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Abstract-A 3-D numerical study on low speed forced convective heat transfer near a transverse rib in 
which the walls are subject to a constant heat flux in a rotating radial square duct is presented. The effects 
of Reynolds number and rotational Reynolds number as well as the entrance Iength of flow are examined 
and discussed. Flow field, temperature profiles, and local heat transfer coefficients were calculated for the 
entire domain of interest through the well-known SIMPLEC numerical scheme. Typical developments of 
axial velocity, secondary flow, and temperature at various axial positions near the rib in the entrance region 
are presented. Results indicate that the Nusselt number can be correlated in the following forms for fully 
d&eloped region and entrance region, respectively : 

Nu 0 = 0.65Re0.3h Rek’* (fully developed region) 

NU = 1.04Re” 3’ Reg12(Z/D)-o-21 (entrance region) 

Furthermore, a comparison of the present results with the available numerical data for stationary smooth 
duct is also presented. 

INTRODUCTION 

THE INCREASE in the turbine inlet temperature of gas 
turbine engines is an urgent need today to obtain a 
higher efficiency in the engines of aircraft, ships and 
on any other industrial occasions. Parallel with the 
evolution of metals working in high temperature, sev- 
eral methods of cooling rotor blades have been tried 
and developed. Cooled blades are widely used in 
modern engines. Commonly used methods are those 
of radial channel cooling. These channels are often 
designed with two artificially roughened and two 
smooth walls, and the designer must know the heat 
transfer coefficient on each of the walls in order to 
predict the turbine airfoil’s life correctly. Naturally, it 
is also necessary to know the pressure loss for such a 
channel. 

Work on fully developed turbulent flow in rough 
channels without rotation has received much attention 
(see, for example, refs. [l-4]). However, in actual 
operating conditions, the rotor blade is rotated at high 
speeds. In the presence of rotation, the Coriolis force 
generates secondary flows that can change the flow 
structure and heat transfer behavior significantly. 
There are many investigators who have studied flow 
and heat transfer characteristics in rotating radial 
smooth tubes/ducts, but only important numerical (or 
theoretical) literatures are reviewed here. Baura [S] 

-fAuthor to whom correspondence should be addressed. 

obtained an approximate series solution in a rotating 
pipe from a perturbation equation. The friction factor 
was then computed from the series solution. The 
results were valid only in the case of laminar flow with 
a small angular veIocity. Mori and Nakayama [6] 
studied the laminar convective heat transfer in rotat- 
ing radial circular ducts by assuming velocity and 
temperature boundary layers along the pipe wall. The 
friction factor and the Nusselt number were obtained 
in the region of large Re Re,. Ito and Nanbu [7] 
studied extensively the friction factor for fully 
developed flow in smooth wall straight pipes of circu- 
lar cross-section rotating at a constant angular speed 
about an axis perpendicular to its own for Reynolds 
numbers, ranging from 20 to 60 000. Empirical equa- 
tions of the friction factors for small values of 
rotation Reynolds number were presented for both 
the laminar and turbulent flows. Hart (81 employed 
linear stability analysis for the laminar flow regime, 
and conducted an experiment for the onset of insta- 
bility in a rotating channel flow. Skiadaressis and 
Spalding [9] predicted the flow and heat transfer 
characteristics for turbulent steady flow in a rec- 
tangular duct. Vidyanidhi et aE. [IO] substituted the 
theoretical velo’city profiles, obtained by Barua [5] 
for an isothermal, developed flow, into the energy 
equation to determine the temperature profile for a 
uniformly heated wall case. Speziale and Thangam 
[l l] numerically studied the pressure-driven laminar 
flow of an incompressible viscous fluid through a rec- 
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NOMENCLATURE 

A cross-sectional area [m’f pw averaged wall temperature at any axial 

P 
hydraulic diameter, 4-4/p [m] location [K] 
friction factor, - +(aP/az) U, V, W dimensionless velocity components 

H1 rib height [m] in the X, Y, Z directions 
k thermal conductivity [W m-l K-‘1 U’, V’, IV’ velocity components in the 
L duct length [m] x’, Y’, Z’ directions [m s-‘1 

Li distance from duct inlet [ml X, Y, Z dimensionless coordinate system 

L, rib width [m] X’, Y’, Z’ coordinate system 
N2.l Nusselt number defined in equation Z, dimensionless duct length, L/D. 

