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ABSTRACT

Air flow resistance characteristic in grain beds
was esgsential for engineers to make the right approach
and decision to several engineering aspects such as
new system design, improvement and economic operating
conditions of natural and mechanical ventilating sys=-
tems for drying, aeration and cooling processes. Since
paddy rice and wheat are considered the major grain
crops in Egypt, the experiments carried out to evaluate
the pressure drop of the grain storage system for gigz-
ing the required ventilation fans and minimizing the
energy losses. The principle objectives of this in-
vestigation were studying some of the physical proper-
ties of paddy rice and wheat. General mathematical re-
lationships were determined to predict the pressure drop
of air passzge through beds of paddy rice (IR 28) ang
wheat (Sakha 61) of Egyptian varieties over wide range

of air flow rate, bulk density and moisture content,

Cylindrical grain test bin was constructed of 3 mm
galvanized sheet metal with 34 cm inside diameter ang 65
cm high. It was connected to piping system which con-
sisted of a centrifugal fen, air velocity controlling
gate, an’orifice plate, air steel pipes and air flexi~

ble tubing.



To obtain several levels of grain moisture cont-
ents a mixing snd rewetting grain unit was designed to

permit a volume of 0.2296 cubic meters.

Three inclined manometers were used to megsure
the pressure drop of air across the orifice plate,
gtatic pressure at the plenum chamber and the bressure

drop of air across the test bin.

Four methods were used for filling the grain test
bin, which were named loose filled, normal filled, vib-
rated fill and packed fill to obtain wide range of grain

bulk density.

Air flow rates were designed in the range between
240 and 600 cubic meter per hour per square meter of
cross sectional area of test bin. Clean paddy rice bulk
densities, were obtained in the range between 595 to 705
kg/mB. Moisture contents of paddy rice were rlanned in
the range between 11% to 25% wet basis with 2.5% intep-
val. Wheat bulk densities were obtained in the range
between 710 to 810 kg/m3. Moisture contents were designed
of 10.48%, 13% and 19.92% wet basis.

Results of the experiments observation and predicted

equations indicated that the pressures drop in bedg of



paddy rice and wheat under a given condition were

directly proportional to air flow rate.

It was also noted that at the same level of
moisture content the pressure drop of air flow in-
creaged as the bulk density of grain increased. In
addition, the resulis indicated that paddy rice and
wheat were to display a decrease in pressure drop

of air with increasing moisture content.

One of the most important results obtained from
this work is a general multiple relationship between
the pressure drop per unit grain depth, as dependent
yariable and the air flow rate per unit of crossg
sectional area, moisture content, and grain bulk den-

s8ity, as independent variables.

As the moisture contents of paddy rice and wheat
increased from 11% to 19% wet basis, the pressure of
the air flow decreased by 20.42% and 10.37% respecti-
vely when other variables were held constants. Also,
as the bulk density of paddy rice and wheat increased
from 600 kgs/m3 to 800 kgs/m3 the pressure drops incp-
eased by 81.59% and 88.83%, respectively where other

variables were held constants. In addition twice air



flow rate passing through beds of paddy rice and
wheat may cause 2.573 and 2.796 times increase
in pressures drop , respectively when other vari-

ables were held constants .
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INTRODUCTION

The air flow resistance through various grains
and other agricultural products in deep bing has been
studied by many researchers for several years. The
purposes of their studies were to provide a useful
information applicable on the resistance of grains
and seeds to air flow. The information obtained is
necessary for engineers to make the right approach to
geveral engineering aspects such as new desgign, improve-
ments and economic operating conditions of natural gnd
mechanical ventilating systems for grain drying, aerat-
ing and cooling processes . Proper sizing of aeration
equipment, involving fan power selection and piping
system sizes required for completing the storage pro-
cess of agricultural products. In addition, it resultg

in reduction of energy used by the aeration fans.

At the present time, paddy rice and wheat are con-
sidered the major grain crops for human consumption in
Egypt. The cultivated area represents about 0.952 ang
1.037 million feddans for paddy rice and wheat, respecti-

vely (44) . Paddy rice crop is harvested at moisture



content ranges from 18% to 25% wet basis during October
and November months . Also , wheat crop is harvested at
moisture content ranges from 14% to 16% wet basig dur-
ing May and early June monihs.After paddy rice and wheat
threshing processes,bulk of these grains will be stored in
grain bins end immediately starting some of the preservat-
ion processes such as drying,aerating and cooling.

A survey of literature on the resistance of paddy
rice and wheat of the Egyptian varieties to air flow
revealed lack of information.The gygilable published
information was found to be of little value by any prac-
tical means and can not be generalized to suit conditiong
encountered in ventilating and storage of paddy rice ang
wheat of Egyptian varieties . An attempt has been made
to obtain data and to provide useful information on the
resistance of air flow through two types of grains,paddy
rice of variety IR 28 and wheat of variety Jakha 61,

The pressure drop through beds of paddy rice ang
wheat, or in other word, the loss of pressure per unit
depth of bed, may depend on air flow rate, the physical
properties of the air, the grain bulk density , grain
surface roughness, voids fraction , the grain moisture

content , the grain depth, presence of foreign material,
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effect of bin wall, type, shape and gize of perfor-
ated floor which supports the grain and methoq of
filling the bins . The present study will include
mainly three important variables which may lead to
satisfactory estimation and bredication of the
pressure drop through beds of paddy rice and wheat .
The variables were air flow rate per unit area of
perforated floor which supports the grains,the bulk

density anc the moisture content of grains.

The purpose of the present study, on air flow
resistence of paddy rice and wheat of Egyptian verjeg-
ies, was initiated to develop a mathematicai relation-
ship to predict the pressure drop per unit length of
path flow of air and the main variable factors which

are knovwn to affect it.



Objectives:
The principle objectives of the study were :

1. to study some of the physical properties of paddy

rice and wheat.

2. to study the effect of air flow rate on the pres-
- sure drop of alr passing through the grein test
bin.

3. to study the effect of grain bulk density on the

pressure drop of air.

4. to study the effect of grain moisture content on

the pressure drop of air.

5. todevelop mathematical relationships for predicting
the pressure drop of air passing through beds of
paddy rice, IR 28, and wheat, Sakha 61, which aff-
ected by air flow rate, bulk density smd moisture

content .
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LITERATURE REVIEW

In order to provide useful information on the resist-
ance to gir flow through grain storage bins, it ig neces-
sary to study the main variable factors affecting the
pressure drop. In this field of study several attemnpts
were made by many researchers to provide the information
which could be used to predict the pressure drop of aip

passing through beds of the grains.

Effect of Air Plow Rates on Pressure Drop

Henderson (1943) carried out the study to obtain
some informations about the resigtemce of shelled com
and bin walls to air flow. The results were indicateq
that the relationship between the rate of flow and the
pressure drop for a given depth of corn is of the form
Q =K P® in which K is a function of the depth of the grain
and c¢ is the alope of the curve.x was found to be equal

t0 58.9 D70 and ¢ equal to 0.562 0%+989, g porm
developed was simplified to be as follow :

59 p0+63
DO.66
where:

Q = Air flow (cubic feet per minute per 8q.fth)
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P = Air pressure (inches of water).

D = Grain depth (feet).

Henderson (1944) extended the research to hig pre-
vious investigation tc study the resistance of storing
soybeans and oats to air flow. He found that the re-
lationship between the rate of flow and air pressure
for a given depth of soybeans was also of the form
Q=K P® where K is & function of depth of the grain
and ¢ is the slope of the curve.X was found to be

67 p~0.57 and ¢ equal to 0.6 DO‘648.

where : Q = Air flow rate (cubic feet per min,per 8q.Tt.)

n

Q
P = Air pressure (inches of water)
D = Depth of grain (ft.)

"

Shedd (1953) carried out experiments on fine and
ccarse materials to study the effect of pressure drop
on air flow rates. The data plotted were straight lines,
The pressure flow relationship could be expressed by

formules of the form Q = a Pb

In which : Q = air flow, cubic feet per minute per

square foot of floor.

lac]
n

Pressure drop per foot depth of grain,

inches of water.
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a and b = Constants for any one lot and condition of

grain.

The generel slope of the curves was greater

for fine than for coarse materials.

Sheldon et el. (1960) studied the resistance
of shelled corn and wheat to low air flows ranging from
U.015 to 1.210 m°/min.m? . The results obtained were
claggified in two items : (a) The resisteance to aip
flow increased more rapidly then the effect of grain
depth . For instance , twice the depth of grain offeregd
more than twice as much resistance . (b) The resistance
increases slightly more rapidly than an increase in air
flow above an air flow of 0.045 m°/min.m°. Below 0.045
m3 per min per meter depth the resistance increaseg

less rapidly than an increase in air flow.

Husain and Ojha (1969) studied the resistance
to the passuage of air flow through various grains ang
other agricultural procucts. They had measured pressure
drop in & deep bin at various depths of grain end air fIow
rates. They concluded that the pressure-flow relationship

could be expressed as PS = k Q"
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It was expected that these constants K and n may vary
with particle size, porosity, moisture content and bed
depth. Since all other variables were held constant,
the variation of constants vary linearly with bed depth
from 70 to 130 cm. Final modified equation was deve-
loped to study the effect of grain depth and air flow

rates on the pressure drop:

Ié = (md + c) Qad t e

where : Ps = static pressure, mm W.G.
Q = air flow rate , mj/min.m2

d depth of grain, cm

m,c,8 and e = constants.

The constants K and n were functions of depth of beq and

could be expressed as K =md + ¢ and n = gd + e

The final predicted equations for the three types of
paddy rice relating the static pressure, air flow rate

and depth of bed under the investigation were gas follow.

(0,032 d - 1,32) @2+14 - 0.0089 4 (Dular)
1.52 - 0,0035 4

"

(0.045 @ - 1.22) Q (Taichung native -1)
(0,046 @ - 1.99) @2+11 = 00076 & (p p i ey
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Steele (1974) researched the effect of container
diameter, moisture content, looge shelled kernels and
foreign materials on the resistance to air flow. The
relationship was obtained between apparent velocity
and static pressure drop per foot for peanuts with
different levels of loose shelled kernels and forign
material. The equation may be represented by V=a£)PO-62
with coefficient(a)dependent upon the percentage of void.
The relationship between coefficient (a)and bercentage of
void was a = 1560 ( €f/100)2'48. Where € equals per-

centage of void.

Akritidis and Siatras (1979) investigated the
resistance of pumpkin seeds to air flow ranging from
1.59 to 31.88 m’/min.m® . Five levels of moisture cont-
ent ranging from 30.47 to 6.9 percent wet basig were
included in the study. The seeds were placed in g loosely
filled bin. They found that the previous investigatorg
agreed, in general, that the curves of the pressure drop
versus air flow on log-log paper can be represented by
straight lines over certain narrow ranges of air flovy.
These straight lines would be expressed by formulas of

the form Q = a Pb.

where Q is the air flow per unit of cross sectional area.
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P isg the pressure drop per unii of depth

a,b are constants for a given set of conditiong.

Hindey (1980) studied several variables affected
on the pressure drop of air passing through beds of
barley. The variables were the air flow, the bulk
density and the percentage of moisture content wet

bagis.,

Hindey predicted an universal equation to explain
the relationship between the pressure drop and other

variables. The predicted equation was as follows:

. [Q 1.353 (O.OOlS‘)5'168]
P = 0.198
uo-422

where :
P = pressure drop, (mm of water per meter depth
of grain).
Q = rate of air flow, o /nr . m% of bin floor

bulk density of grain , kg/m3

n

=
n

percentage moisture content of grain (wet basis)

Abdel-Ghaffar and Hindey(1984) studied the effect
of air flow rate, Q, onion size, D, and pore space, E,

on the pressure drop of air passing through beds of onions.
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The relationship used between the pressure drop ang
air flow rate at constant onions size and pore space

was in the following form.

P = pressure drop, pascal per meter depth of onionsg.
Q = Air flow rate, m3/min . m°

X and a are constants for any given bulk of oniong
under a given condition and the units used. Numeri-
cal value of the constant (K) can be taken as a fun-
ction of given condition and value of constant (a)
is the slope of the line. The relationship developed
in the case of medium sigze onions, (equivalent dia-
meter, D = 0.048 meter and pore space, E = 0.36g)

was as follow:
P = 0.4683 Ql+392

It was found that twice air flow rate may cauge 2,6
time increase in pressure drop when other variables were
held constant. General equation for onions was resulted
which consists of three variablesg affected on pressure

drop .
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It may be written in the form :
P =K @2 P gt
The constants (K), (a), (b) and (c) were determined.

