Applied Thermal Engineering 111 (2017) 317-324

journal homepage: www.elsevier.com/locate/apthermeng

Applied Thermal Engineering

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Research Paper

Effect of internal heat leakage on the performance of a high pressure
ratio centrifugal compressor

@ CrossMark

S. Mostafa Moosania, Xingian Zheng *

Turbomachinery Laboratory, State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China

HIGHLIGHTS

« The effects of internal heat leakage intensifies with increasing the pressure ratio.

« Internal heat leakage should be considered at the pressure ratio higher than 5.

« Internal heat leakage inside the impeller reduces the impeller maximum temperature.
« Heat leakage inside the casing degrades the compressor performance.

ARTICLE INFO

ABSTRACT

Article history:

Received 6 April 2016

Revised 4 September 2016
Accepted 7 September 2016
Available online 16 September 2016

Keywords:

Centrifugal compressor

High pressure ratio

Internal heat leakage
Conjugate Heat Transfer (CHT)

Centrifugal compressors are widely used in compact gas turbines in industrial and military applications
where a high pressure ratio in small size is needed. The trend in centrifugal compressor is high pressure
ratios and high efficiencies. However, higher pressure ratio increases the temperature difference between
upstream flow and downstream flow which leads to a heat leakage from downstream to upstream
through the solid parts. This heat leakage negatively affects the performance as well as the reliability
of the compressor. In this study the effect of heat leakage through solid impeller and casing on the com-
pressor performance has been studied for different pressure ratios. The compressor performance has
been calculated using a three dimensional numerical model. Conjugate Heat Transfer (CHT) method
has been used to calculate the temperature in the solid parts. The results show that the internal heat leak-
age through both the impeller and casing reduces the efficiency by 2.5% and the total pressure ratio by
about 0.83 at pressure ratio up to 11. The effect of the internal heat transfer on the compressor perfor-
mance is more noticeable at pressure ratios higher than 5. Meanwhile, heat transfer inside the solid
impeller alone from the hot region to the cool region reduces the maximum impeller temperature while
this heat leakage has a small effect on the compressor performance. However, heat leakage inside the cas-
ing alone slightly increases the impeller temperature while it strongly affects the compressor
performance.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Another factor that affects the compressor efficiency is the heat
transfer. Usually the compressor is not adiabatic, and therefore

Demands for compact, efficient high pressure ratio centrifugal
compressors are increasing in both commercial and military appli-
cations. Such compressors reduce the size and weight of the sys-
tem. However, high rotational speed of the impeller and high
Mach number of flow require a carefully designed compressor to
maintain the reliability and efficiency. The main focus of recent
studies about centrifugal compressors with high pressure ratio
was to increase the efficiency [1-4].
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there is heat exchange between the compressor and the surround-
ing. For instance, for a turbocharger installed in a car, the heat
transfer from the engine and the turbine to the compressor is
proved to reduce the efficiency of the compressor by about 25%
on average [5]. Meanwhile, heat transfer to the compressor
increases the impeller temperature which degrades its reliability.
The maximum pressure ratio in which the impeller can bear will
be reduced if the effect of heat transfer to the solid impeller is
taken into account because the allowable ultimate stress is
reduced with increased temperature [6].

Heat transfer to the outside or cooling on the other hand
improves the performance and reliability of the compressor.
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Nomenclature

h specific enthalpy (J/kg)
D, impeller diameter (mm)
F, blending function (-)

fr correction factor (-)

m mass flow rate (kg/s)

n rotational speed (rpm)

P pressure (Pa)

Py shear production of turbulence (kg/m s3)
P corrected pressure (=p +2pk/3)

q heat transfer per mass flow (J/kg)
R specific gas constant (J/kg-K)

Re Reynolds number (pUL/p)

S entropy (J/kg K)

Sm momentum source term

Se energy source term

T temperature (K)

Z number of blades or vanes (-)

U velocity (m/s)

u velocity fluctuation (m/s)

y+ dimensionless wall distance (-)

Q

reek symbols

nabla sign

air viscosity (kg/m s)

thermal conductivity (W/m K)
efficiency (%)

density (kg/m?)

shear stress (N/m?)