(14) 
Nu circumferentially averaged Nusselt Greek symbols 

number, (q,D)/k( Fw - Tb) a thermal diffusivity [m2 s-l] 
Pe Peclet number, Re Pr 8 dimensionless temperature, 
P perimeter Cm] (T- T,)l(qwDlk) 
P/ pressure [N rn-‘] V kinematic viscosity [m” s- ‘1 
P dimensionless pressure density [kg mp3] 
P cross-section average pressure at any : angular speed [rad s-l] 

axial location [N m-“1 AP pressure drop, Pi - P [N mA2]. 
pi pressure at the inlet plane [N rn-‘1 
PJ” Prandtl number, V/X Subscripts 

4w wall heat flux ]W m-‘1 b bulk quality 
Re Reynolds number, wD/v f fully developed 
Re, rotational Reynolds number, i inlet 

RD2/v 0 fully developed value 
RO Rossby number, Re,/Re W wall. 
T temperature [K] 
T, temperature at the inlet [K] Superscripts 
Tb bulk temperature at any axial location ’ coordinate system 

Kl cross-section averaged quantity. 

tangular channel subjected to a spanwise rotation. In 
their paper, fully non-linear time-dependent Navier- 
Stokes equations are solved by a finite difference tech- 
nique for various rotation rates and Reynolds num- 
bers in laminar regime. It is found that, at weak 
rotation rate (Ro = 2.9 x 10p4), a double-vortex sec- 
ondary flow appears in the transverse planes of the 
channel. For more rapid rotation rates (Ro = 0.5), 
instability occurs in the form of longitudinal roll cells 
in the interior of the channel. Further increase in the 
rotation (Ru > 0.5) leads to a restabilization of the 
flow to a Taylor-Proudman regime. 

Later, Kheshgi and Striven [12] reported a numeri- 
cal study of various flow through a rotating square 
channel. It was found that a pair of turning points 
and a transition from a two-vortex to a four-vortex 
flow pattern when the Ekman number equals 0.01. 
Hwang and Jen [13] reported a theoretical inves- 
tigation of heat transfer in a hydrodynamically and 
thermally fully-developed flow inside a rotating iso- 
thermal duct. The temperature distribution equation 
for fully-developed flow in a non-rotating passage [ 141 
was modified to estimate the temperature field in the 
rotating duct. 

effort has been made to study forced convection from 
surface mounted ribs in a rotating radial duct. It is 
believed that a substantial body of numerical/or 
experimental data is needed in order to accurately 
predict the heat transfer coefficient, flow field and flow 
regime in this important area of gas turbine blade 
internal cooling problems. This paper presents a 
numerical analysis on the forced laminar convection 
in entry region of a rotating square duct with a rib on 
leading wall. 

A schematic of the problem considered is shown in 
Fig. 1. A heated square duct is rotating at a constant 
speed (0) about an axis normal to the duct longi- 
tudinal direction. A three-dimensional rib on the ceil- 
ing wall of duct characterized by rib width Lz, rib 
depth D, and rib height H, was located at a distance 
L, from duct inlet. The duct has a hydraulic diameter 
D (4A/p) and length L. Thus, the present problem can 
be considered as a laminar entry region heat transfer in 
rotating radial square duct with uniformly peripheral 
heating with an isolated rib on one wall. 

THEORETICAL ANALYSIS 

In view of the foregoing discussion and a detailed The governing equations of the fluid are those that 
review of the literature, it indicates that, in deed, no express the conservation of mass, momentum and 



3-D laminar forced convection 

Leading Side 

\ 

Z= L/D(varied at present study) 

Lr/D = 1 .O 

L2/D=0.5 

+ . ..v._. . . . . . . ._-.-..-:.‘._.. .i_,._....._.,....._., 

X' 

qw 

~. 

f Y’ qw 

2275 

Detail of section”A-A” 

FIG. 1. Configuration and its dimension of the physical system. 

energy. Because of the presence of the blockage, the 
flow is elliptic in nature. The incompressible flow is 
assumed to be steady, laminar and three-dimensional. 
These assumptions, for limited ranges of the gov- 
erning parameter values, have been assumed in the 
literatures to be valid for smooth ducts [14]. Natural 
convection as well as radiation has been neglected in 
this study and therefore the results are applicable for 
moderate temperature difference. Since the values of 
Pe (RePr) for the cases under investigation are 
between 75 and 400, axial conduction in the energy 
equation was also neglected. 

The dimensionless variables chosen are : 

The corresponding dimensionless governing equa- 
tions are : 

(2) 

-+- -2WR0, (3) 
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ae ae a6 1 a28 828 
Uax+“aY+W~=&pr aX2+yjjz ’ (6) 

( > 

where 

Re = WDjv, Re, = RD'/v , 

Ro = RelRe, and Pv = V/E. 

The boundary conditions can be expressed as 

<l> Y=O 

a0 
U=V=~=O -_=I, ay 

<3> X = 0.5 

da u=y=w=o -=I, ax 
<4> X = -0.5 

ae 
u= v/= w=o -_= -1, ax 

<5> 2 = 0 

u= v=o, W=l 8=0, 

<6> 2 = Zr (= fully developed length) 

au av aw a6 4 ___-__---_O _= 
dZ dZ a2 dZ RePr’ 

(7) 

(8) 

(9) 

(10) 

(111 

(12) 

After the velocity and temperature fields are 
obtained, the computations of the local friction factor 
and Nusselt number are of practical interest. The local 
friction factor and Nusselt number are defined as 
follows : 

J.=L= 
pm212 

-2P 

(13) 

q,D 1 

iVU = k[(Tw-Tb)-_(Tmin-Tb)l = Ct)wmQmin). 
(14) 

Here, Tmi, and Qmj, represent the minimum tem- 
perature and dimensionless temperature, respectively, 
while n denotes the dimensionless coordinate normal 
to the wall. 

