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ABSTRACT:

An experimental investigation of solid grains flow over
cylindrical surfaces has been carried out to study the flow
characteristics at different operating conditions. The present
study assists in understanding the grains flow mechanism and
flow separation phenomenon occurring at the rear part of the
cylinder. Experimental data are obtained with rice grains used
ag the solid working material. Effects of both grains mean
velocity and diameter ratio on the geometric dimensions of
front stagnant region, rear alr region and effective working
surface are investigated. Visual studies of the flow patterns
are also discussed. Velocity distribution around the cylinder
is obtained for different diameter ratios from typical flow
patterns produced by black tracer technique. The mean particles
velocity ranged from 2 to 18 mm/sec and the diameter ratio from
0.05 to 0.30. The results have shown that the flow
characteristics  depend strongly on the grain layers mean
velocity and the diameter ratio.

1. INTRCDUCTION:

In recent years there has been an increase in the use of
efficient heat recovery systems; heat pipe-heat exchanger HPHE,
in the field of heat treatment processes, for example, drying
or cooling agricultural products [1-5] and different industrial
processes [6, 7]. Savings have been found possible by
reclaiming heat from industrial exhausts, e.g., exhausts from
boilers, furnaces and industrial Lkilns [8]. For drying
purposes, the circular cylinder in cross flow is the most
extensively used element in the structure of HPHE. It is
important to study the grains flow pattern characteristics of
the agricultural products over these surfaces which make it
possible to predict the main features of the heat transfer
rates along the cylindrical surfaces of the heat pipe elements.
However, visualization study of the flow pattern will aid in
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determining the relevant transversal and longitudinal motiqns
and hence, the maximum of heat transfer rates.

Most of the published literature on the flow patterns over
cylindrical surfaces are applicable to fluid flow. There have
been very few investigations devoted to a single cylinder or
tube banks, HPHE, placed transversely in the direction of the
solid grains flew [4, 5]. For a single cylinder, a clear
explanation of the flow pattern at different regions; stagnant
and rear air regions and the influence of the main parameters,
layers flow velocity as well as cylinder diameter has nol been
provided. In addition, the determination of the effective
working surface under the influence of different parameters has
not been investigated. The local velociiy distribution of scolid
particles also needs to be studied. Therefore, the present
study aims at investigating these factors and thus, fill in

some gap in the literature.

2. EXPERIMENTAL APPARATUS AND PROCEDURES:

The experiments were performed in an apparatus which has a
test section of a vertical sgquared duct 200xZ200 mm and 1200 mm
height as shown iIn Fig. 1. The wall of the duct was prepared
from Plexiglas to permit visual observations and consequently
recording the flow process. Rice grains were used as theasolid
working material. The density of the grains is 1008 kg/m”. Six
different cylinders were tested in the present study with
diameters, D, of 10, 20, 30, 40, 50 and 60 mm, respectively.
The corresponding diameter ratie D/b; cylinder diameter to duct
width are 0.05, 0.10, 0.15,.0.20, 0.25 and 0.30, respectively.
In order to avoid the wall effects, the test cylinder was
located in the center of the test section. Experimental results
were obtalned for particles mean velocity Vm,ranging from 2 to

18 mm/sec. Particles mean velocity were controlled with the aid
of a slide gate located at the bottom part of the test section.

Another slide gate was located at the upper part to maintain
the required flow discharge from the hopper and facilitate the
addition of the thin black layer to the main flow. Rice grains
mean velocity 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 (x/D=0).

The maximum velocity of grains was obtalned at the horizontal-
centerline of the cylinder with the aid of the continuity
equation. Since the flow is steady, the velocity increases as
the flow area decreases. At this location; (x/D=0), the flow
area is the minimum. Therefore, the velocity would be maximunm.

