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Flow and Heat Transfer in a Smooth U-Duct
with and without Rotation

Mark A. Stephens* and Tom I-P. Shiht
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This study shows that when computing a compressible flow in a rotating duct of a given geometry and
radial distance from the axis of rotation, the inlet Mach number must be specified in addition to the inlet
Reynolds number, inlet rotation number, coolant-to-wall temperature ratio, and Prandtl number. This is
because the inlet Mach number and other dimensionless parameters collectively fix the rotational speed,
which strongly influences centrifugal buoyancy. This study also shows the nature of the three-dimensional
flow induced by Coriolis force, centrifugal buoyancy, and a 180-deg bend in a U-shaped square duct with
smooth walls for three rotation numbers (0, 0.24, and 0.48), and two Reynolds numbers (2.5 x 10* and
5 x 10%. Key flow mechanisms that affect heat transfer are identified. The computed heat transfer
coefficient on the leading and trailing faces of the rotating duct compares well with available experimental
data. This computational study is based on the ensemble-averaged conservation equations of mass, mo-
mentum (compressible Navier - Stokes), and energy closed by a k-w/shear stress transport model of tur-
bulence that can be integrated to the wall; i.e., wall functions were not used. Solutions were generated
by using a cell-centered finite volume method on a structured grid based on second-order accurate Roe
differencing, and on a diagonalized alternating-direction implicit scheme with local time-stepping and V-

cycle multigrid.

Nomenclature

D, = hydraulic diameter of duct

h = heat transfer coefficient, g, /(T,, — T})

k = turbulent kinetic energy

M; = Mach number, V;/v/ YRT,

Nu = Nusselt number, hD,/k

Nu, = Nusselt number for smooth duct, 0.021Re**Pr®’

qw = wall heat transfer rate per unit area

R = gas constant for air

Re = Reynolds number, p,V.D,/u;

R, R, = inner and outer radius of 180 deg bend, Fig. 1

Ro = rotation number, 0D, /V;

R, R, = radius from axis of rotation, Fig. 1

T = temperature

T, = pseudobulk temperature given by Eq. (4a)

u, v, w = x, y, z component of velocity vector relative to
duct

Vi = average velocity at duct inlet

X’ = distance along duct measured from duct inlet,
x — R,

x,y, z = coordinate system rotating with duct with origin
on rotation axis, Fig. 1

Y = ratio of specific heats, 1.4

Aplp = density ratio, (T,, — T)/T,

K = thermal conductivity

M = dynamic viscosity

p = coolant density
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Q = angular speed of duct

w = dissipation rate of k per unit k
Subscripts

i = coolant conditions at duct inlet
w = wall

Introduction

DVANCED gas-turbine stages, because of their high-tem-

perature operating conditions, require cooling to maintain
structural integrity and acceptable life expectancy. One effec-
tive and widely used method of cooling is to bleed lower-
temperature air from the compressor and circulate it inside
and/or outside of each blade. This air, referred to as coolant,
typically enters each blade from its root, and exits from its tip
and/or trailing edge. It could also exit from any part of the
blade surface for film cooling. While inside the blade, the cool-
ant typically flows through a series of straight ducts with rec-
tangular cross sections connected by 180-deg bends.

The importance of internal cooling has led many investi-
gators to study the flow and heat transfer inside ducts. Several
experimental studies on rotating ducts have been reported.' ™"
These investigators measured heat transfer characteristics to
study the effects of Reynolds number, rotation number, and a
buoyancy parameter that accounts for the coolant-to-wall tem-
perature ratio, rotational speed, and the radial position of the
duct relative to the axis of rotation. The effects of duct-cross-
section aspect ratio, rib blockage, and nonuniformity in duct
wall temperature and heat transfer rate were also studied.