The apparent Fanning friction factor is defined as : 

(1% 

Moreover, in order to investigate the heat transfer 

from the rib surfaces (i.e. the front surface, top 
surface, and rear surface) separately, the quantity q/q* 
(the heat transfer from the rib surface per unit area/the 
heat transfer from interior wall of the duct) is defined 
as : 

q/qw = -kg 
i 

qw = -k a(T--) I ao 
WflD> q,D an' 

(16) 
An examination of dimensionless governing equa- 

tions reveals four parameters: the Reynolds number 
(Re), the rotational Reynolds number (Ren), the 
Rossby number (RQ) (dependent on Re, Re,), and the 
Prandtl number (Pr). In the present study, the Prandtl 
number is assigned the value of 0.7 corresponding to 
air. The Reynolds number takes on values of 100, 
200, 300, 400, and 500, and the rotational Reynolds 
number has the values of 5, 100, 200, 300, 400, and 
500, while the Rossby number is varied between 0.01 
and 5. 

In addition to the aforementioned parameters, there 
are four geometrical parameters: LJD, LJD, HI/D 
and L/D. The parameter L,/D, has been assumed to 
be unity and LJD has the value of 0.5 whiIe Hi/D, the 
dimensionless roughness (blockage) height, is 
assigned the value of 0.1 and L/D is chosen to be 
sufficiently far downstream so that the outflow bound- 
ary condition is satisfied. Furthermore, the length for 
fully developed flow was studied. In summary, Table 
1 lists the present physica geometry and relevant par- 
ameters under consideration. 

The partial differential equations are solved using 
an adaptation of the implicit, elliptic, finite difference 
scheme called SIMPLEC (Semi Implicit Method for 
Pressure Linked Equations, Consistent) set forth in 
ref. [X 51. It is found that numerical solutions are sen- 
sitive to the grid distribution as well as to the grid 
size. Various non-uniform grid systems are tested for 
17 x 22 x 57, 27 x 32 x 62, and 32 x 37 x 72, respec- 
tively. A choice of the final grid distribution, 
27 x 32 x 62, is sufficient to provide a friction factor 
at fully developed regime less than 4% difference for 
both ducts with/and without a rib on one wall between 
the grid layouts of 27 x 32 x 62 and 27 x 32 x 72 which 
can be seen from Table 2. The finest grid, of dimension 
0.02Nr is located adjacent to the wall, and the sizes of 
other grids are chosen such that each is within 125% 
of the adjacent grid (based on trial and error pro- 
cedure) in order to avoid abrupt changes and to 
obtained convergence. The calculations are started at 
a distance of one duct height upstream of the rib. 
Based on several test runs, the downstream distance 
was set having 20 duct heights (namely, 2 = 20). It 
will be verified later that this value is long enough to 
guarantee all the cases considered reaching thermally 
fully developed. 

The numerical procedure is based on an iterative 
scheme. The hybrid central/upwind difference scheme 
is used for diffusion and convective terms. The set of 
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Table 1. Geometry parameters and boundary conditions 
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Parameters 

Boundary conditions 

Rib height, HI O.ID 
Distance from dnct inlet, L, l.OD 
Rib width, L, 0.5D 
Reynolds number, Re 100,200, 300,400, 500 
Rotational Reynolds number, Re, 5, 100,200, 300,400, 500 

0.01-5 Rossby number, Ro 
Y=O 
Y= 0.5 
x = 0.5 
X= -0.5 
z=o 
z = ZJ 

au/ar = 0, v = 0, awjar = 0, aejar = 0 
u= v= w= 0, asjar= 1 
u= v= w= 0, aefax= I 
u= v= w=o,aejax= --1 
u=v=0,w=1,0=0 
aujaz = avjaz = awjaz = 0, aejaz = 4/RePv 

TZ, was determined based on test runs. 

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 the lines in a chosen direction 
have been accounted for. Because of the large vari- 
ations in the source terms, under-relaxation was 
necessary for the dependent variables and the source 
terms to achieve convergence [l S] . Line inversion iter- 
ation with typical under-relaxation values of 0.5 for 
velocity terms and 0.7 for the pressure correction term 
were incorporated to the facilitated calculation. These 
values are within the range recommended by Patankar 
[ 161. A variable G is said to be convergent if its residual 
is smaller than a pre-assigned value. The residual is 
defined as 

where y1 refers to the nth iteration and i, j stand for the 
node position. In the above expression, the residual /l 
( = lop6 for present study) represents the maximum 
values throughout the computational region. Selec- 
tion of the value of /I takes into account the fact 
that the rather strong under-relaxation leads to small 
changes from iteration step to iteration step. In 
addition, the converged velocity field had to satisfy 

continuity within prescribed error, both locally (at 
each control volume) and globally (the mass flow rate 
calculated at any cross-section of the channel, such as 
the inlet and the outlet, had to be constant). The 
present numerical calculation was performed on an 
IBM PC/80486. Typical computation times were 
approximately 8000-9000 CPU seconds. 

