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Abstract External heat transfer prediction is per-

formed in two-dimensional turbine blade cascades

using the Reynolds-averaged Navier–Stokes equations.

For this purpose, six different turbulence models

including the algebraic Baldwin–Lomax (AIAA paper

78-257, 1978), three low-Re k–e models (Chien in

AIAA J 20:33–38, 1982; Launder and Sharma in Lett

Heat Mass Transf 1(2):131–138, 1974; Biswas and

Fukuyama in J Turbomach 116:765–773, 1994), and two

k–x models (Wilcox in AIAA J 32(2):247–255, 1994)

are taken into account. The computer code developed

employs a finite volume method to solve governing

equations based on an explicit time marching approach

with capability to simulate subsonic, transonic and

supersonic flows. The Roe method is used to decom-

pose the inviscid fluxes and the gradient theorem to

decompose viscous fluxes. The performance of different

turbulence models in prediction of heat transfer is

examined. To do so, the effect of Reynolds and Mach

numbers along with the turbulent intensity are taken

into account, and the numerical results obtained are

compared with the experimental data available.

List of symbols

c chord length

g blade pitch

H heat transfer coefficient

I angle of attack

k turbulent kinetic energy

K, j Baldwin–Lomax constant

M Mach number

P pressure

S coordinate along the blade profile

T temperature

t time

U total velocity

x stream wise coordinate

y normal distance from the wall

cp specific heat

lm length scale in k–e equation

Pr Prandtl number

qj rate of heat transfer

Re Reynolds number

Tu turbulent intensity

Ui velocity component

e turbulent dissipation

x specific dissipation

c specific heat ratio

q density

l dynamic viscosity

m kinematics viscosity

k stagger angle

W rotation

dij Kroneker delta

sij stress tensor

Subscripts
t turbulent property

¥ free stream property

I isentropic property
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wall property at wall

1 entrance

2 exit

o stagnation property

Superscripts
lam laminar

turb turbulent

1 Introduction

The development of computational fluid dynamics

(CFD) techniques in 1970s, provided excellent method

for simulation of internal and external flow using the

Euler and Navier–Stokes equations. Since then,

numerical methods, grid generation techniques, proper

ways of applying boundary conditions, data processing

and more advanced computing devices has been rap-

idly developed and become suitable tools for CFD.

In the last decade, numerical simulation of flows and

design, and analysis of the turbomachines has become

common. Due to the high temperature and pressure of

flow at the inlet of the gas turbines, one needs to sim-

ulate the flow numerically to calculate the heat transfer

between the flow and blades and optimize the problem.

The flow in a turbine is very complex. Large pres-

sure gradients lead to strongly accelerated and decel-

erated regions of flow. Under some operating

conditions, there might be separated regions. The gas

entering the turbine comes from a combustor and is

strongly turbulent. This increase the heat transfer in

the laminar and the turbulent parts [1, 2] of boundary

layers. It can also cause an earlier boundary layer

transition. Shocks and shock-boundary layer interac-

tion can trigger transition or separation and affect the

heat transfer. Unsteady effects, caused by wakes and

shocks from the preceding stages sweeping over the

blades, can increase the heat transfer significantly [3–

5]. In a real turbine secondary flows and 3D effects are

also important [6]. Film cooling leads to even more

complications, and will not be considered here.

Simplified methods like boundary layer solvers and

Navier–Stokes solvers with algebraic turbulence mod-

els have been used by many researchers in the past to

predict turbine heat transfer [7–9].

This can gives good results for simple cases, but for

cases with separated region, shocks and high turbulence

levels, these methods often have problems. By using a

full Navier–Stokes solver with a transport turbulence

model it is possible to account for history affects asso-

ciated with the turbulence and thereby solve or reduce

the problem encountered with other simpler methods.

The main objective of this work are to simulate the

flow and heat transfer around a turbine blade and

compare different turbulence models used to calculate

correctly the heat transfer rate. The VKI blade profile

is used and H-type numerical grid is generated using an

elliptic differential equation. The two-dimensional

(2D) Navier–Stokes are descretized using a control

volume approach and solved explicitly for flow around

a 2D isothermal blade. Performance of six different

turbulence models consisting of the algebraic Baldwin–

Lomax [10], three low-Re k–e models [1–3], and two k–

x models [4] are studied.

