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Conjugate Flow and
Heat Transfer of Turbine Cascades

Jun Zeng and Xiongjie Qing
China Gas Turbine Establishment
P. R. China

1. Introduction

Heat transfer design of HPT airfoils is a challenging work. HPT usually requires much
cooling air to guarantee its life and durability, but that will affect thermal efficiency of
turbine and fuel consumption of enginelll. The amount of blade cooling air depends on the
prediction accuracy of temperature field around turbine airfoil surface, which is related to
the prediction accuracy of temperature field in laminar-turbulent transition region. The
laminar-turbulent transition is very important in modern turbine design. On suction side of
turbine airfoil, the flow is relaminarized under the significant negative pressure gradient. In
succession, when the relaminarized flow meets enough large positive pressure gradient,
laminar-turbulent transition appears. In transition region, the mechanisms of flow and heat
transfer are complicated, so it is hard to simulate the region.

Methods of conjugate flow and heat transfer analysis have been discussed extensively. In
1995, Bohnl2l simulated the heat transfer along Mark IIB] cascade using a two-dimensional
(2D) conjugate method at the transonic condition (the exit isentropic Mach number is 1.04).
In his simulation, the turbulence model used was Baldwin-Lomax model. The result was
that the max difference between the predicted temperature along the cascade and the test
data was not larger than 15K. The method was also used to simulate C3X[®! turbine cascade
at 2D boundary conditions by Bohnl4], and a good agreement between the prediction results
and the test data was gotten. Bohn also published a paperl®! in which Mark II turbine
cascade with thermal barrier coatings was calculated in 2D cases. The ZrO; coatings with a
thickness of 0.125mm bonded a 0.06mm MCrAlY layer were applied. There were two
configurations of the coatings. The problems and the influence of coatings on the thermal
efficiency were solved by the same solver and evaluated. On the basis, the 3D numerical
investigation of conjugate flow and heat transfer about Mark II with thermal barrier coating
was donel®l. The uncoated vane was also used to validate the 3D method. The influence of
the reduced cooling fluid mass flow on the thermal stresses was discussed in detail. York!”!
used 3D conjugate method to simulate C3X turbine cascade. Because no transition model
was used, the simulated external HTC (EHTC) at the leading edge stagnation point and
laminar region had low precision. Facchinil®l made another 3D conjugate heat transfer
simulation of C3X, however there was an obvious difference of HTC between simulation
results and experimental data. Shengl®! researched 3D conjugate flow and heat transfer
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method of turbine. In some reference, the effect of transition on conjugate flow and heat
transfer was not mentioned.

Because of laminar-turbulent transition on suction side of turbine airfoil and the transition
consequentially effects conjugate flow and heat transfer, high precision transition models
must be researched.

The best method for the simulation of conjugate flow and heat transfer case is Large Eddy
Simulation (LES) or Direct Numerical Simulations (DNS). The two methods have high
accuracy of predicting flow and heat transfer in transition region, but they are not suitable
for engineering application nowadays, because they are too costly. At present, the better
method for conjugate simulation is still using two-equation turbulence model with
transition model.

In this paper, the numerical method considering transition was used to predict 2D and 3D
conjugate flow and heat transfer. T3A flat plate, VKI HPT stator, VKI HPT rotor and
MARKII stator were calculated. T3A flat plate was used to validate the accuracy of
aerodynamic simulation, and the conjugate flow and heat transfer cases of other blades were
calculated to validate the method. In the conjugate simulations, the effect of various
turbulence models and inlet turbulence intensities on heat transfer were investigated.

2. Numerical method

2.1 Governing equations
The governing equations were:
Continuity equations:

o9 opd;
ot ox;

1

Momentum equations (N-S equations):

opu; opU;U; 0 ou, ou;|| 2 o ou;
e e [0 P | P
j

ot o, ox, ox| ey, oy )] 3oy

Energy equations:

* ) * ‘ au au
oph +apu1h =@+i XG_T +i Hog U %4__] _20 fueffui_]
ot Ox; ot ox;\ 0Ox;) Ox; Ox;  Ox; 3 Ox; Ox;

For thermal conduction of solid, when there is no thermal source, the governing equations
were:

opcT _ 0 [T
ot  ox;\ Ox;

On the interface of fluid and solid, heat flux is equivalent.

