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Abstract—A numerical study of three-dimensional mixed convection for a constant-property fluid fiowing
laminarly through a periodical two-pass square channel with radial rotation is presented. Thermal and
fluid-flow fields are calculated for the entire domain from the Navier—Stokes equations and the energy
equation by a finite-difference technique. The emphasis is placed on the rotating effects, including both the
Coriolis force, and centrifugal buoyancy, on heat transfer in channels of different flow directions. Typical
developments of the axial velocity, secondary flow, and fluid temperature are presented to illustrate in
detail the irfluence of rotation on the heat transfer. The results reveal that, in a buoyancy-affected rotating
two-pass channel, the local heat transfer is dependent on the flow direction, and the Coriolis-force effect is
more notable for the radially inward flow than that for the radially outward flow. It is further found that
the centrifugal buoyancy enhances significantly the peripherally averaged heat transfer in the radially
inward-flow channel, but relatively negligibly in the radially outward-flow channel, which is analogous to
the buoyancy-dependence of the cross-flow-intensity development. The prediction further demonstrates
that, as long as the centrifugal buoyancy is sufficiently strong, the radially outward flow will separate from
the leading surface, which largely deteriorates the wall heat transfer. A comparison of the present prediction
with available numerical and experimental data for stationary and rotating ducts is also presented. © 1997
Elsevier Science Ltd.

INTRODUCTION

Heat transfer in rotating passages has attracted much
attention of researchers because of their wide appli-
cation in a variety of rotary machinery such as cooling
in electrical machinery, rotor blades of turbine
engines, and other rotating thermal systems. An exam-
ple of internal cooling of rotor blades, which is closely
related to the present study, is cited below. This
method is to route coolant air through internal pass-
ages within the rotor blades to convectively remove
heat from the blade that, in turn, protects the blades
from a high-temperature environment. The cooling
passages are usually cast into a serpentine channel
that comprises several passages aligned with the blade
spanwise direction and is connected by a 180° bend
between any two adjacent passages. The thermal
behavior within such passages is influenced by several
factors, such as the presence of sharp 180° bends [1,
2] and sometimes the use of ribs for enhancing the
heat transfer [3, 4]. The effects of rotationally induced
Coriolis force are nevertheless of primary importance
[5-12]. Moreover, in a high rotation speed and/or a
high wall-to-coolant temperature difference, the cen-
trifugal-buoyancy forces may play a very critical role
in the heat transfer mechanisms [13—17]. The ability
to predict how wall heat transfer is affected by rotation
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in multiple-pass channels, even with a simple wall
geometry, is thus highly valuable to the designer of
aero-engines. Although, the above-mentioned appli-
cation would be turbulent flows, the present analysis
addresses the laminar case which is relevant in some
applications {5, 7] and is also of fundamental interest.

A large amount of research effort, both theoretical
and experimental, has been conducted for fiow and
heat transfer characteristics in rotating channels. In
earlier works of adiabatic rotating channel flows [5-
8], the effect of the Coriolis force on the flow structure
has been examined theoretically and experimentally,
and the presence of secondary flow due to Coriolis
forces has been well documented. Developing and/or
fully developed forced convection in rotating heated
channels has been carried out by [9-11]; however,
these investigations do not consider the buoyancy
effects induced by centrifugal force. Recently, many
studies have been devoted towards the centrifugal-
buoyancy effects on the fluid flow and heat transfer
characteristics in radially rotating channels [12-17].
Except for some experimentali efforts [15-17], most of
the numerical investigations have dealt with only the
heat transfer in a single-pass straight channel with
radial rotation. Strictly speaking, prediction on mixed
convection from the surfaces of radially rotating mul-
tiple-pass channels in view of the local heat transfer
and flow structure has not been reported yet. This
motivates the present study to predict the fluid flow
and heat transfer in a multiple-pass square channel
with radially rotating conditions. The emphasis of this
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AR ratio of the total heat transfer surface
area of the module and channel
cross sectional area
specific heat at constant pressure
kIkg ' K™
De  channel hydraulic diameter or channel
height (in Y direction) [m]
Gr Grashof number,
(Q* De)* Br-q, - De*/(v** ky)
h heat transfer coefficient [W m~2K ~!]
ke air thermal conductivity [W m~! K~/
L, module length (in X direction), i.e.,

20De [m]

L, module height (in Y direction), i.e., De
[m]

L, module width (in Z direction), i.e., 3De
{m]

2] mass flow rate [kgs™!]

