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KEYWORDS Abstract The preconditioned density-based conjugate heat transfer (CHT) algorithm was
used to investigate the heat transfer characteristics of a cooled turbine vane. Fluid domain
provided boundary heat flux for solid domain and obtained boundary temperature from it
for the coupling strategy. The governing equations were solved by the preconditioned

Conjugate heat
transfer;
Cooled turbine;

Numerical density-based finite-volume method, with preconditioning matrix, improved Abu-Gharmam
simulation; Shaw (AGS) transition model, matrix dissipation scheme and four kinds of turbulence
Preconditioning; models. The grid system is multi-block structured grids for fluid domain and unstructured
Density-based grids for solid domain, with full-matched grids at the fluid—solid interfaces. The effects of

turbulence model, outlet Mach number, outlet Reynolds number, inlet turbulence intensity
and the temperature ratio of blade surface/gas on the local heat transfer performance were
studied. Results indicate that the k—w shear-stress transport (SST) and AGS model can
predict the conjugate heat transfer better than others. The Mach number and Reynolds
number have relatively obvious influences on the heat transfer, while the turbulence
intensity and temperature ratio only have slight influences. Comparisons with experimental
data demonstrate the applicability and accuracy of the numerical algorithm.
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Nomenclature

C, specific heat at constant pressure

F. x component of convective flux vector
F, x component of diffusive flux vector
G, 0 component of convective flux vector
G, 0 component of diffusive flux vector
H,. r component of convective flux vector
H, r component of diffusive flux vector

h half height of duct

L length of configuration

Ma Mach number N N
M transformation matrix form W to W,
M! transformation matrix form W, to W
Pr Prandtl number

P pressure

[0 source term

r radius

R gas constant

Re Reynolds number

T temperature

T, bulk temperature

Tin inlet temperature

t time

Vy x component of velocity
Vo 0 component of velocity
v, r component of velocity
W vector of conservative variables
w, vector of primitive variables
X x coordinate

T preconditioning matrix

y specific heat ratio

At time step

0 dimensionless temperature
¢ dimensionless temperature
u dynamic viscosity

T viscous shear stress

A thermal conductivity

Q control volume
Subscripts

f fluid domain

in inlet

s solid domain

w wall

1. Introduction

With the development of modern jet engines, the turbine
inlet temperature would be further increased in order to
enhance the thermal efficiency. The high temperature of hot
gas far exceeds the permissible material temperature of
turbine blades. Consequently, some methods must be taken
to ensure the turbine blades against the high thermal loads.
Currently, using a high efficiency cooling system is the
common and primary way to cool blades and reduce their
thermal loads. The precondition of designing a high
efficiency cooling system is that the accurate temperature
field of turbine blades is predicted. In the traditional
method for predicting temperature field, the thermal
boundary conditions must be specified and it requires
tedious and costly iterations which involve sequentially
numerical predictions of flow/temperature field of the hot
gas and temperature field of blades. This method is a
“decoupled” method and thus the results are unreliable.
Instead, conjugate heat transfer (CHT) method is a more
efficient and accurate way to predict temperature field. The
flow/temperature field of the fluid (hot gas) and tempera-
ture field of solid (blades) are solved simultaneously. The
temperature and heat flux are exchanged at fluid/solid
interface at iterations. The CHT method is a “coupled”
method and thus the results are more reliable.

The reliability of CHT method is proven by some
researchers. Rigby and Lepicovsky [1] modified the
Glenn-HT code to perform CHT simulations. Their
approach extended the original solver to solid domain

by imposing a constant density and a zero velocity in
solid domain. At interfaces between solid and fluid, the
code set the same wall temperature to produce a
consistent heat flux. Heidmann [2] developed a finite
volum method/boundry element method (FVM/BEM)
coupled solver and numerically simulated the coupled
flow/temperature fields of a realistic film-cooled turbine
vane. The solver used for the fluid convection part of
the problem was the Glenn-HT code. The solid con-
duction module was based on the BEM, and was
coupled directly to the flow solver. Bohn et al. [3,4]
developed a CHT code named CHT-flow, coupling a
Navier—Stokes solver to a thermal code solving Fourier
equation in the solid. He applied this solver to several
CHT simulations for cooled turbine blades. Montomoli
et al. [5] integrated a thermal solver for solid domain
into an existing unstructured CFD solver HybFlow.
The code was validated through two different test cases:
a laminar flow over a flat plate and a film-cooled plate.

