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Effect of Coriolis and Centrifugal Forces
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Numerical simulation of fluid flow and heat transfer of high rotation and density ratio flow in internal cooling
channels of turbine blades with smooth walls is the main focus of this study. The flow in these channels is affected
by rotation, buoyancy, bends, and boundary conditions. On the basis of comparison between two-equation (k−−ε
and k−−ω) and Reynolds-stress (RSM) turbulence models, it is concluded that the two-equation turbulence models
cannot predict heat transfer correctly, whereas RSM showed improved prediction. Thus RSM model was validated
against available experimental data (which are primarily at low rotation and buoyancy numbers). The model
was then used for cases with high rotation numbers (as much as 1.29) and high-density ratios (up to 0.4) not
studied previously. Particular attention was given to how Reynolds stresses, turbulence intensity, and transport are
affected by coriolis and buoyancy/centrifugal forces caused by high levels of rotation and density ratio. The results
obtained are explained in view of physical interpretation of Coriolis and centrifugal forces. It has been concluded
that the heat-transfer rate can be enhanced rapidly by increasing rotation number to values that are comparable
to the enhancement caused by introduction of ribs inside internal cooling channels. It is possible to derive linear
correlation for the increase in Nusselt number as a function of rotation number. Increasing density ratios at high
rotation number does not necessarily cause an increase in Nusselt number. The increasing thermal boundary-layer
thickness near walls is the possible reason for this behavior of Nusselt number.

Nomenclature
ace = acceleration caused by centrifugal force
aco = acceleration caused by Coriolis force
Dh = hydraulic diameter
fce = centrifugal force
fco = Coriolis force
Nu = local Nusselt number, h Dh/k
Nu0 = Nusselt number in fully developed turbulent

nonrotating tube flow
Pr = Prandtl number
Prt = turbulent Prandtl number
R = radius from axis of rotation
Re = Reynolds number, ρW0 Dh/µ
Ro = rotation number, �Dh/W0

r = inner radius of bend
S = distance in streamwise direction
T = local coolant temperature
Tb = coolant bulk temperature
T0 = coolant temperature at inlet
Tw = wall temperature
W0 = inlet velocity
�ρ/ρ = density ratio, (Tw − T0)/Tw

θ = dimensionless temperature, (T − T0)/(Tw − T0)
µ = dynamic viscosity of coolant
ρ = density of air
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� = rotational speed in rpm
ω = rotational speed, rad/s

Subscripts

b = bulk
ce = centrifugal
co = Coriolis
h = hydraulic
t = turbulent
w = wall
0 = inlet

Introduction

S USTAINABLE and cheap sources of energy and water are two
of the most important issues for the society of tomorrow. In

this aspect turbines and generators, the workhorses that provide
energy to millions of houses and factories, will continue to remain
important tomorrow. High-speed rotating machines such as heavy-
duty gas turbines must be designed for high reliability as any failure
in these machines can lead to catastrophic failure in the systems that
they support. This is particularly true for generators and turbines
in an aircraft. Reliability of any generator and turbine is critically
dependent on the temperature rise in their individual components
while in operation. For example, it has been observed that the creep
life of turbine blades is reduced to half with every 10 to 15◦C rise in
metal temperature. In other words, hot components design of these
machines must aim to keep their operating temperatures within some
tolerable limits. To achieve this goal, the hot components are cooled
with a combination of advanced cooling techniques. However, one
common technique is to have a coolant fluid flowing through internal
cooling channels formed within the hot components.

For decades researchers have investigated various aspects of in-
ternal cooling in both generators and turbines in order to understand
flow and heat-transfer characteristics in these cooling channels so
that more optimal and efficient designs can be achieved. One of
the particularly difficult aspects of better understanding the asso-
ciated physical processes has been to understand how turbulence
production, dissipation, and transport are affected by rotation inside
rotating internal cooling channels used in turbine blades and gener-
ator rotors. The basic philosophy of cooling techniques employed
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a) b)

Fig. 1 Three-dimensional view of turbine blade and platform showing a) cooling systems and b) internal cooling turbine-blade configuration.

in the turbine blades and generator rotors is similar, but different
in terms of the relative direction of coolant flow with respect to the
respective axis of rotation. In gas turbine blades the internal cooling
channels are primarily orthogonal to the axis of rotation (orthogonal-
mode rotation), wheras in generator rotors the cooling channels are
parallel to the axis of rotation (parallel-mode rotation). Moreover,
generator rotors and turbine blades use oil and air as coolants, re-
spectively, which have very different properties that can potentially
affect turbulence production, dissipation, and transport. In this pa-
per only internal cooling channels in orthogonal-mode rotation are
addressed.

The cooling technique currently used for blades of high-pressure
turbines is a combination of internal and film cooling. In this tech-
nique, cooler air is injected into serpentine passages within the blade.
Most of this air issues out of tiny (film-cooling) holes into the high-
temperature boundary layer on the blade surface, in an effort to form
a cooler layer between the hot gas stream and the blade surface (see
Fig. 1).

The blades, in addition to the temperature loads, are however
stressed by the rotational forces (i.e., the Coriolis and the centrifu-
gal forces). These rotational induced forces complicate the flow
structure within the channel. Figure 2 shows a schematic view of a
U-bend section, located in the center of turbine blade. The forces
acting on the flowfield and the boundary conditions are shown. The
effects of channel walls, corners, bends, ribs, heating, and rotation
characterize the flow phenomena inside internal cooling channels
of turbine blades.