The maximum velocity can be obtained as follows:

V. =V .1/(1-D) ' (1)
max m
Where Vm is the grains mean velocity, 1 and (1-D) are the total
and the free flow widths of the duct.
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The continuity equation was also applied at different
locations to determine the grains local velocity in the
upstream and downstream of the cylinder using the measured mean
velocity, the total and the free flow widths of the duct. Local
velocity distribution around the cylinder was determined from
the recerded flow patterns in such a way that the vertical
distance x was abstracted from the maximum velocity in the

upstream of the cylinder while it is added in the downstream
direction. Figure 2 presents the vertical distances X, in the

upstream and ddwnstream.of the cylinder at different angular
positions. The maximum relative error in measuring the layers
mean velocity is less than 3 % . The total effective working

surface £ can be determined as follows:
_s=(2.9i.H.D)/360 (2)

Where 61 is the angular position between the stagnation and the

separation points and D is the diameter of the cylinder.

The test procedures were as follows:

- The typical flow field produced by the flowing solid

'~ particles over cylinders was obtained using the black tracer
technique by adding a thin layer of black powder to the
flowing material upstream of the test section.

2- When the thin black layer outer edges reach the horizontal
centerline of the cylinder, the lower slide gate was closed
and® the flow pattern over 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.

3. RESULTS AND DISCUSSIONS:

In practice, -it is required to operate HPHE systems such
that the grain particles are not over heated. Therefore, the’
system must be arranged in such a way that the flow rate of
grains 'in the condenser zone be continuous and dead zones where
grain particles remain stagnant should not be allowed. Under
these conditions it is necessary to estimate the required flow
velocity of particles. However, it was found in [4] that the
best performance of drying process occurs when the velocity of
flowing grain layers ranges between 2Z2-24 mm/sec, deperniding upon
the diameter of the cylinder used. Therefore, in the present
study,  the flow particles mean velocity is chosen within this
range.
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3.1. Flow Visualization:

The black tracer technique was found to be very useful to
observe the grain layers flow around the surface of the
cylinder. The photographic view of the flow patterns was taken
for diameter ratios of 0.05 and 0.30 (D=10 and 6C mm} at layers
mean velocities of 2 and 18 mm/sec. From the typical patterns
of the flow field indicated by the photographs shown in Fig. 3,
three main regions are distinguished:

1- Dead (stagnant) region: this region is formed on the front
- part of the cylinder. It is charactgrized by a stagnant

packed layers.

2- Separation region: this region which is relatively smaller
than the stagnant region and is formed in the rear part of
the cylinder. This region does not contain any solid
particles. in direct contact with the surface. Hence, it is
often called the rear air region. :

3- Attachment region: this region which extends along the sides
of the cylinder includes solid particles in continuous
motion. Figure 3 also shows the flow patterns at x/D=0.33
and x/D=1, respectively. It can be seen that the black thin
layer moves downstream and the particles flow along the
sides of the cylinder.

Factors affecting the characteristics of different regions
are the grain layers mean velocity and the diameter ratic. The
effect of the mentioned factors on the characteristics of the
dead and the rear air regions were obtained from the dimensions-
of these regions. These dimensions include the height ratio
(L/D}, dead region height to cylinder diameter ratio, the depth
ratio (Z/D), rear region depth to cylinder diameter ratio, and
area ratios; (Ad/Ac} dead to cylinder areas ratio and (Af/Ac)

rear to cylinder areas ratiec. For a given cylinder diameter,

increasing the layer mean- velocity produces a clearly visible
reduction in the dimensions of both stagnant and rear air
regions., However, the effect of the diameter ratio produces an
opposite effect. Moreover, the dimensions of the rear air
region are smaller than that found for the stagnant region. For
all flow conditions, stationary layers of ~particles always
exist on the surface of the cylinder. At . layers mean velocity
greater than & mm/sec, there are better mixing of grains and an:
increase in particles motion occur especially on both sides of
the cylinder. The particles at both sides are able to move

faster. This makes the particles acquire higher kinetic energy
and partially fill the rear air region and thus results a

decrease in its depth and area. It should be born in mind that

reverse grain particles flow is not observed downstream of the
cylinder compared with that in the case of fluids flow around
the cylinder. Further details about the effect of both the mean
veloclty and the diameter ratio on these regions appear in the

following sections.



