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Abstract

Flow features and vortex shedding in the wake zone behind V-shaped bluff bodies are
experimentally investigated. These experiments were done for a single V-shaped body at various
Reynolds number between 4.84 x 10* - 5.91 X 10*, span angles between 45°-90°,and angles of
attack between 0° and 15° . Experiments were also made for two V-shaped bluff bodies arranged in
tandem and in the same vertical plane with different spaces between them. With the aid of a water
tunnel, the phenomena of vortex shedding and flow recirculation behind the V-shaped bluff body
were illustrated. Results show that the increase of Reynolds number monotonically reduces the length
of the recirculation zone. A similar flow structure of the flow exists among near wake flows of V-
shaped bodies with different span angles. Increasing the span angle, the size of the recirculation zone
increases. The variation in attack angle changes slightly the size of the recirculation zone and shifts
the recirculation zone vertically. For the two bodies arranged in tandem, the size of the recirculation
zone increases as increasing the spacing between the two V-shaped bodies. For the two bodies in the
same vertical plane, decreasing the spacing between the two bodies yields to earlier mixing between
the flows in the two wakes.

Accepted September 30, 2010,
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Introduction

Flow over bluff-bodies has a great importance
in the field of Fluid Mechanics as this type of
flow is associated with some complicated
phenomenons such as boundary layer
separation, recirculation, drag force, lift force
and shear layers. This type of flow has
attracted a ot of researchers in order to explain
the flow and its associated phenomenons.
Although the effect of wind in producing
vibrations in wires (Aeolian tones) had been
known for some time, the first experimental
observations are due to Strouhal [1], who
showed that the frequency depends on the
relative air velocity and not on the elastic
properties of the wires. After Strouhal there
were many researchers that began to study the
complicated phenomenons associated to flow
over bluff bodies. In 1911, Von Karman gave
his famous theory of the vortex street [2],
stimulating a widespread and lasting series of
investigations of the subject. Roshko [3] used a
hot wire anemometer and a pitot tube in
investigating the flow past a circular cylinder
at Reynolds numbers from 40 to 10,000.
Liendhard, [4] studied the different flow
regimes past a circular cylinder. He found that
at very low Reynolds number, Re < 1.0, there
is no flow separation. As the Reynolds number
is increased, there is a flow separation and
eddies start to form. Other investigators such
as Perry [S] and Coutanceau [6] also gave
phenomenological describes on  vortex
shedding process behind two dimensional bluff

bodies. Unal and Rockwell [7] used a water
channel in exploring the wake flow with
Reynolds number less than 5000. Good quality
photographs of the wake flow pattern at low
Reynolds number were obtained. Schetz [8]
investigated the flow behind a bluff body. He
divided the wake into two regions. The first
one is the near wake directly behind a bluff
body. It is a very complex region. The feature
of this area is governed by the shape of the
body. The second is the region far downstream
from a body while is called the similarity
region. In this region analysis is easier because
the wake profile is fully developed. The flow
over V-shaped bluff bodies is very important
as it is used as flame stabilizers. The
researches on the V-shaped bluff bodies are
little compared with the other shapes of bluff
bodies. The V-shaped bluff bodies are also
used in many applications, Military airplanes
industries as the Delta wings are V-shaped
bluff bodies. In marine ships designs as the
most of the ships have V-shaped sterns. It is
also used in vortex shedding flow meters. The
most important application for the V-shaped
bluff bodies are their usage as flame holders in
the flame stabilizing process. They are usually
adopted in many of the combustion
apparatuses (e.g., the ramjet combustors, thrust
augmenters, industrial burners, turbojet or
turbofan afterburpers in military aircraft, and
rocket motors etc.). This is due to its effective
flame-holding ability and low pressure-loss