To enhance the heat-transfer rate, rib tabulators are usually intro-
duced inside internal cooling channel. The use of ribs causes rapid
increase in the supply pressure, which is already limited in a turbine
and requires high cost for manufacturing. Hence careful optimiza-
tion is needed to justify the use of ribs. Increasing rotation number
Ro is another approach to increase heat-transfer rate to values that
are comparable to those achieved by introduction of ribs. One ob-
jective of this research is to study the latter approach in order to
give insight on the optimum range of application and a possible re-
placement of the high cost and complex ribs by increasing rotation
number.

Fig. 2 Schematic view of a U-bend internal cooling channel in the
interior of turbine blade.

When performing experiments, in addition to the high cost, it is
very difficult to achieve conditions that enable measured data to be
dependent on few parameters. In many experiments the level of un-
certainty of measurements alters the data. In numerical simulations
it is possible to ensure accurate values for all variables and boundary
conditions. It is thus important to perform both measurements and
numerical simulations to study the flowfield and heat transfer in such
complex situations. The most accurate and powerful approach when
performing numerical simulation is the direct numerical simulation
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(DNS), but not feasible for practical engineering problems because
of the large computational cost, and only some fundamental flows
can be studied with this approach. Large-eddy simulation (LES)
is situated somewhere between DNS and the Reynolds-averaged
Navier–Stokes (RANS) approach. Basically large eddies are re-
solved directly in LES, whereas small eddies are modeled, which
results in mesh resolution requirements that are much less restric-
tive than with DNS; however, extremely fine meshes are still re-
quired. Using the RANS approach, the computational cost can
be reduced while relatively accurate results can still be produced.
Thus in this paper the RANS approach is employed to perform the
simulations.

Many research groups have performed studies on channels with
smooth walls both experimentally and numerically. This effort, al-
though it has been performed mostly for relatively low rotation
numbers and density ratios, is to be addressed in the next section for
completeness. In the following section experimental and numerical
work of heated rotating channels with smooth walls in orthogonal
mode rotation is considered. Special consideration is given to the
effect of rotation number and density ratio.

Effect of Rotation Number in Smooth Wall
Channels—Experimental Work

Rotation number, by definition, is a relative measure of Corio-
lis force to the bulk flow inertial force. A higher rotation number
signifies Coriolis and buoyancy effects on flow and heat transfer.
Wagner et al.1 found that increasing the rotation number up to 0.475
and density ratio up to 0.13 causes the Nusselt number in the first
pass of the trailing side to increase by a factor of four compared to
stationary case; however, the heat transfer decreases rapidly in the
second pass to the same values as for stationary case. In the leading
side the increase by a factor of 1.5 was observed on the second pass
and a decrease of heat transfer in the first pass. In the U turn, the
heat transfer increased by a factor of more than 4.7 and 4.4 in the
trailing and leading sides, respectively. The decrease in the Nusselt
number on the second pass of the trailing side and the first pass of
the leading side is caused by the decrease in the axial flow and the
stabilization of the near-wall flow on the leading side.

(Moore, 1967; Hart, 1971; Wagner and Velkoff, 1972; Johnson
et al., 1972; Rothe and Johnson, 1979) cited in Wagner et al.2 and
Bonhoff et al.3 Many researchers, studied the effect of rotation (with
relatively low rotation numbers, less than 0.24) in an unheated cir-
cular and rectangular passages and reported secondary flows and
stability aspects of the flow.

Effect of Rotation Number in Smooth Wall
Channels—Numerical Simulations

All numerical investigations found in open literature were per-
formed for relatively low rotation numbers and density ratios. The
main objectives of these investigations were to compare and ver-
ify the capabilities of different turbulence models and to study the
heat transfer and flow for the same range of rotation numbers and
density ratios studied previously experimentally. Majumdar et al.4

used the k−ε model to compare predictions with measurements,
where the heat-transfer perditions were not so successful. Tekriwal5

used the extended k−ε model and showed that the predictions de-
pend on grid distribution and y+. Prakash and Zerkle6 employed the
high-Reynolds-number k−ε model with wall functions approach.
They concluded that the k−ε model heat-transfer predictions were
inaccurate and a more refined model is needed. Sathyamurthy et al.7

used the k−ε model with wall function treatment to predict flow and
heat transfer in a square rotating duct with U turn. They concluded
that a more advanced model [Reynolds-stress model (RSM)] with
low Reynolds number is needed to predict such a complex flow.
Performing computations on a three-pass channel with two U turns,
McGrath and Tse8 concluded that the two-layer k−ε model showed
improvement over the wall functions treatment. Applying a modified
k−ε model, Dutta et al.9 showed satisfactory predictions on the ra-
dial outward flow. Stephens et al.10 used a k−ω model to simulate the
smooth square duct with U turn. The k−ω model showed good heat-

transfer results agreement with those measured by Wagner et al.,1

except at the leading surface of the first pass where an overesti-
mation was predicted. Studying duct flow with curvature and rota-
tion, Iacovides and Li11 used a high-Reynolds-number k−ε model,
high-Reynolds-number algebraic-second-moment (ASM) closure,
low-Reynolds-number ASM with the dissipation rate obtained alge-
braically and low-Reynolds-number RSM with ε transport equation
solved over the entire domain. They concluded that the complex
flow downstream of the bend is not reproduced well by the low-
Reynolds-number RSM for the rotating case. Bohnoff et al.12 im-
plemented the RSM model using FLUENT commercial code with
standard wall functions. The average heat-transfer predictions were
close to Wagner et al.1 except a slight overestimation in the second
pass. Chen et al.13 simulated the case studied previously by Wagner
et al.1 They used a near-wall second-moment closure model and
compared it to a two-layer k−ε model, which performed worse.
The comparison with experimental data clearly demonstrated that
the secondary flows in rotating two-pass channels have been strongly
influenced by the Reynolds-stress anisotropy resulting from the
Coriolis and centrifugal buoyancy forces as well as the U-turn wall
curvature.

