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Abstract

Experimental investigations in fluid flow and heat transfer have been carried out to study the effect of wall proximity due to flow sep-
aration around rectangular prisms. Experiments have been carried out for the Reynolds number 4.9 x 10%, blockage ratios are 0.1, 0.2,
0.3 and 0.4, aspect ratio (d/c) are 1.5, 1.33, 0.667 and 0.333, different height-ratios and various angles of attack. The static pressure dis-
tribution has been measured on all faces of the rectangular prisms. The results have been presented in the form of pressure coefficient,
drag coefficient for various height-ratios and blockage ratios. The pressure distribution shows positive values on the front face whereas
on the rear face negative values of the pressure coefficient have been observed. The positive pressure coefficient for different height-ratios
does not vary too much but the negative values of pressure coefficient are higher for all points on the surface as the bluff body approaches
the upper wall of the wind tunnel. The drag coefficient decreases with the increase in angle of attack as the height-ratio decreases. There is
no definite angle of attack for all blockage ratios and Reynolds numbers at which the value of drag coefficient is either maximum or
minimum. The heat transfer experiments have been carried out under constant heat flux condition. Heat transfer coefficient are deter-
mined from the measured wall temperature and ambient temperature and presented in the form of Nusselt number. Both local and
average Nusselt numbers have been presented for various height-ratios. The variation of local Nusselt number has been shown with
non-dimensional distance for different angles of attack and blockage ratios. The variation of average Nusselt number has also been
shown with different angles of attack for blockage ratios. The local as well as average Nusselt number decreases as the height-ratio
decreases for all non-dimensional distance and angle of attack, respectively, for rectangular prisms. The average Nusselt number for rect-
angular prisms of different blockage ratio varies with the angle of attack. But there is no definite angle of attack at different blockage
ratio at which the value of average Nusselt number is either maximum or minimum. Empirical correlations for average Nusselt number
have been presented for rectangular prism as a function of Reynolds number, Prandtl number and relevant non-dimensional parameters.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many investigations have been carried out for heat
transfer by forced convection between the exterior surface
of bluff bodies such as spheres, cylinder, and square, trian-
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gular and rectangular prisms. The important characteristics
of flow over a bluff body lie in the nature of the boundary
layer. As the streamlines pass over a bluff body, separation
takes place due to excessive loss of momentum at adverse
pressure gradient from a point, which is not far from the
leading edge of the bluff body. The study of heat transfer
from a bluff body is important in number of fields such
as heat exchanger, gas turbine blades, hot wire anemome-
try and cooling of electronic equipments.

By extensive search of the literature it is revealed that
fluid flow over different shaped bluff bodies like square,
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Nomenclature

A surface area of the bluff body, m*

Ay heating foil surface area, m?

c side length of the rectangular prism, mm

¢/H  blockage ratio of the rectangular prism, a non-

dimensional number
Cp drag coefficient = Fp/(0.50,u?A)
pressure coefficient = (p — p,)/(0.5p,u*)
breadth of the rectangular prism, mm
aspect ratio of the rectangular prism, a non-
dimensional number
drag force, N
local heat transfer coefficient, W/m? K
average heat transfer coefficient, W/m? K
height of the wind tunnel, mm
current, amp
thermal conductivity, W/m K
local Nusselt number (A.c/k)
average Nusselt number (/,c/k)
static pressure, mm of water
ambient pressure, mm of water
Prandtl number
heat flux, W/m?

) < ~ > >
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Re Reynolds number based on the velocity of air
and the characteristics length of the bluff
body = (uc/v,)

T, ambient temperature, K

T, local wall temperature, K

AT difference between local wall temperature and
ambient temperature, K

u velocity of air, m/s

V voltage, volts

w uncertainty

X distance from the edge of the prism, mm

x/c non-dimensional distance for the rectangular
prism

y distance of the centroid of the bluff body from

the upper wall of the wind tunnel

y/H  height-ratio, a non-dimensional number
o angle of attack, °

b coefficient of thermal expansion, K
Pa density of air, kg/m?

Dy density of water, kg/m?

Ky dynamic viscosity of air, N s/m?