3.2. Flow Pattern Characteristics:

~ In order to study the flow pattern characteristics, the
effect of the layers mean velocity and the diameter ratio on
the dimensions of the dead, the rear air regions and the
effective working surface were discussed. The layers local
velocity distributions were first given.

3.2.1. Layers Local Velocity Distribution:

Figures 4 a and b present the distribution of grain layers
local velocity V1 and VI/V; against the height of the test

section to cylinder diameter ratio (X/D) at three values of
grains mean velocity namely; 2, 9 and 18 mm/sec for diameter
ratios (D/b) of 0.05, 0.10, 0.20 and 0.30, respectively. From
these figures, it can be seen that the distribution has a
central port which is parabolic-like profile. It exhibits
symmetry with respect to the horizontal axis. The figures
inditate that the local mean velocity increases with increasing
the diameter ratioc and the rate of increase becomes higher at
D/b =0.30. The effect of mean velocity is small compared with
the diameter ratio.

The local velocity distributions at mean velocities of 2
and 18 mm/sec for various diameter ratios are shown in Figs. 5
and 6, respectively. It can be seen that, for rice grains the
velocity distribution curves have a parabollc form with a peak
in the front part of the cylinder (at o= 0°%). The peak of the
parabola is gradually reduced with increasing the diameter:
ratio. This clearly can be observed at V =18 mm/sec. It can be

noticed from Fig. 5 that in the range of 9 between 70° and 85°

the particle 1local wvelocity deecreases with increasing the
diameter ratio and in the range between 85° and 153° in the
rear parts, it increases. This is due to the existence of the
stagnant layers that formed on the front part of the cylinder
which increases with increasing (D/b). The grain particles tend
to decelerate as they pass near this layers then accelerate as
they pass around the sides and the rear portions. This resulis
in a decrease in layers velociiy on the front part and an
increase on the sides and rear portions. Such a trend of
velocity distribution is obtained also for layers mean velocity
of 18 mm/sec, Fig. 6. From this figure it can be noticed that.
the increase in the local velccity with decrea51ng the diameter
ratio in the front part occurs between 0° and 75° where the
kinetic energy of the layers becomes higher, compared with the
case of VQ=2 mm/sec, This implies that the cross sectlonal area

of the stagnant layers is decreased and the angular position is
shifted upstream from 85° to 75° with increasing the mean
velocity from 2 to 18 mn/sec. A gradual shift of the separatlon
point 1n the upstream direction’ occurs at angles between 113°

and 138°.



3.2.2. Dead region characteristics:

Figures 7 and 8 illustrate the effect of diameter ratio
(D/b) -on the dead region geometric parameters; (L/D) and
(AH/A-){ respectively. It can be seen that both (L/D)-Vm and

L c . ' B

(A;/A )~V relations have similar trends. However, at D/b=D. 035,
C m:
both (L/D} and (Ad/A ) have considerably higher wvalues compared
c

to that for other diameter ratios. This means that the density
of grain layers that accumulated on the front part with respect
to its cylinder diameter 1is higher than that feor other
diameters. The increase of grain layers mean velocity leads to
a decrease in both of (L/D) and (AH/AC) and these ratios are

decreased with increasing diameter ratio as shown in Figs. 9
and 10.

The behavior described above is attributed to the fact that
the increase in grain velocity reduces the stagnant layers by
continuous erosion and hence the geometric parameters of the
accumulated layers (L/D) and (Ad/Ac) are sharply decreased. The

results indicate that, at low diameter ratio, D/b = 0.05, (L-D)
decreases from 0.80 to '0.70" when layers mean velocity is
increased from 2 to 18 mm/sec, while these ratios are reduced
from 0.57 to 0.44 when diameter ratio increases to 0.30. Also,
the parameter (AH/ACJ is decreased from 0.47 teo 0.30 at

D/b=0.05, while it is decreased from 0.26 to 0.15 at D/b=0.30
when the grain mean velocity is increased from 2 to 18 mm/sec.