The governing equations were discretized with finite volume method. By means of solving
continuity equations and Momentum equations simultaneously, the uncoupling of pressure
and temperature was resolved. Convection term has second-order precision.
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2.2 Turbulence model

Advanced turbulence model with high accuracy of describing turbulence nature must be
used to get exact flow field, especially for engineering problems. In order to improve
accuracy of flow and heat transfer analysis, Menterl10 developed SST turbulence model. The
model assimilated the advantages of k-@ model and k-e model. It used k-o model near wall
and k-e model far from wall, having high accuracy of predicting flow field near wall and
avoiding strong sensitivity to free stream conditions. A number of test cases were predicted
by means of the model, proving that the model has high accuracy of conjugate flow and heat
transfer problem especially for large adverse pressure gradientl1.

2.3 Transition model

Transition has significant effect on heat transfer. In order to predict conjugate flow and heat
transfer of turbine cascades, turbulence model must be coupled with transition model.
Experience modified transition models include zero-equation model, one-equation model
and two-equation model. Intermittency is given in zero-equation model. In one-equation
model, user-defined transition Reynolds number is used to solve intermittency, avoiding
solving another equation so that reduce computation time, but the model does not consider
effect of turbulence intensity and pressure gradient on transition. Two-equation model
connects free stream turbulence intensity with transition momentum thickness Reynolds
number at the onset of transition and solves two transport equations. One is used to
calculate intermittency and the other is used to calculate momentum thickness Reynolds
number. The two equations couple with production terms in SST turbulence model. The
two-equation model can solve the transition caused by shock wave or separation. In order to
predict complex cascade flow field with high accuracy and improve the solving precision of
temperature and external heat transfer coefficient along airfoils, the modified two-equation
transition model developed by Menter[12l was used.

The transport equation of intermittency y in the two-equation transition model is:

a(py) O(pU;y) 0 oy
+ =P,—-E +P,—E ,+—| (u+u)—/—
ot 83(3] y1 71 y2 2 ax] (:u :ut) ax]
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For the transition caused by separation, the correction is:

7/eﬁ' :max(ylysep)

where:

Ry )
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Ysep ( ([3.2351%& J J ttach J ot ttach

The transport equation of transition momentum thickness Reynolds number Re,, in the
two-equation transition model is:
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Re, is the transition momentum thickness Reynolds number in experiment.

3. Validation

3.1 T3A flat plate
The geometric configuration and the boundary conditions of ERCOFTAC T3A[!3] flat plate

were shown in figure 1. The case was used to validate SST turbulence model with transition.

Inlet Outlet
— > _,—
U=5.4m/5 Sym P=1bar

Tu=0.03 / Plate
4’*{ 1.7m
0.05m

Fig. 1. Geometric configuration and boundary conditions of T3A
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The computational mesh was shown in figure 2. Near the leading edge of T3A, the mesh
density is the largest. The mesh included both tetrahedral and prismatic mesh. Total number
of nodes was 67538 and total number of elements was 115090.

Fig. 2. Tetrahedral mesh of T3A

Figure 3 showed comparison between skin friction coefficient of predicted result and the
one of test. It was shown that SST turbulence model with transition model (“transition” in
the figure) has high accuracy of predicting the onset of transition in flat plate case. Around
the leading edge of the plate, flow is laminar. In this region, SST model without transition
model (“fully turbulent” in the figure) over predicted the friction coefficient. In the region of
fully turbulent flow, the effect of transition model on friction coefficient is insignificant.
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Fig. 3. Skin friction coefficient of T3A

The influence of the mesh shape on the simulation was also researched. A mesh only
including hexahedral elements was created, as shown in figure 4. Total number of nodes
was 123328 and total number of elements was 91233.