The relationship between the variables in its general

form was found to be presented as follows:

P = 0.004833 [ ]

pC.9632 El.682

where:
P= Pressure drop, pascal per meter depth of onions.
Q= Air flow rates, cubic meter per minute per square
meter of the area.
D= Onions equivalent diameter in meters.

E= Pore space, decimal.

The value 0.004833 was depending on these units and the
material used (onions) under a given condition. The power
exponent (a) was found in the range between 1.3365 and

1.4580 for the same condition.
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Effect of Grain Bulk Density on Pressure

Drop of Air Flow

Shedd (1951) studied the effect of the methods of
filling a bin on resistance %o air flow . All graing
(soybeans, corn , oats and rough rice) were tested with
the bin filled by two different methods which were
called loose filled and packed fill. The loose filled
was made by pouring the grain into a funnel which was
held with the outlet just above the surface of grain
in the bin. The packed fill was made by pouring the
grain into place from one to two feet above the grain
surface without use of the funnel and tapping the bin
wall with wooden mallet to settle the grain after each
foot of depth was added. A record wasg kept of the weight
of grain added for each foot increase in depth.

The largest difference between loose and packed
fi11 in the test was with corn at moisture content of
12.8% which contained 5% cracked grain and foreign mat-
erial. The resistance pressure with packed fill was 60
percent greater than with loose fill. The smallest diff-

erences wag with clean corn containing 20 % moisture, the
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resistance pressure with packed fill was only 20 per-

cent greater than with loose fill.

Shedd (1953) added that the density was less and the
resistance pressure for a given rate of air flow wag
less for a lot of grain at 20 percent or higher moig-
ture than for the same lot of grain and the Bame method

of filling after drying to lower moisture content,

Lawton (1965) noted that the resistance to aip
flow of seeds depends on the degree of packing ang the
presence of contaminats in addition to the properties

which were measured.

Akritidis and Siatras (1979) found that the bulk
density of pumpkin seeds was functioned to the moisture
content. A minimum bulk density was found when the seeds
were allowed to fall into place without any packing, The
minimum value of the bulk dengity was obtained at about
19 percent wet basis moisture content. In addition to
above, an air flow of 5 1113/111.1'.n.m2 the resistance to aip

flow increases more rapidly than the increase in air flow.

Hindey(1980) studied the effect of change of grain
bulk density on the resistance to air flow in a fixed

bed of barley. The method of filling the test bin affected
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the density of grain and consequently had an effect on
the pressure drop.As the bulk density of grain incr-
eased from loosely filléd to fully compacted £ill,the
resistance to air flow increased at the same level of
moisture content and the same quantity of air flow .
This effect might be due to the reduction in the air
spaces in the grain mass due to the compacting effect.
This increase was found to be less in the grain at
higher levels of moisture content than at lower levels.
This is partially due to the density of grain at higher
moisture content bteing less than that at lower moisture

content.

Effect of Grain koigture Content on

Pressure Drop of Air Flow

Calderwood (1973) found that the moisture content and
amount of packing caused variation in the amount of re-
sistance for the same kind of seed. He used Shedd's data.
He provided a graph showing the resistance to air flow
of loosely filled rough rice at 13.4 percent moisture
content, wet basis. It was noted that increasing mois-
ture content from 13.4 to 20.7 reduced resistance to air

flow by 24 percent and changing the density of f£ill from
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38.1 to 40.6 1b per cuft increased resistance to air
flow by 33 percent.

Akritidis and Siatras (1979) concluded that the
effect of moisture content on resistance to air flow
was determined by selecting points at air flow rates
of 5, 10, 15, 20, 25 w/min.m?. Below an air flow of
10 n’/nin.n?, the moisture content did not significantly
influence the static pressure drop. Above 10 m3/min.m2,
when the moisture content decreased the bressure drop dec-

reased t0 a2 minimum and then it increased.

Hind ey(1980) studied the effect of moisture cont-
ent of barley on the pressure drop of air. He concluded
thaet the pressure drop of air was incressed when the
moisture content of barley was decreased. One of the
important results obtained from his research indicatea
that as the moisture content increased from 12 to 26
percent wet basis, the pressure drop decreased by 28 %
at constant air flow rate, grain density and depth of

grain.
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Effect of Grain Depth on Pressure Drop

of Air Flow

Stirniman et al (1931) carried out the experiments
on the resistance to the passage of air offered by col-
umns of rice of varying depths. The results of experi-
ments indicated that the relations between the static
pressure and depth of rice, at any depth of rice,coula
be expressed quite accurately as percentage of pressure
under the rice and percentage of the depth of the rice.
In the case of the test a pressure of 8.47 inches(21.51 cm)
of water was used under the 6.9 foot (210 cm) column of
rice, the pressure existing at the point 4.5 foot(136.8
cm) below the top of the rice which was 65 percent of 6,9
feet (210 cm), was 4.74 inches (12.03 cm) of water,which

was 56 percent of 8.47, the total pressure under the rice.

Henderson (1943) found that the effect of settling
on 8 feet (243 cm) depth of clean corn reduced the rate
of air flow to 85% of that previous to settling. Settling
was produced by shaking and pounding the stack and ty

tamping .

Shedd (1951) carried out measurements of pressupe
at each foot of depth. It was found that resistance pres-

sure increased in proportion to depth. There were Small
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variations which may have been caused by variationg in
dengity of f£ill of grain. There was no consistent diff-
erence from bottom to top of bin in the weight of grain
per cubic foot, and theorectically there is no reason

to expect a variation in resistance pressure per foot

of depth zs long as there is no air leakage at bin wells.
The survey measurements were run by Corbett (1954) on the
resistance of barley in farm bin at, depths up to 15 feet
(457 cm) showed that its resistance was nearly 50% lesg
than that of oats, and indicated that its specific regig-
tance did not increase with depth. The results were obt-
ained by them indicated that the specific resistance of
oats increases with grain depth, and that the rate of

Increase varies with air speed through the grain.

Osborne (1961) studied the resistance to air flow
of various cereal grains and other seeds. It was useq
air velocities up to about 70 £t per min (21.3 m per min)
and with a bed depth of 1 foot (30.4 cm). Two rns were
carried out with a bed depth of 2 ft (60.8 cm) ang at air
velocities below 17.5 ft/min (5.33 m/min), such as might

be used when zerating stored grain.

The results obtained can only be taken as g guide

to the resistance to air flow, as the resistance will vary
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with change of bulk density which in turn is influenced
by moisture content , degree of packing , and the amount
and kind of impurities present. The effect of depth on
the resistance to air flow has been dealt with by the

authors previously mentioned.

Lawton (1965) meesured the resistance to air f1ow
of some common agricultural and horticultural seeds at
bed depths of 6 and 12 inches (15.24 and 30.48 cm) and
used air flows of up to 90 £t2/min.ft2 (27.43 n>/min.
m2) . The resistance for 12 inches beds was found to be
approximately 1.8 times that for a 6 inches (15.2 cm)
bed.

Effect of voids in Grain Beds on Pressure Drop of Air FPlow

Pore spaces in test bin which filled by grain is
good indicator to evaluate the bulk density of the grain
in the same volume of test bin. As the pore spaces incr-
ease in a test bin of grain, the weight of the grain,in
the same volume, decreases. Consequently, the measured
bulk density is also decreases. On other word, the bulk
density of grain is affected by the volume of spaces bet-

ween grain particles.
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Zink (1935) pointed out that air space varieg
in different storages of grain depending somewhat
on depths of grain, maturity and other physical

differences.

Chung and Converse (1971) reported that the poro-
8ity of beds of wheat and corns was low at high bulk

densities and at low grain moisture content.

Abdel-Ghaffar and Shokr (1982) studied the aip
flow resistance characteristics of potatoes storage
a8 influenced by bulk density and size. A predicteq
equation was developed to evaluate the pressure drop
per unit depth of potatoes storage in bin over ranges
of air flow rates , bulk density‘and equivalent djia—
meter. In addition, the measurements of pore spaces
(voids) for several degrees of filling started from
loosely filled potatoes is greatest in beds of the

smallest pore space.

Abdel-Ghaffar and Hindey(1984) investigated the
effect of pore space on the bressure drop of onion
in test bin measurement. The pressure drop was great-
est in beds of the smallest pore space at the same aip

flow rate and onions size. As the bore space decreagsed
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by 20 percent in a bed of onions the pressure drop

increased by 1.45 times increase in pressure drop

for the same air flow rate.

Effect of other Variables on Air Resistance

Henderson (1943) found that the size and shape
of kernels affect the resistance to air flow. The void
space found in corn has been reported as 40 percent.
The increase in resistance due to the presence of foreign
material partially filling the voids in corn was obser-
ved. The fineness of the foreign material tends to in-

crease the grain pressure drop.

Shedd (1951) found that the foreign material mixed
with the grain tends to increase the resistance to gir
flow if the foreign material is fine than the grain and
to reduce the resistance to air flow if it is coarser

than the grain .

Calderwood (1973) carried out the research to deter-
mine the relative difference in resistance to air flow
of long-grain and mediume grain rough rice and of brown

and milled rice compared with the rough rice from which
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these materials were brocessed. The amount of resist-
ance to air flow varied widely from one kind of seed

to another, depending upon size and shape.

He resulted that medium-grain rice offered more
resistance to air flow than did long-grain rice when
test conditions were comparable. In addition brown and
milled rice offered more resistance to air flow than
did the rough rice from which they were processed. The
resistance to air flow of brown and milled long-grain
rice was nearly the same, but the resistance of brown
medium-grain rice was significantly greater than that
of medium grain milled rice. Any practical method of
filling a commercial gize bin will result in some degrees
of packing and storage density greater than the test weight

of the material.

Steele (1974) studied the effect of container dig-
meter on the resistance to airp flow. No difference was
observed in the static bressure-air flow relationship

with container diameter.

Abdel-Ghaffar and Hindey(1984) studied the effect
of onion size on the bressure drop. It was foung a decr-

ease of 20 percent in onions size may cause 1.24 timeg
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increase in pressure drop for the same air flow rate

and pore Space.

Fan Power for Grain Aeration

Nissing (1958) studied the possible differenceg in

pressure as affected by seed cotton densities.

The bin was built to hold cotton up to depth of
7 £t with across-sectional area of 30.515 sq.ft. The air
was pulled down ward through the seed cotton with g fan
powered by a 30 hp electrical motor. Density, depth,air
flow and static pressure constituted the four variableg
of the test. The horsepower requirements to force a
known quantity of air through a column of seed cotton
can readily be calculated from the static pressure ag
obtained from the graph or by the use of the Predicted
equation that has been derived for each curve.

The suggested horsepower formula was as follows:

Hp = YxPF x efficiency
6356

where : Hp = fan horsepower

v

P
8

rate of volume of air, cfm,

static pressure inches of water.
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The horsepower calculated with the above formula
should be multiplied by an efficiency factor of two,
in order to determine to approximate actual horse-
pbower required to operate the fan . In addition, the
amount of foreign matter and moisture content in the
cotton, and the density and depth were found to de-
finitely affect the horsepower requirements to force

air through the cotton.

Abdel~-Ghaffar (1984) found that energy loss (airp
pressure drop) per unit bed depth of wheat and paddy
rice for the design of grain conditioning systems can be
pPredicted by using the general equation suggested by Ergun
(1952) and Bern (1975).
« %) VA

_7by3
(1 75-) Dp

where: £ and Ps are the bulk and true density of grain,
respectively, kg/m:3 s kg/m3 .
Pf andM. are the fluid density and viscosity,
respectively, kg/m3, N-S /m?.
Vg, is the air flow rate, m3/sec.m2.

Dp is the equivalent sperical diameter, m .
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The terms Bo , Bl and 32 were referred to as grain
characteristics coefficients. The coefficients were 1.383,
28.580 , and  6.683 for paddy rice and =3.796,81.473 ,ang
6.311 for wheat. The researcher found that the energy
required by fan used for aerated paddy rice was grea-

ter than of that for aerated wheat after harvesting.

Physical Properties of Grains

Brown (1962) studied the variation of bulk density
of cereals with moisture content for rewetted of graing
over a moisture content range from 10 to 30%. The samples
were mixed by hand and left to sand in tins for seven
days with occasional mixing by turning over the ting g
few times during the working day. The results obtained
indicated that, all varieties of wheat, barley and oats
showed a decrease in bulk density at higher moigsture
content. It was shown that two curves for barley showed
a decrease of bulk density with decrease of moisture cont~

ent but this might have been due to method of rewetting,

Chung and Converse (1971) investigated the effect of
change moisture content on physical properties of corn

and wheat and examined the effect of kernel shape and
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size on comn packing characteristics. The relationship
resulted between test welght and moisture content was
curvelinear for both wheat and corn. The data were lin-
earized by converting the test weight into dry matter
weight per quart. All wheat sample decreased in test
weight as the moisturc content increased. The porosity
was low at high bulk densities and at low grain moisiure

content.

