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Abstract—Turbulent flow in a two-dimensional channel with repeated rectangular rib roughness was
numerically simulated using a low Reynolds number form of the A—¢ turbulence model. Friction factors
and average Stanton numbers were calculated for various pitch to rib height ratios and bulk Reynolds
numbers. Comparisons with experiment were generally adequate, with the predictions of friction superior
1o those for heat transfer. The effect of variable properties for channel flow was investigated. and the results
showed a greater effect for friction than for heat transfer. Comparison with experiment yielded no clear
conclusions. The turbulence model was aiso validated for a related problem, that of flow downstream of
an abrupt pipe expansion.

INTRODUCTION

ENHANCED surfaces are used to increase the convective
heat transfer coefficient for high heat flux appli-
cations. The use of parallel rectangular ribs at an
optimal spacing has been explored for applications
such as gas-cooled nuclear reactors [l, 2] and gas
turbine blades [3, 4]. Current interest in hypersonic
flight has led to renewed activity in the design of
structures that can accommodate high heat fluxes and
withstand high temperatures. A promising approach
for hydrogen fueled vehicles is to use cooling panels
through which supercritical hydrogen is pumped
before injection into the engine. Figures 1(a) and (b)
show a possible cooling panel design for use in a
scramjet inlet. Although much experimental data has
been obtained for the effects of repeated rib roughness
on friction and heat transfer, little has been
accomplished analytically or numerically. Thus cur-
rent engineering practice is to use empirically deter-
mined roughness functions to describe the near wall
region, and analytical or numerical solution schemes
to calculate the core flow. A major difficulty in apply-
ing this technique to the flow of supercritical hydrogen
in cooling panels is the large thermophysical property
variations that characterize the flow. These variations
arise both due to the large wall to bulk temperature
ratios encountered, and also to the peculiar nature of
the property variations near the critical point. No
reference property or similar scheme is available for
accounting for these variable property effects, and no
experimental data base exists for supercritical hydro-
gen flow over repeated rib roughness.

The first attempt to analytically determine the
roughness functions for flow over rectangular ribs was
made by Lewis [5]. The flow was approximated by a
series of attached and separated flow regions, and
some empirical information from experiments over
cavities and steps was required. The k—¢ turbulence
model with the wall function boundary condition was
used by Lee er al. [6] to predict roughness functions

in an annulus with ring type rectangular roughness
on the inner pipe. In a numerical study, fully
developed flow in a single module was solved using
the periodicity conditions, as proposed by Patankar
et al. [7], in order to avoid the entrance region
problem. A correction to the turbulent viscosity simi-
lar to that of Leschziner and Rodi [8] was used to ac-
count for extra strain rates due to streamline curvature.
Liou et al. [9] made numerical computations for tur-
bulent flow over a single rib roughness in a channel.
Numerical calculations for flow over two rib rough-
nesses in a channel were performed by Durst ef al.
{10] and Liou et al. [11]. Standard wall functions were
used in all these numerical studies.

Use of wall functions as boundary conditions when
solving turbulent flows using the k—& model has been
relatively successful where properties are constant.
But for large and irregular property variations in the
viscous sublayer and buffer layers, the use of wall
functions presents a fundamental problem. One
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FiG. 1. (a) A cooling panel. (b) Repeated ribs to augment
heat transfer.
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¢, constant pressure specific heat
d  upstream tube diameter
D downstream tube diameter
D,, hydraulic diameter
e roughness height, or (D —d)/2
S friction factor
f, empirical functions in turbulence
model
h enthalpy
half of the channel height
k turbulence kinetic energy, Juu;

L rib pitch
Nu Nusselt number based on downstream
diameter

p  pressure
Pr molecular Prandt] number
Pr, turbulent Prandtl number
Re Reynolds number

St Stanton number

U  streamwise mean velocity

NOMENCLATURE
b width of roughness ' streamwise velocity fluctuation
¢4 Co1s €2 turbulence model constants V' lateral mean velocity
¢, coefficient in source term of dissipation V' mass averaged lateral velocity
rate equation v’ lateral velocity fluctuation

w  rib width
axial distance
y  normal distance from the wall.