2 Governing equations

Two-dimensional unsteady compressible Navier–

Stokes equations along with the energy equation used

in this work are:

@q
@t
þ qui½ �;j ¼ 0 ð1Þ

@ quið Þ
@t

þ quiuj þ pdij � sij

� �
;j
¼ 0 ð2Þ

@

@t
ðqe0Þ þ qe0 þ pð Þuj þ qj � uisij

� �
;j
¼ 0 ð3Þ

The fluid is assumed to be a perfect gas and the

following state equation is used for pressure.

P ¼ c � 1ð Þ qeo �
1

2
qukuk � qk

� �
ð4Þ

the shear stress tensor is

sij ¼ slam
ij þ sturb

ij ð5Þ

where, the laminar stress tensor is

slam
ij ¼ l ui;j þ uj;i �

2

3
uk;kdij

� �
ð6Þ

In addition, turbulent stress is

sturb
ij ¼ �qu0iu

0
j ¼ lt ui;j þ ui;j �

2

3
uk;kdij

� �
� 2

3
qkdij

ð7Þ
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Similarly, the conductive heat transfer rate is

qi ¼ qlam
i þ qturb

i ð8Þ

qlam
i ¼ �Cp

l
Pr

T;i ¼
�c

c � 1

l
Pr

P

q

� �

;i

ð9Þ

qturb
i ¼ CpqT 0u0i ¼ �Cp

lt

prt

T;i ¼ �
c

c � 1

lt

prt

p

q

� �

;i

ð10Þ

The fluid is assumed air and the laminar viscosity is

determined through Sutherland’s law: l = 3.038816

· 10– 7 · T0.72, where T is in Kelvin and l is in

kg/(ms). The Prandtl number is assumed 0.7 and the

turbulent Prandtl number is assumed 0.9.

3 Turbulence models

Still direct numerical simulation of turbulence phe-

nomena is not possible at high Reynolds numbers.

Therefore, different turbulence models are carried out

to resolve the turbulence problems. Here, six of them

are considered to study the complicated flow field in a

turbine cascade.

The Baldwin–Lomax model [10] is a two layer,

algebraic, eddy-viscosity model that has proven to be

numerically attractive predicting good approximations

when the flow is not too complex. In short, the model

explicitly gives the turbulent viscosity in term of the

flow field and the distance from the wall, and hence, it

has no mechanism to account for a high free stream

turbulence level.

Among two equation turbulence models, well

established two-equation models are developed to

achieve a good prediction of flow field. The models

considered here involve the low Reynolds k–e models

of Chien [11], Launder and Sharma [12], Biswas and

Fukuyama [13], and two k–x models by Wilcox

including a standard version [14] without any near wall

modification, and a transition version [15] specifically

optimized to consider transition phenomenon. Wilcox

has studied in detail the k–x models, and classical low

Re k–e models in his book [16].

3.1 Baldwin–Lomax model

The Baldwin–Lomax model [10] is a two layer alge-

braic model for turbulent eddy viscosity term.

lt ¼
lt

inner

ltouter

8
<

:

y6ycrossover

y[ycrossover

ð11Þ

ycrossover is the minimum distance from the wall where

ltinner
and ltouter

are equal.

ycrossover ¼ MINðyÞ : ltinner
¼ ltouter

ð12Þ

ltinner
is obtained by Prandtl–Van Driest model,

where

ltinner
¼ ql2 Xj j ð13Þ

l ¼ jyð1 � e�yþ=AþÞ ð14Þ

Xj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2XijXij

p
ð15Þ

Xij ¼
1

2

@ui

@xj
� @uj

@xi

� �
ð16Þ

ltouter
¼ qKCcp

FwakeFklebðyÞ ð17Þ

Fwake ¼ MINðymaxFmax; CwkYmax
U2

dif

Fmax
Þ ð18Þ

Fmax and ymax are determined from the maximum of

the function.

FðyÞ ¼ Y Xj jð1 � e�yþ=AþÞ ð19Þ

Fkleb is the intermittency factor given by:

FklebðyÞ ¼ 1 þ 5:5
yCkleb

ymax

� �6
" #�1

ð20Þ

And Udif is the difference between the maximum and

minimum value of the velocity. For the boundary layer,

the minimum value of the velocity is zero.