Effect of Density Ratio in Smooth Wall
Channels—Experimental Work

Wagner et al.1 found that increasing the density ratio from 0.07
to 0.22, that is, rotational buoyancy, with Reynolds number of
2.5 × 104, rotation number of 0.24, and rotating radius of 49 hy-
draulic diameter, causes a 50% increase in heat-transfer ratio in the
first-pass trailing surface and a 100% increase in the first-pass lead-
ing surface. In the second pass the heat-transfer coefficient increases
by increasing density ratio. In the U turn the heat transfer increased
by more than 30% on the trailing and leading surfaces.

Many researchers have studied the effect of density ratio with-
out rotation (see Ref. 2 for more references in vertical stationary
smooth ducts). Their results were used later in studying flow and
heat transfer in rotating machinery.

Combined Effects of Rotation Number and Density
Ratio—Experimental Work

Wagner et al.1 showed that there are no effects of increasing
density ratio on Nusselt-number ratio for stationary case because
the gravitational buoyancy is negligible and the rotational buoyancy
is zero at zero rotation number. Increasing the rotation number to
0.3 and density ratio to 0.22 causes the Nusselt number to increase
on the trailing surface of the first pass compared to lower density
ratios. In the leading surface of the first pass, heat transfer decreases
by increasing rotation number and then increases again, especially
with higher density ratios. Wagner et al.14 attributed the heat-transfer
behavior on the leading surface to the combination of buoyancy
forces and the stabilization of the near-wall flow and to the Coriolis-
driven secondary flow cells at larger rotation numbers. Heat-transfer
ratio in the second pass is relatively unaffected by increasing density
ratio and rotation number. The thermal boundary layers at the exit
of the U turn, that is, near the inlet of the second pass, are thin. The
turn-dominated secondary flows and the rotational effects on heat
transfer become more prominent with increasing the axial distance
from the U turn.

Heat transfer in smooth walls rotating channels has been studied
by Mori et al. (1971), Johnson (1978), Lokai and Gunchenko (1979),
Morris and Ayhan (1979), Morris (1981) Isakov and Trushin (1983),
and Clifford (1985) all (cited in Han et al.15). Their investigations
have been conducted for low rotation numbers, less than 0.2, and
low-density ratio, less than 0.2. However, their results were incon-
sistent. The test conditions, measurement techniques, and models
might be the reason for the inconsistency.

Combined Effects of Rotation Number and Density
Ratio—Numerical Simulations:

The predictions by Ekkad et al.,16 Prakash and Zerkle,6 and
Dutta et al.9 showed that the increase in heat-transfer coefficient on
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the leading surface is related to buoyancy-driven flow separation.
Dutta et al.,17 using the proper inlet conditions of the experiment,
obtained satisfactory heat-transfer results using the k−ε model.
Bonhoff et al.18 and Iacovides et al.19 studied the same rotating
smooth U-bend case using higher-order turbulence models (RSM
and ASM, respectively). Similar to previous studies by the Univer-
sity of Manchester Institute of Science and Technology (UMIST)
group,19 the latter employed one-equation model in the near-wall re-
gion, while Ref. 18 used standard logarithmic wall function in a com-
mercial code. For a lower-Reynolds-number case, Re = 2.5 × 104,
Stephens et al.10 were able to use a large Reynolds number (LRN)
k−ω turbulence model on a 1.1 × 106 mesh for their compressible
simulation. The result was in good agreement with the measured
data. Bredberg20 estimated that the required number of nodes on a
well-resolved mesh for k−ω amounted to 2 × 106. Through a num-
ber of simplifications, many researchers have been able to reduce
the amount of nodes to 1.9 × 106 (Ref. 21).

Literature review clearly reveals that all publicly available studies
have been performed for relatively low rotation numbers and density
ratios. Correlations for heat-transfer rate from these studies were de-
rived based on low rotation numbers and density ratios, which might
be not valid for cases with high rotation numbers and density ratios.
Moreover, compared to two-equation turbulence models, RSM ac-
counts for flow anisotropy and rotational-induced body forces and
hence provides more accurate results. Thus in this study, RSM is
employed for flowfield simulation as it shows acceptable agreement
with experimental data with reasonable computational cost. A Flu-
ent computational-fluid-dynamics (CFD) code is used for this sim-
ulation. One objective of this research is to study the effect of high
rotation number in order to give insight on the optimum range of
application and a possible replacement of the high-cost and complex
ribs by increasing rotation number. The effect of high-density ratio
on heat transfer will be studied and compared to cases with low-
density ratios. High rotation numbers, up to 1.29, and high-density
ratios, up to 0.4, are considered. Particular attention will be given to
how Reynolds stress, turbulence intensity, and pressure drop are af-
fected by Coriolis, buoyancy, and centrifugal forces caused by high
rotation and density ratios.