In the current paper, the CHT study for the complex
Mark II turbine blade with radial cooling passages was
conducted. In reference [6], the preconditioned density-
based CHT algorithm was developed and adopted to solve
the CHT problems such as the laminar/turbulent flow
over a flat plate and the Sajben diffuser flow. The coupling
of fluid and solid domains was accomplished through a
common interface temperature 7,, which ensured the
balance of heat flux at interface. The governing equations
were solved by the preconditioned density-based finite-
volume method, with preconditioning matrix, matrix
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dissipation scheme and four kinds of turbulence models.
The numerical results indicated that the proposed numer-
ical method had good numerical accuracy and applic-
ability. For the CHT simulation in more complex
situation such as cooling turbine, some expand and
improvement are conducted for the algorithm in this
paper. For example, the Abu-Gharmam Shaw (AGS)
transition model is improved, the grid for solid domain
can be unstructured and the coupling strategy is also
expanded. On the basis of these, the effects of turbu-
lence model, outlet Mach number, outlet Reynolds
number, inlet turbulence intensity and the temperature
ratio of blade surface/gas on the local heat transfer
performance are analyzed. The numerical results are
also compared with exparimental data for demonstrat-
ing the applicability of the CHT method in cooling
turbine.

2. Governing equations
2.1. Navier—Stokes equations

The Faver-averaged compressible Navier—Stokes (N-S)
equations in frame of cylindrical coordinates (x,r0,r) are
solved in fluid domain [7]. These equations expressed in
integral form over an arbitrary control volume € are

a — — — — —
E/ wdeQ + j{{Fcnx + <GC—W . vmg)ng + ch,}dS
Q oQ

= f (;‘vnx + Z;vn(') + ;Ivnr> ds + /édQ (1)
Q
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where W is the vector of conservative variables and v,,, is
the rotating speed. (F.,G. H.), (F,,G,,H,) are the
vectors of convective fluxes and viscous fluxes respectively,

.
and Q is the vector of source terms. These vectors can be
expressed as
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2.2. Turbulence models

The closure of the N-S equations is provided by the
eddy-viscosity turbulence models. Four turbulence
models are added to the code, including algebraic
Bladwin-Lomax (BL) model [8], one-equation
Spalart—Allmaras (SA) model [9], two-equation low-
Reynolds Chien k& model [10] and A—w shear-stress
transport (SST) model [11].

To solve the “anomalous turbulent kinetic energy”
problem in the leading-edge region of turbine blade, the
P, limiter of turbulent kinetic energy production term
and the C, limiter based on “‘realizability”” condition are
employed to modify the Chien k—¢ turbulence model.

2.3. Preconditioning method

In the low Mach number flow, the condition number
becomes large. It would increase the stiffness of govern-
ing equations. Thus, the convergence of solution to
steady state is slowed down. Furthermore, the accuracy
of some spatial discretization schemes containing arti-
ficial dissipation terms suffer at low Mach numbers [12].
In order to solve the low Mach number flows efficiently
and accurately, preconditioning method can be
employed.

On the other hand, preconditioning method is also
necessary in CHT simulations of cooling turbines. In
order to cool turbine blades, the cooling systems inside
the turbine are very complex. This may lead to low
Mach number flows in cooling passages inside the
turbine blades, but the flows outside the blades maybe
subsonic or transonic, even supersonic. For this “all
speed” type flow, the CHT simulations involving flows
in the outer blade passages, heat conduction inside the
blade and flows in the cooling passages would be
suffered from difficulties without employing precondi-
tioning. Thus, in order to efficiently and accurately
predict the flow/temperature field outside/inside the
blade and temperature field of blades, the precondition-
ing method is necessary and must be employed.
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In the present paper, a preconditioning method based
on Weiss and Smith preconditioning matrix [13] is
implemented which could significantly accelerate the
convergence and improve the accuracy of results.
The integral form of preconditioning N-S equations
for the conservative variables can be expressed as

TMilg/VHVdQ-F %{;‘(}’IY-’- (Z?C—V?/Vmg>no+lqcnr}dS
o .

= }1{ (?’Vrzx + a,.ng + I_-}Ivn,) ds + /édQ 4)
Q

oQ

where M~ = % and T is the preconditioning matrix,
and the detailed description can be found in Appendix A.
W is the vector of the conservative variables and I/I_}p is
the vector of the primitive variables. The EWIZ, / OW denotes
the transformation matrix from VIZ, =(p, Vx, Vo, v,.,P)T to

W = (p, pvs, rpve, pvy, pE)T. Tt is given in Appendix A.
Note that the Jacobians of convective flux are changed after
preconditioning. Consequently, the artificial dissipation
term of central scheme is also changed, which will be
discussed in Section 3.

2.4. Fourier heat conduction equation

The capability of CHT calculation is accomplished by
integrating a new heat conduction procedure into the
flow solver. The heat conduction procedure solves the
heat transfer Fourier equation in solid domain.
The integral form of Fourier heat conduction equation is

0 oT oT
5/(ch)dQ = ]{ |:<K §> ny + (K @) ng
Q o
+ (K a@f) n,} ds ®)

where Q denotes the control volume, and S denotes the
face of the control volume. T, p, ¢ and k denote the
temperature, density, specific heat coefficient and thermal
conductivity of the solid respectively.