Brusewitz (1975) studied the bulk density and true
density of several grains when rewetted to moisture of
15-45 percent moisture content wet basis. Bulk density
reached a minimum value for barley, corn, oats, rye ang
wheat at about 30 percent moisture content and then in-
creased with higher moisture. Oats was displayed g true
density different when measured by water displacement
than with an air pycnometer. The effect of particle size
on bulk density was measured by comparing cracked with
whole corn. The effect of cracking was to produce o bulk
density curve less affect by moisture and with g lower

absclute value.

Morite and Paul Singh (1979) carried out the study

to experimentally determine physical dimensions, bulk
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density, specific gravity and surface area of short-
grain rough rice. The results were showed that length,
width, thickness, bulk density and specific gravity

are linear function of moisture content.

Sabbah (1980) reported on the study of the physi-
cal properties such as dimensions, particle volume angd
bulk density of paddy rice and wheat. The correlations
show that the three dimensions of a wheat particle in-
crease as moisture content increases. However, only the
width and the thickness of a rice particle increase gs
moisture increase. The lengith decrease as moisture cont-
ent increases. For a moisture content ranges between 9.5
to 19.35% wet basis, the regression analysis indicated
that no change In the volume of paddy rice particle as
moisture content changed. The results indicated that
paddy rice showed an increase in bulk demsity and solid
density with increasing moisture content. Wheat showed
a decrease in bulk density and true density with incr-~

easing moisture content.

Korayem and Soliman (1983) carried out a research
work to study the effect of moisture content on the qi-

mensions and density of paddy rice. The results showed
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that the three dimensions of paddy rice particles
increase as moisture content increases by wetting
and the particle density and bulk demsity appeared

to be linearly dependent on moisture content.




- 33 -

EQUIPMENT AND TEST PROCEDURE

This chapter contains a detailed description of
all equipment and measuring instruments and compreh-
ensive presentation of test procedures to obtain the

objectives of this investigation.

The experiments were concerning the air flow resist-
ance characieristics of paddy rice and wheat as in-
fluenced by bulk density, wet basis moisture content and

void fractions.

Test Equipment

Figure (1) shows the complete test apparatus of
the air resistance and aeration system components used
in this analysis. The following is a description of

different components of the apparztus.
Cylindrical grain test bin

The cylindrical grain test bin used in these experi-
ments was constructed of 3 mm galvanized sheet metal
with 34 cm inside diameter and 65 cm high. The circular

sectional area of 0.0508 square meters was determined.
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The grain test bin permited a volume of 0.05902
cubic meters of grain to be tested. The cylindrical
type of test bin produced a smooth inside surface to
eleminate the effect of inside wall roughness to the
air resistance. The inlet test bin openning was con-
strmcted from perforated sheet metal having large num-
ber of circular holes. The dimensions of the perforated
sheets were: hole diameter, 1.5 cm, hole pitch, 1.7

cm, and sheet thickmess, 3 cm as indicated in Figure(2).

Thg bin rested on an air plenum chamber. It works
as a joint between the air pipe and the grain test bin
to meintain a velocity inside the bin as uniform as
possible across the cross sectional area. Air plenum
chamber was constructed of 3 mm galvanized sheet meteal
with an inside cross sectional dlameter of 34 cm and

35.5 cm high.

Twenty-small openings on the grain bin and the air
plenum chamber sides formed five sets of tapping for
pressure drop measurements. The first set of tapping
points consisted of four openings at the same level

below the perforated floor at disfance of 10 cm. The

other sets were located on the vertical distance of test

bin at height of 5, 20, 35 and 50 above the perforated
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Fig. (3): Photographs of grain test bin .
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flet floor . Bach set of tapping holes were connec-—
ted together by plastic tubes , to form one tube. Two
sets of tapping holes were used to measure the preg-
sure drop across the designed vertical distance. The
distance between the two sets of tapping holes was 30
cms for measuring the pressure drop of air passage
through the grains. Figure (2) shows the cylindrical
grain test bin . Photographs’of the cylindrical grein

test bin were indicated in figure (3).

The ducting system

The ducting system consisted of a centrifugal fan
an air velocity gate, an orifice plate, steel pipes

and flexible tubing.

A centrifugal fan connected with an electiric mobor
was used ito force air through the grain test bin gt
different rates across 1l2.5 cm steel pipes diameten,
The electrical motor power was- 3 horsepower and {4|F7
ReP.M. The fan consisted of 16 tlades with diameter
of 30 cm. Flow was varied by a controlling gete
mounted on the exit of the fan. A relatively long

pipes of 12.5 cm inside diameter and 4.54 meter long



- 39 -~

(swo ul swig) 2:1 9D3S
"sBuiddo} £ puo @ uim ao1d 8313110( t) B

.an A
L}
o s
NPT S -
bl
-
Y
[ 2 -
Emo.o+om.0 alro+a ol
. | | f—xowa 10
oSS X <Xl | k& < AR UAARLARLA R RN LY N eww =~

SN
l&# _ 8|0y @.nssaig
. N. .

|
a3

A



mgde of galvanized metel was used between the fan

and the grain test bin. The lengih of pipe was ess-
ential to provide a fully developed air velocity
distribution to measure accurately the air flow rate.
Plastic flexible tubings were used to connect the

galvenized pipes together having 73 cm long.

The rate of air flow was measured by an orifice
plate. The orifice plate was located inside the gol-
vanized pipe at & distance of 3.7l m from the fan.The
orifice diameter was 3.8 cm perpendicular to upstream
of air . Two pressure taps were located at distances
from the orifice recommended by B.S. 1042: Part 1
1664 . The upstream pressure tap was located at a dis-
tance equivalent to the pipe diameter from the orifice.
The downstream pressure tap was located at a distance
% of the pipe diameter . Figure (4) shows the orifice

plate used in these experiments.

Mixing and rewetting grain unit

klevation and plan of designed the unit for Lixing

and rewetting wheat and paddy rice under testing were
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shown in figure (5). A photecgraph of the unit was
represented in figure (6). It consisted of an re-
ctangular iron frame with dimensions of 100 cm wide ang
150 cm length. Two shafts rotated by means of an
electric motor (3 horse-power) and 1410 R.P.k. 4 bar-
rel, which was filled with grain, was resting on four
rollers of 28 cm diameter each. The barrel dimensiong
were 59 cm diameter and 84 cm length. The mixing and
rewetting grain unit permited s volume of 0.2296 cubic

neters.

The rotating speed ofbarrel was 9 R.P.§. A gear
box was constructed on the frame of the unit to reduce
the revolution per minute from 1410 R.P.u. at the
electric motor shaft to 9 R.P.M. at the grain barrel.
The low speed of the grain barrel permitted the grain

and additional water to be mixed and rewetted.

Instrumentat ion

Air flow rate measurements

An orifice plate was machined to permit measurements
of air flow rates by measuring the pressure drop across

the orifice. Two pressure taps were located from the
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orifice at distances of 12.4 and 6.2 cm.An calibrated
inclined manometer was uséd to measﬁre the drop of

air across the orifice plate,see Appendix D. The minor
scale division and ranges in mm water for the inclinegd

section were 0.5 and 0-150 mm, respectively.

Pressure measurements

The pressure measuring system consisted of two
manometers. The static pressure was measured at the
plenum chember by an inclined manometer. The range of
scale was from O to 77.5 mm with minor division of 0.5 mp
water. The pressure drop across thc test bin between
the two levels of a and ¢, as shown in figure (1), was
measured by a calibrated inclined manometer with
scale of 0-26mm water and a minor division of 0.5 mm

water, see Appendix D.

Temperature measurement

The temperatures of the flowing air through the

grain test bin and ambient dry and wet were measured by

using three degree celsius mercury glass thermometers.,
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Weigh measurement

Grain was weighed by a . calibrated scale . The
scale arm had a 25 kilograms with an accuracy of 5 grams.
A balance with an accuracy of 0.0bOl gram was used for
weighing the grain for determining the solid density

and the moisture content.

Moisture content measurement

Oven-drying method was used for measuring the grain
moisture content. Cylinderical aluminium containers
were used to be filled by grain samples. A desiccator
was used for the purpose of measuring moisture content.
The grain samples were placed in the oven at temperature
of 105 °C for 24 hours. In addition for fast prejeter
mination of rewetted grain moisture content , samples
were grinded and were placed in the oven at temperature

of 130 °C for 2 hours.
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Technique Used for Preparing the

Grain Moisture Content

One of the important variables affected on the
pressure drop of air passed through grain bed is
the grain moisture content. The grains were obtained
&t moisture contents of 11.22% end 10.48% for paddy
rice and wheat, respectively; It is inpossible to
have a freshly harvested samples of paddy rice and
wheat at different levels of moisture content . So,
webtting the grain were nécessary for continuing the
experimental work. The technique used for rewetting
the grain was discussed by Hindey (1980). The steps

used in this work were stepped as follows:

1. Three random samples, 25 groms egch, were teken
from the grain bulk to determine the initial o i-
sture content by the oven method , 130°C for 2
hours period.

2. Fifty kilograms of grains were welghed and were
filled the grein mixing and rewetting unit.

3. From the initial weight of grain and the messured
value of initial moisture content, calculsated Quan-

tity of water was added to the grain to Lring it to
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the second level of the mpisture content,by spray-
ing the water on the grain. The change on grain
moisture content levels were ranged from 2.5 %

to 3 % wet basis.

The mixing and rewetting unit was rotated at 9
r.p.m. for 24 hours period at least to transfer

the grain from one level of moisture content.

Three random samples, 25 grams each, were taken
to test the new moisture content at 130°C for 2

hours.

The grain was taken from the mixing and rewetting
unit for running the experimental work at different

levels of grain bulk density.

At the end of set of the experiments at this level
of moigture comtent,the grain wes mixed in the
mixing and rewetting unit for rewetting grains to

the next level of moisture content.

These procedures were repeated on the same bulk of
paddy rice and wheat to obtain successive levels of

moisture content used in these experiments.



Methods Used for Filling the

Grain Test Bin

Grain bulk density was considered one of the im-

portant factor affected on the pressure drop .

Four 1levels of grain bulk density at the same

level of moisture content were experimented.

The technique used to obtain the four levels of

grain bulk densities in the test bin was indicated in

figure (7) and was stepped as follow :

1.

The grains were poured into the test bin by a metal
cone from height zero above the supported screen of
grain bin. The cone was raised menually to keep the
zero height above the grain. The process was continued
until the test bin was completely filled with grain

to the top edges of the bin sides. This method ig
called "Loosely filled". The weight of grain used

to £ill the test bin was recorded.

For the second grain bulk density, the grain was poured
from a height of 65 cm, the edge of test bin, until the
bin was completely filled with grain to the top edges

of the bin sides. During pouring the grain, the cone
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was raised manually to keep the 65 cms height above

the grain. This process was called "Normal filleg".

3. The third grain bulk density was obtained by pouring
the grain from 65 cm height during the vibration of the
test bin.This process was named "vibrated fill" ., The

weight of grain used to Till the test bin was recorded.

4+ The fourth grain bulk density was obtained by pouring
the grain from height 1CO cm. The test bin was also
vibrateé to form the packed fill. The weight of grain

was recorded.

Test Procedures

Tests were designed into two groups of experimentg.
The first group of experiment was concerned with studying
the pressure drop of air passage through beds of clean
paddy rice at different levels of bulk density ranges from
595 kg/m3 to 705 kg/m3 and moisture content ranges from

11 to 25 percent wet basis.

The second group of experiments was involved with
studying the energy loss due to the flow of alr in beds
. of clean wheat at different levels of bulk density ranges
from 710 to 810 kg/m3 and grain moisture content ranges

from 10.48 tc 19.92 percent wet basis.
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Paddy rice was obtanied from kafr El- Sheik
experimental farm, Paculty of Agriculture . Wheat

was brought from a warehouse in kafr El=-Sheikh,

Paddy rice and wheat were obtained at averages of
moisture contents of 33,22% and 10.48% wet basis,respecti-
vely. The varieties of paddy rice and wheat used in

the experiments were IR 28 and Sakha 61,respective1y.

Before the experiments were run for evaluating
the pressure drop ©f paddy rice znd wheat seversl
measurements of the physical properties were determineq
in the Agricultural Mechanization laboratory, Faculty

of Agriculture at Kafr El-Sheikh city.

Dimensions, grain equivalent spherical dliameters,
grain mass densities, grain bulk densities, weight of
a thousand grain particles, pore spaces (voids) and wet
basis moisture contents percent of the wheat and Dbaddy

rice were measured and calculated.

