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Abstract

Flow in a channel with an obstruction at the entry can be reverse, stagnant or forward depending on the posi-
tion of the obstruction. These flow phenomena have potential applications in the control of energy and var-
ious flows in process engineering. Parameters that affect this flow inside and around the test channel are
the gap (g) between the obstruction geometry and the test channel, the Reynolds number (Re) and the length
(L) of the test channel. The influence of these parameters on the flow behavior was investigated using a flat
plate obstruction at the entry of the channel. A low concentration polyacrylamide solution (0.018% by
weight) showing a powerlaw fluid behavior was used as the fluid in this investigation. The flow phenomena
were investigated by the velocity measurement and the flow visualization and their results were compared
with numerical simulation. These results of low concentration polyacrylamide solution are also compared
with the results of water published elsewhere (Kabir et al., 2003). The maximum reverse flow inside the
test channel observed was 20% — 30% of the outside test channel velocity at a g/w (gap to width) ratio of
1 for Reynolds numbers of 1000 to 3500. The influence of the test channel length (L) and the Reynolds
number (Re) on the velocity ratio (V/V,: inside velocity/outside velocity in the test channel) are also pre-

sented and discussed here.
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1. Introduction

This work presents experimental investigation and
numerical prediction of the flow of a low concentration
polyacrylamide solution in a channel with obstruction at
the entry, placed in another wider channel. The obstructed
rhannel is referred to as the test channel. A recent study by
Kabir er al. (2002) shows that the flow of a Newtonian
fluid (water) inside a test channel with an obstruction at the
entry placed in another wider parallel walled channel can
be reverse, forward and stagnant depending on the different
parameters. The parameters that influence the flow inside
and around the test channel are the shape and size of the
obstruction geometries, the gap (g) between the obstruction
geometry and the test channel, the length (L) of the test
channel and the Reynolds number (Re).

This flow phenomenon has potential benefits that can be
zmployed in the control of energy and various flows in pro-
cessing industries. Several applications where this type of
flow phenomenon can occur or can be employed are: con-
trol of flow to obtain low velocities; heat transfer problems
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providing different types of flows locally; interaction of
shear layer at varying distance apart; flow past obstruction
and constrictions in arterial flows under certain physio-
logical situations (Gowda et al., 1989; Kabir et al., 2002).

This flow behavior inside and around the test channel for
water has attracted the attention of many researchers and
has motivated authors to investigate the flow phenomena of
non-Newtonian fluids as most industrial fluids exhibit non-
Newtonian behavior. In most of the cases, polymer solu-
tions and suspensions demonstrate non-Newtonian behav-
ior. As a result, a low concentration polyacrylamide fluid
solution exhibiting non-Newtonian behavior was chosen to
investigate flow phenomena inside and around the test
channel.

Despite the interesting nature of this flow, very limited
research has been carried out with non-Newtonian fluids.
There are, however, investigations using polymer solution
(non-Newtonian fluid) where Liu (1999) studied the poly-
mer liquid flow in a periodically constricted channel. Liu
found that linear stability analysis in the inertial flow
regime showed maximum destabilization in the diverging
section of the periodic channel. Davidson et al. (1993)
investigated the velocity and stress fields of polymeric lig-
uids flowing in a periodically constricted channel.
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Gowda and Tulapurkara (1989) carried out some inves-
tigation on the flow phenomenon of water in a channel at
relatively low Reynolds number. Other studies have dealt
with control of flow using different types of valves (Davis
and Sorenson, 1969; Streeter, 1961; Eom, 1988; Hutchi-
son, 1976). Bearman and Trueman (1972) investigated the
flow around cylinders of different length to width ratio.
Unal and Rockwell (1988a; 1988b) investigated the vortex
shedding process and the influence of a splitter plate
behind a circular cylinder. Bearman and Obasaju (1982)
experimentally studied the pressure fluctuations on fixed
and oscillating square-section cylinder. Mills et al. (1995)
investigated the mechanism-controlling vortex shedding
from rectangular bluff bodies.

