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Abstract-This paper presents the numerical predictions of the fluid and heat transfer characteristics for 
the turbulent channel flow with one and two obstacles. The turbulent governing equations are solved by a 
control-volume-based finite-difference method with non-uniform staggered grids and the well-known k--E 
model and its associated wall function to describe the turbulence structure. The velocity and pressure terms 
of momentum equations are solved by the SIMPLE method. The parameters interested include entrance 
Reynolds number (between lo4 and 106), the ratio of channel height to obstacle height (B/H) and the 
dimensionless distance between two obstacles (PR). Computations are carried out for three working 
mediums, air, water and Freon R-12. The predicted attachment point located at x/H = 12.24 are compared 
witi the experimental results of x/H = 12.3 for the unheated single obstacle case with B/H = 15. The 
predicted heat transfer around the attachment point is much better than that in the recirculation region 

due to the strong impact at the attachment point. 

INTRODUCTION 

Turbulent flow around bluff bodies forms an impor- 
tant group of separated flows occurring in many situ- 
ations of practical interest. It is difficult to predict this 
flow field since it poses many problems for numerical 
methods and turbulence models because of the curved 
streamlines and steep velocity/pressure gradients sur- 
rounding the body. The present investigation is con- 
cerned with the prediction of the particular case of 
turbulent flow around two-dimensional surface- 
mounted obstacles. 

In engineering applications, the turbulent flow in a 
channel with surface-mounted obstacles become more 
important. For example, the volume of electric device 
becomes very small, the arrangement and the cooling 
system of the electric device can not be ignored. So, 
the first step of designing electric circuit must depend 
on the characteristic of heat transfer. Otherwise, this 
flow field also can use these obstacles to increase the 
disturbance, these obstacles can intrease the efficiency 
of heat transfer and the total efficiency of the heat 
exchanger. So far, many investigators have considered 
the similar flow field. But few are focusing on the 
turbulent flow field and the performance of heat trans- 
fer or with two obstacles on one surface in a channel. 
In fact, such a flow field combine several basic flow 
fields. It includes channel flow, forward facing step 
flow, backward facing step flow and even cavity flow 
and so on. This flow field contains flow separation, 
reattachment, redeveloping flow along the wall and 
developed flow. Wirtz and McAuliffe [l] described the 

obstacles as a large electric device and the bottom 
surface behind the obstacles as many small dense ZC, 
as shown in Fig. 1. 

The channel flow with surface-mounted obstacles is 
so complex that most investigations have been con- 
fined to experimental analysis [2-4]. The parameters 
include entrance Reynolds number (characteristic 
length is two times channel height) and the ratio of 
channel height to obstacle height (B/H). Crabb et al. 
[2] studied the flow field of B/H = 15, Rastogi et al. 
[3] analysed the experiment of B/H = 2, and Castro 
et al. [4] studied the experiments of B/H = 5, 8, 15 
and 20 with Re = 104-106. The effect of heat transfer 
was not considered in their studies. 

As computer executing speed becomes faster and 
faster, many scholars tend to use a variant scheme 
and a procedure to discrete the equation of motion. 
For example, Benodekar et al. [5] used the PISO 
(Pressure-Implicit-Split-Operator) method to cal- 
culate such a flow field and compare their results with 
the experimental results of Crabb and Durao [2]. 
Zebib and Wo [6] investigated the flow field in which 
the obstacles are heated (keeping constant tem- 
perature or constant heat flux), but the flow is con- 
sidered as laminar not turbulent. Kim et al. [7] con- 
sidered periodical obstacles to calculate the laminar 
flow field. Recently, Liou et al. [8], however, con- 
sidered turbulent flow to analyse such problems. 

According to the suggestion of Wirtz and McAuliffe 
[l], it is necessary to use turbulent flow to cool the 
electric device system in the future. So, it is important 
to know the details of such a flow field. 
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NOMENCLATURE 

B channel height 
C,, C,. C,, turbulent constant 

-’ r 

pressure coefficient 
obstacle height 
heat transfer coefficient 
turbulence intensity 
turbulent kinetic energy 
pressure 
obstacle-pitch to obstacle-height 
Prandtl number 
heat flux 
Reynolds number 
temperature 
free stream (inlet) velocity 
x-component velocity 
y-component velocity 
reattachment point 
x coordinate 
y coordinate. 

Greek symbols 
CI thermal diffusivity 

boundary thickness 
turbulent energy dissipation rate 
Von Karman constant 
dynamic viscosity 
kinematic viscosity 
density 
turbulent Prandtl number 
shear stress. 

Subscripts 
in inlet condition 
eff effective 
1 laminar 
t turbulent 
W wall. 

