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ABSTRACT:

An experimental investigation of velocity.profiles of rice
grains flow around a cylinder concerning the effect of layers
mean velocity and diametér ratio was carried out. The resulting
flow patterns produced with the ald of the black tracer
technique was used to determine the flow velocity coefficient
distributions for diameter ratio ranges from 0.05 to 0.30. The
layers mean -velocity was ranged from 2 to 18 mm/sec.
Development stages of grains flow patterns around the cylinder
which were located in a vertical downward flow were
‘photographed. The variation of the flow velocity coefficient in
the upstream and downstream of the cylinder with the diameter
ratio and the layers mean velocity were discussed. From the
observation of the flow patterns and the determination of the
flow velocity coefficlents distributions, it is found that the
stagnant, attachment and flow separation regions formed around
the cylinder play a significant role in determining the flow
characteristics around the cylinder and they depend strongly on
both the mean velocity and the diameter ratio.

1. INTRODUCTION:

The progress in food products technology field during the
past few years has brought some new prospects for better
reutilizing thermal energy from residual gases, One of the most
efficient units for drying agricultural products is the use of

heat pipe-heat exchanger systems [1-5]. The circular cylinder
in cross grains- flow is the most exten31ve1y used element in
the structure of these systems. The study of grains flow

characteristics over these surfaces 1is significant in
understanding the system performance. These characteristics
include: the’ behav1or\of grain Iayérs in flows, i.e.; stagnant
“and attachment Tegions formation besides the flow separatlon
" region. In analyzing these formed regions, knowledge of the
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effect of the layers flow velocity and the cylinder diameter on
the flow pattern characteristics is very important. This makes
it possible to expect and explain the variation of the heat
transfer rates around the cylindrical surface of the system.

Most of the published. literature on the flow pattern around
the cylindrical surfaces are only applicable to fluid flow.
There have been. very few investigations devoted to a single
cylinder and/or tube banks, heat pipe-heat exchanger, placed
transversely in the direction of the grains [4, 5]. Pordo et
al. {4] studied the heat transfer rates between the condenser
part of the heat pipe and wheat grains in cross flow for both a
single tube and a bank of tubes. Attention is directed to the
dependence of the heat transfer coefficient on the grain layers
mean velocity as well as the cylinder diameter. Their results
indicated that the best performance of the drying process
occurs when the mean velocity of flowing grains ranges from 2
to 24 mm/sec, when the cylinder diameter ranges from 10 to 40
mm. Experimental work presented in [5] had brought brief study
on the thermal characteristics of wheat grains flow over
cylindrical surfaces. The limited visual observations performed
in this study demonstrate that the grains accumulate on the
front part of the cylinder, while flow separation region is
occurred at the rear part. Figure 1 illustrates the different
regions formed around the cylinder and the flow pattern.

In ‘the present study, the effect of the layers mean
velocity and the diameter ratio (cylinder diameter to channel
width ratio) on the wvelocity profiles of rice grains flow
around a cylinder have been investigated. The development
stages of the flow pattern were first studied photographically.
From the observation of the flow patterns and the determination
of the flow velocity coefficients distributions, the flow
characteristics around the cylinder have been discussed. - .

2. EXPERIMENTAL APPARATUS AND PROCEDURES:

The experiments were carried out in an apparatus whose test
section was consisted of a closed vertical squared channel.
Three walls of the channel were made of galvanized iron, while
the facing wall was prepared from Plexiglas to permit visual
observations and consequently photographing the flow patterns.
- The essential parts of the apparatus are presented in Fig. 2.
An open hopper made of iron was mounted at the top of the test
section to feed the grains. The tested cylinder was mounted
exactly in the channel center line. The cylinder diameters were
chosen in such a way that the channel wall does not affect the
flow pattern. Rice grains were used in the present experiments.
The density of the grains is 10083kg/m3 in which the average
grain size and humidity are 20.9 mm~ and 8 %, respectively [5].
The typical flow field produced by the flowing grain particles
around the cylinders was obtained with a black tracer technique
by adding a thin layer of black powder to the flow materials in
the far upstream of the cylinder.
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Flow discharge of the grain particles was controlled by
means of a slide gate located at the bottom part of the test
gsection. Another slide gate was located at the upper part to
maintain the required discharge from the hopper and to
facilitate the addition of the thin black layer to the main
flow. Rice grains mean velocity Vm was determined by measuring

the time for grains to flow through a certain known distance.
The distance was measured from the location of the black thin
layer in the far upstream to the horizontal centerline of the
cylinder. Grains theoretical velocity (me) was obtained at

the horizontal centerline of the cylinder according to the
continuity equation. At this location, Vmax is given by:

V=V 1/(-D) | (1)

max
Where V 1s the grains mean velocity, 1 and (1-D) are the total
m

and the free flow widths of the channel.

