
 



AIRFLOW DISTRIBUTION AND ITS RELATION

TO BULK GRAIN DRYING

A Thesis

Submitted to the College of Graduate Studies and Research

in Partial Fulfillment of the Requirement

for the Degree of

Doctor of Philosophy

in the

Department of Agricultural and Bioresource Engineering

University of Saskatchewan

Saskatoon, Saskatchewan

By

DeqiangGu

March,1994

Copyright® 1994 Gu, Deqiang



COPYRIGHT

The author has agreed that the Library, University of Saskatchewan, may make this

thesis freely available for inspection. Moreover, the author has agreed that permission for

extensive copying of this thesis for scholarly purpose may be granted by the professor or

professors who supervised the thesis work recorded herein or, in their absence, by the

Head of the Department or the Dean of the College in which the thesis work was done. It

is understood that due recognition will be given to the author of this thesis and to the

University of Saskatchewan in any use of the material in this thesis. Copying or

publication or any use of the thesis for financial gain without approval by the University of

Saskatchewan and the author's written permission is prohibited.

Requests for permission to copy or to make any other use of the material in this

thesis in whole or in part should be addressed to:

Head of the Department of Agricultural and Bioresource Engineering

University of Saskatchewan

Saskatoon, SASK.

Canada S7N OWO

I



ABSTRACT

Experimental and computer simulation of in-bin grain drying was conducted. The

study was to model the non-uniform distribution of temperature and moisture content in

bins with slanted or partially perforated floors, hence with non-parallel airflow streamlines.

Complete data were obtained for grain drying with non-parallel airflow. These data

included moisture contents, temperatures, static pressures, intergranular air velocities, and

shrinkage of the drying beds. The intergranular air velocities measured were found to be

about three times those calculated from the superficial air velocity divided by the bulk

porosity. The non-parallel airflow regions were more pronounced near the air entrance.

Away from the entrance regions, the air velocity profile tended to be uniform. The partially

perforated floor created higher resistance to airflow than the totally or slanted perforated

floors. The drying pattern depended on the floor configuration. For the slanted floor,

grain at the center of the bin remained undried at about 20% moisture content when the

average moisture content of the binreached 14% (w.b.).

Typical bulk shrinkage of grain was about 20% for grain dried from 22% to 12%

moisture content. The shrinkage was non-uniform with the slanted floor. Grain shrinkage

resulted in denser packing of the grain and an increase in the resistance to airflow. This

increase was somewhat compensated for by a decrease in the grain bed depth. The net

decrease in airflow supplied to the bin was about 13% .

An improved simulation scheme was developed to simulate the airflow distribution

and to compute heat and mass transfer processes along streamlines. The improved

simulation scheme predicts the general pattern of moisture content. Under non-parallel

airflow conditions, the model provides a better estimation of moisture content than it does

of grain temperature. Accurate prediction of airflow distribution was needed to simulate the

grain drying process accurately. More work is required to simulate three dimensional flow

and drying with concurrent grain shrinkage.
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In summary, the results of the research revealed that the interaction between the

airflow distribution and the grain drying process was not significant. It is also

recommended that for uniform drying or cooling of grain, the air ventilation systems of

grain bins should be designed in such a way that air travelling distances from the air inlet to

the surface of the grain bed should be as equal as possible.
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CHAPTER 1

INTRODUCTION

Grain should have a low and uniform moisture content and temperature when

stored in a bin. For drying and storage of grain, the uniformity in moisture content and

temperature in a bin depends mostly upon the uniformity in airflow distribution during

drying and aeration. Non-uniform airflow distribution often leads to regions of high

moisture and over dried grain within the grain bins.

Airflow distribution in a grain bin is affected mainly by (a) the way air enters the

bin, (b) the geometry of the bin, and (c) the resistance of grain to airflow which, in turn, is

affected by the type and variety of grain, the amount, size and distribution of foreign

materials in grain bulk, and the localized bulk density variation in the grain bin during

drying or cooling.

When clean grain mass is distributed uniformly in a cylindrical bin with a fully

perforated floor, and the ventilating air is introduced into the grain mass from the bottom of

the bin, the airflow distribution in the grain bed is usually uniform. The mean airflow

paths are parallel and mean air velocity is constant along the flow lines and across the cross

sections of the bin. The mean local air velocity within the grain mass at any point is

estimated directly from the supplied volumetric airflow divided by the cross sectional area

of the bin and the bulk porosity. This regime of airflow is called "parallel airflow" in this

thesis. Parallel airflow is one dimensional.

When clean grain is distributed in a bin with floors such as the partially perforated

or slanted perforated types, and the air is introduced into the grain mass from the floor of

the bin, the airflow distribution in the grain bed is not uniform. The mean airflow

streamlines are not parallel. That is, the airflow streamlines in the bin may diverge or

converge and air speeds vary along the streamlines and from one streamline to another
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across the bin. The local air velocity at any point in the bin can not be determined directly.

This regime of airflow is called "non-parallel airflow" in this thesis.

Another example of "non-parallel airflow" occurs when air is introduced into the

grain mass through an air duct either horizontally or vertically located inside a grain bin.

One more example is that when foreign materials are distributed in bulk grain unevenly, the

local resistance to airflow or permeability changes from point to point in the bin and results

in a non-parallel airflow.

When airflow is non-parallel in a grain bin of uniform permeability, local air

velocity can be estimated only after knowing the pressure patterns in the bin, either by

measurements or by computer simulation. The estimation is based on the airflow -

pressure drop equations which were developed from experiments on parallel airflow

situations. The accuracy of these equations in the non-parallel airflow situation is not

known.

Grain drying includes both heat and mass transfer processes between grain and air.

The airflow distribution affects the drying process directly because it affects both the heat

and moisture transfer processes. Furthermore the drying process which leads to grain

shrinkage and change of bulk density affects the airflow distribution. Compared to the bins

with parallel airflow, the airflow distribution in the bins with non-parallel airflow is much

more complex and so is the drying process.

The knowledge of airflow distribution in a grain bin is necessary for the analysis of

grain drying in the bin where airflow is non-parallel, and for the design of the grain bin.

Efforts have been devoted to the studies of airflow distribution in grain bins with non

parallel airflow. The non-parallel flow of air in bulk materials was studied either by

experimental approaches such as Brook (1959), or by mathematical modeling such as those

done by Brooker (1961), Marchant (1976), Segerlind (1982), and Miketinac and

Sokhansanj (1983). These studies were mainly concerned with pressure and airflow
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patterns within the mass of dry grain. No work has been reported on the airflow

distribution studies by measuring intergranular air velocity directly.

Some research work has been reported on grain drying in bins with non-parallel

airflow. A drying experiment was performed by Williamson (1965) in a rectangular bin

with lateral air supply ducts. Near-ambient air wheat drying experiments were conducted

by Smith et al. (1992) in a partially perforated grain bin. In both of the experiments,

moisture contents of grain were measured either when the drying was completed

(Williamson 1965) or in intervals of 7 days (Smith et al. 1992). Brooker et al. (1974)

suggested the use of iso-traverse lines as a pattern for the movement of the drying front in

2-D analysis. An iso-traverse line is a line joining equal traverse time along the streamlines

within the grain mass. Following Brooker's suggestion, Smith et al. (1992) calculated

streamlines and simulated grain drying along one of these streamlines in a partially

perforated floor bin. They then extrapolated the drying front to the rest of the bin using the

similarity of the drying front to the iso-traverse line. The simulated results were compared

with their experimental results, but the two results were not in agreement. They attributed

the discrepancies between predicted and experimental grain moisture to computational and

experimental errors.

1.1 Objectives

The existing published information on non-parallel airflow distribution and its effect on

grain drying process lacks experimental data. Accurate data are required to further

understand the effect of airflow distribution on grain drying, and to improve the accuracy of

mathematical modelling of the airflow distribution and the drying process. The improved

modelling could then be used to design better grain drying systems. With this perspective,

the following objectives were established for the present research:
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1. Make accurate measurements of airflow and drying parameters such as

intergranular air speed, static pressure, grain moisture content, temperature and grain

shrinkage at various locations within a drying mass.

2. Develop a mathematical model and a numerical solution scheme for both airflow

distribution and grain drying.

3. Investigate. experimentally. the interactions between the airflow distribution and

the grain drying process. Compare the results of the simulation against the experimental data

and adjust the parameters used in the simulation model of grain drying using the experimental

data.
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CHAPTER 2

LITERATURE REVIEW

This chapter presents a review of previous research on airflow distribution and

near-ambient air grain drying. The chapter is divided into five sections. The first section is

about the existing theories on intergranular velocity of fluid flow in packed beds including

bulk grain. Section 2 is devoted to experimental and numerical studies of the airflow

distribution in agricultural grain bins. Section 3 is on the studies of grain drying in non

parallel airflow situation. The fourth section is a brief review on computer simulation of

natural air grain drying. A brief summary is given in the last section.

2.1 Flow of Fluid in Packed Beds

Porous media are usually distinguished as unconsolidated and consolidated

porous media. Unconsolidated media are made up of discrete particles and are refered

to as packed granular beds. These packed granular beds are formed by allowing the

particles to settle into contact under gravity, and can generally be given a limited range

of porosities by tapping or jarring the container. Consolidated media, on the other

hand, embrace all cases in which the solid part forms a continuous and permanent

structure (Carman 1956, Greenkom 1983). A bed of bulk grain is an unconsolidated

packed medium.

2.1.1 Theories on Air Flow Path in Packed Beds

According to Dullien (1975), there are two fundamentally different approaches to

the study of the flow in a porous medium consisted of granular particles. In one approach

the flow of fluid in the porous medium is treated as the flow inside conduits. In the other

approach, the flow around solid objects immersed in the fluid is considered. For low and
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intermediate porosities (around 0.5 or lower), the conduit flow approach is appropriate

whereas for very high porosities (near 1.0), which is not possible for usually packed grain,

the second approach is most suitable. There is a grey area in between where neither

approach seems to represent the fluid flow accurately.

Within the conduit flow approach, there are "geometrical" and "statistical" models,

both of which are, in part, based on available knowledge of pore structure. The simplest

geometrical model consists of a bundle of straight cylindrical capillaries of uniform cross

section. In the statistical models, the random nature of the orientation and inter

connectedness of the pores has been emphasized.

The approaches considering flow around solid objects, sometimes also called"drag

theories", are variants, extensions or generalizations of Stokes' law. For fluid flow in

porous media with low to intermediate porosities, the conduits flow approach seems to be

more favorable (Ergun 1952, Carman 1956, Dullien 1975). The approach considering

flow around solid objects was adopted only by Ranz (1952) and Garrett and Brooker

(1965). In agricultural engineering, the equation commonly used to calculate air velocity in

bulk grain appears to be based on conduit flow theory.

2.1.2 Intergranular Velocity of Flow in Packed Beds

The knowledge of intergranular velocity of air or fluid is essential for accurate

predictions of pressure drop across or heat and mass transfer in granular particle beds.

Based on the assumption that the total resistance of flow can be regarded as

superimposition of inertial resistance and viscous resistance, the pressure drop across a

granular particle bed consists of two parts: first part is the resistance due to viscous flow,

the second part is the resistance due to dynamic losses. Both of the resistances are directly

related to the intergranular velocity of flow in the bed (Carman 1956, Ranz 1952, Garrett

and Brooker 1965).
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Theoretically the magnitude of heat transfer coefficient is proportional to the air

velocity passed over the grain kernels (Boyce 1966, Spencer 1969). Fluid flow tracer

experiments (residence time distribution measurements) show that the flow in porous media

is not plug flow even in systems with large ratios of system diameter to particle diameter,

so that the heat transfer coefficient in a porous media varies from place to place (Bybbs and

Edwards 1984). Therefore the knowledge of intergranular air velocity in a grain bed is

necessary for accurate estimation of the heat transfer coefficient.

In computer simulation of grain drying the intergranular air velocity in the bulk

grain was used to control the size of the spatial increment dx and time increment �t

(Bakker-Arkema et al. 1984). And in the analysis of drying process where air flow is non

parallel, the correct intergranular air velocity is required to calculate the correct traverse time

at any point in a bed of grain (Brooker et al. 1974, Smith 1982). The concept of the

traverse time and its usage in the analysis of grain drying will be discussed in Section 3.

2.1.2.1 Estimation of Intergranular Velocity

In grain drying literature, the intergranular air velocity, V, within a grain bed is

calculated by dividing the superficial air velocity, Vo by average bulk porosity E (Spencer

1971, Brooker et al. 1974, Hall 1980):

V = Vc/E 2.1

where the superficial air velocity, V
0,

is also called Darcy's velocity (Kaviany, 1991), and

the bulk porosity, E, is defined as the ratio of intergranular pore spaces to the total bulk

volume of a grain bed. V0
is calculated from volumetric airflow rate divided by front area

of the grain bed. The division of Vo by E in Eq. 2.1 is often called the "Dupuit relation"

(Carman 1956) or the "Dupuit assumption" (Dullien 1975). Equation 2.1 originates from

the assumption that if the pore space in a bed of granular particle is isotropically and

randomly distributed, the porosity of any layer of infmitesimal thickness normal to the

direction of flow will be equal to the volumetric void ratio or bulk porosity, E, of the bed
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(Carman 1956). Chen and Hsueh (1987) called the porosity of any layer of infinitesimal

thickness as "surface porosity". Therefore if the bulk porosity of a grain is 0.40, V will be

approximately equal to Vo multiplied by 2.5 according to Eq. 2.1.

The the intergranular air velocity, V, as defined in Eq. 2.1 was called "average"

pore velocity by Dullien (1975). He pointed out that this value is not equal to the average

pore velocity obtained by correctly averaging the velocity over a number of interconnected

different shape and diameter pores. Therefore the "Dupuit relation" or the "Dupuit

assumption" is physically correct only for the special case of uniform pores.

Carman (1956) stated that in porous media the actual path pursued by an element of

fluid is tortuous, hence the magnitude of true pore velocity must be higher than the division

of Yo by E. He described the flow models in the bed of granular particles based on conduit

flow and related the intergranular velocity, Y, in a granular particle bed (he called it pore

velocity) to Darcy's superficial velocity Yo as:

Y_Yuh-

E
L

2.2

where Le is the average path length of flow, L is the length of the bed. The ratio of LefL is

called the tortuosity factor. For granular particle beds, Carman calculated the value of the

tortuosity factor ranging as from 1.41 to 1.71 for particles of various size and shape.

Multiplication of YoIE by Le/L in Eq. 2.2 is an attempt to correct for the actual path length

of the flowing fluid particle in the bed.

In studying the energy loss across a bed of granular particles when fluid flow

through the bed, Ranz (1952) treated the pressure drop across the packed bed as the sum of

the drag forces on individual particles in a free flow stream. These drag forces were

directly related to the velocity of fluid passing the particles. To determine the magnitude of

the velocity, Ranz assumed that the intergranular velocity increases proportionally as the

open area in a single layer of particles decreases. Then he analyzed the bottom layer of a

model bed composed of spherical particles of uniform size. These particles were packed
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with their centers at the comers of tetrahedrons which gave the closest possible packing

within the uniform size spheres, or called rhombohedral packing (Mohsenin 1986). From

above assumptions and analysis, Ranz derived an approximate relationship between the

superficial air velocity V0 and the intergranular fluid velocity Vas:

VNo= 10.73 2.3

In predicting pressure loss due to airflow through the mass of three grains by

employing the equation proposed by Ranz (1952) and the drag coefficients found

experimentally, Garrett and Brooker (1965) found that a correct relationship between

intergranular air velocity and superficial air velocity could be found. Compared with

Shedd's (1953) data, they found that by using Eq. 2.1, the prediction curves were

consistently displaced to the low side of Shedd's curves, while use of Eq. 2.3 resulted in

predictive curves displaced on the high side of Shedd's curves. By assuming the only

uncertain parameter in the prediction to be the velocity ratio, Garrett and Brooker (1965)

proposed the following approximations for reasonable agreement with Shedd's data,

VNo=9.1

VNo=7.8

VNo=4.2

for corn

for oats

for wheat

2.4

Assuming the equation used in their prediction was valid, the porosity taken from

published data was correct and the drag coefficients were within reason, the velocity ratios

in 2.4 suggested that a correct ratio between intergranular air velocity and superficial air

velocity could be found. Garrett and Brooker (1965) suggested that the factor relating the

intergranular air velocity and the superficial air velocity should lie somewhere between

Carman's l/e and Ranz's 10.73, and the factor differs with each grain.

The velocity ratios in 2.4 were derived based on the drag coefficients found for a

single grain falling in a large body of air. Mohsenin (1986) pointed out that these drag
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coefficients might also be different under the multiple particles and packed condition of

flow.

In spite of diversity of theories on the velocity of fluid flow within bulk granules,

no experimental work was found to describe the intergranular air velocity in bulk

agricultural grains. One possible reason may be due to the insufficient knowledge of the

grain porosity so that the attention was put on the average flow over the space (superficial

velocity) to avoid the complication (Smith 1982).

2.1.2.2 Experimental Measurements of Intergranular Air Velocity

Literature reviewed in section 2.1.2.1 indicated the diversity of the theories on the

magnitude of intergranular velocity of fluid flow. Efforts had been made to measure the

intergranular velocity directly. However, experimental data on the direct measurement of

intergranular velocity of fluid flow is limited and inconsistent.

Mickley et al. (1965) attempted to measure the intergranular air velocity in a regular

packed bed with porosity of 0.259. The bed consisted of 38.1 mm diameter table tennis

balls arranged in a number three rhombohedral array (Martin et al. 1951) in a 0.305 m

square pipe with a bed thickness of 254 mm. The bed consisted of eleven layers of balls.

A hot-wire anemometer (0.04 mm diameter filament) was used as the principle measuring

device placed in void A and void C (Fig. 2.1 shows the probe position in void C). Void A

was the first complete void nearest the center of one side, void C was at the center of the

packing. Both voids were in the seventh layer from the entrance. Measurements in the

voids were made along the vertical axis through the void centers at Reynolds numbers of

4780 and 7010 (based on particle diameter and superficial air velocity). Their results

showed that the distribution of the mean longitudinal velocity within the voids was nearly

symmetric between the upper-half and the lower-half of the voids (see Fig. 2.2). The mean

velocity profiles within each of the pores had two distinct peaks due to the flow around the

packing particles. From their results (see Table 2.1), it is shown that, depending upon the
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Table 2.1 Measured mean intergranular air velocities in void A and void C

(Mickley et al. 1965)

VoidC Void A

Distance
Omm 1O.2mm Omm 1O.2mm

from void

center

Velocity Re = 4780 (V0
= 2.1 mls) 5.65 10.24 6.20 13.51

(mls)
Re = 7010 (V0

= 3.1 mls) 8.42 14.23 10.12 17.14

location of measurements, the mean measured intergranular air velocity was about 2.7 to

6.4 times the superficial air velocity when Re was 4780, and 2.7 to 5.5 times the

superficial air velocity when Re was 7010. The data also showed that the intergranular air

velocities measured in void A were higher than that measured in void C. This difference

may be due to the parallel flow along the wall near the void A.