N Grain dimensiong
3
Paddy rice and wheat physical dimensions were
measured in three directions, length, width and thick-

ness. The Gimensions were measured at five levels of
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paddy rice moisture content and three levels of wheat
moisture content . The method used for preparing Samp-
les of different levels of moisture content and the
technique used during the experimental work will be

discussed later.

For each level of moisture content, a sample con-
tained 50 grain particles was dimensioned. The measured
grain dicensions were recorded in teble (A-1) in Appen-
dix (A). A micrometer of type TGL 15046/I with small
division of 0.0l mm was used for measuring the bhysical

dimensions of paddy rice and wheat.

Grain equivalent spherical diameters

Grain equivalent spherical diameters were measured.
Five rendom samples,each of 50 particles,were selected.
The net volume of each sample was measured by dropping
it in a container of a known volume . The container was
filled with water and the net volume of the sample in
cm was obtained. The paddy rice and wheat equivalent
spherical diameters were calculzted by the formula sugg-
ested by Lof and Hawley (1948). Table (4-2) shows the
measured dcte anG the calculated grain equivalent spheri-

cal diameter, Appendix (4).
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3
D - \/ 6 net volume of grain particles (cu.cm)
1w number of particles

Grains massdensities

To evaluaste the mass densities of the paddy rice
and wheat, three samples contained 1000 particles each,
for each type of grain were tested. The samples were
welghed with suitable sensible balance with an accuracy
of 0.0001 gram. The volume of ezch semple was measured
by the method explained above . Table (4-3) shows the
measured data and the calculated values of grain mass

densities, Appendix (4).

Graing bulk densities

The bulk densities of the raddy rice and wheat
were determined by knowing the weight of grain fili-
ing a designed container of known volume. The container
volume wee 250 cu.cm. The grain was poured into the test
container from a height of 30 cms to allowed the grain
to fall free in the container. The process was repeated
three times for each grain type at averages moisture

contents of 12% and 11% wet basis of paddy rice ang wheat,
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respectively. The measured data and the calculated
values of grain bulk densities were recorded in table

(A-3), Appendix (4).

Grains pore space (voids)

The void fractions (porosity) of grains were
calculated by using the relationship between the porc-
sity and grain bulk density which is given by the

following equation:

1 - Zradn bulk density
grain mass density

Void fractions = [

Table (A-3) shows the calculated values of voids
fraction of paddy rice and wheat at moisture contents of

12% and 11% wet basis, respeciively.

Weight of a thousand grein particles

Three rendom saniples were weighed for each grein
type . Each sample contained of 1000 grain particles,
Table (A-4) shows the weighed samplegs of paddy rice angd

wheat, Appendix (4).
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Grains moisture contents, wet basis

lioisture contents of paddy rice anc wheat were
measured by oven-technique (105°C for 24 hours) .
Three samples of 25 grams each were taken from the
grain bulk to estimate the initial moigture contents
of the samples. Table (A~5) shows the neasured datg
and the calculated values of moisture contents, wet

basis of paddy rice and wheat.

The averaged values of the Physical properties
of paddy rice end wheat used in these experiments

were summarized in table (4-6), Appendix (4).
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RESULTS AND DISCUSSION

The resistance to the passage of air flow through
beds of biological and nor-biological materials heg
been the subject of investigation for several years,
The main purpose of the investigation was to provide
& ugeful information on predicting the pressure drop
of fluid in order to design, improvements amd economic
operating conditions of drying , aeration and cooling
systems. The knowledge enables engineers to make the
right decision to choose the correct fan or blower for
a particular design. It also enables to make the right
approach o any of the previous engineering aspects in
ventilating systems. The pressure drop characteristics
for the fluid flow through beds of grains are control-
led by numerous variables. Some of these variables are
related to the themo-physical properties of the fluid
passing through the packed bed, such ag density, kine-
matic viscosity, mass velocity and gravity of fluid .
Some variables sre related to the geometrical charactep-
istics of the packing material such as particle diemeter,
shape factor, surface roughness, surface area, fractional
effective void, =nd orientation . Other veriables are
related to the configuration of the £nit such as packing

bed dimensions such as diameter and length and percent of
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opening in perforated screen. In spite of these vari-
ables, there is no actual theoretical equation that
includes these variables. Most of the equations in thig
field are empirical and semi-empirical.In the experi-
ments, three important variables were considered mainly
in studying the pressure drop of air passing through
beds of paddy rice of IR 28 variety and wheat of Sakha
61 variety. The variables -were the air flow rate per
unit of cross sectional area of test bin, bulk density

and moisture content of grains.

Previous studies on the relationship between the
pressure drop of air and one of the above variables has
been approached in different ways. VWhatever, the approach,
it is generally agreed that the basic relationship bet~
ween the pressure drop, AP, and the air flow rate, Q,
as o variable is expressed by formulas of the form

AP = K Q2 where K and a are constants for any given
bulk of product under a given condition. This -power
low could be applied to develop a set of empirical equa-
tions describing the pressure drop of air passing through
grein bin.

This acceptable mathematical relationship was con-

cluded by many investigators. Shedd, 1945 was very interesg-

ted in studying the linear air flow resistance of ear
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corn using a bin of nearly full size. Shedd's data
lay close to an air flow pressure drop formula of the
form AP =K Q% Henderson, 1943, carried out experi-
ments to study the resistance of shelled corn and bin
walls to air flow. He found that the relationship bet-
ween the rate of air flow per unit area, Q, and the

pressure drop was formed by the form Q = K P8,

Hindey,1980, developed a mathematical relation-
ship in the form P =K Q% M 5° describing the
pressure drop of air passing through barley which aff-
ected by air flow rate per unit cross sectional area,qQ,
barley bulk density, S, and moisture content wet basig
of barley, M .

Abd-El-Ghaffar end Hindey,1984, studied the linear
alr flow resistsnce of onions with respect to change of
air flow rate, Q, onioms equivalent diameter, D, ang
pore space , E. The relationship between these variableg
fitted the experimental data was in the fom:P:KaQchE .

DtArcy , 1856 , @as cited in Schneidegger con-
cluded that the rate of fluid flow through a
sand bed was proportional to the pressure drop through
the bed. His equation was in the form Q = K ( 2F

Furnaes,1929, has developed an important equition to
study the flow of gases through beds of broken solids.
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The equation resulted was in the fom A:;- =a Qb,

So, according to the previous studies on predicting
the pressure drop of air through biological end non-
biological materiels using the most acceptable pre-
dicting formula in power relatlionship, the effect of
the variables under the study on the pressure drop

will be discussed.

Pressure Drop-Air Flow Relationship at Constants
Bulk Density and Moisture Content

Experimental results of air flow resistence of clean
paddy rice are given in Appendix B. Six groups of ex-
periments carried out at different levels of moisture cont-
ent and grain depsity.Cleen paddy rice experiments are shown
in Appendix B . Air flow rates were in the range between
240 to 600 cubic meter per hour per square meter of cross
gectional area of test bin. Clean paddy rice bulk densit-
ies were in the range between 595 to 705 kilograms per
cubic meter which were classified to loose, normal ,
vibrated and packed fill . Moisture contents of paddy
rice were in the range between 11.00% to 25.00% wet basis
with 2.5% interval.
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When the resistance of paddy rice to air flow is
expressed as a pressure drop per unit bed depth, Ap,
plotted against the air flow rate per unit area, Q,
the points show a curve on linear graph Paper. These
curves are more or less convex upward. Figures (8,9
and 10) are graphicals presentation of pressure drop-
air flow data for various types of filling test bin
with paddy rice and at moisture contents of 11.22% -
19.27% end 24.30% wet bvasis, respectively. When the
same points are plotted on log~log paper, the points
are close to a straight lines over certain narrow ran-
ges of air flow. These straight lines are expressed ang

indicated by a power relationship of the following
type :

AP = K @® (1)

where:

AP = Pressure drop, pascal per meter depth of
paddy rice.
Q = Air flow rate, cubic meter per hour per square

meter of the cross-sectional area of test bin,

(K) and (a) are constants for any given bulk of paddy

rice under a given condition and the units ugeq.
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Numerical value of the constant (K) can be taken as
a function of a given condition and value of con-

stant (a) is the slope of the line.

Figures (11, 12 and 13) represent plotts of data
points of resistance of paddy rice to air flow at var-
ious bulk densities end at moisture contents of 11.22%,
19.27% end 24.30% on log-log papers. The previous in-
vestigators agreed , in general, that the curves of
the pressure drop versus air flow on log-log paper can

be presented by straight lines. .

The above results, also, agreed with the results
obtained by experiments on clean waeat of type Sakhg 61.
Three groups of experiments on resistance of clean wheat
to air flow at various bulk densities and at moisture
contents of 10.48%, 13.00% and 19.92% wet basis ., Datg
recorded and calculated were shown in Appendix ¢ Figures
(14, 15 and 16) represent plotts of data point of resis-
tance of clean wheat to air flow at various bulk densit-
les and at moisture contents of 10.48%, 13.00% ang 19,92%
wet basis. The points,also , show curves on linear graph
paper. When these data points were plotted on log-log
papers , the points lie close to a straight line ingi-
cating a . power relationship in equation (1), as shown
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— Cleaon poddy rice
| Mc.(wb)®1l.22 %

900 1.4549
O Loose fill AP =0038 G
8001 Normal fill AP *0.0427 G
200|2 Vibrated fill AP 20.0491 °|.4727
— X 14758
8 Packed fill AP 20,0847 Q
500 I
4
300 9/ ° 4
200 3 | |
Sbqe* 640.57 Kg/m -/ ! |
A
3 |
Sbyr 627.4 Kg/m |
o, |
Spos 614. 6 Kg/m>
s 3 |
bj *601.22Kg /m" T l
19955 200 300 360 500

Air flow rate (mB/hr. mz)

Fig.(1l ):Resistance of paddy rice to air flow at different levels of bulk

density.
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1000} Clean poddy rice
M.c (w.b)*19.27 %

900+ 14401
O Loose fill AP =00471 Q

— I 7
o Normal: fill AP =0.0559 Q 439
13582
.700— A Vibroted fill AP =0.1053 Q

L3162
® Packed fill AP 201533 Q

) A

300
/

(44
7

Pressure drop of air (Fa/m)

Sbar677.26 Kg/mm

200 " 7
Sby*663.50 Kg/m>
30

Sby*650.50 Kg/m

s 3
b, 7637.00 Kg/m

!
0
IOIOO 200 300 400 500 600 700

Air flow rate (m3/hr. rnz)
Fig.(12).Resistance of paddy rice to air flow at different levels of
bulk density .
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1000— Cleen poddy rice ; -
600 M.c.(wb.) *2430 % | !
B 12333 1 '

O Loose fill AP *0.2053 Q

800— L
o Normal fill 4P %0.1977 @289 1

700~ A vibrated fill AP =0.1862 0'2"‘ — T

13017
® Packed fill AP *0.1899 Q A

40 7o
(o]

30 9#

Sbas 70059 Kg/m ;

Pressure drop of agir (Fa/m)

Sb3=687.00 Ko/m ]
200
Sby*673.45 Kg/m 9/
Sb, #659.88 Kg/m>
| |
100 I |
100 200 300 400 500 600 700
2

Air flow rate (rns/hr. m)
Fig.(I3): Resistance of paddy rice to airflow atdifferent levels of
bulk density.
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in figures (17, 18 and 19).