Three key results from the experimental studies are as fol-
lows. The first is that the leading and trailing faces of a rotating
duct (see Fig. 1) have different heat transfer rates. This is a
consequence of the secondary flows induced by the Coriolis
force. For radially outward flow in a smooth duct, this sec-
ondary flow transports cooler fluid from near the center of the
duct toward the trailing face, so that the thermal boundary
layer caused by this secondary flow starts there, grows along
the two side walls, and ends at the leading face. This causes
the heat transfer rate to be higher at the trailing face and lower
at the leading face. For radially inward flow, the reverse is
true; i.e., the leading face would have the higher heat transfer
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Fig. 1 Schematic of problem studied.

rate. The second key result is that rotation can also induce
streamwise flow reversal or separation. This phenomenon is a
consequence of centrifugal buoyancy created by the centripetal
force coupled with density gradients produced by wall heat
transfer. For radially outward flow, centrifugal buoyancy tends
to decelerate the coolant near the wall, where the density is
lower because of heat transfer. This deceleration is especially
severe for the leading face because the thermal boundary layer
at that location is the thickest. Thus, if there is flow reversal,
it takes place on the leading face. For radially inward flow,
centrifugal buoyancy accelerates instead of decelerates the
lower density fluid. In this case, centrifugal buoyancy actually
assists in increasing heat transfer rate. The third key result is
that for a rotating duct of given geometry and radial position
from the axis of rotation, heat transfer depends only on the
Reynolds number, the Prandtl number, the rotation number,
and the coolant-to-wall temperature ratio. On this last result,
it is interesting to note that the Mach number was not included
as a parameter that must be specified, even though it is clearly
present in the dimensional analysis of the problem.

Mathematical studies of rotating ducts have been reported
by a number of investigators.'®"*® The focus of these studies
has been on the following. First, to demonstrate that simula-
tions can predict the correct qualitative physics such as the
secondary flows set up by the Coriolis force; changes in the
number of vortices in the secondary flow as the rotation num-
ber increases, e.g., from two to four; and flow reversal caused
by centrifugal buoyancy. Second, to develop better physical
models and numerical algorithms to improve quantitative pre-
dictions. In terms of physical models, Tse et al.”® clearly dem-
onstrated the need to account for compressibility (see Ref. 27),
and the need to use a low-Reynolds number turbulence model
for the near-wall region; i.e., wall functions may be inadequate.
However, what is the best turbulence model or how turbulence
should be modified for rotation is still unclear. And finally, to
show how detailed fluid mechanics affect the local heat trans-
fer as a function of the Reynolds and rotation numbers. In this
endeavor, the work of Prakash and Zerkle,®' Tekriwal,” Tol-
padi,** and Tse et al.” are particularly noteworthy, because of
their relevance to blade cooling.

At this point, it is interesting to note that all studies reported
so far, experimental and mathematical, do not fix the Mach
number at the inlet when parametric studies were performed.
In fact, the inlet Mach number was always allowed to float
arbitrarily, so that the rotational speed of the duct is falsely
low (presumably so that the experimental rig can reproduce it,
though real gas turbines clearly rotate much faster). Later in
this paper, the important role played by Mach numbers in spec-
ifying the rotational speed for a given Reynolds number and
rotation number will be shown.

Accordingly, the objective of this study is to compute the
flow and heat transfer in a rotating duct in which the inlet

Mach number is an additional parameter that must be specified
and held constant when other parameters are varied. More spe-
cifically, the objective is to show the consequences of not spec-
ifying the inlet Mach number and to investigate the effects of
Reynolds number (Re = 2.5 X 10* and 5 X 10%) and rotation
number (Ro = 0.0, 0.24, and 0.48) on the flow and heat transfer
in a rotating duct in which the inlet Mach number is held
constant. This objective is to be accomplished by performing
a series of one- and three-dimensional analyses. For both one-
and three-dimensional analyses, compressibility induced by ro-
tation will be accounted for. In the three-dimensional analyses,
a low Reynolds number turbulence model, which allows in-
tegration to the wall, will be used; i.e., wall functions will not
be used. The duct to be studied will have a square cross section
and a tightly wound 180-deg bend typical of blade coolant
passages. Ribs will not be considered; i.e., the duct will have
smooth walls, because they further complicate an already com-
plex flowfield, making it difficult to isolate the salient physics
associated with secondary flows from Coriolis and reversed
flows from centrifugal buoyancy.

The remainder of this paper is organized as follows. First,
the geometry and operating parameters associated with the ro-
tating duct investigated are described. Afterward, the formu-
lation and the numerical method of solution are given. This is
then followed by results from the one- and three-dimensional
computations.

