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ABSTRACT

Internal cooling channels are commonly used to reduce the
thermal loads on the gas turbine blades to improve overall
efficiency. In this study a numerical investigation has been
carried out to provide a validated and consistent method to
deal with the prediction of the fluid flow and the heat transfer
of such channels with square cross sections. The rotation
modified Navier-Stokes and energy equations together with a
low-Re number version of the k-E turbulence model are solved
with appropriate boundary conditions. The solution procedure
is based on a numerical method using a collocated grid, and
the pressure-velocity coupling is handled by the SIMPLEC
algorithm. The computations are performed with the
assumption of fully developed periodic conditions.
The calculations are carried out for smooth ducts with and
without rotation and effects of rotation on the heat transfer are
described. Similar numerical calculations have carried out for
channels with rib-roughened walls. The obtained results are
compared with available experimental data and empirical
correlations for the heat transfer rate and the friction factor.
Some details of the flow and heat transfer fields are also
presented.

Components of mean velocity
Rib height
Friction factor
Damping functions
Wall normal distance
Rib pitch, distance between ribs
Fluctuating temperature
Kolmogorov velocity scale
Fluctuating velocity components
Wall Reynolds number, Eq. (15)

Greek symbols

S2
`l'
a

A
p

Rotational speed
Periodic source term, Eq. (7)
Thermal diffusivity
Temperature gradient, Eq. (8)
Kinematic viscosity
Turbulence viscosity
Dimensionless temperature
Density

Subscripts

NOMENCLATURE

Ct
CE 1,Ce2,C µ
D
Nu
P
P'
Prk
Pre
Rb
Re,
Ro
T

U,V,W
e
f
fE ,fµ
n
p
t
uE
u,v,w
Y.

Constant in GGDH formulation
Turbulence model constants
Hydraulic diameter
Nusselt number
Pressure
Periodic pressure
Turbulence Prandtl number for k
Turbulence Prandtl number for E
Base radius
Turbulence Reynolds number,Eq.(14)
Rossby number, DS1/U
Mean temperature

b
w

Bulk
Wall

INTRODUCTION

In recent years economical and environmental concerns
forced power generation technology to achieve higher levels of
efficiency. In order to increase the performance of gas turbine
cycles it is desirable to raise the temperature of the gas
entering the turbine. However, this increase is limited by the
mechanical and thermal characteristics of the materials used in
gas turbine blades. It has been shown that the rate of heat
transfer from blades can considerably affect the life time.
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CALCULATION OF CONVECTIVE HEAT TRANSFER IN
SQUARE-SECTIONED GAS TURBINE BLADE COOLING CHANNELS

To solve this problem, starting from 60s, cooling methods
for blades were introduced. One of the more recent methods
applied is providing internal cooling channels in the blades,
see Fig. 1. There are various types of such channels, but in
this investigation attention is focused on square ducts with and
without embedded ribs.
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Figure 1. Turbine blade internal cooling passages.
Regarding the rotating feature of the problem, required
experimental set ups could be very sophisticated. At the same
time, performed experimental works have given the integral
characteristics of the heat transfer, but it is shown that using
Computational Fluid Dynamics detailed information
concerning the fluid flow structure and the temperature field
may be achieved.
The fluid flow structure inside such ducts is quite complex
and subject to body forces due to the rotation, namely the
Coriolis and centrifugal-buoyancy forces. These forces create
the secondary flows of Prandtl's first type in addition to the
secondary flows of second type which are due to the
turbulence and appear in non-circular duct flows. The
secondary flows which are caused by the Coriolis and
centrifugal-buoyancy forces have impacts on the flow field
structure (and consequently on the heat transfer), and they also
affect turbulence through modification of its production.
Literature survey shows that there are some experimental
and theoretical investigations of this problem. Hwang and
Kuo (1993) have done experiments in rotating smooth squaresectioned ducts and obtained mean heat transfer rates for
different speeds of rotation. Further investigations have been
carried out on ribbed square channels with different model
orientations by Johnson et al. (1994) and Parsons et al. (1995),
and they obtained the heat transfer rates for the leading and the
trailing faces, with and without rotation. There are also
experimental works on these kinds of channels without
consideration of rotation effects. For example, Han (1988)
performed an investigation on channels with a range of
different roughness, pitch and aspect ratios. Liou and Hwang
(1993) examined the effect of rib shapes on the heat transfer

PROBLEM STATEMENT
The problem to be solved in this investigation is the fluid
flow and heat transfer inside a rotating channel of square cross
section with outward flow (Fig. 2). The axis of rotation is
perpendicular to the main flow direction. The channel is of
finite length and is attached to a base with radius equal to R b
(base radius).