Udif ¼ MAXð ffiffiffiffiffiffiffiffiuiui

p Þ � MINð ffiffiffiffiffiffiffiffiuiui

p Þ ð21Þ

Table 1 shows the value for constants in Baldwin–Lo-

max model.

Note that K is a constant here and must not be

confused by turbulent kinetic energy. The free stream

turbulent intensity does not appear in the model and is

assumed zero.

3.2 k–e models

The k–e model used in this work is presented as

@

@t
ðqkÞ þ @

@xj
qkuj � l þ lt

rk

� �
@k

@xj

� �

¼ P � qe � qD

ð22Þ
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@

@t
ðqeÞ þ @

@xj
qeuj � l þ lt

re

� �
@e
@xj

� �

¼ ðCe1f1P � Ce2f2qeÞ e
k
þ qE ð23Þ

where, Ce1, Ce2, Cl, rk, and re are the model constants,

and f1, f2, and f3 are the damping functions, and E and

D are the source terms as shown in Table 2. The

turbulent eddy viscosity lt and the turbulent kinetic

energy production term, P, are:

lt ¼ Clflq
k2

e
ð24Þ

P ¼ sturb
ij

@ui

@xj
ð25Þ

3.3 k–x models

The k–x models can be written in the general form of

Eqs. (26–29). Various parameters of the models are

given in Table 3

@

@t
ðqkÞ þ @

@xj
qkuj � ðl þ r�ltÞ

@k

@xj

� �
¼ P � b�qxk

ð26Þ

@

@t
ðqxÞ þ @

@xj
qxuj � ðl þ r�ltÞ

@x
@xj

� �
¼ a

x
k

P � bqx2

ð27Þ

lt ¼ a�
qk

x
ð28Þ

p ¼ sturb
ij @ui=@xj ð29Þ

The asymptotic behavior of x approaching a wall is

x ~ 1/y2 as y fi 0. However, using a finite value of

xwall is suitable from numerical point of view based on

Wilcox’s recommendation [16]. The surface roughness

model gives a finite value for xwall as in Eqs. (15) and

(16). If kR
+, which is the nondimensional average sand–

grain roughness height, is set to a value below 5 a

hydraulically smooth surface is obtained, otherwise a

kR
+ value of 5 are used in all simulations presented here.

xwall ¼ u�
2 � SR=m ð30Þ

where,

SR ¼ ð50=kþRÞ
2::::::::::::kþR\25

100=kþR :::::::::::::::k
þ
R>25

( )

kþR ¼ u�kR=m ð31Þ

4 Numerical method

Compressible Navier–Stokes equations are discretized

using a non-uniform orthogonal grid generated by

Stager–Sorenson elliptic differential equation. The

inviscid flux terms are approximated by first order Roe

method [18], and the viscous terms are approximated

by second order gradient theorem. To prevent expan-

sion shock, the entropy condition is used. The time

integration is first order explicit Euler method. The

time step is calculated from the CFL criterion using the

local flow properties, which results variable time step

throughout the flow field until achieving the steady

state solution. The computational domain is shown in

Fig. 1. The total number of grids used in this study is

32,000 which is fine enough to capture mean turbulent

properties near the wall, that is, there are grid points

within 0 < y+ < 5.

Table 1 Baldwin–Lomax constant

A+ Ccp Ckleb Cwk j K

26 1.6 0.3 0.25 0.4 0.0168

Table 2 k–e model constant
Chien Launder–Sharma Biswas–Fukuyama

Cl 0.09 0.09 0.09
rk 1 1 1.4
re 1.3 1.3 1.3
D 2m k

y2 2mð@
ffiffi
k
p

@y Þ
2 0

E � 2ve
y2 e�0:5yþ 2vvtð@2y

@y2Þ2 0

Ce1 1.35 1.44 1.46
Ce2 1.8 1.92 1.9
fl 1 � e�0:0115yþ 1 � e

�3:4

ð1þRt=50Þ2 ½1 � eð�Ret=150Þ�½1 þ 18:5=Ret�
f1 1 1 1 þ 0:3eð�ðRet=50Þ2Þ

f2 1 � 0:22e�ð
Ret

6 Þ
2

1 � 0:3e�Re2
t ½1 � 0:3eð�ðRet=6:5Þ2Þ�½1 � eð�Rey=10Þ�

yþ� yu�

v ;Ret¼ k2

ve ;kwall ¼ 0; ewall¼ 0;Rey ¼ qy
ffiffi
k
p

l ,
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4.1 Boundary condition

Temperature, stagnation pressure and the angle of at-

tack are the conditions specified at the inlet. At the

outlet, static pressure is identified. The values of k and

e at the inlet are calculated using the inlet conditions

from the following equations.

