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Abstract

The characteristics of flow field in the internal
passage of turbine blade cooling are affected by the
combined effects of the secondary flows and the rotation
of the blade. These secondary flows occur in the near
wall regions and have the great effect on the
characteristics of the primary flow and the cooling rate.
Accurate modeling of the flow in the near wall regions is
therefore necessary. This paper aims to analyze the
performance of the various near-wall models in
predicting the flow field in a rotating square duct when
they are implemented in the nonlinear turbulence model.
The nonlinear turbulence model used in this work is
developed from the most suitable Reynolds-stress
expression and the linear base model from the previous
works. It is found that the non-equilibrium wall function
should be used in the case of the flow through the straight
square duct without the rotation effect. The damping
function of Craft ef al. (1996) is more suitable for the
case of the rotating square duct as the near-wall modeling
for the nonlinear turbulence model.
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1. Introduction

The increase in the efficiency of the gas turbine
engine causes the temperature of the gas to rise. However
the maximum temperature of the turbine blades is limited
by the manufacturing material, the cooling of the blades
is necessary for the heat reduction. The important flow
characteristics in the turbine blade cooling are the
combined effects of the rotating and the secondary flows.
A rotating square duct is usually chosen as the test case to
represent this kind of flow.

Although the large eddy simulation is more suitable
for the flow modeling in the combustor, the Reynolds-
averaged Navier-Stokes turbulence model is more
suitable for the flow modeling in the turbine. The
modeling of the turbulent flows in a rotating square duct
is still not satisfactory even for the advanced Reynolds-

averaged Navier-Stokes turbulence models like Reynolds
stress models, explicit algebraic Reynolds stress models
and nonlinear turbulence models (Pettersson Reif and
Andersson [1] and Belhoucine et al. [2]). The possible
errors are the Reynolds-stress expression, the linear base
model and the near-wall modeling. The different
nonlinear Reynolds-stress expressions were compared by
Juntasaro et al. [3] using a priori method. The Reynolds-
stress expression of Craft et al. [4] was the most accurate
expression in predicting the secondary flows in a straight
square duct. The popular linear base turbulence models
were evaluated for a rotating square duct by Gururatana
et al. [5]. It was found that the k-¢ turbulence model with
the enhanced and the non-equilibrium wall functions
were more suitable as the linear base model than the k-®
SST turbulence model. The results also showed that
although the explicit algebraic Reynolds stress model was
capable of modeling certain aspect of the flow in the
rotating square duct, the improvement on the near-wall
modeling might prove useful on the suction side and the
corner bisector of the duct.

The present work is therefore aimed to analyze the
performance of different near-wall models for the chosen
nonlinear turbulence model from the previous works. The
near-wall models considered in this work are the damping
functions, the enhanced wall function and the non-
equilibrium wall function.

2. Mathematical Formulation
2.1. Governing Equations

For steady state incompressible rotating turbulent
flows, the Reynolds-averaged governing equations can be
written in Cartesian tensor notation as

0
gl_(vz-)=0 (M
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is kinematic viscosity, wu;u g is Reynolds-stress tensor, p
is fluid density, Q j is angular velocity and €ijk is oU; ou j
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permutation tensor
2.2. Near-Wall Modeling for The Nonlinear k-¢
Turbulence Models

The nonlinear turbulence models employed in this
work are developed from the Reynolds-stress expression
of Craft et al. [4] with the k-g¢ turbulence model of
Launder and Sharma [6] and the k-¢ turbulence model of
Launder and Spalding [7] for the low-Reynolds-number
and the high-Reynolds-number modeling respectively.

The Reynolds-stress (—puiu 1-) is modeled by the

cubic Reynolds-stress expression of Craft et al. [4] as
follows.
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The eddy viscosity can be written as
2
k
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where the expression for the Cu and fu can be written as
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where Re, = —
ve

is Reynolds-stress anisotropy tensor, k

, Re, is turbulent Reynolds number, aj;

is turbulent

kinetic energy, 6, is Kronecker delta, v, is eddy

ij

viscosity, Sij is mean strain rate tensor, € is dissipation

rate of &, Q; is mean vorticity tensor, Ejjk is alternating

tensor and the coefficients ¢; to ¢; are given by

¢ =-01  ¢=01  ¢=026 ¢, =-10C],

¢ =-5C, ande; =5C;

Additionally, Juntasaro ef al. [3] has found by using a
priori method that the damping function of Gibson and
Dafa’Alla [8] can predict the mean spanwise velocity
profile closer to the DNS data than the original damping
function of Craft ef al. [4] especially in the near wall
region. The damping function of Gibson and Dafa’Alla
[8] can be written as

2
Re,
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According to Gururatana et al. [5], the results showed
that the linear k-¢ turbulence model with the enhanced
wall function of Kader [9] (hereafter referred to as EWF)
and the linear k-¢ turbulence model with the non-
equilibrium wall function of Kim and Choudhury [10]
(hereafter referred to as NEWF) are the suitable linear
base models for a rotating square duct.

