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Abstract

This paper reports the results of a numerical study on the fluid
flow and heat transfer in a rotating square duct with 180 deg. bend.
The computations are based the standard k-c turbulence model with
wall functions. At a fixed Reynolds number, results have been
obtained over a range of Rotation numbers and coolant-to-wall
temperature ratios. These results reflect the complex interaction of
Coriolis forces, buoyancy forces, and curvature effects. For the
outward leg, rotation causes the heat transfer enhancement on the
trailing surface and degradation on the leading surface. However, in
the inward leg, there is heat transfer degradation on the trailing
surface and enhancement on the leading edge. The buoyancy forces
cause further degradation in the heat transfer on the leading surface
and enhancement on the trailing surface of the outward leg.

Nomenclature

C2, C	constants in the k-e turbulence model
hydraulic diameter
heat transfer coefficient
turbulent kinetic energy, thermal conductivity
Nusselt Number = hD/k
pressure
radius
inlet Reynolds number = pVinD/g
Rotation number = S^D/V in

temperature
coolant inlet temperature
wall temperature
velocity components in x, y, z directions
mean velocity at the inlet
Cartesian coordinates
density ratio = 1— T. /TW

dissipation rate of turr%ulence energy
viscosity
coolant density
constants of the k-c model
turbulent Prandtl number
rotational speed

Introduction

Advanced gas turbine airfoils are subjected to high heat loads
and internal convection cooling is generally required to maintain
acceptable airfoil metal temperatures and to obtain an acceptable
blade life. In internal convection cooling, the coolant air from the
compressor is introduced through the hub section into the blade
interior and discharged from the trailing edge of the blade. The
coolant path is a serpentine passage that comprises of several
channels aligned with the airfoil streamwise direction, with two
adjacent channels connected by a 180 deg. bend. A schematic of a
typical internally-cooled blade is shown in Fig. 1. An accurate
knowledge of the local heat transfer in cooling passages is crucial
for the prediction of blade metal temperatures and, hence, the blade
life.

As a result of the flow features associated with rotation, large
coolant-to-wall temperature differences, and sharp turns, the heat
transfer characteristics of coolant passages are significantly different
from those of stationary ducts. For radial outflow in a rectangular
duct, the Coriolis force induced by rotation leads to a cross-stream
pattern comprising of multiple vortices, which transport fluid from
the core toward the trailing edge of the duct. The centrifugal-
buoyancy forces, arising due to large coolant-to-wall temperature
differences, modify the axial velocity distribution. The presence of
sharp turns also leads to a multicellular cross-stream flow pattern, in
which the centrifugal forces convect fluid from the core toward the
outer surface. In a coolant passage, there is a complex interaction
between these individual processes. A better understanding of the
Coriolis, centrifugal buoyancy, and curvature effects and the
capability to predict them is necessary to design cooling
configurations for high performance systems where acceptable blade
metal temperatures and high efficiencies must be achieved by
utilizing small coolant flow rate.

A large number of studies, both experimental and
computational, are available on the effects of rotation and buoyancy
on flow in radially rotating passages. Here we restrict our
discussion to the recent studies on turbulent heat transfer in passages
with smooth walls; details of other studies can be found in the
references cited here. Wagner et al. (1991a, b) have provided
detailed heat transfer measurements in a serpentine passage
consisting of four legs (two up-flow and two down-flow) and three
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connecting 180 deg. bends. The duct walls in these experiments
were maintained isothermal. The first set of results (Wagner, 1991a)
were for the first up-flow leg of the passage and indicate that
rotation causes an increase in heat transfer over the trailing face. On
the leading edge, however, there was a decrease in heat transfer near
the inlet, followed by an increase at downstream locations. The
second set of results (Wagner, 1991b) were concerned with the
first, second, and third radial passages of the serpentine passage.
The flow in the first and third passages was radially outward and
that in the connecting passage was radially inward. The results
indicated that the heat transfer rates were significantly affected by the
flow direction.