Two values of grains local velocities were determined. They

are: (1) the local mean velocity Vl which is obtained at
m

different locations in the upstream and downstream of the
cylinder, and (2): the local values that is obtained around the
cylinder Vl. The local mean velocity of grains was determined

by applying the continuity equation between two different
positions using the measured mean velocity, the channel and the
free flow widths. The local velocity distribution around the
cylinder was determined from the recorded flow patterns in such
a way that the vertical distance (x) was subtracted from the
theoretical velocity in the upstream of the cylinder, while it
is added in the downstream direction [10]. The error in
measuring the particles velocity is less than 3 % depending on
the diameter ratio.

In addition, two values of the flow velocity coefficients
were determined according to the values of the grains local
velocity. These include: (1) the average flow velocity
coefficient Y which is obtained at different locations in the
upstream and downstream of the cylinder, and: {(2) the local
flow velocity coefficient  that is obtained around the
cylinder. The average flow velocity coefficient is considered
the relation between the local mean and the theoretical
velocities of the grains in the following form:

Yy o= (V -V )/ . (2)

max max
Where Vlm is the grains local mean velocity at different

locations in the upstream and downstream of the cylinder. The
local flow. velocity coefficient around the cylinder was
determined as follows: :

Yy o= (V -V )I/v. .- : (3)
max 1 m

ax
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Where Vl is the grains local velocity around the cylinder.

The experimental conditions 1in the present work are
tabulated as follows:
Dimensions of grains flow channel 200 x 200 x 1200 mm
Diameter of the test cylinders, D 10, 20, 30, 40, 50
and 60 mm.
0.05, 0.10, 0.15,
0.20, 0.25 and 0.30
14 and

Diameter ratio, cylinder
diameter to channel width, D/b
Mean velocity in the main flow, Vﬁ 2, 6, 9,

18 mm/sec.

The procedures using the apparatus shown in Fig. 2 were as
follows: ’ ’

1- At the upstream of 250 mm from the horizontal centerline of
the cylinder, the thin black powder was added to the flow
materials.

2- When the thin black layer outer edges reaches the horizontal
centerline of the cylinder, the lower slide gate was closed
and the flow pattern around the cylinder was photographed
and recorded using a transparent paper.

3- At the same grain flow rate, a new black layer was added and
the grains motion was resumed and step 2 was repeated.

4- The upper slide gate was opened and the flow particles were
permitted to fill again the test section.

5- For each experimental run a new black layer was used and the
flow pattern was photographed and recorded. The development
stages of flow patterns upstream and downstream of the
cylinder were also photographed.

3. RESULTS AND DISCUSSIONS:

The results were obtained for rice grains flow around the
cylinder for two different parameters that affect the flow
pattern. These parameters include: the layers mean velocity and
the diameter ratio. The results of the flow visualization and
the velocity coefficients are discussed bellow.

3.1. Observation of the Grains FibwrPattern With Photographs:

The black tracer technique was found to be very useful to
observe the development of grains flow pattérns around the
cylinder. In the undisturbed zone, the intergranular friction
is very small due to the small relative motion of the grains.
In the vicinity of the cylinder the friction between grains and
the cylinder is high and this is reflected on the flow pattern.
It was very impossible to observe the flow pattern in the inner
flow. The photographic view of the flow patterns after adding
the thin black layer to the main flow is shown in figures 3-a,
b and c. The flow visualization was carried out on diameter
ratio (D/b) of 0.30 (D=60 mm) at layers mean velocity of 2
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im/sec. A& can be Seen, the ‘following stages could be
chHaracterized: ' ' '

Black thin layer at x = 1.67 D from the centerline of the
cylinder is not affected by the flow field. The flow
separation region could be observed.

a:

b: Smail_deformation in the black layer at x = 1.33 D and the
'~ layers were .affected by the cylinder existence. ‘

Development of the deformation at x = 1.17 D : Under the
effect of the flow, the front part (1) delays and the side
parts (2) move downwards into areas of higher flow velocity.