Description of Problem

A schematic diagram of the problem investigated is shown
in Fig. 1. Basically, it involves coolant flow (air) in a U-shaped
duct of square cross section with smooth walls that are made
up of two straight sections and a 180-deg bend. The geometry
of the straight section is the same as that reported in Wagner
et al."? The geometry of the bend is somewhat different, and
is taken from the current experimental setup at United Tech-
nologies Research Center.f The dimensions of the duct are as
follows. The duct hydraulic diameter is D, = 1.27 cm (0.5 in.).
The radial position of the duct relative to the axis of rotation
is given by R,/D, = 41.85 and R,/D, = 56.15, so that the mean
radius is R,./D, = (R, + R)/2D,, = 49. The length of the duct’s
straight section is L/D, = 14.3. The curvature of the 180-deg
bend is given by R,/D, = 0.22 and R,/D, = 1.44.

For this problem, two Reynolds numbers (Re = 2.5 X 10*
and 5.0 X 10*) and three rotation numbers (Ro = 0.0, 0.24,
and 0.48) were investigated. All other parameters were kept
constant as follows. The four walls of the duct were maintained
at a temperature of T,, = 344.83 K. The coolant temperature
at the inlet was uniform at 7; = 300 K. This gives an inlet
density ratio (Ap/p) of 0.13. The velocity profile at the duct
inlet was nonuniform because of the extensive flow passages
upstream. Because fully developed velocity profiles do not ex-
ist for compressible flows, the velocity profile used is the one
at the exit of a nonrotating straight duct of length 150D, with
adiabatic walls, and the same cross section and flow conditions
as the U-duct. To complete specification of this problem, either
the inlet pressure or the inlet Mach number must be imposed.
Here, the inlet Mach number is imposed at M; = 0.05, which
gives the following rotational speeds: 3132 rpm for Ro = 0.24,
and 6265 rpm for Ro = 0.48.

Problem Formulation

The governing equations for this problem were taken to be
the ensemble-averaged conservation equations of mass (con-
tinuity), momentum (compressible Navier—Stokes), and total
energy, closed by a low Reynolds number k-w/shear stress
transport turbulence model,®* which can be integrated all the
way to the wall. This model was selected because it satisfies
many constraints required of turbulence models, such as as-

$+Wagner, J. H., and Steuber, G. D., private communication, United
Technologies Research Center, East Hartford, CT, 1994.
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ymptotic consistency near walls without the need for ad hoc
corrections. Also, this model has been shown to give reason-
able results for subsonic flows with adverse pressure gradients,
separation, and streamline curvature.” In the governing equa-
tions, the coolant air is assumed to be a thermally and calor-
ically perfect gas with a constant Prandtl number in which
thermal conductivity can be computed by using the Suther-
land’s model.

Because the ensemble-averaged flow variables are steady
with respect to the duct, the governing equations were written
in a coordinate system, x—y—z—t, that rotates with the duct. If
z coincides with the axis of rotation, and x is always along the
duct, then the ensemble-averaged conservation equations be-
come (see Ref. 31 for derivation):
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In the preceding equations, 7; is the effective shear stress, P
is pressure, e is mechanical plus thermal energy per unit vol-
ume, and g; is the effective conduction in the ith direction.
Note that the first and second terms on the right-hand side of
Eq. (le) represent the centripetal and the Coriolis force, re-
spectively, which appear in the momentum and energy equa-
tions [Egs. (1b) and (1¢)].

The boundary and initial conditions for Eq. (1) and turbu-
lence model are as follows. At the duct inlet, the velocity and
temperature profiles as well as the turbulence quantities (k and
w) were specified. Pressure was extrapolated. At the duct exit,
an average back pressure was imposed, but the pressure gra-
dients in the two spanwise directions were extrapolated. This
is important because secondary flows induced by the Coriolis
and centripetal forces caused considerable pressure variation
in the spanwise directions, so that forcing a constant pressure
is incorrect. All other variables were extrapolated. At the four
walls of the duct, the no-slip and constant temperature con-
ditions were imposed. The turbulent kinetic energy (k) was set
to zero. The dissipation rate per k, i.e., w, was set to 100(0U/
an),, (where U is velocity tangent to wall, and » is normal to
wall), as proposed by Wilcox*®*° for hydraulically smooth sur-

faces. A check, however, was imposed to ensure that the max-
imum value of w was less than 60u/(BpReAn®), as suggested
by Mentor,” where 8 = 3/40 and An is the normal distance
from the wall of the first cell.