Nu, single wall (spanwise) averaged

Nusselt number
Nu  channel averaged Nusselt number

Nu, peripherally (four-wall) averaged
Nusselt number
P, p dimensionless and dimensional cross

sectional mean pressure
Pr Prandtl number
o total heat input into a module [W]
g»  wall heat transfer [W m~7]
Re  Reynolds number, W De/v

Req  Rotational Reynolds number,
Q- Dé*fv

Ro  Rotation number, Q- De/W

T temperature of air [K]

T, local bulk mean temperature of air [K]
T, reference temperature [K]
T,  local wall temperature [K]

NOMENCLATURE

U, V, W dimensionless local velocity
components in X, Y and Z directions,
respectively.

w average streamwise velocity in the

channel [m s~

local velocity components in X, Y,
and Z directions, respectively [m s~']

X, Y,Z dimensionless rectangular
coordinate, see Fig. 1

X, ¥,z rectangular coordinate [m].

u, v, w

Greek symbols
B pressure drop parameter [kPa m~']
Br thermal expansion coefficient [K =]
4 averaged cross-flow intensity,

JDE re [(/V?+ W?)/W]dYdZ/De

0

y air enthalpy rise parameter,
Qf(-c, L) [Km™']

0 dimensionless temperature

v kinematic viscosity fm? s™']

P air density [kg m~3)

Q angular velocity of rotation [s~!].
Subscripts

b bulk mean

r reference

s smooth or stationary

w wall

x x-coordinate dependence.
Superscripts

* periodicity

average.

prediction is, of course, placed on the rotation effect,
including the Coriolis and centrifugal-buoyancy
forces, on the heat transfer in channels of different
radial flow directions. It has been experimentally veri-
fied that the periodicity of local heat transfer along a
rotating serpentine-type passage is achieved after the
first turn of this channel [17]. That is the fully
developed condition starts from the second-pass
straight (radially inward) channel of the multiple-pass
passage. Therefore, the multiple-pass channel can be
readily simulated as a straight entrance channel fol-
lowed by a number of periodic two-pass channels.
Here, we focus our attention on a periodically fully
developed situation, in which the flow and heat trans-
fer characteristics are assumed to repeat themselves
cyclically from the entrance of the two-pass channel
to the next. This assumption allows the calculation

domain to be limited to the region across a two-pass
(inward plus outward) channel, as given in Fig. 1. It
is believed that a substantial body of numerical/exper-
imental data is highly required to accurately predict
the heat transfer coefficient and flow field in this
important area of rotary machinery. Moreover, the
present numerical simulation may be helpful in the
interpretation of the experimental results with
unavoidable measuring errors.

THEORETICAL ANALYSIS

Figure 1 shows a physical configuration of the per-
iodic two-pass channel, which consists of a radial-
inward channel associated with a 90° miter entrance, a
180° sharp turn, and a radial-outward square channel
associated with another 90° miter exit. The flow and
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Fig. 1. Sketch of configuration, dimension, and coordinate system of the periodic two-pass module.

heat transfer characteristics at the entrance and exit of
this periodic module should be identical via a suitable
parameter reduction. The two-pass channel rotates at
a constant angular speed Q about the axis normal to
the main flow direction (X). The u, v, and w are the
velocity components of the X, Y, and Z directions. The
labeling order of each wall of this two-pass channel is
also given in Fig. 1. The orientation of “left” and
“right” is chosen as one follows the main-stream direc-
tion passing through entire passage. Note also that
both the trailing and leading walls in the radially
inward and outward flow channels, respectively, will
be referred as the low-pressure surfaces in the fol-
lowing discussion. In the same way, the high-pressure
surfaces represent both the leading wall of the radially
inward-flow channel and the trailing wall of the radi-
ally outward-flow channel. To facilitate the analysis,
the flow is assumed to be steady and with constant
properties, and the axial diffusion, viscous dissipation,
and compression work are all ignored. In addition,
gravitational inertia is neglected due to its small mag-
nitude compared to the rotationally induced cen-
trifugal force. The Boussinesq approximation of a
linear density-temperature relation, i.e., Ap/p =
Br(AT), is quotzd for the consideration of the cen-
trifugal buoyancy. Since the centrifugal buoyancy is
taken into consideration, the distance from the axis

of rotation to the test module is very relevant, which
is fixed at X, = 10 in the present study.

