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Abstract
Experimental investigation was conducted on low speed wind tunnel with (50 mm
x100 mm) rectangular working section. Five smooth circular cylinders, as bluff
bodies were applied. Cylinders diameters are 12.5, 15, 17, 35, and 37 mm which
experience blockage ratio of 12.5%, 15%, 17%, 35%, and 37%, respectively. The
range of Reynolds No. and air velocity for present study is 0.7 10* —5x10" and 10-
20 m/s respectively which are more applicable in engineering field. The experiments
were carried out in fluid mechanics laboratory, Faculty of engineering and
technology, Sebha University, Libya. Results indicate that cylinders of blockage ratio
of 35% and 37% experience lower pressure coefficients around bodies, lower velocity
distribution in the wake, and higher drag coefficients. Drag coefficient correction is
agreed with unconfined flow for blockage ratio less than 17%. Wake and buoyancy

blockages may have effect on models of higher blockage ratios.
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Introduction

The purpose of wind tunnel is
obtaining aerodynamics data
such as, force and momentum
coefficients, testing of different
configurations, looking at high
lift devices, reducing drag, and
designing simulators before first
flight. Unfortunately, the
boundaries of wind tunnel test
section impose constraints on the
flow around bluff bodies which
are even now not fully
understood. The effects of the
tunnel walls upon the flow over a
model are separated in, solid
blockage, streamline curvature,
wake blockage, and buoyancy.
Marshell {1] devised one of the
earliest blockage corrections for
bluff bodies in a wind tunnel.
From experience, Maskell, et. al.
[2] shows that the limit of
confident use of the Maskell
scheme is about 10% blockage
ratio. Several other blockage
corrections have been devised
(for example Castro [3], Allen,
and Vincenli [4]), but all refer to

uniform  flow, West  [5]

- concluded that for blockage ratio

in the range 6-16%, there is
considerable distortion of the
flow and the effect is complex.

The aim of present work is to
investigate the pressure
distribution around model surface
and velocity distribution in the
wake at different blockage ratio
up to 37%. However, corrected
drag and pressure coefficients are
aimed to be compared with

uncorrected coeffictents.

Theoretical Approach
Drag coefficient

Taking a control volume inside

- the working section of the tunnel,

“as shown in Fig. 1, the second

moment of Newton law around

model is,

h h
2hp, ~2hp,-D = |pidy— [pUldy (1)
b

)

Where,

2hp, ; Upstream force per unit

length of the model.

W
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2hp, ; Downstream force per unit

length of the model.
D; Drag force per unit length of
the model.

h
[pU?dy; Moment rate at

~h

upstream of the model

h
Ipuzdy : Moment rate at
-h

downstream of the model.
Dividing equation (1) by % pUd

and rearranging, equation (1)

becomes,

i 2
Cn =g£—£ﬁ—&+% ](1-—5—2 fy-—(2)
LA

By using the definition of drag

D
coefficient, €p = 7 )
—pU*d
2 p
y-coordinate is now made non-
dimensional,
I 3
n=5 )
Thus,
h 1 2
U u
-2 ly=h 1-—~—~]d;q
-t
So,
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Equation (4) is used to calculate
drag coefficient from pressure
drop through working section
and velocity distribution at model
wake. The contributions of both
the pressure and friction are
contained in drag force D.
Equation (4) is fitted to flow

through confined surface.

Corrected drag and pressure
Coefficient

Drag and pressure coefficient are
corrected experimentally based
on whe actual velocity U in the
gap between the model and
tunnel wall which is measured by

pitot tube jocated 3d downstream

the model as shown in Fig. (2).

the correction is,
D D

U
A B PyLUA
2ould —pUtd !
2P1 2P

p-p PP Uy ____(6)

c, =T

P 2 | : U
Loyt = 1
2,01 ZPU

Thus,
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4

U
ep = (-[Z)2 Cp————mm (7
And,

U
€, = (E]—j)ch ————————————— 3)
While, Maskell correction

formula [1] for the present flow

range and with 8 <10%,

Where, f is blockage ratio that is,
projected area of the cylinder
model to the cross sectional area

of the empty working section.