On the other hand, the density of stagnant layers that
accumulated on the front part is proportional to the diameter
of the cylinder but the rate of increase for both L and Aa are

not equal to the corresponding increase in D and A . However,
c
both (L/D) and (Ad/Ac) ratios are increased with decreasing

cylinder diameter and the rate of increasing 1is higher at’
smaller diameters. In additidn, the results show that the dead
region covers between 14.3 % and 34.6 % of the cylinder
surface, depending on the layers mean velocity and the tested

diameter.

3.2.3. Separaltion region characteristics:

The separated flow region characteristics, at the rear part
of the cylinder, are given in Figs. 11 and 12. These figures
present the effect of diameter ratio (D/b) on the geometric
parameters (Z2/D) and (Ar/Ac). It is clear that (2/D) and

(Ar/Ac) vary with layers mean velocity in a nonh-linear fasion, '

when compared with that for the front part of the cylinder.
Moreover, the trend is not - the same for different cylinder
diameters. For diameter ratios in the range of 0.20<D/b<0.30,
both (Z2/D) and [Ar/Ac) increase to a maximum value up to a
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certain velocity (Vm=6 mm/sec) and then they decrease with

furthér increase in;lay¢rs mean velocity. For 0.05<D/b<0.15,
both * (Z/D) "and (Ar/Ac) decrease gradually with increasing

velocity. At constant mean velocity, these ratios decrease with
increasing: the diameter ratio as shown in Figs. 13 and 14.
Again, the smaller diameter ratio, Dr/b=0.05, exhibits the
highest (2/D) and (Ar/Ac) rates compared to that found for

other diameter ratios. The increase in (2/D) and (A}/Ac) at low
velocities, Vm< 6 mm/sec, may be due to the decrease in the

layers densities in the downstream region as the layers mean
velocity increases. With further increase in layers velocity,
V@ greater than 6 mm/sec, grain layers kinetic energy effects

are dominant and the particles in the downstream sides of the
cylinder are able to move faster and partially fill the rear
air region. This results in a decrease in its depth and area.
It has been found that the separation region represents between
13 % and 32.8 % of the cylinder surface, depending on the flow
velocity and diameter ratio.

3.2.4. Effective working surface characteristics:

Figures .15 and 16 show the effect of diameter ratio (D/b}
and grains mean velocity V; on the effective working surface &.

It can be noticed that e wvaries linearly with grains mean
velocity V;. One can distinguish two regiomns; 0.05 < D/b < 0.10

and 0.15 < D/b < 0.30 where the increase in £ 1is more.
remarkable. However, increasing the grains mean wvelccity Vm

leads to an increase in ¢. Furthérmore, at constant value of V;

the effective working surface increases with ‘increasing the
diameter ratio, but the rate is higher for 0.10 < D/b < 0.15.
For diameter ratio of 0.05 < D/b < 0,10, the rate of increase
in- e ranges from 5.7 % to 7.1 % while this rate changes from

8.6 % to 10 % when 0.15 < D/b < 0.30,

As discussed earlier, increasing V leads to a reduction in
m

the geometric dimensions of the dead and rear air regions and
to an increase in the effective working surface. On the other
hand, increasing D, leads to an increase in the attachment,
surface where the: angular spacing, 2.61, between -the front

stagnation points and the points of separation increases. The

results in Fig. 16 indicate that in the range of 0.05<D/b<0.10,

the layers of .the grains flow around the sides of the cylinder
at angles ranged-from 164° to 180°, which fully covers 45.5 to
50 % of the .cylinder surface, while these angles ranged from
188° to 214° corresponding to 52.4 to 59.8 % of the cylinder

surface in the range of 0.15<D/b<0.30. The attachment surface
increases suddenly by about 12 % to 13.3 % when the cylinder