Va kinematic viscosity of air, m?%/s

triangular, circular, rectangular and toroids has been inves-
tigated thoroughly [1-13]. Lyn et al. [10] studied the turbu-
lent shear layer and the associated recirculation region on
the sidewall formed in flow separation from the forward
corner of a square cylinder with one opponent laser Dopp-
ler velocimetry. Because of vortex shedding, the flow is
approximately periodic, and is treated as separated flow
undergoing large amplitude forcing at the shedding fre-
quency. Biswas et al. [13] have been studied numerically
about the flow past a square cylinder using large-eddy sim-
ulations technique and found that there are in good agree-
ment with the experimental results in the time and span
averaged axial and transverse velocities in the downstream
of the cylinder. The literatures are also available for heat
transfer from different geometric shaped bluff bodies at
various conditions like various angles of attack and Rey-
nolds numbers [14-24]. From the various literatures it
appears that the experimental investigations on fluid flow
and heat transfer studies considering the wall effect (i.e.
by varying the distance from the wall) with different angles
of attack as well as different locations on rectangular
prisms have not been adequately covered. In the present
work, experimental investigations are carried out to deter-
mine the pressure and drag coefficients from the measure-
ment of the pressure distributions around the rectangular
prisms and the average heat transfer rates of the prism as
influenced by (i) Reynolds number, (ii) angle of attack,
(iii) blockage ratio and (iv) ratio of the distance of the cen-
troid of the bluff body from the upper wall to the height of
the test section in the wind tunnel.

2. Experimental technique

The schematic diagram and the photographic view of
the experimental set-up are shown in Figs. 1 and 2, respec-
tively. The photographic view of the model of rectangular
prisms for measurement of static pressure distribution
and heat transfer are shown in Figs. 3 and 4, respectively.
The experimental set-up consists of wind tunnel driven by
an axial flow fan, the model within the test section of the
wind tunnel. The experiment has been carried out in a
low speed wind tunnel with a working section 300 mm
high, 150 mm wide and 800 mm long. The test model has
been fitted along the width of the test section. There is a

L/
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1. Upper wall of the Wind Tunnel 2. Rectangular Prism (AB = c, BC =d)

Fig. 1. Schematic diagram of the experimental set up.
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Fig. 3. Photographic view of the models of rectangular prism for
measurement of static pressure distribution.

Fig. 4. Photographic view of the models of rectangular prism used for
measurement of heat transfer.

slotting arrangement along the sidewall of test section of
the wind tunnel for lifting the bluff body from the center

towards the upper wall of the wind tunnel to investigate
the wall effect on fluid flow and heat transfer characteris-
tics. A pitot tube has measured the approach velocity of
the undistributed flow. The pitot tube has been placed
inside the wind tunnel facing the direction of airflow. A
protractor is attached with the bluff body and is fitted at
the side wall of the wind tunnel to measure the angle of
rotation of the bluff body by a hollow mild steel pipe from
the extension of the inside of the bluff body. The rectangu-
lar prisms are made of perspex sheet of 2.5 mm thickness.
The sides of the prisms are 30 mm X 45 mm, 60 mm X
80 mm, 90 mm x 60 mm and 120 mm x 40 mm and the
length of the prisms are 140 mm. Two pressure tapings
on 30 mm side and three pressure tapings on 45 mm side,
each of 1 mm diameter are provided of 30 mm x 45 mm
side prism. The position of the holes are 10, 20 mm
(x/c =0.333,0.667) on 30 mm side and 10, 25, 35 mm
(x/c =0.333,0.833,1.167) on 45 mm side. Three pressure
tapings are provided on the centerline of all the faces of
60 mm x 80 mm side prism. The position of the holes are
10, 30, S0 mm (x/c =0.167,0.5,0.833) on 60 mm side
and 20, 40, 60 mm (x/c =0.25,0.5,0.75) on 80 mm side
and same numbers of pressure tapings are provided of all
the faces of 90 mm x 60 mm side prism. The position of
the holes are 25, 45, 65 mm (x/c = 0.278,0.5,0.722) on
90 mm side and 10, 30, 50 mm (x/c = 0.111,0.333,0.556)
on 60 mm side. Five pressure tapings on 120 mm side and
three pressure tapings on 40 mm side are provided of
120 mm x 40 mm side prism. The positions of the holes
are 20, 40, 60, 80, 100 mm (x/c = 0.167,0.333,0.5,0.667,
0.833) on 120 mm side and 5, 20, 35 mm (x/c = 0.0417,
0.167,0.2917) on 40 mm side. Stainless steel tubes of
1 mm outside diameters are fitted in these tapping and they
are connected to a multitube manometer by flexible tubes
for measurement of static pressure distribution. The mea-
surements are taken for the following parameters: (a) angle
of attack («) = 0-85°, (b) blockage ratio (¢/H) = 0.1,0.2,
0.3 and 0.4, (c) height ratio (y/H)=0.5, 0.350, 0.267,
0.217 and 0.167, (d) Reynolds numbers = 4.9 x 10* and
(e) aspect Ratio (d/c): 1.5, 1.33, 0.667 and 0.333.