RESULTS AND DISCUSStON 
Numerical results were obtained for : (1) the local 

velocity components and temperature; (2) the local 
Nusselt number distributions along the rib surfaces; 
(3) the local Nusselt number on the leading wall ; and 
(4) the circumferentially-averaged Nusselt number. In 
the interest of brevity, only selected results will be 
presented. Results presented include : (I) the velocity 
vector (secondary flow) and dimensionless tem- 
perature distribution (isothermal patterns) in the 
channel cross-section; (2) the constant axial velocity 
profile; (3) the axial velocity and dimensionless tem- 
perature profiles at the center of the channel cross- 
section; (4) the local Nusselt number on the leading 
wall ; and (5) the circumferentially-averaged Nusselt 
number. Moreover, smooth duct results will be also 
provided for a comparison under certain conditions. 
Finally, a comparison of the present results with pre- 
vious investigations is presented. The Reynolds num- 

Table 2. Conservation of energy and mass flux examination for different grid layouts 

Re Re, 
* 

Conservation of energy 
17x22~57 27 x 32 x 62 32 x 37 x 72 

100 5 3.35% 1.08% 0.69% 
500 4.13% 1.09% 0.60% 

500 5 3.47% 1.10% 0.80% 
500 4.26% 1.21% 0.72% 

Re R% 
Conservation of mass flux 

17x22~57 27x32~62 32 x 37 x 72 

100 5 0.17% 0.15% 0.14% 
500 0.47% 0.39% 0.36% 

500 5 0.26% 0.22% 0.21% 
500 0.65% 0.53% 0.50% 
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bcr and rotational Reynolds number are varied for 
laminar flow of air (PI- = 0.7) through the channel 
with isoftux walls. For a total of 30 cases studied 
herein, Table 3 gives the fully developed length needed 
and the salient features regarding the rotating square 
duct flow over isolated rib on one wall. It is clearly 
noted that the size of the reattachment bubble as well 
as the distance between the center of the bubble and 
rear wall of the rib get bigger and longer, respectively, 
as Re/RecL increases. 

Due to the term 2WRo on the right-hand side of 
equation (2), the Coriolis force drives the flow in the 
negative X-direction and is non-uniformly distributed 
on the cross-section. The term 2 URo in equation (5) is 
also the Coriolis force from the product of X-direction 
velocity and angular velocity. It is well recognized [l 11 
that a square duct without a rib is rotating at a con- 
stant speed about the Y-axis, and the fluid in the core 
region is driven by the Coriolis force acting in the 
negative X-direction. Consequently, the fluid in the 
core region then pushes the fluid near the side walls to 
the positive X-direction and a pair of counter-rotating 
eddies which are known as Taylor vortices (or Dean 
type cells) are thus generated. In the present numerical 
study, the flow pattern changes are found with a rib 
positioned at downstream station (L,/D) on one wall. 

As stated earlier, the actual form of the primary 
flow regime depends on the values of Ro and rib 
geometry. A secondary (transverse) flow with its ori- 
gin is the non-uniform distribution of the Coriolis 
force in the direction parallel to the axis of rotation, 
which develops in the duct. The actual form of the 
primary Bow regime depends on the values of Re, Ro 
and rib geometry. However, it is possible to dis- 
tinguish the following major characteristics of the 
restructuring of the flow due to the present rotational 
effect and roughened surface geometry. The secondary 
flow takes the form of a vortex pair symmetrical about 
the plane of Y = 0 without a rib/or block. With a 
block/rib located in the downstream distance on one 
wall, the pattern of this secondary flow is dramatically 
distorted and broken. The secondary (transverse) flow 

caused by the velocity components U and V along the 
downstream distance near a rib wall at five locations 
is clearly examined in Fig. 2. The single pair of sec- 
ondary flow cells existing in a conventionally radially 
rotating square duct no longer exists. Instead, the flow 
towards the negative X-direction was influenced by 
the presence of the rib with a low Ro. This influence 
becomes less obvious as the flow moves far away from 
the rib and, in turn, it results in a small vortex in the 
bottom half of the flow passage as evidenced in Fig. 
2a for Z = 0.9 and 1.0. An examination of Fig. 2a 
for 2 = 1.3, where the flow has just passed over the 
middle top floor, shows that, at this position, the 
movement to the negative X-direction of the flow near 
the left top of the wall and the top floor of the rib 
becomes less noted. In addition, due to the solid wall, 
the magnitude of this movement decreases owing to 
this combining effect. The flow patterns at this pos- 
ition are quite similar to those of radially rotating 
ducts without a rib/block. But, in the core region, 
the effect of the negative X-direction movement still 
stands. After the flow passes over the entire rib (i.e. 
2 = 1.5 and 1.6 in Fig. 2a), due to the absence of the 
rib, the flow moves towards the positive X-direction 
again. Moreover, near the upper solid wall, the flow 
velocity decreases and, hence, the effect of rotation 
becomes the major factor to affect the entire flow 
pattern in such a way that the core flow moves back 
toward the symmetrical axis. On the contrary, when 
Ro gets a larger value (Ro = 1.667), an extreme 
rotational effect makes the present flow pattern in Fig. 
2b look like the secondary flow found in a smooth 
duct reported by Lei and Hsu [17] again. Besides, in 
Fig. 2b for 2 = 0.9-1.3 due to the rib, the flow still 
moves in the negative X-direction a bit. This can be 
seen from the lar er magnitude of the secondary vel- 
ocity vector ( J U + Y ) on the upper half near the 
symmetrical axis. In Fig. 2b for Z = 1.5 and 1.6, the 
core region is still occupied by a single bubble. 
However, as stated earlier in Fig. 2a for Z = 1.5 and 
1.6, the Row moves in the positive X-direction again 
in the top region with the absence of the rib. Com- 