A comprehensive discussion of the periodically fully
developed analysis is given by Patankar er al. [18],
and all details are not elaborated on here. Basically,
all flow variables repeat cyclically over the length of
the computational module. The present test section
can be regarded as a “periodically varied cross-section
area” module in z direction; therefore, the physical
quantities are decomposed in z direction. That is,

@(x,y,2) = @(x,y,z2+3De) 0))]

where ¢ could be any velocity component (u, v, w). As
for the pressure and temperature, they can be respec-
tively decomposed as

p(x,y,2) = —ﬂz+p*(x,y,z) )]
T(x,y,2) = yz+ T*(x,y,2) 3

where both the global pressure drop parameter
B = [p(x,y,2)—p(x,y,z+ L,)]/L, and the temperature
increase parameter y = [T(x,y,z+ L) —T(x,y,2)]/L,
are constants. The functions p*, and T* identically
repeat themselves from module to module. The terms
—fBz and yz are, respectively, related to the general
decrease and increase in pressure and fluid enthalpy
along the module width direction (z). Practically, in
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the periodic analysis, the flow rate is not known a
priori. Solution for a given flow rate is achieved by
iteratively updating the value of the global pressure
gradient parameter f, until convergence is reached.
That is for a given value of f§, there will be a cor-
responding flow rate in the channel. The fluid enthalpy
rise parameter, y, can be expressed as the form
y = Q/(rh+ ¢, L.) where Q is the total heat input over
the module, # the mass flow rate, and ¢, the specific
heat. The dimensioniess governing equations are:

Continuity :

ou oV oW

oy taz=0 @
x-momentum :
oU U ou . oP
UH,+V5’+W0_Z=_5)?

L 82U+62U+Q2LJ

Re\px?  0Y?* 0Z°

G
+2RoV— R—'z X+X,) (5)
€

y-momentum :

vV v v oP
U5’+V5)7+W52=_ﬁ
Re\ox? oY% 02?2
Gr
—2RoU— —0Y (6
oU- 23 ©)
Z-momentum :
ow _ow ow apP
Usx VVer Tz~ "oz
1 /*°W W 0?
R 4+ — - 4 7
Re<ax2 vtz @
Energy :
LI I
ax oy 0Z  RePr
026  9*8 76
XN\ =+ =5 )Y W (8
(axz oY 022) YW ®

where Re = WDe/v, Ro = Reg/Re, Req = Q Défv,
and Gr =(Q*-De)Br g,  De*/(v*<kgy. The other
dimensionless variables chosen are :

X =x/De, Y =y/De, Z=z/De,
U=uW, V=o/W, W=w/W, P=p*(p W,
B = B-De/(p*W?*), 0=k (T*—T.)/(qu" De),

" = y/(qu/k) = AR De|(L.* Re* Pr)

= AR/(2Re" Pr)
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Note that the dimensionless fluid enthalpy rise par-
ameter )’ is independent of the quantity of the wall
heat flux g, which affects the thermal-fluid fields by
changing the magnitude of Gr. The terms 2Ro¥V and
2RoU on the right hand side of eqns (5) and (6) are
the Coriolis force driving the flow in the X and Y
directions, respectively. The centrifugal buoyancy
forces in eqns (5) and (6), (Gr/Re) (X +X,) and
(Gr/Re*) 0, are non-uniformly distributed on the ¥Z
and XW planes, respectively, due to the variation of
the temperature distribution.

The boundary conditions of this problem can be
expressed as:

(1) Channel wall
U=V=W=0, d/on=1
(2) Periodic conditions at the channel inlet and outlet
UX,Y,Z)=UX,Y,Z+3),
VX,Y,2)=V(X,Y,Z+3)
WX,Y,Z2)=W(X,Y,Z+3),
0X,Y,2)=0(X,Y,Z+3)

Investigated parameters

After the velocity and temperature fields of the full-
domain are obtained, the computations of the local
and peripherally-averaged Nusselt numbers are of
practical interest. Following the conventional defi-
nitions, the local Nusselt number of the channel wall
is defined as follows:

Nu = h-Defk; = q,* De[lke(Ty —~T)] = 1/8,  (9)
where g, is the local heat transfer rate from the chan-
nel wall, and T, the local wall temperature of the
channel. The local bulk mean temperature T, is deter-
mined as

szjT]UldA/leldA (10)

where the integrals are to be carried over the cross-
sectional area of the channel. The absolute value of
the velocity is taken so that the regions with the reverse
flows are also properly represented.