Experimental Work

Fig. (2) is the schedule gf wind
tunnel used in present study. The
air is propelled by a power driven
fan (1). After passing the fan, the
air travels along a duct (2) until it
reaches a cascade of fixed vanes
which deflect it through a right
angle. On duct (2), there isa slide
valve (3) for controlling air flow.
It is now passed through a
honeycomb whose function is to
smooth the flow by breaking up

large eddies. The air is now in

the settling chamber (5), from
which it passes to 50 mm x 100
mm rectangular working section
(7) via a contraction (6). In the
process of passing through the
contraction the air is greatly
speeded up while the flow is
made smooth and regular. The
working section has paraliel
walls and the velocity of the air
here reaches its maximum. The
downstream end of the working
section is opened to atmosphere.
Multi vertical manometers with
liquid of specific gravity 0.784
and with scale calibrated in mbar
are used to measure atmospheric,
stagnation, and static pressures as
shown in Fig. (2) and Fig. (3b).
Stagnation pressure is measured
in the settling chamber while
static pressures are measured in
the onset of the working section,
around cylinder model surface,
and in the wake at a distance 3d
from the model. Five aluminum,
smoothed circular cylinders of
diameters 12.5, 15, 17, 35, and

37 mm are tested as bluff bodies
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in the working section. The

length of each cylinder is 48 mm.

However, a hole of a diameter 1

mm is fabricated on a model
surface to measure static surface
pressure. The model is fixed in
the tunnel wall by a screw, in
between; there is a circular plate
with angle scale. The plate may
rotate to change the angle of
surface hole 0°-360°. Pitot tube
(8) located 3d downstream and
perpendicular to the model plane
is used to measure local
velocities in the wake. The
balance for measuring the forces
on the models is situated outside
the working section as shown

in Fig. (3a), and is arranged to
measure only drag force.
Mercury thermometer (4) is
located to measure surrounding
temperature. Fig. (4) illustrates

section in a model.

Results and Discussion
Velocity ~ distribution  at 3d
downstream of the models with

different blockage ratios is
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plotted in Fig. (5). There is
obvious symmetry on both sides
of the cylinders with lower
velocity at the wake due to
eddies formation. Once, pitot
tube moves toward tunnel wall
the velocity increases and
becomes constant outside the
wake at a value more than free
stream velocity as a result of
solid blockage effect. Since,
according to continuity equation,
when flow area decreases fluid
velocity increases. At higher
blockage ratio, ©.g. 35% and
37%, the model exhibits lower
velocity at the wake and
experiences

loss. Fig. (6) shows the drag

high momentum

force on the studied cylinders.
The drag force is higher for high
blockage ratio since the velocity
through the gap between the
model and tunnel wall is
increased with blockage ratio
causing the momentum to be
increased as well. Pressure
coefficient around model surface

is studied as shown in Fig. .
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When the air past the model, a
boundary layer is formed over
the cylinder surface and negative
pressure gradient is created,
dpl/dx<0. At approximately 75°
the pressure gradient becomes
positive which resists the flow
and results in separation of
boundary layer. Thus, as noted in
Fig. (7), pressure coefficient is
initially of value (1) at stagnation
pressure in a point perpendicular
to the flow. The pressure is then
reduced gradually. After the
angle 75°, the  pressure
coefficient is oscillated at a
certain value in the wake region
due to eddies and swirls creation.
Again, lower pressure coefficient
is noted for higher blockage ratio
resulting in higher form drag.
When C, is corrected based on
velocity at actual flow area for
two blockage ratios, e.g. 12.5%
and 37%, the