k1 ¼ 3 � Tu2U2
1=2 ð32Þ

e1 ¼ C3=4
l k3=2=lm ð33Þ

x1 ¼ k1=2=ðb�lmÞ ð34Þ

At the solid wall, no slip boundary conditions and

constant temperature are applied, and at the other

boundaries, periodic boundary conditions are imple-

mented.

4.2 Leading edge problem

In most of the k–e and k–x models, the condition at the

stagnation point is not properly calculated and the

turbulent kinetic energy is too high at this region. This

is because, the Boussinesq assumption is not an accu-

rate model to study flow around the stagnation point

where the normal strain rate is large. This high tur-

bulent kinetic energy generated around the stagnation

point is transported to the boundary layer region. This

problem may be resolved by modifying the turbulent

kinetic energy in the k equation. This method origi-

nally suggested by Kato–Launder [19].

Pk ¼ ltSX ð35Þ

where,

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1=2
@ui

@xj
þ @uj

@xi

� �2
s

; X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1=2
@ui

@xj
� @uj

@xi

� �2
s

ð36Þ

Another method is to modify the turbulent dissipation

rate equation, which is applied only for k–e equation.

This modification, originally suggested by Yap [17],

consists of an extra source term added to right hand

side of the e equation. Its effect is to reduce the

departure of the near-wall length scale from its local

equilibrium value. This does not influence the

Launder–Sharma model very much, but the Chien

model gives significantly better results close to the

leading edge. Note that the Yap modification only

affects the results close to the leading edge.

qSe ¼ 0:83q
e2

k

k1:5

ele
� 1

� �
k1:5

ele

� �
ð37Þ

where le = cl
– 0.75 · 0.4y

5 Results and discussion

Direct numerical simulation of turbulence phenomena

at high Reynolds number problems like turbine cas-

cades is not a possible approach yet. Therefore, various

turbulence models have been carried out to resolve

these problems by incorporating experimental data

available. Despite a lot of work in turbulence model-

ing, all of them still have deficient in predicting flow

and heat transfer in a turbine cascade, especially on the

suction side due to presence of various complicated

phenomena consisting of the stagnation point, steep

adverse and favorable pressure gradients, free stream

turbulences, high Mach numbers, and 3D effects. None

of the turbulence models can resolve all these phe-

nomena in whole region by alone. Hence, the results

obtained here employing different turbulence models

Table 3 k–x model constant

Standard version Transition version

a* 1
a�

0
þðRet=RkÞ

1þðRet=RkÞ

a 5
9

5
9

a
0
þðRet=RxÞ

1þðRet=RxÞ
1
a�

b* 9
100

9
100 :

5
18þðRet=RbÞ4

1þðRet=RbÞ4

b 3
40

3
40

r* 1
2

1
2

r 1
2

1
2

Ret¼ qk
xl; a

�
0 ¼

b
3 ; a0 ¼ 1=10;Rb ¼ 8;Rk ¼ 6:;Rx ¼ 2:7

Fig. 1 Computational domain

Heat Mass Transfer (2007) 44:61–70 65

123



are still deficient especially on the suction side of the

blade. Following, the performance of six turbulence

models in predicting heat transfer over the VKI tur-

bine blade is compared with the experimental data

available.

5.1 Zero equation model (Baldwin–Lomax model)

Two cases with different Reynolds numbers are

examined here. When the turbulent eddy viscosity is 14

times greater than molecular viscosity at the in-

let, lt ‡ 14*l1, the flow is assumed turbulent.

Case 1: The flow properties in this case are

M2is = 1.12, Re2is = 1.05 · 106, I = -5� and T0 =

420 K. In Fig. 2, the numerical results and experi-

mental data [5] available for two free stream turbulent

intensities, i.e. 4 and 0.8% are compared. The figure

shows the heat transfer distribution as a function of

coordinate measured along the suction side (positive

values) and the pressure side (negative values). Since

the Baldwin–Lomax (BL) model does not involve free

stream turbulent intensity, the results are in better

agreement with the experimental data when the free

stream turbulent intensity is low. On the suction side of

the blade, the flow remains laminar up to S @ 0.08 m,

but on the pressure side, the flow is turbulent through-

out.