Merwe and Gaurin (1971) measured intergranular air velocity in the void spaces of

a cubic packing of equal aluminum spheres. The porosity of the packing was 0.476. Two

cubic arrangements were used: in one packing, called the regular arrangement, the mean

flow direction was parallel to one of the principle axis of the packing, while in another

packing, called the skewed arrangement, the mean flow made equal angles with the three

principle axis of the packing (see Fig. 2.3). A nISA constant-temperature anemometer was

used for the measurement. For the regular arrangement, measurements were made in the

central pore following each bank of spheres. For the skewed arrangement, measurements

were made in a single pore located in the center of the bed. Measurements were made

along the axis of the void for Reynolds numbers of 2500,5000, 10000, and 27000. The

Re numbers were calculated based on superficial air velocity and a sphere diameter of 70

mm. Table 2.2 lists the results of the measurements in the packing of the skewed

arrangement (for the regular arrangement, data were not available). The data indicate that

depending on the location of measurements, the mean measured intergranular air velocities

were 1.2 to 4.4 times of the superficial air velocity when Re was 2500 or
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Rectangular coordinate system: (X,Y,Z) specify location of pore; (x,y,z)

specify location in pore. (b) Spherical coordinate system. (Merwe and

Gaurin 1971)

Table 2.2 Measured mean intergranular air velocity in Skewed arrangement

(Merwe and Gauvin 1971)

Re=2500

Vo=0.6m1s

Re = 5000

Vo:; 1.2 mls

Re=l0000

Vo = 2.4 mls

Re = 27000

Vo = 6.5 mls

Distance

from void center

( of sphere diameter)

Mean

velocity
(mls)

Mean

velocity
(mls)

Mean

velocity
(mls)

Mean

velocity
(m/s)

- 0.43 1.44 2.82 5.54 13.22

0.97 1.69 3.84 8.76

0.73 1.44 3.26 7.31

1.02 1.87 3.79 8.52

1.27 2.29 4.39 10.19

1.90 3.63 6.06 13.22

2.64 5.29 8.26 17.92

0.74 1.33 4.30 13.18
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5000, 1.36 to 3.44 times of the superficial air velocity when Re was 10000, and l.13 to

2.77 times of the superficial air velocity when Re was 27000.

The reviewed literature showed the measurements of intergranular air velocity in

regular packed beds. No published work was found on the investigation of intergranular

velocity of air or fluid in a randomly packed bed. The results of the above two experiments

indicated a large difference in the magnitude of intergranular velocity of air within packed

beds. These differences may be attributed to the differences in the methods of

measurement, the property of flow medium, the material, the size of spheres, the

arrangements of packing, or the flow regimes where the measurement was made. Results

from work of Mickley et al. (1965) and Merwe and Gaurin (1971) also showed that

intergranular air velocities were not uniformly distributed in pores. Mickley et al. noticed

that the low heat transfer coefficient regions on granular particles correspond to low

velocity regions.

2.1.2.3 Surface Porosity and Intergranular Velocity

Surface porosity is defmed as the porosity of a layer with infinitesimal thickness.

For isotropically and randomly packed granular bed, the surface porosity should be equal

to the volumetric porosity of the bed (Carman 1956). When a bed is not isotropically and

randomly packed, the surface porosity may not be equal to the volumetric porosity. In this

case, it would be necessary to know the surface porosity and its relationship to volumetric

porosity in order to estimate the intergranular air velocity correctly.

Optical methods are commonly used to determine the surface porosity (Scheidegger

1972, Dullien 1979). With this method, the determination of surface porosity is simply to

view a section of porous medium under a microscope. The area of pores on the plane of

the section can be measured using various methods, such as the weighing of cut-outs, the

tracing of the area of pores with a planimeter or the counting of point sums or lengths of

line segments (Anderson and Binnie 1961). Instead of using a microscope or taking
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photographs, image analysis techniques have been used to determine the surface porosity.

This technique takes images directly from the samples and does the required analysis.

When preparing thin sections for optical measurement, it is often necessary to

impregnate the materials with wax, plastics or wood's metal. This procedure also helps to

make the pores more visible if dye is added to the impregnating materials.

In soil science, the measured surface porosity was taken as the volumetric porosity

of soil based on the Delesse principle (Mermut et al. 1990). The Delesse principle states

that the area percentage is an unbiased estimate of volume percentage (Anderson and Binnie

1961; Weibel 1979). Surface porosity of soil was measured by several researchers,

including Jazer et al. (1983); Shipitalo and Protz (1987); Norton (1987); Bouabid et al.

(1992); Mermut et al. (1992). Their results showed that the measured surface porosity

varied from 5.6% to 50.7%. No comparison was found experimentally between the

measured surface porosity and the volumetric porosity of soil. There is also no published

work found on the measurement of surface porosity of agricultural grains using image

analysis techniques.

Since the resistance of a bed of grain to airflow is directly related to the air velocity

within the bed, factors affecting airflow resistance should affect the intergranular air

velocity in a grain bed as well. These factors include the airflow rate, the physical

properties of air, the packing of grain , the size, size distribution, shape and surface

condition of grain kernels, the amount and type of foreign materials mixed with the grain,

and the distribution of foreign materials (Haque et al. 1982; Siebenmorgen and Jindal 1986;

Sokbansanj et al. 1990). Of those factors, the packing or the porosity of bulk grain may be

one of the most important factors since several other factors may actually affect the porosity

only.

For a normal porous medium, each pore is either connected to more than one other

pore (interconnected), connected only to one other pore, or not connected to any other pore

(isolated). The pores in a bed of granular particles, however, are interconnected and form a
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net-work in a more or less random fashion. Fluid flows through the interconnected pores

only. There is always a choice for the fluid at a junction to enter a narrower or a larger

pore. The fluid always tends to flow to where there is less resistance to flow.

The volume fraction of the interconnected pores is called the effective porosity. In

non-consolidated media, e.g. particles loosely packed, the effective porosity and the

porosity are equal (Kaviany 1991). Bulk: grain appears to be a non-consolidated medium,

the effective porosity thus should be equal to the bulk: porosity. Cromarty (1968) used gas

tracer technique to measure the traverse time in bulk wheat and barley. In his preliminary

tests, he found that the effective porosity is smaller than the bulk porosity for a bed of

wheat or barley. For this case, the effective porosity defined by Dullien (1975) may be

more suitable. In Dullein's definition, the effective porosity is the ratio of volume of flow

region to total volume. The important concept here is that in a significant portion of the

pore space in some porous media, there may be no fluid flow, and thus the effective

porosity may be smaller than the total volumetric porosity.

2.2 Airflow Distribution in Grain Beds

The importance of airflow distribution on grain drying has been noted by

researchers for a long time (Collins 1953, Hukill and Shedd 1955). One of the most

important factors in the design of any grain dryer or storage is that of equitable distribution

of the available air throughout all parts of the mass of grain. Numbers of research have

been directed primarily to the study of airflow distribution in grain beds. These research

can be devided into experimental and simulation studies.

2.2.1 Experimental Studies

A common method to study airflow distribution in a bed of grain experimentally is

to measure static pressures at the selected sample points located within the grain bed. Static
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pressure is taken as the primary variable and air velocities could be derived from static

pressure data as the secondary variable. Airflow distribution in a grain bed is described

mainly based on the measured static pressures.

Most experimental research was carried out to study the airflow distribution in on

floor grain dryers which had different arrangements of air supply ducts. The airflow from

a lateral duct was termed as non-linear airflow in contrast to parallel or linear flow (Hukill

and Shedd 1955; Brooker 1958, Brooker et al. 1992). The pattern of equi-potential

(Collins 1953) or the iso-pressure lines (Hukill and Shedd 1955) were then produced from

the local static pressure measurements. With the pressure pattern known, airflow stream

lines were usually drawn out directly on the iso-pressure lines graphically. The only

geometric requirement of the drawing was that these stream lines must be normal to the

equi-potential (Collins 1953). After knowing the airflow streamlines, iso-travers lines

(Hukill and Shedd 1955) could be drawn. The iso-traverse line was believed to represent

the shape of the drying front as it pass through the grain bed. The pattern of iso-traverse

lines could be also used to identify the region of poor ventilation or poor drying, which is

very important in the design of grain drying bins.

Collins (1953) reported the experiments in a Quonset grain dryer filled with grain.

A center duct was installed on the floor of the dryer. He used streamlines derived from

pressure patterns to estimate the uniformity of airflow and to calculate the efficiency of

ventilation. The efficiency of ventilation was defmed as the ratio of the ventilation provided

to the least ventilated portion of the grain mass to the average ventilation provided.

Hukill and Shedd (1955) used the concept of traverse time to evaluate the

effectiveness of ventilation. They pointed out that it would be helpful in evaluating the

performance of a given air distribution system if traverse time could be estimated for all

points in the bin. They measured static pressures in a cross section of an on-floor grain bin

similar to that studied by Collins (1953) loaded with oat and com. After airflow stream

lines were derived graphically, traverse time was computed along the airflow lines.
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Compared to the results of their experiments, they found that the location of airflow lines

and the estimation of traverse time lacked accuracy. They concluded, however, that despite

the inaccuracies, these lines are useful in identifying where drying is retarded and to

estimate the relative effectiveness of different systems of air supply.

Brooker (1958) studied the airflow distribution in wheat beds in an on-floor grain

bin installed with four different types of lateral ducts. Static pressures were measured at

numerous points in a cross section of the bin. Using the analytical method developed by

Hukill and Shedd (1955), lines of constant "cfm per bushel" were developed to compare

the effect of the four types of lateral ducts on the airflow distribution in grain beds. The

"cfm per bushel" is related to the "traverse time" in the relation that the "traverse time" is the

reciprocal of the "cfm per bushel" times 30 (Hukill and Shedd 1955). Brooker also

suggested using "cfm per bushel" at the surface of grain beds to compare the performance

of the bins with different ventilation ducts.

The airflow distribution in a 1.22 meter deep bed of barely from a grid-type above

the floor duct with four different air "escape areas was studied experimentally by Boyce and

Davies (1965). Static pressures were measured from a 150 mm grid system of pressure

taps on the wall of the experimental box. Lines of iso-pressure and lines of iso-flow

(m3·s-1.m_3 of accumulated grain) were derived to analyze the evenness of airflow

distribution through the grain bed. They found that there can be large variations in the

airflow distribution in the grain around the duct depending on the air escape area.

Williamson (1965) carried out experiments to study the airflow pattern in a bin with

square cross section filled with wheat and ventilated with three types of lateral ducts. Static

pressures were measured over two planes in the bin. Iso-traverse lines were then deduced

from iso-bars and airflow lines to identify the difference of the airflow distributions in grain

beds because of the ventilation with different types of ducts.

Barrowman and Boyce (1966) carried out experiments in a bin with two duct

spacings, two duct air escape areas, three depths of barley and several air flows, to



determine the effect of these variables on the air distribution and pressure losses in a bed of

barley when ventilated by grid type floor ducts. From the measured static pressures over a

vertical grid of pressure taps, airflow stream lines and iso-traverse time lines were derived

graphically. The region of poor ventilation in grain beds was identified by the pattern of

these lines.

Alagusundaram el al. (1991) conducted experiments to investigate the airflow

distribution in beds of wheat, barley and canola stored in a cylindrical bin with three

different partially perforated floors (straight, cross and square floor openings) during

aeration. Static pressures were measured over two vertical planes perpendicular to each

other at four levels. Iso-pressure and iso-traverse time lines were then drawn across two

different cross sections of the grain beds for each floor type to show the airflow pattern

and to identify the zones of poor ventilation. They found that the shapes of the ventilation

fronts depended on the type of floor. The variety of grain had no effect on the airflow

patterns.

Several other experimental methods were also used in the airflow distribution

studies. One method is to measure the emergent surface air velocity. Burrell et al. (1982)

used the method to analyze and compare the airflow distribution when a grain bed was

ventilated using a blowing or a sucking system with the ducts under the bed. The airflow

distributions along the ventilation duct were determined by measuring air velocities on the

surface of grain bed. By comparing the surface air velocity distributions, the effect of grain

depth, duct arrangements and type of ducts on airflow distribution were studied. The

limitation of the method was that it could not determine the airflow distribution inside of a

grain bed.

Another technique was the photographic technique, which was reported by Ives et

al. (1959). They tried to use the technique to study the ventilation patterns in a grain bin

with duct systems. Airflow stream lines were generated by inserting common pipe cleaners

into pre-positioned glass tubes. The pipe cleaners had been partly immersed in titanium
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tetrachloride, which on exposure to air gives off a dense white smoke. The white smoke

lines in the bulk grain were photographed. Various grains were tried, but only with the

blackened soybean, was the technique successful.

Friesen (1989) measured temperatures in the grain mass ventilated with warm air.

The study involved five full size farm bins which were equipped with flat floors of pre

selected fractional perforated area and shape. The temperature of grain in the bins was first

equalized, within a 5 oC range, by running the fan during a time period when the

temperature of supply air stayed relatively constant. Heat was then added to the supply air

to raise the temperature by about 15 to 20 oC. By measuring temperature changes in the

bulk grain with a thermocouple grid, the airflow patterns in the grain bins were determined.

The iso-temperature lines were drawn from the measured temperatures and the areas of low

airflow were identified. The method requires long term ventilation during which the inlet

air temperature is often varying. Therefore a problem with the method is that since

temperature fronts move rapidly through the grain bed, the fronts may interact with the

temperatures at the drying front (Smith et al. 1992). Another problem is that the heat

conduction between grain kernels may have affected the accuracy of analysis of airflow

distribution, especially when grain has different moisture contents at different locations. In

addition, the technique is not suitable for the airflow distribution studies when grain is

drying.

Tracer gas has also been used in the experimental study of airflow distribution in

grain bins. Harison (1988) used the technique to study the airflow distribution in bins with

fully and partially perforated floor. Three dimensional contour plots were made to show

areas of high and low air velocity. Earlier, Lamond and Smith (1982) used the technique to

measure traverse times through a bed of barley. They found that the technique was only of

limited accuracy due to a time delay in response after tracer gas was injected into the grain

mass. Besant (1992) showed that for conduit flow this time delay depended on the

Reynold's number.
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grain bed in the form:

2.5

All of the techniques mentioned above can only determine airflow patterns in a grain

bed and are not able to determine the air velocity at different locations in the bed directly.

To study the airflow distribution and to monitor the change of air velocities in a bed of

grain during drying process, the best way is to measure the air velocity in the bed directly.

2.2.2 Simulation Studies

Computer simulation has been a major means to study the airflow distribution in a

bed of grain. The principle used in the simulation study is basically the same as the one

used in the experimental studies. The only difference in the simulation studies is that static

pressures are predicted from the solution of mathematical model rather than from

experimental measurements.

Depending on the solution method, mainly the finite difference method or the finite

element method, the mathematical model for describing the pressure field in a bed of grain

has the different form. Different types of constitutive equations of pressure gradient and

velocity have been proposed and experimented in the literature (Segerlind 1983). The

diversity in the format of the constitutive equations as well as the appropriate choice of

numerical schemes determines the different approach to the simulation methods.

Studies with Finite Difference Method

For the use of finite difference method, the mathematical model was limited to two

dimensional model. The first two-dimensional model for describing the pressure field in

grain bins was developed by Brooker (1961). He generalized information from Shedd

(1951) and obtained a constitutive equation relating pressure gradient and air velocity in a
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where Vn is velocity in the direction of flow, Op/dn is the pressure gradient in the direction

of flow, and A and B are constants. Based on the assumption that the velocity

components in x and y directions are proportional to the pressure gradients, the following

equation was derived:

ap/ili
Vi =

(aP/an )Vn i = X,Y
2.6

Also by the concept of continuity of steady flow, the continuity equation is written as:

avx avy_o
ax

+

ay
- 2.7

By substituting equation 2.5 and 2.6 into equation 2.7, the following equation was

obtained:

[(�)2 + �)2] [(��)+ (��)]
- 2m[(�)2ez)+ 2(�)(�)(::Ey)+ (�)2(���)]

= 0

1 - B

2
. 2.8where m

Equation 2.8 describes the two dimensional static pressure pattern in bulk grain with non

linear airflow. Air velocity was calculated using equation 2.5 after knowing the pressure

pattern. Brooker (1961) developed a finite difference scheme to solve Eq. 2.8 numerically.

From the solution of Eq. 2.8 pressure patterns in a rectangular on-floor drying bin, filled

with corn or wheat, with a square duct system was established. The predicted pressure

pattern agreed well with his experimental pressure data. Brooker (1969) declared that the

finite difference scheme can be used to solve non-linear airflow problems.

Following Brooker's method, different forms of pressure prediction equations were

developed by Bunn and Hukill (1963) and Haque et al. (1981). They used the constitutive

equation generated from their own experimental data, which was in a different format than

Eq. 2.5, in the derivation of their pressure prediction equations. Bunn and Hukill (1963)

predicted the pressure patterns in a bed of steel shot. Haque et al. (1981) analyzed the

pressure and velocity fields in a conical-top bed of corn mixed with fmes.
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The pressure prediction Eq. 2.8 and the constitute Eq. 2.5 developed by Brooker

(1961) were used later in the airflow distribution studies of a long triangular shaped piles of

grain sorghum (Jindal and Thompson 1972), a conical-shaped pile of grain equipped with a

round circular duct (Pierce and Thompson 1975), various configurations of large hay bales

(Marchant 1976a), a cylindrical bin filled with shelled corn (Chen and Hsueh 1987), a

rectangular paddy storage bin (Lu 1987), and a bin walnut dryer (Arthar and Rumsey

1991). Chen and Hsueh (1987) defined the constant A in Eq. 2.5 as the function of space

so that a term of non-uniformity of grain bed was included in Eq. 2.8. They used this

modified equation to simulate the airflow distribution in heterogeneous grain beds.

All of the above research works were the extension of Brooker's work (Brooker

1961, 1969). Good agreements between predicted and measured static pressure were

reported in all of these published studies.

Studies with Finite Element Method

The reported research work showed that most of the work done with the finite

element method was for two dimensional airflow. According to the available literature, the

application of the finite element method in analyzing airflow distribution problems in grain

beds was first introduced by Marchant (1976b). The governing equation was derived

based on two basic vector equations, which are:

and

div (V) = 0

Grad(P) = -f(V)v

2.9

2.10

Eq. 2.9 is the vector expression of continuity of incompressible steady flow. Eq.

2.10 is derived from the assumption that the pressure gradient is some function of the

velocity and the velocity is co-linear with the pressure gradient, but in the opposite

direction. In Eq. 2.10, v is the unit vector in the direction of air velocity, f(V) is the

function derived experimentally or theoretically.
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The function f(V) can be defined as:

f(V) =KV 2.11

With the definition, Eqs. 2.9, 2.10 and 2.11 can lead to the following two-dimensional

partial differential equation:

2.12

which describes the two dimensional static pressure field in a grain bed. In general K is a

function of pressure gradient. Segerlind (1982) defined G = IlK and named it granular

permeability. Eq. 2.12 has the general form of field problem and governing linear and

nonlinear airflow within a grain bed.

Eq. 2.10 is an important part of the mathematical modelling, which relates the air

velocity to the pressure gradient in a grain bed. The form of this equation has a major

effect on the simulated pressure and pressure patterns. Eq. 2.10 is basically expressed in

three different forms (Marchant 1976, Segerlind 1983, Miketinac 1987):

V=A��)B
ap

dn"=AV +BV2

ap AV2

an
=

In(1+ BV)

2.13

2.14

2.15

In above equations, ap/an is the magnitude of the pressure gradient. Of these three, Eq.

2.13 has been used extensively, in which A and B are the piecewise constants for specific

ranges of airflow.

Starting from Eq. 2.12, a finite element scheme was developed by Marchant

(1976b). To demonstrate the versatility of the method, pressure pattern and surface

velocities of several practical cases were predicted using the solution of Eq. 2.12. These

practical cases were: a self emptying coke trailer used for drying barley, a conical heap of

grain over a central circular plenum, a large non-homogeneous rectangular hay bale, a large
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cylindrical bale with low density center, and a large cylindrical bale with high density

center.

Static pressure patterns in the same rectangular bin as that analyzed by Brooker

(1961, 1969) were solved using the finite element method by Segerlind (1982). The

solution was then compared to Brooker's experimental data. The solutions were in

agreement

The finite element method has been used widely to solve Eq. 2.12 by several

researchers. Different solution techniques and various methods for graphical presentation

of solution were used to simulate the two dimensional airflow in bulk grain with various

ventilation systems (Rumsey 1984, Miketinac and Sokhansanj 1985, Miketinac et al. 1986,

1987, Chapman et al. 1989, Jayas et al. 1990, Cenkowski 1990 and Smith et al. 1992).

The finite element method was also used to solve the three dimensional airflow in grain

bins with partially perforated floors (Khompos et al. 1984), and in a bin with on-floor

monoduct systems (Smith 1982).

The finite element method has several advantages over the finite difference method

in calculating pressure and velocity fields. One of the advantages is that it can easily handle

the boundary conditions. Another advantage is that the accuracy of solution can be

improved by using higher order elements or smaller elements without complicating the

boundary conditions, a difficulty which arises in finite difference method.

