDLE-MTO-IDLE) are presented in
figure 9. The results of Merkler et al. [5] were used as a reference for the comparison.
Given that different geometries are considered and that the reference data is not plotted
in absolute terms, only trends can be compared. In general, the results are satisfactory.
The stress evolutions show correct trends, with compression on the rim (red curve, lower
graph in figure 9) during the acceleration phase , followed by stabilization at an adequate
difference between stresses in different rotor heights. Relatively high bore stresses are
observed, which is attributed to the fact that the rotor is simplified as a blisk. The extra
mass filling the blade posts adds up to the centrifugal forces being transmitted to the
bore. Regarding temperature distributions, the curves are closer together than for the
reference, which is due to the fact that the bleed air comes not from the compressor inlet
as for the reference, but from stage 6 and is thus hotter.

For the casing structure, even qualitative comparisons in terms of temperature and,
or stress evolutions are impractical, due to the myriad of different flange geometries.
Therefore, the casing response was tuned based on the resulting tip clearances. Figure
10 exhibits the calculated clearance evolution for a similar square cycle. The results of
the selected literature source (see [6]) are not reproduced here, the reader is invited to
make the comparison. Referring to the deceleration from MTO to IDLE (2000s), the fast
opening caused by the reduced centrifugal forces is followed by a closing caused by the
casing cooling. The rotor blisk, more massive, takes longer to cool. Its cooling leads to
the final clearance opening towards the stationary level.

Figure 8: Heat pipe calculated operational
envelope for anti-gravity operation.
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Figure 9: Temperature and stress evolutions for the rotor disk for a square test cycle
(left). Reference measuring nodes (right). The time span was adjusted to match the
curves displayed by Merkler et al. [5].
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Figure 10: Calculated tip clearances in stage 9. The time span was adjusted to match
the curves displayed by Schulte et al. [6].

4.2 INFLUENCE OF IMPLEMENTED TCC CONCEPTS

For evaluating the concepts, the test cycle consists of an acceleration to MTO until a
stationary regime is reached followed by a deceleration to steady ADP conditions. The
whole cycle consists of 4000s, 1500s for the MTO phase and 2500s for the ADP one.
The impingement system is turned on 300s after the start of the ADP phase. Figure 11
exhibits the FEM implementation of the concepts. Notice the position of the proposed
heat pipe fixation in the structure, between stator 9 and rotor 10.
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In figure 12, the transient clearance curves of the different
concepts. Some effects are observable. Firstly, the heat pipe
decelerates the casing response to the new operational point
conditions. That is reflected by a lower clearance peak after
the initial pinch point at the beginning of the MTO phase
(~ 100s). Regarding ADP clearances, isolated concepts had
no effect whatsoever. For the external impingement, this
was expected, given the local cooling action. For the heat
pipes, some appreciable effects were expected, however not
seen. As it will become clear further in this work, the con-
densator cooling magnitude, the position and quantity of
heat pipes have a defining effect over their influence. In
fact, the combined concept implementation already shows
this. A very small clearance reduction was achieved for the
rotor (1.69% to 1.59% or 0.1%). For the stator, the effects
are more pronounced (1.60% to 1.31% or 0.29%). Still, a
relatively small influence.

T TR
AL

Figure 11: 10° pitch HP
concept. In red, impinge-
ment BC surface.

0.03
o
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[=2]
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=]
Ref.
Toor, Sl
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—v—Combined
0 A R T S S S I R NSt
0.03

Time [s]

0 500 1000 1500 2000 2500 3000 3500 4000

Figure 12: Clearance evolutions for implemented concepts.

Figure 14 displays the wvon-Mises stresses for the criti-
cal region of the casing at cruise. The tendency to ”bend”
forward due to the higher temperatures at the rear part gen-
erates the highest stresses at the front flange. For the refer-
ence, they reach 861 MPa for the MTO phase and level out
at 632 MPa for cruise conditions. While the heat pipe along
does not have appreciable effects over the critical stresses,
the external impingement scheme actually reduces them to
494 MPa. This is due to the overall temperature reduction
at the rear casing section. Naturally, there is a redistri-
bution of stresses, not shown here, to other flanges at the
rear part. However, the absolute stress values remain lower
than the critical one. There is only one exception to this,
at the bore introduced on the outer casing structure to ac-
commodate the heat pipe. The expected geometry-induced
stress concentration is enhanced by the large temperature
difference caused by the impingement system, which leads

MTO 900

160

Stress [MPa], Mises

Figure 13: Stress concen-
tration at heat pipe bores.

to stresses up to 892 MPa at cruise. The corresponding contours are displayed in figure
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13. A possible solution for this issue could be achieved by thermally isolating the casing
structure under the impingement jets, so that the cooling effect is restricted to the HP
condensators.