The investigated parameters for the present study
are the rotation number, Ro = 0-0.5, and the rotating
buoyancy force, Gr = 0-50,000.

Computational details

The solving procedure developed in this work is
based on the finite-volume discretization of eqns (4)—
(7) [19]. this procedure ensures conservation of mass,
momentum, and energy over each control volume.
Velocity control volumes are staggered with respect
to the main control volumes, and coupling of the
pressure and velocity fields is treated via the SIM-
PLER [20] pressure correction algorithm. In order to
reduce numerical diffusion resulting from the exis-
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tence of large cross-flow gradients and obliquity of the
flow to the grid lines, the smooth hybrid central/skew
upstream difference scheme (SCSUDS) is used for
the diffusion and convective terms, which has been
described in detail in Liou et al. [21]. The set of the
differential equations over the entire region of interest
is solved by obtaining new values for any desired
variables, taking into account the latest known esti-
mated values of the variable from the neighboring
nodes. One iteration process is complete when, in line-
by-line technique, all lines in a direction have been
accounted for. Because of the large variations in the
source terms, under-relaxation is necessary for the
dependent variables and the source terms to achieve
convergence. Line inversion iteration with typical
under-relaxation values of 0.5 for the velocity terms
and 0.7 for the pressure correction term are incor-
porated to the facilitated calculation. Solutions are
considered to be converged at each test condition after
the ratio of residual source (including mass, momen-
tum, and energy) to the maximum flux across a control
surface is below 1.0 x 1072,

Grid refinement

In this problem, most of the real action is found
around the 180° turns and near all solid surfaces and,
therefore, nodes are clustered in these regions in order
to resolve the strong gradients present there. All com-
putations are performed on 72x20x50 (X,Y,2)
grids in the present work. Additional runs for the
coarser meshes, 50 x 15x40, and the finer meshes,
90 x30x 70, are taken for a check of grid inde-
pendence. The parameters used to check the grid inde-
pendence are axial velocity profile, temperature
profile, and the local Nusselt number distribution.
A comparison of the results of the two grid sizes,
72x20x50 and 90x30x70, shows that the
maximum discrepancies in the axial velocity and tem-
perature profiles are 0.9 and 1.5%, respectively, for
the stationary condition (Re, = 0). Computations for
Reg = 500 are also conducted and the results indicate
a maximum change of 2.2% in Nusselt number dis-
tribution between the solutions of 72 x 20 x 50, and
90 x 30 x 70 grids. These changes are so small that the
accuracy of the solutions on a 72 x20 x 50 grids is
deemed satisfactory.

Numerical computation of the periodically fully
developed flow is rendered difficult by the fact that no
boundary information is available in the main flow
direction along which the discretization coefficients
are largest. Partly due to this reason, the code takes
as high as 5000--6000 iterations for convergence. On
Convex-C3840, this translated to about 150 min of
CPU time.

PRESENTATION OF RESULTS

Although, significant heat transfer enhancements in
the region of the 180° turn are anticipated, due to the
space limitation, the present presentation focuses on

the examination of the effect of rotation on heat trans-
fer in straight channels of different flow directions, i.e.
the radial-inward and radial-outward flow channels.

Prior to discussing the computational results, it is
necessary to validate present numerical procedure and
data by comparing the present results with those in
previous works. Since the experimental fluid-field data
are not available for flow over rotating two-pass chan-
nels up to now, the present calculations are compared
with those in a stationary two-pass channel [1]. Figure
2(a) is a smoke-injection visualization of flow patterns
on the YZ plane cutting across the axial station
X =0.25 (i.e., in the sharp turn region). The present
numerical results for the secondary-flow vectors and
main-flow contours at this station are given in Fig.
2(b) and (c), respectively, with slight difference in the
Reynolds number. It is seen that both the exper-
imental and simulated results reveal that two vortices
exist around two upper concave corners of the chan-
nel. Moreover, the dense-smoke (bright) region in the
visualized photo is coincident with the region of low
main-flow velocity as given in Fig. 2(c). This is very
reasonable because the region of lower main-flow vel-
ocity could keep the smoke, and in the higher main-
flow velocity region the smoke is easily blown off.
Hence, the dark region is found in the central portion
of the channel as given in Fig. 2(a). The comparison
above confirms that the present numerical procedure
is adequate and the present numerical results are
reliable.