Soong et al. (1991) have presented heat transfer results for
radially rotating isothermal rectangular ducts of various aspect
ratios. Results have been presented for Reynolds numbers in the
range 700 (laminar flows) to 20,000 (turbulent flows) and show that
the effect of Coriolis forces is most significant for ducts with aspect
ratios near unity.

Yang et al. (1992) have performed heat transfer experiments in
a four-pass serpentine channel of square cross section at low
rotational speeds. The results show significant heat transfer
enhancement near the sharp turns due to strong secondary flow.
These investigators also found that, for the rotational speeds
considered, although rotation significantly affects local heat transfer
coefficients, it has little effect on the circumferentially averaged heat
transfer coefficients.

Chyu (1991) has used the naphthalene mass transfer technique
to study heat transfer distributions for flow passing through two-
pass and three-pass stationary cooling passages with 180 deg. turns.
The results indicate that the two-pass (one-turn) passage produces
approximately 45 to 65% higher heat transfer compared to the
corresponding straight channel. Further, the results for the three-
pass passage indicate that the heat transfer characteristics around the
second turn are nearly identical to those around the first turn,
implying the attainment of thermally developed conditions at the first
turn.

Guidez (1989) has presented an experimental and theoretical
study of convective heat transfer in a radially rotating duct of
rectangular cross section. The results indicate heat transfer
augmentation on the trailing surface and slight deterioration on the
leading surface. The numerical results have been obtained using a
mixing length model of turbulence and are in qualitative agreement
with the experimental data.

In addition to the experimental studies mentioned above, several
attempts have been made to numerically predict the flow and heat
transfer in radially rotating ducts and ducts with 180 deg. bends.
Icovides and Launder (1987, 1990) have reported computations for
fully turbulent flow through radially rotating rectangular ducts. The
results show a complex secondary flow pattern comprising of
counterrotating eddies. Low rotational speeds cause the formation of
a pair of symmetric streamwise vortices. At higher rotational speeds,
a more complex four-vortex structure develops. Choi et al. (1989)
have presented computations for turbulent flow through a stationary
180 deg. bend with a square cross section. In this work, results
have been presented using both the eddy viscosity (k-c) turbulence
model and the algebraic stress model. The use of the algebraic stress
model led to results that were in good agreement with the
experimental data.

Prakash and Zerkle (1992) have presented a computational
study of flow and heat transfer in a radially rotating square duct. The
standard k-E model has been used to simulate the effects of
turbulence. The computed results are in fair agreement with the
experimental data of Wagner et al. (199 1 a) and indicate that the k-e
model can be used effectively to study the influence of rotation and
buoyancy on flow and heat transfer in coolant passages.

In this paper, we present a computational analysis of turbulent
flow and heat transfer in a rotating square duct (side length = 0.0127
m) with a 180 deg. bend. This configuration, shown in Fig. 2,
simulates the first two passes of a serpentine passage. The flow in
the first pass is directed radially outward and that in the second pass
is radially inward. The length of the first pass is 14D, the radius of

curvature of the bend is 0.5D, and the length of the second pass is
also 14D. The radius of the root is 41.9D. The walls of the passage
are taken as isothermal. This problem is governed by four
parameters: inlet Reynolds number, Rotation number (or the inverse
Rossby number), coolant-to-wall temperature ratio, and the radius-
to-passage hydraulic diameter ratio. In this study, the inlet Reynolds
number and the radius-to-passage hydraulic diameter ratio were
fixed at 25,000 and 41.9, respectively; the Rotation number was
varied from 0 (stationary passage) to 0.2; and the coolant-to-wall
temperature ratio was varied from 0.05 to 0.2. These calculations
are made at a system pressure of 1MPa (10 atmospheres). The
present computations are based on the k-c model with the wall-
function approach.