The initial conditions used were the solutions of the steady,
one-dimensional, inviscid form of Eq. (1), i.e.,

9 a oP ) opuH
dou_o, 0P opy, 20WH
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where H is specific enthalpy. The three equations in Eq. (2)
can easily be combined into the following single ordinary dif-
ferential equation by using the ideal gas relations:

_e\de_ e - R
el 8)

where C, is the constant pressure specific heat, ¢ = pu is a
constant, and

0 ¥ -R
T, 2

T 1+ (4a)
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It turns out that the solution of Egs. (3) and (4a) is equivalent
to combining the isentropic relations with Eq. (4a), i.e.,

B_ I 1/(y—1) _Ii_ _7: Yi(y—1) E_&_ I —U(y=1 (4b)
p \T: P \T Cup \T

By using Eq. (4) as the initial condition, the convergence rate
to steady state was accelerated by a factor of more than 2.

Numerical Method of Solution

Solutions to the governing equations described in the pre-
vious section were obtained by using a modified version of
the CFL3D**® code, developed at NASA Langley Research
Center. Modifications that were made include adding source
terms that represent centripetal and Coriolis forces in the mo-
mentum and energy equations [see Eqgs. (1b) and (1c)], so that
steady-state solutions in a rotating frame of reference can be
obtained; initial conditions based on Eq. (3); and an outflow
boundary condition that enforce an average back pressure but
allow spanwise gradients to be retained.

The CFL3D code is based on a cell-center finite volume
method. All inviscid terms were approximated by a second-
order flux-difference splitting of Roe.>*** Flux difference was
used to minimize errors from numerical diffusion. Because
only steady-state solutions were of interest, time derivatives
were approximated by the Euler implicit formula. The system
of nonlinear equations that resulted from the aforementioned
approximations to the space and time derivatives were ana-
lyzed by using a diagonalized alternating-direction scheme,*
with local time stepping (local Courant number always set to
unity) and three-level V-cycle multigrid.””**

The domain of the problem was replaced by a single-block
grid system that was assembled by patching together three
blocks of H-H structured grids with C? continuity at all block
interfaces (see Fig. 2). For this grid system, the total number
of grid points in the streamwise direction from duct inlet to
outlet is 257. The number of grid points in the cross-stream
plane is 65 X 65. The number and distribution of the grid
points were obtained by using a very stringent set of rules of
thumb, established by developers of numerical methods and
turbulence models to ensure accuracy. These rules include hav-
ing at least five grid points within a y* of 5, and having grid
spacings next to walls kept constant for at least three grid
points to resolve turbulent boundary layers. Other rules include
orthogonality, smoothness, aligning grid with flow direction as
much as possible, and keeping grid aspect ratio near unity in
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Fig. 2 Grid system used.

regions with recirculating flow. For further details on rules of
thumb, see Ref. 39. As a further test, the aforementioned grid
system was refined by a factor of 25% in each direction. This
grid independence study showed the predicted surface heat
transfer coefficient to vary by less than 3%.

On a Cray C-90 computer, where all computations were per-
formed, the memory and CPU time requirements for each run
are 55 MW and 16 h. The CPU time given is for a converged
steady-state solution that typically involved 4000 iterations. A
solution is said to be converged when all of the following are
satisfied: 1) residual drops at least three orders of magnitude;
2) the second norm of the residual is less than 10™"%; 3) the
mass flow rate at each cross section along the duct is within
1% of each other, which implies that unsteadiness in the con-
tinuity equation from pressure waves is minimal; and 4) the
averaged heat transfer coefficient at each cross-stream plane
varied by less than 1% for at least 500 iterations.

Results

This section presents the results of this study in two parts.
In the first part, the analysis is one-dimensional with focus on
the role of the inlet Mach number on duct rotational speed. In
the second part, the analysis is three-dimensional with focus
on the effects of Reynolds and rotation numbers on the multi-
dimensional flow and heat transfer.