significantly improved as pointed

results 1is

out in Fig. (8) depending on
actual free stream velocity. Cp is

calculated from equation (4) by

using numerical integration to
evaluate the second term. It is
obvious from Fig. (9) that
increasing of blockage ratio
causes an increase of drag
coefficient as a result of
reduction of pressure coefficient
and velocity in the wake region.
The flow in present study is
limited by the fan used. Thus,
moderate flow with narrow range
of Reynolds number is obtained.
Generally, drag coefficient is
relatively constant for unblocked
flow and with Reynolds No. 10°-
10° [6,7]. Drag
calculated in Fig. (9) is compared

with that in unblocked state at

coefficient

different aspect ratios [6], e.g.,
dash and solid lines. There is
discrepancy due to distortion of
flow caused by end effect of the
model and the effect of tunnel
wall. The results are agreed with
the work of West et. al. [5] at
blockage ratio 12.5%. However,
corrected Cp based on actual
flow velocity is improved and

there is an agreement for

W
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blockage ratio less than 17% with
that in unconfined flow [6] as
reproduced in Fig. (10). Though
there is an improvement of about
60% at high B, but still higher
than that for unblocked fiow.
That is, due to wake blockage
which may has genuine effect on
large solid models [8]. The other
effect is the buoyancy, the
variation of the static pressure by
thickening of the boundary layers
along the tunnel walls, which
increases with model size.
Conclusions
1. Solid blockage is
considered in the present
study.
7 Results  indicate that
cylinders of blockage ratio
35% and 37% experiences
lower pressure coefficients
around  bodies, lower
velocity distribution in the
wake, and higher drag
coefficients.
3. Drag coefficient is agreed
well with the study of

West et. al. [5] at blockage
ratio 12.5%.

_ Corrected drag, pressure

coefficients, and other
aerodynamic properties are
required for all above

bodies.

. Corrected Cp 1s improved

by 60% but still higher
than unconfined conditions
for higher blockage ratio.
This is due to increased
interference between wall
and  model boundary
layers. However, buoyancy
and wake blockages may
have significant effects at

higher blockage ratio.

_ Maskell correction formula

with p<10% is not fitted to

present data.

. Using large tunnel is not

practical according to
economical aspects. Thus,
testing bluff bodies of
blockage ratio less than

17% is recommended.

. Empirical correlation

relating corrected Cp with

-
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Re, L/d, B, and parameters
of buoyancy and wake
blockages are
recommended to get full

similitude between model

and prototype.
. Nomenclature

A Projected area of model, m’

c¢p Drag coefficient.

cp. Corrected drag coefficient.

¢,  Pressure coefficient.

¢,c Corrected Pressure
coefficient.

D  Drag force per unit length,
N/m,

d  Cylinder diameter.

h  Half width of working
section, m.

L  Model length, m.

p. Back (atmospheric)
pressure, N/m’.

po  Stagnation pressure, N/m?,

ps  Static pressure, N/m?.

Re Reynolds No.

U  Uniform free stream
velocity, m/s.

u Local velocity, m/s.

y Horizontal distance along
tunnel width, m.
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Fig. 5. Velocity distribution at the wake for air velocity 20 m/s
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Fig. 6. Drag force versus dynamic pressure at different blockage ratios.
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Fig. 7. Pressure coefficient versus angle at air velocity 20 with different hlnckave

ratios.
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Fig. 8. Presswe and Corrected pressure coefficient versus angle at air velocity 20 m/s

Basrah Journal for Engineering Science /2007 2007/ Aamaigh p sl 5 _puatll Alpa

————————SEEEEE



14

s 0%, Lid=3.8 [6]
0%, L/d=1.03 [6]

1.8 7 K’% 12.5% [5]
1.6 1 | 12.5%

1.4 1

1.2
]l
0.8 1
0.6 1
0.4 4
0.2 4
0 T T - ;
5000 15000 25000 35000 45000

Re

15%
17%
5%
37%

CD
% X b

Fig. 9. Uncorrected drag coefficient with Reynolds No. at different blockage ratios.
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Fig. 10. Corrected drag coefficient with Reynolds No. at different blockage

ratios.
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