Table 3. Relevant parameters (LJN,, Lc/HI, L,/H,, Zf) of the rib when Aow passing over 

100 5 0.8098 1.4714 9.4785 15.8325 
500 0.8094 1.5101 9.5989 15.9788 

300 5 1.3235 3.2863 12.1749 17.3324 
500 1.3239 3.3147 12.1820 18.0132 

500 5 1.9966 5.8234 14.9275 18.5408 
500 1.9967 5.8354 14.9541 18.9632 

Flow 
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1.6 

paring Fig. 2a and b, it indicates that the strength 
of the secondary flow at each downstream station 

h 1 x= -0.5 

Y= 

/ 

1 

r 

(b) Ro = 1.667 
.3 

FIG. 2. Secondary flow patterns at various axial stations for: (a) Ro = 0.0167 (Re = 300, Re, = 5) ; and 
(b) Ro = 1.667 (Re = 300, Re, = 500). 

becomes larger as Ro increases whether the rib exists 
or not. 

To understand the relation between the flow field 
and heat transfer characteristics, the isovels and the 
corresponding isotherms should be examined sim- 
ultaneously. Figure 3 displays the cross-sectional con- 
tours of dimensionless isotherms and isovels of some 
cases at the same locations as shown in Fig. 2a and b, 
respectively, with indices designating the magnitude 
of (3 and W. Due to the nature of the symmetry, the 
isotherms and isovels are plotted separately in the left 
and right halves of ducts. It is seen that, due to 
rotation, a Coriolis force is imposed on each fluid 
element, which results in a fluid element with a high 
velocity, occurring in the central region, moving faster 
than those around the near wall region and hence 
forced to move by the incoming fluid towards the 
trailing wall. It is for this reason that the peak of the 
constant axial velocity is shifted to the trailing half of 
the channel cross-section. The higher the rotational 
speed, the larger the shift, as shown in Fig. 3. More- 
over, with increasing rotational Reynolds number the 
change in pattern and the progress of the maximum 
velocity towards the trailing wall is much more appar- 
ent at the immediate front/rear (i.e. 2 = 0.9 and 1.6) 
of the rib than on the top (i.e. 2 = 1.0, 1.3 and 1.5) 
of it. This is to be expected since the Coriolis force is 
the vector product of the duct rotation vector and the 
relative flow field. The axial velocity changes (axial 
velocity gradients) are large along the trailing and side 
walls, i.e. lower velocities prevail in the leading half 

of the channel cross-section (positive X region) while 
the trailing half has higher velocities. This is true 
except for the locations near the rib where, due to the 
suddenly reduced area of the cross-section, the flow 
passing over the rib is accelerated. This is very similar 
to the phenomena observed in the stationary duct with 
a rib mounted on one wall. Consequently, the effect 
of rotation becomes the minor factor to affect the 
entire flow pattern. As can also be seen from these 
figures, the isovels are seen to be parallel to the bottom 
wall (trailing wall) and typical boundary-layer flow 
phenomena occur over the side walls. Similar flow 
mechanisms have been observed in curved ducts [ 181. 

The consequence of this complex flow structure 
results in a complicated thermal profile. The strength 
distribution of the thermal Auid is opposite 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 (Fig. 3). Lower temperatures 
prevail in the trailing half of the channel cross-section 
except in the narrow region adjacent to the wall, where 
temperature changes (i.e. thermal gradients) are steep, 
resulting in a higher heat transfer. The sparse existence 
of isotherms in the vicinity of the leading wall means 
that a substantially lower heat transfer occurs there. 
A deviation in the isotherm distribution from that of 
no rotation (i.e. a symmetrical distribution of iso- 
therms around all four walls) is a measure of the effect 
of rotation. 