An earlier investigation using water (Newtonian fluid)
with different sizes and shapes of obstruction geometries,
namely circle, triangle, rectangle and semicircle, found that
flat plate produces the maximum reverse flow inside the
test channel than any other obstruction geometry (Kabir ez
al., 2002). Therefore, the flat plate was chosen as the
obstruction geometry to study these flow phenomena with
a non-Newtonian fluid.

The parameters chosen for this study were the gap (g)
between the obstruction and the test channel, the length of
the test channel (L) and the Reynolds number (Re) based
on the channel width (w) and the outside velocity (V,).
These parameters were varied and their influences on the
velocity ratios (V/V,: inside velocity/outside velocity in the
test channel) were studied.

The flow phenomena were investigated using the velocity
measurement and the flow visualization technique and
were compared with the numerical predictions. The veloc-
ity measurement technique provided the quantitative infor-
mation of these flow phenomena, while the flow
visualization technique provided the qualitative informa-
tion. Flow visualization photographs were taken at the
entry and exit ends of the test channel, capturing the impor-
tant flow features at both ends. The CFD-ACE+ package
was chosen for numerical predictions, which were later
compared with the experimental results.

2. Experimental

2.1. Materials and equipment

The materials and equipment used were 0.018% (by
weight) polyacrylamide fluid solution and a research grade
Rheometer AR 1000-N. The additional materials and
equipment used in this investigation were described in
details elsewhere (Kabir er al., 2003). A commercial CFD-
ACE+ software package was chosen to use for numerical
simulations.

2.2. Procedure
The experiment was carried out in an open channel rig
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Fig. 1. Schematic diagram of experimental set up.

designed and fabricated from galvanized steel sheet (Kabir
et al., 2002). The rig was equipped with the flow mea-
surement and flow visualization instruments. The details of
this open channel rig, the flow measurement and flow visu-
alization technique are described elsewhere (Kabir et al.,
2003). The schematic diagram of experimental rig is
shown in Fig. 1.

A low concentration non-Newtonian fluid solution was
prepared by mixing 0.018% by weight of polyacrylamide
(supplied by Cytec Australia Limited) powder with water.
The solution was run through the pump for more than six
hours for homogeneous mixing. To avoid any variation of
the non-Newtonian fluid properties, the experiment was
conducted at a constant temperature of 20°C. The rheo-
logical test of the fluid solution was catried out at 20°C,
using a research grade Rheometer AR 1000-N. For all
tests, the depth of the fluid in the channel was kept fixed
at 130 mm.

Flow visualization pictures were taken using a Nikon
Broadway high-speed digital camera. The exposure time of
the photographs was 1/15 of a second. In this paper, the
instantaneous flow visualization images are presented.
However, it was observed in the test section of the rig and
in the recorded video camera that flow pattern remain
largely unchanged for the period of observation. Similar
flow pattern was observed for water by Gowda et al.
(1989). The authors had intended to compare them with the
images of other flow visualization techniques such as PIV,
but lack of other flow visualization techniques prevented
them from doing so.

The overall flow in the test section of the open channel
was observed steady. However, the flow was seen unsteady
locally, particularly, at the entry and exit ends of the test
channel. The most important flow features appeared to
occur in the regions near the entry and exit of the test chan-
nel. To capture the flow field details of a manageable
length, only entry and exit photographs were taken and a
few are presented here.

The schematic diagram of the test arrangement is shown
in Fig. 2. The width of the test channel (w) and breadth of
the obstruction geometry (b) were 25 mm and kept con-
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fig, 2. Test channel arrangement.

stant. For this experiment, a flat plate obstruction was
placed at the entry of the test channel. The length (/) to
nreadth (b) ratio (I/b) of the flat plate geometry was equal
0 0.32. The flat plate obstruction geometry with //b ratio
of 0.32 was found to produce the maximum reverse flow
“Kabir et al., 2002) for Newtonian fluids (e.g. water) and
was thus chosen for investigation into the influence of the
2ap (g) between the obstruction geometry and the test
hannel, the length (L) of the test channel, the Reynolds
number (Re) on the velocity ratios (V/V,). The gap (g)
hetween the test channel and the obstruction was varied
from 12.5 mm to 200 mm, giving a range of g/w ratios
from 0.5 to 8. The investigation was carried out for test
vhannel lengths (L) of 200 mm and 500 mm. The test was
wonducted for Reynolds numbers (Re) of 1000, 2000, 3000
4nd 3500 for each test channel length. The influence of the
tzst channel length on the velocity ratio was investigated
rsing different sets of test channel lengths. The influence
f Reynolds number on the velocity ratio was also studied
“or test channel lengths of 200 mm and 500 mm.