Since the relationship between the pressure drop
of air, AP, and the air flow rate, Q, can be pres-
ented as a . power relationship , the linear relation-
ship between logs of pressure drop and air flow rate .

een be expressed as follows:

log AP =1log X+ alogq (2)

The constants (K) and (a) in the previous relationship
were determined for each set of condition by 1linear
regresgion analysis involving transformation of the
original data to logarithmic values , using a computer
program in the computer unit of the central Research
Laboratory in the Faculty of Agriculture » Alexandrig
University. The accuracy of the calculated equations

and the experimental data points, the coefficient of
multiple determination, R-squared, was calculated for
each experiment.Tables (1 and 2) indicaied the values of
(K). (a) and R-squared for each set of experiments of cleem
paddy rice and clean wheat . Two examples are given to
indicate the mathematical form of the previous relation-
ship in the case of loose filled at moisture contents of
11.22% and 10.48% wet basis for paddy rice and whest ,

respectively.
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Air flow rate ( m3/hr. mz)

1000f— Clean wheat
M.c.(w.b)=i0.48 %
900}— !
O Loose till  APs0.0287 o 25
800 © Normal ftill AP =0.0457 g%°8
200l— 4O vibrated till pp 20,0808 d'!‘i‘“
® Packed fill AP 00762 g ' 40° /4
- / { A/%
E 500 ;{
~N
Iy (] _
A
B
L
(-]
[-Y
g 30 T
A+
A i
° .
- i
: i
@ I
- |
e .
; . 3 |
200 Sby:806.6 Kg/m
44 |
5b3 279219 Kg/m |
Sbp =777.77  Ke/mP ;’
Sp| *768.35 K /m° !
i‘
|
loo|oo 200 300 400 500 600

Fig.(17): Resistance of wheat to air flow at different levels of bulk

density,

700
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10004— Clean wheat , ‘LL ’l [!
c.(w.b.)s
900 M: :o:u l:: AP =00271 @ > ) [
14118

800~ © Norma!l. fill AP =0.0654 Q
A vibrated till AP 20,0705 @
® Packed fill 4P =*0.0696 °L45l7

T
|
|

7001—

400

300

y |

20— Sby:795.58 Kg/m>

Sby2782.00 Kg/m>4

Sby *768.94 Kg/m> 7

Sb, »754.87 Kg/m®

100 200 300 400 500 600 700

Air flow rate (rr?/hr. mz)

Fig.(18):Resistance of wheat to air flow at different levels of bulk

density .
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1000— Clean wheot
Mc. (wbd.)®19.92 % 4690
900~ 5 Loose fill AP 20,0226 o
1.5421
800 O Normal: fill AP=00I90 @
700}— A vibroted fill  aP=0.02i5 d>>%8
1.5460
8 packed fill AP 003268 @
&0 Pl
.. 300
3 /
~ >
(-]
: A
~ 400
o
s / /f
e 300
o
g /“ s
[ ]
-
2
-
-
: A /
T 200
/ |
{
Sbg *790.66 Kg/m)
Sby *765.00 Kg/m>
Sbp*739.40 Kg/m>
| S, =713.80 ,Kym
100 300 500 600 700
Air flow rate (m3/hr. mz)

Fig(l9):Resistance of wheat to air flow at different levels of bulk

density .
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For paddy rice

AP = 0.0380 Q13035 (3)
For wheat
AP = 0.0287 Qt+9425 (4)

Results of the predicted equations and the experi-
ments observations indicated that the pressure drop in
beds of paddy rice or wheat under a given condition in-
creased linearly with increasing air flow rate. It was
also noted that at the same level of moisturs content,
the pressure drop increased as the bulk density of grain
increased. This is inspected to be because of the reduce
tion in the air spaces in the grain mass due to the comp-
actness effect. This conclusion was obtained for ail levels
of moisture contents and different values of bulk density
which were varying between loosely filled to fully compac-
ted of paddy rice or clean wheat. For instance, at paddy
rice moisture content of 19.27% wet basis and air flow rate of
515 m3/hr.m2 s the pressuresdrop of air were 381.76,447.2,
507.12 and 575.5 Pa/m at bulk densities of 637, 650.5 ,
663.5 and 677.26 kgs/mB, respectively, as indicated in
Figure (9). 1In addition, at a given level of moisture
content, the value of the constant (K) increased as the

grain bulk density increased from loosely filled to packed
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fill, as indicated in tables (1 and 2). For instance,

at paddy rice moisture content of 17A% wet basis the
values of the constant K are 0.0169, 0.0433, 0.0572
and 0.1607 for bulk densities of 617, 631.2, 644.78

and 658.35 kgs/m3 s respectively . Therefore, the con-
stants (K) can be taken as a function of grain density
in this case. In addition, the value of exponent (a)

is almost comstant at different bulk densities . The
variation in the value of (a) at a given level of moi-
sture content and different levels of bulk density were
very small . However, the curves in figures (11, 12, 13,
17, 18 and 19) were parallel . In all sets of experi-
ments of paddy rice , the variation in the values of
the slope of the lines (a) ranged between a minimum value
of 1.2333 and a maximum value of 1.5884 with averaged
value of 1.3635 . In wheat experiments s the variation
in the values of the siope of the lines (a) ranged bet-
ween a minimum value of 1.3%98 and a maximum value of

1.5568 with averaged value of 1.4828.

The accuracy of the previous predicted equationg
was measured . VWhen the observed values of the bressure
drop were plotted against the catculated values from

the above equations, the points lie close to a gtraight



line inclined with angle equal to 45° as shown in
tables (3 and 4) and in figures (20 and 21) for paddy

rice and wheat, respectively.

Presgure Drop of Air at Different Bulk Densities

end at Constant Moisture Content.

One of the purposes of the test explained here wag
to obtain data on the resistance offered by painly peddy
rice end clean wheat to air flow at different btulk den-
eities. Three levels of air Fflow nzmely low, medium, ang
high (297,545 and 569 m3/hr.m?),were designed to complete
thls analysis. The method of £illing the test bin ot
rolled the bulk density of greins. Four methods of filling
the test bin at constant moisture content which namegq
loose filled, normal filled , vibrated £ill ang packed
11l were taken into consideration in this analysis. The
paddy rice bulk densities were ranged from 601.27 kp/u’
to0 640.57 kg/w’ at molsture content of 11.22% wet besis,from
637 to 677.26 kg/m3 at moisture content of 19.27% ang from
659.88 to 700.59 kg/m3 at moisture content of 24.3%. &lso,
the clean wheat bulk densities were ranged from 763.35 to
806.61 kg/m3 at moisture content of 10.48%,from 754.87 to
795.58 kg/m3 at moisture content 13% and from 713.8 to
790.66 kg/m3 at moisture content of 19.92%. Tables(5 and 6)



—80-

291ce® €€ST°0 = AV g ggLpe® LPSOT0=d v m
Torp® TL¥00= IV » Epcpe® 0S€0°0=av e
To°L89y 06°90L LL*GoY 6€° oy 8¥°6L9  00°269 Y0 €Ty  SE°L2Y 66765
8L°8¥9 08° €99 8beLCh 00° £€¥ €2°L€9 0L°9¥9  TL°LBE  98°86€ 82°696
v€°609 00°819 Lv* R0y 05 vot 66°€65  ¥8°909 ¥LeT9E  LE°OLE 6L°2¥s
149°896 06°6LG 29°8LE 9L°T8¢ 26°6¥S  olL-2Ge ¥0°GEC  8r°9ff €6°¥TS
1926 00°L26 €8°Lve 8G° L¥€ LL*€0S  L2°t0S €6°L0f  62°962 8t g8y
98° I8¢ 00° 06+ 66°GTC 00°6T¢ I6°96Y  ob*viY Lo*6LZz  06°€Le €T PGP
LEGey 08°86¢ GL* 292 66°062 2heLov  98°86€  9v'6¥2 0T GPZ vt oz
00°19¢ L9°t9¢ L6 Lve 00°6b2 PT°96€  86°L¥E 8y°812  L9°fT2 8 €8¢
et'vee  oo0°9¢e 9T T2 L9°€T2 L0°20€ 66°INE  HL*GBT €€ 28T 62 EVE
68° GLe 09°0Lz 69 TLT 90°8LT 62*vve  9T*2h2  99°06T  LS°€ST 62°L62
82°1T¢  o00°Szz  zeT'gIT 06°€2T ZT°TI8T  €0°88T  8T°2TT  00°9TT vLezpz
senysa genrsa BONTEA BONTeA BON[BA  BON[OA BONTOA  GONTOA
pa3o UuoT38A pago TOTIBA Pe3o  uwoTjBA Pe3o  UOTL®A
~Tpexg o -I38qQ -TPaage -I98q0 ~TpPoXI w =TI0640 -Tpedge -I6840 wey
92°LLY 00°LE9 LG*0P9 12°T09 ¢ mﬂmm
£1/8% * g ¢ f378uep yrna  eorx Appeg pet
T ¥ L2°6T TTF 22t

% B188q joM  3U8;U0D

eIn3sTom eoTd Appeg

F

S f¥eus n
uoT18ATIS P ATNQ Jo sTeAsT oM} pue 8quULLU0O 8IN3}BTOW JO STOAST TOI8AQ

qo0 o

U3 o3 pexedmoo a7 JO doxp aanegead ay3 Jo sanTeA pajoTpad

907X Apped
g8 98 senysa

d ey} smoug :(€) eTqey



- 81 -

omfm.ﬂo 92€0°0 = dV g N.Hmv..no 9690°0 = dV =

06op-r® 9220°0 = IV s ocegerd TL20°0 = dV e
OL'¥E9  Bv°z€9  oB'89z  0§°€L2 Tg"TvL 02°69L  GE'T6Y  L6%605  65°6S
68°26S 66°266 91°262  06°€G2 68°669  02°2TL T9°6G6Y  8L°GL¥ 82°696
GL°0SS  98°6%S TT°6€e  09°€ee ye-6v9  02°649 9T L2y  bL°BCY 6L°2vS
99°L0S  00°LOS 09°LTZ  L9°€T2 26°109 ¥I°TO9 00°¥6€  T6°TOV €6° V1S
8 €9y ¥ TV 96°66T BG°96T €2°265 98°6VS 66°65€  L9°V9€ 8- g8t
¥O'STY  G6°GTY  26°089T  BY°6LT €2°T0G 08°26Y  68°¥2€ Of*CCE €LY
LO*TLe  o02°¢Le GG°T9T  6£°29T 9T 8y  68°GEY €9°882  02°96¢ yveozy
o£reee  €9°Lec TE YT 62°GHT T9°26€ 06°8LE  G6°0G2  95°€G2  TB°E8E
€2 1z G€'9Lz ¥6°6TT  06°22T 06°€EE  06°T2€ Gh-TIZ2  06°912 AR 149
VI*LTe 267912 60°L6 98°96 L6*oLz  §9°0LZ 66°69T  6LELT 62°L62
2L°BST  69°96T 60°2L 22 1L 68°T02  L9°CI2 T2°¥2T 02°82T ¥L-2ve
8entsA  senrsa genTsA  senN[BA senTBA  BONTBA senysA  genTsA

PO30  uofyBa Pe3o uoTI8A pego woT3BA pe3d uoT1BA
=1Pedg o ~T08q0 -TpeIg® -I9890 ~TpeXIm -I9890 -Tpedge ~J9BQ0 .
99°06L 08" €TL 86" G6L el TV ms
/3% “dg ¢ £4T5USP NTNq 3BOUM mw%w
T+ 26°6T T + 00°¢€T ITY

% 8Fe8q jem 3USjU00 8InN}SToW 3BOYUM

*8373T8USP JInq JO
ST0AST OM} DPUB S3US3U0O ©INISTOW J8AUYM JO STIAST T[BISAS8 3B SONT3A UOTIRAIEESqO
8y} 03 psasdwoo a8 jo doxp eanssead eys Jo senysA pejovpexd eyz smoyug :(v) °TABYL



- 82 -

9211 Appod ul 11D o dosp ainssaud 405aN|DA payoy

(W/Dy)dV‘sanjoa P8ioipaud dosp asinssaiy
008 062 00Z 0S9 009 0SS 00S OSH OOb OS€ 00E 082002 0SSl 00l 0%

[o]

AL N I E B B B I B e FoT
*14

$ zoic® €810 = dU @
lopy @ 14600 = dV @
8526710 2bS00 = 4V e

.D 08E€00 = dV ©
6bSH

82113 Appod uoa|n

(o}

—0S
— 001
—]0s1
— 002

—oge

—{ooL

—0s2

LOOQ

padd pup P8AI3sSqQ:(02) 614

(U/dd) v senjoA UOiDAISSQO doJp aunsseld



ID3yM uD?3Id> Ul JID Jo dolp aunssald o sanjpa P82 1psId pup pansasqo(12)biy

(W/dd) *dV * 8anIDA pajdipaid dosp aunssasg
008 0SLZ 00Z 0S9 009 0SS 00S OGSt OO0 OSE 00f€ OS2 002 Ol 00! 0§

[o]

U D D L B B e Ty T
mv

[3a)
[ee]
] o]
O,
(=]
oopg @ 92E00 = dv g
92200 Ve
069 1> 00 = d
D 96900 = d¥ o
21Gt°0
® 12200 = dV o
° oses'l

ioDaym wuoe)

[o)

—0s

—1001

(s3]}

—002

—0s2

—00¢

-10s€

—0St

—00s

—10SS

— 009

—00L

—0sL

Lgm

(w/od) ‘d@ * senjoa uoNDAJesSQo doup sunsseuy



-84 -

.Mm =gV wIoJ oy} uT ST uoT4embe pejorpeyg

OE'T¥S  BILs¥ 6€8°SEy og-pae 007067 89°TTY 0G°L9E 60°6TE  Ob'vbb 88°86C OL'PSE 0G°€LZ €T hGp
00°6T€ 6L°LBZ €8°LS2 26°L2z o090z OF*9€2 €9°9LT 00°8GT  9T°2¥2 0€'26T B8G°96T LB*EST  62°LGz
W/ 8 ‘q V¢ oxe Jo doxp sxueseay
SET00L 007L%9 SHUEly #8669 oe-L19 05vc35 0608 00 lts 1o ore 0b*lz9 09°9T9 Lz*T09
€31 ¢ Y5 ¢ f175m0p ATNq oot Appeg 2T
¥ . 501BJ
S LY Le ST L¥eetr MOTF ITY