2.5. Transition model

It is found by the author that the AGS transition
model is not appropriate when heat fluxes through the
wall are large. Therefore, an improved method, employ-
ing incompressible formulas instead of compressible
formulas to compute boundary layer parameter, is
proposed by the author. It is proved to be reasonable
and effective by some CHT cases.

3. Numerical method
3.1. Spatial discretization for N-S equations

The governing equations are solved with a cell-vertex
finite volume approach, as shown in Figure 1. Con-
vective fluxes, diffusive fluxes and source terms are
computed using the control volume Q. Then the sums
of them computed for the control volume @ have to be
distributed to cell vertexes using a non-weighted dis-
tribution formula [14]. The contribution of the artificial
dissipation to the total residual is calculated using the
control volume @' and then is added to the total residual
directly.

3.1.1. Convective fluxes

Convective fluxes are computed using central differ-
encing. The artificial dissipation is needed to prevent
odd-even decoupling. Jameson scalar artificial dissipa-
tion [15] and matrix artificial dissipation [16] are added
to the code to reduce the numerical dissipation. The
discretization is formally second order accurate.

3.1.1.1. Scalar dissipation scheme. The artificial dissipa-
tion of Martinelli and Jameson [15] consists of a hybrid
adaptive scheme of second and fourth order differences of
the conservative variables along the coordinate directions 7,

J, k and is calculated for the control volume Q' as follows

(for example, (i + 1/2,j,k) face)
— A 2 — —
Dyt = 2irijn [853; ik (Wi+1,;,k— WiJ,k)
_Sf'j—)l/ k (Wi+2j,k_3 Wi+1J,k +3 W,',/*’k— Wi—lzj,k)}
24/
(6)

The definitions of /, ¢é? and ¢® are provided in [8].

3.1.1.2. Matrix dissipation scheme. In order to improve
the accuracy by reducing the numerical dissipation, the
preceding Scalar scheme can be modified to become more
like an upwind scheme. The idea is to use a matrix (the
convective flux Jacobian) instead of the scalar value A to
scale the dissipation terms [16]. In this way, each equation
is scaled properly by the corresponding eigenvalue. Hence,

i-2 i-1 i i+l 2
o--cell center

x--cell vertex

Figure 1 Control volume sketch.
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the Eq. (6) becomes

— — —

2
D =1Acliy1x [Ef é’ ik (Wi+1,/',/c_ Wi,j,k)
o (= . . .
_Eng)%,/‘,k ( Wis2jk=3Wig1jk + 3Wije— W,-,l,,,k) } ASii1jk
(7

The scaling matrix corresponds to the convective flux

Jacobian (A, = 67’ /0 IjV) diagonalised with absolute
values of the eigenvalues

Ac|=T|A.|T™! ®)

with T as the right eigenvector, 7' as the left eigenvector
and A, as the diagonal matrix of the eigenvalues.

3.1.1.3. Modified scalar/matrix dissipation scheme with
preconditioning. Since the convective flux Jacobian is
changed after preconditioning, the artificial dissipation
term of central scheme would be also changed. Accord-
ing to [17], the above Eq. (6) and Eq. (7) become

D

P |oP'A4,)] .

R
i1k z+$,/,k
disijr= {S,ﬁ/,k (Wi+1,/,k - Wi,j,k>
) — — — —
ik ( Wit2jk=3Wis1jk +3Wijk—Wiy ,/,k)]
€))

i+hik = Litdjk ‘

where P=TM ™" and o(*) is a function. If a(4)~A(A),
we would have a scalar dissipation. If a(4)~A, we
would have a matrix dissipation. For scalar dissipation
scheme, the expression is
Di+%,j,k =P i+%J,in+%,f,k d i+5j.k

(4 is spectral radius of P~'A4,) (10)

For matrix dissipation scheme, the expression is

- —
Di—t—%zj,k_ I+J/C‘P A ‘l+zz]]‘ H—%J,k (11)

where |[P7'4,| = T\Z\Tﬁl. An efficient way to compute
the product of Jacobians \P’IAC| with different vector

Zz; is provided in [18].

3.1.2. Diffusive fluxes

Diffusive fluxes are computed using central differencing
with a “viscous body force” method. The gradients of flow
variables are first calculated at the cell centers by integrating
over the control volume Q. In the next step, the “viscous
body force™ is calculated at cell centers by the sum of force
at cell faces. Finally, the sum of diffusive fluxes at cell
vertexes are computed by distributing the “viscous body
force” from cell centers to cell vertexes.