Numerical Approach and RSM with Rotation Effects
In this study a Fluent CFD code is employed to perform the sim-

ulation. The numerical solution method used to solve the Navier–
Stokes equations is the finite volume method. A control-volume-
based technique is used to convert the governing equations to alge-
braic equations that can be solved numerically. This control-volume
technique consists of integrating the governing equations about each
control volume, yielding discrete equations that conserve each quan-
tity on a control-volume basis. For complete details of the numerical
approach, see the Fluent User’s Guide, Vol. 6.2.24.

Reynolds-stress model22,23 is based on RANS equations with
the velocities and other solution variables representing ensemble-
averaged (or time-averaged) values. For variable-density flows con-
sidered here, RANS equations can be interpreted as Favre-averaged
Navier–Stokes equations, with the velocities representing mass-
averaged values. RSM solves Reynolds stresses, τi j = u′

i u
′
j , using

individual transport equations. The exact transport equations for the
transport of the Reynolds stresses can be written as follows:

Dτi j

Dt
= DT,i j + DL ,i j + Pi j + Gi j + φi j − εi j + Fi j + S (1)

where the left-hand side is given as

Dτi j
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∂t
(ρu′
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j ) + Ci j

where ∂/∂t(ρu′
i u

′
j ) is the local time derivative,Ci j the convec-

tion term, DT,i j the turbulent diffusion term, DL ,i j the molecu-
lar (viscous) diffusion term, Pi j the stress production term, Gi j

the buoyancy production term, φi j the pressure-strain term, εi j the
dissipation term, Fi j the production term by system rotation, and S

the source term. These terms are given as
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)

εi j = 2

3
δi j (ρε + YM ) (2)

where YM is an additional dilatation dissipation term according to
the model by Sarkar.24 Note that Ci j , DL ,i j , Pi j , and Fi j terms do
not require any modeling. However, turbulent diffusion DT,I j , buoy-
ancy production Gi j , pressure strain φi j , and dissipation εi j need to
be modeled to close the equations. The code provides a variety of
options with regard to the turbulence modeling of theses terms. The
pressure strain term φi j is modeled according to the proposals by
Gibson and Launder, Fu et al., and Launder (see Ref. 24) which de-
compose the pressure strain term into slow, rapid, and wall reflection
terms. The turbulent diffusive transport term DT,i, j is modeled by
the generalized gradient-diffusion model of Daly and Harlow.24 The
production terms as a result of buoyancy are modeled as

Gi j = β
µt

Prt

(
gi

∂T

∂x j
+ g j

∂T

∂xi

)
(3)

where Prt is the turbulent Prandtl number for energy, µt is the
turbulent viscosity and β is the coefficient of thermal expansion. The
Fluent manual24 provides more details on modeling other terms.

Results and Discussion
The results for a four-pass square channel with smooth walls

tested by Wagner et al.1 were used in this study for comparison us-
ing two of the four passages with one U turn. The geometry of the
two-pass channel is shown in Fig. 3. The four walls of the square
duct are denoted as the leading, trailing, inner, and outer sides. All
walls are heated to a constant temperature. The coolant tempera-
ture is T0 [i.e., θ = (T − T0)/(Tw − T0) = 0] at the duct entrance,
and the wall temperature was kept constant at T = Tw(θ = 1) for all
sidewalls. Unlike the experiments, a uniform velocity profile was
used at the entrance of the channel with a turbulence level of 3%.
This assumption influences the development of the boundary layer
at the inlet section of the first leg. Thus the highest uncertainty in the
calculated heat-transfer data because of this assumption is expected
near the inlet. A zero normal pressure gradient is set at the exit of the
channel. The density of the fluid is approximated by ρ = ρ0T0/T
to account for density variations, whereas viscosity, thermal con-
ductivity, and specific heat properties variations were calculated as
functions of temperature. Comparison between the calculations and
measurements was made for rotation number of 0.0 and 0.24 and
for coolant-to-wall density ratio �ρ/ρ of 0.13 with Reynolds num-
ber fixed to 2.5 × 104 based on Dh = 0.0127 m. Nusselt numbers
were calculated based on the average bulk temperature and normal-
ized with a smooth tube correlation (Kays and Crawford25) for fully
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Fig. 3 Geometry for two-pass square channel with smooth walls,
R/Dh = 49, r = Dh.

developed, nonrotating, turbulent flow:

Nu0 = 0.0176Re0.8 (4)

In the following discussion for all figures, note that Y/Dh = 0
corresponds to trailing surface, Y/Dh = 1 corresponds to leading
surface, X/Dh = 0 corresponds to outer surface at location Q6,
X/Dh = 1 corresponds to inner surface at location Q6, X/Dh = 3.5
corresponds to inner surface at location N4, X/Dh = 4.5 corre-
sponds to outer surface at location N4, Z/Dh = 0 corresponds to
inner surface at location P5, and Z/Dh = 1 corresponds to outer
surface at location P5.