Evolution of cross-flows

Figure 3 gives the typical results of the secondary-
flow evolution along the streamwise direction in a
rotating two-pass square channel with various rot-
ating buoyancy. The Reynolds number and the
rotation number are fixed at Re = 1000, and Ro = 0.1,
respectively. In the buoyancy-free case, as shown in
Fig. 3(a), the secondary flow patterns are rather com-
plex at the station near the inward straight channel
entrance, X = 17.8, due to the centrifugal inertia
caused by flow curvature in the upstream 180° sharp
turn, rotation induced Coriolis force, and their inter-
action. As the flow moves downstream, the cen-
trifugal-inertial effect gradually lays off, and the cori-
olis-force effect becomes important. It is seen that at
the station X = 10, the well-known counter-rotating
vortex pair caused by Coriolis force, which circulates
from the leading to the trailing walls ailong the two
side walls and returns back through the central core
of the flow, has been well established. A slight imbal-
ance of these two counter-rotating vortices is because
of the non-uniform inlet condition caused by the
upstream 180° sharp turn. As the flow further goes
downstream to X = 2.2, the counter-rotating vortices
are slightly weaker because the fluid feels the down-
stream sharp turn. When the flow has turned around
the 180° sharp bend into the radially outward straight
channel, regardless the flow direction, the secondary-
flow patterns are largely identical to those in the radi-
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ally inward-flow channel at the corresponding stations
of the same distance relative to the sharp turn. This
is very reasonable because the rotationally induced
buoyancy is neglected and, therefore, only the
opposite direction of the Coriolis force acting on these
two channels, which is directed at the trailing wall and
leading wall for the radially outward-flow channel and
radially inward-fiow channel, respectively.

When the rotating buoyancy force acts on this two-
pass channel, as expected, the evolution of the sec-
ondary flow is never to be the same between the radial-
inward-flow channel and radial-outward-flow channel
due to the different mechanisms of the interaction
between the rotating induced buoyancy and Coriolis
forces. In the radially inward-flow channel, the rot-
ating induced buoyancy directs downstream of the
main flow ; whereas it is in direction against the main
flow in the radially outward-flow channel. It is
observed from Fig. 3(b), in the radially inward flow
channel with the lower buoyancy (Gr = 10,000), the
counter-rotating vortex pair at the station X = 10 and
downstream is evidently distorted. An additional vor-
tex-pair is bifurcated around the corner formed by the
leading and left walls. This phenomenon is, however,
not found at the corresponding station for the radially
outward-flow channel. When the centrifugal buoy-
ancy is further increased to Gr = 50,000, as given in
Fig. 3(c), the secondary-flow structure seems to be
more complex in the radially inward-flow channel. On
the other hand, in the radially outward-flow channel,
the Coriolis-induced vortex-pair is significantly
deflected to the trailing wall, e.g., at the station
X = 10. A relatively stagnant cross-flow velocity is
further found near the leading wall, which is because
the flow reversal happens near this wall region and
will be shown by the main flow velocity profiles later.
It is concluded from this figure that, relatively, the
centrifugal-buoyancy effect in the radiaily inward-
flow channel enhances the strength of the cross-flow,
but insignificantly in the radially outward-flow chan-
nel. Additional quantitative outcomes will be shown
later by comparing the cross-flow-intensity dis-
tributions betwezn the channels of different flow direc-
tions.