3.2. Temporal discretization for N-S equations

The spatial discretization of preconditioning N-S
equations is written as

— 0@ - N N

™M~ 19— _—Z( —-F )AS+Q~Q=—R (12)
- A[ _14>

AW_—§<MF R) (13)

The Eq. (13) is integrated in time using an explicit
single-stage “SCREE” scheme which is given by

AW = {2(AA€V) (AAV:/)H_I}AZ (14)

The solver utilizes local time-stepping, implicit residual
smoothing [19] and multi-grid to accelerate convergence
to steady state.

Fluid zone

Interface

T T
Solid zone

Figure 2 Transfer of temperature and heat flux at interfaces.

CHT-UNS conjugate approach

Fluid domain (flow solver)

run a few iterations to obtain a first solution
output: 7,

'
Solid domain (HT-UNS solver)
input: T,
output: 7'
N
v
Fluid domain (flow solver)
input: T
output: Q-m ;

Solid domain (HT-UNS solver

input: O,
output: T

N
L Convergence

Figure 3 Scheme of conjugate algorithm.
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3.3. Spatial and temporal discretization for
turbulence model equations

The turbulence model equations are solved using a
similar cell-vertex scheme with N-S equations. The only
difference is that the source terms of turbulence model
equations are computed using the control volume €.
Convective and diffusive fluxes are also computed using
central differencing.

A coupled algorithm is used to solve the N-S equations
and the turbulence model equations with the same time-
stepping scheme. Local time-stepping, residual smoothing
and multi-grid are applied uniformly to both the N-S
equations and the turbulence model equations.

3.4. Spatial and temporal discretization for Fourier
equation

The spatial and temporal discretization schemes of
heat conduction procedure are identical with that of
flow solver. Diffusive fluxes are computed using central
differencing and the time-stepping scheme is also the
“SCREE” scheme.

3.5. Computational grid and conjugate strategy

The grid system is multi-block structured grids for
fluid domain and unstructured grids for solid domain
with full-matched or non-matched grids at the fluid-
fluid interfaces and full-matched grids at the fluid—solid
interfaces. The coupling of fluid domain and solid
domain is accomplished through the transfer of tem-
perature and heat flux at interfaces, as shown in
Figure 2.

The main steps required to implement for a CHT
calculation are shown in Figure 3. In order to reduce
computational cost and iteration number, a first flow
solution is achieved after an imposed iteration number,
without any computation in solid domain. The com-
puted temperature distributions of solid boundaries are
transfer to the heat conducting solver and then it starts
to solve the Fourier equation in solid domain. After
that, fluid domain obtains boundary temperature from
solid domain and solid domain obtains boundary heat
flux from fluid domain. This algorithm proceeds itera-
tively until the convergence is achieved.

4. Geometric modeling and computational grid

The Mark II configuration has been designed and
tested by Hylton et al. [20,21] to provide a data base for
testing the predictive capabilities of analytical models
[22,23]. Their investigations cover a wide range of
operating conditions and geometries.

Figure 4 shows the geometric configuration and the
computational grid. The blade is cooled by ten cooling

Sy

A8 AR
A o

&
AR
AR

el

Figure 4 Computational grid.

Table 1 Mainstream boundary condition of 4411.
Boundary condition Value
Inlet
Total temperature/K 784
Total pressure/Pa 342,255
Turbulence intensity 0.065

Mach number 0.18

Reynolds number 5.8 x 10°
Outlet

Static pressure/Pa 204,560

Mach number 0.89

Reynolds number 1.98 x 10°

channels, supplied with air. Trailing edge of the blade
has a blunt shape. The grid has a resolution of 151,623
structured grid points in the fluid domain and 105,696
unstructured grid points in the solid domain. Computa-
tional domain is a quarter of the blade height and 9
layers of grids are set in the radial direction. The two
end surfaces in radial direction of fluid domain and
solid domain are set as periodic boundaries. The fluid in
cooling channels is not simulated and the heat transfer
coefficient of the channel surface is determined by the
method in reference [20]. This method has also been
used in reference [24-26] and the results of the method
are credible.

The tests of different conditions are identified by a
series of number in original references. If there is no
special note, the simulations of Mark II turbine in this
paper are all corresponding to the condition of 4411.
The mainstream boundary condition of 4411 is showed
in Table 1.

5. Results and discussion

It is well known that there are many factors have
influences on the heat transfer at blade surface. They are
the transition characteristics of boundary layer, free
stream turbulence intensity, Mach number, Reynolds
number, pressure gradient, the reaction of shock wave
and boundary layer and so on. In combination with the
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experimental data of Hylton et al., the influence of
turbulence model on heat transfer is firstly study and
then the authors study the effects of Mach number,
Reynolds number, turbulence intensity and the tem-
perature ratio of blade surface and mainstream gas.