-

Greek symbols
I'  thermal conductivity
& turbulence dissipation rate
é modified dissipation variable
i dynamic viscosity
i, turbulent viscosity

v kinematic viscosity
v,  turbulent kinematic viscosity
p  density

o, turbulent Prandtl number for ¢, ¢ = k, &, h.

Subscripts
av  average
b bulk
C constant property
w  wall

approach would be to use a reference property scheme
in the wall functions. However, one could then argue
that it would be simpler and more direct to have a
reference property scheme for the transfer coefficients
themselves. Also, the highly irregular property vari-
ations near the critical point of hydrogen complicates
the development of reference property schemes. An
alternative approach is to integrate the transport
equations to the wall using exact thermophysical
properties and thus avoid the use of wall functions.
In an earlier study [12] we used this approach for
constant property flow in a rib roughened circular
tube. Here we turn attention to two-dimensional
channel flow with transverse ribs and present results
for both constant property and variable property
flows. With a numerical solution procedure it is rela-
tively simple to allow for property variations exactly,
and hence to study the effects of these parametrically.
In addition, once the solution procedure has been
validated, it is relatively simple to vary key geo-
metrical parameters, such as rib pitch, height and
shape. A suitable turbulence model was chosen by
examining a simpler related problem, namely, the
abrupt pipe expansion, with its characteristic flow
reattachment and recirculation region. This problem
has received considerable attention both in exper-
imental and numerical studies. Recently Yap [13] has
made a thorough numerical study using various tur-
bulence models. The best heat transfer prediction was
obtained with a low-Reynolds number k—¢ turbulence

model across the viscous sublayer and an algebraic
stress model in core. However, the Jones and Launder
version of the low-Reynolds number k—¢ model [14]
employed for the whole flow regime gave fairly good
predictions, provided an appropriate source term was
added to the transport equation for the turbulence
dissipation rate. Yap also found that the wall function
approach showed poor Reynolds number dependence
for the peak Nusselt number, even with the algebraic
stress model employed in core. Though not presented
in this study, the abrupt pipe expansion flow was
investigated using wall functions. It was found that
the non-dimensional viscous sublayer thickness had
to be related to the near-wall turbulence level, as in
the method of Ciofalo and Collins [15], in order
to improve heat transfer prediction for flows with
reattachment. The wall function method performed
poorly in general, especially for a small step height or
low Reynolds number, since insufficient grids could
be employed. to resolve the flow below the step. The
Yap modified Jones and Launder model was used for
the current study.

ANALYSIS

Mean transport equations

The set of elliptic partial differential equations
governing mass, momentum, and energy conservation
for a steady incompressible flow are written as follows
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The time mean of the product of the fluctuating
velocities are modeled using the modified Boussinesq
concept,

oU, oU, -
_u;u; =W (a : + L) —Sk()u' (4)

dx;  Ox,

The turbulent heat flux is similarly modeled by intro-
ducing the turbulent Prandtl number,
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The assumptions employed in the governing equa-
tions for variable property flow are that the product
of the average quantity pU is much greater than
p'u’, and a new normal velocity ¥ is defined as
pV = pV+p'v’, since p’v’ can be of the same order of
magnitude as p¥ in low-speed flows with heating [16].
Other terms involving density fluctuation have been
neglected, since p’/p is expected to be fairly small.

Turbulence model

The Jones and Launder low Reynolds number tur-
bulence model, with some constants modified by
Launder and Sharma {17] is used for the compu-
tations. The turbulence kinetic energy, &, and the
modified dissipation variable, £, are obtained from the
following transport equations:
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The turbulent viscosity, u,, is given by

2

= C;:./;:PE (8)

where the dissipation rate, &, is equal to £+ 2v(dk"?/
dx;)*. The empirical coefficients adopted are

34
Ju=exp [(1 +Rel/50)2]
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Yap [13] calculated the flow for an abrupt pipe
expansion using the k—¢ turbulence model, and found
that the predicted heat transfer rates in the vicinity
of the reattachment point some 5 times higher than
experimental values. Yap observed that the cause of
this discrepancy was a predicted length scale that was
too large near the wall, and added a source term S, to
the right hand side of the transport equation for £ This
term was designed to drive the length scale towards
its local equilibrium value, and thereby obtain heat
transfer predictions in better agreement with exper-

iment.
32 k 1.5 L 1.5\2
S, = 0.83 (‘1) <~ - 1> </‘ )
k ) \¢yé [3%2

where y is the distance from the wall, and ¢, = 2.5. As
will be discussed later, satisfactory predictions of test
data measured by Baughn et al. [18] were obtained.
This source term was used in all computations
reported here.