Generally speaking, the distribution of the axial 
velocity component (w> in Fig. 4 exhibits that in the 
vicinity of the leading wall the transition to flow with 
Taylor vortices is accompanied by the development 
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X 
Z 

w value 
: 0.0335 1 : 0.1922 

2 ’ 0.0663 2 : 0.3843 
3 : 0.1004 3 : (1.5765 

4 : 0.7687 
6 : 0.9608 

6 : 0.2008 6 r I.1530 

w vaIuc 
1 3 0.0296 1 : 0.2022 

2 : a.4043 
3 1 0.6066 
4 : 0.8087 
5 : 1.0108 

6 : 0.1776 6 : 1.2135 

0:o 

(b)Z= 1 .O 

FIG. 3. Constant axial velocity ( faf> and isotherms 

i I 0.0614 
3 : 0.0921 
4:0.1228 - 
5 : 0.1535 
6 : 0.1843 

e value 
1 : 0.0318 
2 2 0.5635 
3 : 0.0953 
4 : 0.1270 
5 2 0.1588 
6 = 0.1905 

0:o 

(d)Z-‘I.5 

(e&E=? .6 

for roughened duct at Re = 300 and Re, = 500. 

w value 
1 : 0.2135 
2 : 0.4269 
3 : 0.6404 
4 : 0.8539 
5 : 1.0674 
6 : 1.2808 

w value 
1 a 0.2147 
2 * 0.4293 
3 : 0.6440 
4 a 0.8586 
5 : 1.0733 
6 1 7.2879 

W value 
1 i 0.2140 
2 : 0.4281 
3 : 0.6421 
4 = 0.8585 
5 : 1.0702 
6 : 1.2843 

of a deep trough in the W(X) profiles. Obviously, this parabolized profile (Hagen-Poiseulfie). The profile at 

is due to decelerated Auid being carried from the wall Z = 20 is exactly the same as that of the smooth duct 

into the flow. for the fully developed result. This is quite obvious 

Figure 4a shows the axial velocity profile along because at 2 = 20, from Table 3, it is found that when 

symmetric plane for Ro = 0.03 67 (Re = 300, Reia = 5) Z 3 IS. 1 the flow was fully developed. Moreover, it 

at different downstream stations Z = 0.9, 1.3, 1.6 and indicates that there is no significant influence at 

20. The flow pattern is skewed continuously from the 2 = 20 due to the presence of the rib. However, the 
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rib does affect the flow pattern a iot when the flow is 
at Z = 0.9, 1.3 and 1.6. It appears that the velocity 

profile shows a flat region, i.e. W # W(X) in 
-0.4 < x < 0.4, with a rib compared with that with- 
out a rib. This means that near the vicinity of the rib 
the Oow pattern becomes less skewed- The biggest 
departure from the smooth data was found at Z = 0.9 
(upstream of the rib). Besides, it should be noted 
that the axial velocity gradient on the trailing wall 
(au/ax), = _o_5 grows steep far from the rib, while that 
on the leading wall (au/ax),=,, diminishes. This 
observation has two important implications. One has 
to do with the friction performance : higher values of 
the local friction factor on the trailing wall and lower 
values on the leading wall in the region far from the 
rib. But, adjacent to the vicinity of the rib, the local 
friction factor on the trailing wall is equal to that on 
the leading wall. The other is the physical phenom- 
enon referred to as Ekman flow, in which the main 
flow stream is directed toward the trailing wall instead 
of moving parallel to the channel axis. This phenom- 
enon was also observed in a radially outward flow 
through rotating parallel disks [ 191 and, consequently, 
it enhances the convection heat transfer performance. 
Figure 4b and c shows the same plot to observe the 
effect of rotation increases for Ro = 0.333 (Re = 300, 
Re, = 100) and Ro = 1.667 (Re = 300, Rea = 500), 
respectively. This behavior can be clearly noted in Fig. 
4~ as the effect of the rotation further increases. As 
one can observe, the discrepancy among those four 
downstream locations becomes less distinguishable as 
the rotational Reynolds number is increased to 
Ro = 1.667. It indicates that the effect of rotation 
nearly removed the influences of the rib. 

The location of the IV,,, shifts toward the trail- 
ing wall, x= -0.5, at Ro ,( 0.33 (X = -0.2, 
Ro = 0.0167 and X = -0.3, Ro = 0.333). However, 
W max is not easily noted for Ro = 1.667 in the present 
study due to the rib effect becoming dominant as Z 
increases from 0.9 to 1.6. Actually, W,m,, is hardly 
found for a smooth duct/or smooth floor. On the 
contrary, it happens right on the top floor of the rib 
(2 = 1.3 in present study) when Ro is small 
(Ro < 0.333). The value of IV,,, becomes small as the 
effect of rotation is further increased. 

The profiles of W(X, 0, 1.6) and 8(X, 0, 1.6) are 
shown in Fig. 5 when curves are shown for Ro = 
0.0167, 0.333, and 1.667. These graphs enable one to 
infer the effect of ReQ on the main flow for a constant 
value of the parameter Re = 300 behind the rib. As 
can be seen from Fig. Sa, for these rotational Reynolds 
numbers, the recirculating flow exists in the down- 
stream region of the rib with the same reverse flow 
velocities. Due to the present asymmetry in nature 
(only one rib positioned on the wall) and rotational 
effect the flow was redistributed and, then, a double- 
peak profile occurs. This phenomenon is mainly 
caused by the flow being accelerated as it passes 
through the rib and by the shift in the axial velocity 
due to rotation. It can also be seen from Fig. 5a 