The heat transfer experiment has been done under con-
stant heat flux condition. Constant heat flux condition has
been maintained by supplying electrical power to the heat-
ing foils. The bodies are made of bakelite. Sufficient insula-
tion has been provided to minimize the heat loss. Stainless
steel foils of 0.03 mm thickness have been used for the pur-
pose of producing constant heat flux. The foils are polished
to minimize the heat loss due to radiation. The foils are
connected with copper strip on both sides through which
the power is supplied. The purpose of the present investiga-
tion is to measure the local wall temperature distribution at
steady state condition by thermocouples at different points
for calculation of local as well as average heat transfer
coefficient and Nusselt number. Two thermocouples on
30 mm side and three thermocouples on 45 mm side are
embedded on rectangular prism of 30 mm x 45 mm side
prism. The position of the thermocouples are 10, 20 mm
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(x/c=0.333,0.667) on 30 mm side and 5, 20, 35mm
(x/c =0.167,0.667,1.167) on 45 mm side. Three thermo-
couples are embedded on all the faces of 60 mm x 80 mm
side prism. The position of the thermocouples are 20, 30,
40 mm (x/c =0.333,0.5,0.667) on 60 mm side and 20,
40, 60 mm (x/c =0.333,0.667,1) on 80 mm side. Three
thermocouples on 90 mm side and two thermocouples
on 60 mm side are embedded on rectangular prism of
90 mm x 60 mm side prism. The position of the thermo-
couples are 20, 45, 70 mm (x/c = 0.222,0.5,0.778) on
90 mm side and 20, 40 mm (x/c = 0.222,0.444) on 60 mm
side. Four thermocouples on 120 mm side and two thermo-
couples on 40 mm side are embedded on rectangular prism
of 120 mm x 40 mm side prism. The positions of the ther-
mocouples are 15, 45, 75, 105mm (x/c = 0.125,0.375,
0.625,0.875) on 120mm side and 15, 25mm (x/c =
0.125,0.2083) on 40 mm side. The thermocouple beads
are soldered at the relevant points on the stainless steel
foils. The thermocouple wires are brought out through
one end-side of the prism and connected to a digital
micro-voltmeters via a selector switch. There is an arrange-
ment for giving power supply to different faces of the prism
through a variac so that the experiment can be conducted
for different heat inputs. In addition, voltmeters and
ammeters have measured the voltage drop and current
across the stainless steel foils, respectively.