(10)

Boundary conditions

At solid wall, U; = k =& =0, and a constant wall
heat flux boundary condition for / is specified. For
constant properties the fully developed flow will
repeat itself in a succession of cross sections at pitch
length L. The approach of Patankar et al. [7] was to
use periodic boundary conditions, resulting in
additional source terms in the momentum and energy
equations. In the present study, a simpler approach
to the periodic boundary condition has been used. A
fixed number of inner iterations were performed for
given inlet conditions, and the calculated outlet values
of velocities, enthalpy, kinetic energy, and dissipation
rates were substituted as inlet conditions for the next

'

F1G. 2. Schematic diagram of computation cell for flow over
rectangular ribs.
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outer iteration. A 1/7th power law profile was given
for the axial velocity at the inlet for the first outer
iteration. The computational domain shown in Fig. 2
was chosen such that the inlet was located at six slabs
before the right end of the first rib. Values at slab NX-
| were substituted as the inlet conditions after each
outer iteration.

Friction factor and Stanton numbers
The average friction factor is calculated from the
pressure drop over one pitch length,

Ap

f= JULLID, (11)

The local Stanton number is defined as

4w
P Uh C ( T\\ Th)

H
J TU dy
0

Th = - I;"‘ T
J Udy
0

Along the front and rear faces of the ribs, T, is taken
as an average of the values at the upstream and down-
stream slabs.

An average Stanton number is calculated as

St =

where

ll\\
St,, = -—-
pUh(,.(T Th)

(14)

where the average value of (7,, — T,,) was obtained as

L
J (T —T,) dx
0

To=Ty=" g (15)

where L is the rib pitch. Use of this definition of
St,. may give good agreement with average Stanton
numbers obtained with a uniform temperature bound-
ary condition, as described by Mills [19]. The average
Stanton number including the front and back faces of
ribs was also calculated using the entire length of the
heated surface for L in equation (15). The difference
between the two average St was found to be less than
5% in the present computations. The bulk tempera-
ture, Ty, was also calculated from an energy balance,
and agreed well with that determined from equation

(13).

Thermophysical properties

The assumption of constant fluid properties is not
adequate for large heat fluxes into the fluid, since all
the physical properties depend on temperature and
pressure. Fluid properties for the numerical cal-
culation can be entered as power law approximations.
The properties for low-pressure air can be approxi-
mated within 4% in the temperature range of about
273 < T < 1500 K approximated as follows [20]

B. H. CHANG and A. F. MiLLs

“ T 0.67 _ T 0.805
P (T) ki (T)
C

l _ 1 0.095 7p7 _ 5:1 (16)
C ﬂn ’ Pin T .

pin

Due to decrease in density with temperature, there is
continuous acceleration of the flow, and also another
effect is the increase of the fluid resistance at the wall
with heating that causes thickening of the wall bound-
ary layer. These effects must be taken into account in
evaluating the wall shear stress. Assuming static pres-
sure is uniform across the flow section and trealing
the momentum flux as one-dimensional, the wall shear
stress becomes

D d(p+pUh/7)

T4 dx an

T\\.‘ =
In the present computation, the friction induced by
the momentum change was taken into account in cal-
culating the avcrage friction factor over one pitch
length.

The specific heat was taken as a constant, and aver-
age viscosity and temperature ratio over the length of
a pitch was taken as the average of the inlet and
outlet values. A fixed number of inner iterations were
performed with a constant wall heat flux boundary
condition, and the calculated values of velocities and
turbulence quantities at the outlet of the computation
domain were substituted as inlet conditions for the
next outer iteration.