5.1. Influence of turbulence model

The influences of different turbulence models (with
transition) on flow and heat transfer inside turbine are
investigated. The turbulence models are BL and AGS
model, SA and AGS model, Chien k—¢ and AGS model
and k—w SST and AGS model.

Figure 5 shows the temperature fields at blade middle
section corresponding to different turbulence models.
It can be found from the fields that the gas temperature
near leading edge stagnation point is relatively high.
A shock wave appears at suction side and the gas speed
suddenly drops, temperature quickly increases. The flow at
pressure side is relatively smooth and the temperature does
not have obvious change towards stream wise. Because of
the cooling effect of the cooling channels, the temperature
of blade domain is lower than mainstream locally.

As the figures show, the flow fields in the flow passage
are obviously different due to the different prediction
ability of turbulence models in flow. The difference in
flow would influence the heat transfer performance at
blade surface and then the temperature field in the blade
domain would be also different.

Figure 6 shows the temperature distributions at blade
surface of different turbulence models, and the experi-
mental data is also given. The positive value of X/L
represents the suction side of blade and the negative
value represents the pressure side. As the figure shows,
the predicted temperature distributions at blade surface
by different turbulence models are obviously different.

I7K BL &GS model SA&NGS model

Figure 5 Temperature fields at blade middle section of different
turbulence models (with transition model).
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Figure 6 Temperature distributions at blade surface of different
turbulence models (with transition model).

At the pressure surface, the temperature distributions
predicted by four turbulence models are almost the
same at most area except the area of X/L~[—0.4, —0.2]
where a little difference can be seen. All of the results at
pressure surface can match well with the experimental
data and the maximum difference between numerical
and experimental data is less than 2.5% (relative to the
reference temperature 811 K).

At the leading edge beginning area (X/L=[0, 0.2]) of
suction surface, the temperature distributions of four
models have little difference and match well with
experimental data. Following this area, the boundary
layer begins to have transition in the area of X/L~[0.2,
0.43] before the shock wave and all of the results of four
models are obviously different with experimental data.
The reason is that the transition prediction performance
of AGS model is still not perfect enough, especially in
the flow with shock wave, and it makes that the
predicted beginning and end points of transition are
not accurate enough. In this area, the results of k—w
SST and AGS model and BL and AGS model relatively
match well with the experimental data.

In the area after the shock wave (X/L~[0.43, 0.7]),
interaction of shock wave and boundary layer exist. The
prediction performances of models for this kind of flow
are different, so the results are obviously different with
each other. The results are also different with the
experimental data. In this area, the Chien k—¢ and
AGS model has the maximum difference with the
experimental data, while the &—w SST and AGS model
and the SA and AGS model have relatively little
difference with the experimental data.

Comprehensively, the k—w SST and AGS model can
make the best prediction which is matching well with the
experimental data. Following are the SA and AGS model
and the BL and AGS model. The Chien k- and AGS
model has the worst prediction performance in the four
models. For the results of &~ SST and AGS model, the
maximum difference with experimental data at suction
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surface is less than 5% and less than 2% at the pressure
surface.

Figure 7 shows the heat transfer coefficient distribu-
tions at blade surface predicted by different turbulence
models and also the experimental data. The heat
transfer coefficient at blade surface is defined as the
following relation

Qw,f Kwf (a T/al’l) wof

H=
T, gas— Tw,f T, gas— T wf

(15)

where T, is the total temperature at mainstream inlet,
O, s is the heat flux of fluid domain surface. H, is the
reference value of heat transfer coefficient. For the 4411
condition, Hy=1135 (W -m”- K).

As the figure shows, as same as the temperature
distribution in Figure 6, the heat transfer coefficient
distributions at pressure side all match well with
the experimental data while the results near shock wave
(X/L~0.2, 0.7]) at suction surface are obviously differ-
ent with experimental data. Comprehensively, the k—w
SST and AGS model, SA and AGS model and BL and
AGS model have the similar accuracy in predicting the
heat transfer coefficient and the k—¢ and AGS model has
a worse performance. For the results of k~—w SST and
AGS model, the maximum difference with experimental
data at pressure surface is less than 5% (relative to the
reference value) and less than 5% at most area of the
suction surface except the area near the shock wave.

For further proving the heat transfer prediction perfor-
mance of the turbulence model conducted in this paper,
Figure 8 shows the comparison of the k&—» SST and AGS
model in this paper and the k~@ SST and y—0 model in the
commercial software CFX. The results of k&~ SST and
y—0 model are catched from reference [27] and its compu-
tational model and condition are the same as this paper.