W 

8 

2 
(a)axial velocity 

4 
(b)dimensionless temperature 

-1 4 
0.5 0 X 

-0.5 

FIG. 5. Effect of rotational Reynolds number (RQ) on vari- 
ation of: (a) axial velocity; and (b) dimensionless tem- 
perature profiles at channel center (Y = 0) at 2 = 1.6 for 

Re = 300. 

that, when Ro is increased, the core is decelerated and 
reduced in size. This is because the Coriolis force 
acting in the upstream direction [cf. equation (5)] 
becomes stronger due to the stronger downward 
(negative-X) secondary flow, and a decrease in peak 
velocity is observed. A deformation in the axial vel- 
ocity profile results in similar characteristics for the 
dimensionless temperature profile, as shown in Fig. 
5b. It should be noted that the temperature gradient 
on the leading wall grows steep as Re, increases, This 
is the mechanism of heat transfer enhancement on the 
leading wall due to rotation. 

The local heat flux and normalized Nusselt number 
(Nu/Nu,) along the rib surface for various Reynolds 
number and rotational Reynolds number are shown 
in Fig. 6. The rib perimeter has been expanded linearly 
along the abscissa of the figure. Because the present 
study is a 3-D problem naturally, the data for the local 
heat Aux are presented at three different transverse 
positions [i.e. Y = 0.13, 0.28, and 0.45 (near the right 
side wall), respectively]. TO confirm this, attention is 
drawn to the fact that q/qw drops below zero near 



3-D laminar forced convection 2283 

Nu/Nuo 

Nu/Nuo , 

q/q, Nu/Nuo 

_, t,,,,,,,,,,,,,,,,,,,,,,,,, 
A 3 c D 

S 

FIG. 6. Local heat flux and Nusselt number at three different 
transverse positions for various rotational Reynolds number 

at Re = 300. 

points A (the upstream concave corner) and D (the 
downstream concave corner). At these locations, 
where the fluid is nearly stagnant, the direction of 
energy flow is actually from the fluid to the solid rib 
wall. It should be noted that the conductivity of the 
rib is much larger than that of the working fluid (it is 
assumed that k,ib/kai, = 100 in the present study). The 
highest heat transfer occurs on the upstream side of 
the rib and at the rib tip where the influence of the 
high impingement velocities is most pronounced. The 
local heat flux drops rapidly on the downstream side 
of the rib where recirculation velocities are low. These 
phenomena are also observed in Webb and Ramad- 
hyani [20] for laminar air flow through a parallel plate 
channel with staggered, transverse ribs. 

It can be seen from Fig. 6 that all the values of the 
local heat flux for Y = 0.45 are smaller than those for 
Y = 0.13 and Y = 0.28. This is due to the fact that the 
region at Y = 0.45 embedded in the thermal boundary 
layer causes this region to have a lower heat flux. It 
should be noted that, for Y = 0.45, the heat fluxes on 
the upstream side, the top wall, and the downstream 
side have worse values than the others. 

As can also be seen from Fig. 6, taking Y = 0.13 
for example, the heat flux increases along the front 

face, giving the largest value at the end of the face (the 
upstream protruding corner, B). The heat flux then 
decreases in magnitude until the flow reached the end 
of the top surface of the rib (C). At the downstream 
protruding corner (C) the local heat flux rises a little 
bit due to the celluIar motion. Then it decreases again, 
prior to the region of the redevelopment of the bound- 
ary layer, along the downstream side wall. The mech- 
anism of heat transfer between the rearward side of the 
rib and the recirculation zone is mainly by conduction. 
Taking a closer examination of Fig. 6, as the 
rotational Reynolds number is increased at a fixed 
Reynolds number, the effect of the rotational speed is 
more significant at Y = 0.45 than at Y = 0.13 and 
0.228. This is because the axial velocity near the right 
side wall is promoted as the rotational Reynolds num- 
ber is increased. The local heat flux is therefore 
increased. Similar distributions of normalized Nusselt 
number have been observed in Fig. 6. 

The locally circumferentially averaged heat transfer 
coefficients (%%) are obtained, and it varies depending 
upon the leading, trailing and side walls. But only the 
data on the leading wall (the side mounted with one 
rib) are presented here. Figure 7a-c depicts the effects 
of Re on the axial variation of Nusselt number at 
various rotational Reynolds number. Previous inves- 
tigations [14] on a stationary smooth duct are also 
plotted for comparison. As shown in Fig. 7, NU takes 
a steep fall near the entrance due to the present inlet 
boundary conditions, until it reaches the rib. A strong 
resemblance is observed between the local heat flux in 
Fig. 6 and the locally averaged Nusselt number in Fig. 
7 on the forward-facing side, the top wall, and the 
rearward-facing side of the rib. As the flow passed 
over the rib, a sharp decline in Nza is followed by 
a smooth, gradual recovery at Re = 100. As Re is 
increased to 300 and 500, a decline in NU is followed 
by a smooth first. Then a gradual bump occurs once 
Ren exceeds 100. This bump can be attributed to the 
reversal of the trailing wall temperature (not shown 
here) caused by the emergence of secondary vortices. 
As flow proceeds downstream, the Nusselt number 
then flattens toward its fully developed value at 
2 > 20.0. Figure 7 further depicts the effects of Refl on 
the axial Nusselt number distributions. The increase in 
heat transfer in the entrance region due to the effect 
of rotation is insignificant as observed in Fig. 7a-c. 
Moreover, it indicates that at low rotational speeds 
(e.g. Reo = 5), NU firstly takes a lower value near the 
recirculation zone than that of a stationary smooth 
duct as reported in [ 141. Then, a slight augmentation 
is found at the region far from the rib. Generally, 
the enhancement of heat transfer from Re, = 100 to 
Re, = 500 is not as impressive as the increase from 
Re, = 5 to Reb = 100. 