In this study standard wall functions are used for the near-wall
treatment of the flow and heat transfer. Enhanced wall treatment
is also employed for comparison purposes only. For the pressure
interpolation at the faces, the PRESTO scheme was chosen, which
showed better results for cases where the pressure profile has a
high gradient at the cell face. The minimum convergence crite-
rion for continuity and momentum quantities error was 10E-4 and
10E-7 for the energy equation. A grid-refinement study was per-
formed when standard wall functions were used using four different
distributions of 18 × 18 × 250, 25 × 25 × 250, 25 × 25 × 390, and
35 × 35 × 250. The grid refinement in the axial direction showed
less than 1% enhancement to normalized Nusselt number. A com-
parison between calculated and measured values of Nusselt num-
ber on the leading- and trailing-edge surface (for Re = 2.5 × 104,
R0 = 0.24, �ρ/ρ = 0.13) showed a maximum of 0.5% changes in
Nusselt number between 25 × 25 × 250 and 35 × 35 × 250 grid dis-
tribution except for the U turn, where the Nusselt number changed
by 1.5%. For RSM with wall functions, the recommended y+ for the
first cell next to a wall is from approximately 12 to 300. Thus the grid
of 25 × 25 × 250 was used in this case. With enhanced wall treat-
ment y+ ranges approximately from 2 to 4. A grid-refinement study
in this case was performed using three different grid distributions
of 40 × 40 × 320, 40 × 40 × 420, and 52 × 52 × 320 grid points.
Figure 4 shows the numerical grid generated using GAMBIT grid
generator. Comparison between the calculations and measurements
was performed for rotation number of 0.24 and for coolant-to-wall

Fig. 4 Numerical grid for channel with smooth walls studied experi-
mentally by Wagner et al.2

Fig. 5 Predicted and experimental1 Nusselt-number ratios.

density ratio �ρ/ρ of 0.13. The grid refinement in the axial di-
rection showed less than 1% enhancement to normalized Nusselt
number. A comparison between calculated and measured values
of Nusselt number on the leading and trailing edge surface (for
Re = 2.5 × 104, R0 = 0.24, �ρ/ρ = 0.13) showed a maximum en-
hancement of 1% in Nusselt number between 40 × 40 × 320 and
40 × 40 × 420 grid distribution. Increasing the number of grid points
on the cross-stream direction showed a maximum of 0.9% changes in
Nusselt number between 52 × 52 × 320 and 40 × 40 × 320 grid dis-
tribution. Thus all results presented here are based on 40 × 40 × 320
grid points. The difference between predicted and measured Nusselt-
number ratios shown in Fig. 5 is about 4%, which is within the exper-
imental uncertainty, except at the channel inlet, where the difference
is about 8% because of the difference between the experimental and
assumed boundary conditions.

In this study, the range of rotation numbers considered was 0.0,
0.215, 0.43, 0.86, and 1.29. Density ratios of 0.13, 0.229, and 0.4,
which correspond to wall temperature of 344, 389, and 500 K, re-
spectively, were studied with a Reynolds number of 2.5 × 104.

Figure 6 shows the results of the Nusselt-number ratio on the lead-
ing side of the U channel using five turbulence models compared to
experimental data from Wagner et al.1 All turbulence models pre-
dicted the general trend of the Nusselt-number ratio correctly. All
models except RSM overestimated the Nusselt-number ratio in the
first pass of the U channel and underestimated it in the U turn and
second pass. RSM showed enhanced predictions compared to all
other four models; thus, all results in the following sections will be
presented using the RSM. For a complete detailed comparison be-
tween turbulence models, the reader is referred to Ref. 26 where the
author showed the advantages of RSM over all other two-equation
models. Although validation of RSM was carried out for low rota-
tion numbers of 0.24, with high rotation numbers cases the quality
of results will not be affected. This is because of the fundamen-
tal advantage of RSM that has exact formulation of the production
terms including the rotational induced turbulence terms.

Effect of Rotation Number on Nusselt Number
The effect of rotation on Nusselt-number ratio is shown in Fig. 7

on the leading and Fig. 8 on the trailing side for density ratio of 0.13.
In Ref. 2 the results for rotation numbers of up to 0.475 showed that
Nusselt number in the trailing surface of the first pass increased by
more than a factor of 3.5 and 1.5 in the leading surface of the second



72 SLEITI AND KAPAT

Fig. 6 Nusselt-number ratio on the leading side with ∆ρ/ρ= 0.13.

Fig. 7 Leading side ∆ρ/ρ= 0.13.

Fig. 8 Trailing side, ∆ρ/ρ= 0.13.

pass. For higher rotation numbers studied here, in the leading side of
the first pass the Nusselt-number ratio increases up to 4.2 and 5.3 for
rotation numbers of 0.86 and 1.29 respectively and then decreases
before and in the U turn and continues to decrease for S/D up to
24.5 then increases slightly near the exit. In the trailing side of the
first pass, high rotation has an increasing effect on Nusselt-number
ratio by a factor of more than 9 for S/D of up to 7 and decreasing
effect after that all of the way to the channel exit. It is clearly shown
that under the conditions of high rotation numbers the heat-transfer
behavior is different from the case with low rotation numbers. To
understand this behavior, the flowfield and heat transfer at a vertical
middle line of three planes—in the first pass, in the middle of the U
turn, and in the second pass—will be studied further. The effect of
high-density ratios will be addressed as well.

Effect of Combined High Rotation and Density
Ratio on Nusselt Number

Almost the same values of Nusselt number were predicted for all
density ratio cases at high rotation numbers. The Nusselt number
increases by a factor of 5.4 at S/D equal 10.5 in the leading side of the
first pass (Fig. 9). In the trailing side, the Nusselt number increased
up to 7.7 times, whereas for high-density ratio the increase is slightly
less. In the leading side of the U turn at S/D of 17.5 (Fig. 10) the
increase of the Nusselt number of up to 4.6 times on leading side
and 2.8 on trailing side is less than the increase in the first pass.