Figure 2. Considered problem and used coordinate system and
axis of rotation.
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rate, and both of the works suggest experimental correlations
for the friction factor and the heat transfer rates.
Computational results are reported for the fully developed
flow through a square-sectioned duct rotating in orthogonal
mode by lacovides and Launder (1987) in which they used the
standard k-c and also an algebraic stress model. Prakash and
Zerkle (1991) calculated the developing flow inside a squaresectioned channel and took into account both rotation induced
forces, namely centrifugal-buoyancy and Coriolis, and they
used the standard k-c model together with wall functions.
Younis (1993) used non-linear strain-stress relations instead of
simple eddy diffusivity concept to capture the turbulence
induced secondary flows in addition to secondary flows
generated by rotation which were already obtained by previous
methods. Dutta et al. (1994) made calculations for a
developing flow inside a smooth rotating channel with the aid
of some type of Coriolis modified turbulence models. Bo et
al. (1995) have carried out an extensive investigation on the
effect of density variation and its effect on centrifugalbuoyancy force in developing flow cases. Prakash and Zerkle
(1995) investigated the fluid flow and the heat transfer
characteristics of ribbed ducts with standard k-e model and
wall functions.
Consideration of the works already published shows that
different research groups are focusing on different aspects of
this challenging problem. One area of the future research
might be the application of the state-of-the-art turbulence
modeling practices in enhanced or rib roughened ducts. But it
should be taken into account that computer limitations require
a delicate choice of simplifying assumptions. As a first step,
examination of such simplifications via extensive numerical
calculations and validation of the results is suggested.
Therefore the main aim of the current effort is to use a
satisfactory turbulence modeling approach in ribbed coolant
channels and discuss the disadvantages and suggest future
improvements for prediction of thermal-hydraulic performance
of such ducts.

and the bulk temperature, T b , is evaluated using a velocity
weighted average.

MATHEMATICAL MODEL
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The additional source terms appearing in the momentum
equations are centrifugal-buoyancy and coriolis forces. In this
case incompressible flow is considered and the density is thus
constant.
In practical gas turbine applications, only the first few
blade rows are exposed to the very hot gas stream entering the
turbine. In this work only these first blade rows are
considered. The length of these blades is relatively short
compared to the rotation radius and this fact justifies an
assumption of a constant centrifugal force based on the mean
rotation radius. The centrifugal force then can be added to the
main flow direction pressure gradient and the flow and
temperature fields then will behave periodically in this
direction. The procedure for handling fully developed
periodic flow and heat transfer was introduced already by
Patankar et al. (1977) and has then been applied extensively.
This procedure is followed in this study as well. One
introduces,
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where the model damping functions and constants are

P = –(3x + P *(4)
where 13 resembles non-periodic pressure gradient and P` is the
periodic part of pressure in the main flow direction.
The dimensionless temperature 9 is defined as
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Turbulence model
Several models have been suggested for calculation of
turbulent flow and heat transfer, see e.g. Wilcox (1993). For
engineering calculations, two equation models accompanied
with the eddy viscosity concept have become popular since
they provide reasonable overall results in many cases although
not providing correct local distributions of e.g. turbulence
generated secondary flows in ducts. In applications like the
present one secondary flows due to the rotation occur.
Recently, Abe et al. (1993) proposed a low-Re number
version of the k-c model. Their model has the following
advantages: firstly it uses a velocity scale near the wall other
than the friction velocity and this velocity scale solves the
singular point problem close to the reattachment in the
separated flow cases, and secondly, numerical experimentation
showed that this model does not have the initial value
dependency problem of some other models in periodic
boundary conditions which were reported in the literature
(Rokni and Sunde n, 1997). This model, which is used in this
investigation, can be summarized as,

The governing equations are the continuity, the time
averaged Navier-Stokes and the energy equations for turbulent
flow, i. e.

C E2 =1.9(1+0.4(E) 2 S2 az )

algorithm is employed to handle the coupling between pressure
and velocity. Convective fluxes are determined by the hybrid
scheme in all equations.
A non-uniform grid has been chosen, and grid refinement
has been applied in the near wall regions. Grid point numbers
ranging between 3x42x42 and 3x82x82 were used for the
straight duct case (three points in the main fully-developed
direction), while the grid point number for the ribbed channel
was 34x39x39. Further increase in the number of grid points
did not change the results considerably. As a low Reynolds
number formulation is applied, it is important that the y+ -value
of the grid points close to the walls is of the order of unity. In
this work the y-values were in the range of 0.3-0.8 for all
considered cases.
The calculations were terminated when the absolute
residual of all the variables became less than 1(16. The underrelaxation factors for all calculations were set to values ranging
between 0.5-0.6. In the ribbed channel case, in order to obtain
converged solutions, under-relaxation of the source terms were
applied in the early stages of the calculation procedure.
The non-periodic pressure gradient 13 is specified to create
a flow field. Through the rate of mass flow, the Reynolds
number is coupled to P. Thus various values of 13 correspond
to various Reynolds numbers.