Numerical procedures

The PHOENICS [21] program developed by
CHAM Ltd. has been used in the present study. The
program employs a variant of the SIMPLE algorithm
[22] called SIMPLEST to solve the hydrodynamic
equations. The discretized equations with the hybrid
scheme are solved by the TDMA (Tri-Diagonal-
Matrix-Algorithm). The low-Reynolds number k-
model has been implemented in the code with appro-

Re data prediction
10,570 o
20,130 a
VAN 39,300 v

300

FiG. 3. Comparison of Nusselt number with the data of
Baughn et al. d/D = 0.8.
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priate linearization of the source terms. Details may
be found in ref. [12].

The criterion of convergence of the numerical solu-
tion is based on the absolute normalized residuals of
the equations that was summed for all cells in the
computation domain. The solutions are regarded as
converged when these normalized residuals become
less than 10~ * for the continuity equation and 10~
for other variables.

In the case of the turbulent flow in a channel with
ribs, a typical output had the normalized absolute
residuals of 7e— 35, 2e —3, 1.5¢—3, 0.45, 0.45, 4.4e -3,
for continuity, ¥ momentum, U momentum, k, €. and
energy equation respectively, after 1500 sweeps. [n
addition to the whole-field residuals, the average fric-
tion factor and the average heat transfer coefficient

1463

were monitored at every 50 sweeps [or the problem of
flow in channel with ribs. The relative errors of the
average friction factor and the average heat transfer
coefficient computed at each outer iteration was less
than 1% for all cases studied.

COMPUTATIONAL RESULTS AND
DISCUSSION

The low-Reynolds number turbulence model was
first tested for flow downstream of an abrupt pipe
expansion. The parameters considered were a down-
stream Reynolds number from 10570 to 39300 and
d/D = 0.8. The inlet conditions were fully developed
profiles for all the variables that were obtained at 50
diameters downstream to simulate the experimental

e

£

4

(b)

FIG. 4. Velocity plots for flow in a channel with ribs for Re = 20900. (a) L/e = 5, (b) L/e = 10.
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condition of Baughn er al. [18] using wall function
boundary conditions, except enthalpy, which was uni-
form. The outlet was located about 100e downstream
from the step so that its influence on the main flow
would be negligibly small. Air was chosen as the fluid,
and properties were evaluated at 293 K. A constant
wall heat flux of 700 W m~? was used on the down-
stream wall, which was in the range of Baughn’s exper-
iment. The turbulent Prandtl number was fixed at 0.9.
A typical grid used was NY = 47 and NX = 73 with
57% of the grids located between the wall the the top
of the step in the radial direction.

The local Nusselt number distribution for d/D
= 0.8 and Re = 10570, 20 130 and 39300 are shown
in Fig. 3. The prediction is fairly good except at
high Re, where about 18% overprediction occurs
at the reattachment point. When Yap's source term
was not included, the prediction for Nu was about 2.1
times higher in the vicinity of the reattachment point
for d/D = 0.8 and Re = 20130. It is relevant to note
here that both Yap and Amano [23] tested non-equi-
librium wall functions with the high Reynolds number
k-¢ model for this flow, and obtained unsatisfactory

B. H. CHANG and A. F. MiLLs

results. Based on the results for d/D = 0.8, the tur-
bulence model was thought to have sufficient merit to
warrant its application to flow over transverse ribs.

Parametric studies for transverse ribs were per-
formed for ¢/D = 0.056, ¢/b = 0.67, and 1, Lje =5,
7.5, 10, 15, 20, and Re = 520041 800. Air was chosen
as the fluid, and properties were evaluated at 293 K.
The wall heat flux used was 500 W m~ 2. A typical grid
used for Lie = 10 was NX = 84 and NY = 74 with
60% of the grids located between the wall and the
rib top. Figure 4 shows the velocity distribution for
L/e =5 and 10 at Re = 20900. For L/e = 5, a large
recirculation is present between the ribs and there is no
flow reattachment. Though not shown in the figures, a
small counterrotating vortex was observed in the cor-
ner behind the first rib. The static pressure contours
for L/e = Sand 15 are shown in Fig. 5. The turbulent
kinetic energy contours in Fig. 6 show maxima at the
sharp edge of the second rib where flow impinges and
a highly turbulent shear layer is generated. A second
maximum occurs upstream of the flow reattachment
for L/e = 10, which was about 5.6¢ downstream from
the edge of the first rib for Re = 20900.