Finally in the second pass at S/D of 24.5 (Fig. 11), the increase
of Nusselt number of up to 2.4 times on leading side and 1.6 on
trailing side is much less than on the first pass and the U turn. These
results show that at high (compared to low) rotation number and
density ratio, the Nusselt number decreased slightly in both lead-
ing and trailing sides of the first pass, decreased slightly in leading
side, increased on the trailing side of the U turn, increased in the
leading side, and decreased in the trailing side of the second pass.
It is clearly shown that at high rotation numbers and density ratios
the Nusselt number is not increasing, whereas the results in Ref. 1
showed that the Nusselt number is always increasing for the ranges
of rotation numbers and density ratios studied. The enhancement in
Nusselt number as a result of increasing rotation number is notable
and in average is more than the enhancement caused by introduction
of ribs when comparing results presented in this study with those
available in open literature. To understand this behavior of Nusselt
number at high rotation and density ratios, the temperature distri-
bution, velocity profile, secondary flow, turbulence quantities, and
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Fig. 9 Nusselt-number ratio in the first pass.

Fig. 10 Nusselt number in the U turn.

Fig. 11 Nusselt number in the second pass.

pressure drop across the serpentine channel are studied in the next
sections.

Discussion of Temperature Distribution
and Velocity Profile

The temperature distribution is illustrated in Fig. 12, while the
velocity profile is given in Fig. 13. Note that Y/Dh = 0 corresponds
to trailing side and Y/Dh = 1 corresponds to leading side. Note that

doubled symbols are used in the legend for all profile data, which
explains the stair-step appearance in figures. In the first pass at S/D
of 10.5, the fluid velocity near the trailing surface increases by a fac-
tor of up to 4.6 times compared to the inlet velocity, whereas strong
separation of the flow near the leading surface is predicted by in-
creasing rotation number and density ratio. The minus sign indicates
that the flow separates. In the center of the channel (Y/Dh = 0.5),
the velocity is still in the same order of the inlet velocity for all
cases. Increasing the rotation number the Coriolis force that pushes
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Fig. 12 Temperature distribution.

the colder fluid towards the trailing surface increases; the increasing
centripetal force acting on the direction of the mean flow (outward)
tends to push the heavier colder fluid a way from the center of ro-
tation and slow down the hotter fluid near the leading surface. At
high rotation numbers this combined effect of the Coriolis and cen-
trifugal forces causes the separation near the leading surface and the
acceleration of the flow near the trailing surface, which led to the
rapid increase in Nusselt number discussed in the preceding sec-
tion. In the second pass at S/D of 24.5, the streamwise velocity of
the well-mixed fluid increases rapidly at high rotation and buoyancy
numbers near the leading side and decreases to low values near the

Fig. 13 Streamwise velocity profiles.

trailing surface. Here the Coriolis force is acting and pushing the
fluid with nearly uniform temperature toward the leading surface,
whereas the centripetal force acting on the same direction as in the
first leg but opposite to mean flow direction tends to slow down
the slightly colder and heavier fluid near trailing side and accelerate
the lighter fluid near the leading surface. This combined effect of
Coriolis and buoyancy forces causes the increase in Nusselt number
near the leading side and the decrease near trailing side. The oppo-
site was observed at low rotation numbers, where the fluid near the
trailing side is hotter and faster. In the U turn at S/D of 17.5, the hot-
ter fluid near the trailing surface separates at low rotation numbers,
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whereas the slightly colder fluid accelerates near the leading sur-
face as rotation and buoyancy numbers increase, which explains the
increase in Nusselt number near the leading side.

Secondary Flow
Figure 14 shows the secondary flow for different rotation numbers

and density ratios at the center (location P5) and exit (location Q6)
of the U turn. At the center of the U turn, Prandtl’s secondary flow
of the first kind (generated by inviscid effects) caused by rotational
Coriolis force is rapidly reduced because the streamwise velocity
component U is now parallel to the angular velocity �. But the
Coriolis force still can be produced by cross-stream component W ,
which results in small vortex near the trailing outer surface.

As the fluid enters the U turn, the colder, heavier fluid near the
trailing surface is accelerated first then the lighter hotter fluid next.
This causes Prandtl’s secondary flow of the second type (stress-
induced), because of the anisotropy of the turbulent Reynolds
stresses, to appear in the leading outer corner for Ro = 0.43. In-
creasing rotation number, the corner vortices are suppressed, and
the cross-stream secondary motion is govern by the Coriolis force
and pressure gradient where a third small vortex appeared near the
trailing outer surfaces at Ro = 1.29. Increasing density ratio (DR)
did not affect the structure of the vortices much. At the U-turn exit
(plane Q6) three effects are interacting: the Coriolis force that pushes
the cold fluid toward the leading surface, the effect of the circula-
tion in the center of the U bend, and the buoyancy force aligned

Fig. 14 Secondary flow vectors.

with meanstream flow. The combined effect of curvature, Coriolis,
and centrifugal buoyancy forces resulted in appearance of three vor-
tices (at Ro = 0.43): large vortex near the leading, a vortex near the
trailing, and a small vortex near the leading outer sides. Increasing
rotation number up to 1.29, the Coriolis-induced large vortex dom-
inates, which is shifted downward, and the two small vortices are
suppressed. Increasing DR to 0.229, a small vortex appears at the
trailing inner corner, and a second vortex appears at the leading inner
surface as DR increased to 0.4 as a result of increasing buoyancy.