characteristics. They are also employed for
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supplementary firing in industrial boilers and
heat recovery steam generators. Most of our
present understanding of the flame
stabilization process is due to the pioneering
studies carried out in the 1950’s by Zukowski
and Marble [9], Cheng and Kovitz [10],
Longwell et al. [11], Jensen and Shipman [12]

and Williams and Shipman [13]. These studies -

found that the wake behind the bluff body can
be divided into the re-circulation zone and the
mixing zone that keeps the re-circulation zene
away from the unbumed reactants, A very
important investigation was made by Jumell et
al. [14]. They made a three dimensional
preliminary study on the flow over a wedge-
shaped bluff body. Fujii et al. [15,16] used a
hot wire anemometer and a one-color LDA to
study the anisotropic turbulent flow structure
of a wedge at low velocities. Yang et al. [17]
investigated the mechanism of vortex shedding
and turbulent flow characteristics of the near-
wake flow behind regular/irregular V-shaped
bluff bodies. The influence of the angle of
attack and span angle on turbulent flow
features at various airflow speeds were given.
They found that the length of recirculation
zone is linearly decreased with an increase of
Reynolds number. There was a similarity
among wake flows behind V-shaped bluff
bodies with different span angles. The
normalized length of recirculation zone stayed
constant as span angle varies from 30 to 50
deg. Also, they found that the variation of
angle of attack may shift the recirculation zone

to a certain vertical distance and slightly
change the size of the recirculation zone. Scott
et al. [18] used particle image velocimetry
(PIV) measurements to determine the flow
field around a confined V-shaped biuff body.
Rong et al.[l9] investigated the oscillating
behaviors and frequency of the unsteady flows
in the wake of a V-shaped body
experimentally using the smoke-wire flow
visualization technique. They observed two
types of instabilities: the shear-layer instability
waves evolving from trailing edges of the
wings of V-shaped body and the altemative
vortex shedding in the wake.

In the present paper, an experimental work
has been done to study the characteristics of
the flow behind the V-shaped bluff bodies. The
effect of the initial flow Reynolds number,
span angle and flow angle of attack are
reported. Also, the effect of intermediate
distance between two V-shaped bluff bodies
placed side by side in a vertical plane or in
tandem is studied. Flow visualization is given
to identify the flow features.

Experimental Set-Up

Experiments were conducted in an open-
circuit wind tunnel (see Fig. 1). A uniform air
stream was supplied to the test section by two
similar centrifugal air blowers 7.5 hp each. A
system of speed control was attached in which
the speed of the two blowers was regulated by
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an AC inverter manufactured by Toshiba
Company (modei VF-811). Therefore, the air
mass flow rate was controlled according to the
experimental requirements. The maximum
flow rate provided by the two blowers was 50
m?3/min at a static pressure difference of 7000
mm H;0. The dimensions of the test section
was 30 cm X 30 cm cross section and 100 cm
length. The test section was fabricated with
one side of glass, Fig.(2). This glass side could
be easily removed and fastened in order to fix
and change the test models. The upper side of
the test section was arranged to fix the traverse
system. A two dimensiopal traversing system
of 1.5 mm pitch in the x and y directions was
used to control the Pitot probe movement. The
test models were made of wood and were
polished to be smooth, The wall static pressure
distributions on the two wings of the V-shaped
bodies were measured through 7 tapes of 0.5
mm inner diameter connected to a multi U tube
water manometer. The pressure and velocity
measurements in the recirculation zone were
made by using a well calibrated five holes
Pitot probe and a sofiware program. Details of
the tested V-shaped bodies is shown in Fig.(3).

The initial speed was varied from 31.56
m/sec to 38.55 m/sec. Hence the Reynolds
number based on d (blockage width) was
ranged from 4.84 X 10* to 5.91 x 10*%. The
span angle (P) was chosen as 45°, 60°, 75°,
90°. Experiments were done for attack angle
(a) ranging from 5° to 15°.

For the arrangements of two V-shaped bodies,
experiments were made at p = 45°, a = 0°, Re
= 5.2 % 10* with different intermediate spaces.