One-Dimensional Computations

Because the most important effect of rotation is centripetal
acceleration, which acts only in the radial direction, a one-
dimensional analysis is used to understand the role of the inlet
Mach number on duct rotational speed. Thus, consider a one-
dimensional analysis of a radially outward flow through a ro-
tating duct, namely, the up-leg part of the U-duct shown in
Fig. 1. If this one-dimensional flow is inviscid, adiabatic, and
steady with respect to the rotating duct, then the governing
equations are given by Eq. (2) with the solution given by Eq.
(4). The pressure, temperature, density, and velocity along the
duct were computed by using Eq. (4) for Re = 2.5 X 10% Ro
= 0.24, and four different inlet Mach numbers, M; = 0.0089,
0.05, 0.1, and 0.2 (because for a given Re and Ro, an infinite
number of M; are possible). From this computation, the fol-
lowing observations can be made.

First, for a given Re and Ro, if the inlet Mach number (M)
is low, then the rotational speed ({1) is low. For example, the
rotational speeds corresponding to M; = 0.0089, 0.05, 0.1, and
0.2 are, respectively, } = 560, 3133, 6,66, and 12,532 rpm.
Second, rotational speed has a very strong influence on the
distributions of P, T, p, and u along the duct. For example,
when M; = 0.0089, so that {} = 560 rpm, P, T, p, and u are
essentially constant along the entire duct because the centrip-
etal force is small. But when M; = 0.2, so that Q = 12,532
rpm, P, T, p, and u vary appreciably along the duct. For this
latter case, pressure increases by a factor of 6 along the duct,

temperature by a factor of about 1.6, and density by a factor
of about 3.5. Because pu = const, an increase in density causes
a corresponding decrease in velocity.

There are a number of important consequences from large
gradients of pressure, temperature, density, and velocity that
result from high rotational speeds. First, the higher the gradient
in pressure, the greater the centrifugal buoyancy, and hence,
the tendency to have reverse flow in the streamwise direction
next to the leading face when the Re is low. Second, because
temperature increases with x from compression, the gas tem-
perature could exceed the wall temperature. This imposes an
upper limit on the coolant temperature at the duct inlet. Third,
because density increases with x, so that radial velocity de-
creases with x for radially outward flow, velocity could actu-
ally approach zero. This also must be considered in the design
of the coolant passage.

At this point, note that all studies reported so far on rotating
ducts investigated cases in which pressure, temperature, den-
sity, and streamwise velocity do not vary appreciably along
the duct because the rotational speed was always low. The
thinking was that the Re and Ro were adequate in completely
describing the physics associated with rotation for a given duct
geometry, radial distance from the axis of rotation, coolant
type, and coolant-to-wall temperature. This would be true if
Re and Ro are both nearly constant along the duct. Because
pu is a constant for a constant-area duct, Re is nearly constant
if u is a weak function of temperature. But Eq. (4) shows that
the local Ro given by

QD Ao
D, _ (_T_) _on

u Uu; T, U;

QZ xz _ R2 Wy—-1
—_—T 5
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can vary appreciably along the duct. This gradient in Ro de-
pends on ). This shows that studies based on low ) cannot
readily be extrapolated to real engine conditions, which typi-
cally involve high ), because the correct gradient in Ro was
not captured. Thus, when studying compressible flows in ro-
tating ducts, the rotation number by itself is inadequate in
quantifying the physics associated with rotation. A parameter
such as Eq. (§) may be more meaningful.

Three-Dimensional Computations

For the three-dimensional computations, the focus is on un-
derstanding the nature of the flow and heat transfer in the U-
duct depicted in Fig. 1 in which centripetal, Coriolis, and cen-
trifugal buoyancy are all accounted for. Computations were
carried out for two Reynolds numbers (2.5 X 10* and 5 X
10 and three rotation numbers (0, 0.24, and 0.48). The com-
puted results are given in Figs. 3-6.

Nature of Fluid Flow

The flowfield induced by rotation with a coolant-to-wall
temperature less than unity can be inferred from Figs. 3 and
4. Figure 3 gives the velocity vectors in several planes between
the leading and trailing faces around the bend for Re = 2.5 X
10* and Ro = 0.0, 0.24, and 0.48. Figure 4 gives the velocity
vectors in the cross-stream plane at 13 streamwise locations
along the U-duct from inlet to exit for the case with Re = 2.5
X 10* and Ro = 0.24.