4. Numerical simulation

Prediction of fluid flow processes can be obtained by two
rnain methods: experimental investigation and theoretical
calculations (Patankar, 1980). Besides the practical and
theoretical approaches, numerical simulation has estab-
lished itself in recent years as a third approach connecting
the two traditional ones.

Computational Fluid Dynamics (CFD) modeling pro-
vides an alternative to laboratory experimentation by pro-
viding a relatively inexpensive, quick and accurate means
of predicting flow behavior. The CFD-ACE simulation
solver was chosen to study the flow parameters of the gap
+2) between the test channel and the obstruction and the
eynolds number (Re).

The boundary conditions included no slip at the wall of
ihe channel. The symmetry assumption was used so that
the flow field would have to be solved for only the half of
the test channel section.

The CFD-ACE+ code used was based on a finite volume
method. The flow domain was discretized using unstruc-
tured grid. Computational flow simulations of this type are
based on the division of the flow domain into small (finite)
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Fig, 3. Computational domains for the numerical prediction of
flow.

volumes. The domain used in this numerical prediction of
flow phenomena is shown in Fig. 3. This is the same
domain, used for experimental investigations of the flow
phenomena of low concentration polyacrylamide solution
inside and around a channel with obstruction at the entry.
The flow inside and around the test channel was computed
by solving the unsteady equations of motion for an incom-
pressible power law fluid in a two-dimensional geometry.
The continuity and momentum equations in dimensionless
form can be written as

Jdu oJv
ox "y

du ou &u op (3u "% [oul ' d%u
9T ox 9y = ox " Re Q{ax} *[ }

N a_‘—) n-1 82‘])
ox| Jdxdy

v, v, v QQ_L( VY'Y [vT 9N
at 8x+v8y_ 9y Re 2{@} ay2+[ }

A" 9
15] 53) <1>

The variables were made dimensionless as defined below
by using U, and w, followed by dropping the asterisks.

=0.

#

» Uy« P o« u ey Re= Uywp

= _X = =4 =K

Here U, and w are the reference uniform velocity at the
entry of the test channel and the reference length respec-
tively; and u is the dynamic viscosity; p is the density of
the fluid, and Re is the Reynolds number.

Volume, boundary and initial conditions were given in
CFD-ACE solver to study the flow behavior by solving the
two dimensional equation of motion. The volume condi-
tions were 1) low concentration polyacrylamide solution
fluid for all domains except obstruction and test channel
domain; 2) obstruction and test channel both domain are
blockage. The boundary conditions were 1) no-slip con-
dition on (a) top and bottom walls of the wider channel (b)
walls of the test channel and (c¢) surfaces of obstruction; 2)
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inlet velocity was kept at 0.115 m/s, 0.205 m/s and 0.24 m/
s which gives Reynolds number of 1000, 2000 and 3000
respectively. The initial conditions for all domains were:
velocities at # and v (x and y directions) were 107 mys.
Temperature taken was 20°C same as for the experimental
investigation. Simulation results of the influence of the gap
between the test channel and the obstruction are presented,
compared and discussed with the experimental investiga-
tion.

3. Results and discussions

For a non-Newtonian fluid, if the shear stress, T versus
shear rate, ¥ plotted on log-log coordinates, follows a
straight line over a range of shear rate, this part of the flow
curve can be described by the following power law expres-
sion:

=K7Yy @

Here K and n are the fluid consistency and power law
index respectively.

Or n=Kk("" (3)

Evidently, for pseudoplastic or shear thinning substance
n < 1. The lower the value of n, the greater is the degree of
shear thinning.