3. Results and discussion
3.1. Fluid flow characteristics

The flow characteristics around a rectangular prism
have been studied by measuring the pressure distribution
on different faces of the prism. From the results it is
observed that the pressure distribution varies with the size
of the prism as well as with the position of the bluff body
with respect to the upper wall. It has been found that the
pressure distribution varies considerably with the angle of
attack. As the air flows over the prism, the front faces show
positive pressure coefficient and the flow separation occurs
at the rear face causing negative pressure coefficient. For
determination of pressure coefficient (C,), the pressure dif-
ference (p — p.) has been non-dimensionalised by dividing
with 0.5p,u” of the air. Figs. 5 and 6 show the variation
of pressure coefficient on different faces the rectangular
prism at different height-ratios (i.e. y/H =0.5,0.350,
0.217 and 0.167) for angle of attack 0° and 30°, respec-
tively. The experiment has been conducted for Re=
4.9 x 10*, ¢/H = 0.1 and d/c = 1.5. The positive pressure
coefficients for all figures are almost of same values for
all height-ratios at all points of surface. The negative pres-
sure coefficients increase as the value of height-ratio
decreases, i.e. as the prism approaches the upper wall of
the wind tunnel and the value of negative pressure coeffi-
cients for different height-ratio as a distinct variation. Figs.
7 and 8 show the plot of pressure coefficient on different
faces the rectangular prism at different height-ratios (i.e.
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y/H =0.5,0.350,0.217 and 0.167) for angle of attack 0°
and 30°, respectively. The experiment has been conducted
for Re =4.9 x 10%, ¢/H = 0.2 and d/c = 1.33. In Figs. 7
and 8, the negative pressure coeflicients are higher at all
points (i.e. x/c) as the value of y/H decreases. The positive
pressure coefficients are almost same at all points of x/c for
all height-ratios in Fig. 7 while in Fig. 8 the positive value
of C, at some points are higher as y/H decreases. Similarly,
Figs. 9 and 10 show how the pressure coeflicient varies on
different faces the rectangular prism at different height-
ratios (i.e. y/H = 0.5,0.350 and 0.217) for angle of attack
0° and 30°, respectively. The experiment has been con-
ducted for Re=4.9 x 10*, ¢/H =0.3 and d/c = 0.667.
The nature of curve of pressure coefficient is nearly same
for Figs. 9 and 10. The values of positive pressure coeffi-
cient is almost equal at all points of x/c for every y/H while
the negative pressure coeflicients are higher for lesser value
of y/H. The plot of C, with x/c¢ for y/H =0.5,0.350
and 0.267 at Re=4.9 x 10*, ¢/H = 0.4 and d/c=0.33
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are plotted in Figs. 11 and 12 for angle of attack 0° and 30°,
respectively. Figs. 11 and 12 show that the positive values
of C, are almost of same value for all y/H. At some points
(i.e. x/c) the values of C,, are negative at y/H = 0.5 while
for the same points the value of pressure coefficients at
v/H = 0.350 and 0.267 are positive.

Drag force (Fp) has been calculated by integrating the
pressure distribution in the direction of airflow on the four
faces of the rectangular prism. For calculation of drag coef-
ficient (Cp), the drag force Fp has been divided by
0.5p ,u*A, where A is the surface area of the bluff body.
The variation of drag coefficient with the angle of attacks
for different height-ratios, blockage ratios and Reynolds
numbers has been shown from Figs. 13-16. It is concluded
from all the figures that the value of drag coefficients con-
tinuously decreases for all angle of attack as the value of
height-ratio (y/H) decreases. All figures have been plotted
for the Reynolds numbers 4.9 x 10*. Fig. 13 shows the plot
of drag coefficient with angle of attack for the blockage
ratio=0.1 and aspect ratio=1.5. The value of Cp
increases from o« =0° to 60° and then decreases from
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Fig. 13. Variation of drag coefficient with angle of attack at different
height-ratios of a rectangular prism (¢/H = 0.1, d/c = 1.5).
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o = 60° to 85°. The maximum value of Cp is obtained at
the angle of 60° for all height-ratios. In Fig. 14, where
¢/H =0.2 and d/c = 1.33, the value of Cp increases from
o = 10° to 40° and then decreases from o = 40° to 85°. The
maximum value of Cp is obtained at the angle of 40° for
height-ratio = 0.5 and 0.350. The graph between Cp with
angle of attack (o) has been plotted in Fig. 15 for
y/H =0.5,0.350 and 0.217. The experiment is performed
at ¢/H = 0.3 and d/c = 0.67. The maximum value of Cp
is obtained at o = 40° for y/H = 0.350 and 0.217 while that
at a = 50° for y/H = 0.5. Fig. 16 shows the variation of
drag coefficient with angle of attack for the blockage
ratio = 0.4 and aspect ratio =0.33 and the plot of drag
coefficient for all y/H decreases from o = 0° to 30° and
again it decreases from o = 40° to 85°.