During the preparation of this manuscript, we also became
aware of the work of Bo and Launder (1992), who have also
analyzed flow and heat transfer in a radially rotating U-bend. The
results of Bo and Launder (1992) are based on a two-layer
turbulence model, in which the high-Reynolds number k—c model is
interfaced with a one-equation near-wall turbulence model. The
predicted results are in broad qualitative agreement with the
experiments. In contrast to the approach of Bo and Launder, the
present computations are based on the k-E model with wall
functions. Since the k-E model is very widely used and represents a
good compromise between accuracy, computational effort,
robustness, and general applicability, it is highly desirable to
document its performance for rotating serpentine passages. One of
the aims of the present study is to provide this information.

Mathematical Formulation

Governing Equations. The coordinate system shown in
Fig. 2 rotates with the duct. In this coordinate system, the flow is
steady, but the momentum equations include the centrifugal and
Coriolis force terms. Using the Cartesian tensor notation, the time-
averaged governing equations can be written as:

a . (PU;) = 0	 (1)

ax
aU. au.	l

e ^µ (	+	l — p uiuiJ + S i (2)

axe (PU ;T) _ — ax i I a ax. — p u ^t I	 (3)
L	J

where the upper case letters represent time-mean quantities and the
lower case letters the fluctuating components. The source terms S. in
the momentum equations include the centrifugal and Coriolis forces.
These terms appear in the momentum equations along the x and y
directions (see Fig. 2) and are given by the following expressions:

x-component	2pS2v + pL22x	 (4a)

y-component	— 2pi)u + p )2y	 (4b)

The quantities pu.u. and p u.t in Eqs. (2) and (3) represent the
turbulent Reynolds stresses and the turbulent heat flux, respectively.
The Reynolds stresses are approximated by the high Reynolds
number version of the two equation (k-c) model (Launder and
Spalding, 1974). The Reynolds stress is related to the mean rate of
strain via a turbulent viscosity

	(
^aU. a Ui 2

Puu,=µ^aXi + ax. ^— 3 i;Pk	 (5)

In this expression the turbulent viscosity is calculated from
2

µt = CµPk	(6)
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where k and a are the turbulence kinetic energy and dissipation rate
of turbulence energy, respectively, the values of which are obtained
from the solution of the modeled transport equations:

_U.
-axe (PUik) = axi 6^ ax — pu1u3	

— pe	 (7)

k

l	__au .	
2

	(PU.E) = axi a^ ax J 
— C t Pu;ui ax — CZ  k	(8)

r

The model constants are assigned the following standard values:

Cµ = 0.09, C l = 1.44, C2 = 1.92, 6k = 1.0, cs = 1.3(9)

The turbulent heat flux p u.t is related the gradient of the mean
temperature as

-- pu . t =---

T

where aT is the turbulent Prandtl number, which is assigned a value
of 0.86.

In the present analysis the molecular viscosity and specific heat
of the fluid are assumed uniform. The molecular Prandtl number is
taken as 0.72. The fluid density p is calculated using the ideal gas
law:

p = RT	
(11)

For a given geometry, the flow and heat transfer in the rotating
passage is governed by four parameters: the inlet Reynolds number
Re, the rotation number Ro, the coolant-to-wall temperature
difference Lip/p , and the radius-to-passage hydraulic diameter ratio
R/D.

Boundary Conditions. At the inlet to the duct, the
streamwise velocity, kinetic energy, dissipation, and temperature
profiles are assumed to be uniform and the cross-stream velocity
components are assumed to be zero. The inlet values of the kinetic
energy and the rate of dissipation are calculated as

k. = 0.04 V2	(12a)

e 	kin /(0.3D)	 (12b)

where V. is the inlet velocity and D is the hydraulic diameter.
The cells adjacent to the walls were treated by the wall functions

(Launder and Spalding, 1974). Such a practice eliminates the need
for a very fine grid near the walls where the gradients are very steep.

At the outlet section, a zero gradient was used as the boundary
condition for all the variables. This condition corresponds to a
convection-dominated situation at the outlet.