Study with Other Method

A different technique was used by Lai (1980) to derive mathematical equations

applicable to a grain bed of nonuniform porosity. Starting from Ergun's (1952) equation

as the required constitutive equation, he used vector arithmetic operation and introduced a

stream function as the primary variable to derive the final governing partial differential

equation. Pressure distribution was then evaluated after knowing the velocity field. His

approach was different from other's approach in which pressure was arranged as the
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primary variable. A computer program based on the method of lines, coupled with a

sophisticated ODE (Ordinary Differential Equation) integrator was used to solve the

nonlinear partial differential equations. Computations were made for a grain bed in a

cylindrical bin with two different porosity distributions. The airflow in the grain bed was

a special case of three dimensional flow, axisymmetric flow, which resulted in a two

dimensional problem. Smith (1982) reported that the method used by Lai generated

excessive computer cost

2.2.3 Factors Affecting Airflow Distribution

The literature cited and reviewed in previous sections focused on the effect of the

layout of air entrance or grain pile shape on the airflow distribution in a bed of grain. The

nonuniformity of a grain bed will also affect the uniformity of airflow distribution in the

bed. The effect of the amount, size and distribution of foreign materials in grain and

moisture content of grain on airflow distribution were explored by Huque (1981) and Jayas

et aI. (1990).

Mostly, the grain mass under study has been assumed to be homogeneous, that is,

the voids in grain mass are distributed uniformly. However, the existence of foreign

materials or the shrinkage of grain kernels during drying or cooling may cause a change of

voids distribution (Lai and Fan 1976, Gustafson and Hall 1972). Efforts were made by

Lai (1980) and Chen and Hsueh (1987) to study the effects of nonuniform distribution of

voids in grain beds on airflow distribution on the assumption that the distribution of foreign

materials or voids in a bed of grain can be estimated. Both of them reported successful

simulations on airflow distributions and Lai found that the void fraction distribution had a

marked effect on the axial velocity profile.
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2.3 Grain Drying with Non-parallel Airflow

2.3.1. Concept of Iso-traverse line

To analyze a drying or cooling process in a bed of grain under non-parallel airl1ow,

Brooker et al. (1974) recommended the use of iso-traverse lines to represent the shape of

the drying front as it passes through the bed. A drying front was defined as the depth of

grain where the moisture content changed from the initial value to one in equilibrium with

the ventilation air (Sanderson et al. 1988). The iso-traverse line is the line connecting a

number of points which have equal traverse time, while the traverse time is defined as the

time required for a particle of air to travel from the point at which it first enters the grain to

any point along its flow line (Hukill and Shedd 1955).

In fact, before Brooker's recommendation, the iso-traverse line had been used to

analyze the drying process in grain beds. The term "traverse time" was first proposed by

Hukill and Shedd (1955) to express the effectiveness of ventilation. They also used the

line of iso-traverse time to analyze the drying process. Brooker (1958) used the line of

constant "cfm per bushel" to study the drying process of bulk grain in a bin with four

different on-floor ducts. Williamson (1965) believed that the lines of equal traverse time

correspond to the lines of equal moisture content characterizing the shape of drying front.

The iso-traverse line has been a major means to study the grain drying process where

airflow is non-parallel.

2.3.2 Experimental Studies

Hukill and Shedd (1955) conducted experiments of oat drying in a quonset type

storage with a central ventilating tunnel. The drying process was indirectly monitored

using relative humidity sensors buried in the grain. Based on the results of their drying

tests, a similarity between lines of equal traverse time and lines of equal drying time was

found. They suggested to use the lines of equal traverse time as the lines of equal drying

effectiveness.
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A photographic technique was employed by Ives et al. (1959) to observe drying

patterns in on-floor drying bins with lateral ducts. It only succeeded for tests with white

sorghum. Using the moisture indicator developed by Hukill (1957), experiments were

conducted for drying of field-shelled corn in on-floor drying bins with lateral ducts.

Drying pattens from the results were presented graphically, while airflow patterns were

also presented graphically from static pressure measurements. Based on drying and

ventilation analysis, a relationship between traverse time and drying time and their

corresponding ventilation front and drying front patterns was developed. In this

relationship, the drying time was proportional to the traverse time. However, experimental

results showed that the iso-traverse time line did not agree in the narrow central regions

between ventilation ducts.

Williamson (1965) performed a drying experiment using heated air (5.5 °C above

ambient air) in a bin with lateral ducts. Rewetted wheat of 22% m.c. was used in the

experiment. Small open weave net sample bags were filled with the grain and placed in

sets of three in several intervals along the height of the bin. These bags were recovered

when drying was completed. The contents in the bags were tested for moisture content.

From the results, lines of equal moisture content at the end of drying were determined. He

found that the difference in rate of movement of the drying zone was a little greater than

those estimated from the pressure measurements using Brooker's method (1958). He

attributed the difference to the grain shrinkage during drying.

2.3.3 Simulation Studies

A method of simulating grain drying in bins with non-parallel airflow was

presented by Smith (1982). In this method, the streamlines were calculated first. The

grain drying along one of the streamlines was simulated using a one dimensional drying

model. The drying front was then extrapolated to the rest of grain bin using the similarity

of the shape of drying front to the iso-traverse lines. In the study, Williamson's (1965)
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experiment was simulated using the method. The simulation results were compared with

Williamson's experimental results. It was found that the shape of the lines of equal

moisture content is not the same as that of the iso-traverse lines. The error was attributed to

the dependance of heat transfer coefficient on the airflow volume flux. The airflow volume

flux was different at different locations in bins because of non-parallel airflow.

Smith et al. (1992) theoretically showed that the lines of constant air traverse time

and the lines of constant moisture are equal when air and grain are close to thermal and

moisture equilibrium, but are not equal inside of the drying front. The basic assumption in

their analysis was that air absolute humidity change, �H, and moisture content change,

�M, are approximately constant over the drying front. This assumption is questionable

since LllI and �M are functions of time. Experiments were carried out in a circular bin

filled with rewetted wheat. The bin was partially perforated so that the airflow was three

dimensional in the bin. Moisture content was sampled using a double tube probe at

intervals of 7 days. Two-dimensional lines of iso-traverse time from computer simulation

were compared with lines of equal moisture content from the experiments. The drying

process was simulated along one of streamlines and the moisture profile within the drying

bed was determined using iso-traverse lines, using the simulation method proposed by

Smith (1982). Comparison of the predicted results with experimental results showed that

the iso-traverse lines were not in agreement with the experimental moisture profile. Smith

et al. (1992) attributed the disagreement to computational error, experimental error,

shrinkage of grain bed, or the large moisture content gradient within the drying front.

To improve the accuracy of simulation, Smith (1982) proposed a concept to

simulate the drying along a number of streamlines throughout a grain bed to build up a

complete picture of the drying behavior of the grain bed. A better description of drying in a

grain bed with non-parallel airflow could be achieved by the application of the concept.

However no publication has been found in simulating grain drying of grain using this

concept.
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2.4 Computer Simulation of Near Ambient Air Grain Drying

For the past 30 years, much effort has been devoted to studying the grain drying

process. Mathematical modelling and computer simulation have been an important pan of

these efforts. Most of the research has been focused on the simpler in-bin drying where

airflow is uniform. Grain drying with uniform airflow can be considered as a one

dimensional problem. For more complicated problems where airflow is not uniform, it

turns out that with modifications, the linear models can also be applied.

A number of published research results related to computer simulation of grain

drying can be found in the literature. An extensive review of drying simulation models has

been made by Sharp (1982) and Parry (1985). Generally, the mathematical models for

simulation of grain drying can be classified into three types: logarithmic models,

equilibrium models and partial differential equation models.

The logarithmic model is named because the experimental logarithmic thin layer

drying equation is used as a boundary condition. The first logarithmic model was

presented by Hukill (1954). The model was used later by several researchers such as Barre

et al. (1971), Young and Dickens (1975), Sutherland (1975), and Sabbab et al. (1979) to

simulate the low temperature deep bed grain drying, the performance of batch grain dryer,

or the solar drying of grain.

The single advantage of the logarithmic model is its simplicity. Using the model,

drying rate in a low temperature deep bed dryer even can be estimated by a hand calculation

and psychrometric. However, it is not suitable for dynamic weather and airflow

conditions. The prediction made using the model is not very accurate and is inadequate

(Barre and Hamdy 1974, Sabbah et al. 1979).

For the near-equilibrium models the basic concept is that a grain bed consists of a

number of layers, and heat and mass balance are considered over each layer (Thompson et

aI. 1968). This type of model is called a near-equilibrium model because the basic

assumption made is that near-equilibrium conditions exist between air and grain in each
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layer during each time period. In Morey's (1979) version of the model, it is assumed that

the air and grain in a layer is at the same temperature and that the air maintains a constant

enthlpy throughout the drying process (Bowden 1983). Other assumptions include: 1.

Heat transfer between air and grain is adiabatic; 2. No hysteresis exists between the

sorption and desorption isotherms relating equilibrium moisture content to relative humidity

of air; 3. In each time interval the final equilibrium temperature falls between the initial

grain and air temperatures.

For high airflow, dynamic weather and shallow bed conditions, the basic

assumptions of the model may not be correct. By such modification as introducing

different thin layer drying equations, rewetting equations or equilibrium moisture content

equations into the models, successful modeling of the drying process for high airflow and

dynamic weather was obtained by many such as Morey (1979), Van Ee and Kline (1979),

and Mittal and Otten (1982). The equilibrium models were used widely in grain drying and

management research to simulate the natural air or near-ambient air drying of different

grains (Flood et al. 1972, Sharma and Muir 1974, Pfost et al. 1977, Muir et al. 1979,

Metzger and Muir 1983, Noomborm and Verma 1986, Biondi et al. 1988, Sanderson et al.

1989, Sokhansanj et al. 1991, 1992, Ryniecki and Nellist 1991).

Some of the models were also developed under "equilibrium" conditions, but using

a different approach. These models are the work published by those such as Sutherland et

al. (1971), Ingram (1979) and Hunter (1988).

The advantage of the model is that it is more accurate than the logarithmic models

and it requires less computer time than the P.D.E. models that will be mentioned later. The

model is suitable for the simulation of low temperature, deep bed grain drying.

Partial differential equation (P.D.E) models have been formulated according to the

fundamental laws of heat and mass transfer. For fixed bed grain drying, one of the typical

models was presented by Bakker-Arkema et al. (1974) and Brooker et al. (1974). The

assumption made for the derivation on an element of bed volume were: (1) no appreciable
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volume shrinkage occurs during the drying process, (2) no temperature gradient exists

within each grain particle, (3) particle to particle conduction is negligible, (4) airflow is

plug type, (5) bin walls are adiabatic with negligible heat capacity, and (6) the heat capacity

of moist air and grain are constant during the short time periods.

The P.D.E model was first presented and used by Bakker-Arkema et al. (1967) to

investigate the cooling and dehydration of a deep bed of high moisture content cherry pits.

Although P.D.E models have a similar theoretical basis, differences exist among the

assumptions and the form of the equations. Spence (1972) presented a P.D.E model in a

different form to simulate the fixed bed grain drying. In the model developed by Ingram

(1976), a thin layer expression based on diffusion theory was incorporated into the model

rather than a thin layer drying equation. This incorporation increased the complexity of

solving the equations (Sharp 1982). Another form of the P.D.E. models was developed by

O'Callaghan et al. (1971). The model was used to simulate the performance of different

configurations of grain or hay dryers. Arthur and Rumsey (1991) reported on extended 2-

D models for the simulation of bin walnut dryers. Other simulation work using the P.D.E

models was reported by those such as Smith (1982), Sokhansanj and Lischynski (1991),

and Smith et al. (1992).

Other types of P.D.E. models were developed based on just the heat and mass

balance of a layer of grain. These models were presented in a form of three equations,

basically the heat balance, mass balance, and a thin layer drying equation (Boyce 1965,

1966, Henderson and Henderson 1968, Hamdy and Barre 1970, Basmadjian 1981).

Under the assumptions in their derivation, these models in some cases have produced

satisfactory results for a variety of crops.

The principle disadvantage of complex P.D.E. models is the large amount of

computer time required. However, they may prove to be useful for single simulation runs.

P.D.E. models were initially developed to study high temperature drying. Few models
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have been validated under true deep bed, low temperature, low airflow conditions (Sharp

1982).

When near-equilibrium models or P.D.E. models are used to simulate drying in a

deep bed of grain, the bed is considered to be divided into layers. Calculations are done

over each layer. The outlet conditions for one layer are used as the inlet conditions of the

layer above. Each layer is assumed to be of uniform grain moisture content and

temperature. Analytical or numerical methods are usually applied to solve the equation.

Most of the solution methods used are the finite difference method. explicit or implicit.

Numerical integration methods such as the Ealer or Runge-Kutta methods, even graphical

methods (Ingram, 1979 ) were also found to be used to get the solution.

The major factors affecting the accuracy of simulation included thin layer drying

equations, drying constant, heat transfer coefficient, equilibrium moisture content

equations, time intervals and thickness of grain layer. Morey (1984) believed the equations

used to describe individual kernel or thin layer drying have a significant effect on

simulation of deep bed grain drying. Comparison was then made using four different thin

layer drying equations in the deep model of Bakker-Arkema et al. (1974). They found the

choice of thin layer equation can significantly affect design related results derived from

deep bed simulation. Similar comparison was also made by Mittal and Otten (1980).

2.5 Discussion and Concluding Remarks

In this chapter, literature pertaining to the ventilation and drying of bulk agricultural

grain with ambient or near-ambient air and the intergranular velocity of air or fluid in

porous media were reviewed. The literature review shows that the information on

intergranular air velocity is not adequate and consistent. Theoretically, the intergranular

velocity was found to vary from l/E (typically, when E = 0.4, l/E ::: 2.5) to 10.73 times the

superficial velocity, while experimental work on direct measurement of air velocity in the

voids of regular packed sphere shows that the pore velocity is a variable and its value
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depends on the pore structure, the location of measurement point in pores and flow rates.

The average measured pore velocity has been reponed up to 6.4 times the average

superficial velocity.

There are several factors affecting the intergranular air velocity. Of them, the

porosity of bulk grain may be one of the most important factors. Other factors may actually

affect the porosity only. By the definition of the effective porosity, the magnitude of

intergranular air velocity could be determined more accurately.

Airflow distribution in grain bins has been studied experimentally. A common

method to study airflow distribution in a bed of grain experimentally is to measure static

pressures at the selected sample points located within the grain bed. Static pressure is taken

as the primary variable and air velocities were derived from static pressure data as the

secondary variable. Experimental work was mostly carried out to study the airflow

distribution in on-floor grain dryers which had different arrangements of air supply ducts,

or in the bins with partially perforated floor. Lines of iso-pressure, airflow stream lines and

the iso-traverse lines were usually derived graphically to analyze the airflow distribution

through a grain bed.

It appears that airflow distribution in a bed of grain is affected mainly by: (a) the

way by which air is introduced to the grain bed, (b) the configuration of grain bin or the

shape of grain bed, (c) the resistance of grain to airflow which is affected by the type and

variety of grain, the amount, size and distribution of foreign materials in grain bulk, and

the local change of bulk density or porosity due to the change of moisture content during

drying or cooling.

Experimental studies of grain drying when air flow is non-parallel were not

adequate. The drying process was monitored either indirectly or at the end of drying.

Drying pattens or lines of equal moisture content were usually presented graphically. The

iso-traverse line was also used to analyze the drying process. Comparison showed that the

shape of the lines of equal moisture content from experiment is not the same as that of the
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shrinkage of grain bed, the large moisture content gradient within the drying front, or the

iso-traverse lines. The differences were attributed to the dependance of heat transfer

coefficient on the airflow volume flux, the computational error, the experimental error, the

inaccurate accounting of intergranular air velocity.

The experimental studies, however, were limited only to the specific type of

installation and the specific grains for which the measurements were taken. The computer

simulation study, on the other hand, is an effective way in the airflow distribution and grain

drying studies. There are several advantages for using computer simulation over

experimental tests. The first is that it could be easily used to study or to compare the effect

of various design parameters on performance of a grain dryer or storage bin. Another is

that simulation can be performed faster, easier and at less cost. A third is that the tests are

not limited by time, especially for natural or low temperature drying experiments. Finally,

computer simulation could be used to optimize the parameters related to the grain drying for

optimal design of grain dryers. Computer simulation can be used to predict the

performance of a grain dryer or ventilation system, to evaluate new dryer designs, the

drying efficiency, drying rates and energy use, to promote the more efficient use of existing

driers and storage bins, or to analyze the effect of air temperature, airflow rate, initial grain

moisture content, and the bed depth on the local and average moisture contents of the grain

bed at different depths and times.

For airflow distribution studies, the form of the mathematical model for describing

the pressure field in a bed of grain depends on the solution methods. Two numerical

methods, finite difference method and finite element method, have been used to solve the

mathematical model to predict static pressure field in grain drying or aeration system.

For grain drying simulation, the mathematical models can be classified into three

type: logarithmic models, equilibrium models and partial differential equational models. Of

these models, the equilibrium models may be more suitable for the simulation of ambient
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air grain drying. The most common method to solve the model is the finite difference

method.

As in experimental studies, the static pressure was usually taken as the primary

variable in airflow simulation studies. Lines of iso-pressure, airflow stream lines and the

iso-traverse lines were then derived graphically to analyze the airflow distribution through a

grain bed. Drying processes in the bin with non-parallel airflow were simulated along a

streamline and using the similarity of the shape of drying front to the iso-traverse lines. It

has been reported that the method lacks accuracy.

For ambient or near-ambient air drying, the airflow distribution and the drying

process are very closely related. However, no study was found that examined airflow

distribution and its relationship to grain drying process. Since the purpose of an airflow

distribution study is to see how the airflow affects drying when the airflow is not uniform,

the effect of airflow distribution on drying process should be studied. The resulting data

will lead to a better understanding of the grain drying process.
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CHAPTER 3

EXPER�ENTAL METHODS

The review in Chapter 2 showed that for better understanding of the grain drying

process in bins where airflow is non-parallel, experimental work on the airflow distribution

and its relationship to grain drying process is necessary. For that purpose, tests on grain

drying under non-parallel airflows were conducted in laboratory. This chapter describes

the experimental set-up, the preparation of experimental materials, experimental design and

the variables studied.

3.1 Experimental Equipment

The experimental set-up used for the tests consisted of grain container and

instruments for measuring static pressures, grain temperatures and intergranular air

velocities. Figure 3.1 shows the picture of the experimental set-up. Figure 3.2 shows the

schematic diagram of the equipment set-up that consisted of a rectangular grain container, a

blower and instrumentation for measuring intergranular air velocity and static pressure. The

grain container was made of plywood with angle irons reinforcing corner joints. The floor of

the grain container was covered with perforated steel planks used in farm bins. Figure 3.3

shows the schematic diagram of the perforated steel planks. The holes in the planks were

circular with diameter of 1 mm and the open area of the plank was about 13% of the

perforated plank area. Three different floor configurations were constructed in the grain

container. The three floor configurations were referred to as bin A (totally perforated floor),

bin B (partially perforated floor) and bin C (slanted perforated floor), respectively. Airflow

in Bin A is normally parallel and used as the base of the research. Bins B and C represent the

commonly or increasingly used bin air inlets in farms, airflow in the two bins is non-parallel.

Details of these configurations and some of their dimensions are given in Fig. 3.4.
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3.2 Instrumentation and Calibration

Airflow supplied to the laboratory bins was measured by a Pitot tube grid. Figure 3.5

is schematic diagram of the Pitot tube grid, which was inserted in the air duct line about 2 m

from the transition and 5 m from the blower. The Pitot tube grid was calibrated against a

bench-top wind tunnel (TSI Model 8390) (see Appendix I).

Figure 3.6 shows the instruments used with the laboratory bins and the sensors

installed on the bin wall for air velocity, static pressure and temperature measurements. The

instruments in Fig. 3.6 included a pressure transducer, two data loggers, one for pressure

measurement and one for temperature measurement, a power and interconnect modulor for

anemometers and an 8086 micro-computer.