From the plot between pressure coefficients versus non-
dimensional distance, it is observed that as the body
approaches the upper wall, the negative pressure coefficient
as well as the plot from drag coefficient versus angle of
attack, the drag coefficient decreases. It is due to interac-
tion with the boundary layer on the upper wall of the wind
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tunnel, the stream line pattern changes and the area under
the separation zone at the rear side as well as the upper face
of the bluff body (i.e. rectangular prism) decreases.

The uncertainties in Re and C,, have been calculated fol-
lowing the method given by Kline and McClintock [21]and
found to be within the range of +3.8% and +4.63%, respec-
tively, in this investigation.

3.2. Heat transfer characteristics

Information regarding the heat transfer rate from the
bluff bodies are of interest to the designers in engineering
practice. In the present investigation, experiments have
been conducted for various sizes of the rectangular prisms
for generating this information under constant heat flux
condition. Heat flux has been calculated from the heat
input divided by the surface area of the heating foil. Input
heat flux has been corrected by subtracting the heat loss per
unit area. Heat loss calculation has been done by using the
correlation given by Hossain and Brahma [25]. The side
length of the prism has been taken as the characteristics
length for the definition of the Nusselt number. Local
and average Nusselt numbers have been plotted for various
angles of attack, blockage ratios, and height-ratios for dif-
ferent models of rectangular prism. Figs. 17 and 18 show
the plot of local Nusselt number with non-dimensional dis-
tance for different height-ratios (y/H = 0.5, 0.350, 0.217
and 0.167) where ¢/H = 0.1 and d/c = 1.5. For all graphs
the value of local Nusselt number for all height-ratios
changes markedly almost at the point, x/c = 3.167. The
value of Nu, does not vary too much for different height-
ratios at different points of the surface of the prism. Figs. 19
and 20 show the variation of local Nusselt number with
non-dimensional distance for different height-ratios
(y/H =0.5, 0.350 and 0.217) at ¢/H =0.2 and d/c =
1.33. For almost all plots the graph of local Nusselt num-
ber for all height-ratios changes markedly at x/c = 1.667,
i.e. the highest value occurs at that point. Figs. 21 and 22
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show the variation of local Nusselt number with non-
dimensional distance for different height-ratios (v/H =
0.5, 0.350 and 0.267) at ¢/H =0.3 and d/c=0.67. In
Fig. 21 (i.e. at o = 0°), the value of Nu, for every y/H does
not vary too much but in Fig. 22 (i.e. at « = 30°) the sharp
variation occurs at x/c = 0.5, 0.778, 1.889. Figs. 23 and 24
show the plots of local Nusselt number with non-dimen-
sional distance for different height-ratios (y/H = 0.5 and
0.350) at ¢/H = 0.4 and d/c = 0.33. The plot Nu, with
x/c shows that the values of local Nusselt numbers are
higher when the bluff body rests at the centerline of the
wind tunnel. The value of local Nusselt number has a sharp
variation at various points of x/c for all plots. In Fig. 23,
the sharp variation takes place at x/c =0.125, 0.375,
0.875, 1.125, and 1.70833 for all y/H while in Fig. 24, the
variation occurs at x/c = 0.125,0.875,1.125, and 1.70833.

Average Nusselt numbers have been calculated by this
procedure. At first, the value of Nu, has been integrated
for all the four faces separately and then added and divided

Non-dimensional distance,x/c

Fig. 24. Variation of local Nusselt number with non-dimensional distance
at different height-ratios of a rectangular prism (¢/H = 0.4, d/c = 0.33,
o =30°).