% 8tesq j9M  jUSlUGO eIN}BTOm 80Tx  Lppeg

U3TY pue wnjpeu

‘mor 9w ate jo

‘UIq 1893 JO BAJIB TBUOT1008 HEOIO 3tun Jod sejmT MOTF IT®B

doxp aangsaad Y3} U0 BOT]TEUIP YTNQ 997X Lpped yo 300313

$(8) °raeg



-8 -

¢ Mm X =dYy WOJ oy} uf s uoTssnbs pejoypexg

657265 9S°T2Y BT'9€C 0G°€Gz  02°2TL OT*¥9G 26°8TG BL°GLY  bE'62L 00°bBC 9T*¥¥S 2T LOS  82°696
S6TSTV 627962 0€°6€Z BY'6LT  08°26Y 9T €GE L9HIE OC'EEE  L2°POS Cevlzh 2L TEE OPU09E €T B
5'9Te 6670ST 05°22T 98796  G9'0LZ 25'9Te 82°202 6L'ELT  SE°9LZ 26°L22 €h 66T BICOT  62°L62
w/ey ‘g ‘ate Jo doxp exnssedg

ww.om& OO-me OvomwMN. 08°¢€TL 86°66. 00°281, V?-Q@N 18°¥%¢), 19°908 6T°26L LL°LLL Mﬂuﬂwﬁ
a NE.nn\mﬁ
A/3% ¢Ug ‘seTaysuep yyng 3weup £
L+ 266t T ¥ 00°€T T ¥ aprot ot
% BTSBQ j0M JUSLUOD OINgETOm 4BOUY Ty

‘UFq 3803 Jo BeJ® TBUOT}068 BEOIO jTuUN Jod 89048I MOTI IT® USTY pus umypem
L]
MOT 38 IT® yo doap eanssexd eyy pus B89T3¥BuULp JINQ 3BOUM JO BONTBA UCTYBAISBAQ0 :(9) OTABY



- 86 -

show data obiained by experiments on the resistance

of clean paddy rice and clean wheat which affected by the
bulk densities at low , medium and high air flow ratesg
per unit cross sectional bin ares and at selected grain
moisture contents. Data were plotted on ordinary papers
in figures (22 end 23) where the horizontal line re-
presents the grain bulk densities in, kg/m3 » end the
vertical linc represents the pressure drop of air in
Pa/m . The graphs of the data show the curves shape.VWhen
these datz were p;otted on & log~log paper, the relation-
ship becomes linear. So, the relationship fitts the
experimentel data on studying the effect of bulk density
on the pressure drop of air flow by linear regression
analysis involving transformation of the original date
to logarithmic values.

The relationship of the following type was sugges ted

AP =k §F (5)
Log AP= logK + a log Sb (6)

where:
AP is the pressure drop of air per unit depth of
grain, Fa/m

Sy 1is the bulk density of grain, kg,/m3



- 87 =

K and a are constants under a given condition and the

units used.

The constant (K) and (a) in the previous relation-
ship were determmined for each set of condition. Tables
(7 and 8) show the calculated values of the constentg
K, & and the coefficient of multiple determination which
is equal to the value of R? for both paddy rice and wheat,

respectively.

The predicted values and the data obtained by ex-
periments were plotted in figures (24 and 25). 4n example
is given here,for each type of grain to indicate the
methematical form of the previous relationship . For
paddy rice at medium sir flow rate of 454.13 nP/hr.m2 and
at moisture content of 11.22% wet basis, the relationship

was as follow :

AP = 12909.67(0.001 Sy,)7+4965 n

2

The value of R° was 0.9549

For clean wheat at medium air flow rate of 454.13

2

mj/hr.m and at moisture content of 10.48% wet basis,

the relationship was as follow :

AP =1759.43 (0.001 Sb)5-949 (8)

The value of R® was 0.9654.
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Fig.(24):Predicted and experimental values of pressure drop of air passing
through different levels of paddy rice bulk density.
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Fig.(25):Predicted and experimental values of pressure drop of air passing
through different levels of wheat bulk density .
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Data in tables (5 and 6) and figures (22 ang 23)
for paddy rice end clean wheat show that as the bulk
densities of grain incresased nonlinearly from loosely
filled to packed fill, the resistance of air Passging
through grains incressed at the same level of moisture
content and the seme quentity of air flow. In other
meening direct proportional was shown between
the grain bulk density and pressure drop of aip
pessing through the grain test bin. At loosely filled,
the voids fraction (spaces in the grain mass) between
grains particles has a value greater than the fully
compacted fill. However, the increase in the Pressure
drop is believed to be due to smaller air pPaessges
and consequently more fraction to air flows through the
beds. The volds fraction reflects the value of the
bulk density of grein in the test bin. The increase of
the grain bulk density is also believed to be due to
spaller voids fraction in test bin. In paddy rice,the
velues of the constant(a) which represents the glope of
the regression line varies with the values of moisture
contents at constant air flow rate. At air flow rate of
569.28 1113/m;‘.m2 the values of the constant(a)at moisture
contents of 11.22% , 19.27% and 24.30% were 7.307 ,

€.931 and 5.926 respectively, Yhe reduction of the
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velue of the constant (a) was found to be due to the
increase of moisture content of paddy rice. For 2al1
the set of paddy rice experiments, the slope of the non-
linear relationship between the bulk density and the
Pressure drop of air was decreased when the moisture
content increased. The averages values of the slopes
were 7.0594, 7.7161 and 5.7436 at moisture contents of
11.22%, 19.27% and 24,30% , respectively. At high
value of moisture content of 24.30%,the values of the
constant(a)were almost equals.at small, medium ang high
alr flow rates. So, the variation of the slope at high
moisture contents was very smell and it can be neglec-

ted.

At clean wheat, the values of(a) were increased
with respect to increase the values of moisture cont-
ents. So, small change in bulk density results rapid
change in resistaence of air paessing through the grain,
At alr flow rate of 569.28 m’/ur.u?, the values of the
constant(a) were 6.3022, 7.3793 and 8.1315 at moisture
contents of 10.48%, 13.00% and 19.52%, respectively,
Also, at high moisture content the variation of the
slopes was very smell. This result agreed with the
results obteined of paddy rice at high moisture content.,
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Fig.(26): Observed and calculated values of pressure drop of paddy rice.
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Wheat
O Q =297.29 nb/hr. nf
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Fig.(27):Observed and calculated values of pressure drop of wheat.



- 98 -

9L°GYL 20°¥99 80°065 €0°€ZS  $9°699 $8*08¢ 0b°90S 68°LEy  TO°LG9 8Y Y9G 66 68p 99° €TV 82°696G

B8*2vs 949°G8Y  SYUCCY 86°68¢  ¢Le¢8bY Go'oztb 09°99€ GE€°LTE  L6°LGY 26°T6E€ 08°GEE T6°982 (488244

Lotozt 8L°982 Ly'9Gz 18'822 8z zLz 9L'b2z 98°98T 29°€ST  09°9€2 G2°L0Z €L°TST 20°8ST 62°L52

W/8g ‘g ¢ a8 Jo doap exnsseag
65°00L 00°L8Y S° €LY 88-66q

92°LL9 05°€99 06°099 00°L€9 LS°O¥9 OF°L29 09°vT9 L2°T09

ms\mx Qg ‘89T4TEUep TNQ 90TI Appeg ST/
8998I

% BTEBQ jem JuUS3U0O oINgETOmM 89T Appeg

*uTq 3807 JO @WeJB TBUOT}09S

580d0 3tun Jod sajEI MOTI JTB UYBTY puUR uMTpam ‘MOT 3B DUB  jUSUOD 8INYSTOm JO BTOAST

[8JeA86 38 I18 o dodp aanssead syj Uo BOTITEUSp Y[NG SOTJ Rpped jo 3003Fe ayy Jurhpnys JOJ
BBUTBA UOT3BAJ3E8Q0 oY} 04 paxsdmoo I8 Jo doJp oamssaxd syj JO senyTsBA pe3oTpaxd oy} BMOYS :(6) SIAB]



- 99 -

¥6°6LS

T obd

€6°€ce

VL*0S2  96°6L9 €8°865 2€°92¢ LP'T9Y 9L°G69 66°029 OT*€SG LS T6Y 827696
BETVOV 6ETOTE 62°9€2  OT'BLT  b9'Tb b2'LTb Ob'89¢ 26 b2€  06°68% GO*Ovy 0G°¥6€ €6°25€ €T PSH
08790z TS'09T 8S°€2T  8Y°€6  ¢c'z9z 69822 26°86T BG°2LT  $L°L92 T6 ez 29°602 €6°6LT  62°L62
w/eg ¢ g ¢ are jo doap axnssexg

ww-omb OO.MWF O.Vomﬂb Omoﬂ.nh. mmommF 00°28), Qv-mwh N.mo.va. T9°908 mH-NmP LLLLL mﬂ-ﬂwN
weIy/ w
— 3 ¢ U5 ¢ serareuep xTng tmemy ‘ 2 oqoat
L+ 66t T ¥ 00*¢€T T ¥ speot MOTI ITV

% 5T88q oM ‘ qUejuU0D eamyETOm gmATY

88040 3Tun xed sejmax MOTJ IT® YITY puB umypsm ‘MoT 4B pue
T8X0488 318 IT® Jo doap srnssoxrd U} U0 BOTITSUSD JING jBOUM
eenTsA UOT3BATOBQO oYy 0% paredmod Jte yo doxp eanssead oy3 Jo

‘UTq 388} JO BOIE TBUOT3098
jU’ajUO0D aInj}syom JO STOAET
Jo 3098339 ayg BurApnys JoF

senTeA pejoTpexd oyl smOYg

:(0T) °19®L



~ 100 -

The accuracy of the previous equation was measureqd
by the coefficient of multiple determination which is
equal to the value of R® indicated in the range from 0,3737
to 0.9399 for set of experiments of paddy rice and from
0.9026 to 0.9925 for set of experiments of clean wheat .,
In addition, when the observed values of the pressure
drop were plotted against the calculated values from the
equations, the point lie close to g straight line inclineq
with an angle egual to 45° as shown in figures (26 and 27)
for paddy rice and clean whesat, respectively. Tables (9
and 10) show the predicted values of pressure drop of air

of paddy rice and wheat, respectively.

Pressure Drop - Air Flow Relationshig at Different

Bulk Density and at Comstant loisture Content

Pressure drop of air passing through beds of paddy rice
or wheat was found to be affected by two independent vapjig-

bles as previously indicated.The variasbles are the air flow
rate per unit cross sectional area, Q, and the bulk den-

sity of grain. These two variables may be inserted in the
right hend side of the relationship of AP = K QB gg indep-

endent variables to indicate their effect on the pressure
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drop. The relationship was shown as follows:
AP = K Q® sb (9)

The linear relationship between the pressure drop, A P,
air flow rate, Q, and grain density, Sb s Can be expressed

as follows:

Log AP = Log XK + a log Q + b log S, (10)

The constents K, a and b and the coefficient of multiple
determination, Ra, were determined for paddy rice and wheat
at different levels of moisture content. Table (11)shows
the calculated values of the constants K, a and b for paddy
rice. The ranges for appling the constants in table (11)
and in equation (11) are the eair flow rates range from
240 to 600 xx13/1:1r.m2 end the paddy rice bulk densities from
595 to 705 kg/m.

For instance, the pressure drop of air passing through
paddy rice at moisture content 19.27% wet basis as follows:
AP = 1.5273 QL3885 (0,001 5)6+997 (11)

For clean wheat, table (12) shows the calculated values
of the constants K, & and b at three levels of moisture con-

tent of 10.48%, 13.00% and 19.92% wet basis . The ranges
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Table (11): Calculated values of the constants K, a and b fopr

studying the effect of air flow rates and Paddy rice
bulk densities on pressure drop air at five levels
of moisture content.

Serial Moisture ) Values of constants Coeff, orf
Yo. content determin-
wet basis K a b ation
% 2
R
1 11.22 6.3863 x 10723 1.4708 17.4670 0.9871
2 17.00 1.0119 x 10724 31,4544 8.0947 0.9887
3 19.27 1.55% x 10721 1.3885 6.9970  0.990g
4 21.53 9.1230 x 107% 1.2821 6.4516 0.9973
5 24.30 2.7214 x 20717 1.2707 5.5972  0.9976

Predicted equation is in the form of AP = K @2 gb |
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Table (12): Calculated values of the comstants K, & and b
for studying the effect of air flow rate and
wheat bulk density on pressure drop of air gt
three levels of moisture content.