Fig. 4. Hexahedral mesh of T3A

Figure 5 showed the simulation results by means of hexahedral mesh. The result with
transition model was also in good agreement with the test data. The trend of the predicted
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skin friction with transition model was similar to the result of the tetrahedral mesh. Figure
5b imply that the mesh shape had insignificant influence on the results.
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Fig. 5. Skin friction coefficient of T3A with hexahedral mesh

3.2 VKI HPT stator

VKI HPT stator was shown in figure 6. The geometric data was also given in the figure, and
detail geometric data could be found in the reference 14. The computational mesh (in
figure 7) was hexahedron. Total number of nodes was 109272. Altogether two predictions
were made, and the boundary conditions were shown in table 1.

Condition Tu M, Re, P, /bar T, /K P, /bar T,/K
1 1% 0.92 5x105 0.803 420 0.464 300
2 1% 0.92 2x106 3.21 420 1.86 300

Table 1. Boundary conditions of the cascade
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If/ h Geometric data
\ Chord/mm 67.647
\ y Pitch/mm 57.500
\ I".I Stagger Angle/° 55.0
b I'i.l Throat/ mm 17.568
'\L‘ ".III Leading edge thickness/mm 8.252
H"-.,'_'-, Trailing edge thickness/mm 1.420

Fig. 6. Sketch and geometric data of VKI stator cascade

Fig. 7. Computational mesh of VKI stator cascade

Figure 8 showed the results at condition 1. On suction side of the airfoil, a large adverse
pressure gradient was found near the trailing edge. The pressure gradient resulted in flow
separation, inducing laminar-turbulent transition. The predicted onset of transition was
closer to trailing edge as compared to the test data.
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200 F > O
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a) Velocity vector b) EHTC distribution

Fig. 8. Results at condition 1

Figure 9 showed the EHTC distribution of the cascade at condition 2. In the most regions,
the predicted EHTC agreed with the test one. The onset of transition was downstream
predicted and the transition was predicted more sharply than test. In the low turbulence
intensity, the method has high accuracy of predicting EHTC with various Reynolds number.
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Comparing figure 8 with figure 9, it can be seen that EHTC increased with Reynolds number
increment when other conditions were equivalent.
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Fig. 9. EHTC distribution at condition 2

3.3 VKI HPT rotor

VKI HPT rotor was shown in figure 10. The geometric data was also given in the figure, and
detail geometric data could be found in the reference 15. The hexahedral computational
mesh was shown in figure 11. Total number of nodes was 39042. According to various
turbulence intensities, two predictions were made.. The boundary conditions were shown in

table 2.
(/ Geometric data
‘—““\ Chord/mm 69.84
\‘-. Pitch/mm 59.84
\ '\ Inlet angle/° 40.0
\\J Trailing edge thickness/mm 1.4
L]

Fig. 10. Sketch and Geometric data of VKI rotor cascade

ILRRNA]
LITATT

-

T
TI1ILL)

Fig. 11. Computational grid of VKI rotor cascade
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condition Tu M,;, Re, Pl* /bar Tl* /K P, /bar T,/K
1 1% 0.92 5%105 0.803 420 0.464 300
2 4% 0.92 5x105 0.803 420 0.464 300

Table 2. Boundary conditions of the cascade

Figure 12 showed the comparison between the predicted EHTC and the test data at the two
conditions. For the onset of transition, the predicted one agreed with the test one at
condition 1, and the predicted one was upstream of the test one at condition 2. Under the
two turbulence intensities, the predicted EHTC in the laminar region located on suction side
agreed with the test one. On pressure side, the predicted EHTC agreed well with the test
one when intensity was 1%, and the predicted one was lower than the test one when
intensity was 4%. The method has high accuracy of predicting EHTC under low turbulence
intensity. That intensity increment resulted in EHTC growth.
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Fig. 12. EHTC distribution (condition 1 and 2)