Uncertainty of 5-holes probe measurements

Velocity measurements are subject to
errors in particular in reversed flow regions.
The other parameters recorded during the
experimental runs and the respective

measurement uncertainties are listed in the

below table.
Table 2 The accuracy limits for the measured
parameters.
| Parameter Accuracy limit
| Barometric pressure + 0.1 mm Hg
Probe angle | +2°
| Air density, p +5%
inlet air temperature +0.5 °C
| Dynamic viscosity, gt +3%

The precision limits seen in the table are the
smallest interval between the scale markings
(least count) of the perspective instruments,
The bias limit for instruments was negligible.
An error analysis including the effects of both
bias and precision errors, using the root-sum-
square method, showed that the uncertainty in
the measured mean velocity (u) is + 4.8 %
within 95 % confidence. Other uncertainty

values are summarized below.

Table 3 Estimated typical uncertainties

‘__Parumeter U%
u +4.8

| p 1 6.83
v, w +52
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Results and discussion

The pressure and the velocity at the
entrance of the test section were measured by
the five holes probe to be used as a reference
values (see below table).

Table 1 Pressure and Velocity reference values
Re.No.x 1074 591 [5.61 521 .84
Crer (m/sec) 38.55 P6.60 [B4.00 B1.56
sy (N/M’) 624 [754.6 695.8 637.0

The wall pressure distribution along the
upper and lower surfaces of the V-shaped body
at different Reynolds numbers is given in

Figd. It is seen that the pressure
distribution  indicates a very interesting
phenomenon in which it has the same shape of
the V-shaped body. The wall pressure is a
maximum at the stagnation point (the nose of
the V-shaped body). It decreases as the flow
moves downstream. The flow angle of attack is
zero and the flow pattern shows symmetrical
features along the upper and lower surfaces of
the V-shaped body. It is seen that as the
Reynolds number increases the wall pressure
at all points is increased.

In Fig.5, the wall pressure distribution is
given for different span angles and zero angle
of attack. It is found that th¢c maximum
pressure is recorded at the stagnation point.
The wall pressure decreases gradually as the
flow moves downstream. The pressure
distribution have the same pattern for all span
angles as it has the same shape of the V-
shaped body. 1t was noticed that as the span

angle increases, there is a slight increase in the

wall pressure at all measuring tapes except
tape No. O has a constant pressure value and
this is logic as, if the span angle increased to
180°, the pressure at the measuring tapes will
be go close to the stagnation pressure,

The effect of the flow angle of attack on the
flow feature is given in Fig.6 for Re = 591
% 10*and span angle = 45°. Symmetrical
features are shown for zero angle of attack.
The maximum pressure shifts from the
pressure measuring tape No. 0 to the upper or
lower surfaces of the V-shaped body according
to the direction of the attack angle. The side
faces the flow is called the pressure side in
which the pressure values at the three
measuring points are positive. The other side is
called the suction side, the pressures at the
three measuring points are negative. It is seen
that increasing the attack angle the location for
maximum pressure moves downstream on the
surface and the magnitude of the pressure at all
points on the pressure side increases while the
pressure at all points on the suction side
decreases.

For the two V-shaped bodies placed in
tandem there is an interesting feature. The
second body is immersed in the wake region of
the first body. The wall pressure distribution
for the back body is given in Fig.7. The
pressure distribution have the same pattern for
the three intermediate spaces between the two
V-shaped bodies. It has the reversed shape of
the V-shaped body. The lowest pressure is
sensed by the pressure measuring tape No. 0 as
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it located in the eye of the wake zone of the
first V-shaped body. For the other measuring
tapes the pressure increases gradually as the
location of the tapes goes far from the eye of
the wake. It is observed that the pressure at all
points of the second V-shaped body is
decreased by increasing the distance between
the two bodies.