MATHEMATICAL FORMULATION x and y directions, respectively ; rd and S, are the 

Governing equation 
corresponding turbulent diffusion coefficient and 

The flow under consideration is governed by the 
source term, respectively, for the general variable 4. 

two-dimensional form of the continuity and the time- 
The equations are summarized in Table 1. The tur- 

averaged Navier-Stokes equations. In a Cartesian 
bulent viscosity pT and pc can be written as : 

coordinate system for steady-state, incompressible 
flow, neglecting buoyancy, these equations can be 

/AT =p+ =pC$ 
E ’ (2) 

written in the following general form : 

; (PU4) + ; (W-4) = ; 
1 1 I-4 $ 

PC = !-4+Pr = Pl+Pc$ (3) 

The constants of the k-e turbulence model suggested 

+b 84 

[ 1 

by Launder and Spalding [9] are shown in Table 2. 

ay 
I- - +s,, 

c ay (1) Boundary conditions 
The computational domain boundaries are shown 

where 4 stands for the dependent variables u, v, k, 6, in Fig. 2, with a non-uniform staggered grid system 
and T; IA and v are local time-averaged velocity in which finer grids near the wall. 

FLOW . 

H Y b” ,,,,,, ’ t I 
/” \ 5 

Fig. I. Schematic of Bow for engineering application and computational model 
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Table 1. Conservation equations 

Equation 

Mass 

X-momentum 

I Y-momentuq 

Energy 

Turbulent kinetic energy 

Turbulent energy dissipation rate 

1. Inlet boundary (AH). At the inlet boundary, uni- 
form flow conqtions are imposed as follows : 

U = U,, k = k,, = ill:, 

k,‘ds Q”.75 

& = Ein = 

CclS 
T= T,,, (4) 

where i is turbulence intensity and 6 is boundary 
thickness. 

2. Channel walls and obstacles surjbces. In this study, 

Table 2. Constants of the k--E model 

0.09 1.44 1.92 1.0 1.3 0.8 

H 0 G 

I I 
I I 

I 

I 
C D C’ D’ I 

A B E B’ E’ F 

Fig. 2. Sketch of configuration and coordinate system of the 
calculating domain. 

the near-wall region was simulated by two zone model, 
i.e. viscous sublayer and fully turbulent zone, and 
the wall function method [lo] was used to bridge the 
viscous sublayer. Near the corners of the obstacle the 
finite difference grids were treated specially, as shown 
in Fig. 3. The wall function approach consists of the 
assumption that the grid points nearest to the solid 
wall, that is, at a distance y, from the nearest wall, a 
component parallel to the wall (UP) obeys the follow- 
ing equations : 

when y+ < 11.63 

-L = ,&;/4 k;‘Z u, 
ln WY+) 

when y+ > 11.63, 

where y+ = a 
v 

The assumption that at the same location the pro- 
duction of K is in equilibrium with the dissipation of 
a. If k,, and ap are the k and E at Y = y,, then it can be 
shown that the conditions imposed on the k equation 
and E equation instead of solid-wall boundary con- 
ditions are : 

In addition, the temperature distribution T,, at point 
p is obtained from 

T+ = oly+ when y+ < 11.63 

T+ = gT 
II 

iln(Ey+)+P 1 wheny+ 3 11.63, 

where T+ = F 

(7) 

and Jayetilleke [l I] defined the experimental P func- 

tion as : 
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P = 9.24 

Fig. 3. Computational cells near plate corner. 

Fig. 4. Sketch of grid arrangement. 

3. Outlet boundury. 
The flow field can be regarded as fully developed 

when the outlet is located far away from recirculation 
region. Usually, the outlet is located at 25-30 times the 
obstacle height behind the obstacle. So, zero normal 
gradients at the outlet plane are given as : 

&A 
z’o $0 $0. 

NUMERICAL PROCEDURE 

The numerical method used in the present study is 
based on the SIMPLE algorithm of Patankar and 
Spalding[ 121. The conservation equations are dis- 
cretized by a control volume based finite difference 
method with a power-law scheme. The set of difference 
equations are solved iteratively using a line by line 
solution method in conjunction with a tridiagonal 
matrix form. Based on the grid independence study, 
(50 x 32) is used. The solution is considered to be 
converged when the normalized residual of the 

algebraic equation is less than a prescribed value of 
0.001. 