9]

d and e: Continuous deformation of the black layer and hence,
the flow pattern could be observed at x = 0.83 D . As could
be seen, the flow pattern was greatly affected by the
cylinder at x=0.5 D. A stationary layer of particles always
exists on the surface of the cylinder.

f: Flow pattern in the vicinity of the cylinder was realized
at x/D=0. The thin black layer outer edges reaches the
horizontal center line of the cylinder. As a consequence,
three main regions _are._distinguished, namely: stagnant,
attachment and flow separation regions. The stagnant and
flow separation regions extend from x/D = 0.28 to 1.08 in
the upstream of the cylinder and from x/D=0.45 to 0.77 in-
the downstream of the cylinder, respectively. While the
attachment region extends from x/D= O to 0.28 in the
upstream of the cylinder and in the regién of x/D=0 to 0.45
in the downstream of the cylinder.

g: The black thin layer at the rear part of the cylinder still
.affected by the flow field at x= 0.33 D. The particles near
the walls move downwards where the velocity is high. S

h: The black thin layer is not affected by the flow field at
x=0.67 D. The acceleration of the grain particles. is
observed as they pass at the rear parts of the cylinder.

j: The bléck thin layer moves downstream and the effect of the
cylinder disappeared at x= D. o

- The flow pattern obtained in the upstream of the cylinder
had a stagnant {(dead) region formed on the front part of the
cylinder. It is characterized by a stagnant packed layers. The
grains tend to decelerate as they pass near this region. Near
both sides of the cylinder; -attachment’ regidn (effective
working_surface) was observed. This region which exXtends along
the sides of .the cylinder includes sclid particles in
continuous motion.. The grain particles tend to accelerate as
they pass around the cylinder and alse at the rear parts. In
the downstream of the cylinder, flow separation region was
appeared. This region which is relatively smaller than the
stagnant reglon is formed in the rear part of the cylinder. The
region dose not contain any solid particles in direct contact
with .the lower surface of the cylinder. Hence, it is often
called the rear air region as seen in Figs 3-a, b and c.
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The above mentioned flow pattern was -also observed under
the conditions of different layers mean velocity for each
tested cylinder. The geometric dimensions L, Ad, Z, Ar of the

stagnant and rear air regions were observed to be decreased
with increasing the layers mean velocity. These dimensions,
however, were observed to be increased with increasing the
cylinder diameter. It is found that the stagnant region covers
from 14.3 to 34.6% of the cylinder diameter, depending upon the
region represents between 45.5 and 59.8 % of the cylinder
region represents between 45.5 and 59.8 % of the cylinder
surface in the considered ranges of mean velocity and cylinder
diameter. The flow separation region fully covers from 13 to
32.8 % of the cylinder surface. In the range of the present
experiments, the effect of the side walls on the flow pattern
disappears at the mean velocity of 2 mm/sec and the diameter
ratio of 0.30, except for the narrow regions near both channel
walls as shown in photographs.

3.2. Flow Velocity Distribution:

In figures 4, 5 and 6, the flow velocity distribution
around the cylinder is illustrated by using the dimensionless
velocity coefficient ¢ defined by equation (3). As can be seen,
in the range of B = 0° to 90°, the velocity coefficient y
increases at the boundary of the dead zone with the increase of
the diameter ratio (D/b) and reaches its maximum value at B =
0°. At the rear part of the cylinder, in the range of B = 90°
to 153°, an opposite effect of the diameter ratio was found.
The value of ¥ decreases with increasing the diameter ratio and
reaches its minimum values. This behavior of flow velocity
coefficient distribution is attributed to the existence of the
stagnant. layers formed on the front part of the cylinder which
increases with increasing the cylinder diameter. The grain
particles tend to decelerate as they pass near this layers then
accelerate as they pass around the cylinder and the rear parts.
This resulted in a decrease in the layers velocity on the front
part of the cylinder and an increase on the sides and rear
parts. The increase in the grain velocity reduces the stagnant
layers by continuous erosion and, hence the geometric
dimensions of the accumulated layers decreases. While at the
sides and the rear parts of the cylinder the kinetic energy of
the layers becomes high hence,” the velocity coefficient
decreases. For diameter ratios in the range of D/b=0.05 to 0.1,
the grains accelerate to some extend greatly near the rear
region of the cylinder (x/D=0-0.5) and then decelerate as they
flow to the downstream of the cylinder. The acceleration region
spreads into the direction of the main flow. Therefore, the
velocity coefficient is lower at these regions than that of the
rear part. The decrease of the velocity coefficient may be due
to the increase of the layers density in the vicinity of the

cylinder.