Ao S >E 4

Subscriptions

polytropic

isentropic
turbulence
stagnation condition
inlet

outlet

tangential direction

SR O 0T

Gwehenberger [7] found that cooling a centrifugal compressor
allows the compressor pressure ratio to increase from 5.2 to 5.8.
Also cooling itself can increase the pressure ratio and efficiency
of the compressor by changing the thermodynamical path of the
compression process [8].

There is a temperature increase in compressors resulted by
compression of the flow. The resulted temperature difference pro-
duces a heat flux in the solid parts from high temperature regions
located in downstream to low temperature regions in upstream.
This heat leakage is more noticeable in centrifugal compressors
due to small distance between downstream and upstream. The
heat leakage through the solid parts affects the efficiency as well
as the reliability of the compressor. Gu [9] studied the effect of
internal heat transfer as well as heat transfer to a centrifugal com-
pressor through different parts. They reported that for a centrifugal
compressor with pressure ratio of 2.8, internal heat leakage
reduces the compressor efficiency by 0.85%. Their study focused
on the design point and they also neglect the heat transfer in the
casing in the backplate.

Based on the results obtained by Cui [10], internal heat transfer
affects the compressor efficiency considerably and the amount of
heat circulating through the solid parts of compressor ranges from
5% to 9% of the input energy of the impeller. This high circulation of
heat transfer can have a huge effect on the flow field and perfor-
mance of the compressor as well as temperature of different parts.
This heat transfer is usually neglected in compressor CFD calcula-
tions, which may lead to significant errors in the results.

In this paper the effects of internal heat leakage on the perfor-
mance and reliability of a high pressure ratio centrifugal compres-
sor have been studied using a three dimensional RANS model. The
heat leakage originated in the compressor casing or the solid
impeller, from hot downstream to the cool upstream. The heat
leakage through both routes together and only one route was stud-
ied in different pressure ratios.

2. Numerical model
2.1. Compressor geometry

The compressor has an impeller with 9 blades and 9 splitters.
The compressor parameters are shown in Table 1. Only one

Table 1
Compressor parameters.

Value and units

100,000 (rpm)

Parameters

n, (Rotational speed)

m, (Mass flow rate) 0.71 (kg/s)
Z, (Blades number) 9+9(-)
D,, (Impeller outlet diameter) 120 (mm)
Tip clearance 0.5 (mm)
Air gap width 1 (mm)
Blade inlet angle 60 (°)
Back sweep 40 (°)

Re tip 4.96e6

passage including one main blade and one splitter is modeled for
calculation. Solid casing was designed according to conventional
designs of high pressure ratio compressors in gas turbines
(Fig. 1). The solid parts are made by aluminum with thermal con-

Outlet

Solid shroud

| N

Solid casing

Air gap

Solid

Inlet impeller

Fig. 1. One compressor sector and the solid parts.
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Fig. 2. Centrifugal compressor with the solid casing.

ductivity of 202 W/m? K. The solid parts and the air flow are shown
in Fig. 2.

2.2. Mesh generation

A refined grid was created for the rotating impeller as well as
the stationary solid parts and the diffuser. The grid was generated
together for the solid and fluid domains to have the same nodes on
the fluid-solid interfaces. This increases the accuracy of the fluid-
solid interaction calculation [11]. All the grids had 10 prism layers
near the walls with y* < 1. After a grid independence check (Fig. 3),
the final grid consisted of about 2 million nodes as shown in Fig. 4.

2.3. Boundary conditions

The inlet conditions were a total pressure of 100 kPa and a total
temperature of 298.15 K with a moderate turbulence intensity of
5% and flow in the axial direction. The outlet static pressure of
the same value as the inlet total pressure was used to find the
choke point. Then, the mass flow rate was set at the outlet to the
values lower than the choked mass flow rate so as to find other
operating points.