Static pressures within grain mass were sensed using probes made of rigid stainless

steel tubes, 3.2 mm outside diameter and 1.3 mm inside diameter. These tubes were

connected to a single pressure transducer via a multi-port valve and twenty three-way valves

(see Fig 3.7). The pressure transducer (Validyne Model DPI03-26, Validyne Engineering

Corp., Northridge. California) was a diaphragm-type pressure transducer with a specified

range 0-3488 Pa. Used in conjunction with a Validyne Carrier Demodulator (Validyne

Model CD101). a ± 10 volt DC output can be obtained for the maximum measurable

pressure. The accuracy of the pressure transducer was ± 0.25% of full scale reading, and the

sensitivity was 20 mVN for full scale. The pressure transducer was calibrated against a

Meriam manometer (Model 34FB2) with an accuracy of ± 0.246 Pa and a measurement range

of 0 - 2492 Pa. Calibration results showed that Model DPI03-26 pressure transducer

produced DC voltage from pressure signals linearly and the conversion was accurate. The

DC output from the demodulator was read by a data logger (Model 2240b, John Fluke MFG.

Co., Inc.) with a resolution of 0.005 volt which was equivalent to a resolution of 1.75 Pa

for the pressure readings (see Appendix II).

Temperature sensors were installed in the bin in addition to the static pressure probes

and the anemometers. The temperature sensors were made of J type thermocouple of
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gauge size 24 with an accuracy of ± 0.5 °C (manufacturer's specification). Temperatures

were recorded by a micro-computer via a data logger. A computer program was written for

the data acquisition.

The TSI hot-wire anemometers were used to measure intergranular air velocity in

the bulk grain directly. The anemometer was based on the change of resistance of a heated

element with air flow. Because of the extremely fragile nature of the sensor tip, four

protective covers were designed and tested to prevent damage to the sensor tip and to

reduce the measuring uncertainties when the anemometers were used in bulk grain. One of

the protective covers was selected and installed on the hot-wire anemometers. Fig 3.8

shows the schematic diagram of the anemometer and the selected protective cover.

Appendix ill gives the details of the construction of the covers and the calibration of the

covered sensors.

Relative humidity of the supply air was monitored by a shop-made aspirated dry

and wet-bulb psychrometer, which was located in the vicinity of the bin. A grain probe

was built to take samples from the grain bed for moisture content determination.

In a preliminary test (Gu and Sokhansanj 1991), the anemometers with the

developed protective cover were used to measure the intergranular air velocity in a dry

wheat bed. The results of the preliminary test showed that a linear relationship existed

between measured intergranular air velocity and superficial air velocity. A simple

regression model was obtained by statistical analysis to represent the relationship between

the measured intergranular air velocity, Vm (m/s), and the superficial air velocity, Vo (m/s),

in the form:

V0
= 6.827Vm

+ 0.056 R2 = 1.0 3.1

Eq. 3.1 was used in this study to estimate the superficial air velocities within a drying bed

at any location from the directly measured intergranular air velocities within grain mass.
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3.3 Grain Sample Preparation

Hard red spring wheat of the Katepwa variety, as the major grain produced in Prairie,

was used in the experiments of investigation of airflow distribution and drying processes.

The wheat was cleaned using a five in one rotary seed cleaner, then rewetted to moisture

content of 20 to 22 % w.b., which represented the highest moisture content the wheat

could be at in on cycle of wetting. The rewetted wheat was used because fresh moist wheat

with such high moisture content could not be found. Although the drying characteristics

of individual rewetted wheat kernel may be different from that of natural moist wheat, the

drying property of the rewetted wheat would not affect the in-bin drying process.

The rewetting process was done in two steps: First, a predetermined amount of water

was added to the wheat with a sprinkler. Pre-mixing of water and wheat was done first

using a shovel, then using an auger and an elevator. The moistened wheat was stored in

moisture-tight containers for about 24 hours to let the water on the surface be absorbed into

the wheat kernels. The reconstituted moist wheat was cleaned again using a seed cleaner

to remove fines generated during the moistening process. The second cleaning process

was also helpful for further mixing and equalizing the moisture content of wheat. The

clean moistened wheat was stored in moisture tight containers for at least an additional 24

hours before usage in the tests.

The volume of individual grain kernels with different moisture contents was

obtained by measuring the volume of one thousand wheat kernels using an air comparison

pycnometer (Model 930, Beckman Instruments, Inc., Fullerton, CA) and dividing the

volume by the number of seeds. The bulk density, Pb, of grain was obtained by weighting

the grain in a 0.5 liter standard container (Superior Scale Co. Ltd., Winnipeg, Manitoba).

The kernel density, Ps, of the grain was calculated from the volume of about 25 gram grain

kernels measured by air comparison pycnometer. Based on the measured bulk density and

kernel density, the bulk porosity, E, of grain was calculated using E = 1 -

pt/ps.
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than to keep the airflow rate constant. By keeping the static pressure constant, it also made

comparison of the performance of the bins with different floor configurations possible. If

the supply airflow was set as constant, the only difference which could be foreseen was

3.4 Experimental Design

The variable studied was the floor configuration. The totally perforated floor

provided a base case for parallel airflow. The partially perforated floor and the slanted

perforated floor created the non-parallel airflow situation.

Following the installation of one of the floors, the bin was filled with moist grain.

The top surface of the grain was made level. Unheated air was used to dry the grain. The

conditions of the air in the Hardy Lab were relatively stable. Temperature of the room air

varied around 26 oC, and the relative humidity of the room air varied around 30%. For the

ambient grain drying, the recommended airflow rate for the drying of wheat with 20%

M.e. (w.b.) is 0.04 m3jm3s (Brooker el al. 1992). Referring to the ASAE Standard

(D272.2) and the volume of grain in the bin (1.05 ± 0.075 m3), the static pressure in the

plenum was adjusted to and kept at 300 Pa by adjusting the supplied airflow through the

variable speed blower. The one reason to keep the static pressure in the plenum constant

rather than to adjust the airflow rate was that for the computer simulation of airflow

distribution the static pressure was the only boundary condition to be specified. Previous

experiences showed that it was much easier to keep the static pressure in plenum constant

that the width of the dried, drying and undried zones of the drying bed would be different,

the drying process in the bin would be still the same.

The following variables were measured during each test: temperature, moisture

content, static pressure, flow rate of air supplied to the drying bed, inter-granular air

velocities and shrinkage of grain. Kernel density, bulk density of grain and the volume of

individual grain kernels at different moisture content levels were also measured.
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Forty static pressure tubes, forty thermocouples, and fifteen anemometers were

installed in the bin. Sampling points were uniformly located on the front wall of the bin.

Figure 3.9 shows the locations and the distances of the pressure and temperature sampling

points on the front wall of the bin with totally (bin A), partially perforated floor (bin B) and

slanted perforated floor (bin C). For bin C, the distance between the sampling points had

to be adjusted to accommodate the conical shape of the bottom. Figure 3.10 shows the

locations of the points on the front wall of the bins where the anemometers were installed.

All of the pressure tubes and the thermocouples as well as the anemometers were inserted

into the grain mass horizontally and had their sensor tips in a vertical plane about 280 mm

from the front wall of the bin. One pressure tube was used to measure the static pressure

of the air in the plenum under the bin.

The moisture contents of grain in the bin during drying was sampled by the grain

probe from twenty five sampling points. The probe could take about 15 grams of grain

from a sampling point each time the probe was inserted into the grain mass. These

sampling points were uniformly distributed at five levels (for bin A and B) or six levels (for

bin C), and five points at each level (see Fig. 3.11). The convection oven method as

specified by ASAE Standard S352.2 (ASAE 1992) was used to determine the moisture

content of each sampled grain. The oven temperature is specified as 1300C and heating

time 19 hours. The sample size for moisture content determination is 10 grams.

Grain shrinkage was determined by measuring the change of grain bed height

during drying at five points by a ruler with a resolution of 1 mm. The five measurement

points were equally spaced along the length of the bin wide center line at a distance of 300

mm. Temperatures within the grain bed were taken every one hour. Other variables were

measured and recorded once a day.
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For each floor configuration, three test runs were made. With the three runs, the

validity and the repeatability of the tests could be justified. Each test lasted five to eight

days. The planned experimental conditions for these test runs are summarized in Tables

3.1 to 3.3. A preliminary test was conducted in the bin with totally perforated floor to

ensure equipment and instrumentation were working properly.

Table 3.1 Planned experimental drying conditions for the tests in bin A (Totally

perforated floor)

Test 1 Test 2 Test 3

Initial moisture
20± 1 20± 1 20± 1

content, M, (%, w.b.)

Initial grain
30±5 30± 5 30±5

temperature, Ti (OC)

Plenum pressure 300 ± 1 200 ± 1 300 ± 1
(Pa)

Air conditions As is at the site As is at the site As is at the site

Volume of grain 1.05 ± 0.075 1.05 ± 0.075 1.05 ± 0.075

(m3 )

Height of grain bed 1.4 ± 0.1 1.4 ± 0.1 1.4±0.1

(m)
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Table 3.2 Planned experimental drying conditions for the tests in bin B (Partially

perforated floor)

Test 1 Test 2 Test 3

Initial moisture
20± 1 20± 1 20± 1

content, M] (%, w.b.)

Initial grain
30±5 30± 5 30± 5

temperature, Ti (OC)

Plenum pressure 300± 1 300± 1 300± 1
(Pa)

Air conditions As is at the site As is at the site As is at the site

Volume of grain 1.05 ± 0.075 1.05 ± 0.075 1.05 ± 0.075
(m3 )

Height of grain bed 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.1

(m)

Table 3.3 Planned experimental drying conditions for the tests in bin C (Slanted

perforated floor)

Test 1 Test 2 Test 3

Initial moisture
20± 1 20± 1 20± 1

content, Mi (%, w.b.)

Initial grain 30±5 30±5 30±5

temperature, Ti (OC)

Plenum pressure 300± 1 300± 1 300± 1
(Pa)

Air conditions As is at the site As is at the site As is at the site

Volume of grain 1.05 ± 0.075 1.05 ± 0.075 1.05 ± 0.075

(m3 )

Height of grain bed 1.7 ± 0.1 1.7 ± 0.1 1.7 ± 0.1

(m)
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CHAPTER 4

DEVELOPMENT OF COMPUTER SIMULATION SCHEME

This chapter presents the development of a computer scheme to simulate grain

drying in bins where airflow is non-parallel. Two distinct mathematical models represent

the simulation process. One is the model to describe airflow distribution in grain bins.

Another is the model to describe the heat and mass transfer during grain drying. The

airflow model is developed based on the work of Booker (1961) and Segerlind (1982), and

the heat and mass transfer model is developed based on the work of Thompson et al.

(1968) and Sokhansanj et al. (1991). The developement of the mathematical models is

presented in this chapter. Because of the structural characteristics of bins A, Band C, the

airflows in these bins were assumed to be two-dimensional. Therefore, a two-dimensional

airflow model was developed. A computer scheme is developed to combine the flow of air

with heat and mass transfer during grain drying. The developed scheme was used to

simulate the two dimensional airflow distribution and the drying of wheat in the

experimental bin tested in this research. The simulated results were checked against the

experimental results.

4.1 Development of the Airflow Simulation Model

4.1.1 The Model

The modelling of airflow distribution in grain bins follows the procedure developed

by Brooker (1961) and modified later by Segerlind (1982). The basic assumption of the

modelling is that air flowing through a homogeneous mass flows in the opposite direction

to the pressure gradient A relationship in the form of

4.1
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proposed by Shedd (1951) is used to relate velocity to pressure gradient. In Eq. 4.1, Vn is

the superficial air velocity and dp/dn is the magnitude of pressure gradient. A and B are

piece-wise constants determined experimentally, which depend on the variety, the packing

and the moisture content of the grain and the foreign material mixed with the grain. Li (1992)

developed the following values for clean loose filled wheat with moisture content of 18%

(w.b.):

A = 0.646xlO-3,

and A = 1.855xlO-3,

B = 0.945

B = 0.704

for V< 0.021 m/s

for V>0.021 m/s

The pressure gradient in Eq. 4.1 is a vector quantity such that in a two dimensional

domain, the pressure gradient in x and y directions is related to the pressure gradient in the

direction of flow by

4.2

By assuming a similarity between pressure gradient vectors and velocity vectors, Brooker

et al. (1974) proposed the following equations to relate the velocity components in the

direction of x or y,

dp!Ox
Vx =

dP!On
Vn 4.3

�
Vy

=

dp!On
Vn 4.4

Substituting 4.1 and 4.2 to 4.3 and 4.4 yields

Vx
= A[ � ] (B-1) � = A[(�)2 + (�)2](B-l)/2�

Vy
= A[ �] (B-l)� = A[(�)2 + (�)2](B-l)/�

4.5

4.6

To linearlize the relationship between the velocity vector and the pressure gradient, a

granular permeability is defined as
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4.7

so that

�
N«> Gax

4.8

4.9

For incompressible steady flow, the continuity equation has the form

avx avy_o
ax

+

ay
-

Substituting 4.8 and 4.9 in 4.10 yields:

4.10

�
(G

�
) +E._ (G

�
) = 0

ax ax ay ay
4.11

Equation 4.11 is the governing differential equation of the pressure field within a grain

mass in two dimensional form.

Equation 4.11 has the Laplacian form and can be solved with the finite element

method. The special feature of the equation is that it is nonlinear as G depends on

pressures and thus the solution must be iterative. Air velocities can be determined from

Eqs. 4.1, 4.8 and 4.9 after knowing the pressure field.

4.1.2 Solution Scheme

The computer package PC-SEEP (Lam et al. 1990) was used to simulate airflow

distributions. PC-SEEP is a finite element program developed to simulate two dimensional

groundwater and seepage problems. The fundamental governing differential equation upon

which the program is based is:

� aH +l- K
aH

+
_

a(VwN)
ax

(Kx ax) ay
( Y ay) q

-

at
4.12

where, H is the total fluid head, Kx and Ky are the permeabilities in x and y directions, and

q is the applied external boundary flux. VwN is the volumetric liquid content of the media.

Under steady state and saturated conditions, Eq. 4.12 reduces to
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4.13

Eq. 4.13 has the same form as Eq. 4.11 where q is equal to zero.

PC-SEEP is formulated on the basis that the flow of water through both saturated

and unsaturated soil follows Darcy's law which states that

V=K� 4.14

where, V is superficial velocity, and K is coefficient of permeability. Equation 4.14 can

be thought of as the general form of Eqs. 4.8 or 4.9, where granular permeability, G, takes

the place of K.

In Eqs. 4.13 or 4.14 the permeability K could be a constant for saturated media or a

function of pressure head for unsaturated media. The variation of permeability, K, can be

defined by two different methods. One method is called Gardner-type function, which

relates the permeability, K, to saturated permeability, Ko, in proportional to the reciprocal

of negative pore-water pressure. Another method is to specify the relationship between

permeability and negative pore-water pressure as piece-wise linear relationships between

selected data points. However, granular permeability, G, in Eq. 4.7 is a function of

pressure gradient. The two methods described above can not be applied directly to define

the relationship between the granular permeability, G, and the pressure gradient. To use

PC-SEEP, the only suitable selection was to use G as a constant to get an approximate

solution of Eq. 4.7.

The use of PC-SEEP involved the discritization of the vertical cross section of a

grain bed with small triangular elements and the creation of a data file which included

geometric information about the elements, the boundary conditions and the initial

conditions. After running the program, a data file can be created which contains the

information about the pressure and the velocity fields. These data can be further processed

to get final results.
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4.2 Development of the Drying Simulation Model

4.2.1 The Model

A near-equilibrium model developed by Thompson et al. (1968) was used in the

computer simulation scheme. This model was developed based on the following

assumptions: (1) the grain bed is stationary, (2) the bed is considered as a group of thin

layers stacked one upon another, (3) the exhausted air temperature from one layer would be

in equilibrium with grain temperature in that layer, (4) the air flows in a direction normal to

the grain layer, and (5) the heat transfer by conduction among grain kernels is negligible.

The model development begins with writing the energy balance between air and

grain over a thin layer of grain, dx, and a small time step, dt:

Ga[(Ca + CvHo)To + Hohfg]dt + pp(Cd + CwMi)E>idx

= Ga[(Ca + CvH)T + Hhfg]dt + Pp[(Cd + CwM)E> + &(Mi -M)]dx 4.15

The left side of Eq. 4.15 represents the enthalpy of the inlet air and the initial sensible heat

of the grain in the layer. The right side describes the enthalpy of the air upon exit from the

layer plus the new sensible heat in the grain layer and the latent heat stored in the grain layer

due to moisture evaporation.

Mass balance on moisture exchange between air and grain over a thin layer, dx, and

a small time interval, dt, yields:

H
- pp(Mi

- M)dx
H-

Gadt
+ 0 4.16

A simple experimental thin layer drying equation was used to calculate the drying rate of the

grain:

M = Me + (M]
-

Me) e-kt 4.17

A feature of Thompson's model is that a two step procedure is used to compute the

grain and air conditions for each layer of grain during the time interval �t. In the first step,

an initial zero mass transfer is assumed when air and grain come in contact in the layer.
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This simplifies the solution of Eq. 4.15 in computing temperature. In the second step, the

estimated temperature and equilibrium moisture content of grain calculated from this

temperature are used to calculate a new grain moisture content using the thin layer drying

Eq. 4.17 and the final temperature of grain and air. Detailed procedures of calculation will

be described in next section.

4.19

4.2.2 Solution Scheme

Following Thompson's proposed scheme that M; = M, He = H, Eq. 4.15

simplifies to

4.18

By assuming the temperature of the air and the grain in equilibrium, i.e. Te = T = e, Eq.

4.18 simplifies further to:

where

Ro =

Ga(Ca + CvHo)dt

Pp(Cd + CwMi)dx
4.20

Equation 4.19 is rearranged to solve for the exit air temperature:

4.21

The exit air temperature, Te, and relative humidity, RH, from one layer into the next are

used to compute the equilibrium moisture Content using the isotherm equation (ASAE

1992)

- Ln(l-RH)
Me =

[0.000023(Te + 55.815)]0.4372 4.22

The new Illoisture content of the grain is then Calculated using:

M :::: Me + (M; -

Me) e-kt
4.23
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Since k changes with temperature, an equivalent time approach was used. With this

approach, time t, is calculated from the known moisture content. The new time is then

obtained by adding a time increment (t + At). This new time is used in Eq. 4.17 to

calculate the new moisture content

The new humidity ratio of air is calculated based on the mass balance over the layer:

pp(Mi
-

M)�x
H=

-

+Ho
Ga�t

The new moisture content and the new humidity ratio are used to calculate the final

temperature in the grain layer:

4.24

Tf
(Cd + CwMo)(1 -

Ro)
T hfg(l + �L/hfg)(Mi

- M)

(Cd + CwM)(1 - R)
e

+

(Cd + CwM)(1 - R)
4.25

where

R =

Ga(Ca + CvH)�t

pp(Cd + CwM)�x

4.26

Tj, H and M are assigned as the initial conditions for the calculation for the next layer. The

calculations are repeated until the top layer is reached. The above procedure is repeated

from the bottom layer and continued until a specified criteria (moisture content) is satisfied.

The change of heat of vaporization of bound moisture in grain was represented by

M.. in the above equations. & was estimated using equation (Gallaher 1951):

M.. = hfg(23 e-O.4M) 4.27

where, hfg is the heat of vaporization of free water.

Other constants used in the simulation are: Ca = 1.008, C, = 2.0, Cd = 2.5, Cw =

4.186, hfg
= 2450. Psychrometric relations used in the simulation are from ASAE (1992).
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4.3 Overall Numerical Procedure

The first step of the scheme is to construct the airflow streamlines throughout the

grain bed. The airflow streamlines are defined as lines that are constructed such that they

are always tangent to the local velocity vector of the air particles (Bertin 1987), and there is

no flow across a streamline. Airflow in the grain mass can be assumed similar to the flow

in a bundle of tubes. An imaginary stream tube is formed by a closed pattern of

streamlines. By definition of streamlines, no air can cross the lateral surface of the stream

tube. Air within a stream tube is confined there, as is the grain. Grain drying in a bed can

be assumed to happen in a bundle of air stream tubes. Drying along each tube is assumed

to be one dimensional and to be independent of drying along any other tubes. With these

assumptions, two or three dimensional drying problems can be reduced to a one

dimensional problem. The whole picture of drying behavior in a bin with non-parallel

airflow can be built up by solving a one dimensional problem.