12
-
11
! 14 [N
19

(a)

1/

(b)

F1G. 5. Static pressure contour for Re = 20900. (a) L/e = 5, (b) Lje = 15.
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F1G. 6. Turbulent kinetic energy contour for Re = 20900. (a) L/e = 5, (b) Lfe = 10.

Isotherms for L/e = 5 and 10 in Fig. 7 show high
temperature regions where recirculations occur. Fig-
ure 8 shows the prediction of temperature and heat
transfer rates along the channel wall including the
front and back side of the rib for L/e = 5 and 10. The
region between the first two vertical markers in the
figures corresponds to the front side of the rib, and
that between the second and third markers cor-
responds to the top of the rib. The temperature is the
lowest at the top of the front side of the rib where
there is a flow impingement, and the highest heat
transfer coefficient is obtained. The boundary-layer
development at the top of the second rib also leads to
low wall temperature, and there is a sudden increase
in temperature at the back side of the rib. For Lje = 5,
another maximum in local heat transfer coefficient
between the ribs lies close to the second rib where the
faster moving fluid above the ribs has penetrated. The

temperature and local St distribution along the wall
for L/e = 10 show the lowest wall temperature and
the highest heat transfer coefficient between the ribs
about 2e upstream of the reattachment point. It
appears that the average heat transfer coefficient for
Lje =5 and 10 are not very different. In fact, the
experimental data of Han et al. [24] showed that there
is an increase of only about 9% in the average Stanton
number when L/e was increased from 5 to 10 at
Re = 13500. The current computation showed an
increase of about 11%.

Figure 9 shows a comparison of the average friction
factor and Stanton number with the experimental data
of Han et al. The agreement of the friction factor with
experiment is generally good, except for the under-
prediction of about 10% for both L/e = 10 and 15 at
Re of about 20000. For L/e =5 and 7.5, well con-
verged results for Re < 20000 were difficult to obtain,



1466

B. H. CHANG and A. F. MiLLs

17
19—
215
28
25 23.6
38 g
(a)
— —
19
21
03—
31 27 25 J
el e - =
(b)

F1G. 7. Isotherms for Re = 20900. (a) L/e = 5. (b) L/e = 10.

and they will not be presented. The prediction of
the average St shows generally good agreement with
experimental data, but the computed values for
Lje = 10 and 15 are underpredicted by about 17-15%
and 18-9% respectively over the range of Re = 5000-
20000. The present predictions for the abrupt pipe
expansion flow shows the need to correct the extra
source term in the & equation to predict correctly
the Reynolds number dependence. The heat transfer
prediction is also sensitive to the details of near-wall
flow field such as the location and length of reattach-
ment. Higher order models, such as the algebraic
stress model and higher order differencing schemes,
might give a superior simulation of this complex flow.
Figure 10 is a typical plot of local Stanton number
along the tube wall after each outer iteration. The
total number of outer iterations shown is 20, and
gradual convergence is obtained, though the behavior
is erratic.

A channel with L/e = 15, ¢/D = 0.056 was chosen
to observe the effect of variable physical properties.
The low-Re model with the Yap modification was
employed. The inlet Reynolds number was varied
from 11 500 to 20000, and the calculated temperature
ratio, T, /T, varied between 1.42 and 1.88. Prand ¢,
were assumed constant for these initial calculations.
Iterations were performed until a stabilized value of
friction factor and Stanton number were obtained. In
the present computation, the calculated variables at
the outlet after an outer iteration were substituted as
inlet conditions for the next outer iteration. Thus, the
temperature level is increasing in the computation
domain for successive outer iterations, and the process
is very similar to marching in the flow direction. Tur-
bulence intensities should decay towards zero if rela-
minarization takes place due to heating. A detailed
study of relaminarization on the turbulence structure
is beyond the scope of the present investigation, but
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T(°C)

0.02

0

Fi1G. 8. Prediction of wall temperature and Stanton number
for Re = 20900.

a transition was observed at high heat fluxes. In the
neighborhood of the reattachment point, there was
an increase of about four-fold in the viscous sublayer