This work therefore compares the enhanced wall
function, the non-equilibrium wall function, the damping
function of Craft ef al. [4] and the damping function of
Gibson and Dafa’Alla [8] to find the most appropriate
near-wall model for the cubic Reynolds-stress expression
of Craft et al. [4].

3. Boundary Conditions

The first test case is the fully-developed turbulent
channel flow of Kim et al. [11] at Reynolds number of
180 based on the friction velocity and the channel half
width as shown in Figure 3.

The second test case is the fully-developed turbulent
flow through a straight square duct (Figure 4). The results
are compared with the DNS data of Gavrilakis [12] at
Reynolds number of 4410 based on the bulk velocity and
the hydraulic diameter. Figure 4 shows the duct with the
reference axis. The x axis designates the streamwise
direction. The cross-stream direction is parallel to the y
axis and the spanwise direction is parallel to the z axis.
The computation domain is one quadrant of the square
duct with the symmetry condition at the centre.

The third test case is the fully-developed turbulent
flow through a rotating square duct (Figure 5). The
results are compared with the DNS data of Martensson et
al. [13] at Reynolds number of 4400 based on the bulk
velocity and the hydraulic diameter with the rotating
numbers(Ro) of  0.055 and 0.11, where

Ro=U, / QL , U, is bulk velocity, Q is angular

velocity and L is width of the duct. Figure 5 shows the
duct with the reference axis. The x axis designates the
streamwise direction. The cross-stream direction is
parallel to the y axis and the spanwise direction is parallel
to the z axis.

4. Numerical Methods

In this work, the governing equations are discretized
by using the finite volume method with the second order
upwind scheme. The coupling of the pressure and the
velocity is achieved through the SIMPLE algorithm. The
convergence criterion is 10 for all cases. The first point
of y" is approximately within the limit of the models. The
grid-independent study is made for all models as detailed
as the maximum limit of the available computing
performance.

5. Results and Discussion
5.1. Fully-Developed Turbulent Channel Flow

Figure 6 shows the prediction of the mean
streamwise velocity profile compared with the DNS data.
The trends of the nonlinear models are generally similar
to the DNS data. At the near wall region (y'=1), the

enhanced wall function with the cubic Reynolds-stress
expression of Craft et al. [4] is better than the other
models.

5.2. Fully-Developed Turbulent Flow Through a
Straight Square Duct

This section shows the results obtained for a
turbulent flow in a square duct. The comparison amongst
the models is made with the DNS data of Gavrilakis
(1992). The profiles of the mean streamwise velocity are
shown in Figure 7 and Figure 8 for y/h = 0.16 and y/h =
0.5, respectively. These figures show the comparison
amongst the DNS data, the damping function of Craft et
al. [4], the damping function of Gibson and Dafa’Alla
[8], the enhanced wall function and the non-equilibrium
wall function. At y/h = 0.16 (Figure 7), the DNS data
show the strong distortion induced by the secondary
flows. The damping functions and wall functions are
incapable of predicting the distortion on the mean
streamwise velocity profile. At the near wall region, the
damping function of Craft ef al. [4] shows the better
result than the other models. At y/h = 0.5 (Figure 8), the
trend of the mean streamwise velocity profile using the
damping functions and the wall functions generally
agrees with the DNS data with the overprediction of the
velocity.

The comparison between the DNS data and the
various models for the cross-stream velocity profile is
presented in Figure 9 and Figure 10 for y/h = 0.16 and
y/h = 0.5, respectively. At y/h =0.16 (Figure 9), the DNS
data show the strong mean cross-stream velocity profile.
The damping functions and the wall functions can not
predict this strong velocity profile. At y/h = 0.5 (Figure
10), the damping functions and the wall functions can
predict the trend of the velocity profile. At the near wall
region, the non-equilibrium wall function can predict the
result closer to the DNS data than the other models.

The comparison between the DNS data and the
various models for the spanwise velocity is presented in
Figure 11 and Figure 12 for y/h = 0.16 and y/h = 0.5,
respectively. At y/h = 0.16 (Figure 11), the DNS data
show the strong spanwise velocity profile at the near wall
region. The damping functions and the wall functions can
not predict the strong velocity profile similarly to the
cross-stream velocity profile. At the core of the duct (z/h
= 1.0), the non-equilibrium wall function can reasonably
predict the velocity profile. At y/h = 0.5 (Figure 12), the
strong velocity profile occurs at the near wall region
similarly to that at y/h = 0.16. The trend of the damping
functions and the wall functions is similar to the DNS
data. The damping function of Craft ef al. [4] shows the
little better prediction than the other models.

This section shows the performance of the near-wall
models in predicting the primary and the secondary flows
in a straight square duct. The overall results show that the
performance of the non-equilibrium wall function with
the cubic Reynolds-stress expression of Craft er al. [4] is
suitable for the prediction of the primary and the
secondary flows in a straight square duct.