The rheological tests of the low concentration polyacry-
lamide fluid solution were carried out using a commercial
rheometer type AR 1000 N and showed a shear thinning
effect. The other rheological tests also showed that this
fluid was fairly elastic and did not exhibit any yield stress.
The shear rate range to which n and K values were
obtained was narrow (0.5 to 10 sec™). The K and n values
for the solution were determined from the response curve
and were 3223x 107 Pa-s" and 0.8337 respectively.
These values were used in the power law model equation
(3) to find out the viscosities 77 and used for experimental
studies. Besides experimental studies, values of K and n
were used in CFD solver for numerical simulation.

The shear rate or velocity gradient ¥ for open channel is
given by dv/dy = 2V,/h (Vennard and Street, 1982) where V,
and h are the surface velocity outside the test channel and
depth of the fluid respectively. By substituting the value of
shear rate or velocity gradient ¥ in equation (3), the power
law model equation can be written as:

n=x(Z)" @

The general formula for Reynolds number of Newtonian
fluids is given by

V,wp
Re=-—2*L 5
e==% &)

where w is the width of the test channel.
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By substituting the viscosity, n from equation (4) in
equation (5) the Reynolds number can be written as;

_ V,wph"!
K@V,
Or

2-n n-1
Re = Vo _wph W'D_h]
K@2)"

The flow parameters namely, the gap (g) between the test
channel and the obstruction geometry, the Reynolds num-
ber (Re) and the length (L) of the test channel have sig-
nificant effect in determining the flow behavior of
polyacrylamide fluid solution inside and around the test
channel. The influence of those parameters was investi-
gated using velocity measurement and flow visualization
photographs and was compared with the numerical pre-
dictions. The effect of the flow parameters on the velocity
ratio (V/V,: velocity inside/velocity outside the test chan-
nel) is presented and discussed below.

Re

(6)

3.1. Effect of gap g

The gap (g) between the obstruction geometry and the
test channel is one of the important flow parameters affect-
ing flows inside and around the test channel. The influence
of the gap (g) on velocity ratio (V/V,) was seen to be sig-
nificant and was studied for a range of Reynolds numbers
from 1000 to 3500. The test channel lengths (L) used were
200 mm, 300 mm, 400 mm and 500 mm (L/w = 8§, 12, 16
and 20), but only the results of test channel lengths (L) of
200 mm and 500 mm (L/w = 8 and 20) are presented for
the sake of brevity. As mentioned earlier, the gap to width
(g/w) ratio was varied from 0.5 to 8. The tests were carried
out at g/w ratios of 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7 and 8. For
each g/w ratio, velocities (V,) were varied from 0.115 to
0.3505 m/s, giving a range of Reynolds numbers from
1000 to 3500.

The influence of the gap to width g/w ratio on the veloc-
ity ratio (V/V,) is shown in Figs. 4 and 5. A negative (-)
value of the velocity ratio indicates a reverse flow, whereas
a positive (+) value indicates a forward flow. At low g/w
ratios (g/w=0.5), the flow inside the test channel was
found to be reverse and as g/w ratio increases magnitude of
the reverse flow increases. The maximum reverse flow
occurs at g/w ratio of 1 for Reynolds numbers of 1000,
2000, 3000 and 3500. With further increase in g/w ratio (g/
w = 1.4), flow inside the channel was found to be stagnant
for all Reynolds numbers except for Reynolds numbers of
1000 and 2000. For low Reynolds numbers (Re = 1000 and
2000), stagnation flow was seen at g/w ratio of 2.50 and
1.75 for L/w ratio of 8 as shown in Fig. 4. For L/w ratio
of 20, as shown in Fig. 5, stagnation flow was seen at g/w
ratio of 1.5 for all Reynolds numbers except Reynolds
number 1000. For Reynolds number of 1000, stagnation
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Fig. 4. Effect of gap on V/V, ratio, L/'w =8 for polyacrylamide
solution and water.

rlow was seen at g/w ratio of 3.1. With further increase in
2/w ratio the flow inside the test channel was observed to
oceur in the forward direction.

In flow with water, the maximum reverse flow was
observed inside the test channel at g/w ratio of 1.5 as seen
in Fig. 4 (Kabir et al., 2002). The magnitude of the reverse
flow in the test channel was 60%, 40% and 35% of the out-
side velocity for Reynolds numbers of 1000, 2000 and
3000 respectively. For 0.018% polyacrylamide solution,
the maximum reverse flow was observed at g/w ratio of 1
and the magnitude of the reverse flow inside the test chan-
nel was 30%, 23% and 20% of the outside velocity for
Reynolds numbers of 1000, 2000 and 3000.