( 16)

The Reynolds stresses are determined using the simple
eddy viscosity concept, and the low-Re form of the
Generalized Gradient Diffusion Hypothesis (Rokni and
Sunden, 1997) is utilized to calculate the turbulent heat fluxes,
i.e.
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RESULTS
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1. Straight duct with and without rotation
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Y

The straight duct with a square cross section has been
chosen as the first test case to validate the method without
rotational effects. The computations were made for Reynolds
numbers ranging from 3000 to 30000. Numerical results for
friction factor and the average Nusselt numbers were
calculated, and these results were compared with
corresponding experimental correlations, which are the
McAdams (1954) correlation for the friction factor and the
Dittus-Boelter correlation for the average Nusselt number,

azJ

where C= 0.35.
BOUNDARY CONDITIONS

Periodic boundary conditions are applied at the inlet and
outlet of every periodic module ( which is equal to one pitch in
the ribbed wall channel case). This condition is defined as
4(x,y,z)=

c(x +L,y,z)

f = 0.046Re -°2

(19)
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Nu DS = 0.023Re° 8 Pr ° •°

The boundary conditions for walls are imposed as:

The results for the stationary case (straight duct without
rotation) were in excellent agreement with these experimental
correlations, about 3-7 percent error for the friction factor and
5-8 percent deviation for the Nusselt number. Based on this
decent agreement, it was justified that the present method
would give acceptable results for the main thermal-hydraulic
characteristics of stationary straight ducts with square cross
sections.
In order to investigate the rotational effects on the heat
transfer rate and also validate the present method, calculations
have been carried out for a rotating square-sectioned duct at
some of the Re and Ro numbers as in the experiments by
Hwang and Kuo (1993). Both the highest and lowest Ro
numbers are included. The results for these cases are
presented in Table 1. In this table, PS and SS represent

'

U=V=W=k=O
and
e,,=2p(a

)

Z

where n represents the normal wall distance.
NUMERICAL SOLUTION PROCEDURE

A computer code based on the finite volume technique is
modified and applied to solve the governing equations. The
code uses collocated grid arrangement which stores the values
of the dependent variables in the center of each control volume
and employs the Rhie and Chow (1981) method to interpolate
values of velocity on the control volume faces. The SIMPLEC
4

(20)
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and uE = ( tcJp)"4 is the Kolmogorov velocity scale.
The standard k-c turbulence model does not include
rotational effects, because of the fact that rotational terms
vanish in the k-equation. In order to improve the predictability
of this model, it is an accepted practice to add rotation related
source terms to the c-equation. Howard et al. (1980) have
evaluated three different rotational improvements and Younis
(1993) claimed advantages of one of these methods, and used
it successfully in his calculations. This method is a
modification in the C E2 constant of the c-equation and is
adopted here. The results also confirmed that it was a proper
choice of rotational modification of the turbulence model in
this stage of method development. The modification reads,

pressure (trailing) and suction (leading) sides of the duct,
respectively.

PRESSURE SIDE

Table 1. Experimental and calculated Nusselt numbers for
a rotating straight smooth duct
Re

Ro

4000

0.0141

4000

0.0787

8200

0.0069

8200

0.0198

Nu/NuDB (exp)
PS:
SS:
PS:
SS:
PS:
SS:
PS:
SS:

Nu/NuDB (cal)

Error (%)

1.17
0.84
1.83
0.80
1.07
0.97
1.11
0.93

1.10
0.88
1.73
0.85
1.10
0.92
1.20
0.88
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The overall effect of the rotation on the thermal-hydraulic
features of the smooth ducts can described as a proportional
increase in f and Nu with an increase in the rotation (Rossby)
number on the pressure side and a small increase in the mean
values. This fact is mainly due to the relative magnitude of the
secondary flows, and this relative magnitude is depending on
the Ro number.