RESULTS AND DISCUSSION 

Effect qf grid r&nement 
A non-uniform grid arrangement was used in the 

present computations and shown in Fig. 4. The grid 
system was suggested with the velocity nodes dis- 
placed from scalar nodes. Grid independence test was 
performed with four different grid sizes, namely 
36 x 22,44 x 26, 50 x 32 and 58 x 38. And we used the 
calculation results of above various grid refinement to 

12.50 c 

12.25 

12.00 

kl1.75 

11.50 

11.25 
~) 

Fl I l  I II11 I III III,, “~“Soo 1000 1500 2000 2: 
Grids Number 

30 

Fig. 5. Effect of grid refinement on reattachment length 
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Fig. 6. Effect of grid refinement on turbulent kinetic energy 

Prediction 
*e-SO Measurement of Crabb et al [2] 

x/%=-2. x/H=-.4 r/%1.5 x/?i=Ei.o x/H=10. x/n=13. 

Fig. 7. Velocity predictions and measurements of Crabb et al. [2]. 

compare with the experimental results of Crabb et al. 
[2]. The parameters used to check the grid inde- 
pendence of the computational results were the re- 
attachment length (XY), which has historically been 
used to assess the overall predictive capability of tur- 
bulence models, and the turbulent kinetic energy pro- 
files, as shown in Figs. 5 and 6. THe calculation solu- 
tions appear to be independent of grid distribution of 
50 x 32. 

We extended also the investigations to set two 
obstacles on the channel wall and used various work- 
ing medium to predict the characteristic of flow field 
and performance of heat transfer. 

Predictions and comparison with experimental data 
1. One obstacle mounted on channel wall. The exper- 

imental results and calculation solutions have a good 
agreement, shown in Fig. 7. The reattachment length 

x/n-o.0 x/H-O.25 x,%-a.5 x/v-1 .o 
4.0 

3.5 

3.0 

q2.5 

312.0 

1.5 

1.0 

0.5 
u/u0 

-I 

Fig. 8. Velocity predictions on top of the obstacle. 

of calculation is only 0.49% shorter than that of the 
experimental results of Crabb et al. [2] Velocity dis- 
tribution above the top of obstacle has the recir- 
culation region as shown in Fig. 8. The calculation 
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Fig. 9. Wall static pressure distribution for flow over the 
obstacle. 

solutions compare with the experimental phenomena 
quite well. The predicted wall static pressure dis- 
tribution is shown in Fig. 9. It is found that, behind the 
obstacle, the wall static pressure changes sensitively at 
a small aspect ratio B/H = 5. 

The heated section is located at the bottom wall 
which is behind the obstacle. The local surface tem- 
perature T, is kept constant, and the local heat flux 
along this heated surface is q”. The local heat transfer 
coefficient h was determined as : 

The flow separates at the trailing edge of the 
obstacle, forming a wake region downstream where 
the heated surface is located. Since the coolant flow 
is separated in the wake region, heat transfer from the 
obstacle is reduced relative to what would occur in the 
absence of the obstacle. Therefore, in the recirculation 
region the heat transfer is very poor, especially near 
the obstacle. After the reattachment point, the thermal 
boundary layer begins to develop, and its thickness 
becomes more thicker. So, behind the reattachment 
point, the heat transfer becomes weak. But around 
the reattachment point, the flow impact is very strong, 

c 
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Fig. 10. Local heat transfer coefficient distribution 
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Fig. 11. Local heat transfer coefficient for different working 
media. 
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Fig. 12. Distribution of turbulent kinetic energy. 

0.030 ) I 

Fig. 13. Distribution of turbulent energy dissipation rate 

so the heat transfer performance is very good, as 
shown in Fig. 10. 

2. Two obstacles mounted on the channel wall. The 
flow field with two obstacles mounted on the channel 
wall is a very complex flow field. It contains forward 
facing step flow, backward facing step flow and cavity 
flow. The results show that in the cavity only around 
the middle is the heat transfer good, and especially 
around the corner the heat transfer is very poor. 
Behind the second obstacle, the phenomenon is as 
same as with only one obstacle. The heat transfer 
coefficient decreased rapidly after the second obstacle 
if water or Freon R-12 is used as a working medium, 
as shown in Fig. 11. 

At the top of the obstacles, we can also find a 
recirculation region that consists of physical phenom- 
ena. In Fig. 12, it appears that the highest turbulence 
kinetic energy k is located around the attachment 
point. The result is due to a high impact at the attach- 
ment point. The same phenomena can be seen in the 
distribution of the turbulence energy dissipation rate 
E, shown in Fig. 13, and this is due to a great velocity 
gradient. 

CONCLUSIONS 

As the volume of IC becomes smaller in the future, 
the cooling system will become more important. So, 
it is necessary to use a turbulent flow field to cool 
the electric device system. Beside using various flow 
patterns, in order to increase the performance of heat 
transfer, we can use various mediums as a coolant. 
According to the characteristics of the heat transfer 
coefficient, we can design the electric device system 
effectively, and as dense as possible. So, it is necessary 
to understand the characteristic of the heat transfer 
when we use various flow patterns or various working 
mediums in an electric cooling system. 
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