Predicted Reynolds Shear-Stress Components
The shear stresses v′w′ are depicted in Fig. 15. The reader is

referred to Appendix A for discussion on the effect of rotational-
induced body forces on Reynolds stresses. At the entrance of the
U turn (location N4), high rotation (strong Coriolis) and buoyancy
numbers cause the increase of shear stresses near both trailing side
(where V ′W ′ < 0) and leading side (where V ′W ′ > 0), where an
increase by a factor of four of that for low rotation numbers was
observed at the entrance of the U turn. At the center of the U turn
(location P5), increasing rotation number and DR causes a sharp
increase in shear stress near the trailing and convex (inner) surfaces
(where V ′W ′ > 0), decreases them near outer (concave) surface, and
increases them near leading surface. At the U-turn exit (location
Q6) the turbulence has been greatly damped over a large region,
and the higher shear stress is found near the trailing concave (outer)
surfaces and with change in sign near the leading surfaces and is
mainly caused by increasing both DR and rotation number. As a
general trend, it has been observed that the +veV ′W ′ are increasing
at high rotation number by increasing DR, whereas for low-rotation-
number cases they are decreasing.

The increase in turbulence activity is usually expected to cause an
increase in heat-transfer rate. The increase in shear stresses caused
by increasing DR just mentioned is not necessarily leading to in-
crease in heat-transfer rate as the fluid temperature, the wall temper-
ature, and the wall heat flux are also important factors that should
be considered when observing the heat-transfer behavior.

Normal Reynolds-Stress Components
An important measure of any turbulent flow is how intense the

turbulent fluctuations are. This can be quantified in terms of the
specific Reynolds-stress components u′2, v′2, and w

′2. These three
normal stresses can also be regarded as the kinetic energy per unit
mass of fluctuating velocity field in the three coordinate directions.
These Reynolds stresses are normalized relative to the flow inlet ve-
locity to give the relative turbulence intensity. The normal stresses
w′2 and v′2 are depicted in Figs. 16 and 17, respectively. It has been
observed that at the U-turn entrance normal stresses w′2 increase by
increasing rotation number to 1.29 and density ratio to 0.4 by a factor
of 6 near the trailing surface and by a factor of 3 near leading surface
compared to the case with Ro = 0.43 and DR = 0.13, respectively.
The increase in turbulent intensities has a favorable effect on the
heat transfer. At the center of the U turn (P5), the normal stresses
u′2 are still high but less than at the entrance, and the increase in
normal stress favors the concave (outer) and leading surfaces. At
the U-turn exit the normal stresses w′2 are much less in magnitude
(turbulence decay), and higher intensities were found near the outer
surface, while they are of the same magnitude near leading and trail-
ing surfaces. Observing Figs. 16 and 17, the well-known anisotropy
in the normal stresses was observed in all planes, and it was shown in
previous work by the author (see Ref. 27). For comparison purposes,
the normal stresses w′2 are depicted in Fig. 18 using enhanced wall
treatment approach for near-wall treatment. It has been observed
that at high rotation and buoyancy numbers predictions using wall
functions approach are slightly higher in magnitude, but compara-
ble to predictions using enhanced near-wall treatment approach at
the centerline of location S/D = 10.5 of the first pass.

No experimental data are available to compare results, but the
later results are believed to be more reasonable. However, more
studies are being conducted to help explain this behavior.
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Fig. 15 Reynolds shear-stress components.

Fig. 16 Streamwise normal stress components using wall functions approach.
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Fig. 17 Vertical normal stress components.

Fig. 18 Streamwise normal stress components using enhanced wall
treatment approach.

Total Pressure Drop
The total pressure drop is calculated according to Eq. (5):[(
P1 + 1

2 αρ1W 2
1

) − (
PS + 1

2 αρS W 2
S

)]
= ω2(ρS RS − ρ1 R1) + Losses (5)

where the subscript 1 and S correspond to inlet and location in the
streamwise direction, respectively.

Figure 19 shows the mass-weighted average pressure drop across
the channel. In the first pass the total pressure increases as the ro-
tation number increases to reach the maximum value in the U turn,
then starts to decrease in the second pass. Increasing DR for the
same rotation number decreases the total pressure as the density of
the fluid is decreasing. When DR increases to 0.23 and 0.4 at the exit
of the channel, RS = R1, but ρS is much less than ρ1, which means
that ω2(ρS RS − ρ1 R1) is less than when DR = 0.13 and hence the
pressure gain is more.

Fig. 19 Total pressure drop—smooth walls channel.

Conclusions
This study examines the rich interplay of physics under the si-

multaneous actions of Coriolis and centrifugal/buoyancy forces in
one of the most challenging internal flow configurations. Several
important conclusions are reached from this computational study
that can have far-reaching implications on how turbine blades are
currently designed.

Two-equation turbulence models overestimated the Nusselt-
number ratio in the first pass of the U channel and underesti-
mated it in the U turn and second pass of the cooling channel.
The RSM showed better agreement with experimental data than
the two-equation models. As opposed to wall functions approach,
predictions using the enhanced wall treatment approach are more
accurate.