The heat transfer to the surroundings was neglected and all the
surfaces exposed to the environment are assumed to be adiabatic.
This assumption is reasonable because there is much more heat
transfer inside the high speed compressor than the natural convec-
tion heat transfer on the outside walls. Meanwhile, this study con-
siders the effects of heat transfer through the solid parts and the
small heat transfer to the surrounding wouldn’t have a very large
effect on the temperature profile in the solid parts. No-slip wall
boundary conditions were applied to all the walls. The high rota-
tional speed of the impeller produces a high convection coefficient
on the backplate disk. However, the heat transfer by convection is
very large and the temperature difference between backplate and
the impeller is very small due to this heat transfer. As a result
the radiation in the casing and all other parts can be neglected.

Unsteady calculation for sure has a better result in turboma-
chinery application. Unfortunately, high calculation cost of URANS
makes it difficult to use for a very refined grid. Thanks to different
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Fig. 3. Polytropic efficiency variation with different size meshes.

Diffuser

Impeller

Fig. 4. Grid generated for the simulation.

interface models solving RANS equation for unsteady turboma-
chinery applications is possible. As illustrated in the validation part
the results are in a good agreement with the experimental data.
Steady-state calculations were used by adding a rotating interface
between the rotating impeller and stationary diffuser fluid
domains. The staged model performs circumferential averaging
of the fluxes through the interface. Steady state solutions are then
obtained in each reference frame. The stage averaging in each
frame on the interface creates a one-time mixing loss. This loss is
equivalent to assuming that the physical mixing supplied by the
relative motion between components is sufficiently large to cause
any upstream velocity profile to mix out prior to entering the
downstream component. The stage analysis is most appropriate
when the circumferential variation of the flow is on the order of
the component pitch.

2.4. Numerical methodology

The CFX commercial solver was used to solve the steady-state
Reynolds Average Navier-Stokes (RANS) equations for the com-
pressible air flow inside the compressor. The air was assumed to
be an ideal gas. Although the compressor has a high outlet pressure
it is far below this critical pressure. Also the air temperature
increases several times more than the critical temperature due to
compression process. Based on compressibility diagram ideal gas
assumption still has a good prediction of air properties.
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p = pRT (1)

The flow inside a high speed compressor is fully turbulent. Thus,
the SST (Shear Stress Transport) model was used for the turbulence
closure in the RANS equations. This model combines the accuracy
of the k- model for boundary layer predictions in high adverse
pressure gradient flows and the stability of the k-€ model for the
main flow. Therefore, the SST model balances the accuracy and sta-
bility [12]. Also, SST model has good accuracy for conjugate heat
transfer calculations [13].

2.4.1. Reynolds averaged Navier Stokes equations

The flow velocity U, is divided into an average component, U;,
and a time varying component, u;. The averaging for the compress-
ible flow is weighted by the density (Favre-averaging):

U,‘ = U,' + U; (2)
Substituting the averaged quantities into the original transport
equations results in the Reynolds averaged equations for steady-

state flow given by the following:
0

o (pUj) =0 3)
gy Op 0 ou;  oU;
8_)(](pUIU]) = ox; + 8XJ' |:,ueﬁ"<axj + oxi + Sm (4)
where p’ is the corrected pressure
, 2
p'=p+3pk (5)
k and pier were calculated using the following:
1—

k=5uf (6)
Heg = [+ K (7)

where y; is the turbulent viscosity which for the SST model with
wall treatment is calculated by the following:

_ aik/p
e = max(a;w, SF,) ®)

where k is the turbulent kinetic energy defined as the variance of
the velocity fluctuations. w is the turbulent Eddy dissipation (the
rate at which the velocity fluctuations are dissipated). S is an invari-
ant measure of the strain rate. F, is a blending function which is
used in CFX to treat the boundary layer. F, is equal to 1 near the sur-
face and becomes zero outside the boundary layer.

The values of k and w come directly from the differential trans-
port equations for the turbulent kinetic energy and the turbulent
dissipation.
apk) 0

9 U 2 M\ Ok _y
S U = o | (e ) 28] P pko ©)
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where the constants are as follows:

«=5/9
p=0.075

B =0.09

Ok =0, =2

Py is called the shear production of turbulence calculated as follows:

_(0U; U\ oU; 20U, [, 0U,
Py = r<@+%>%*§m<3ﬂtm+9k> (11)

The problem with the two equation turbulence models is that
they are insensitive to the stream line curvature and system rota-
tion. These effects are very important in high-speed rotating com-
pressors. A correction factor introduced by Spalart and Shur [14], is
used in CFX code to take into account the effects of streamline cur-
vature on the turbulent kinetic energy.