4. Mark Il stator

Mark II HPT stator is convectively cooled by ten cooling channels. The cooling medium is
air. The geometric data and cooling channels were shown in figure 13. The detail geometric
data could be found in the reference 3. The material of the stator is ASTM 310 stainless steel,
the density of which is 7900 kg m-3 and the specific pressure heat capacity is 586.5 ] kg1 K-1.
The thermal conductivity varies as temperature changes, the function is:

A=6.811+0.020176 ¢ T

Hylton L. DB researched the airfoil with experiment method, and got detail aerodynamic
and thermal test data. Consequently MARK II stator becomes a typical case for conjugate
flow and heat transfer simulations, which is applied to validating codes or the accuracy of
methods.
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Geometric data
Chord/mm 136.22
Pitch/mm 129.74
Height/mm 76.2
Stagger angle/° 63.69
Throat/ mm 39.83

Leading edge thickness/mm 12.80

Fig. 13. Sketch and geometric data of MARKII cascade

4.1 2D simulation

The 2D simulation used unstructured grid (shown in figure 14), increasing the grid density
around wall in the fluid domain and the solid domain. Total number of nodes was 35279
and total number of elements was 58618. Total number of nodes in the fluid domain was
23143 and total number of elements in the fluid domain was 38158. Total number of nodes
in the solid domain was 12136 and total number of elements in the solid domain was 20460.
The boundary conditions were shown in table 3. The boundary conditions of cooling
channel were given cooling temperature and heat transfer coefficient. All boundary
conditions could be seen in the reference 3.

Fig. 14. Computational grid of MARK II cascade

Condltlon Tu MZis Re2 Pl* /bar Tl* /K P2 /bar
1 6.5% 0.89 1.98x106 3.44 784 2.08
2 6.5% 1.04 2.01x106 3.39 788 1.73

Table 2. Boundary conditions of MARK II cascade
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4.1.1 The simulation result of SST with transition model

Figure 15 showed the pressure distributions at subsonic (condition 1) and transonic
(condition 2) conditions by using SST with transition model. Along the entire surface of the
cascade, the predicted pressure distribution agreed with the test results. In the most regions
on pressure side, the distributions of the two conditions were the same, and had no
relationship with exit pressure. On suction side, from the location of stagnation point to the
location of the first shock wave, a large negative pressure gradient made flow
relaminarized. In the next region, shock wave appeared, resulting in laminar-turbulent
transition, and the flow finally became turbulent. At the subsonic condition, the predicted
onset of the shock wave was slightly on the upstream of that at the transonic condition.
However, at the subsonic condition, the intersection of the shock wave and boundary layer
resulted in separation. In the laminar regions under the two conditions, the various exit
pressures had no effect on surface pressure. In the region downstream of shock wave, the
surface pressure distributions at the two conditions differed from each other. At the
subsonic conditions, after shock wave, flow accelerated slowly and then decelerated until
flow arriving in the trailing edge. At the transonic conditions, after shock wave, flow
straightly accelerated to the trailing edge until trailing shock wave was met.

‘@\\B

FREDIGTION 1
=== PREDICTION 2|

O TESTA *
TEST 2

|ilﬁu L= _é_@’—

D4

XL
Fig. 15. Pressure distributions (condition 1 and 2)

Figure 16 showed Mach number contour and temperature contour at the subsonic and
transonic conditions. At the subsonic condition, separation appeared at the location of 0.43
axial chord on suction side. At the transonic condition, there was no separation in the same
location and shock wave appeared at the trailing edge. Upstream of the trailing edge on
pressure side, flow accelerated fast resulting in gas temperature reduced rapidly in the solid
domain, temperature was kept at a low level because of cooling air in cooling channels, the
minimum value of which appeared between cooling channel 2 and cooling channel 3, and
the maximum value of which appeared at the trailing edge.