For the maximum reverse flow, it can be seen from the
Figs. 4 and 5 that there is a shift of g/w ratio position from
[.5 for water to 1.0 for polyacrylamide solution, largely
due to the influence of non-Newtonian fluid. Furthermore,
it is evident that the magnitude of the reverse flow of low
concentration polyacrylamide solution was observed to be
adlmost half of that of water. It is believed that elastic effect
of polyacrylamide solution with high shear rate played a
vital role in the significantly large reduction of the mag-
nitude of reverse flow inside the test channel. In relative
:erms, elastic liquid shows a strong aversion to reverse flow
‘han the Newtonian liquid and unidirectional flow is more
avident. D. B. Boger and K. Walters (1993) observed sim-
tlar flow pattern and reported that elastic fluids have more
affinity to unidirectional flow and do not like to change the
flow direction.

The maximum forward flow inside the test channel was
observed 75% to 80% of the outside velocity at g/w ratio
»f 8 for polyacrylamide solution for Reynolds numbers
-anging from 1000 to 3000, where as the maximum for-
ward flow inside the test channel was seen to be 65% to
'i8% of the outside velocity at g/w ratio 8 for water in the
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same Reynolds number range.

The photographs of entry and exit ends were taken to
capture and investigate the flow phenomena since the most
important flow features occur at the entry and the exit ends.
Photographs are presented in Fig. 6a-d. These photographs
show the flow pattern for L/w ratio of 8.0 (L =200 mm).
Typical flow visualization photographs (Fig. 6a and 6b) of
the reverse flow were taken at g/w ratios of 0.5 and 1.5
respectively for Reynolds number 1000. Likewise, Fig. 6¢
and 6d show a forward flow at g/w ratio of 4.0 and 6.0 for
Reynolds number of 1000.

It can be seen in the flow visualization photographs of
Fig. 6a and 6b that at small gaps (g/w ratio ranging from
0.5 to 1.5), shear layers separating from the edges of the
flat plate tend to reattach the sidewalls of the test channel.
These give rise to low pressures at the gap, triggering the
tflow in the reverse direction through the test channel. As
the gap increases, the shear layers can then roll up into the
gap, which reduces the magnitude of the negative pressure
behind the flat plate obstruction. This causes the reverse
flow to weaken, cease or change to forward flow for g/w
ratios of 1.4 to 3.1.

The shear layers at the front and rear ends on both sides
of the channel become unstable and roll up giving rise to
complex vortex shedding. This vortex regulates the flow of
the fluid solution through the channel. The magnitude of
the reverse flow is determined by the combination of the
low pressure behind the obstruction and the vortex shed-
ding.

It was observed from the flow visualization pictures that
vortices of polyacrylamide fluid solution were relatively
larger in size than these observed for water (Kabir et al.,
2002). It is noted that no attempt had been made to mea-
sure the strength of the vortices of water and low con-
centration polyacrylamide solution due to lack of
instrumental facilities.

Numerical predictions obtained for this flow conditions
and at the gap (g) on the flow were carried out at various

June 2004 Vol. 16, No. 2 67



M.A. Kabir, MM.K. Khan and M.G. Rasul

(d) g/w=6.0; Re=1000; L/w=8.0
Fig. 6a-d. Reverse flow pattern at g/w ratios of 0.5 an 1.5 (Fig.

6a-b) and forward flow pattern at g/w ratios of 4.0 and 6.0
(Fig. 6c-d).

glw ratios of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0
for Reynolds number of 1000 and temperature of 20°C.

The numerically predicted results obtained by solving
equation of motion for unsteady flow for low concentration
polyacrylamide solution are generally in agreement with
the experimental investigations. Although the numerical
predictions were carried out for various g/w ratios, only the
results of g/w ratios of 1.0 are presented and discussed for
the sake of brevity. The selection of the case presented here
was based on the experimental observations that maximum

68

reverse flow occurs at g/w ratio of 1.0.