When Ro = 0, i.e., nonrotating, the computed velocity field
in the U-duct is as follows. In the up-leg part, the velocity
profile has a maximum at about the center of the duct cross-
section. The expected four-corner vortices were not predicted
because the turbulence model employed cannot account for
anisotropic effects. However, the expected pair of symmetric
secondary flows (Dean type) around the bend was predicted.
Also, a large streamwise separated region was found to form
on the convex side of the bend about the center plane, but not
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Fig. 4 Velocity vectors at 13 cross-stream planes along the
U-duct for Re = 2.5 x 10*

on the concave side (Fig. 3). Just downstream of the bend in
the down-leg part, two more streamwise separated regions
form, one on the leading face and another on the trailing face
(Fig. 3). This coupled with Dean-type secondary flows shifted
the peak streamwise velocity toward the outer side wall in the
down-leg part.

Ro = 0.0 Re -

Nu

25,000 Ro = 0.0 Re = 25,000

AL L AR R!
/f////////‘

r ° Measured, Leading

a Measured, Trailing
—e—  Computed, Leading
™ Computed, Trailing

X /D,

Fig. 5 Computed and measured average Nusselt number along
leading and trailing faces for Re = 2.5 x 10° and Ro = 0.24.

Rotation affects the flow just described in an appreciable
way. Some observations are as follows. The first observation
is that with rotation, there is flow reversal in the streamwise
direction on the leading face in the up-leg part. The reason for
the reverse flow is centrifugal buoyancy, which decelerates
fluid next to the wall because they have lower density from
wall heating. The flow reverses on the leading face because
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Fig. 6 Nusselt number contours on the leading and trailing faces for Re = 2.5 x 10* and 5 x 10* at Ro = 0.24.

density is lowest there as a result of secondary flows from the
Coriolis force. For the conditions of the present study, the size
of the reverse flow region is quite appreciable when Ro = 0.48.
This reverse flow on the leading face causes flow on the trail-
ing face to be accelerated to satisfy continuity.

The second observation is that rotation causes the formation
of many secondary flows. The formation of two symmetric
counter-rotating secondary flows by Coriolis is well known.
Not so well known is the formation of additional vortices and
their causes. Figure 4 shows the number of secondary flows
to increase from two to four, and then to six, with new ones
all formed next to the leading face. The additional secondary
flows formed because once the flow reversed in direction be-
cause of centrifugal buoyancy, it is flowing radially inward
instead of radially outward. With radially inward flow, the sec-

ondary flows formed by Coriolis force have an opposite sense
of rotation. Also, with radially inward flow, centrifugal buoy-
ancy accelerates instead of decelerates the lower density fluid.
Even without flow reversal, Coriolis-induced secondary flows
can cause additional vortices to form next to the leading face
because of the highly decelerated flow there. The formation of
up to four secondary flows (but not six) was reported in Ref.
19. However, the reason for their formation was not advanced.

The third observation is that as the flow approaches the 180-
deg bend, it is strongly affected by the Dean-type secondary
flows created there. However, unlike the nonrotating case, the
two secondary flows around the bend are not symmetric (Fig.
4). The one next to the leading face is much larger than the
one next to the trailing face. There are two reasons for this
asymmetry. The first reason is that the secondary flows set up
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by the Coriolis force in the up-leg part of the duct reinforces
the Dean-type secondary flow next to the leading face, but
weaken the one next to the trailing face. The second reason is
that centrifugal buoyancy near the leading face is much higher
than that on the trailing face because the fluid there is hotter.
This higher centrifugal buoyancy also reinforces the Dean-type
secondary flow next to the leading face more so than the one
next to the trailing face. The net effect of the asymmetry on
the secondary flows is that they induce a motion on each other
as they flow downstream.

The fourth observation is that there is a large streamwise
separation bubble around and downstream of the bend next to
the trailing face, but a very small one next to the leading face
(Fig. 3). This is because of the asymmetry of secondary flows
in the bend.

The fifth observation is that after the bend, only one sec-
ondary flow dominates, this is the one that flows from the
concave to the convex side along the leading face. This sec-
ondary flow was reinforced in the down-leg part by the Cor-
iolis force.