Solution Procedure. The governing equations were solved
in a body-conforming coordinate system using the three-dimensional
variant of the calculation procedure described by Karki and Patankar
(1988). The discretization of the equations is performed in a
generalized coordinate system using the finite-volume formulation.
A staggered grid arrangement is used in which the scalar quantities
are stored at the center of a control volume and the velocity
components are displaced along the coordinate directions to lie at the
midpoints of the control-volume faces. The momentum equations
are written in terms of the physical covariant (grid-oriented) velocity
components. The standard derivations of the momentum equations
in curvilinear coordinates lead to a large number of additional terms
that result from nonorthogonality and curvature of the coordinates.
This complication is totally eliminated in the method by Karki and

Patankar (1988) by using a locally fixed coordinate system, in
which the discretization equation for a particular velocity component
is derived in terms of the velocity components, at the neighboring
grid points, that are parallel to the velocity component being
considered. This formulation results in a compact representation of
the curvature source terms that arise due to the spatial variation of
the base vectors associated with the covariant velocity components.
The power-law differencing scheme (Patankar, 1980) was used to
discretize the combined convection-diffusion terms in the transport
equations. The coupling between the continuity and momentum
equations was handled using the SIMPLER algorithm (Patankar,
1980). The linearized algebraic equations were solved using a
modified form of the Stone's algorithm (Stone, 1968),
supplemented by a block-correction procedure (Patankar, 1981).

Computational Details. The computations were made on an
algebraically-generated grid comprising of 95 control volumes in the
streamwise direction and 20 control volumes each in the two cross-
stream directions. To resolve the thin boundary layers near the inlet,
a finer grid spacing was used in that region. The near-wall grid
spacings were adjusted to ensure that the y values were in the range
20 to 100 so that the wall-function treatment was applicable. The
grid arrangement is shown in Fig. 2. The adequacy of the final grid
was established by computing several flows in rotating and
stationary straight ducts.

The iterative solution of the coupled equations was terminated
when the sum of the absolute values of the residuals over all the grid
points, normalized by suitable reference quantities, for each equation
fell below 0.1%. At this stage of convergence, the sum of the
absolute values of the residuals in continuity equation was typically
less than 10^% of the incoming mass flow rate.

Results and Discussion

In this section, we present the results for velocity and
temperature fields and side-averaged Nusselt numbers for the
rotating square duct with a 180° bend, shown in the Fig. 2. First,
comparisons with available experimental data are presented,
followed by a detailed parametric study of the effects of rotation and
centrifugal-buoyancy on the flow structure and heat transfer.

Stationary Straight Duct. This is a baseline case that
illustrates the applicability of the high Reynolds number k-c model
for the flow parameters employed in this study. A systematic grid
refinement study was performed to establish the adequacy of the
grid used in the study. For all the Reynolds numbers considered,
the Nusselt numbers along the length of the duct were found to be in
good agreement with other experimental and numerical results; the
fully developed values of the Nusselt numbers were in very good
agreement with those obtained from standard correlations.

Rotating Straight Duct. This configuration has been
extensively investigated both experimentally (e.g., Wagner et al.,
1991a) and numerically (Prakash and Zerkle, 1991). Here we
provide a comparison of the predicted heat transfer results with the
experimental data of Wagner et al. (1991 a) to establish the adequacy
of the high Reynolds number k-e model for the range of rotation
numbers and coolant-to-wall temperature differences considered in
this study. The numerical results of Prakash and Zerkle (1990)
indicate that the use of the high Re k-E model is inappropriate for
large rotational speeds (Ro > 0.25) due to the tendency of the flow
to laminarize near the leading (suction) surface of the duct. Thus, a
low Reynolds number version of the k-e model is required to
adequately model this region of the flow. They also concluded that
for the high rotation and large buoyancy cases, the buoyancy terms
in the turbulence model need to be included. The turbulence model
employed in the present study also does not include the buoyancy
terms. Thus, this study also evaluates the performance of the
standard k-e model with no buoyancy terms for the range of
rotational speeds (Ro < 0.2) and buoyancy levels (Ap/p <0.2).