The other assumptions of the scheme are: 1) the stream tube has a cross-section

small enough that drying air condition across it can be considered constant; 2) heat

transfers between air and grain only by convection; 3) the viscosity of air is negligible.

With the third assumption, the velocity gradient across streamlines and the heat flow

perpendicular to streamlines are ignored. There is no radiation and conduction of heat, and

no heat generated by the friction caused by the viscosity of air.

PC-SEEP was used to solve the airflow distribution problem. Two dimensional

finite element meshes were prepared. Figure 4.1 shows the finite element mesh for the bin

with totally or partially perforated floor. Figure 4.2 is the finite element mesh for the bin

with slanted perforated floor. A total of 340 simplex triangular elements for totally or

partially perforated floor configuration and 446 simplex triangular elements for slanted

perforated floor configurations were generated to represent the cross section of the bins.

The airflow entry into the bin was represented with a static pressure of 300 Pa. The wall of

the bin was assumed impervious (Q=O). The pressure was atmospheric (P=O) at the top
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Figure 4.2 The finite element mesh for the bin with slanted perforated floor
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surface of the grain bed, where air exits from the drying bed.

The output of PC-SEEP included the coordinates of the finite element mesh nodes

and the nodal air velocity components in x and y directions. A procedure was developed to

calculate the coordinates of points lying on streamlines and the velocities along the

streamlines. The coordinates of mesh nodes and the air velocity components on these

4.28

nodes were the basis of the calculations. The procedure was to use a small length

increment �s to approximate streamline curves. Calculation started from the nodes on the

air entry boundary points. The slope of a streamline or the direction of Vn at any point

along the streamline was determined using:

where, Vx is the velocity component in the x direction, V
y

is the velocity component in the

y direction, and a is the angle between Vnand Vx. After the slope, a, at a point on the

streamline was calculated, the coordinates of a new point on the streamline were determined

using the following:

Xnew = Xold + �x = Xold +.1.s coste)

Ynew = Yold +.1.y = Yold +.1.s sin(a) 4.29

Once the coordinates of the new point were determined, the velocity components Vx and V
y

at the new point were estimated by interpolation from the coordinates and the velocity

components at its surrounding mesh nodal points. This procedure was repeated until the

points on one streamline were completely traced. As soon as the calculation was completed

for one streamline, a new streamline was calculated. With this procedure, the points and

their corresponding coordinates and velocity components on all streamlines were

determined. Finally streamlines were traced based on the coordinates of these points.

A computer program based on Thompson's model and computation procedure was

modified to simulate the drying of grain along each of the streamlines. The program was

originally developed to simulate drying of grain in a bin with parallel airflow (one

65



originally developed to simulate drying of grain in a bin with parallel airflow (one

dimensional) at constant drying air condition, where air velocity is uniform throughout the

bin. When airflow is non-parallel, air velocity changes in magnitude along streamlines.

The modification of the grain drying program mainly included the incorporation of the air

velocities along the streamlines.

The grain shrinkage model developed by Lang et al. (1992):

� = (l +Am6.M 4.30

was also incorporated into the modified program, where (l is a settlement constant and Am

is the shrinkage coefficient. Lang (1993) found that the settlement constant, o, was very

small and could be ignored. The shrinkage coefficient, Am, was defined as

Am = a+ b RH+c T+dRHT 4.31

where a = 1.5, b =1.1xlO-3, c = 1.7xlO-3 and d = 1.0xl0-3. � and L\M were defined as:

� = 100 (1 - x/Xi)

L\M=Mi-M

4.32

4.33

where Xi and M; are the initial bed thickness and grain moisture content respectively.

4.4 Choice of Drying Parameters

Preliminary drying simulations tests revealed that the drying constant played a key

role in the drying model. Three drying constants selected and tested were as follows:

Kl = 0.004 + 0.0002 T

(Sokhansanj and Cenkowski 1988) 4.34

K2 = 0.003537 + 5.7005xlO-6Te2 - 2.39216xlO-5 RH

(Sokhansanj et al. 1987) 4.35

- 200
K3 = 18.4

exp[(T + 13)] (Bruce 1985) 4.36

Simulations were performed using the model with each of the three drying constants. The
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results of the computer simulation were compared with the experimental results from the

tests in the bin with totally perforated floor. A root of mean square (RMS) method was

used to calculate the difference between the measured moisture contents, MCexp., and the

simulated moisture contents, MCsim., at each moisture content sampling point:

RMS=
11m

n

m n .L L(MCexp.-MCsim,)2
1=1

j=I

4.37

The results in Table 4.1 show clearly that the dying simulation model using drying

where n is the number of sampling points and m is the number of time steps. Figure 4.3

shows the flow chart of the computations. The results of the simulations are listed in Table

4.1

constant K3 gave the best prediction of moisture contents when compared to the measured

moisture contents from a test in the bin with totally perforated floor. The constant K3 was

selected and used for further drying simulations.

Table 4.1 The RMS and the differences between the daily average measured M.C. and

simulated moisture contents of grain

Drying
Constant

Difference between average measured M.C. and simulated M.C.

RMS Day 1 Day 2 Day 3 Day 4 Day 5

4.39 1.68 2.67 4.78 5.07 5.12

1.69 1.08 1.01 2.13 1.98 1.84

1.21 0.98 0.84 1.67 1.22 0.82
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Figure 4.3 Flow chart of computation for choice of drying constant
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4.5 Estimation of Coefficients for Drying Constant and Air Velocity

The results in Table 4.1 indicate that with drying constant K3 the difference

between the measured moisture content and the simulated moisture content was still more

than 1 %. To reduce the difference, coefficients fv and fk were introduced. The air velocity

was multiplied by fv and the drying constant by fk. An optimization program based on the

drying simulation program and least squares method was written to optimize the two

coefficients (Fox, 1971).

simulated moisture contents with the measured moisture contents from a test in the bin with

The flow chart of the program is basically the same as the one in FigA.3, except

two more loops were added to optimize the fv and fk. The program calculated the optimum

combination of coefficients, fk and fv. based on the least squares principle. By comparing

totally perforated floor, an optimum combination of fk and fv was obtained with fk equal to

1.1 and fv equal to 1.2 while the least square value was equal to 0041. The resultant

difference between the average measured moisture content and the average simulated

moisture content of grain in the bin with totally perforated floor ranged from 0.1 % to

0.5%. Detailed results are listed in Table 4.2.

Table 4.2 The average predicted moisture contents of grain in the bin with totally

perforated floor after introducing fv and fk into the simulation program

RMS Da� 1 Da�2 Da�3 Da�4 Da�5
Predicted

M.C. (%) 0.41 1804 14.9 11.8 10.3 9.9

Measured

M.C. (%) 17.9 1504 11.8 10.7 10.0

Difference 0.5 � 0.5 0 � 0.3 - 0.1
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The selected drying constant and the resulting coefficients of Ck and C, were used

to the drying simulation model. The modified drying program was finally determined and

used in further drying simulation when airflow in a grain bed was non-parallel. The

following sections will discuss the details of the simulation procedures and results from the

simulation.

4.6 Simulation Steps

Airflow distribution and the drying process in the bin with three floor

configurations were simulated. The major steps of the simulation are illustrated in Fig. 4.4.

The first step was to simulate the airflow distribution in the grain bin. The results of the

simulation included calculating the static pressure and the air velocity fields in the grain bin.

The next step was to generate airflow stream lines and determine air velocities along these

airflow lines from the known pressure and air velocity fields. The third step was to

calculate heat and mass transfer between grain and air along those airflow stream lines.

Results of the above simulation included static pressure and air velocities within the drying

bed, and temperatures and moisture contents of grain at various locations in the drying bed.

The fourth step was to generate the static pressure pattern, the moisture profiles and the

temperature profiles from the simulation results and also from the experimental results.

All of the conditions and the parameters such as initial moisture content and

temperature of grain, conditions of drying air, and backup pressure in plenum recorded in

experimental studies were adopted in the computer simulation. Hourly recorded drying air

conditions were averaged for each day and incorporated into the simulation of grain drying.

These initial grain conditions and drying air conditions were listed in Table 4.3.
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Computer simulation of airflow distribution

(Static pressure and air velocity field)

"

Generation of airflow stream lines

(From pressure field)

"

Simulation of grain drying

along airflow streamlines

"

Development of profiles and Iso-Iines

(Moisture content, temperature, pressure)

Figure 4.4 The major steps of the computer simulation
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CHAPTER 5

RESULTS

This chapter presents typical results obtained from experiments and computer

simulations. The data presented includes experimental and simulated static pressure patterns,

airflow flow stream lines, moisture contents, temperatures and iso-traverse lines. Simulation

results were compared to experimental data in order to evaluate the Validity of the developed

simulation scheme.

5.1 General

Experiments were conducted during the spring and early summer of 1992 in the

Hardy laboratory of the Department of Agricultural and Bioresource Engineering at the

University of Saskatchewan, Saskatoon. A total of 11 tests were attempted, 9 of which

were successful in terms of completion of data collection. The first test performed in bin A

(totally perforated floor, Fig. 3.4) was used to check if the equipment and the

instrumentation worked properly and to develop a procedure to determine the duration of a

test.

All of the tests were conducted using the rewetted wheat. The original moisture

content of the wheat was 8.7% w.b., the bulk density of the wheat was 813 kg/m-' and the

kernel density of the wheat was 1435 kg/m3. From the measured bulk density and kernel

density, the bulk porosity, E, of the wheat was calculated as 0.433. The mean length,

width and thickness of one hundred wheat kernels were measured using a digital caliper

with a 0.01 mm resolution as 5.89 mm (S.D. = 0.27),3.12 mm (S.D. = 0.16) and 2.81

mm (S.D. = 0.14) respectively.

The observation and the results of data analysis from test 1 showed that the
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experimental set-up worked properly. The analysis of data showed that when the

temperature at a location within the drying bed was close to the ambient air temperature,

moisture content of the grain at that location approached the equilibrium moisture content of

the grain at the corresponding air condition. Figure 5.1 is a plot of the difference between

the ambient air temperature, Ta, and the average temperature measured at each layer, T
g,

against the difference between the average moisture content of each layer, M, and the

equilibrium moisture content of wheat, Me. Me was calculated using the EMC equation for

wheat from ASAE Standard D245.4 (ASAE, 1992), based on the value of incoming air

condition.

Data presented in Fig. 5.1 show a correlation between the temperature difference

and the moisture content difference. A polynomonal of second degree relating the

temperature difference, L\T, to the moisture content difference.Alvl, was developed:

L\T = 0.11705 - 0.12434.1M + 0.12683 .1M2

where AT = Ta
-

Tg, .1M = M - Me.

The results in Fig. 5.1 show that when the difference between the temperature of

R2 = 0.878 5.1

ambient drying air and the temperature at a location in the drying bed approaches zero, the

difference between the moisture content at that location and the equilibrium moisture

content of grain at the corresponding air condition would be less than 1.5 % M.C. (w.b.).

Based on this result, a test run would be terminated when one of the temperature readings

at the top level of grain bed approached within 0.5 °C of the room air temperature.

Tables 5.1 to 5.4 list the experimental input conditions that were recorded during

each of the nine successful tests. Initial conditions were taken after a bin was filled. Grain

was sampled from 25 sampling points (see Fig. 3.6) and the the mean moisture content of

the 25 points was used to determine the initial moisture content. The initial temperature of

the grain bed was determined using the mean value of the temperatures measured at 39

points (see Fig. 3.4). The initial grain moisture content and the initial grain temperature
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Figure 5.1 Relationship between Ta-Tg
and M-Me

and their standard deviation are given in Table 5.1. The initial grain moisture contents and

initial grain temperature differed from test to test because it was difficult to adjust a precise

moisture content for the grain during rewetting.

Grain was carefully observed before, during and after each test to see any sign of

spoilage or mustiness. No spoilage was detected. The ventilation of air through grain

resulted in lowering the grain temperature and thus must have prevented the growth of

mold or excessive respiration.

The ambient air conditions were measured continuously during each test. The mean

temperature of room air varied from 23.9 oC to 27.2 °C among tests, while the mean

relative humidity varied from 18% to 39%. Table 5.2 shows that for the tests in bin A the

temperature variations during each test run were generally less than 2 oC. Relative

humidity of the room air during each test had a variation of about 5%. Variation of air
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Table 5.1 Initial conditions of the tests in bins A, Band C

Test 1 Test 2 Test 3

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

Mi(%) 17.8 0.6 20.5 0.6 20.6 0.3

Bin A r, (OC) 25.9 0.3 26.9 0.6 31.9 0.9

Hi (m) 1.44 1.48 1.44

Mi(%) 22.7 0.2 21.4 0.2 22.5 0.2

BinB r, (OC) 27.5 0.9 32.4 1.2 30.8 0.7

Hi (m) 1.50 1.44 1.50

Mi(%) 22.9 0.2 21.6 0.3 21.5 0.2

BinC r, (OC) 30.1 1.1 32.9 2.1 35.8 1.0

Hi (m) 1.80 1.80 1.80

Note: Mi: Initial moisture content of grain, N = 25

Ti: Initial grain temperature, N = 39

Hi: Initial grain height in the bins

Table 5.2 Air conditions during the drying tests in bin A

Test 1 Test 2 Test 3

Drying
T °c RH %

Drying
TOe RH%

Drying
Toe RH %

Time !hl Time !hl Time !hl

21 24.2 18.9 21 23.3 18.7 24 26.8 33.7

44 24.1 22.9 44 23.9 21.1 49 26.9 31.1

67 23.8 19.9 62 24.0 21.1 80 26.3 29.0

86 24.8 21.7 87 23.7 22.1 98 26.8 28.7

101 24.3 18.2 109 23.7 20.9 115 27.4 29.0

124 24.6 18.8 131 25.0 21.5

Mean 24.3 20.1 23.9 20.9 26.8 30.3

Std.Dev. 0.36 1.85 0.58 1.16 0.39 2.13

C.V. % 1.5 9.2 2.4 5.5 1.4 7.0
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conditions for the tests in bin A were generally random so that the air conditions could be

considered constant for each test, although the conditions were differed from test to test.

For the tests in bin B, the air conditions were not as stable as the ones for the tests

in bin A (see Table 5.3). The maximum variation in temperature was about 3 °C. The

relative humidity of the supply air varied about 11 %. The air conditions for the tests in bin

C were similar to those for the tests in bin B. The maximum variation in temperature was

about 2.5 oC, and in relative humidity was about 10% (see Table 5.4).

Based on the experimental conditions listed in Tables 5.1 to 5.4 and the repeatability

analysis which is presented in Chapter 6, the results of the third test in bin A, the third test

in bin B and the first test in bin C are selected and presented in this Chapter.

5.2 Shrinkage in Bulk Grain

As drying progressed, the top surface of drying bed dropped due to the shrinkage of

grain kernels. Figures 5.2, 5.3 and 5.4 show the shape of the top surface of the drying

beds during the drying experiments in bins A, B and C. The total volumetric shrinkage

was about 20% of the initial volume when wheat was dried from 21 % moisture content to

an average of about 10% moisture content. In bins B and C, the shape of top surface of

drying beds was changed from flat to curved due to uneven shrinkage of grain during

drying. Larger shrinkage occured at the locations where the grain was dryer. However,

compared to the total depth, the variation of the grain depths due to the curved top surface

was relatively small. The maximum of the variation was about 4% of the average total

depth of the grain bed for the tests in bin C. The top surface of the grain bed tended to

become flat at the conclusion of a drying test, except in bin C where the top surface of grain

bed remained uneven at the end of each test.

The experimental and the simulated depth of grain beds at different locations during

drying are compared in Table 5.5. For bin A the experimental grain depths were in good
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Table 5.3 Air conditions during the drying tests in bin B

Test 1 Test 2 Test 3

Drying
Toe RH %

Drying
T 0e RH%

Drying
Toe RH %

Time �hl Time {h� Time {h�

16 24.7 23.2 24 25.9 27.4 23 24.4 33.9

39 21.7 20.1 45 26.2 34.1 46 25.5 36.9

61 26.7 21.3 66 25.0 28.2 68 25.9 35.9

83 26.8 27.7 88 24.1 27.2 91 25.6 31.3

106 25.0 25.5 115 24.3 21.9 113 25.4 33.4

132 23.9 25.1 136 24.4 24.3 136 25.1 28.5

148 23.7 22.7 159 24.1 22.8 159 25.2 25.5

Mean 24.6 23.7 24.9 26.6 25.3 32.2

Std.Dev. 1.78 2.62 0.87 4.12 0.48 4.07

C.V. % 7.2 11.1 3.5 15.5 1.9 12.6

Table 5.4 Air conditions during the drying tests in bin C

Test 1 Test 2 Test 3

Drying
Toe RH %

Drying
Toe RH %

Drying
TOe RH %

Time {h} Time {hl Time �hl

17 25.9 39.4 22 26.2 41.0 27 27.8 40.7

41 25.0 32.0 43 27.0 41.4 43 28.2 37.2

65 25.1 32.5 72 27.3 40.7 66 28.0 37.7

86 26.1 31.3 89 26.7 34.9 89 26.5 37.1

112 27.1 32.2 110 26.4 31.4 112 25.6 39.1

Mean 25.8 33.5 26.7 37.9 27.2 38.4

Std.Dev. 0.85 3.34 0.44 4.50 1.12 1.53

C.V.% 3.3 10.0 1.7 11.9 4.1 4.0
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agreement with the simulated grain depths, especially after several days of drying. For bin

D Original

• Day 2 (Exp.)

• Day 3 (Exp.)

o Day 4 (Exp.)

o Day 5 (Exp.)

• Day 6 (Exp.)

C, the simulated top surface of grain bed was higher than the experimental location of the

top surface at the central part. For the bin B, the simulated top surface of the bed was

slightly lower than the experimental top surface at the central part of the bin, which

somewhat disagreed with moisture contents at this location. As a whole, the simulated

movement of the top surface was consistent with the experimental locations of the top

surface for the tests in each of the bins.
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Figure 5.2 The top surface profile of the grain bed during the drying test in bin A

1100

1000

o 500 1000

Bin width (mm)

78



1500

0 Day 2 (Exp.)

Day 3 (Exp.)•

1400
• Day 4 (Exp.)

• Day 5 (Exp.)

x Day 6 (Exp.)...-.

a 1300
Day 7 (Exp.)

S-
a

Day 8 (Exp.)
�

•

b.O

.Q3

.c
1200

I::

;:is

1100

1000�----�----�----�----�----�----�

o 500 1000

Bin width (mm)

1500

Figure 5.3 The top surface profile of the grain bed during the drying test in bin B

1800

1700

1600

...-.

§ 1500
'-'

�
b.O

1400
:g
.5
CQ

1300

1200

1100

1000

0 500 1000 1500

Bin width (mm)

iii Day 2 (Exp.)

• Day 3 (Exp.)

• Day 4 (Exp.)

• Day 5 (Exp.)

o Day 6 (Exp.)