The sixth observation is that for the conditions of the present
study, the flow features associated with Re = 2.5 X 10* and 5
X 10* at a given Ro are very similar. However, the flow fea-
tures associated with Ro = 0.24 and Ro = 0.48 at a given Re
are very different. This difference can be attributed to the small
temperature difference imposed between the wall and coolant
temperatures. When Ro = 0.24, the coolant temperature is
lower than the wall temperature throughout the U-duct. But,
when Ro = 0.48, the coolant temperature exceeded the wall
temperature before the coolant reaches the 180-deg bend.

Heat Transfer Characteristics

In this section, the heat transfer characteristics in the U-duct
are described with focus on effects from fluid mechanics. The
heat transfer results are given in Figs. 5 and 6. Figure 5 gives
the averaged Nusselt number on the leading and trailing faces,
where the average is along the perimeter of the cross-stream
plane. Figure 5 also gives the measured quantities from Wag-
ner et al.' Figure 6 gives normalized Nusselt number (Nu/Nu,)
contours on the leading and trailing faces.

From Fig. 5, the following observations can be made about
the heat transfer rate in the up-leg part of the U-duct. First,
the Nusselt number on the leading face is much lower than
that on the trailing face. This is expected because secondary
flows created by the Coriolis force moves cooler fluid near the
center of the duct cross-section to the trailing face, so that the
thermal boundary layer starts on the trailing face, grows along
the two side walls, and ends at the leading face. Second, the
Nusselt number on the trailing face rises continuously, except
near the duct entrance. The rise after the initial decrease on
the trailing face is caused by the formation of the first pair of
secondary flows from the Coriolis force. Third, the variation
of the Nusselt number on the leading face is less dramatic; it
initially decreases, then rises slowly. The decrease is caused
by thermal boundary-layer growth and formation of the first
pair of secondary flows. The rise is a result of the formation
of the second and third pairs of secondary flows, which cir-
culate lower temperature fluid about the leading face.

Figure 5 shows the following about the heat transfer char-
acteristics in the bend and the down-leg part of the U-duct.
First, the Nusselt number on both the leading and trailing faces
rise around the bend, with the rise on the leading face being
more dramatic, because the boundary layer is fuller there and
it receives more cooler fluid from near the center of the duct
cross section. In the down-leg part of the duct, the Nusselt
number on the leading face becomes higher than that on the
trailing face. The reason for this is that when the flow is ra-
dially inward, Coriolis force reverses direction when compared
with the radially outward flow, and causes cooler fluid to first
approach the leading face instead of the trailing face.

Note that Fig. 5 also gives experimentally measured values
of the averaged Nusselt number from Wagner et al.' Compar-

ing the computed with the measured results shows good agree-
ment, except near the duct entrance for the trailing face and
the minimum value for the leading face. The difference near
the duct entrance is because of differences in the inflow ve-
locity and turbulence profiles, the effects of which diminish
with x. The difference for the minimum Nusselt number on
the leading face is attributed to inadequacies of the turbulence
model. Although there are some differences between the com-
puted and the measured results, the generally good agreement
gives confidence to the validity of the computations.

Figure 6 shows the Nusselt number contours on the trailing
and leading faces normalized by Nu,. From this figure, the
following observations can be made. First, when Ro = 0, in-
creasing Re decreases Nu/Nu,, which is consistent with ex-
perimental observation. But, when Ro = 0.24, increasing Re
decreases Nu/Nu,, everywhere except on the trailing face of
the down-leg part. Second, when Ro = 0, heat transfer is high-
est in the bend next to the downstream side of the concave
wall. This is because the flow from the up-leg part impinges
there. When Ro = 0.24, the highest heat transfer is also in the
bend next to the concave wall, but is more upstream. Third,
the lower heat transfer regions just downstream of the bend
correlate well with the observed separated regions there.
Fourth, when there is rotation, the heat transfer rate is higher
on the trailing face from the up-leg part to the bend, but gen-
erally lower elsewhere when compared with the case without
rotation.

Summary

Computations were performed to examine the fluid mechan-
ics and heat transfer in a U-duct. The one-dimensional analysis
showed that for a given Re and Ro, many rotational speeds are
possible, giving rise to widely different flows. Also, along a
constant-area duct, the rotation number can vary appreciably
and is a strong function of the rotational speed. The three-
dimensional analysis showed the nature of the flow in rotating
U-ducts caused by Coriolis, centrifugal buoyancy, and bend,
as well as how this flow affects heat transfer. The computed
results compared well with available experimental data.
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