As can be seen in Figure 8(a) of temperature dis-
tributions, the results of k—~w SST and AGS model are
better than k—w SST and y—0 model at most area except

14—
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Figure 7 Heat transfer coefficient distributions at blade surface
predicted by different turbulence models (with transition model).
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Figure 8 Comparison of blade surface temperature and heat
transfer coefficient distributions(k—w SST and AGS and k—w SST
and y-0).

the transition area at suction surface (X/L~[0.2,0.43])
and the area of X/L~[—0.4,—0.2] at pressure surface.
Especially in the second half of the pressure surface, the
results of k—w SST and y—f model are relatively lower
while the results of k&—w SST and AGS model match well
with the experimental data. The heat transfer coefficient
distributions in Figure 8(b) have similar characteristics
with the temperature distribution in Figure 8(a). Com-
prehensively, the prediction of transition location at
suction side by kA~ SST and AGS model is not better
than k—w SST and y-6 model but the prediction of
transition at pressure side is better than it. Generally
speaking, the results of the k—@ SST and AGS model in
this paper rival those of k—w SST and y—0 model or even
better than it. The k—w SST and AGS model is selected
for the rest of studies in this paper.

5.2. Influence of outlet Mach number

Secondly, the influence on blade surface heat transfer
of the blade outlet isentropic Mach number (Ma,) is
studied. The conditions numbered 4411 and 5411 in the
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experiments are selected. Most of the conditions of
them are similar except Ma,. The Ma, of 4411 is sub
sonic with the value of 0.89 and 5411 is supersonic
with 1.04.

Figure 9 shows the Mach number fields at blade
middle section in the conditions of different Ma,. As the
figures show, the flow in blade passage is obviously
affected by Ma,. At the suction side, there is only one
shock wave in the 4411 condition of subsonic outlet
while there are two shock waves in the 5411 condition of
supersonic outlet.

Figure 10 shows the blade surface pressure and
temperature distributions in the two conditions and
the experimental data is also given for comparison. As
the figures show, the numerical results of the method in
this paper match well with the experimental data. It can
be seen from Figure 10(a) that the increase of Ma,
almost has no influence on the pressure distribution at
pressure side while the influence on suction side can be
seen after the location of X/L=~0.43 (the location of
shock wave/separation). Figure 10(b) shows that the
increase of Ma, would make the blade surface tempera-
ture decrease slightly and this characteristic is similar
with the experimental result.

For investigating the influence of Ma, on blade surface
heat transfer characteristics, Figure 11 shows the compar-
ison of blade surface heat transfer coefficient in the two
conditions and the experimental results are also given.

Similar with the pressure distributions in Figure 10(a),
the change of Ma, almost has no influence on heat transfer
at the pressure side and the area before separation (X/
L<0.43) in suction surface. But in the area after the
separation point, the influence can be seen. When the
Ma, increases, the heat transfer coefficient after separation
point at suction surface begins to decrease. It can be seen
from the comparison of numerical and experimental results
that the method in this paper can prediction well the change
tendency of heat transfer coefficient after separation point
at suction side and the change amplitudes also match well
with the experimental data.

It can be seen from the change of heat transfer
coefficient at pressure side and suction side that there
is an obvious relationship between the heat transfer
coefficient distribution and the pressure distribution

0] 4411(Ma,~0.89) = Ny

Figure 9 Mach number fields at blade middle section in the
conditions of different Ma, (4411 and 5411).
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Figure 10 Pressure and temperature distributions in conditions
of different Ma, (4411 and 5411).

when the outlet Mach number changes. The distribution
of heat transfer coefficient does not change in the area
where the pressure distribution does not change and
obviously change in the area pressure change.

5.3. Influence of outlet Reynolds number

Subsequently, the influence of blade passage outlet
Reynolds number (Re,) on blade surface heat transfer is
studied. The conditions numbered 4311, 4411 and 4511
in the experiments are selected. Most of the conditions
of them are similar except Re,. The Re, of 4311 is
1.56 x 10°, 4411 is 1.98 x 10° and 4511 is 2.46 x 10°.