Figure 17 demonstrated surface temperature distributions at the two conditions. The
predicted distribution trend agreed with the test data, and the predicted distributions
agreed with the test data in most regions. At the stagnation point and the laminar region on
suction side, the predicted temperature had high accuracy at the two conditions. On the
suction, shock wave appeared resulting in laminar-turbulent transition. Strong heat transfer
made temperature curve becoming abrupt in the region of transition, and the maximum
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Fig. 16. Contours of Mach Number and Temperature (condition 1 and 2)

appeared at the end of the transition region. The numerical method over predicted the
maximum temperature, especially at the subsonic condition, and the difference between the
maximum temperature and the test data was 30K. In the fully turbulent region, the
difference between the predicted temperature and the test data became smaller. On entire
pressure side, the predicted temperature agreed with the test results. On pressure side and
suction side, temperature distribution fluctuated, and the maximum and minimum values
appeared in some locations. The minimum values located around cooling channels and the
maximum value located between two channels. The maximum temperature on the entire
surface located in the trailing edge. The EHTC was high at this location and the channel 10
was far from the location, so that the air could not effectively cool the trailing edge.

EHTC distribution along the airfoil at two conditions was shown in figure 18. As same as
the temperature distribution, in the laminar region of suction side and the one of pressure
side, the predicted EHTC agreed with the test data. Consequently the method predicted the
onset of transition accurately. In transition region, EHTC increased abruptly and
encountered the maximum at the end of the transition region where the method over
predicted the EHTC. In the turbulent region downstream the transition one, the difference
between the predicted EHTC and the test one reduced gradually.
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Fig. 18. EHTC distribution (condition 1 and 2)
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Fig. 19. Pressure distribution of different turbulence models
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4.1.2 The effect of turbulence models

Figure 19 showed the surface pressure distributions of simulations by using k-o turbulence
model (model 1), SST model with fully turbulent flow (model 2) and SST turbulent model
with transition model (model 3) at the two conditions. Except around shock wave, the
pressure distributions using the three models agreed with each other. At the subsonic
condition, the predicted pressure distributions around shock wave by means of model 2 and
model 3 agreed with the test data, and the predicted intensity of shock wave by means of
model 1 was stronger than the test results. At the transonic condition, the predicted pressure
distribution using model 2 was closest to the test data. However, as a whole, the three
models had high accuracy of predicting surface pressure distributions.

Figure 20 showed EHTC distributions of the three models. Whether subsonic or transonic
condition, the predicted EHTC by means of model 1 or model 2 at the stagnation point and
in the laminar region had large difference from the test data. In the regions, the predicted
results by means of model 3 agreed with the test data. In the fully turbulent region, the
results of the three models were close to each other, agreeing with the test data.
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Fig. 20. EHTC distributions of different turbulence models
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4.1.3 The effect of inlet turbulence intensities

Model 3 was used to research the effect of inlet turbulence intensities on predicted surface
pressure and temperature. Figure 21 illustrated surface pressure distributions with various
inlet turbulence intensities at the two conditions. Whether subsonic or transonic condition,
when inlet intensity located in the range of 1% ~ 20%, the surface pressure and the location
of shock wave were unaffected by inlet turbulence intensities.

Figure 22 showed surface temperature distributions with various inlet turbulence intensities
at the two conditions. For various intensities, the trends of temperature along the surface
were consistent, but the temperature values had some difference. With the intensity
increasing, surface temperature increased in the region from the stagnation point to 0.43
axial chord on suction side and in the region from the stagnation point to 0.56 axial chord on
pressure side. The intensity had insignificant effect on temperature distribution in the latter
regions. In the two conditions, the predicted temperature under the low intensity (1%) had a
large difference from the one under the medium intensity (6.5%). In the range of intensity
3% ~20%, the surface temperature using intensity 6.5% could be predicted well, with the
maximum difference 18K. In the range of intensity 6.5% ~20%, the surface temperature
using intensity 15 % could be predicted well, with the maximum difference 12K. These
opinions might only be adequate for the airfoils.
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Fig. 21. Pressure distribution under different inlet turbulence intensities

[ TO=T% 1 1 1 0.85 T T 1 [ TO=T%

! Tum3%| | Tu=3%,
. e | TUmE 586 e | TUIE 584
1 + - i TU=T0% ) - I f TUST0%
T8Ik | TU=18% \ T 811K ! TU=16%

e | TU=20% e | TU=20%
! !

o T“I:'a" .
o T“I:'a" .

