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Abstract

The flow and heat transfer due to an incompressible fluid past a
single low-lying roughness mounted on a long smooth surface is consider.
The far-field motion is one of uniform shear. The influence of buoyancy
(Gr) and flow rate (Re) on separation both upstream and downstream of
the obstacle is examined. The local heat transfer from the obstacle and
the flat surface are obtained for several values of the flow parameters.
The downstream separation length expands with increased buoyancy
where as the upstream separation point shifts closer to the obstacle; the
temperature distribution is influenced in the vicinity and downstream
of the obstacle due to mixed convection; and heat transfer from the
solid surface increases with an increase of Reynolds number or Grashof
number.
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1 Introduction

In a printed circuit board(PCB) effective cooling of electronic components
is crucial to maintain their normal operation and hence reliability. Peterson
and Ortega[1] gave a review on studies related to heat transfer analysis in a
channels formed by a parallel PCB. A number of experimental studies was
investigated by Sparrow et al. [2] for bluff body. The bluff body mounted on
a flat surface provokes substantial separation both upstream and downstream.
Recently Smith and Walton [3], Smith [4] and Bhattacharyya et al. [5] studies
the form of the flow separation past a single low-lying blunt obstacle mounted
on a flat wall. In the last paper it was shown through theoretical analysis using
nonlinear reasoning and through direct computation of the Navier-Stokes equa-
tions that the upstream separation distance elongates with increasing Reynolds
number, as indeed does the downstream reattachment distance. One of the



274 S. Mahapatra

motivations behind the present study is to investigate the influence of buoy-
ancy on the flow separation near a surface mounted blunt obstacle.

The relation between flow separation and heat transfer in a steady-state
case was considered by several authors. The forced-convection heat transfer in
separated flow past surface-mounted ribs was investigated both experimentally
and numerically by Hseih et al. [6]. Bhattacharyya and Mahapatra [7]are
investigated the flow separation and heat transfer for semi circular obstacle
with the presence of buoyancy. But for rectangular obstacle the flow and heat
transfer are prominent compared to the semi circular obstacle.

2 Governing Equations

We consider a flat surface lying along the x -axis and supporting a heated
obstacle of height H . The cross-sectional shape of the obstacle examined is
a square block placed between the origin and x = H (Fig.1). The typical
height H of the obstacle is taken as the flow’s characteristic length scale.
For the velocity scale u based on the obstacle height, we take the prescribed
slope λ of the incident velocity profile at the surface multiplied by H , leaving
U = λH . The time is scaled by U/H . The obstacle is maintained at a constant
temperature Tw and the far-field fluid is at temperature T0(< Tw). We define
the non-dimensional temperature as θ = (T−T0)/(Tw−T0). The Navier-Stokes
equations governing the flow are, in Cartesian coordinate,

∂u

∂x
+

∂v

∂y
= 0, (1)

∂u

∂t
+

∂u2

∂x
+

∂uv

∂y
= −∂p

∂x
+

1

Re

(
∂2u

∂x2
+

∂2u

∂y2

)
, (2)

∂v

∂t
+

∂uv

∂x
+

∂v2

∂y
= −∂p

∂y
+

1

Re

(
∂2v

∂x2
+

∂2v

∂y2

)
+

Gr.θ

Re2
, (3)

∂θ

∂t
+

∂uθ

∂x
+

∂vθ

∂y
=

1

Re.Pr

(
∂2θ

∂x2
+

∂2θ

∂y2

)
. (4)

In writing the above equations, the usual Boussinesq approximation is made,
neglecting the density variation in all terms except the buoyancy force term
(represented by the last term in the equation (3)).

The flat surface is maintained at constant temperature T0 and the obsta-
cle is kept at constant temperature Tw(> T0). The boundary conditions are
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expressed as follows:

u = v = 0, θ = 1 on the obstacle

u = v = 0, θ = 0 on the plane surface y = 0

u → y, v → 0, θ → 0 in the far field (5)

3 Numerical Method

We employed a finite-volume method to discretize the Navier-Stokes equations
in primitive variables on a staggered grid system. An implicit scheme was
used to discretize the time derivatives present in the equations. The pressure-
velocity coupling was handled using the pressure correction based algorithm
SIMPLER. At each iteration the resulting linear algebraic equations are solved
through a line-by-line application of the Thomas algorithm. The non-linear
coefficients are substituted successively with updated values. The solution pro-
cedure starts by supplying the initial conditions for the velocity and pressure
fields. A steady solution is obtained by marching in time until the transient
behavior dies away and this is examined over a range of Reynolds number.

We adopted a non-uniform grid size with a dense grid near the obstacle
when the flow past a square block obstacle is considered. To check the grid
dependence of our numerical solution, grid size near the obstacle was made to
vary between 0.005 x 0.005 and 0.05 x 0.05 with total number of grid points
1000 x 400 and 800 x 200, respectively at selected Reynolds number. Fig.2
shows the effects of grid size on the wall vorticity ζw at Re = 100 with Gr = 103

when the obstacle is of the form of a square block. The effects of grid size on
the solution are found to be minimal. We found that the non-uniform grid
with size 0.01 x 0.01 near the obstacle produces the optimal solution.