The straight rotating duct configuration presents a symmetric
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situation which is exploited here for the reasons of computational
economy. Therefore only half the domain length in the z direction
(Fig. 2) is included in the computational domain. The parameters
used in this case are Re = 25,000, Ro = 0.2, and isp/p = 0.1. The
flow and temperature fields reflect the interaction of the Coriolis and
centrifugal buoyancy forces. The velocity and temperature fields
compare well with those presented by Prakash and Zerkle (1990).
The Coriolis forces set up cross-stream flow pattern (Fig. 3) that
distorts the axial velocity profile and pushes the cold core flow
towards the trailing surface as seen in Fig. 4. The centrifugal
buoyancy further distorts the axial velocity distribution leading to
highly nonuniform velocity and, consequently, temperature fields.
This leads to an increased heat transfer on the trailing (pressure)
surface while the heat transfer rate reduces, in comparison to the
stationary duct, on the leading (suction) surface. The predicted side-
averaged Nusselt numbers are shown in Fig. 5 and are in qualitative
agreement with the data of Wagner et al. (1991a) for the case
corresponding to Re = 25,000, Ro = 0.24 and Ltp/p = 0.13. The
Nusselt numbers in this and subsequent figures are normalized
using the standard text book correlation for the fully-developed
Nusselt number in a straight duct

Nu° = 0.0176 Re0 8 (13)

where the Prandtl number of the fluid is taken as 0.72 for air.
The level of agreement between the current predictions and the

experimental data is similar to that obtained by Prakash and Zerkle
(1991). Any further improvement in the predictions will require the
use of a low Reynolds number version of the turbulence model or
the use of second-moment closures (Bo and Launder, 1992).

Stationary Duct With a 180 0 Bend. The purpose of
including this case in the present study, along with it being a limiting
case of zero rotational speed, is that it provides a convenient means
of explaining the complex flow structure observed in rotating U-
duct. This flow has also been investigated by Bo and Launder
(1992) using a two-layer turbulence model.

For this flow, centrifugal forces in the bend produce a two-cell
circulation pattern with the outer side wall as the pressure side and
inner side wall as the suction side. Figure 6a shows the secondary
flow pattern in the stationary duct with the pre-bend leg showing no
secondary flow and the post-bend showing the two-cell structure.
Figure 6b show the isotherm pattern in the duct. The pre-bend
section shows the core cold flow confined to the center of the duct.
In the post-bend section, the secondary currents push the cold flow
towards the outer side wall. Consequently, the heat transfer rates are
higher on the outer side wall and lower on the inner side wall in the
bend and post-bend sections of the duct.

Rotating Duct With a 180° Bend. This problems brings
together the effects of centrifugal-buoyancy and Coriolis forces in
the straight sections of the duct, the centrifugal forces due to the
bend, and the effect of buoyancy on this force. Figure 7 shows the
cross-stream velocity pattern and the isotherm distributions on
selected planes (y = 1 cm, 5 cm, 10 cm, and 14 cm) in the radially
outward and inward sections of the duct. The flow parameters for
this case are Re = 25,000, Ro = 0.1, and Ap/p = 0.2. The curvature
of the bend is kept constant throughout this study.

The flow pattern in outward leg, which reflects the actions of
,Coriolis and centrifugal-buoyancy forces, is same as that in the
straight duct. The elliptic effects due to the presence of the bend are
weak and are confined to a small region close to the bend. The core
cold (heavier) fluid is pushed towards the pressure surface as seen
in Fig. 7b. The post-bend flow shows an intense (in comparison to
the secondary flow magnitudes due to Coriolis forces) clockwise
circulation which is absent in the stationary duct (Fig. 6a). The
rotation-affected radially outward flow, as it enters the bend section
of the duct, experiences asymmetric centrifugal forces in the cross
section. The heavier cold fluid near the trailing surface experiences
larger centrifugal force compared to the lighter fluid near the leading
surface of the duct cross section. This causes the fluid near the

trailing surface to be thrown towards the outer side wall, resulting in
the clockwise circulation seen in the first plane after the bend. Thus
the intense secondary flow observed in the post-bend sections of
multi-pass coolant channels is due to the interaction of the buoyancy
forces and the centrifugal forces in the bend.