PRESSURE SIDE SucTioN sI08 PRESSURE SIDE SUCTIoN SI08
L t £ 4 4 + + S 4 4
R ‘ — 1

"L 02 04 06 s () B 18 06 ( 03 "L
a) Condition 1 b) Condition 2

Fig. 22. Temperature distribution under different inlet turbulence intensities
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b)
Fig. 23. Computational grid(3D) of MARKII cascade
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Fig. 24. Pressure distribution (2D and 3D)
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Fig. 25. Contours of Mach Number and Temperature (2D and 3D)

4.2 3D simulation

The 3D simulation used unstructured grid (shown in figure 23), which was got by extruding
the 2D grid used in the 2D simulation above. Total number of nodes was 659310 and total
number of elements was 788945. Total number of nodes in the fluid domain was 572370 and
total number of elements in the fluid domain was 671147. Total number of nodes in the solid
domain was 86940 and total number of elements in the solid domain was 117798.

The boundary condition was the same as condition 2 shown in table 3. The boundary
conditions of cooling channel were given cooling temperature and heat transfer coefficient,
too. The simulation was made using SST turbulence model with transition model. The 3D
results on the mean plane were compared to the 2D one.

Figure 24 showed the pressure distribution by using 2D and 3D method. Comparing to
2D result, the location of the end of shock wave was upstream. The reason may be that the
endwall had some influence on the flow. The difference between Mach contours were
shown in figure 25.
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The temperature distribution of 2D and 3D was shown in figure 26 (also can be seen in
figure 25). All the results agreed well with the test data, but there were some dissimilarities
which may arise from the endwall. The dissimilarities focused on the transition region. For
the cascade, the influence of the endwall on the blade surface temperature and HTC

distribution could be ignored.
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Fig. 26. Temperature distribution (2D and 3D)
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Fig. 27. EHTC distribution (2D and 3D)

5. Conclusion

The 3D method which was used to simulate some cases should be validated. The method
calculated URANS equations by employing SST turbulence model with transition model.
The cases were T3A flat plate, VKI HPT stator, VKI HPT rotor and Mark II stator. The result
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of T3A flat plate showed that the method had high accuracy on predicting flow. All the
other results indicated that the method had high accuracy on simulating conjugate flow and
heat transfer.

For the conjugate flow and heat transfer problems, two steps were applied. The first step
was that no internal cooling cascades, VKI HPT stator and rotor, were calculated. With the
good results, the second step was that Mark II stator with internal cooling channel was
calculated. Using SST turbulence model with transition model, the accuracy of surface
pressure distribution and temperature loading was high. The effect of turbulence models
and the one of inlet turbulence intensities were researched, too. The results showed that
trend of the temperature along the profile under inlet low turbulence intensity (1%) was
different from the one under other intensities. However, there was a shortcoming that the
temperature or heat transfer coefficient at the end of the transition region was over
predicted results.

For the above simulations, 3D CFD method has high accuracy on predicting conjugate flow
and heat transfer problems. But the method should be improved in the transition region.

6. Nomenclature

P Density kg m-3
U Velocity m s
t time s
X Cartesian coordinate m
P Pressure kg m1s2
Heff Effective viscosity kg m1st
h Enthalpy m?2 s2
T Temperature K
c Solid specific heat m?2 s2K-1
A Thermal conductivity kg m s3 K1
\% Turbulence intermittency
B Dynamic viscosity kg m1s1
He Turbulence viscosity kg m1s1
k Turbulence kinetic energy m?2 s2
® Turbulence eddy frequency gl
Re Reynolds number
Tu Inlet turbulence intensity
M Exit Mach number
P, Inlet Pressure kg m-1 s2
Ty Inlet temperature K
P> Exit Pressure kg m1s2
Tw Wall temperature K
subscripts
ij Cartesian coordinate
superscripts
*
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