Figure 12 shows the pressure and temperature dis-
tributions at blade surface in conditions of different
Re,. As the Figure 12(a) shows, the pressure distribu-
tions of three conditions are nearly the same because of
the similar inlet and outlet Mach number. It can be seen
from Figure 12(b) that the temperature at blade surface
increases following the increase of outlet Reynolds
number. The temperature distributions of 4311 and
4411 conditions have only a little difference while the
temperature of 4511 condition is obviously higher. The
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Figure 11 Blade surface heat transfer coefficient distributions in
conditions of different Ma, (4411 and 5411).
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Figure 12 Pressure and temperature distributions at blade sur-
face in conditions of different Re, (4311, 4411 and 4511).

results of this paper predict well the temperature change
tendency and amplitude with the change of Re,.
Figure 13 shows the comparison of blade surface heat
transfer coefficient in the three conditions and the
experimental results are also given. It can be seen from
the figure that the result of this paper capture well the
increase tendency of heat transfer coefficient

1.4
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Figure 13 Heat transfer coefficient distributions at blade surface
in conditions of different Re, (4311, 4411 and 4511).

corresponding to the increase of Reynolds number.
For the Mark II blade experiment in reference [20],
Hylton points out that the influence of Re, on the blade
surface heat transfer coefficient mainly reflects in the
integral translation of the coefficient and the detailed
distribution law has no large change. The numerical
results in this paper also show this phenomenon.

The experimental data shows that all of the heat transfer
coefficient distributions at suction surface in three condi-
tions have a suddenly increase (at the location of transi-
tion). The locations are all near to X/L=x0.43 where the
shock wave/separation happens. This means that the
transition location at suction surface is almost not influ-
enced by Reynolds number and the change of heat transfer
coefficient is mainly controlled by the flow separation. The
transition location at suction side predicted in this paper is
not exact enough, but it still can be seen that the transition
location is almost not effected by Reynolds number and the
suddenly increase of heat transfer coefficient at separation
point is also predicted well.

At the pressure surface, the experimental data of heat
transfer coefficient shows that the heat transfer coeffi-
cient at the back of blade have a more obvious increase
tendency when the Reynolds number increase. It indi-
cates that the transition location at pressure side
changes and the change of heat transfer coefficient is
mainly influenced by the transition (the transition at
pressure is a typical bypass transition). The numerical
results at pressure side also well indicate this phenom-
enon. For Re,=1.56x 10° in 4311 condition, heat
transfer coefficient increases obviously after X/L~0.8.
For higher Reynolds number in 4411 condition and
4511 condition, heat transfer coefficients increase
obviously after X/L~0.6.

For indicating the influence of Reynolds number on
the flow transition at pressure side, Figure 14 shows the
intermittency factor distributions at pressure surface. It
can be seen that the transition location at pressure side
moves to upstream leading edge following the increase
of Reynolds number.
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similar except Tu. The Tu of 4411 is 6.5% and 4421 is
8.3%.

Figure 15 shows the pressure and temperature dis-
tributions at blade surface in conditions of different
inlet turbulence intensity and the corresponding experi-
mental data is also given.

It can be seen from Figure 15(a) that the pressure
distributions is almost not affected by the change of
inlet turbulence intensity. As Figure 15(b) shows,
temperature at blade surface increases when the inlet
turbulence intensity increases. The influence of 7u on
the temperature distributions is relatively large in the
front of blade where the flow is laminar and has not
start transition; the influence is relatively small in the
turbulent area after transition.

Figure 16 shows the comparison of heat transfer
coefficient distributions at blade surface. As the figure
shows, the heat transfer coefficient at blade surface has
a slight increase when the 7Tu increases. Both of the
experimental and numerical results show that the
transition location at blade surface basically has no
change. The experimental data indicates that the change
of heat transfer coefficient on the blade surface mainly
reflects in the integral translation of the coefficient with
increase and the detailed distribution law has no large
change. In the numerical results, the change tendency of
heat transfer coefficient caused by 7Tu can be well
predicted in the laminar area before transition and the
change amplitude is also similar with the experimental
data. However, the difference of heat transfer coefficient
distributions of the two conditions is relatively small in
the turbulent area after transition. The reason is that the
turbulence attenuation speed predicted by the turbu-
lence model is relatively quick and then the slight
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Figure 15 Pressure and temperature distributions at blade sur-
face in conditions of different Tu (4411 and 4421).

difference of turbulence intensity in the two conditions
at the back of blade cannot be captured.

5.5. Influence of temperature ratio of blade surface/
gas

Finally, the influence of temperature ratio of blade
surface/gas (7w/Tg) on blade surface heat transfer is
studies. The conditions numbered 4411 and 4412 in the
experiments are selected. Most of the conditions of
them in mainstream are similar except Tw/Tg. The Tw/
Tg of 4411 is 0.69 and 4412 is 0.79.

Figure 17 shows the pressure and temperature dis-
tributions at blade surface in conditions of different 7w/
Tg. As Figure 17(a) shows, the change of Tw/Tg has no
obvious influence on the pressure distribution.
Figure 17(b) shows that the temperature at blade sur-
face obviously increases when the Tw/Tg increases. It is
because of the detailed boundary conditions.