Figure 5.4 The top surface profile of the grain bed during the drying test in bin C

79



Figure S.4 The top surface profile of the grain bed during the drying test in bin C

Table S.S Comparison of the experimental and the simulated depth of drying beds at

different locations in bin A, B and C

DeEth of grain bed (nun) in bin A

After one da� dryin� After three da� dryin� After five da� �in�
Locations

(from left) Ex�rimental Simulated Ex�rimental Simulated Ex�rimental Simulated

150mm 1314 1385 1195 1190 1162 1150

450 nun 1314 1390 1196 1200 1157 1150

750 nun 1322 1390 1202 1200 1159 1150

1050mm 1324 1390 1203 1200 1161 1150

1350mm 1322 1385 1201 1190 1158 1145

DeEth of �ain bed (nun) in bin B

After one da� drying After four dai: �in� After seven dai: drying
Locations

(from left) Ex�rimental Simulated Ex�rimental Simulated Ex�rimental Simulated

150mm 1435 1470 1297 1350 1212 1200

450mm 1425 1420 1273 1240 1216 1140

750mm 1422 1420 1273 1230 1217 1140

1050mm 1426 1420 1280 1240 1216 1140

1350mm 1441 1460 1307 1350 1213 1200

DeEth of �ain bed (nun) in bin C

After one da� drying After three dal �ing After five da� �ing
Locations

(from left) Ex�rimental Simulated Ex�rimental Simulated Ex�rimental Simulated

150mm 1723 1696 1555 1554 1509 1522

450mm 1732 1748 1601 1592 1515 1516

750mm 1737 1768 1619 1742 1542 1711

1050mm 1732 1748 1597 1594 1515 1518

1350mm 1721 1697 1557 1555 1503 1522
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5.3 Airflow Rates

Table 5.6 lists the daily records of the plenum static pressure and the airflow rates

supplied to the bins A, B and C during the tests in each of the bins. Static pressures in the

plenum were kept at 300 Pa as closely as possible. The initial volume of wet grain in each

bin was about 1.1 m3.

Data in Table 5.6 shows that there was a slight increase in airflow on the second

day of drying during the tests in each of the bins. This increase could be caused by the

temporary increase in bulk porosity of grain due to the shrinkage of the grain kernels.

After the second day, the airflow rate supplied to each bin dropped slightly as drying

progressed. The supply airflow rate at the end of the test was 12% lower than that at the

begining of the test in bin A, 15% lower in bin B and 13% lower in bin C.

Table 5.6 shows that the airflow supplied to bin C was the highest, even though the

depth of grain in bin C was the largest of the grain beds in the three bins. Airflow supplied

to bin A was smaller than that to bin C but larger than that to bin B.

Table 5.6 Daily record of the static pressure in plenum and the supply airflow rate during

drying tests in bins A, B and C

Bin A BinB BinC

Day of
Airflow Static Airflow Static Airflow Static

Rate Pressure Rate Pressure Rate Pressure
drying

(m3/s) (Pa) (m3/s) (Pa) (m3/s) (pa)

1 0.056 299.9 0.045 298.1 0.074 299.5

2 0.058 299.9 0.046 299.5 0.075 299.9

3 0.057 299.5 0.044 300.2 0.072 300.2

4 0.054 298.8 0.042 299.9 0.067 299.5

5 0.052 298.1 0.041 300.9 0.066 299.9

6 0.050 298.8 0.041 299.9 0.064 299.5

7 0.040 299.5

8 0.040 298.8
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5.4 Static Pressures and Airflow Distribution

Figures 5.5, 5.6, and 5.7 show the experimental and the simulated (in brackets)

static pressures at each measuring point when the drying just started. Two iso-pressure

lines generated from the measured and the simulated static pressures were also shown in

the figures. In bin A, iso-pressure lines were parallel to the bin floor, as is expected.

These lines were curved upward at the lower part of the bin B and curved-down in bin C.

The iso-pressure lines became flat as the bin height increased. Fluctuations in iso-pressure

lines were mainly due to the misplacement of the pressure tubes, which was observed after

the bin was emptied. The displacement must have been caused by the bending of the tubes

resulted from the grain shrinkage. Another reason of the fluctuations in iso-pressure lines

could be due to the difference in localized grain packing.

As mentioned earlier, the height of grain bed decreased during the drying tests

because of grain shrinkage. The decrease in bed height affected the local static pressure at

each point in varying degrees. Figure 5.8 shows the plots of pressures at the selected

points within the grain mass in the three bins. The plots indicate that under the test

condition the static pressure at the upper point E4 in bin A (refer to Fig. 3.4) decreased

continuously from 105 Pa to 51 Pa, meanwhile the corresponding grain bed height

decreased from 1.45 m to 1.15 m. The static pressure at bottom point A4 decreased from

267 Pa to 260 Pa, which happened mostly during the first day of drying. Similar results

were observed in bins B and C. However, pressure patterns remained unchanged during

the entire drying process.

The simulated static pressures were compared with the measured static pressures.

For bin A, the simulated static pressures were in good agreement with the measured static

pressures except on the top of the grain bed. 83% to 94% (differed with tests) of the

differences between the experimental and the simulated static pressures were within 10% of

the measured values. Most discrepancies between the two pressures were toward the upper

part of the bin, up to 9 Pa or 20% of the measured values. A looser packing of the grain
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on the very top of the bed could have been the reason.

For bin B, the agreement between the simulated static pressures and the measured

static pressures was poor. Only 42% to 50% (differed among runs) of the differences

between the experimental and the simulated static pressures were within 10% of the

measured pressures. Mostly, the simulated pressures were higher than the measured

pressures, especially at the air entrance of the bin. Referring to the above comparison

between the measured and the simulated static pressures for bin A, it was found that the

higher simulated static pressures at the location near the air entrance for bin B was the result

of ignoring the extra airflow resistance at the air entrance of the bin in the simulation model.

The maximum difference was at the locations near the air entrance, up to 38.7 Pa. The

difference decreased as the air moved up.

For bin C, the measured pressures were higher than the simulated pressures in the

center and in the upper parts of the bin. Maximum difference between the measured

pressures and the simulated pressures was found to be 14.7 Pa in the center of the bin.

About 70% to 90% (differed from runs) of the differences between the experimental and

the simulated static pressures were within 10% of the measured values, with the larger

disagreements in the center of the bin.

5.5 Intergranular Airflow Velocity

Intergranular air speeds were measured using 15 sensors. The placement of these

sensors is shown in Fig. 3.5 (Chapter 3). In bins A and B, the sensors were placed on

five levels with three sensors per level in a staggered format. In Bin C, the distribution of

the sensors was so arranged as to provide data at the critical locations. The locations of the

flow sensors in Fig. 3.5 are marked by the letter V and subscripted 1 to 15 starting from

the lower section of the bin. Air velocities were recorded once daily. Appendix IV lists

details of the test data for air speeds.

Intergranular airflow is proportional to the pressure gradient, thus air velocity
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distribution could be estimated from the pressure patterns. Figures 5.9, 5.10 and 5.11

show the typical measured and the simulated (in brackets) air velocities at each sampling

points for the three bins, respectively. In these figures, the velocities marked as "> 0.5"

mean that the measured value was out of the sensor's range. The simulated air velocities

were obtained from the calculation based on Eq. 3.1 (Chapter 3).

The distribution of measured air velocities was generally consistent with that

calculated from the pressures. In bin A, the measured air velocities were randomly

distributed and varied from 0.372 mls to 0.495 mls without any definite trend. In bin B,

the highest air velocity was observed at the central part of the bin (0.912 mls at the point

V2). The lowest air velocity was sensed at the bottom corners (0.147 mls at the point VI).

For bin C, the lowest air velocity was measured at point V2, (0.213 m/s), near the bottom

of the bin. The the measured air velocities increased along the slanted floor. The highest

measured air velocity was at the point VlO (0.667 mls) which is very close to the joint of

the vertical bin wall and the slanted floor. At the upper portion of bin B or C the measured

air velocities were more uniform than those at the lower portion of the bins.

During drying, grain shrinkage reduced the height of drying beds and produced a

flow of grain around the air velocity transducers, especially around the transducers at the

upper part of the drying bed. This flow of grain might have changed the packing condition

of grain around the air velocity transducers, which might have affected the local air velocity

measurement.

Figure 5.12 shows the plots of measured air velocities at the selected points in the

three bins versus time. Two points, V2 and VI4, were selected for bin A, three points,

VI, V2 and V14, for bin B and three points, V3, V8 and V12, for bin C. These points

were at the bottom part or upper part of the bins. The selection was made based on the fact

that there was smaller grain movement at the bottom part of a bin than at the upper part of

the bin.
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Figure 5.9 The simulated (in brackets) and the measured air velocities in bin A
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Figure S.10 The simulated (in brackets) and the measured air velocities in bin B
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The plots in Fig. 5.12 show that the time variations of air velocities measured at the

points near the top of the bins were almost the same as those measured at the points near

the bottom of the bins. The results indicate that the grain flow due to shrinkage did not

have a significant effect on air velocity measurement. The variations in the measured air

velocities were due to the changes in heating and cooling of the sensor tip due to the fouling

of the tip. It was observed, after emptying the bin, that the air velocity sensors were

covered with dust or small grain particles. The variations in the measured air velocity could

also be due to the uncertainties of airflow paths in the grain bulk because of the

complexities of the pore structure in such unconsolidated media.

Figure 5.12 for bin A shows that the air velocities measured at the two selected

points increased by about 0.1 mls during the first day of drying. The velocities were then

decreased to levels slightly below the initial velocities. A similar trend could be seen at the

upper point (point V12) in bin C, while the measured air velocities at the other two points

in the bin kept decreasing except for the last day of drying. There was no definite trend of

increasing or decreasing of the measured air velocities either from the upper points or from

the lower points in bin B. It is not clear why the measured velocities at point V2 in bin B

showed alternating high and low values. The slight decrease in measured air velocities may

be related to the slight decrease in supplied airflow.

Figure 5.13 shows the simulated airflow stream lines in bins Band C. This is in

contrast to the stream lines in bin A, where the airflow stream lines were vertically parallel

lines. The stream lines in bin B spread to the sides after entering the bin, then became

parallel at the location about 1/3 of the bin height. In bin C, stream lines at the sides were

moved toward the bin center after entering the bin and became parallel at the location about

2/3 of the bin height. The different curved stream lines in bin B and C indicated that the

degree and the format of the non-uniformity of air flow depended upon the floor

configuration.

The measured air velocities and the simulated air velocities (in brackets) (see Figs.
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5.6 Moisture Content

The locations of the sampling points for moisture content determinations in bins A,

B and C were shown in Fig. 3.6 (see Chapter 3). The grain in bins A and B was sampled

at five height levels, and from five points at each level. In bin C, the grain was sampled at

6 height levels, 5 at each level for the straight section of the bin followed by 3 and 1

samples from the slanted section. Appendix IV lists detailed measured moisture contents

for the tests in the three bins.

Figures 5.14, 5.15 and 5.16 show the measured and simulated (in brackets)

moisture contents of grain at the sampling points in each of the bins when the average

moisture content was in the range of 15.2% to 15.4% (w.b.). Two iso-moisture lines were

also drawn as a representative of the drying front. The solid lines represent the

5.9 to 5.11) had the same trend for each of the floor configurations. The differences

between the measured and the simulated air velocities were relatively larger than those

between the measured and the simulated static pressures. For bin A, 36% to 40% of the

differences between the simulated and the measured values were within 10% of the

measured velocities.

For bin B, about 21 % to 31 % of the differences between the simulated and the

measured velocities were within 10% of the measured values. At the points near the air

entrance, the simulated air velocities were lower than the measured ones. For bin C, about

38% to 42% of the differences were within 10% of the measured value. The simulated air

velocities were higher than the measured air velocities at both sides of bin C, and the lower

simulated air velocities were found at the center bottom of the bin. For the three bins, the

largest difference of 0.25m/s (see Fig. 5.12) between the simulated air velocities and the

measured air velocities was found at the point VI in the bin C. This difference may come

from the error in airflow simulation. A finer finite element mesh for the bin C could have

reduced the difference.
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In bin B, drying at the sides of the bin was slow. At the same level of depth, the

grain at point Kl took 136 hours, while at point K3, 68 hours, to dry from moisture

content of 22.3 % to 11.0 % (w.b.) (see Fig. 5.17). This non-uniform drying regime

remained throughout the drying period despite the airflow becoming more uniform at the

upper part of the bin.

Table 5.7 lists the average moisture content of grain in bins A, B and C after certain

periods of drying. To remove about 11 points moisture content, grain in bin A took 115

hours, grain in bin B took more that 145 h and grain in bin C took about 112 h. One may

expect that the grain in bin C would be dried as fast as that in bin A. However, this was

not the case. The major problem with bin C was that even when the average moisture

experimental data, and the dash lines represent the simulated data

The iso-moisture content lines were approximately horizontal parallel lines in bin A,

curved upward in bin B and curved downward in bin C. In bin A, the agreement between

the experimental and the simulated moisture contents was excellent. While the simulated

moisture contents at each level were uniform, the experimental moisture content showed a

degree of variation. There was a slightly faster drying on the sides than at the center

(15.4% at the center versus 14.8% moisture content at the sides), which was probably due

to higher airflow escape at the sides. Nevertheless, the difference was not more than 1 %

moisture content in all tests.

In bins Band C, the variations in moisture content at a given height were

significant, especially in bin C, where the core of the bin remained wet throughout the

drying period. The drying at the central part of the bin C was slow. The grain at the center

of the bin remained high in moisture content throughout the drying period. At level K, the

moisture content at the point K2 was 11.1 % while moisture content at the point K3, which

was just about 300 rom away, was 22.3% (w.b.) after 65 hours drying (see Fig. 5.16). A

deep core of high moisture content at the center of the drying bed was formed during

drying.
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Table 5.7 The average moisture content of grain in bins A, B and C after certain

period of drying (%, w.b.)

Bin A Bin B Bin C

drying time M.C. drying time M.C. drying time M.C.

(%, w.b.) (%, w.b.) (%, w.b.)

0 20.6 0 22.5 0 22.9

24 17.9 25 20.7 17 20.1

49 15.4 49 19.3 41 17.3

80 11.8 73 17.7 65 15.1

98 10.7 97 15.2 86 13.2

115 10.0 121 13.5 112 12.0

145 11.8

168 10.6

content of grain in the bin was low, there was still a high moisture content core existing in

the bin. It appeared that much of the air supplied to bin C escaped from the sides of the

bin, where the resistance against the airflow was the least. For a throughout drying in bin

C, it took 157 hours to dry the core from 21.5% to a moisture content of 14.8% (w.b.).

The average moisture content of grain in the bin after 157 hours was 11.7% (w.b.).

The uniformity of grain moisture content in a grain bin depended on the floor type

in the bin. When the average moisture content of grain in bin C was 12.0%, the maximum

variation of local moisture contents at the same height was from 11.0% to 21.4%. In bin

B, when the average moisture content was 11.8%, the maximum variation of local

moisture contents at the same height was from 12.4% to 18.6%. Whereas when the

average moisture content in bin A was 11.8%, the maximum variation of local moisture

contents at the same height was from 15.0% to 16.8%.

Figure 5.17 shows the moisture content of at some selected points in each of the

bins versus time. These points were selected to demonstrate the extreme ranges of the

moisture contents of grain. Mass average moisture content is also shown. Figure 5.17

reinforces our understanding of drying in a parallel air flow where all locations at the same

100



25 Bin A

0=- Point K1

Point K3

.-..

20
6 PointG1

..ci

Ii
PointG3

� Average

E 15

�
0
(,,)

Q)

a
10.�

0

::E

5

0 20 40 60 80 100 120

25 BinB

0=- Point K1

Point K3

,-... 20
6 PointG1

..ci

Ii PointG3

ti Average
......

E 15

s
c::

8
Q)
...

a
10.�

�

5

0 20 40 60 80 100 120 140 160

25 Bine

0=- Point K2

Point K3

...... 20

.c PointM3

Ii Point H1

ti Point H3
......

....

15 Average
�
c::

8
CI.)

a
10VI

's

::E

5

0 20 40 60 80 100 120

Drying time (hours)

Figure 5.17 Moisture contents at the selected points in bins A, B, C vs. drying time
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level dry uniformly. The plots in Fig.5.17 show that a straight gradient in moisture content

in bins B and C remains during the entire drying period. Grain in all of the critical locations

in bin B almost dried eventually, but the grain in the location H3 at the center top of bin C

remained wet, when drying was stopped.

The measured and the simulated moisture contents in bin A were in good agreement.

About 91 % to 96% of the differences between the measured and the simulated moisture

contents were within 10% of the measured values. In bin B, the simulated moisture

contents in the central part were higher than the measured moisture contents. For instance,

after 91 hours drying, the measured moisture content at point H3 was 13.7% while

simulated moisture content was 15.4% (w.b.). The slower simulated drying at the center

was due to the lower simulated air velocities compared to the actual air velocities measured

in the central part of the bin.

In bin C, about 73% to 75% of the differences between the measured and the

simulated moisture content were within 10% of the measured values. The simulated drying

was faster than experimental drying at the part away from the center of the bin. Point HI is

an example where the measured moisture content was 15.0% (w.b.) and simulated

moisture content was 13.9% (w.b.) after 65 hours drying. Slower simulated drying than

actual drying was observed at the part near and at the center of the bin, especially at the

point Kl where the measured moisture content was 17.9% (w.b.) and simulated moisture

content was 20.5% (w.b.). The difference in the simulated and the experimental drying

could be due to the difference in the simulated and the actual air velocities.

5.7 Temperatures

The locations of thermocouples for the measurement of the grain mass temperature

in bins A, Band C are shown in Fig. 3.6 (see Chapter 3). The temperature of grain in bins

A and B was sampled at six levels, and from seven points at each level. In bin C, the grain

temperature was sampled at seven levels; 7 at each level for the straight section of the bin
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followed by 5, 3, and 3 in the slanted floor zone. Temperatures were monitored hourly.

Appendix IV lists samples of the hourly and daily data.

The hourly temperatures at the selected points in bins A, B and C during the first

day of a drying test and the daily temperatures during the drying test are plotted in Figures

5.27 to 5.32. The dry-bulb and the wet-bulb temperatures of the ambient air in the plenum

are also plotted on the graphs.

Figure 5.18 shows that for the test bin A the initial bin temperature was at 32 oc.

The dry-bulb temperature of the ambient air, initially at 26 °C increased to about 27 oc

during the first three hours and remained constant there after. The wet-bulb temperature of

the ambient air remained at about 17 0C after a period of 4 to 6 hours of fluctuations.

Meanwhile the grain in the lower parts of the bin (PI and F2) decreased to the wet-bulb

temperature in less than one hour and then gradually increased to approach the dry-bulb

temperature within the next 20 hours. The grain at upper levels (points Al and A4)
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Figure 5.18 Temperature of the selected locations in bins A during the first day of drying
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Figure 5.19 Temperature of the selected locations in bins A during the entire drying
period

decreased to the low wet-bulb temperature within 0.5 0C in three hours and stayed in this

cold condition for the next 20 hours. Figure 5.19 shows the extended temperatures where

it shows that eventually after 80 hours, the grain at the top level dried to such an extent that

the grain temperature rose to the dry-bulb temperature. Figure 528 shows that the wet

bulb temperature remained virtually unchanged.

Figures 5.20 and 5.21 show the hourly and daily temperatures of the selected

locations in bin B. The initial grain temperature in the bin was 27 OC. Cooling time varied

from one hour (point A4) to almost five hours (point Fl at the top far corner of the Bin).

Figure 5.30 shows that points Fl and F4 remained at the wet-bulb temperature for 120 h

and 90 h, respectively. Temperatures in bin C (Fig. 5.22) had a response similar to

temperatures in bin B. Point D 1 showed the greatest response, and point 04 located at the
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Figure 5.20 Temperature of the selected locations in bin B during the first day of drying
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Figure 5.21 Temperature of the selected locations in bin B during the entire drying
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Figure 5.22 Temperature of the selected locations in bin C during the rust day of drying
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center top of the bin had the slowest response. The cooled grain at the center of the bin did

not approach the wet-bulb temperature of the supply air as closely as that experienced in

either bins A or B. Figure 5.23 shows that point 04 remained at the wet-bulb temperature

for the entire test period. Another interesting observation was that at point A4, the lowest

part of the bin between the two slanted perforated walls (Figures 5.22 and 5.23), the

grain cooled gradually, remained at the wet-bulb temperature from hour 20 to hour 50, and

then gradually approached the dry-bulb temperature.

Figures 5.24, 5.25 and 5.26 show the distribution of temperatures measured from

the tests in bins A, B, and C. The temperatures corresponded to the same time as the

moisture contents shown in Figures 5.14, 5.15, and 5.16. The simulated temperatures

also are given in the parenthesis. Two experimental and simulated iso-temperature lines are

plotted to show the heating and cooling front.