Several trials were made to eliminate the dependence of
grid on the numerical simulation. The simulated streamline
and the velocity vectors of the parameter are presented and
discussed in Figs. 7. For better presentation of this flow
parameter, the experimental flow visualization photo-
graphs, showing flow pattern inside and around the test
channel, are presented at the top of those Figures, while the
numerical predictions showing streamlines and velocity
vectors are displaced at the bottom. The predicted numer-
ical simulations are presented for the entry and exit ends of
the test channeél for comparison with the entry and exit
ends of the experimental flow visualization photographs.

Case L g/w- 1.0

Numerically predicted streamlines and velocity vectors at
the entry and exit ends of the test channel are presented in
Fig. 7(a-b) and 7(c-d) respectively at g/w ratio of 1.0, Rey-
nolds number of 1000 and L/w ratio of 8.0. It can be seen
from the streamlines and velocity vectors of the numerical
simulation that the reverse flow inside the test channel
matches exactly with the reverse flow of the experimental
flow visualization photographs. The maximum teverse
flow occurs at g/w ratio of 1.0. Numerically predicted
value of the reverse flow inside the test channel is same as
that of the experimental investigation of reverse flow found
from velocity measurement. The numerical simulation of
the gap (g) between the obstruction and the channel entry
show good agreement with the experimental investigations
at which maximum reverse flow occurs.

3.2. Effect of Reynolds number Re

The Reynolds number is another flow parameter that
plays an important role in determining the nature of the
flow inside and around the test channel. The influence of
the Reynolds number on the magnitude of the velocity
ratio (V/V,) was investigated for a various set of test chan-
nel length (L) of 200 mm, 300 mm, 400 mm and 500 mm.
For each test channel length, the gap (g) was varied from
12.5 mm to 200 mm, giving a g/w ratio of 0.5 to 8.0. For
brevity, only the results of two test channel lengths of 200
mm and 500 mm (L/w = 8 and 20) are presented and dis-
cussed. Figs. 8 and 9 demonstrate the influence of Rey-
nolds number on the velocity ratio (V/V,) for L/w ratios of
8 and 20.

For lower g/w ratios, a strong reverse flow occurs at low
Reynolds number for both L/w ratios of 8 and 20, as Rey-
nolds number increases the reverse flow weakens and con-
tinues to decrease and then becomes almost stagnant,
ultimately it turns stagnant with further increase in Rey-
nolds number. For higher g/w ratios, the flow is forward for
both L/w ratios and its value increases slightly with an
increase in Reynolds number and becomes almost constant
with further increase.
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Fig. 7a. Predicted stream lines (bottom) and flow visualizatin
photographs showing streak lines (top) at the entry of
the test channel at g/w ratio of 1.0, time step = 55 for
Re=1000 and L/w=8.0.
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Fig. 7c. Predicted velocity vectors (bottom) and flow visu-
alizatin photographs showing streak lines (top) at the
entry of the test channel at g/w ratio of 1.0, time
step=155 for Re=1000 and L/w =8.0.

An interesting flow feature is noticed for g/w ratios of 1.5
and 2.0 for L/w ratio of 8. The reverse flow, observed at
low Reynolds number, starts to weaken at 2000 and 1000
respectively, until it reaches to a stagnant flow at Reynolds
numbers of 2500 and 1500 respectively. With further
increase in Reynolds number the flow turns forward. Like-
wise, the reverse flow turns stagnant for g/w ratio of 1.5,

2.0 and 3.0 at Reynolds number of 700, 1500 and 2000 for
higher L/w ratio of 20.
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Fig. 7b. Predicted stream lines (bottom) and flow visualizatin
photographs showing streak lines (top) at the exit end
of the test channel at g/w ratio of 1.0, time step = 55
for Re=1000 and L/w=38.0.
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Fig. 7d. Predicted velocity vectors (bottom) and flow visu-
alizatin photographs showing streak lines (top) at the
exit of the test channel at g/w ratio of 1.0, time
step =155 for Re=1000 and L/w=28.0.

1

The reverse flow in the test channel, which was produced
from the negative pressure behind the obstruction, was pro-
gressively neutralized as the gap (g) increases by the sur-
rounding forward flow environment in the wider channel.
At a certain position of the gap (g) between the obstruction
and the test channel the reverse flow in the test channel was
turned to stagnation.