Figure 18 shows the heat transfer coefficient distributions
at blade surface in conditions of different Tw/Tg. As the
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Figure 16 Heat transfer coefficient distributions at blade surface
in conditions of different Tu (4411 and 4421).
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Figure 17 Pressure and temperature distributions at blade sur-
face in conditions of different Tw/Tg (4411 and 4412).

figure shows, the influence of the Tw/Tg change on the heat
transfer coefficient distribution is not obvious and the
coefficient has a decrease tendency when the 7w/Tg
increases. The figure also shows that the heat transfer
coefficient distributions are nearly the same in different
conditions in the leading edge laminar area before
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Figure 18 Heat transfer coefficient distributions at blade surface
in conditions of different Tw/Tg (4411 and 4412).

transition. However, the influence of different conditions
is relatively obvious in the turbulence area after transition
(X/L>0.6 in the suction side for example).

6. Conclusion

The preconditioned density-based conjugate heat transfer
(CHT) algorithm is used to investigate the heat transfer
characteristics of a cooled turbine vane. Fluid domain
provides boundary heat flux for solid domain and obtains
boundary temperature from it for the coupling strategy.
The governing equations are solved by the preconditioned
density-based finite-volume method, with preconditioning
matrix, improved AGS transition model, matrix dissipation
scheme and four kinds of turbulence models. The grid
system is multi-block structured grids for fluid domain and
unstructured grids for solid domain, with full-matched grids
at the fluid—solid interfaces.

The effects of turbulence model (with transition model),
outlet Mach number, outlet Reynolds number, inlet turbu-
lence intensity and the temperature ratio of blade surface/
gas on the local heat transfer performance are studied. The
comparisons with experimental data demonstrate the
applicability and accuracy of the numerical algorithm.
The following conclusions can be drawn.

1. For the conjugate heat transfer of turbine blade, the
prediction performances of different turbulence models
have relatively obvious difference. The difference
mainly can be seen at the suction side while the
predicted results at pressure side are similar. Compared
with experimental data, the prediction accuracy with
these models at suction side is lower than pressure side
because of the complex flow at suction side. Compre-
hensively, the heat transfer prediction performance of
k- SST and AGS model is the best in the four and
following are the BL and AGS and SA and AGS
model. The performance of k—¢ and AGS model is
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relatively bad because of the stubborn defect with too
large turbulent kinetic energy prediction in the bound-
ary layer after shock wave. For the SST and AGS
model in this paper, its prediction accuracy is not lower
than the SST and y-Rey model in commercial
software CFX.

2. The change of outlet Mach number almost has no
influence on the pressure side heat transfer. For the
suction side, the influence can be seen after the
separation point and the heat transfer coefficient
in this area decreases when the Mach number

increases. These characteristics have obvious
relation with the pressure distribution at blade
surface.

3. The heat transfer coefficient at blade surface
obviously increases when the Reynolds number
increases. This change tendency is mainly integral
translation and the detailed distribution has no
large change. The transition location at suction side
is basically not effected by the change of Reynolds
number and the transition location at pressure side
moves to upstream leading edge when Reynolds
number increases.

4. The heat transfer coefficient has a slight increase when
the inlet turbulence intensity increases (6.5%—8.3%).
The transition location almost has no change because
of the change amplitude of inlet turbulence intensity is
relatively slight.

5. The heat transfer coefficient has a slight decrease
when the blade surface/gas temperature ratio (7w/
Tg) increases (0.7-0.8). In the laminar area before
transition, 7w/Tg has a very slight influence on the
heat transfer coefficient. In the turbulence area after
transition, 7w/Tg has a relatively large influence on
the heat transfer coefficient.
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Appendix A
Al. Preconditioning matrix

In frame of cylindrical coordinates(x,r0,r), the pre-
conditioning matrix I' defined in Eq. (4) is given by

6 0 0 0 pr

Ovy 0 0 0 PrVx
T=1| 0w 0 rp O rorve (16)
0v, 0 0 »p prvr
O0H—0 pve pve pve prH +pC,

_
— 0T Ip = const”

RT? = —p/T. The parameter 0 is given by

where p; For the ideal gas, p;=—p/

1 pr
- _ 17
s (17)

and =1 (6=0 for compressible fluid). The reference
velocity u, is defined as

ur:minlc,max<;, v SUAP>1 (18)
Ax p

The definitions of terms in Eq. (18) can be found in [13].

A2. Transformation matrix

The transformation matrix 22 defined in Eq. (4) are
given by ow

- | ]
@ A=pve (= (A= 91
‘ 1
I - 0 0 0
p p
ow, | 0 11 0 0
- r
ow ! ’ 1
= 0 0 - 0
p p
P—RT (1= 1=y (I=pyr y—1
PR PR r pR PR PR
(19)

where ¢> = v + v + v and §° = % R is specific gas
constant and y is ratio of specific heat coefficients.
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