Similar to the pressure patterns and the iso-moisture content lines, the simulated

iso-temperature lines in bin A were parallel to the bin floor. The temperatures were also

uniform across the bin at each of the heights. The measured temperatures, however,

showed some variations at each height, but these variations were within 1 oC after 115

hours of drying. The right hand side of the bin was slightly warmer, In contrast to the

moisture distribution in Fig. 5.14, where lower moisture contents were found at the sides

of the bin, the variation may be due to the slightly higher airflow in this region if nothing

else.

The shapes of temperature profiles in bins B and C were similar to the moisture

profiles in the two bins. Temperature distributions in the two bins were not uniform but

generally symmetric. The grain at the sides of bin B took a longer time to cool and then to

warm than the grain in the center of the bin. During the drying test, the temperature at the

top surface of the central part of the drying bed first approached the drying air temperature.

After 145 hours drying, the temperature at the top sampling level varied from 15.8 °C to

21.50C. In bin C, a low temperature zone was observed at the center of the bin. This
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zone gradually shrank to a small core as drying progressed, which corresponded to the

high moisture content grain. The temperature difference between the top sampling points

after 112 hours drying was about 10 OC.

For the tests in bin A, about 75% to 93% of the differences between the measured

and the simulated temperatures were within 10% of the measured values. For the tests in

bin B, about 71 % to 84 % of the differences between the simulated and the measured

temperatures were within 10% of the measured temperatures. There was not a definite

trend found between the simulated and the experimental temperature profiles, In bin C, the

agreement between the measured and the simulated temperatures was even worse, only

69% to 81 % of the differences were within 10% of the measured temperatures. Maximum

difference up to 4.9 OC of the measured temperature could be found in the central part of

the bin. Related to the analysis in Section 5.6, the lower simulated temperatures generally

corresponded to the higher simulated moisture contents.

5.S Iso-traverse lines and Iso-moisture lines

Iso-traverse lines were produced based on the simulated airflow stream lines and the

air velocities along these lines. Fig. 5.27 shows a sample of iso-traverse lines plotted

along with the experimental iso-moisture lines for the bin B. After 46 hours of drying, the

simulated iso-traverse lines and the experimental drying front (iso-moisture lines) had a

similar shape. As the drying progressed, the moisture content tended to even out though

the iso-traverse lines did not change in shape. Further analysis of the data for bin B

showed that the iso-moisture lines deviated from the iso-traverse lines mostly at the middle

height of the bin.

In bin C, both of the iso-traverse lines and the iso-moisture lines had the V shape

(Fig. 5.28). The agreement between the iso-traverse lines and the moisture profiles was

quite poor throughout the drying process. At the beginning of drying, the opening of the V
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shape of iso-moisture lines was wider than that of iso-traverse lines. While at the ending of

drying, the opening of the V shape of iso-moisture lines was narrower than that of iso

traverse lines. Between the beginning and the ending of drying, there might be a time

when the shape of iso-traverse lines was the same as that of the moisture profiles.

The analysis showed that the iso-traverse lines are not the same as the moisture

profiles. The use of iso-traverse lines to represent the movement of drying front of a

drying bed is questionable.
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CHAPTER 6

DISCUSSION

6.1 Introduction

Knowledge of airflow distribution in a grain bed is critically important for studying

the drying process and for the design of grain bins. For ambient or near ambient air grain

drying, airflow distribution affects the drying process directly. It is believed that the grain

shrinkage and the change of bulk density during drying affects the airflow distribution.

Compared to the parallel airflow cases, the airflow distribution in bins with non-parallel

airflow (like in hopper bottom bins) is much more complex, as is the drying process.

Factors, such as floor configurations, grain shrinkage, and their effect on airflow

distribution and drying are discussed in this Chapter. The relationship of moisture content

to temperature of grain is also discussed. In addition, a discussion is addressed to the

intergranular air velocity because of the fact that the measured intergranular air velocities

were much higher than those calculated using the equation V = VcJE.

The simulated results were already checked against the experimental results by

comparing the simulated data with the measured data at every sampling point. The static

pressure patterns, moisture and temperature profiles generated from the simulation and the

experimental results were also compared. Further comparison and analysis are performed

in this Chapter. The advantages or short comings of the modified mathematical models and

the scheme used in the simulation are identified, analyzed, and discussed. The results of

the analysis will be useful for the development of improved mathematical models and

computing procedures for grain drying simulation under non-parallel airflow.
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n

1 1

� � (Xexp,-XSim,)2
m n i=l� Xexp,

J=1

6,1

6.2 Repeatability of Tests

The repeatability of the experiments was analyzed using the root of the mean squared

normalized differences, The data from the computer simulation were used as the predicted

value for the repeatability analysis, The equation used for the repeatability analysis has the

form:

In the above equation, X refers to moisture, temperature, air velocity or pressure, m is the

number of time steps in a test run, and n is the number of sampling points,

Roots of the mean squared normalized differences were calculated and listed in Table

6,1 to examine the repeatability of the tests in each of the bins, The data in Table 6,1 show

that for the tests in each of the bins the roots of the mean squared normalized differences

among the tests were generally in the same order and were very close, especially for the

moisture contents, These values of the root of the mean squared normalized differences

indicate that the repeatability of the tests in each of the bins was very good,

Table 6.1 Roots of mean normalized square values for the tests in the bin with three floor

configurations

Bine

Pressure Air velocity Moisture Temperature
content

Test 1 0,090 0.053 0.088

Test 2 0.045 0,248 0,052 0,095

Test 3 0,078 0.251 0,047 0,085

Test 1 0.110 0.329 0.063 0.126

Test 2 0.182 0.302 0.067 0,082

Test 3 0.152 0,354 0.061 0,078

Test 1 0,055 0.286 0.125 0.111

Test 2 0,077 0.254 0.100 0,084

Test 3 0,068 0.244 0.101 0.084

Bin A

BinB
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6.3 Grain shrinkage

The shrinkage of grain during drying and its effect on airflow and the drying process

has been discussed by several researchers. They believed that shrinkage alters the velocity

pattern in a grain bed by changing the shape of the bed (Smith et al. 1992). Hukill and

Shedd (1955) pointed out that shrinkage of grain being dried was likely to accentuate

differences in drying rates. Williamson (1965) and Smith (1982) believed that grain

shrinkage increased the void space in the zone of low moisture content and reduced the

airflow resistance so that air will flow faster in the region resulting in more rapid drying.

Sanderson, et al. (1988) expected that both volumetric and total airflow to a drying bed will

increase due to grain shrinkage. The experimental results from this research questions

some of these concepts that have primarily been expressed intuitively.

Uneven drying in a grain bed under non-parallel airflow resulted in uneven grain

shrinkage. This uneven shrinkage in tum lead to the differential packing of grain and the

varied depths across the the bed. It was expected that these changes in the packing of grain

and the bed depths might affect the airflow distribution or the local airflow rates. Results in

Fig. 5.12 showed that that is not the case. The air velocity analysis in Section 5.5 indicated

that the grain shrinkage had little effect on the magnitude of air velocity at various locations

in the bin with the three floor configuration. One reason is that during the drying process,

the height of drying bed decreased due to shrinkage but the differential change of bed

heights was relatively small compared to the total depth of the drying bed. Therefore

pressure patterns did not change very much during drying in the threee bins and the effect

of grain shrinkage on air flow distribution in the drying bed was not significant

Experimental data also showed that the airflow supplied to the drying beds decreased

rather than increased during drying tests. Meanwhile, the depth of grain bed was

decreasing and the plenum static pressure maintained at the 300 Pa with the variation less

than 2 Pa (see Table 5.6). The combined effect of the reduced grain depth and constant
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plenum pressure was the increase of the pressure gradient across the grain bed.

The constant air velocities or the decrease of the supply airflow to the drying beds

could be due to the denser packing of the drying bed caused by the grain shrinkage. Figure

6.1 shows the instantaneous ratio of the grain volume to the initial grain volume vs. time

during the drying tests in bin A, B and C. The grain volume reduction in bin A was more

than that in bins Band C. The least grain volume reduction was in bin B. Figure 6.2

shows the mass change of grain during drying tests. It was noted that for the grain in the

three bins, the final mass ratios, MIMi, were larger than the final volume ratio, VN i.

Experimental results showed that when the moisture content of the wheat varied from 10 to

20% (w.b.), the kernel density of the wheat changed 0.4%, from 1380 to 1440 kglm3.

These facts indicated that the packing of grain was denser at the end of drying than at the

beginning of drying. In addition, the plots in Figs 6.1 and 6.2 suggested that the grain

volume change due to shrinkage was a continues process as was the change of grain mass.

Figure 6.1 The grain volume vs. time during drying in bin A, B and C
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Figure 6.2 The grain mass vs. time during drying in bin A, B and C

Fig. 6.3 is a plot relating the volume of one wheat kernel to its moisture content The

plot shows that the volume of a wheat kernel decreased as its moisture content decreased.

When the moisture content of the wheat kernel dropped from 21 % to 10%, the volume of

the wheat kernel decreased from 27 mm3 to 23 mm3, which means about 15% volume

shrinkage. It has shown in Section 5.2 that the total bulk shrinkage of wheat bed was

about 20% when wheat was dried from 21 % moisture content to an average of about 10%

moisture content. The bulk shrinkage was larger than the volume reduction of a single

wheat kernel. The differential between the bulk shrinkage and the volume reduction of a

single kernel was because of the denser packing of wheat kernels. This denser packing of

grain resulted in the reduction of bulk porosity, as shown in Fig. 6.4.
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6.4 Intergranular Air Velocity

Because of the denser packing of grain mass as analyzed above, the resistance of the

grain to airflow increased. Therefore it would be stated that as the moisture content of

grain decreased the drying bed was packed more tightly and the void space was reduced so

that airflow resistance was increased. The increase of resistance due to moisture reduction

of the grain was even larger than the decrease of resistance due to reduction of the grain bed

depth. The net effect was the lower airflow rates supplied to the drying beds or the

constant air velocities.

It was found that the measured intergranular air velocities were consistently higher

that those calculated from the measured supply airflow rate or the measured static

pressures. Table 6.2 lists the superficial, calculated, derived and measured air velocities in

bin A at the first and the last day of the test when the moisture contents of the grain in the

bin were basically uniform. The measured air velocity, Vm- is the mean intergranular air

velocity measured by the fifteen air velocity transducers. The calculated air velocity, Vcl

is equal to the superficial air velocity, calculated from the measured supply airflow rate,

divided by the bulk porosity of the grain, which was 0.5 and 0.434 for the first and the

last day of the test, respectively. The derived air velocity, Vc2, is equal to the superficial air

velocity, derived from the measured static pressure, divided by the bulk porosity of the

grain. The superficial air velocity for Vc2 was calculated using the equation published in

ASAE Standard D272.2 (ASAE 1992) in the form:

L\P a Q2
T

=

In ( 1+ b Q )

where a = 2.7xl()4, b = 8.77, Q is the superficial air velocity, and Ml/L is the pressure

6.2

gradient calculated from the measured plenum static pressures. The constants a and b were

determined experiemntally for the wheat with moisture content of 11.3 % (w.b.) (Shedd
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First day

Last day

0.0745

0.0669

0.461 (0.042) 0.149

0.381 (0.072) 0.154

0.110

0.154

3.1

2.5

6.2

5.7

1953).

Table 6.2 shows that in the first day of the test, Vel was larger than Ve2, which was

due to the moisture content of grain at 21 % at that time. In the last day of the test, when the

moisture content of the grain was 10% w.b., Vel and Ve2 were in agreement, indicating

that Eq. 6.2 was valid for the dry wheat. The measured air velocities, Vm- however, were

3.1 and 2.5 times the calculated air velocities Vel, and 6.2 and 5.7 times the superficial air

velocity, Vo, in the first day's and the last day's tests.

Table 6.2 The calculated, derived and measured air velocities in bin A (standard
deviation in blankets)

Vrn/Vo

In grain drying literature, the ratio of air velocity within a bulk grain to superficial

air velocity is equal to the reciprocal of bulk porosity of the grain (Brooker, 1958; Brooker,

Bakker-Arkema and Hall, 1974). The bulk porosity of wheat used for the test was 0.5 and

0.434. Theoretically, the air velocity within the bulk wheat should be 2 or 2.3 times the

superficial air velocity. The data in Table 6.2 indicate that the intergranular air velocities

measured were about 6 times the superficial air velocity, which means the intergranular air

velocity within the bulk wheat was probably 3 times the calculated intergranular air

velocity. This value of 6 is somewhat higher than 4.2 that was suggested by Garret and

Brooker (1965) for wheat. This disagreement may be expected since the drag coefficient,
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which was used in their theoretical calculation, was found for single grain falling in a large

body of air. This coefficient might be different under the multiple particles and packed

condition of flow (Mohsenin, 1986).

Two possibilities may be responsible for the disagreement. One possibility might

be the error in air velocity measurement. The measurements were made using the

anemometers with protective covers embedded within the bulk grain. The existance of the

anemometer within the bulk grain may have changed the intergranular airflow path and

disturbed the airflow. How the anemometers interfered with the actual intergranular air

flow is not clear.

Another possibility was that the currently used equation under-estimates the

intergranular air velocity in bulk grain. Review of previous work has shown that the

information on intergranular velocity of a fluid was inadequate and inconsistent.

Theoretically, the intergranular velocity was found to vary from tle to 10.73 times the

superficial velocity, while experimentally, the average measured pore velocity has been

reported up to 6.4 times of the average superficial velocity.

Two factors may be the main factors affecting the magnitude of intergranular air

velocity in bulk grain. One is the tortuosity and another is the porosity .

A grain bed can be thought of as formed by a large number of layers of grain. Each

layer of grain in the bed overlaps the other randomly, so that the open space among kernels

and layers form the airflow channels. These airflow channels are tortuous rather than

straight. Figure 6.5 is an example of such an airflow channel in two dimensions.

Therefore, the actual airflow paths in a grain bed are longer than the straight paths. The air

particle in the bed would travel a longer distance along the actual airflow path in a given

time interval. This longer travel distance results in higher intergranular air velocity than the

average values obtained by dividing the superficial air velocity by bulk porosity.
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Figure 6.5 A two dimensional schematic diagram of an air flow channel in a bed of grain

The underlying assumption used to calculate the intergranular air velocity is that the

surface porosity is equal to the volumetric porosity of bulk: grain. Actually, the effective

porosity defmed by Dullien (1975) may be more appropriate. In Dullien's definition, the

effective porosity is the ratio of volume of flow region to total volume. The important ideal

is that in a significant portion of the pore spaces in some porous media the fluid is not

flowing through them.

The concept of effective porosity could be extended here. For granular particle

beds (like most grains), pores are formed due to the packing of the particles. Among the

pores there must exist necks which control the magnitude of velocity of air flowing through

those pores. When equation

V=VcJe 6.3

is used to calculate the intergranular air velocity, E should be the effective porosity. This
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effective porosity can be defined as the ratio of total area of pore necks at an arbitrarily

plane perpendicular to the direction of airflows to the total area of this arbitrarily plane.

Obviously, this effective porosity must be much smaller than the volumetric porosity.

Figure 6.6 shows two very simple examples which are the uniform spheres packed

in regular ways. Case I is called the cubic regular arrangement with the volumetric porosity

0.476. Case IT is called the face to face centered arrangement or rhombohedral arrangment

with the volumetric porosity 0.259. In case I the effective porosity as defined above is

0.215 and in case II, 0.093. Therefore, for the two cases, the volumetric porosities are 2.2

to 2.8 times the effective porosities.

Case I Casell

Figure 6.6 Two simple examples of the uniform spheres packed in regular ways
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For the usually granular particle bed, such as a grain bed, similar relationships might

exist between effective porosity and volumetric porosity. If this were the case, coupled with

the tunuosity ,
the measured air velocity within bulk grain in the research could be the actual

intergranular air velocity. However, in this research, air velocity within the bulk grain was

measured just using the anemometers with the protective cover, the interfere of the transducer

to the actual airflow at sampling points was not clear. Therefore, a compatible measuring

method would be helpful for further investigation of intergranular air velocity in bulk grains.

6.5 Effect of Floor Configuration on Airflow and Drying

Experimental results revealed that among the three bins the airflow supplied to bin A

was the largest and to bin B was the smallest. The first factor which may have affected the

airflow rate supplied would be the difference in perforated floor area. If the ratio of the

perforated area to the cross sectional area of a bin for bin A is assumed to be 1, this ratio is

0.33 for bin B (partially perforated), and 1.35 for bin C (slanted floor). The larger

perforated area in bin C allowed more air to flow into to the bin. The second factor could be

that in bin C the bed depth decreased continuously along the slanted floor from the center to

the sides of the bin. At the same plenum pressure, smaller bed depth at the sides of the bin

resulted in a higher airflow rate being supplied to the bed.

The pressure patterns in the three bins (see Figs. 5.9, 10, and 11 in section 5.4),

show the highest pressure drop at the air entrance of bin B. Therefore, the smaller

perforated floor area of bin B resulted in extra resistance to airflow so that part of the

pressure head was lost at the air entrance and the airflow entered into the grain bed reduced.

For the same plenum pressure, a smaller perforated area means smaller airflow rate

supplied to a drying bed than the fully perforated floor. To obtain the same airflow rate as

the fully perforated floor, a larger plenum pressure would be required for the partially

perforated floor. The exact reduction of airflow due to the smaller perforated floor needs to
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be determined. To avoid the extra pressure loss, the perforated area should be as large as

possible. The slanted penorated floor, in another hand, resulted in a relatively larger

airflow rate to the drying bed at a given plenum pressure, although in the central part of this

type of floor airflow was quite small.

Experimental and simulated results indicated that the floor configurations mainly

affected the airflow distribution in the area near the floor. The shape of floor and the

perforated area determined the airflow distribution. In locations away from the floor, the

airflow tended to be uniformly distributed.

Although airflow becomes more uniform at the upper part of drying beds, the non

uniformity of airflow distribution in the area near the penorated floor established the shape

and the movement of the drying front in a grain bed. This effect was caused by the

property of airflow which has been used as an assumption in the simulation scheme. The

assumption stated that airflow in a grain bed can be seen as the flow in a bundle of tubes.

An air tube is formed by a closed pattern of streamlines. Air within an air tube is confmed

there, as is the grain in the tube. Due to the airflow property, the drying state at the

beginning of a flow path affects the drying state all along the flow path. Airflow along

other flow paths has little effect on its adjacent airflow path.

6.6 Moisture Content and Temperature of Grain

Wet grain in a bin can be cooled to the wet-bulb temperature of the ambient air

within a few hours depending on the type of the bin as long as there is air ventilated

through the grain bed. The temperature was kept at the wet-bulb temperature until the grain

started to dry. The practical importance of the phenomenon is that if the wet-bulb

temperature of ambient air was below the safe storage temperature, the grain could be

stored for an extended period of time without any spoilage or mustiness, meanwhile the

grain would be dried gradually. The low temperature of bulk grain resulted from air
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ventilation prevents the growth of mold or decreases the respiration rate of grain.

Comparison of temperature profile and moisture content profiles showed that the

two profiles have similar shapes during drying in the bin with non-parallel airflow.

Experimental results also indicated that when grain started to dry, the temperature of the

grain was gradually approaching the dry-bulb temperature of supply air. The similarity of

the moisture content profiles and the temperature profiles was explicit.

Moisture content and temperature have a close relationship in grain drying. Since

grain drying is a process where the heat transfer is much faster than mass transfer,

temperature is a more sensitive indicator of drying. Temperature has been used to control

high temperature dryers. The results of the experiments showed that the temperature could

also be used to control the in-bin near-ambient or ambient drying. Analysis of drying in the

bin with parallel airflow showed that a close correlation between the temperature difference

and the moisture content difference existed, where the temperature difference was the one

between the measured temperature in the drying bed and the ambient air temperature and the

moisture content difference was the one between the moisture content of grain in the drying

bed and the equilibrium moisture content of drying air. To apply this relation to practice,

further research is required.