Similar flow characteristics were observed for water flow
for different L/w ratios. In the case of water for a L/w ratio
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0.85

of 8, as can be seen in Fig. 10, the Reynolds numbers at
which the reverse flows started to weaken were 4000 and
3000 at g/w ratios of 2 and 3 respectively. Stagnant flow
conditions were observed at Reynolds numbers (Re) of
5500 and 3500. It is seen that there is a significant reduc-
tion in Reynolds numbers at which reverse flow began to
weaken.

For the higher L/w ratio of 20, the reverse flow becomes
stagnant for g/w ratios of 1.5, 2.0 and 3.0 at Reynolds num-
bers (Re) of 700, 1500 and 2000 respectively. When these
resulis are compared with those of water (Kabir er al.,
2003), it is observed that the reverse flow inside the test
channel starts to weaken and it reaches stagnation con-
dition at significantly low Reynolds numbers (Re). The
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{a) Re=1000; g/w=1.0; L/'w=8.0

(b) Re=3000; g/w=1.0; L/w=8.0

{c) Re=3500; g/w=1.0; L/w=8.0

Fig. 11a-c. Reverse flow pattern at different Reynolds number,

elastic behavior of the low concentration polyacrylamide
solution fluid is believed to be responsible for the change
of the above mentioned flow pattern.

The flow visualization photographs taken at Reynolds
numbers of 1000, 2000, 3000 and 3500 are presented in
Fig. 11a, 14a and 11b-c for L/w ratio of 8.0 and g/w ratio
of 1.0. The vortices are clearly visible at both entry and exit
ends, with increasing Reynolds number the vortex pattern
changes at both ends.

It is known that two free shear layers, free to interact, are
basically unstable and roll up to form discrete vortices.
During the formation of the vortices and, to a much lesser
extent, the shear layers draw in fluid from the base region.
It is suggested that it is this continual entrainment process
that sustains the low base pressure. The removal of
entrained fluid is balanced by an induced reverse flow into
the formation region. The base pressure determines the
amount of vorticity that is being shed from each side of the
body and this in turn is related in some way to the distance
to vortex formation and the strength of the fully formed
vortices (Bearman and Truemen, 1972).

After experimental investigations (velocity measurement
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solution in a channel with a flat plate obstruction at the entry

Experimental

Fig. 12a. Predicted stream lines (bottom) and flow visual-
izatin photographs showing streak lines (top) at the
entry of the test channel at g/w ratio of 1.0, time
step of 55 for Re=3000 and L/w=8.0.

s AR

Fig. 12¢. Predicted velocity vectors (bottom) and flow visu-
alizatin photographs showing streak lines (top) at
the entry of the test channel at g/w ratio of 1.0, time
step of 55 for Re=3000 and L/w =8.0.

and flow visualization) of the influence of Reynolds num-
bers, the authors intended to predict this flow parameter
mside and around the test channel. The numerical pre-
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Fig. 12b. Predicted stream lines (bottom) and flow visual-
izatin photographs showing streak lines (top) at the
exit end of the test channel at g/w ratio of 1.0, time
step of 55 for Re=3000 and L/w=8.0.
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Fig. 12d. Predicted velocity vectors (bottom) and flow visu-
alizatin photographs showing streak lines (top) at

the exit end of the test channel at g/w ratio of 1.0,
time step of 55 for Re =3000 and L/w = 8.0.

diction was carried out for a range of Reynolds numbers,
from 1000 to 3000 for g/w ratio of 1.0 and L/w ratio of 8.0.
It was found that the predicted values of the flow are in
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Fig. 13, Effect of length on V/V,, Lfiw =2000.

(b) L/w=20.0; Re=2000; g/w=1.0
Fig. 14a-b. Reverse flow pattern at different test channel length.

very good agreement with that of the experimental velocity
measurement for Reynolds number ranging from 1000 to
3000. The predicted flow patterns are presented below the
experimental flow visualization pictures for comparison
(top part experimental picture and bottom part numerical
prediction). The prediction showing streamlines and veloc-
ity vectors are compared with the streak lines of flow visu-
alization photographs taken by digital camera and are
presented in Figs. 7 and 12.