For the two V-shaped bodies placed at the
same vertical line, the distribution of the wall
pressure shows a slight increase at the surfaces
of the two wings facing each other; as each
body directs part of the flow towards the other
body. Therefore, each body affects the other
body and this effect decreases with increasing
the space between them, Fig.8.

A wake is defined as a deficit of
momentum and energy behind a body in a
fluid flow [20]. This drop in momentum is
evidenced by a decrease in velocity and total
pressure. The wake is formed when the flow
separates at the trailing edges of the V-shaped
body. These separation streamlines form a
shear layer between the faster free stream and
slower moving fluid. The area within the shear
layers is the wake. The two shear layers from
each wing of the V-shaped body do not
interact until very far downstream. The wake
that is formed moves downstream until
eventually it dissipates back into the free
stream. The flow characteristics in this wake
zone have the crucial influence in the flame
holding application by improving the mixing

between air and fuel. This wake zone consists

Atef M. Alam El-Din, Gamal H. Moustafa and Mohammed A. Bakr

of high temperature in combustors bumt
products that act as a continuous ignition
source for the fresh fuel/air mixture.

Fig. 9 indicates the total pressure
distributions at different vertical planes in the
wake region for a single V-shaped body at p =
45°, a = 0° and Re = 5.91% 10*. The pressure
distribution is symmetric with respect to P*
axis as the flow attack angle equals zero. There
is a pressure variation at every plane. At every
plane, X*, and at the point Y*= 0, the
magnitude of the total pressure has a smallest
value as it located at the eye of the wake. It
increases as goes up or down in the vertical
plane (Y direction), reaches the same value of
the free stream pressure. The pressure
variation is greatest at plane A (X* = 0.1667).
As goes down stream (planes B, D, E, F and
G) this pressure variation becomes small till a
plane where the pressure equal the free stream
pressure. At this plane the effect of V-shaped
body on the flow field has been finished.

The flow features of the flow field are the
san;e for all Reynolds numbers, However, the
length of the wake region is decreased as the
Reynolds number is increased, Fig.10. This
figure indicates the pressure contours in the
wake region. From this figure the wake region
could be indicated by the area bounded by the
contour line P* = 1 as the pressure is negative
inside this area and positive outside it. This
pressure contour line meets the X* axis at X*=
3.1 for Reynolds number = 5.91% 10* and at
X*= 5 for Reynolds number = 4.84x 10*
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which indicates that the length of the wake
region is decreased by increasing the Reynolds
number.

Figure 11 indicates the total pressure
distribution at the plane X*= 3 in the wake
region for various V-shaped bodies at different
span angles. It is noticed that the pressure
variation is greatest in the case of a V-shaped
body with 90° span angle which indicates that
the size of the wake region is increases by
increasing span angle. This resuit was
confirmed by drawing the total pressure
contours for the flow field in the zone behind
the V-shaped body at different span angles as
given in Fig. 12. It is clear that the length and
width of the wake zone increases with
increasing the span angle.

Figure 13 shows the pressure distribution
in the wake region at different flow angles of
attack, The wake slightly shifts vertically as
the attack angle is changed.

For the two V-shaped bodies placed in
tandem, the pressure distribution in the wake
region of the back body has the same pattern at
the three intermediate spaces. However the
length of the wake region is increased as the
intermediate space increased, Fig. 14.

Fig. 15 shows the pressure distribution in
the wake region of two geometrically similar
V-shaped bodies arranged vertically. By
decreasing the intermediate space between the
two bodies, the merging process between the
two wakes is happened earlier downstream the
two bodies. This means that the merging

process between the two wakes is enhanced
and this will be suitable for flame holding
applications.