In the radially inward flow section of the duct, the flow field is
essentially a result of the interaction of the fluid inertia, which
carries the clockwise circulation generated in the bend, and the
Coriolis force due to rotation. In this section of the duct, the role of
the centrifugal buoyancy is to flatten the axial velocity profile,
thereby reducing the effect of the Coriolis force. The sense of the
Coriolis force is in the opposite direction to that in the radially
outward flow. However, for the duct length and flow conditions
chosen here, the Coriolis force does not overcome the circulation
generated in the bend. The consequence of this complex flow feature
in the radially inward section is that the colder core flow now spirals
downward, washing each surface.

The effect of this complex flow field is further seen in the side-
averaged Nusselt numbers along the duct. (Fig. 8). The Nusselt
numbers are normalized using the corresponding values, given by
Eq. (13), for the fully-developed flow in stationary square duct. In
Fig. 8, the legends NUL, NUT, NUS 1, and NUS2 indicate the
leading face, trailing face, outer side wall, and inner side wall,
respectively. The upward leg shows the leading face heat transfer
rates to be lower than the trailing face heat transfer rates. This is the
same behavior observed in the rotating straight duct case except very
close to the bend. The Nusselt number on the outer side wall is
expected to be highest compared to the other walls in the bend
section. In the radially inward leg of the flow, the clockwise
circulation causes the core colder fluid to migrate towards each wall
in a spiral fashion. The Nusselt numbers thus peak in that
succession starting from the outer side wall. Towards the exit, the
clockwise circulation is weakened by the Coriolis and centrifugal
buoyancy forces; no further peaks in Nusselt numbers seen along
the duct far downstream of the bend.

Effect of Rotation. Figure 9 shows the variation of the side-
averaged normalized Nusselt number along the duct in the straight
sections of the U-duct for Reynolds number of 25,000 and Ap/p =
0.2. The three rotational speeds considered correspond to Ro of 0.,
0.1, and 0.2. In the outward flow leg of the duct (y/D < 14), the
leading edge heat transfer is damped and the enhancement at the
trailing surface is increased with increasing rotational speed. This
effect is due to the secondary flow field set up by the Coriolis
forces. Again, in the outward leg the heat transfer on the side
surfaces is enhanced with increasing Ro, but the Nusselt numbers
remain identical on both the inner and outer sides. This is the
consequence of the symmetric flow field in the outward leg of the
duct. In the inward leg (y/D >16.3) the increase in rotational speed,
improves the heat transfer enhancement on the leading surface
whereas on the trailing surfaces heat transfer decreases. The side
wall heat transfer in the inward leg of the flow is a consequence of
the spiraling flow of the colder core fluid as described in the
previous section. The contention of the various forces is too
complex to discern a simple overall trend in the behavior of the side
wall heat transfer from the available prediction.

Effect of Buoyancy. Figure 10 shows the effect of variation
in the wall temperature, or the inlet density ratio E.p/p, for a fixed
Re and Ro on the side-averaged normalized Nusselt numbers. The
buoyancy effects are strongest on the leading and the trailing
surfaces in the outward leg (y/D < 14). An increased centrifugal-
buoyancy force further damps the leading edge heat transfer while
improving the enhancement on the trailing surface. In the outward
leg, the Coriolis forces set up a secondary flow pattern which causes
the core (cold and heavy) fluid to migrate towards the trailing face
thereby enhancing the heat transfer on this surface. The slower
moving hotter and lighter fluid migrates near the leading surface
damping the heat transfer at this surface. The increase in the
buoyancy level causes the colder fluid to accelerate thereby leading
to sharper gradients of velocity at the trailing face and shallower
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gradients at the leading surface. The gradients of the temperatures
also become steeper at the trailing face and shallower at the leading
face. The effect of buoyancy on the side surfaces in the outward leg
and all the surfaces of the inward leg is minimal.