diameter increases from 20 to 30 mm, while in the other range’
of diameters the rate of increase does not exceed 4 % .
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. The results presented. in ~this study suggest that | the
minlmum heat transfer rates will ocecur at the front Stagnation
peints ‘around the angular positions between 6 = 52° and 125 °
Furthermore, the maximum values of heat transfer rates would
oceur at the region of attachment in the flow field between 6 =
110° and 153 where the surface of the c¢ylinder is more
exposed to the particles mixing. The behavior of such flow may
be the most important factor that 1nfluences the heat transfer
rates [4]. In the range between 6 = 85° and 107° it is expected
that moderate heat transfer rates occur. At the rear part of’
the cylinder where flow separation occurs, there 1is no
participation in the process of heat transfer between heat pipe
surface and grain layers. More investigations are needed to
study how to reduce both the stagnant and separation reglons in
order to enhance the heat transfer rates.

This study is conducted as one of the primary and basic
tests for the application of HPHE systems in the field of
agricultural products heat treaiment. Further experiments and
additional analytical work are required to describe in more
details the mechanism of solid grain materials flow over
cylindrical surfaces, the flow patterns for banks of fubes in
in-line and staggered arrangements and the separation
phenomenon. The influence of the main flow parameters on the
particles density are also of interest.

4, CONCLUSIONS:

Based on the experimental results obtained durlng this
study, the following econclusions can be stated:

1. Rice grains flow characteristics over cylindrical surfaces
"depend strongly on layers mean velocity and diameter ratio.

2. The velocity distribution is symmetrical about horizontal
axis and has a central port which can be parabolic-like
profile with a peak in the front part of the cylxnder {at
8=0 deg.). In the range of @ between 0° and 85°, the local
velocity decreases with increasing the dlameter ratlo while
it increases in the range between 75° and 153°, depending on

the particles mean velocity.

3. The geometric parameters of the dead region, the height and
area ratios, decrease with increasing both of the layers,
mean velocity and the diameter ratio. The dead region fully
covers from 14.3 % to 34.6 %4 of the cylinder diameter,
depending on the mean velocity and the tested diameter.

4. In the range of diameter ratio between 0.20 and 0.30, the
geometric parameters of the rear air regicn, the depth and
area ratios, increase with increasing the "layers mean
velocity up to a certain velocity ; Vsé'é mm/sec. After that

they decrease with increasing mean velocity. The geometric
parameters gradually decrease with increasing mean velocity.
" in the range of diameter ratio between 0.05 and 0.15. The
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separation region geometric- parameters, the depth and area
ratios, decrease .with increasing the diameter ratio. The
separation region fully covers about 13 % to 32.8 % of the
cylinder surface area.

Effective working surface increases with increasing both the

layers mean velocity and the diameter ratio. Effective
working surface represents between 45.5 % to 59.8 % of the
" cylinder surface in the considered ranges of mean velocity
and diameter ratio,
NOMENCLATURE:
A 'Dead region area, mmz.

- 2
Cylinder area, mm .
= . 2
Rear air region area, mm ..

Duct ‘width, mm,

A /Ac Dead region to cylinder area ratio,

A./Ac Rear air region to cylinder area ratio.

D Cylinder diameter, mm.

D/b Cylinder diameter to duct width ratio.

L Dead region height, mm. .

1 Duct width, mm.

L/D Dead region height to diameter ratio.

v Layers local velocity, mm/sec.

v Layers mean velocity, mm/sec.

Vmax Layers maximum velocity, mm/sec.

X Vertical distance measured from the flow pattern

distribution to the centerline of the cylinder, nmm.
Height of the test section measured from the centerline

of the cylinder, mm.
Rear air region depth, mm.

effective working surface, percent,

X

z

2/D Rear air region depth to diameter ratio.
€

8

Angular position measured from the front part of the

cylinder, degree.
Angular position between the sgtagnation and the

separation points, degree.
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D = 60 mm.

Fig. 3: Photographs of flow patterns of rice grains
over cylindrical surfaces for two different
- mean velocities of 2 and 18 mm/sec.
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Fig. 5: local velocity distribution around the cylinder
for different diameter ratiog at mean velocity
of Vm = 2 mm/sec.
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6: local velocity distribution around the cylinder
for different diameter ratios at mean velocity
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