In the first pass of the internal cooling channel, the combined
effect of the Coriolis and centrifugal forces causes the separation
near the leading surface and the acceleration of the flow near the
trailing surface, which led to the rapid increase in Nusselt number.
In the second pass the streamwise velocity of the well-mixed fluid
increases rapidly at high rotation number and density ratios near the
leading side and decreases to low values near the trailing surface.
The opposite was observed at low rotation numbers.
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Increasing rotation number always increases Nusselt number,
whereas increasing DR at high rotation number dose not increase
Nusselt number and in some locations even decreases the Nusselt
number. The increasing thermal boundary-layer thickness near walls
is the possible reason for this behavior of Nusselt number.

Increasing rotation number and DR caused a rapid increase in
shear stress and turbulence intensities mainly caused by increasing
both rotation number and DR. The well-known anisotropy in the
normal stresses was observed in all planes.

The heat-transfer rate can be enhanced rapidly by increasing the
rotation number to values that are comparable to the enhancement
because of the introduction of ribs inside the internal cooling chan-
nels. It is possible to derive a linear correlation for the increase in
Nusselt number as a function of rotation number.

Appendix: A
The system rotation at angular velocity �∗ is manifested in the

velocity fluctuation equation by the appearance of a Coriolis force
term, −2(�∗xV ). The derived equation for the production term by
system rotation will take the form

Fi j = −2ρ�k

(
u′

j u
′
mεikm + u′

i u
′
mε jkm

)
(A1)

In case of orthogonal-mode rotation, the influence of Eq. (A1)
on the dynamics is to be investigated next. With a rotation vector
�∗ = (−�i + 0 j + 0k), it follows from Eq. (A1) that the Reynolds-
stress equations contain additional terms as shown in Table A1.

Because, nominally, w′w′ > v′v′in channel flow; thus, in the first
pass F32 is negative, in which case it acts to add to Reynolds shear
stress where (w′v′ < 0) and decrease it, where (w′v′ > 0). Enhanced
Reynolds shear stress can be associated with high turbulence activ-
ity, and hence the trailing side in the first pass is unstable (pressure
side), and the leading (suction side) is stable and the opposite on the
second leg.

To study why the Coriolis force has that kind of effect on the
Reynolds shear stress, consider the part of F32 that depends on
w′w′. This term has arisen from multiplying the Coriolis term—
2(−�ιW ) by W . The expression −2(−�ιW ) represents a force
deflecting W > 0 motions toward the trailing surface and motions
W < 0 toward the leading surface. In other words, W > 0 motions
are accompanied by a move negative V , whereas W < 0 motions
make V move positive. Thus it is not surprising that the Reynolds
shear stress is amplified on the trailing side and decreases on the
leading side.

Similarly, the term 2ρ�v′2 in F32 acts to diminish the Reynolds
shear stress. In this case the Coriolis force −2(−�ιV ), deflects
motion in the ±Y directions toward the ±Z directions, respectively,
which leads to reduce the Reynolds stress. The cumulative effect of
the two processes represented in F32 is to enhance Reynolds stress
on the trailing side while decreasing it on the leading side because
the V fluctuations are smaller than the W fluctuations, and hence
the corresponding Coriolis effect is smaller.

In w′w′ equation there is an extra production term 4ρ�w′v′ and
an equal and opposite term in the v′v′equation. When w′v′ is nega-
tive, that rotation diminishes w′w′and enhances v′v′ on the trailing
side and vice versa on the leading side. For high rotation-number
value, it can happen that w′w′ < v′v′, in which case, according to
F32 equation, there is no new effect of rotation on enhancing or
diminishing Reynolds stress.

Table A1 Influence of Fij on dynamics in orthogonal-mode rotation

First Pass U turn Second Pass

i, j Reynolds stress Fij i, j Reynolds stress Fij i, j Reynolds stress Fij

3,3 w′w′ 4ρ�w′v′ 1,1 u′u′ 0 3,3 w′w′ 4ρ�w′v′
2,2 v′v′ −4ρ�v′w′ 2,2 v′v′ −4ρ�v′w′ 2,2 v′v′ −4ρ�v′w′

3,2 w′v′ 2ρ�(v′2 − w′2) 1,2 u′v′ −2ρ�u′w′ 3,2 w′v′ 2ρ�(v′2 − w′2)

Because F33 in w′w′ equation appears with equal and oppo-
site magnitude to F22 in the v′v′ normal Reynolds-stress equation,
there is clearly no net effect of rotation in the turbulent kinetic
energy equation. Moreover, rotation effects do not appear in the
mean momentum equation, except indirectly through the action of
the Reynolds shear stress. Consequently, there is no mechanism by
which a model such as the k−ε model is able to account for the ef-
fects of rotation in a channel flow. Clearly, the minimum requirement
necessary to do so is to have the capacity to model the anisotropy
of the Reynolds-stress tensor in unidirectional mean flows. Only
more advanced models such as the Reynolds-stress model (RSM)
are rotationally useful for treating rotating channel flow. Also a
good quality of results depends strongly on the attention paid to the
near-wall modeling.

To illustrate the fundamental advantage of the exact formu-
lation of the production terms in RSM compared to eddy-
viscosity models, consider Pi j and Fi j production terms. The
k equation (k = 0.5(u′u′ + v′v′ + w′w′) is unaffected by rotation
as F33 + F22 = 0. In addition, the shear stress w′v′ is inaccurately
estimated by neglecting the rotational production F32 because of
the isotropic estimation of the normal stresses w′w′ = v′v′. This
clearly suggests that EVMs should include ad hoc modifications to
correctly predict rotational-induced turbulence.28,29
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