,,,,,,1 r r I
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2. Square sectioned duct with embedded ribs

SUCTION SIDE

-

Figure 3. Secondary velocities in the plane normal to the main
flow direction due to the rotation induced body forces,
Re=4000.
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The case which is studied here is a duct with a square cross
sectional area. There are two ribs of a square shape and these
are placed on two opposite sides of the channel. The distance
between two subsequent ribs, or the pitch, is chosen equal to
10, and the rib height to diameter is set equal to 0.04 (Fig. 5).
There are experimental correlations for the friction factor and
the Nusselt number for these channels in non-rotating mode.
These are given by Han (1988). Due to the complexity, these
correlations are not given here. The computational results for
the friction factor and the average Nusselt numbers are
compared with results of Han's (1988) correlations (Table 2).
The satisfactory agreement between the theoretical results and
the experimental ones shows that the present method can
handle such problems with reasonable errors.

0.0

Y orZ

Figure 4. Normalized Nusselt number along the walls of the
rotating duct, Re=4000, Ro=0.0141.
Figure 4 shows distributions of the local Nu number on the
four walls in Fig. 3. It is obvious that the distributions on the
side-walls are skewed due to the varying boundary layer
thickness along these walls. On the suction side the
distribution is rather flat while on the pressure side the highest
values appear at the impingement zone. The results in Fig. 4
are consistent with the flow structure in Fig. 3.

Main flow direction
D
P

Figure 5. Cross section of the enhanced duct with the ribs and
their spacing.
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As is found from the experimental and calculated results
there is an increase in the heat transfer rate on the pressure
side. This fact can be explained by the existence of secondary
flows (see Fig. 3), which are directed towards the pressure side
(or trailing side) of the channel. Indeed, this flow brings the
cold air from the center of the channel in contact with that
wall, but on the other hand, the air is heated up in the vicinity
of the same wall and relatively hot air returns towards the
suction side. This increase has been successfully predicted by
the present method with reasonably small errors as is shown in
table 1.

The calculations for the rotating duct case are limited to the
Ro range of the experimental results in order to validate the
calculations. The highest Ro number in the experimental setup
was at Re equal to 4000 as reported in table 1.

transfer rate. The numerical experiments with the ribbed duct
showed considerable enhancement of the average heat transfer
rate, but this enhancement is accompanied with a very large
increase in the friction factor.

Table 2. The friction factors and the Nusselt numbers for a
ribbed duct with P/D=10 and e/D=0.04, non-rotating case.
(ff=friction factor, n=Nu/NuDB)
Re Han's corr. (1988) Present Cal.
10765

17819

0.03830
2.169
0.04398
2.271
0.04329
2.270
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The results obtained for the ribbed duct showed that there
is almost a 5-6 fold increase in the friction factors but only a
two times increase in the Nu numbers compared to the values
for a smooth duct with the same cross section. So, there is an
enhancement of the heat transfer rate but it is accompanied by
a large pressure loss penalty.
Figure 6 shows a velocity vector plot of the flow field in
the mid plane. The recirculating zone downstream the rib and
the reattachment region are clearly seen. Also there is a
recirculating zone upstream a rib. The velocity vectors in the
vicinity of the ribs are deflected towards the wall downstream
a rib and deflected away from the wall upstream a rib.
In Fig. 7 isotherms are depicted. On the plane wall the
temperature gradients are high in particular between the
recirculating zones. The heat transfer coefficient becomes
high locally. Far away from the ribs their influence on the
temperature field is weak.
CONCLUSIONS

The calculations have shown that the presented method can
successfully predict the friction factor and the heat transfer rate
in smooth and rib enhanced ducts in the range of the Re
numbers of interest in this study. Therefore, the existing
combination of a low-Re form of the k -c turbulence model and
GGDH method for the turbulence heat flux determination, has
the ability to predict the overall thermal-hydraulic
characteristics of the considered cases. Studies of the local
flow and heat transfer improved the understanding of the
fundamental mechanisms of momentum and heat transfer.
There are effects of the secondary flows of the second type
which are not captured by the present method. These effects
become important with higher ribs. The most straight forward
way to abandon this problem is to use some non-linear
approach to determine the Reynolds stresses, instead of the
simple eddy diffusivity concept, which is used here.
The other disadvantage of the present approach is the
ignorance of the secondary effects of the rotation on the
turbulence field. Once again, the authors believe that the best
way to include these effects in the model is to use a non-linear
approach in determination of the Reynolds stresses.
It was shown that in the studied range of the rotation
numbers, there is a pronounced increase in the Nu number on
the pressure side, but a slight increase in the average heat
6
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Figure 6. Velocity vector plot of the flow in the enhanced duct, Re=14410.

Figure 7. Isotherm lines for non-dimensionalized temperature for enhanced duct case, Re=14410.
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