Case 2: The flow properties used in this case are:

M2is = 1.12, Re2is = 0.54 · 106, I = –5� and

T0 = 420 K. Figure 3 shows the heat transfer at the

wall. As shown, the result at the suction side is in good

agreement with the experimental data [20] except near

the trailing edge due to separation of the flow, but in

the pressure side of the blade, the results indicate

underestimation and laminar flow over whole region.

The reason is that in BL model the free stream tur-

bulent intensity is not taken into account. In this case,

at the suction side, the flow is laminar up to S @ 0.1 m.

5.2 Two equation models

Two different corrections consisting of Kato–Launder

and Yap corrections are taken into account for well

predicting leading edge problem. First, various turbu-

lent length scales are examined to determine an opti-

mum value for better approximation in comparison

with experimental data. The length scale used in the

three k–e models is 0.05 of pitch value, and in two k–x
models is 0.005 of pitch value. In all cases, the turbine

blade is considered as RS1S[20] profile (VKI) with the

following geometric specifications

a2 = – 65�, a1 = 53.36�, c = 58.38�, g/c =

0.7607, c = 71.81 mm

Case 3: The flow properties in this case are

M2is = 1.12, Re2is = 1.05 · 106, I = –5� and T0 =

420 K. Figure 4 shows the heat transfer distribution

as a function of the coordinate measured along the

suction (positive values) and pressure sides (negative

values) obtained with five different two equation

models. Based on the experiments, the boundary layer

on the suction side is laminar up to S � 35 mm, where
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Fig. 2 Heat transfer distribution (M2is = 1.12, Re2is = 1.05e6,
I = –5�, Tu = 4%)
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transition starts. As it is evident from the figure, all

turbulence models except Wilcox LRN (low Reynolds

number) [15] are not able to capture accurately this

laminar region. Beyond the laminar region of the

suction side in transition and fully turbulent boundary

layer region, all turbulence models have a good trend

in comparison with experimental data. The existence of

a small recirculation bubble at the beginning of the

pressure surface is proven by the strong heat transfer

coefficient variation, indicating the separation and

reattachment of the flow. The amplitude of this varia-

tion is strongly reduced by increasing turbulent inten-

sity (Figs. 4 and 9). At the pressure side, the Launder–

Sharma [12] model indicates a better approximation

comparing with the experimental data than the other

models due to well capturing of the immediate transi-

tion in the leading edge.

Cases 4 and 5: To investigate the effect of Reynolds

number, the following properties are used

M2is = 1.12, Tu = 4%, I = – 5�, T0 = 420 K, with

Reynolds number of Re2is = 0.54 · 106 and Re2is =

1.84 · 106 for cases 4 and 5, respectively. Heat

transfer coefficient distribution at the wall of the blade

is indicated in Fig. 5. On the suction side, the Launder–

Sharma [12] and Biswas–Fukuyama [13] and LRN

Wilcox [15] models are able to capture the laminar

region, but the other models [11, 14] studied here

predict an almost immediate transition at the leading

edge and a fully turbulent boundary layer over the

whole suction side. In addition, it can be realized that

the transition locations predicted by LRN Wilcox [15]

and Launder–Sharma [12] are physically correct, but

Biswas–Fukuyama [13] model is not able to predict

transition location correctly. Overall, LRN Wilcox [15]

model is able to well predict whole suction side of the

blade. On the pressure side Launder–Sharma [12]

model has a better approximation comparing with

experimental data than the other models. By compar-

ing the numerical results obtained, it can be concluded

that the k–x models predict suction side better than

pressure side and this is reverse for the k–e models.

The reason stems from the well prediction of separa-

tion region on the suction side of the turbine blade by

the k–x models. In Fig. 6, the effect of increasing

Reynolds number in heat transfer approximation is

represented. In this case, because of turbulent flow

over whole pressure and suction side of the blade, all

turbulence models indicate better results comparing

with experimental data than the low Reynolds number

cases (Fig. 5). As shown in this figure, transition is

captured at the suction side by the three models

including LRN Wilcox, Biswas–Fukuyama and Laun-

der–Sharma, however, the other two models (Chiens

and HRN Wilcox) are not able to predict the transition

region. The comparison of Figs. 4, 5, 6 indicates that

due to increase of Reynolds number, the heat transfer

coefficient increases. Also, transition location on the

suction side moves to the leading edge as the Reynolds

number decreases, which is in good agreement with the

measurement.