Figure 7 shows the variation of the velocity coefficient y
with the diameter ratio (D/b) for three values of layers mean
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Fig.4 : Flow velocity distribution around the cylinder
¢V = 2 mm/sec). :
m
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Fig.6 : Flow velocity distribution around the cylinder
C Vo= 18 mmssec.).
m
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velocity V=12 9 and 18 mm/sec at different angular position

B. The dependence of the velocity coefficient ¢ on the layers
mean velocity V for diameter ratios of 0.05, 0.15 and 0.30 at
m .

different angular positions B 1is also given in Fig. 8. As
mentioned before, the increase of the diameter ratio leads to
an increase in the stagnant layers on the front part of the
cylinder and hence, ¥ increases. On the other hand, increasing
the particles 'mean ~velocity reduces this region and - the
resistance to the main flow decreases, so Y decreases. In the
rear parts of the cylinder, increasing VVm leads to better

mixing of graih layers and results in the decrease of .

Figure 9 shows the distribution of the average flow belocity
coefficient ¥ on.Y-axis for layers mean velocities of V= 2, 9
; . m

and 18 mm/sec at different values of diameter ratios. The
variation of the velocity coefficient with the diameter ratio
in the upstream and downstream of the cylinder for layers mean
velocities of 2, 9 and 18 mm/sec is shown in Fig. 10. The solid
lines represent the results for the layers in the upstreanm,
while the dashed lines are for the downstream of the cylinder.
From these figures, the following results can be obtained:

1~ The average flow velocity coefficient @ first increases with
increasing x/D ratio in the upstream of the cylinder up to a
certain region of x/D=0.93 to 1.4, depending on the layers
mean velocity and the diameter ratio. After that it remains
constant. The flow field is not affected by the wake of the
cylinder. -

2- In the downstream of the cylinder, the increase of @ with
increasing x/D extends from 0.73 to 1,15, which also depends
on the layers mean velocity and the diameter ratio. The
constant values of ¥ in the upstream and downstream of the
cylinder were found to occur according to the range of the
diameter ratio and layers mean velocity given in Table 1.

3~ In the range of V =2-9 mm/sec, @ in the downstream of the
m

cylinder equals to that in the upstream for the region of
x/D=0-0.35 . In the downstream of the cylinder ¢ is larger
than that in the upstream for the region of x/D=0.5-1.0. For
x/D>1, .in the far upstream of the cylinder, ¥ is independent

of x/D ratio.
4- In -the range of V =14-18 mm/sec, @ in the downstream and
m

upstream of the cylinder 1is equal for the region of
x/D=0-0.5. At x/D=0.75, ¢ in the downstream is larger than
that in the upstream of the cylinder., For x/D > 0.75, ¢ is
not changed with x/D ratio.

5~ For all diameter-ratios (D/b=0.05-0.30), @ equals zero for
x/D=0. At x/D > 0, -the increase of y with increasing the
diameter rstio is remarkable.
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" Table 1: Constant flow velocity coefficient range in the
upstream and downstream of the cylinder.

Parameter x/D ] D/b Vm, mm/sec.
Upstream of the 1.18=x/D=1.40 | 0.05-0.10 2-9
cylinder 1.05=x/D=1.25 | 0.05-0.10 14-18

1.02=x/D=<1.12 | 0.15-0.30 - 2-9%,
0.93=x/D=<1.00 | 0.15-0.30 14-18
Downstream of the 0.80=x/D=1.15 0.05-0.10 2-9
cylinder " | 0.75sx/D=1.00 | 0.05-0.10 14-18
0.75=x/D=0.85 | 0.15-0.30 2-9
0.73=x/D=0.77 | 0.15-0.30 14-18