0.1
a %
1 N -A-_-é_‘__A_--e~ 2 )
4 —v-*l_?—:v;-:;-:
L/e data prediction
10 o
15 & -
20 v —
0.01 +———r—rrr T
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001{ ¢
_
«© 1
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1 Ue data prediction
10 o
15 & e
0.002 +———r————r
3000 10000
Re

FiG. 9. Comparison of average friction factor and Stanton
number with the data of Han et al.
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0.02

FiG. 10. Local Stanton number distribution with outer iter-
ation. Lje = 10, Re = 20900.

thickness, and the turbulence kinetic energy in the
viscous sublayer close to the wall decayed to about
1/4 of that for the constant property flow with the
same initial Reynolds number, when the bulk Reyn-
olds number decreased to about 45% of the initial
Reynolds number.

Figure 11 shows a plot of fjf. vs T,/T, for Re
= 10000 and 15000, where /£ is the constant property
value. With variable properties it proved difficuit to
obtain a properly converged solution at Re = 20000,
and thus these results are not included. The Reyn-
olds number is an average value calculated with
bulk properties over a pitch. The present calculation
shows about 21 and 13% reduction in [ at Re
= 10000 and 15000 respectively when the air was
heated to about T,/T, = 1.7. The results also show
an increase in fJf, with increasing Re and in contrast

1.0
£ 08
0.6 T T T
1.0
, GA\K
2 091
n Re
—a—10,000
—a— 15,000
0.8 T T T T T T
1.3 1.5 1.7 1.9
Tw/To
FiG. 11. Normalized friction factor and Stanton number

versus temperature ratio for repeated rib roughness.
: e/D =0.056, Lje = 15.
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to the constant property situation, the effect of Re on
£ is not negligible. The experimental data of Vilemas
and Simonis [25] showed a large effect of temperature
ratio on friction at low range of Re but smaller effect
of Re on friction. They found a 20% decrease in f in
the Reynolds number range of 10000 to 20 000 when
the channel was heated to T,,/T;, = 1.8 from an adia-
batic flow condition. The effect of Reynolds number
on f was negligible for heating up to 7,/T, = 1.8 in
the range of Reynolds number less than about 60 000.
However, the data for the influence of temperature
ratio on friction is for one channel only (¢/D = 0.013.
Lje = 9.5), and the effect of the parameter ¢/ D, could
not be discerned. The [riction factor measured in the
experiment of Vilemas and Simonis was the overall
friction factor with an outer smooth wall and inner
rough wall, whereas the present computation is per-
formed with the both walls of identical roughness.
Thus an exact comparison cannot be made. The chan-
nel of the present computation also has much larger
pitch to roughness height ratio than the test section
of Vilemas and Simonis, and the ratio of the roughness
height to the channel height of flow passage is about
11% compared to only 2.6% in the experiment. Thus,
the channel of the present study has larger flow recir-
culation and redeveloped regions than the exper-
imental setup.

Figure 11 also shows the plot of St/St. vs T,./T,.
There is about 5% reduction in heat transfer rate for
both Re = 10000 and 15000 when the air is heated to
T./T, ~ 1.7. There is no apparent effect of Reynolds
number on heat transfer for the small range of Reyn-
olds number in the present computation. This seems
to be supported by the experimental results of Vilemas
and Simonis, which show only about 5% difference
in Nu/Nu, from Re = 11000 to 31000 when the air
was heated to T,/T, =~ 1.7. However, their results
show a much higher reduction in heat transfer with
heating in the low Reynolds number range: about
19% at Re = 11000 when the gas was heated to
T./T, ~ 1.7. More computations need to be per-
formed in order to investigate the effect of Reynolds
number and the parameter ¢/D,,.

CONCLUSIONS

The low-Reynolds number turbulence model of
Jones and Launder gave fairly good results for both
the abrupt pipe expansion flow and flow in a channel
with repeated rectangular ribs. Predictions for heat
transfer were generally poorer than that for friction
factor for the repeated ribs. Further modifications to
g-equation or to the extra source term is needed to
predict correctly the Reynolds number dependence of
the heat transfer. The effect of variable properties
in the Reynolds number range of present study was
greater for the friction than for heat transfer. Further
parametric studies are needed.
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