Axial velocity profiles

The axial-velocity profiles across the straight-chan-
nel-centerlines (Z = 0.5, and 2.0) between the high-
and low-pressure surfaces of the two-pass channel at
some selected axial locations with different rotating
buoyancy forces are shown in Fig. 4. The letters L
and T on this graph respectively denote the leading
and trailing walls. It is shown that the buoyancy-free
channel (solid curve) has exactly alike axial-velocity
profiles between the radially inward-flow and out-
ward-flow channels if the axial distance relative to
the upstream sharp turn is the same. By taking the
buoyancy force into consideration, we can find that
the axial velocity has got out of shape. The magnitude
of axial velocity near the trailing wall for both the

985

radially inward-flow and outward-flow channels is
found to be larger than the buoyancy-free case
(excluding the stations near the straight channel
entrance), and increases with an increase of Gr. The
former is because, in the radially inward-flow channel,
the centrifugal buoyancy is coincident with the main-
flow direction, which favors the relatively hot fluid
near the trailing wall and, hence, accelerates the fluid
near the trailing wall. In the radially outward-flow
channel, however, the centrifugal buoyancy directs
against to the main flow, which is greater on the fluid
near the leading wall (relatively warm) and smaller
on the fluid near the trailing wall (relatively cool);
consequently, due to the imbalance of the force, the
radial velocity of the fluid decreases near the leading
wall and increases near the trailing wall. Note that, if
the heat input to the coolant is sufficiently large, say
Gr = 50,000, the deceleration in axial velocity near
the leading wall of the radially outward-flow channel
results in the flow separation from the wall, and then
the flow goes upstream over the leading wall. General
tendency observed in this figure is that the centrifugal-
buoyancy effect is disposed to flatten the axial-velocity
curves of the radially inward-flow channel, and to
sharpen those of the radially outward-flow channel.

Temperature contours

The axial variations of isothermal contours in the
present two-pass channel at several different cen-
trifugal-buoyancy conditions are given in Fig. 5. Basi-
cally, the strength of the thermal-field distribution is
in contrast to that in the fluid-flow field. The region
of high velocity where most heat is convected away
by the fluid, is the region of lower temperature. In
the buoyancy-free case (Fig. 5(a)), near the straight-
channel entrance (X = 17.8, and 2.2 for the radially
inward-flow and outward-flow channels, respec-
tively), the relatively low temperature cores (8 = 0.04,
and 0.16, respectively) are found to be in the region
near the left and right walls for the radially inward
and outward flow channels, respectively. This is attri-
buted to the strong washing-effect by curved flow
turning around the sharp bend. As flow marches
downstream, the Coriolis-force effect is gradually
increased, which subsequently forces the cold-fluid
core in direction of the leading wall and trailing wall
for the radially inward-flow and outward-flow chan-
nels, - respectively. Note that after five channel
hydraulic diameters of the sharp-turn downstream,
the wall temperature on the low-pressure surface has
been significantly higher than that on the high-pres-
sure surfaces. This implies a lower heat transfer on
the lower-pressure surface as compared with that on
the higher-pressure surface. Comparing Fig. 5(a) and
(c) reveals that the fluid temperature distributions in
the buoyancy-assisted flowing channel are more uni-
form than those in the buoyancy-free channel at the
corresponding station, which are subsequently more
uniform than those in the buoyancy-against flowing
channel. It is highly noted from Fig. 5(c) that sub-
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Fig. 4. Effect of centrifugal-buoyancy force on the axial-velocity profiles in the radially inward and outward
flow channels, Re = 1000 and Ro = 0.1.

stantially high values of fluid temperature as well as
the temperature gradient are found near the leading
wall at channel-middle stations of the radially out-
ward-flow channel. This is because the flow reversal
happens in this region, which will accumulate upward
the fluid enthalpy from the downstream relatively hot
fluids.

Local Nusselt number distribution

Coriolis effect. The effect of Coriolis force on the
local Nusselt number distributions along the two-pass
channel is depicted in Fig. 6. The rotationally induced
buoyancy force and flow Reynolds number are fixed
at Gr = 10,000, and Re = 500, respectively ; while the
rotation number is varied from Ro = 0.015t0 0.5. The
stationary two-pass square channel, which serves as
the reference case for comparison, is also conducted.

It is seen from this figure that, at Ro = 0, the local
Nusselt number distributions along the leading and
trailing walls are totally the same. They begin with a
local maximum and take a steep fall near the straight
entrance due to the renewal of the inlet conditions,
then decrease gradually downstream, and then
approach to a constant value. This constant value is
largely identical to that of the fully developed flow in
a stationary straight channel with the constant wall
heat flux (center line, [22]). Qualitatively similar trend
is also found for the distributions of Nu, along the
right and left side channel walls.