Figure 8 compares the present study with the avail- 
able results in the literature for the uniform wall tem- 
perature and heat flux cases. Nu, is defined as the 
integrated mean value of the heat transfer coefficients, 
XL, on the leading side over the square flow channel 
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FIG. 7. AJu vs 2 at different rotations1 Reynolds numbers. 
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with L/D = 30 from 2 = 0 to 2 = 30. It is plotted 
against Re Pr Reo. Superimposed on the figure for 
comparison are results from the existing literature for 
rotating smooth duct, including numerical results for 
isothermal circular tubes [21], numerical results for 
fully deveIoped flow in isothermal square channels 
[ 131, and analytical curves for fully developed flow in 
circular tubes with isoAux walls [6]. It is seen that the 
value of MA, increases with an increase in Re Pr Re,. 
It is also found that, in comparison with the empirical 
correlation 1211, the present results show a superior 
role for all cases except at the lower rotational speeds 
(e.g. ReI+Re, -=z 500) as far as the heat transfer rate 
is considered. This is expected, because the present 
study deals with a roughened duct with developing 
velocity and temperature for which the separation/ 
reattachment and entrance effects result 
heat transfer performance. 

in higher 

CONCLUDING REMARKS 
The problem of hydrodynamicaIly and thermally 

developing flow through a rotating channel with a rib 
mounted on leading wall and uniform heat flux at four 
walls has been investigated numerically. The nature 
of the rib was positioned at Z/D = 1.0 from the duct 
inlet with the rib geometry of L,/D = 1.0, &/II = 0.5, 
and HI/D = 0.1. Owing to the presence of a rib on the 
top wall (leading wall) of the channel, the present 
numerical calculation was a three-dimensional prob- 
lem. Illustrations describing the flow field and heat 
transfer characteristics are constructed for 
100 < Re < 500, and 5 < Reo < 500 to broaden our 
fundamental understanding of this type of channel 
ffow. The most important features can be described 
as foIIows. 

(1) The secondary flow takes the form of a vortex 

NUCI Uniform Heat Flux 

IO Circular Tube C 6 1 

5 

RePrRe a 
FIG. 8. Comparison of present results with existing literature. 
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pair symmetrical about the plane of Y = 0 without a 
rib. However, with a rib located in the downstream 
distance, the pattern of the secondary flow is dra- 
matically distorted and broken down. When the effect 
of rotation was weak, the flow moves towards the 
negative X-direction by presence of the rib. But the 
flow moves far away from the rib. It results in a small 
vortex in the bottom half of the channel. Meanwhile, 
in the flow field behind the rib, due to the absence of 
the rib, the flow moves back toward the positive 
X-direction. When the effect of rotation becomes 
stronger, the secondary flow patterns look like the 
secondary flow found in a smooth duct. 

(2) The local heat flux (q/qJ drops below zero near 
points A (the upstream concave corner) and D (the 
downstream concave corner). At these locations, 
where the fluid is nearly stagnant, the direction of 
energy flow is actually from the fluid to the sohd rib. 
The highest transfer occurs on the upstream side of 
the rib and the rib tip where the influence of the high 
impingement velocities is most pronounced. The local 
heat flux$rops rapidly on the downstream side of the 
rib where recirculation velocities are low. 

(3) The locally circumferentially averaged heat 
transfer coefficients (Nu) on the leading wall (the side 
mounted with one rib) takes a steep fall near the 
entrance, until it reaches the rib. As the flow passed 
over the rib, a sharp decline in NU is followed by 
a smooth, gradual recovery at Re = 100. As Re is 
increased to 300 and 500, a decline in NU is followed 
by a smooth part : then a gradual bump occurs once 
Re, exceeds 100. As flow proceeds downstream, the 
Nusselt number then flattens again toward its fully 
developed value at Z 2 20.0. Besides, the increase in 
heat transfer in the entrance region due to the effect 
of rotation is insignificant. It is also revealed that 
the enhancement of heat transfer from Re, = 100 to 
Re, = SO0 is not as impressive as the increase from 
Ren = 5 to Ren = 100. 

(4) In general, Nu, are augmented with an increase 
in the rotational speed (ReQ) and Reynolds number 
(Re). For a specified Reynolds and rotational Reyn- 
olds number, for instance Re = 500 and Ren = 500, an 
enhancement about 3 times higher than a stationary 
smooth duct in heat transfer coefficient due to rotation 
is observed. 
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