Py — Py-f, (12)

with the correction factor f; limited between O for stabilized flows
and 1.25 for highly rotational flows.

The Reynolds averaged energy equation is as follows:
0 oT

— 0 _
pUihg) = — <}v— — ujh> + o [Ui(tj — puith;)] + S~ (13)
il

o
0X; 0X; \| 0X;

The unknown Reynolds stress tensor u;tlj, is calculated from the
following:

AN Uy
e (TX]+07X,> *§5u (PkJrﬂt 8xk> (14)

The term - [Ui(t; — puityj)] is the viscous work.

—puilj =

2.4.2. Advection discretization method

In the beginning of the simulation, the 1st order upwind
method was used for the advection terms because of its better con-
vergence and stability. The High Resolution advection scheme in
the CFX package was then used for the final results due to the false
diffusion in the first order upwind method.

(pip = @up+ﬁv<p'A? (15)

The High Resolution Scheme uses a special nonlinear recipe for
B at each node, computed to be as close to 1 as possible without
introducing new extrema. The advective flux is then evaluated
using the values of § and V¢ from the upwind node. The recipe
for B is based on the boundedness principles used by Barth and Jes-
person [15]. The choice of =1 leads to formally second-order-
accurate discretization in space.

2.4.3. Conjugate heat transfer

The Conjugate Heat Transfer (CHT) method was used to calcu-
late the temperatures in the solid impeller and the solid casing.
The CHT method gives accurate predictions of the temperatures
with low computational cost and has been valid by many authors
[16,17]. The CHT method uses the same code to solve for both the
solid and fluid temperatures with only the energy equation solved
inside the solid body.

V- (pUsh) = V - (AVT) + Sg (16)

where h is the enthalpy, p is the density and 4 is the thermal con-
ductivity of the solid. U is the velocity of the solid.

The presented numerical method then has been validated with
open literature results for a high pressure ratio compressor by
Krain and Hofmann [18]. The numerical results are in a good agree-
ment with the experimental data as illustrated in Fig. 5.

3. Results and discussion
3.1. Effect of the internal heat transfer on the pressure ratio

The predicted pressure ratios for different mass flow rates and
speeds for cases with and without solid parts are shown in Fig. 6.
The heat transfer through the solid parts from downstream to
upstream negatively affects the compressor pressure ratio. The
highest difference occurs in the lowest mass flow rate in each
speed line. The values of pressure ratio for these points have been
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Fig. 5. Numerical validation using the experimental results obtained by Krain [18].
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Fig. 6. Effect of the internal heat transfer on the pressure ratio.

illustrated on the graph. The negative effect of internal heat trans-
fer raises with increasing the pressure ratio and rotational speed.
The difference in pressure ratios is more noticeable at pressure
ratios higher than 5. The pressure ratio drop is larger in higher
pressure ratios because of higher temperature difference across
the compressor. The effect of the internal heat transfer is small at
lower pressure ratios.

The effect of the internal heat transfer on the total pressure
ratio can be explained using Fig. 7. The total pressure of the flow,
Do, and the specific volume, v, were calculated in the streamwise
direction for both cases with and without heat transfer. These val-
ues are mass averaged on sections normal to the meridional direc-
tion. Point 1 is on the blade leading edge while point 2 is the on the
blade trailing edge. The amount of work done on the flow can be
calculated as follows:

2 2
w:/ vdp:/ dp 17)
1 1 P

Fig. 7 illustrates P-V diagram for the compression process of
two cases with and without internal heat transfer. The area
between p-axis and diagrams shows the work input. Density is
lower for the case with internal heat leakage due to the higher
temperature of the flow. At the end of compression the pressure
should be smaller for the case with internal heat leakage to keep

850
750
—e= Without internal
_ 650 heat leakage
©
g 0 —— With internal
@ heat leakage
3
o 450
2
o
w 350
L
250
150
50
0.25 0.45 0.65 0.85 1.05
Specific volume [m3/kg]
Fig. 7. P-v diagram of the compression process.
Pressure ratio
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Fig. 8. Pressure ratio drop due to internal heat transfer.

the surrounded area which means work input was the same for
both cases. Thus, the heat transfer to the impeller through the solid
parts of the compressor from the hot region degrades the compres-
sion process.