The effect of the rotation induced Coriolis force on
the local heat transfer along the orthogonal rotating
channel has been described in detail elsewhere [8-14].
Therefore, the present discussion of Fig. 6 lays stress
on the comparison of the above-mentioned effects on
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the channels of different flow directions. Even then
the general tendency of the Coriolis effect is briefly
stated below. As given in Fig. 6, the increase in Cori-
olis force (Ro) yizlds a significant enhancement in Nu,
on the high-pressure surfaces, moderate increase in
Nu, on the left and right side walls, and slightly degra-
dation in Nu, on the low-pressure surfaces. With
regard to the flow-direction effect, it is seen from this
figure that the heat transfer coefficients in the high-
pressure surfaces as well as the left and right surfaces
are greater for the radially inward flow than those
for the radially outward flow at all rotation numbers
investigated. Although the magnitude of axial velocity
near the high-pressure surfaces for the radially inward
flow is sightly smaller than that for the radially out-
ward flow (see Fig. 4, X = 10), the cross flow in the
radially inward-flow channel is stronger than that for
the radially inward-flow channel, which has been
shown qualitatively in Fig. 3(b) and (c). Obviously,
the combination of these two factors is in favor of the
radially inward flow channel. This implies that of the
same duct throughflow rate and rotating speed, gen-
erally, the assisting buoyancy in the radially inward-
flow channel augments the strength of the cross flow,
as a result, enhances heat transfer enhancements.
Centrifugal buoyancy effect. Figure 7 shows the
effect of centrifugal buoyancy on Nu, distributions
along the four walls of the two-pass channel for
Ro=0.1, and Re = 1000. The buoyancy force is
ranged from Gr = 10,000 to 50,000. It is seen that the
heat transfer on the high-pressure surfaces is increased

with increasing the magnitude of buoyancy force for
both the radially outward-flow and inward-flow chan-
nels. The former is, of course, attributed to the
enhanced forced convection through increasing the
axial velocity near the trailing wall of the radially
outward-flow channel (Fig. 4). As for the radially
inward flow, the centrifugal buoyancy slightly
decreases the axial velocity near the leading wall, how-
ever, in the mean time, it also largely augments the
cross-flow intensity (Fig. 3). These two factors com-
pete with each other in their influence on the heat
transfer. Evidently, the effect of augmenting the cross-
flow intensity overcomes that of the slight decrease in
the near-wall velocity. The mechanism of heat transfer
augmentation through enhancing the cross-flow inten-
sity is further confirmed by the fact that the heat
transfer on the remainding three channel walls of the
radially inward-flow channel is slightly enhanced by
the centrifugal buoyancy. Attention is now turning to
the results of the radially outward flow with the high-
est Grashof number, Gr = 50,000 (broad dashed line).
Due to the flow reversal near leading wall, the local
heat transfer distributions along the four channel
walls are bumpy around the region of initiation of
flow separation. Significantly poor heat transfer is
further found for the low-pressure surface, which is
attributed to small axial velocities (Fig. 4) as well as
roughly void cross-flow intensities (Fig. 3) near this
region.
The relation between the development. of the per-
ipherally averaged heat transfer (Nu,) and that of the



988

Re=500 -

Gr=10,000

J.J.HWANG and D. Y. LAI

Non-rotating fully developed
straight pipe value

—— Leading wall
— — Trailing wall

20

10

TI T T T T T T T T T T T 1T
Radially inward flow

O Y O O S O

TT I I T I T I T T T T TTTTT:
Radially outward flow

— — Leading wall
—— Trailing wall

[:TIIIIIITTII_FFI“ITI FTTT T I I T T T TT T TTT
20 Left wall Left =
N’LLX - eft wall -
i =
a =
IOE -
-
f— 0
— 0(Gr=0
oLttt e g3
R EAEEEEE l_ _I FrrTr TP T TTT T T T T
ooff. Right wall ~ = Right wall =
3
=
10 2 =
= ‘
o == A R N B A B A RN I = ) =1
19 10 11 10 19

X

Fig. 6. Effect of rotation number on the local heat transfer in the two-pass channel.

cross-sectionally averaged secondary-flow intensity
(o) is highly interesting and is displayed in Fig. 8.
The effect of centrifugal buoyancy on Nu, and o is
examined. The definition of the cross-flow intensity is
given in Nomenclature. It is seen that the centrifugal
buoyancy augments significantly the peripherally
averaged heat transfer for the co-flowing inward chan-
nel, but relatively negligibly for the counter-flowing
outward channel. Similar trends are found for the
buoyancy-dependence of the development of the sec-
ondary-flow intensity in both channels of different
flow directions. These encouraging results further
quantitatively verify the above explanation of the
different mechanisms in heat transfer enhancement
between the buoyancy-assisted and buoyancy-against
flowing channels.