by 2 (1 + aspect ratio) to get the average value of Nu,.
Average Nusselt numbers have been plotted with the angle
of attack for different height-ratios for blockage ratio =
0.1, 0.2, 0.3 and 0.4 at Reynolds number 4.9 x 10*. For
every plot it is observed that the values of average Nusselt
number at every angle of attack decrease as the value of
y/H decreases that means the values of Nu, are less as
the prism approaches the upper wall of the wind tunnel.
Fig. 25 shows the plot of average Nusselt number with
angle of attack for blockage ratio 0.1 and aspect ratio = 1.5
at different y/H (0.5, 0.350, 0.217 and 0.167). The minimum
value of Nu, is observed at « = 10°. The variation of
Nu, with o at different height-ratio (y/H = 0.5, 0350 and
0.217) are shown for ¢/H =0.2 and d/c=1.33 in
Fig. 26. For this plot, it is observed that the minimum value
of Nu, occurs at an angle of attack is equal to 40°. Fig. 27
shows the variation of Nu, versus o at y/H = 0.5, 0.350 and
0.267 for the blockage ratio = 0.3 and aspect ratio = 0.67.
The maximum value of Nu, is observed at the angle of
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Fig. 28. Variation of average Nusselt number with angle of attack at
different height-ratios of a rectangular prism (¢/H = 0.4, d/c = 0.33).

attack is equal to 60°. The plot of Nu, with o is shown in
Fig. 28 where ¢/H = 0.4 and d/c = 0.33 and Nu, decreases
from o = 20° to 60° and then again increases.

Regarding the heat transfer experiment, the value of
local heat transfer coefficient decreases as the body
approaches the upper wall of the wind tunnel as the areca
under separation zone decreases. But it is really difficult
to explain about the characteristics of heat transfer phe-
nomena under flow separation zone. Basically, it depends
upon the behavior of the local fluid mechanics at that
moment.

The uncertainties in local heat transfer coefficient and
local Nusselt number have been calculated [26] and found
to be within the range of £4.14% and +5.45%, respectively.

The average Nusselt number (Nu,) has been correlated
by power function expressions of Reynolds number and
other non-dimensional parameters. The coefficients and
the exponents of the equation are determined from the
experimental results. After calculating the values of the
coefficients and the exponents a correlation for Nu, has
been found as follows:

(i) Nity = 0.43(Re]" (" [a/H]*[a /e
X [)//H}O.IB(I _ sin O‘)o.ms (1)

The correlation is valid for the following ranges:
0.1<¢/H <02, 0167 <y/H <0.5, 0°<a<85 and
0.133 <d/ec < 1.5

(ii)Nuy = 0.67[Re]" P [Pr]" P [a/H] " ®[d /] "
x [y/H]*" (1 — sino) "™ (ii)

The correlation is valid for the following ranges:
03<c¢/H<04,0.167 <y/H <0.5,0° <a<85, 033
d/c <0.67.

A comparison has been made between measured and
correlated values of Nu, in Figs. 29 and 30. The experimen-
tal measured values of average Nusselt number are within
+4.72% and 5.48% of the correlated values of average Nus-
selt number.
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number for flow over rectangular prism (¢/H = 0.3 and 0.4).

4. Conclusions

The following conclusions can be made for rectangular
prisms from the results of the experiments:

(i) The pressure coefficient (C,,) shows positive values on
the front face whereas the rear face is within the sep-
arated flow region for all angles of attack.

(ii) The values of positive pressure coefficients for all
blockage ratios are almost at all points on the surface
of the prisms at different height-ratios.

(ii1) The values of negative pressure coefficients for all
blockage ratios and Reynolds numbers increase for
almost all points on the surface as the bluff body
approaches the upper wall of the wind tunnel.

(iv) The values of drag coefficient (Cp) for all angles of
attack, Reynolds numbers and blockage ratios
decrease as the prism moves in the direction of the
upper wall of the wind tunnel.

(v) There is no definite angle of attack for all blockage
ratios and Reynolds numbers at which the value of
drag coefficient is either maximum or minimum.

(vi) The local Nusselt number for all blockage ratios
decreases as the value of height-ratio decreases for
almost all points on the surface as the prism
approaches the upper wall of the wind tunnel.

(vii) The values of average Nusselt number (Nu,) for all
angles of attack, Reynolds numbers and blockage
ratios decrease as the prism moves in the direction
of the upper wall of the wind tunnel.

(viii) There is no definite angle of attack for all blockage
ratios and Reynolds numbers at which the value of
average Nusselt number is either maximum or
minimum.
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