The pressure ratio drop for different pressure ratios is shown in
Fig. 8. The pressure drop due to internal heat transfer is small until
pressure ratio of 4. After pressure ratio of 5 pressure drop increases
rapidly. Increasing the rotational speed increases the pressure ratio
and temperature ratio. The relationship between pressure ratio
and temperature ratio is shown in Fig. 9. The increase rate in tem-
perature ratio is high until pressure ratio of 4 and after that this
increase becomes smaller. This leads to rapid increase in internal
heat transfer under a pressure ratio of about 4.

After pressure ratio of 5 the pressure ratio drop increases dra-
matically. This seems to happen because of high Reynolds number
in small radius part of the passage and the intensified Nusselt
number. In the beginning of the passage the radius is small and
only very high rotational speed increases the velocity of the flow
near the shroud so that the Reynolds number reaches the critical
value. The pressure ratio drop due to internal heat transfer can
be neglected for pressure ratios lower than 5. The maximum
decrease in the pressure ratio is about 0.83 at pressure ratio of
about 11.
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Fig. 9. Temperature ratio variation versus pressure ratio of the compressor.

3.2. Effects of the internal heat transfer on the efficiency

The compressor efficiencies with and without internal heat
transfer are shown in Fig. 10. In this figure the black line is the
pressure ratio of the compressor without including any solid part
while the red line is the case with solid casing and solid impeller.
The compressor efficiency decreases when the internal heat trans-
fer is included. The efficiency drop increases with increasing pres-
sure ratio.

As shown in Fig. 11, the entropy of the flow is higher when the
internal heat transfer is present. The higher entropy of the flow
then reduces the efficiency and this increases the work required
for the same pressure rise. In addition, most of entropy rise due
to the internal heat transfer happens in the tip clearance from
the beginning of the main blade to about 80 percent of the blades
length along the streamwise direction.

Fig. 12 shows a control volume encompassing the entire air flow
region with 6q as a small quantity of heat leaving at the higher
temperature of T, and entering at the lower temperature of T;.
The entropy generation due to this heat transfer can be calculated
as follows:

Sgen = Zaq(%f%) (18)
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Non-dimensional mass flow rate

Fig. 10. Effect of internal heat leakage on the efficiency.
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Fig. 11. Entropy inside the compressor with and without internal heat leakage.
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Fig. 12. Heat leakage path from the diffuser to the impeller.

where sg., is the entropy generation due to the heat leakage.
Increasing the average temperature difference between the hot
and cool regions will increase the entropy generation. Also, non-
uniform heat transfer will influence the flow streamlines which will
lead to higher flow irreversibilities as explained by Greitzer [19].
The difference between the entropy changes in the compressor with
and without internal heat is as follows:
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Pressure ratio
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Efficiency drop
o

=27

Fig. 13. Efficiency drop due to the internal heat leakage at different pressure ratios.

1 1

AS = ASgen + ASiry = Z oq (Tl - Tz) + ASirr (19)

where AS;, is the entropy rise due to increase in the flow irre-
versibilities. Higher flow irreversibilities and the entropy generation
inside the compressor due to the internal heat leakage increase the
flow enthalpy in the compressor with internal heat transfer.

The effect of the internal heat leakage on the efficiency for dif-
ferent pressure ratios is shown in Fig. 13. First efficiency drop
increases with increasing the pressure ratio until pressure ratio
of 4. Then the efficiency drop stays almost constant till pressure
ratio of 5. After pressure ratio of 5 the efficiency drop increases
exponentially with increasing pressure ratio due to the higher heat
transfer rates with the higher temperature differences at higher
pressure ratios. The maximum difference between the compressor
efficiency with and without internal heat transfer is about 2.5% at
pressure ratio around 11. This high efficiency drop at high pressure
ratio highlights the important role that the internal heat transfer
plays on the performance of a compact centrifugal compressor
with high pressure ratio.