In the upstream of the cylinder, the increase of @ with the
increase of (x/D) ratio is due to a decrease of the local
layers velocity which is influenced by the formation of the
stagnant region formed in the front part of the cylinder. This
results in a decrease of Y. At (x/D) greater than 0.93, for
example, the effect of -the-stagnant region disappeared and the
front part of the cylinder is more exposed to the main flow.
Therefore, the flow velocity coefficient remains constant. In
the downstream of the cylinder, the layers velocity is also
affected -by the existence of the flow separation region formed
‘in the rear part. At (x/D} higher than 0.73 the effect of this
Tegion disappears -and Y remains constant. The increase in the
stagnant and flow separation regions geometric dimensions with
increasing cylinder diameter leads to an increase of the ratio
{x/D). On the other hand, the dimensions of these regions
decrease with increasing the layers mean velocity, which leads
to a decrease of (x/D) ratio. The results indicate that the
height of the stagnant region represents about 70 to 80 % of
the cylinder diameter at the stagnation point B = 0° for the
diameter D=60 mm, while it reaches 45 to 57% for D=10 mm,
depending on the particles mean velocity. The great amount of
the accumulated region with respect to the small area of the
cylinder (D=10 mm, D/b=0.05) leads to an increase in the
dimensionless position (x/D) to 1.4. compared with the other

cylinders.

The thick solid line drawn in Fig. 9 represents the line of

(x/D) ~ , which reflects the variation of (x/D) as the
max max

diameter ratio (D/b) changed from 0.05 to 0.30. The increase of
(D/b) leads to an increase in the maximum velocity coefficient

¥y .- However, when the c¢ylinder diameter increases, the
max

density of the deposited stagnant layers increases, Therefore,
the flow velocity coefficient and consequently, the maximum
flow velocity coefficient increase.

From the present visual observations and the diagrams
presented in Figs. 3 to 10; it can be noticed that the stagnant
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‘and flow separatlon reglons occur at all values ‘of the flow
The removal and/or reducing these regions means
increasing the effective working surface and hence, the
improvement of the drying unit performance. Further experiments
and analytical work, however, .is still needed in order to
overcome these regions. The injection effect of air stream on
these regions, for example, may be required to reduce their
dimensions. The results are hoped to be wuseful 1in the
application of heat pipe-heat exchanger systems in the fie{d of

drying agriculture products.

conditions.

4. CONCLUSIONS:

Based on the the experimental results described above, the

following conclusions can be obtained:

1. Stagnant, .attachment and flow separation regiens formed
around the cylinder play a significant role in determining
the flow pattern in the wake around the cylinder as well as
the flow velocity coefficient.

2. Factors affecting the .character of -the- flow velocity
coefficient include a strong dependence on both of the
grains mean velocity and the diameter ratio. Flow velocity
coefficient decreases with .increasing the ‘layers - mean
'veloc1ty while it increases with ra1s1ng the diameter ratio.

3. In the range of angular position between O and 90 the
flow velocity coefficient increased over the surface of the
cylinder with the increase of the dlameter ratio. The
maximum value occurs at angular position of 0°. In the range
between 90° and 153° in the downstream of the cylinder, the
flow ve1001ty coefficient decreases and the minimum values
exist.

4. Flow velocity coefficient in the upstream and downstream of
‘the cylinder depends on the dimensionless position (x/D).
The velocity coefficient increases with increasing the
dimensionless position up to a certain region depending on
the layers mean velocity and the diameter ratio. After that
it remains constant. The constant region represents the
maximum value of the velocity coefficient and its range is
presented in Table 1.

NOMENCLATURE:

Area of the stagnant region, mm”
Area of the separation region, mm-

Channel width, mm.

Diameter of the test cylinder, mm.
D/b Diameter ratio.

Height of the stagnant region, mm.
Layers local velocity, mm/sec.

oo > >

<~

l Layers local mean velocity, mm/sec.
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Layers mean velocity in the main flow, mm/sec.
Layers theoretical wvelocity at the horizontal

centerline of the cylinder, mm/sec.
Vertical distance measured from the centerline of

X

the cylinder, mnm.

x/D Dimensionless height ratlo

Z Depth of the separation region, mm.

B Angular position, degree.

Y Local flow velocity coefficient.

] Average flow velocity coefficient.

ups Upstream of the cylinder.

dos Downstream of the cylinder.
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