It is seen from the Figs. 7 and 12 that the predicted
streamlines and velocity vectors showing vortices at the
entry of the test channel are in good agreement with the
flow visualization pictures showing streak lines vortices.
The overall numerical predicted streamlines and velocity
vectors showing reverse flow inside the test channel at
Reynolds numbers of 1000 and 3000 match with the flow
visualization pictures.

3.3. Effect of length L
The influence of the test channel length (L) on the veloc-
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ity ratio (V/V,) was investigated for g/w ratios ranging from
0.5 to 8.0. The experiment was carried out at the channel
lengths (L) of 200, 300, 400 and 500 mm (L/'w = 8, 12, 16
and 20). During the experiment, the velocity was kept con-
stant at 0.215 m/s, giving a Reynolds number equal to
2000. Fig. 13 presents the influence of L on the velocity
ratio for a range of g/w ratios.

It is observed that reverse flow occurs, at low L/w ratio
(8 and 12) and a slight decrease in reverse flow occurs with
increase in L/w ratio (16 and 20) for low g/w ratios of 0.5
and 1.0. Reverse flow inside the channel is caused by the
low base pressure behind the obstruction geometry at the
entry and it is expected that the velocity in the reverse
direction would decrease slightly as the length of the test
channel increases for g/w ratios of 0.5 and 1.0. For g/w
ratio of 1.5, it was observed that the reverse flow at L/w
ratio of 8 turns to stagnation flow at L/w of 10. With further
increase in the L/w ratio, flow turned forward inside the test
channel.

For g/w ratios of 2.0, 3.0 and 4.0, a forward flow inside
the test channel was seen at low L/w ratio (8 and 12). The
magnitude of the forward flow increases slightly as the L/
w ratio (16 and 20) increases. For higher g/w ratios of 5.0,
6.0, 7.0 and 8.0, forward flow was observed at low L/w
ratios and remains unchanged with further increase in Liw
ratio.

Flow visualization pictures were taken at L/w ratios of 8
and 20 for Reynolds number 2000 and g/w ratio of 1.0 as
shown in Fig. 14a-b. As seen, there is a slight change in
flow pattern at the end of the test channel with increase in
test channel length. In conclusion, it can be said that the
length (L) of the test channel has very negligible influence
on the flow inside the test channel.

4. Conclusion

Flow of a low concentration polyacrylamide solution
fluid inside a channel with flat plate obstruction geometry
and placed in another wider parallel wailed channel was
observed in forward, reverse and stagnant as expected. The
parameters that affect the flow inside and around the test
channel were the gap between the test channel and the flat
plate obstruction, the length of the test channel and Rey-
nolds number. Experimental investigations (velocity mea-
surement and flow visualization techniques) and numerical
prediction of the flow parameters are generally in good
agreement. The maximom reverse flow inside the test
channel was observed to be around 20% —30% of the
velocity outside the test channel, at a g/w ratio of 1.0 for
Reynolds number ranging from 1000 to 3500, almost half
of the magnitude of the reverse flow produced by water for
same range of Reynolds numbers. The maximum forward
flow was observed to be 80% of the outside test channel
velocity at a high g/w ratio of 8.0, slightly higher than the
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raagnitude of the forward flow produced by water. At
lower g/w ratios, the magnitude of the reverse flow was
Ligher for low Reynolds numbers and a forward flow was
vbserved at higher g/w ratio for a range of Reynolds num-
bers. The magnitude of this flow was determined by the
combined effect of the low pressure behind the obstruction
and the vortex shedding process at both entry and exit
ends.

The magnitude of the reverse flow is higher at low Rey-
riolds numbers and it deceases with an increase in Rey-
rolds number for low g/w ratios. For higher g/w ratios,
“low inside the test channel was observed to be in the for-
ward direction and unaffected by the Reynolds number.
The flow inside the test channel was almost unaffected by
the length of the test channel for Reynolds number of
£000.

It can be concluded that the gap (g) between the test
vhannel and the obstruction has the most significant influ-
ence on the velocity inside and around the test channel
while Reynolds numbers have a moderate influence. The
izngth of the test channel has little influence on the flow
-nside and around the test channel.
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