3.3. Effects of the solid impeller and solid casing

The effect of heat transfer through the solid casing and the solid
impeller on the maximum impeller temperature will be investi-
gated in this part. Different cases listed in Table 2 have been stud-
ied to understand the effect of heat leakage in different solid parts
on the compressor efficiency and the impeller temperature. The
maximum impeller temperatures are shown in Fig. 14 and the
compressor isentropic efficiencies are shown in Fig. 15.

Fig. 15 shows that the compressor without any solid parts has
the highest isentropic efficiency in comparison with the compres-
sors with just the solid impeller or with both the solid impeller and
the solid casing. The casing has an important effect in degrading
the efficiency. The reason is the high amount of heat leakage from
the diffuser to the middle of the impeller through the solid casing.
Thus, the casing should be made of a low thermal conductivity
material to reduce the heat leakage. However, as shown in
Fig. 16 the heat transfer in the casing has little effect on the impel-
ler temperature because the air gap temperature is already quite
high due to the viscous heating. This reduces the temperature dif-
ference between diffuser and the backplate in the solid part and
reduces the heat transfer.

Heat transfer inside the impeller is crucial for controlling the
impeller temperature as demonstrated in Fig. 14. Meanwhile,

Table 2
Different solid region conditions.
Cases Specification
Case 1 Solid casing and solid impeller
Case 2 No solid casing with just a solid impeller
Case 3 No solid casing and no solid impeller
520
500
=, 130
v
e
2
460 ———
=
-]
Q.
g 440 —a— Case1
=
—e— Case2
420
—4— Case3
400
0.9 0.92 0.94 0.96 0.98 1

Non-dimensional mass flow rate

Fig. 14. Maximum impeller temperatures at 100% speed.

Isentropic Efficiency
0.77

0.765

0.76

0.755

0.75

0.745
Case2

Case3

Casel

Fig. 15. Isentropic efficiencies for the three solid region cases listed in Table 2.

Fig. 15 shows that the heat transfer inside the impeller has rela-
tively small influence on the efficiency. The solid impeller temper-
ature increases in upstream while at the same time it decreases in
downstream due to the heat leakage. Heat transfer to the air flow
from the solid in upstream increases due to higher temperature of
the solid impeller in this part. This heat transfer has a negative
effect on the compression process and reduces the efficiency. How-
ever, because of lower temperature of the solid impeller in down-
stream there is a heat transfer back to the solid impeller from the
air flow which increases the efficiency of the compression process.
Though, the overall negative effect of heat leakage inside the
impeller is small.

4. Conclusions

This study analyzed the effects of internal heat leakage through
the solid parts from the hot downstream to the cool upstream on
the compressor performance and reliability. A three dimensional
CFD model was used to calculate the compressor performance
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Fig. 16. Temperature profiles in the compressor for the three solid region cases listed in Table 2.

and the impeller temperature. The internal heat transfer in the
solid parts was calculated using the CHT method. The results show
that:

(1) The internal heat leakage reduces the maximum pressure
ratio of the compressor. However, for pressure ratios less
than 5 the internal heat transfer has little effect on the pres-
sure ratio and can be neglected. For pressure ratios higher
than 5, the effect of the internal heat transfer should be con-
sidered. The internal heat transfer reduces the pressure ratio
by about 0.83 around pressure ratio of 11.

(2) The internal heat transfer reduces the compressor efficiency.
The effect of the internal heat transfer on the efficiency dete-
rioration increases exponentially with increasing pressure
ratio. For pressure ratios higher than 5, the effect of the heat
transfer on the efficiency has to be considered. The efficiency
is reduced by 2.5% at pressure ratio up to 11 due to internal
heat transfer.

(3) The internal heat transfer inside the impeller has a remark-
able effect on the impeller temperature and effectively
reduces the maximum impeller temperature. Conventional
simulations often neglect this heat transfer and then over-
predict the maximum impeller temperature. The solid casing
has little effect of the impeller temperature. The effect of the
internal heat transfer inside the solid impeller on the maxi-
mum impeller temperature must be considered when devel-
oping high pressure ratio compressors (with pressure ratios
more than 5).
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