Concluding Remarks

This paper has presented results of numerical computations of
turbulent flow and heat transfer in a rotating square duct with a 180
deg. bend. This geometry is an idealization of the internal cooling
passages of the turbine blades. The standard k-E turbulence model
employing the wall function treatment is adopted in this study.

The effects of Coriolis and centrifugal buoyancy forces on the
flow in a straight rotating duct are correctly predicted. The Coriolis
induced secondary motion is qualitatively in agreement with the
experimental and other numerical results. The side-averaged Nusselt
numbers also compare favorably with the experimental results. The
results indicate that more accurate predictions will involve either a
computationally expensive low Reynolds number k-c model, two-
layer model, or second-moment closure model.

The predictions in the stationary duct with a 180 deg. bend
showed the centrifugal force generated secondary flow structures in
the post-bend section. These secondary flows lead to enhanced heat
transfer on the outer side wall. These finding are also qualitatively
consistent with available numerical and experimental results.

The rotating duct with a 180 deg. bend shows the effects of
Coriolis forces on the flow and heat transfer in the straight outward
leg of the duct. The asymmetric maldistribution (density
distribution) of the flow as it enters the bend section generates a
vigorous clockwise circulation which dominates the flow and heat
transfer in the bend as well as in the post-bend section of the duct.
The effects of Coriolis force in the inward leg of the duct is much
weaker for the flow conditions studied here. The presence of the
clockwise rotation has also been reported by Bo and Launder
(1992).

Finally, a more elaborate turbulence model is essential for
accurate prediction of flow and heat transfer for this complex flow
situation. The present results, however, show that the standard k-e
model can correctly predict the qualitative trends in the flow and heat
transfer in this configuration with considerable computational
economy compared to the more elaborate alternatives.
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Figure 1 A schematic of a typical internally-cooled turbine blade
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Figure 2 Configuration considered and the computational grid.
The axis of rotation is along the z direction and the sense
of rotation is counterclockwise.
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Figure 3 Cross-stream flow patterns for a radially rotating square	Figure 4 Isotherm patterns for a radially rotating square duct. The

	

duct. Only half the square duct is shown with the left	 section of duct shown is same as in Fig. 3.boundary as the plane of symmetry.
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Figure 5 Side-averaged Nusselt numbers for radially rotating
square duct. The predictions are compared with the
experimental data of Wagner et al. (1991 a).
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	Figure 6a Cross-stream flow patterns for a stationary duct with a	Figure 6b Isotherm patterns for a stationary duct with a 180 deg.

	

180 deg. bend. The arrows indicate the flow directions.	 bend. The distortion in the isoltherms is due to the

	

The secondary flow in the inward leg is caused by the	 secondary flow shown in Fig. 6a.
centrifugal forces in the bend.
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Figure 7a Cross-stream flow patterns for a rotating duct with a 180
deg. bend. The arrows indicate the flow directions. The
secondary flow in the outward leg is due to rotation. The
flow in the inward Ieg reflects the interaction of rotation,
buoyancy and centrifugal forces in the bend.
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Figure 7b Isotherm patterns for a rotating duct with a 180 deg.
bend. The temperature field is a consequence of the
secondary flow pattern shown in Fig. 7a.
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Figure 8 Side-averaged Nusselt numbers for rotating duct with a
180 deg. bend. The legend NUS1, NUS2, NUL, and
NUT represent the outer side wall, inner side wall,
leading surface and the trailing surface, respectively. TB
is the normalized bulk temperature.
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Figure 9 Effect of rotation on side-averaged Nusselt numbers on (a) leading surface, (b) trailing
surface, (c) outer side wall, and (d) inner side wall.
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