Serial Moisture Values of constants g°°ff' of
No contents etermin-

y wet basis ation

% K a b R
1 10.48  2.6010 x 1002° 11,4654 6.3259 0.9910
—24
2 13.00  7.4204 x 10 1.4538  7.5674  0.,9903
3 19,92 3.3916 x 107 1.5285 7.9414 0.9953

Predicted equation is in the form of AP = K Q® SE .
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for applying the calculated constants in table (12) eng
in equation (12) are:Air flow rate from 240 to 600 m3/
br.o? and cleen wheat bulk demsity from 710 to 810 kg/m’.

For instance, the pressure drop of air pesging
through wheat at moisture content 19.92% wet basig was
presented as follows:

15285 (0,007 579424

AP = 0.2262 Q (12)

The jmportance of these multiple formulas can be
applied for wide range which includes independent two
variables, the air flow rate and the bulk density of
grain. In addition, the prediction of air pressure drop
can not be obtained by applying equations from the type

AP = K Q® if one or more from the other variables

changed than that originally observed.

Pressure Drop of Air at Different Moisture
Content Wet Basis end Constant Bulk Densit
S S SaRab Bag vondtent Dulk Vensity

Moisture content of greins is useful in determining
the market grade of grain . It is also important in
menagement decisions relating to conditioning and storage

of grain. So, the research work was extended to study
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the effect of moisture content of paddy rice and wheat
on the pressure drop of air passing through the grain
test bin,

The relationship was in the following form:
AP = K uc® (13)

The nonlinear relationship between the pressure drop and
the moisture content wet basis percentage can be ex-

pressed as follows:

log AP =1ogK + alog MNC (14)

The constants of the values K and a  were determined,

Two levels of air flow rates per unit of cross gectional ares
of test bin of 454.13 and 569.28 m°/hr.;m2 were selected.

4 level of grain bulk density was choosen. The bulk den-
sities of paddy rice and clean wheat were 649.04 ang 765
kg/m3, respectively. lioisture content ranges from 14.35%

to 21.53% wet basis for paddy rice. bioisture contents

were 10.48%, 13.00% and 19.92% wet basis for clean wheat.
Tables (13 and 14) show the congtants of the value K and

& for paddy rice and wheat, respectively.

For instance, the predicted pressure drop per unit depth

for air passing through paddy rice at 569.28 m3/hr.m2 and
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Table (13): Calculated values of the constants K ang a
for the relationship of pressure drop of aipr
passing through paddy rice at constant bulk
density of 649 kg/m”.

Air flow Coeff, of
rates Ihe constants determination
m3/h1-.m2 K a R®
454.13 2358.96 -0,623 0.951
569.28 4916.24 -0.7627 0.9989

Predicted equation is in the form of AP = K MC®

Table (14): Calculated values of the constants X and g
for the relationship of pressure drop of air
passing through wheat at constant bulk density
of 765 kg/m?.

Air flow The constants Coeff. of
rates determination

mB/hr.mz K -3 R2

569.28 1102.2 =0.315 0.8232

Predicted equation is in the form of AP = K Mc®
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Fig.(28):0bservations and predicted values of pressure drops as
effected by moisture contents for clean paddy rice ond
clean wheat.
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grain bulk density of 649 kgs/m3 was as follows:

AP = 4916.24 Mg=0-7627 (15)

For clean wheat, the predicted bressure drop per
unit depth for air passing through grain bulk density
. ~
of 765 kg/h3 and air flow rate of 569.28 m3/hr.m‘ viae

ag followvs:
AP = 1102.2 Nc™0+315 (26)

Figure (28) shows the observetions and the predicted
values of the pressure drop of air as affected by grain

moisture contents for paddy rice and wheat, respectively.

The results obtained indicated that paddy rice ang
clean wheat were found to display a decrease in pressure
drop of air with increasing moisture content. This in-
vers relationship may be related to the increase of the
pore space between the grain particles. The voids in graing
increase when the volume of the grain particle increases,
Consequently the volume of the grain particle is affected
by the voids fraction which increases when the volume of
grain particle increases. On other word, the moisture con-
tent affects on the bulk density of grain. It wags found

that es the moisture content increases the bulk dengities
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Table (15): Show the effect of paddy rice moisture
contents on the pressure drop of air at
constent bulk density of 649 kg/m’.

Air flow Moisture contents wet basis %

(23 hoen?) 14.35  17.00  19.27  21.53
Pressure drop of air,A P,Pa/m

454.13 444.4 413 367.5  347.5

569.28 646.7 564 515.67 472.9

Table (16): Show the effect of wheat moisture contentg
on the pressure drop of air at constant
bulk density of 765 kg/mj.

Air flow lMoisture contents wet basis %
rates

10.48 13.00 19.92
(mB/hr.mz) 9

Pressure drop of air, A P, Pa/m

454.13 360.4 364.67 296.29
569.28 507.12 518.52 421.65
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of paddy rice and clean wheat decreased. This results
agreed with experiments running on barley, corn, sorghum,
oats and soybeans by Hindey (1980), Erowme (1962) ,Erusewity
(1875).

The Relationship Between the Pressure Drop and

Air Flow Rates, Grain Bulk Densities ang

Grain lMoisture contents

In practice, the use of relationships of the type

AP =K Q% or AP =K @2 SE are always subject
to several gpproximations which may lead to unsatig-
factory estimation of the power required to operate the
system . However, these relationships were essential in
the present work to understand eagily the effect of each
single variable on the pressure drop. This enabled the
study of other variables through multiple relationshipS.

One of the important results obtained from this wopk
is a multiple relationship between the bressure drop,
AP, as dependent variable end the air flow rate, Q ,
moisture content, MC,and grain bulk density, Sb , as

independent variables.
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The relationship between these variables may be
written in the form :

AP = K Q% s;‘; uc® an
The nonlinear relationship between the pressure drop and

the other three variables can be expressed as follows:
Log AP = log (K) + a log (Q) + b log (Sb) + c log (MC) (18)

The constants K, a, b and ¢ and the coefficient of myl-
tiple determination were determined by a standard rege-
ression model. The relationship between the variables
in its general form for the paddy rice at different val-
ues of air flow rates, bulk density, end moisture cont-

ents was found to be presented as follows :

¢1+3635 (0001 ,,)5 8833
ucO.4184

AP = 3.8819

(19)

where:

AP = pressure drop , Pascal per meter depth of

paddy rice.

Q = alr flow rate, cubic meter per hour pPer square
meter of the cross sectional ares.
Sb= paddy rice bulk density, kilogram per cubic metep.

MC = percentage moisture content of paddy rice(wet bagis),
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The value 3.8819 is depending on these units
and the material used (paddy rice) under a given con-

dition.

The coefficient of multiple determination (R2)or
the above predicted equation was 395.67%.The range of

application of the above predicted equation has been
found to be presented as follows:

Q : in the range between 240 to 600 cubic meter per
hour per squere meter.

S. : From loosely fill paddy rice to fully compacted
£ill. Bulk density in the range between 595 to
705 kgs/u® .

MC

.

The moisture content in the range between 11.00%
to 25.00% wet basis.

The previous relationship can be applied 1o pre-
dict the value of the pressure drop within the indi-
cated limits of the variables. The accuracy of the rel-
ationship was measured by seversl methods among, which

are the following:

l. The coefficient of multiple determination, R-squared,
was calculated and was found to be equal 95.67%.
2. The predicted values of the pressure drop agreed

closely with those values observed across bed of
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Paddy rice. Table (17) indicates several values for

observed and predicted pressure drop.

Also, the relationship between the pressure drop
of air passing through the test bin of clean whest
AP, Pascel/m , and the other variables such ag aip
flow rate, Q, m°/hr.m?, bulk density, Sy» k& /n® end
moisture content MC, percent wet bssis was found to be

presented as follows:

' 11c0- 2004

The coefficient of multiple determination (RE) for the
ebove predicted equation was 98.67%. The range of appiic-
ation of the above predicted equation has been found

to be presented as follows :

Q : In range between 240 to 600 m3/hr.m2.
Bulk density in the range betweer 710 to 810 kgs/mB.

o

MC ; Moisture content in the range between 10.48 to 19.92%

wet baslis.

The previous relationship can be applied to predict
the value of the pressure drop at wide ranges of air flow

rates and bulk densities and at narrow range of moisture
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Tgble (17): Observed and predicted values of pressure
drop of paddy rice.

Air flow Bulk Moisture Pres;:re ldnrop,AP,
rates density content
o /ar.me gﬁcga§g§h3 wet%basis Observed Predicted
297.29 640.57 1l.22 242.16 242,03
343.29 620.86 14.35 222,00 221,06
569.28 617.00 17.00 396,00 395.60
514.93 650,50 19.27 447.20 44¢6.88
242.74 670.39 21.53 182.30 182.63

485.00 687.00 24.30 532.76 515.92
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contents. Although the predicted equation has con-
sidered three independent variables, more experimental
work esre needed at wide range of moisture content of
clean wheat. It should be noted that most of infomma-
tion obtained by many investigators are given in e form
of tables, figures and simple relationships between two
variebles mainly the pressure drop and the air flow rate

under fixed levels of the other variebles.
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CONCLUSIONS

Predicting the pressure drop when a fluid flows
through grain storege systems has been great deal of
interest. This is due to the fact that knowledge are
required to make the right decision %o choose fan or
blower for grain drying, aerating, and cooling systems.
In addition, the powers requirement of the systems to
be calculated for any proposed operating conditions
are needed. So, experiments have been carried out to
measure the pressure drop of air passing through beds
of mainly, paddy rice of IR 28 variety and clean wheat
of Sakha 61 variety. Three importent and essentia)
veriables were considered to obtain data used in this
study. The variables were air flow rate, bulk density

and moisture content of grain.

The recorded data were anslyzed to determine suit-
able relationships from which %o predict the pressure
drop in beds of paddy rice and wheat. So, the analysis
of thé results of the present study on clean paddy rice
and clean wheat led to the following finding and concul-
sions regarding the effect of change the air flow rate
per unit cross sectional area of test bin s moisture
content wet basis, and grain bulk density in fixed beds
of paddy rice and wheat.
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The pressure flow relationship could be expressed
as P = K Q2 for the Egyptian varieties of paddy rice
and whesat.

The pressure drop in beds of paddy rice or wheat wag
directly proportional to eir flow rate and bulk density

under a given condition.

Severel general mathematical relationships were deve-
loped for pressure drop prediction in beds of paddy

rice or wheat under a given condition.

The pressure drop of air in different beds of paddy rice

and wheat decreased with increasing moisture content for

the same air flow rate and bulk dengity.

The method of filling the test bin raddy rice or wheat
affected the density of grain and consequently had
affected on the pressure drop . The pressure drop was
directly proportional to the method of £illing the test
bin from loosely filled to fully compacted fill,btecause

of the reduction in the air spaces in the grain magg,

As the moisture contentes of paddy rice and wheat incr-
eased from 11 to 19 percent wet basis, the pressure
drops decreased by 20.42 and 10.37 percent,respectively
at constant air flow rate and constant grain density.
Thie is due to the change in the shape of grain partic-

les with emooth surfaces et higher moisture content.
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T. As the bulk density of paddy rice increased from 600
kgsﬁgB to 700 kgs/m3 s the pressure drop increased
by 59;5 percent and the bulk density of wheat incr-
eased from 700 kgs/m3 to 800 kgs/h3, the pressure drop
increased by 63.8% percent at constant air flow rate

and constant moisture content.

8. Twice air flow rate passing through beds of paddy
rice and wheat may cause (2.573) and (2.7949) times
increase in pressures drop, respectively when other

variableg were held constants.

9. One of the most important results obtained from this
experimental work are the following relationships:
For paddy rice:

Ql.3635(0.001 sb)5.8833
P = 3.56819

! Lc+4184 ]

For wheat:
- ) .

Q1.4828 (0.001 Sb>7.62l6
P = 0.5053

: MCO’2OO4
The relationships can be applied for good prediction
of the pressure drop in beds , P, (Pa / m), of uniform
clean samples of paddy rice and wheat over the designed
air flow rate, Q, (w’/ar.n®), bulk demsity, 5., (ke/n’)

and moisture content, kC, percentage.
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Table (A-2): Shows grain equivalent spherical diameter
of paddy rice and wheat.

Paddy rice Wheat
Sﬁ;?al Pa§g?cles Volume Dp Volume Dp
(m’ ) (mm) (mm?) (mm )
1 50 10 3.367 16 3.938
2 50 9.7 3.333 15.5 3.8975
3 50 9.8 3.345 17 4.0193
4 50 9.8 3.345 16.5 3,979
5 50 9.9 3.3356 16 3.855
Average 3.349 3.938
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Teble (A~4): Determinated weight of a thousand grain
particles of paddy rice and wheat.