Ref

Only imp.

Combined

i 640

Stress [MPa], Mises

Temperature [K]

Figure 14: Temperatures at rear part of casing (left) and Von-Mises stresses in critical
region (right) for the implemented concepts.

One last aspect worth mentioning relates to figure 8, the operational envolope of the
heat pipe. At ADP, the heat pipe’s temperature remains almost constant at 502 K.
During the MTO phase, without cooling, it rises to 744 K. For the first condition, the
maximum heat flux inside the heat pipe reaches 43.9 W/cm?2. For the last, it stays at
7.4 W/em?. Considering the calculated operational envelope, dry-out should occur for
the MTO condition, while safe operation seems feasible for the ADP phase. Whether
exposition to such high temperatures is an issue or not requires further investigation.
Two main aspects here are the recuperation of dry-out and working fluid decomposition.
Considering dry-out, Baraya et al. recently showed the possibility of normal operation
restablishment, with some temperature hysteresis [42]. For the intended operational
point, the heat pipes can still be considerably pushed to lower temperatures to allow
increased heat flux.

4.3 INFLUENCE OF HP DISTRIBUTION

Considering the local influence of the heat pipes and the
direct dependency between flange temperature and displace-
ment (i.e. clearance), the influence of increasing the quan-
tity of heat pipes (reducing the pitch), as well as the effects
of changing their attachment position to the structure were
investigated. For clarity, the FEM implementation for the
5° at the frontal position is displayed in figure 15. They are
fixated between both vanes of stage 9, so as to have local
action over the coatings of rotor 9.

The obtained clearance curves are summarized in figure
16. The effect of positioning the heat pipes closer to the ro-
tor is evident by comparing the respective curves (green and
cyan). Rotor 9 clearances go from 1.69% to 1.50% to 1.24%
considering the reference, 5° pitchwise rear and front posi-
tionings, respectively. This means a reduction in 0.29% and
0.45% clearance for the same impingement cooling. There
is some penalty in the stator 9 clearances, from 1.09% to

v A

ol

W ““-\“\ W
\

Figure 15: 5° pitch HP
concept. In red, impinge-
ment BC surface.
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1.17% (or 0.08% increase) when moving the heat pipes axially towards the rotor. In
essence, the benefits outweight the costs. Additionally, these results further confirm the
local action of the cooling system. Regarding the quantity of heat pipes, the results are
quite intuitive. The more heat pipes, the more heat transfer, the lower the temperatures
and therefore, the tighter the clearances.
0.03 \ \ I I
& —e—Ref. —o—Combined, 10°
——HP, 5° —s— Combined, 5°
Combined, 5°, Front

0
0.03

TC0.02 ]
2 AL -
= N . W
E 0.01 - \\‘“M\:El—‘ﬁ%J\ N 7

L S S S S S

0 500 1000 1500 2000 2500 3000 3500 4000

Time [s]

Figure 16: Clearance evolutions for different pitchwise and axial distribution of heat
pipes.

Regarding stresses, the modified configuration exhibits a
similar behavior to that discussed in the previous section.
The peak stresses at the casing front flange increase by little,
going to about 878 MPa. The heat pipe bore holes added
to cooling cause a stress concentration. However here, an
additional benefit of the different heat pipe positionining
becomes evident. The generally lower stress level at the
front position lead to lower concentrated stress at the bores,
as displayed in figure 17, with peak of 601 MPa on the bores
for the ADP phase.

The last aspect relates to safe heat pipe operation. The
discussion is similar as before, for the 10° pitch case. The
operational temperatures go up to 788 K during the MTO
phase, with a reduced heat flux of only 3.5 W/cm?. Dur-
ing the ADP regime, HP temperature stabilizes at 471 K
with a heat flux of 37.7 W/cm?. Also for this configuration, Figure 17: Stress concen-
the improvement potential through enhanced condensator .t o+ heat pipe bores
cooling is evident. Dry-out and working fluid decomposi- ¢ (10 5o pitch, frontal
tion during critical operation might pose an obstacle to an
actual implementation.