Case 6,7: In these cases including case 3 the effect of

free stream Mach number are studied, where the flow

parameters are Re2is = 1.05 · 106, I = –5�,

T0 = 420 K and Tu = 4%. The Mach numbers are

0.795 and 1.277 for cases 5 and 6, respectively. Figure 7
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Fig. 4 Heat transfer distribution (M2is = 1.12, Re2is = 1.05e6,
I = –5�, Tu = 4%)
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shows heat transfer coefficient distribution on the

blade surface for the five two equation models pre-

sented here along with the experimental data of Arts

et al. [20]. The comparison of the results of two dif-

ferent Mach numbers indicate that the heat transfer

coefficient distribution on the pressure side are the

same quantitatively and qualitatively, but on the rear

part of suction side of the blade increasing Mach

slightly reduces the heat transfer coefficient. This is due

to interaction of shock and boundary layer at super-

sonic Mach numbers (Figs. 4, 8).

Case 8: The purpose of this case is to study the effect

of turbulence intensity on the heat transfer coefficient.

Here, flow conditions are M2is = 1.12,

Re2is = 1.05 · 106, I = –5�, T0 = 420 K, and

Tu = 0.8%. The results of this case and case 3 are

used to compare the turbulent intensity effect. In

Fig. 9, heat transfer distribution coefficient for five

turbulence models presented here are shown for lower

intensity of 0.8%. Comparing Figs. 4 and 9 indicates

that for higher turbulent intensity flows, the numerical

results are closer to experimental data than lower

intensity ones. This is due to better physical behavior

of turbulence models at higher intensity flows.

Cases 9,10: In these both cases, the performance of

Yap correction is investigated in two k–e models. The

flow parameters are M2is = 1.12, I = –5�,

T0 = 420 K and Tu = 4%. For case 9, Re2is =
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Fig. 6 Heat transfer distribution (M2is = 1.12, Re2is = 1.84e6,
I = –5�, Tu = 4%)
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1.05 · 106% and for case 10, Re2is = 0.54 · 106.

The results are shown in Figs. 10 and 11. The correc-

tion made in both cases indicate that the heat transfer

rate at the leading edge is calculated more accurately

comparing with the results of Kato correction indicated

in Figs. 4 and 5. But in the other regions the Kato

correction results predicts better heat transfer rates.

6 Conclusion

To investigate heat transfer over the VKI turbine

blade, a finite volume method is employed to solve

governing equations using six different turbulence

models including the algebraic Baldwin–Lomax [10],

three low-Re k–e models [1–3], and two k–x models

[4].

All two equation models used are based on the

Boussinesq assumption and predict too high turbu-

lence levels in the stagnation region. The k–e models,

especially the Chien model, are much more affected

by stagnation point than the k–x models, predicting a

very large value for the heat transfer coefficient. The

effect of turbulent intensity is studied and it is indi-

cated in the all of models with increase of free stream

turbulent intensity, heat transfer rate increases. Pre-

dicted transition point only in Wilcox LRN k–x and

Biswas–Fukuyama k–e models are affected by free

stream turbulent intensity causing the transition point

move to the leading edge at the suction side. None of

the models except Biswas–Fukuyama k–e [13] and

Wilcox LRN k–x models [15] tested are able to

predict transition and any laminar region presence at

the suction side. The k–x models are numerically

easier to implement and work better in the leading

edge.

As the Reynolds number and free stream turbulent

intensity increases, the approximation of heat transfer

by turbulence models becomes better comparing

experimental data. However, variation of Mach num-

ber at constant Reynolds numbers does not have any

considerable effect on heat transfer rate except a very

slight reduction in heat transfer on rear part of suction

side for large Mach numbers.

Lastly, the main point should be mentioned here is

that because of complicated flow field in turbine cas-

cades, still there is not any turbulence model to well

predict heat transfer rate over entire suction and

pressure side of turbine blade.
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