5.3. Fully-Developed Turbulent Flow Through a
Rotating Square Duct
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The comparison between the DNS data and the
various models for the streamwise velocity is presented in
Figure 13 and Figure 14 for z/h = 0.5 at rotating numbers
of 0.055 and 0.11, respectively. Figure 13 and Figure
14 illustrate the strong distortion of the mean streamwise
velocity profile. This distortion of the mean streamwise
velocity comes from the effect of rotating. At Ro = 0.055
(Figure 13), the non-equilibrium wall function can not
predict the effect of the distortion. The damping function
of Craft ef al. [4] can predict the effect of the distortion
better than the damping function of Gibson and Dafa’Alla
[8] and the enhanced wall function. At Ro = 0.11 (Figure
14), the damping functions and the wall functions can not
predict the effect of distortion.

Figure 15 and Figure 16 show the comparison
between the DNS data and the various models for the
streamwise velocity at y/h = 0.5 and rotating numbers of
0.055 and0.11, respectively. At the core region of the
duct for both rotating numbers, the spanwise velocity
profile of the DNS data is flat. At the near wall region,
there is a peak in the velocity profile on both sides of the
wall. At Ro = 0.055 (Figure 15), the damping function of
Craft ef al. [4] can predict the flatness of the velocity
profile better than the damping function of Gibson and
Dafa’Alla [8] and the enhanced wall function. The non-
equilibrium wall function can not predict this effect. At
Ro = 0.11 (Figure 16), the damping functions and the
wall functions can not predict the flatness of the velocity
profile.

This section shows the performance of the near-wall
models in predicting the characteristic of the flow field in
a rotating straight square duct. The overall results show
that the performance of the damping function of Craft et
al. [4] is the most suitable for the prediction of the flow
field characteristic in the rotating straight square duct.

6. Conclusion

The Reynolds-stress expression of Craft er al. [4]
with the damping function of Craft ez al. [4], the damping
function of Gibson and Dafa’Alla [8], the enhanced wall
function and the non-equilibrium wall function are
compared with the DNS data for fully-developed
turbulent channel flow, fully-developed turbulent flow
through a straight square duct and fully-developed
turbulent flow through a rotating square duct. In the case
of the square duct, the overall result shows that the
performance of the non-equilibrium wall function with
the cubic Reynolds-stress expression of Craft ef al. [4] is
the most suitable near-wall model to predict the flow
field characteristic in the straight square duct. However,
the damping function of Craft et al. [4] is more suitable
when the rotating effect is dominated as in the case of the
rotating square duct.
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Figure 2. Secondary flows in a rotating straight
square duct. (Belhoucine et al. [2])
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Figure 3. Geometry and coordinate system of the fully-
developed turbulent channel flow.
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Figure 4. Geometry and coordinate system of the fully-
developed turbulent flow through a straight square duct.
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Figure 5. Geometry and coordinate system of the fully-
developed turbulent flow through a rotating square duct.
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Figure 6. The dimensionless mean streamwise velocity
profiles for the fully-developed turbulent channel flow.
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Figure 7. The dimensionless mean streamwise velocity

profiles at y/h = 0.16 for the fully-developed turbulent
flow through a straight square duct.
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Figure 8. The dimensionless mean streamwise velocity
profiles at y/h = 0.5 for the fully-developed turbulent
flow through a straight square duct.
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Figure 9. The dimensionless mean cross-stream velocity
profiles at y/h = 0.16 for the fully-developed turbulent
flow through a straight square duct.
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Figure 10. The dimensionless mean cross-stream velocity
profiles at y/h = 0.5 for the fully-developed turbulent
flow through a straight square duct.
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Figure 11. The dimensionless mean spanwise velocity
profiles at y/h = 0.16 for the fully-developed turbulent
flow through a straight square duct.
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Figure 12. The dimensionless mean spanwise velocity

profiles at y/h = 0.5 for the fully-developed turbulent
flow through a straight square duct.
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Figure 13. The dimensionless mean streamwise velocity
profiles at z/h = 0.5 and Ro = 0.055 for the fully-
developed turbulent flow through a rotating square duct.
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Figure 14. The dimensionless mean streamwise velocity
profiles at zh = 0.5 and Ro = 0.11 for the fully-developed
turbulent flow through a rotating square duct.

159 . @@ Gobaod P 00,0059
o @
3 o @ DNS (Martensson el al. 2005)
o a
o ,
N csssontmenansiyy | ——Crattetal (19%)
14 ;‘7* ::m
-
1 —s— Gibson and Dala’Alla (1994)
Wiy
4| o EWF
0.5 3 . | —+ NEWF
c
1]
0 0.2 0.4 0.6 0.8 1
zh

Figure 15. The dimensionless mean streamwise velocity
profiles at y/h = 0.5 and Ro = 0.055 for the fully-
developed turbulent flow through a rotating square duct.
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Figure 16. The dimensionless mean streamwise velocity
profiles at y/h = 0.5 and Ro = 0.11 for the fully-developed
turbulent flow through a rotating square duct.
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