Weight (gm)
Grain of crop
] 2 3 Average
Paddy rice 20.985  23.056 23.485 22.508

Wheat 41.533  40.723 43.067 41.774
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Table (A-6): Averaged values of the physical properties of
wheat and paddy rice obtained by experiments.

Type of grain

Serial
No. Physical properties items Paddy Wheat of
{ﬁcgs Sakha 61
1 Dimensions
1. Length, L, mn 8.447 6.479
2. Width, W , mm 2.737 3.314
3. Thickness,T ,mm 1.989 2.846
2 Equivalent spherical diameter,Dp,mm 3.349 3.938
3 True density, Sy, gram/cm’ 1.336 1.276
4 Bulk density, g, gram/cm3 0.661 0.687
5 Voids fraction, € , decimal 0.511 0.461
6 Weight of a 1000 particles, gram 22,508 41.774
T lioisture content percent wet basis, 12.28 11.38

K.C. (web.) %
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Table (B=1): Air flow resistance measured data in bedg of clean
paddy rice (IR 28) at moisture content 11,22% wet

basis .
Type of filling test bin
Air flow
Serial rates Loose Normgl Vibrated Packed
No. W /hr.m Paddy rice bulk densities, Sp, kg/m3
601.27 614.60 627.40 640.57
Pressure drop of air in Pascal per meter

1 242.74 116.00 150.99 176.63 188.03
2 297.29 153.87 196.58 215.00 242.16
3 343.29 182.33 236.46 267.80 301.99
4 383.81 213.67 276,35 311.90 347.58
5 420.44 245,10 310.50 354.70 39%.86
6 454.13 273.50 354.70 39.88 444,40
7 485.48 296.29 410.20 441.50 504,27
8 514.93 336.18 441.59 485.75 552,70
9 542.79 370.37 481.48 527.00 606.84
10 569.28 398.86 521.30 566,90 646,70
11 594.59 427.35 558.40 618.20 692,00

Date of experiment : 27-5-1985.
Laboratory temperature: 29°C
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Table (B-2): Air flow resistance measured data in beds of clean
peddy rice (IR 28) at moisture content 14.35% wet

basis .
Type of filling test bin
Air flow Loose Normal Vibrated P
Serial rates acked
No. v’ /nr.m? Paddy rice bulk densities, Sp, kg/m3
610.60 620.86 631.00 641.22
Pressure drop of air in Pascal Per meter
1 242.74 85.47 122,50 162.39 190.88
2 297.29 119.60 158.00 203.67 236.46
3 343.29 153 .80 199.50 248.95 293,44
4 383.81 185.18 240.40 290.84 353.27
5 420.44 213.60 270.20 344.00 396,01
6 454.13 240.09 300.59 395.00 447,29
7 485.48 270.00 341.63 411.40 484,33
8 514.93 259.14 379.77 455.00 541,31
9 542.79 321.90 411,00 501.53 592.59
10 569.28 347.50 437.12 537.50 638.18
11 5%4.59 401.70 492,60 595.38 676,60
Date of experiment : 30-5-1985.

Laboratory tempersture: 30°C.
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Tgble (B-3): Air flow resistance measured data in beds of clean
paddy rice (IR 28) at moisture content 17.00% wet

basis.
Iype of filling test bin
Serial Agtggow Loose Normal Vibrated Packed
O A Paddy rice bulk demsities, Sp, kg/w
617.00 631.20 644.78 658.35

Pressure drop of air in Pascal per meter

1 242.74 94.00 133.90 162.39 210,80
2 297.29 153.80 185.18 219.37 270.60
3 343.29 190.88 264,90 284.90 327.60
4 383.61 222.00 284.90 313.39 378.90
5 420.44 253.50 319.09 370.37 427.30
6 454,13 284.90 356.12 413.00 470.00
7 485.48 313.39 393.16 452,99 512.80
8 514.93 341.88 427.30 490,00 555.50
9 542.79 307.50 458.69 527.00 598.00
10 569.28 396.00 490.00 564.00 641.00
1 594.59 421.65 518.50 601.00 683.70
Date of experiment : 2-6-1985,

Laboratory temperature : 30.5 °C.
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Table (B-4): Air flow resistence measured data in beds of clean
paddy rice (IR 28) at moisture content 19,27% wet
basis .

Type of fillinﬁ test bin

Air flow
s;’ ial 3rat e52 Loose Normal Vibrated Packed
OQ
w’/hr.m Paddy rice bulk densities, Sy, kg/m’
637.00 650,50 663450 677.26
Pressure drop of air in Pascal per meter
1 242.74 123.90 158.00 185.18 225,00
2 297.29 178.06 176.63 236.40 270,60
3 343.29 213.67 267.80 299.00 336.00
4 383.81 245.00 310.54 339.00 364.67
5 420,44 290.59 341.88 390.30 398.80
6 454.13 319.00 367.50 411.68 490.00
7 485 .48 347.58 410.25 467.20 527.00
8 514.93 381.76 447.20 507.12 575.50
9 542.79 404.50 481.40 549.86 618.00
10 569.28 433.00 515.67 586.89 663.80
11 594.59 464.39 547.00 623.90 706.50
Date of experiment : 5-6-1985.

Laboratory bemperature : 29 °C
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Table (B-5): Air flow resisiance measured data in beds of clean
paddy rice (IR 28) at moisture content 21.53% wet

basis .
Type of £illing test bin
Air flow Loose Normal Vibrated Packed
Serial rates Paddy rice bulk demsities, Sy, kg/m)

No. m3/hr.m2

657.30 670.39 683.00 696.52

Pressure drop of air in Pascal per meter

1 242.74 156.69 182.30 207.90 242.00
2 297.29 202.28 235.00 256.40 293. 40
3 343.29 242,00 270.65 313.39 344.70
4 383.81 279.20 336,18 364.80 404,50
5 420.44 316.24 364.60 413.00 455.80
6 454.13 347.50 381.70 450,00 507.00
7 485 .48 381.70 427.30 484.30 541.30
8 514.93 413.00 470.00 527.00 598,20
9 542.79 441.50 507.00 575.60 641,00
10 569,28 472.90 541.30 612.53 686.60
11 594.59 507.00 576.90 646,70 732.00
Date of experiment s 8-6-1985.

Laboratory temperature : 28.5 °C
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Table (B-6): Alr flow resistance measured data in beds of clean
paddy rice (IR 28) at moisture content 24.30% wet

basis .
Type of filling test bin

Septel Airtféow Loose Normal Vibrated Packed

Yo. m§jh:.m2 Paddy rice bulk densities , Sp» kg/m’
’ 659.88 673.45 © 687.00 700.59

Pressure drop of air in Pascal per meter
1 242.74 185.18 206.55 225.00 247.80
2 297.29 227.92 257.83 287.75 319.00
3 343.29 270.65 304.84 339.00 373.00
4 383.80 313.39 351.85 387.40 427.30
5 420.44 350.42 393.16 435.89 484,30
6 454.13 384.60 435.89 487.18 541.30
T 485 .48 418.80 475.78 532.76 592,50
8 514.93 453.00 515.67 578.35 643.87
9 542.79 484 .33 552.T0 621,00 692.30
10 569,28 521.37 595.44 669.50 743,50
11 594.59 552.70 635.30 712.00 734.80

Date of experiment
Laboratory temperature

: 11-6-1985.

1 28.5 °C
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Table (C-1): Air flow resistance measured data in beds of
clean wheat (Sakha 61) at moisture content
10.48 % wet basis .

Type of filling test bin

Serial Air flow

Loose Normal Vibrated Packed
No. rates Wheat bulk densities, S ¥
o /h.n% ea engities, Sy , kg/m
763.35 177.77 792.19 806,60
Pressure drop of air in Pascal per meter
1 242.74 133.90 159.50 185.18 219,00
2 297.29 185.18  199.43 227.92 276,00
3 343.29 242,16 259.26 276.35 333.33
4 383.81 287.75 307.69 330.48 390.31
5 420.44 324.78  336.18 378.90 447.29
6 454.13 360.40 391.73 427.35 504.27
7 485.48 398.86 435.89 470,08 561,25
8 514.93 435.89 453.00 507.00 618.23
9 542.79 472.93 507.12 544.00 669.50
10 569.28 507.12 544.16 584.00 729.34
11 594.59 541.30 598.20 626.78 774.93

Date of experiment : 5/7/1985.
Laboratory temperature: 28°C.
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Table (C-2): Air flow resgistence measured data in beds of clean ‘
wheat (Sekha 61) at moisture content 13.00% wet

basis .
Type of filling test bin

Serial ﬁ§§e§1°w Loose Normal Vibrated Packed

No. 3 /ar.n? Wheat bulk demsities, Sp, kg / wl
' ' 754.87 768444 782.00 795.58
Pressure drop of air in Pascal per meter
1 242.74 128.20 156.69 173.79 213.67
2 297.29 173.79 202.28 216.52 270.65
3 343.29 216.50 247.86 264.95 321.90
4 383.61 253.56 284.90 310,50 378.90
5 420.44 296.20 324.78 350.42 435.89
6 454.13 333.30 364.67 393.16 492,80
7 485.48 364.67 401.71 441.50 549.86
8 514.93 401.71 438.74 481.48 601.14
9 542.79 438.74 478.63 524.20 655,20
10 569.28 475.78 518.52 564410 712,20
11 594.59 509.97 549.86 595.40 769.20

Date of experiment
Laboratory temperature : 27°C.

: 8/7/1985.
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Table (C-3): Air flow resistance measured data in beds of
clean wheat (Sakha 61) at moisture content
19.92 % wet basis.

Type of filling test bin

Serial Adr flow Loose Normal Vibrated Packed
Yo. §ates 5 Wheat bulk densities, St,kg/m’
w” /hr.m 713 .80 739.40 765 .00 790.66
Pressure drop of alr in pascal per meter
1 242.74 Tl.22 91.16 113.96 156.69
2 297.29 96.86 122.50 150.99 216.52
3 343.29 122,50 153.80 188.00 276.35
4 383.81 145.29 185.18 225,00 327.00
5 420.44 162.39 213.67 262,00 373,20
6 454.13 179.48 239.30 296.29 415 .95
T 485 .48 196,58 264.95 327.63 461,54
8 514.93 213.67 290.59 358.97 507.00
9 542.79 233.60 313.39 390.30 549.86
10 569.28 253.50 336.18 421.65 592.59
11 594.59 273.50 358.97 452,90 632.48

Date of experiment : 11/7/1985.

Laboratory temperature: 31 °C .
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Table (D-1): Air flow meter calibration across
the orifice plate.

Inclined manometer Dwyer manometer

=
o

(HQO mm) (H20 mm )
1 0.0 0.0
2 2.5 3.048
3 3 3.56
4 4.5 5.08
5 7 7.62
6 10.75 11.684
7 16.0 17.27
8 21.25 23.11
9 23.5 25,146
10 34.5 36.83
11 41 43.18
12 47.5 50.8
13 53 57.9
14 60 63.0
15 66.5 68.58
16 73.5 76.2
17 78 81.8
8 82.5 86.4
19 85.75 88.9
20 91.0 93.98
Mean X = 40.0875 y = 42.2044
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2
y *0.6897 +1.0356 X R 20,9651

& % 38 3 3

»
%]

Dwyer manometer, m.m. HyO
&

25

Yy */ 42.2044

1 1 ! Il | 1 1 | | | | | | | I | J
5 10 I8 20 25 30 35 40 45 50 S5 60 65 70 75 80 85 90 9f

Inclined manometer, mm. H20

Fig.(29):.Inclined manometer calibration ( minimum division of | m.m.,
inclined angle 30 ) across the arifice plate .
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Table (D-2): Air flow meter calibration acrosg
the grain bed.

Inclined manometer Dwyer manometer

No.
(Hy O mm) (Hy0 mm)

1 0.0 0.0

2 4.4421 4.9

3 6.8809 7.336
4 8.5358 9.39
5 10.452 11.43
6 12.0198 13,208
7 14.3715 15.494
8 16.4619 17.78
9 18.8136 20.32
10 20.7298 22.225
11 22.0363 23.623
12 23.2557 24.892
13 25.259 27.94

Mean X = 14.096 y = 15.257
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2
y * 0.05398 + 1.0785X R =0.999

26
24—

22—

Dwyer manometer (m m. Hy0)

F15.257

o""""""l

2 4 6 6 10 12 14 |6 18 20 2224 26
Inclined monometer (mm HZz0)
Fig.(30:Inclined manometer cohbratnon (minimum division
of Y2 mm and inclined angle 5 ) across grain bed .
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