4 Results and Discussions

Solutions are presented here for various values of Reynolds numbers (Re ≤ 400)
and Grashof number ( Gr = 0, 102, 103, 104), while the Prandtl number is
taken to be 0.72. Streamline patterns for various values of Re and Gr are
shown in Figs. 3a, b. In the upstream part of the flow, a viscous wall layer
close to the flat surface is produced at increased values of Reynolds number.
This thin boundary layer proceeds downstream and again separates near the
obstacle followed by the formation of a large eddy downstream. Closure of the
downstream eddy and a flow reattachment process to the surface then take
place on a much longer length scale. This flow structure can be clearly seen in
Figs.3a, b. The length of the downstream large-scale separation eddy increases
in size with an increase in Reynolds number. As increase in Re meaning that
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the velocity increases, not only makes the separated flow regions expand but
also increases the separated flow strength. At Gr = 104 the streamline patterns
presented in Fig.3b show that the upstream separation zone is so close to the
obstacle that it is barely distinguishable. At Re = 200 the Figs.3a, 3b show
that a small closed recirculation region occurs near the left side of the top of
the block obstacle.

Fig.4 shows the variation of the upstream separation length with Re at
Gr = 0 and 102. Part of the high-inertia fluid flow is deflected on the front face
of the obstacle back upstream in a jet adjacent to the wall. It can be seen that
in absence of buoyancy (Gr = 0), the upstream separation recedes further away
from the obstacle as Re increases with Re > 20. It was theoretically predicted
by Smith and Walton[3] and Bhattacharyya et al. [5] that in the absence of
buoyancy, the upstream separation length is proportional to 0.142(Re)1/4. For
Gr = 102, the buoyancy effect reduces the size of the upstream eddy when
Re ≤ 50. With further increase of Gr, upstream separation zone shifts closer
and closer to the obstacle.

The variation of the reattachment point downstream of the obstacle with
Reynolds number is presented in Fig.5 for Gr = 0, 102, 103 and 104. The
downstream separation length (x2) increases as the Reynolds number increases.
It is evident from the figures that the downstream separation length (x2) varies
almost linearly with the Reynolds number, over all Reynolds number above 30
for all the cases Gr = 0, 102, 103 and 104. This observation is in agreement
with the theoretical prediction for the flow without buoyancy effect (Gr = 0)
of Smith and Daniels [8].

Fig.6 give the isotherm contours at the Re = 200 with Gr = 104 for flow
past a surface mounted square block. As both the vorticity and thermal energy
are being transported by the flow in the wake, the contour maps of vorticity
and isotherms have some very similar features. A higher induced temperature
gradient in the vicinity of the obstacle is visible from the contours. Upstream of
the surface of the obstacle, the isotherms are packed close to the front surface
near the protruding corner. In the separated flow region the isotherms are
nearly parallel to the flat surface. The isotherm contours are affected more
significantly downstream of the obstacle than upstream.

Fig.7 shows the distribution of Nusselt number at different values of Reynolds
number along the square block for Gr = 104. A large Nusselt number is found
at both the protruding corners where the isotherms are closely packed. The
distribution of Nusselt number attains local minima near the upstream and
downstream separation points. Near the point of separation the local heat
transfer reduces due to the flow reversal. Fig.7 shows that the Nu distribution
attains a local maximum near the top left corner of the obstacle. The thermal
boundary layer at this point is virtually at its thinnest, which tends to make
Nu to reach its height value. The left face of the obstacle is directly impacted
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by the cooling fluid, therefore the heat transfer is large. The heat transfer of
the upper face of the obstacle decreases along the flow direction due to the
heat flux in the upstream is converted to the downstream by fluid. The heat
transfer from the rear side of the obstacle is much less than other side, due
to the trapping of energy in the vortex next to the rear surface. With the
increase in Re the viscous layer thickness reduced, which results in an increase
in surface heat transfer. It may be noted that the effect on heat transfer due
to variation of Reynolds number is more prominent on the front face of the
obstacle.

Fig.8 describes the effect of buoyancy force on local heat transfer rate along
the block at Re = 200. But the Nu distribution is relatively has affected due
to variation of buoyancy force at Re = 200.
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Fig. 1 Sketch of the flow configurations.
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Fig.2 Grid size effect on the wall shear ζw, along the flat surface for
Re = 100, Gr = 103.
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Fig.3 Contour plots of the streamline at different Re and Gr (a)
Re = 200, Gr = 0; (b) Re = 200, Gr = 104.
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Fig.4 Variation of upstream separation length with Re for Gr = 0, 102 and a
comparison with the theoretically predicted results for Gr = 0.
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Gr = 0, 102, 103, 104 and a comparison with the theoretically predicted results
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Fig.6 Isotherms for Gr = 104 and Re = 200.
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Fig.7 Effect of Re for Gr = 104 on the distribution of local Nusselt number
along the square block.

0

5

10

15

20

25

30

A B C D

A

B C

D

Nu

Gr = 0

Gr = 104 Gr = 103

Gr = 102

Fig.8 Effects of Gr for Re = 200 on Nu distribution along the square block
for Re = 200.