Fig. 16 shows the absolute velocity
distribution in the wake zone for different span
angles V-shape bodies at X*= 0.167. It is
observed that the absolute velocity distribution
have the same pattern like the total pressure

distribution.
Conclusion

An experimental work was done to study
the flow over a V-shaped body at different
initial flow conditions. From the resuits one
can conclude that:-

¢ Increasing the flow Reynolds number
reduces the length of the wake zone
and increases the pressure magnitude
on the surface of the V-shaped body.

+ Increasing the span angle increases the
size of the wake zone and increases the
pressure magnitude on the V-shaped
body surface except at the stagnation
point the pressure is the same for all
span angles.

¢ The wake is slightly shifted vertically
as the attack angle is increased.
Increasing the angle of attack moves
the stagnation pressure point on the
surface of the V-shaped body and
increases the pressure magnitude on the
pressure side and reduces the pressure

magnitude on the suction side.
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¢ Increasing the space between the two two wakes merge at carlier axial
V-shaped bodies arranged in tandem distances and the distribution of the
increases the length of the wake zone magnitude of wall static pressure is
and increases the pressure magnitude affected by the distance between the
on the surface of the back body. two bodies.

o For the two V-shaped bodies arranged

vertically, as the space decreases, the

Nomenclatures o Cpi  =(Pi—Pud/(0.5p Crd)

c d
e Re Reynolds Number Re = pxCrefxd e P Reference pressure

¢ Cgr Reference velocity
e u Airdynamic viscosity = 1.8 10~°

o C* =C/Cy
N.s/m?(at T=20C) * Sy* =S /L
. ¢ S, = Distance between bodies
e p Airdensity 1.2 Kg/ m® at T=20C in tandem
e L Length of the wing of the V- e S+ =S,/L
shaped body ¢ 8, =Distance between bodies
¢ d Blockage width of V-shaped body arranged vertically
e [ Span angle of V-shaped body .« X* =X/L
e a Angle of attack . V¢ =YV/L
o C Absolute velocity « 7v =7/L
e P* =(Pt+ Patm)/ Patm
¢ Pum Atmospheric pressure
e P; Measured pressure
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1- Wind tunnel 2- Test section 3- V-shaped body

4- Traversing system 5- Pitot probe 6- U tube manometers

Fig. 1 Experimental test rig.

Fig. 2 Test section
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Air Flow
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L
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~ Air flow
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Alr flow
30cm
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b) V-shaped body dimensions c) Attack angle

Fig.3 Configurations and dimensions of V-shaped bodies

~8--fe= 5.9 X 1044
~&—Re=5.6 X 10/
== Re= 5.2 X 1044
—s—Re= 4.8 X 100

Fig.4 Pressure distribution at various Reynolds numbers
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—4—pB=45°
~@—p=60°
iy p=75"

Fig.5 Pressure distribution at various Span angles
Re =5.91X 107

03—

——=0"
——a=5"

i =10*
e =15

Fig.6 Pressure distribution at various angles of attack

z* ﬂ= 45’
05 —0.05— :

_——— o g=0"

T T —
—o—Sh*=3 2] Re=5.21x 10t
-f—=5h"*=3.33
alyee5h*=3.667
I

Fig. 7 Pressure distribution (back body) for two bodies in tandem at different spaces.
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b) Lower body
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Fig. 8 Pressure distribution for two bodies arranged vertically at different spaces

Fig. 9 Total pressure distribution at Re= 5.91x 10*
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Fig. 10 Pressure contours in the wake zone of a V-shaped body (B = 45 &a = 0°) at different
Reynolds numbers.
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Fig. 11 Pressure distribution for various p at the plane X* =3
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Fig. 12 Pressure contours in the wake zone of a v-shaped body (a = 0°) at different p
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Fig. 13 Pressure distribution for various a at the plane X* = 1.5
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Fig. 14 Pressure contours in the wake of the back body of two V-shaped bodies in tandem at different
Spaces
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Fig.15 Pressure distribution for two vertically aligned v-shaped bodies at different spaces.
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Fig. 16 Absolute velocity distribution for a single body at various p
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