4.4 INFLUENCE OF COOLING MAGNITUDE

Building up on the previous discussion on the available operational envelope for cruise
conditions, the impingement cooling was artificially enhanced to assess its influence over
the system’s response in terms of clearance. Figure 18 depicts the steady clearances at
cruise for different impingement heat transfer coefficients. There is a slight tendency
towards saturation, expected as the temperature of the heat pipes approach that of the
cooling air. The right side of figure 18 clarifies the tendency towards saturation. The
theoretical limitation is to have a large enough cooling to equalize heat pipe and impinging

ADP 640

140

Stress [MPa], Mises

configuration.
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air temperatures. Considering T;=279.2 K, the required magnitude of o;; would make it
impractical to reach this lower limit, and already at the tested levels, the benefits become
marginal when compared to the corresponding cooling enhancement. This is naturally a
very simplified first assessment. Relatively simple cooling enhancement techniques, such
as adding fins to the heat pipe condenser, might be worth more attention.

0.03 650 60
—e—Rotor 9 —=—Typ
——Stator 9 600 ——Q/Anp =
002 — 0 §
= = Z
2 3 :
% 500
=~ 0.01 & 20 &
~
450 c
0 400 0
a; [W/m?K] 0 250 500 750
Q; [W/mZK]

Figure 18: Variation of ADP clearances, HP temperature and max. heat flux with «;.

4.5 CLEARANCES UNDER SLAM ACCELERATION

As a final round of assessment, the system’s behavior was analysed under a strong tran-
sient which could potentially bring the rotor blades into rubbing danger. The test slam
cycle comprises an stabilization in cruise conditions (ADP) followed by a deceleration to
high-altitude idle (HIDLE) for 100s and a consecutive acceleration to the top-of-climb
condition (TCL) over another 100s, then followed by a restabilization in ADP. Provided
the impingement system is on only during the cruise phase, this transient slam cycle
reflects a situation where the aircraft is required to descend for a short period and then
suddenly ascend again, for example as a dodging manouver to avoid incoming air traffic.
Other common critical transients, such as an aborted landing, are not adressed, because
the system would not be active during this flight phase. Only the combined concept with
5° HP pitch and frontal positioning was simulated (see figure 15). Two control cases
were investigated for the impingement system. The first one was to simply leave it on
during the whole transient manouver. The second involved turning off the system at the
start of the deceleration and turn it on after 100s of stable cruise regime. The respective
results are shown in figure 19.

0.3+ 7

4

—Ref.  —oImp. on
—a—Imp. off and on

0 500 1000 1500 2000 2500 3000
Time [s]

Figure 19: Clearance evolutions for high-altidute slam transient cycle.
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The system’s influence over the transient is noticeable for the continously on case.
Pinch clearances reach a value as low as 0.63%. For the reference, the minimum clearance
is 0.98%, quite close to the steady MTO one. Turning the system off improves the critical
clearance in 0.24%, with a minimum of 0.87%. The stator shows a similar trend, with
0.90% for the reference compared to 0.54% for the continous impingement case and 0.74%
for the off-on case. Although conclusions on rubbing cannot be drawn at this point, the
model shows that a robust control system can mitigate transient rubbing dangers by
controlling the amount of impinged air and potentially its temperature.

5 CONCLUSIONS

This work presented a preliminary evaluation of two concepts for tip clearance control
in a representative mid-sized turbofan 10-stage axial compressor. Stage 9 was the ob-
ject of study. Two basic concepts, impingement cooling and heat pipes, as well as the
combination of both, were assessed. A finite-element model was created and transient
thermo-structural simulations were carried out. Dynamic behavior was not analysed.
Concerning validation, qualitative similarity with selected literature results was achieved.
No strict validation is possible, due to the lack of experimental data.

The results demonstrate the potential of the combined impingement-heat pipe TCC
concept with air supply from the bypass and no added pump. The best investigated
configuration (5° pitchwise HP placement + impingement) reduced clearances in up to
0.45% for the rotor and 0.43% for the stator. Considering previous literature works, this
could reflect in up 0.9% polytropic efficiency gains. An analysis of the von-Mises stresses
on the model showed some stress concentration on the holes made to accommodate the
heat pipes. However, the combined system does not impact significantly the casing stress
field. An artificial increase in the cooling magnitude demonstrated further clearance
reduction potential, tending towards saturation, as the heat pipe temperatures decreased.

A transient slam analysis was also performed to preliminarily assess rubbing danger.
Although conclusive statements cannot be made, a robust impingement control system
can mitigate the severity of clearance pinch points. By simply turning impingement off as
the engine decelerates and reaccelerates, 0.24% opening of the actively controlled critical
clearance was achieved.

The combined concept was deemed worth of further investigations, given the promising
results. Future work is in the process of planning. It aims at assessing and optimizing
heat pipe structural integration, and improving cooling. Heat pipe dry-out recuperation
and working fluid stability at the high MTO temperature regime remain open issues.
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