Comparisons with previous results

Because no data could be found for the rotating
channel with a 180° sharp return entrance and exit, the
present numerical results are compared with available
results of the rotating channels with the uniform (vel-
ocity and temperature) inlet conditions, which is given
in Fig. 9. The Nusselt number, Nu, is defined as the
averaged heat transfer coefficient over the two pass
channel from the entrance to exit. it is plotted against
PrReReg. Some theoretical and experimental data
superimposed on this figure for comparison include
Mori’s isothermal-circular-tube correlation {23) and
their numerical results for fully developed flows in
isothermal or isoflux circular tube [13], Fann and
Yang’s developing data for isothermal rectangular
channel [12], and Hwang and Soong’s experimental
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data [24]. As shown in this figure, the present pre-
dictions appear to be slightly higher than those of the
empirical correlations [13, 23] and the numerical data
[12]. All of them, however, significantly under-predict
the measured results [24]. The former is because the
present study deals with developing velocity and tem-
perature in relatively shorter channels (20De) with
a 180° sharp-bend entrance, in which not only the
significant entrance effects but also the bend itself
result in a higher heat transfer performance. The reason
for the latter fact may be attributed to the uncer-
tainties in turbulence level involved in the experiments.
Generally speaking, the present predictions have pro-
vided satisfactorily reasonable results of two-pass
rotating channels.

SUMMARY AND CONCLUSIONS

The equations governing the laminar mixed con-
vection in a periodic two-pass channel with orthog-
onal rotation have been successfully solved numeri-
cally. Owing to the presence of the 180° sharp turn,
the numerical calculation of this three-dimensional
problem is elliptic in nature. The influences of the
rotationally induced Coriolis and centrifugal-buoy-
ancy forces on the heat transfer mechanisms in the
radially inward and outward flow channels are inves-
tigated. Basically, the Coriolis and centrifugal buoy-
ancy forces affect the heat transfer through altering
the axial-velocity distributions as well as the cross-
flow patterns. On the basis of the calculated results,
the most important features are described as follows:

1. Due to the mechanisms of fluid-thermal inter-

action, the axial-velocity curves in the radially out-
ward-flow are sharpened by the buoyancy-against
effect ; while those in the radially inward-flow chan-
nel are smoothed off by the buoyancy-assisted
effect. In addition, the centrifugal-buoyancy
enhances significantly the cross-flow intensity in
the radially inward flow, but nearly negligibly in
the radially outward flow.
Of the same centrifugal buoyancy and duct
throughflow rate, the increase in the Coriolis effect
(Ro) causes an enhancement in Nu, on the high-
pressure surfaces, a moderate increase in Nu, on
the left and right side surfaces, and a degradation
in Nu, on the low-pressure surfaces of the two-pass
channel. This effect is strongly dependent on the
flow direction, which is more notable for the buoy-
ancy co-flowing inward channel than for the buoy-
ancy counter-flowing outward channel.

. Of the same Coriolis force and duct throughflow
rate, in general, the centrifugal buoyancy promotes
the peripherally averaged heat transfer more sig-
nificantly in the radially inward-flow channel than
in the radially outward-flow channel. This is
because the buoyancy-assisted effect augments the
heat transfer through énhancing the cross-flow
intensity ; while only redistribution of the local heat
transfer along four channel walls is found for the
buoyancy-opposed effect on the radially outward-
flow channel.

. In the radially outward-flow channel, centrifugal
buoyancy accelerates the relatively cool fluid near
the trailing surface, and decelerates the relatively
warm fluid near the leading wall. Whenever the

2.
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rotational buoyancy is strong enough, say
Gr = 50,000, the above effects will cause the flow
reversal over the leading surface for satisfying the
mass conservation, and, as a result, the local heat
transfer is significantly reduced in this region.
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