6.7 Iso-traverse Line

Comparison of iso-traverse line and moisture content profiles showed that the iso

traverse line and moisture profiles were not in good agreement so the iso-traverse lines can

not be used to represent the drying process or the movement of the drying front in drying

beds. This disagreement has been attributed to grain shrinkage, the dependance of heat

transfer coefficient on the airflow, the computational error, the experimental error, the large

moisture content gradient within drying front and so on (Williamson, 1965; Smith, 1982;

Smith et al. 1992).
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Vf=CV 6.4

The theoretical basis for the equality of the iso-traverse lines to the lines of constant

moisture is questionable. Smith et al. (1992) theoretically showed that the iso-traverse

lines and the lines of constant moisture are equal when air and grain are close to thermal

and moisture equilibrium, but are not equal inside of the drying front. Based on a simple

mass balance analysis, a relationship between the velocity of drying front, Vf, and the

superficial velocity of air, V, was derived as

where c is defined as

PaMI
c =

--:...=.---

EPa.1.H + Pb.1.M

6.5

In Eq. 6.5, Pa is density of air, Pb is the dry bulk density of grain and E is the porosity of

the grain bed. The basic assumption in the analysis was that the change in air absolute

humidity , AIl, and the change in moisture content, .1.M, are approximately constant over

the drying front. Based on this assumption, c then would be a constant. This assumption

is questionable because Mf and dM actually are not constants. They are the functions of

time, space and drying air conditions. To solve MI and .1.M, at least three equations are

involved. In such case, c is very unlikely to be a constant and Eq. 6.4 is not a proportional

relationship.

6.S Analysis of the Simulated Results

Residuals were used to compare the simulated results to the experimental results.

Since the data such as moisture contents and temperatures were not uniformly distributed in

the drying beds, simply using the average values and their standard deviations would be

meaningless. Normalized residuals were used to analyze the residuals between the

experimental data and the simulated data. Similar to the repeatability analysis, the data
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NRE = Xexp.
-

Xsim.

Xexp.

where, X refers to moisture, temperature, air velocity or pressure.

6.6

from the computer simulation were used as the predicted value for the residual analysis.

The equation used for the residual analysis had the form:

Static Pressure

Figure 6.7 shows the scatter diagram of the normalized residuals between the

measured and the simulated static pressures for bin A when drying started. The residual

points generally fallon both sides of the zero line, and it appears that the residuals were

randomly distributed. Therefore, computer simulation gave a good prediction of the static

pressures in bin A, where airflow was parallel.

Further examination of data shows that the normalized residuals between the

measured and the simulated static pressures in both bin Band C were larger than those in

bin A. It was also noticed that the residuals for bin B were mostly falling under the zero
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Figure 6.7 Scatter diagram of residuals of the static pressures for bin A
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line, indicating that simulated static pressure was higher than the measured static pressure.

The higher simulated static pressure in bin B is due to the mathmatical model, which did

not count for the extra pressure loss caused by the smaller air entrance. Another source of

disagreement is that in bins B and C, airflow was non-parallel and pressure gradients were

not constant throughout the drying bed; neither was the airflow resistance. Computer

simulation of airflow in a grain bed with non-parallel airflow is a non-linear problem and

the airflow resistance should be adjusted during the simulation process. The selected

computer package, PC-SEEP, for air flow simulation was not adequate to handle the non

linear airflow problem. Since accurate simulations of airflow are a key procedure for grain

drying simulation where airflow is non-parallel, improvement should be made to simulate

the non-parallel airflow more accurately.

Air velocity

Figure 6.8 shows the scatter diagram of the normalized residuals of the air velocities

in bin A. For the first and second day of drying, the residuals are distributed randomly on

both sides of the zero line. After the second day the simulated air velocities tended to be

slightly larger than the measured air velocity as the range of the scatter points increased.

However, no certain distribution pattern can be seen from the scatter diagram. The

increasing discrepancy between the measured and the simulated air velocities over time

could be due to the slight decrease in the supplied airflow rate during drying. The

cumulation of contaminants on the sensor tip of the air velocity transducer over time

affected the accuracy of the instrument. This could be another reason for the discrepancy.

Similar to the residual analysis for the static pressures, the normalized residuals

between the air velocities measured from the experiments and obtained from the simulations

in bins B and C were larger than that in bin A. Since the air velocities in the computer

simulation were derived from the static pressures, the errors in air velocity prediction came

from the same source as that in the static pressure prediction.
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Figure 6.8 Scatter diagram of normalized residuals of the air velocities for bin A

Moisture Content

Figures 6.9, 6.10, and 6.11 show the normalized residuals between the simulated

moisture content and the measured moisture content from all locations in bins A, B and C

during experiments. The scatter points were plotted following the sequence of sampling

points, that is, from bottom to top and from left to right. From visual observation of the

data in Fig. 6.9, we could state that the normalized residuals were randomly distributed

indicating no bias in the simulation model for linear airflow situation. The variations in the

residuals are less in bin A than in bins Band C. For bin B, the residual points were

distributed mostly under the zero line, indicating that most of the simulated moisture
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contents were higher than the measured moisture contents. It is easy to relate the higher

simulated moisture content to the lower simulated airflow in bin B. Other than that, the

points were randomly distributed, suggesting that the drying simulation worked well.

Temperature

Figures 6.12, 6.13, and 6.14 show the normalized residuals between the simulated

temperature and the measured temperature from all sampling points during the experiments.

The scatter points were plotted following the sequence of sampling points, that is, from

bottom to top and from left to right. The scatter diagrams in Fig. 6.12 show that within

each day's measurement, certain patterns could be found. This may be caused either by the

error from simulation or by the error from experimental measurement However, over all

measurements in the whole drying period, the scatter points on these plots suggested that

differences between the measured and the simulated temperatures were mainly due to
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the random error. Same as the analysis in previous sections, the variations in the residuals

were larger for bins Band C than for bin A, which were probably caused by the low

accuracy of temperature simulation or the error in airflow simulation, as analyzed in previous

sections.

Table 6.3 lists the percentage of the total data points for which the following

inequality was true:

IMeasured - Simulatedl
x 100 � 10%

Measured
6.7

In the table, the first row in each data category is the total number of data points for

which the inequality was checked. The second row in each data category shows the

percentage of the total number of points for which the inequality was true.

From Table 6.3, it is seen that for the tests in all of the three bins, the simulated
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For the moisture content, the agreement between the simulated results and the

moisture contents had the best agreement with the experimental moisture contents. The

agreement between the measured and the simulated air velocities was the worst. The

results were consistent among the three test runs.

experimental results was the poorest for bin C. For the static pressure and the air velocity,

the agreement between the simulated results and the experimental results in bin B ranked at

the end. For the temperature, the agreement between the simulated results and the

experimental results for the three bins seems to be at the same level. It is seen that for the

moisture content and the temperature, over 70 % of the differences between the simulated

and the experimental data were within 10% of the experimental results. Therefore, if high

accuracy of prediction was not required, the developed computer simulation scheme could

be used to simulate the wheat drying using ambient air in bins where the airflow is non-

parallel.

Table 6.3 The percentage of the total data points (first line in each data category) for

which the differences between the experimental data and the simulated data

were within 10% of the measured values

Data Test 1 Test 2 Test 3

on bin A binB binC bin A binB binC bin A binB binC

Moisture Total 150 161 110 150 161 110 125 161 110

Content % 93 90 75 91 86 73 96 91 71

Temperature Total 180 189 150 180 189 150 150 189 150

% 79 71 77 75 84 81 81 79 80

Static pressure Total 36 36 39 36 36 39 36 36 39

% 86 47 74 94 42 79 83 50 76

Air velocity Total 120 96 90 120 96 90 120 96

% 26 36 40 31 42 36 21 39
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Comparison of the simulated temperatures with the measured temperatures shows

that the simulated temperatures were not as accurate as the simulated moisture contents in

the drying zone. For example, in bin A, the average difference between the measured

moisture contents and the simulated moisture contents at the middle sampling height of the

drying bed was 0.46%, while the average difference of the measured temperatures and the

simulated temperatures at the same level was about 2.4 °C.

The simulation scheme developed in the present work can be used to simulate the

grain drying where airflow is non-parallel for general purpose prediction. This scheme

could be extended to the three dimensional simulation of grain drying without much

difficulty. Results showed that PC-SEEP is unable to simulate the non-parallel airflow

accurately since to apply the PC-SEEP the airflow resistance (granular permeability) was

assumed constant· Accurate airflow simulation is an important procedure to simulate grain

drying accurately when airflow in a drying bed is non-parallel. To simulate airflow

accurately, an improved mathematical model is required, where airflow resistance caused

by the abrupt change of air entrance size should be accounted for in the model. A computer

program is also required to handle the non-linear problem where the airflow resistance is a

function of pressure gradient. In the drying simulation the use of Thompson's model and

procedure was appropriate.
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CHAPTER 7

CONCLUSIONS

The object of this thesis was to develop an experimental set-up to study the airflow

distribution and grain drying when airflow distribution is non-uniform in the grain mass.

The experimental data were used to develop the airflow and drying models to investigate

the in-bin grain drying with fully, partially, and slanted perforated floors. The following

conclusions can be drawn from this work:

1. The intergranular air speed in the bulk wheat was measured directly by an air

velocity transducer. The magnitude of the intergranular air speed was about 3 times that

calculated by dividing the superficial air velocity by the bulk porosity. This higher value of

pore velocity is due to intricate flow path of air in the grain bulk.

2. Floor configuration influenced the drying front In the bin with the slanted floor,

grain at the center of the bin remained wet at 20% moisture content when the average

moisture content of the bin was 14% w.b.. Grain had to be overdried in order to reach a

uniform moisture content

3. Grain shrinkage was about 20% (on volume basis) when the moisture content

of the grain was reduced from 22% to 12% w.b. Bulk shrinkage was non-uniform over

the slanted floor and to a lesser extent over the partially perforated floor.

4. Packing due to grain shrinkage increased the resistance of the grain bulk to

airflow but this increase was offset somewhat by a reduction in the bed depth. The total

drop in airflow supplied to a bin as a result of shrinkage was about 13%.

5. The similarity of the moisture profile and the temperature profile was explicit.

Wet grain was initially cooled to the wet-bulb temperature of the ambient air. As drying

progressed, the temperature of the grain gradually increased, approaching the dry-bulb

temperature.

6. The developed simulation model is able to predict the drying process in grain
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bins where airflow is non-parallel. The degree of agreement between the computed and the

experimental moisture contents depended upon the floor configuration. For the fully

perforated floor, about 93% of the recorded points over space and drying time showed an

error between the measured and the simulated moisture contents of less than 10%. For the

slanted floor, the recorded points reduced to 75% with the same error. Nevertheless the

predicted and the experimental drying fronts had a similar trend.

7. While temperature profiles were similar between the experimental and the

simulated tests, about 75% of the temperature differences were within 10% of the

experimental data. The conclusion was that the model was not capable of predicting the

temperatures to the accuracy of the predicted moisture contents, especially when airflow

was non-parallel in the drying bed.

8. The partially perforated floor had smaller perforated area than the fully or slanted

perforated floors and created a higher resistance against the flow of air into the bins so that

airflow supplied to the grain bed was reduced. It was concluded that in future, this effect

should be taken in account when simulating in-bin grain drying where airflow is non

parallel.

In summary, the results of the research revealed that the airflow distribution in a bin

did affect the drying process of the grain in the bin. But the drying process which leads to

grain shrinkage and change of local bulk porosity of grain had little effect on the airflow

distribution or the magnitude of local air velocity within the grain bulk, as intuitively stated

in some previous research literature. Therefore the interaction between the airflow

distribution and the grain drying process was not significant.

It is recommended that in designing air ventilation systems for grain bins, the

systems should be designed in such a way that air travelling distances from the air inlet to

the surface of the grain bed should be as equal as possible. The equal air traveling

distances would result in even air velocities at every location within grain bulk, which, in

turn, leads to the uniform drying or cooling of the grain.
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CHAPTER 8

SUGGESTIONS FOR FUTURE WORK

8.1 Relationship between Moisture Content and Temperature

Temperature is a more sensitive indicator of drying than moisture content and could

be used to control in-bin near-ambient or ambient drying. In the research, a close

relationship between the moisture content and the temperature was found for the drying of

wheat. Comparison of moisture profiles and temperature profiles also showed that the two

profiles were very similar. The results revealed that the temperature could be used to

monitor a grain drying process effectively and economically though the prediction may be

not very accurate. More research should be conducted to apply this technique to practice.

8.2 Improvement of Mathematical Model for Airflow and Computer

Simulation Scheme and Their Application

The current research identified that an improved mathematical model for airflow is

required, into which an extra pressure loss caused by the abrupt change of air entrance

should be accounted. Correspondingly, a computer program is also required to handle the

non-linear problem where the airflow resistance is the function of pressure gradient. The

improved computer program should be able to be used for practical applications.

It has shown that the different floor configurations resulted in different airflow

supplied to the grain bed in a bin. To accurately predict or calculate the required airflow to

a grain bed, an equivalent grain bed depth could be introduced to account for the effect of

the floor configuration.
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8.3 Investigation of Intergranular Air Velocity within Bulk Grain

The knowledge of intregranular velocity of the fluid or air is essential for accurate

predictions of heat or mass transfer from the particles forming a packed bed, and for the

correct calculation of the pressure drop or energy loss across the bed. The knowledge of

intergranular air velocity within bulk grain is also necessary in the analysis of the drying

process of grain in a bin with non-parallel airflow. Experimental results from the research

have shown that the measured intergranular air velocity was about 2 to 3 times the

intergranular air velocity calculated using the currently used equation. Two possibilities

may be responsible for the disagreement. One might be the error in air velocity

measurement. Another one was that the currently used equation under-estimates the

intergranular air velocity in the bulk grain. Since the measurements were made using the

anemometers with or without protective covers embedded within the bulk grain, the

existance of the anemometer within bulk grain may have changed the intergranular airflow

path and disturbed the airflow. The interference of the transducer with the actual airflow in

the grain bulk was not clear. Therefore, further research can be conducted using a

compatible measuring method to investigate the intergranular air velocity in bulk grains or

granular particles.
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APPENDIX I

CALmRATION OF AIRFLOW SENSOR

The air flow rate supplied to the rectangular bin was measured by a VanEe flow

meter (Conservation Energy System Inc., Saskatoon, Canada). The meter consisted of an

averaging Pitot tube grid (Fig. 1.1) that senses total pressure and static pressure. The

pressure difference of total pressure and static pressure, Ap, is the dynamic pressure that is

converted to volume flow rate in air duct. The pressure difference was measured by the

Validyne Model DP103-26 pressure transducer (see Appendix Il).

A bench-top wind tunnel (TSI Model 8390) was used to calibrate the Pitot tube

grid. The wind tunnel can be used to calibrate the air velocity transducer in the range of

0.15 to 0.45 mls. The pressure output of the wind tunnel was sensed by a pressure

transducer (TSI Model 8391). A calibration chart was provided with the equipment to

convert the readings of pressures to air velocities. According to the manufacture, the

transducer is highly reliable and does not require periodic recalibration, The accuracy of

the measured air velocity in the test section of the wind tunnel is specified within ± 2% of

the actual air velocity. The test section area of the wind tunnel is 0.01032 m2 giving a

volumetric airflow between 0.0015 to 0.4644 m3/s.

Figure 1.2 is the calibration curve of the flow meter. Detailed calibration data is

listed in Table 1.1. Regression analysis of the calibration data resulted in the following

equation:

Y = -7.7735E-5*X + 0.01784 _xO.5 - 0.01205 1.1

where Y - airflow rate, m3/s, X -

pressure difference, Pa. The correlation coefficient for

Eq. 1.1 was larger that 0.99.
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Figure 1.2 Calibration results of the Pitot tube grid

Table 1.1 Detailed calibration data for the Pitot tube grid

Differential pressures
measured

from the Pitot tube grid (pa)

Airflow measured

with the wind tunnel (m3/s)

26.1

44.8

67.2

94.6

169.3

248.9

0.0774

0.1032

0.1290

0.1548

0.2064

0.2502
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APPENDIX II

CALIBRATION OF PRESSURE TRANSDUCER

A diaphragm pressure transducer (Validyne Model DPI03-26, Validyne

Engineering Corp., Northridge, California) was used for the measurement of static

pressures. The manufacturer's specified measurement range of is about 3500 Pa. Used in

conjunction with a Validyne carrier demodulator (Validyne Model CDI0l), a ± 10 volt DC

output could be obtained for the maximum measurable pressure. The accuracy of the

pressure transducer was ± 0.25% of full scale reading, and the sensitivity was 20 mVN for

full scale.

The Model DPI03-26 pressure transducer was calibrated against Meriam

manometer (Model 34FB2) with an accuracy of ± 0.246 Pa and a measurement range of 0

to about 2500 Pa. The Meriam manometer and the pressure transducer were connected in

parallel for the purpose of calibration as shown in Fig. 11.1. Compressed air was used as

medium for the calibration. The DC output for the full scale measurement of the

transducer from the demodulator was adjusted to 0 to 10 Volt. The calibration could only

be conducted up to 2500 Pa, where the DC output from demodulator was set to 7.14 Volt,

because of the range limitation of the Meriam manometer. The DC output from

demodulator was read by a datalogger (Model 2240b, John Fluke MFG. Co., Inc.) with a

resolution of 0.005 volt which was equivalent to a resolution of 1.75 Pa for the static

pressure readings. To ensure an accurate reading, calibration was carried out with the

pressure variation first from low to high followed from high to low. The procedure was

repeated twice. The calibration data is plotted in Fig. n.2 with the following calibration

equation:

P = 349.3 V for pressure from low to high

P = 349.8 V for pressure form high to low II. 1
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where P is the static pressure, Pa, and V is the voltage output, Volt, and intercept is set as

zero. The detailed data and regression parameters are listed in Table n.l and Table n.2.

Calibration results showed that Model DPI03-26 pressure transducer converted

pressure signals into DC voltage output linearly and the conversion was accurate. For the

rectangular bin, stainless steel tubes or pressure taps on test chamber were connected to a

rotary valve (Scanivalve Model W0601/lP-12T) via 3.175 mm i.d. clear plastic tubing.

The rotary valve scanned and selected one pressure tube at a time and connected it to the

pressure transducer. Figure II.3 is the schematic diagram of the signal flow for static

pressure measurement.
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Table D.I Calibration data of model DP103-26 pressure transducer

Pressures Voltage Readings Mean(V) Voltage Readings Mean (V)

(Pa) (low to hi�h) (V) (hi�h to low) (V)

121.0 0.339 0.330 0.335

123.9 0.337 0.333 0.335

149.4 0.417 0.402 0.410 0.410 0.402 0.406

199.3 0.576 0.549 0.563 0.555 0.545 0.550

249.1 0.709 0.698 0.704 0.723 0.688 0.706

373.6 1.054 1.046 1.050 1.054 1.042 1.048

498.1 1.422 1.411 1.417 1.412 1.399 1.406

622.7 1.766 1.764 1.765 1.770 1.760 1.765

747.2 2.122 2.118 2.120 2.126 20116 2.121

871.8 2.479 2.489 2.484 2.492 2.468 2.480

996.3 2.844 2.847 2.846 2.836 2.825 2.831

1120.8 3.215 3.195 3.205 3.194 3.184 3.189

1245.4 3.570 3.555 3.563 3.555 3.540 3.548

1369.9 3.914 3.895 3.905 3.911 3.900 3.906

1494.4 4.271 4.270 4.271 4.266 4.256 4.261

1619.0 4.634 4.630 4.632 4.626 4.617 4.622

1743.5 4.994 4.984 4.989 4.983 4.973 4.798

1868.0 5.354 5.350 5.352 5.344 5.334 5.339

1992.6 5.712 5.716 5.714 5.790 5.693 5.742

2117.1 6.068 6.086 6.068 6.065 6.053 6.059

2241.7 6.415 6.433 6.424 6.428 6.415 6.422

2366.2 6.802 6.788 6.795 6.785 6.772 6.779

2490.7 7.140 7.145 7.143 7.147 7.156 7.152
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Table 11.2 Calibration results of model DP103-26 pressure transducer (regression)

Low to high High to Low

Std. Err of Y Est. 4.263

R squared 1.000

No. of observations 22

Degrees of Freedom 21

X Coefficient 349.242

Std. Err. of Coef. 0.223

6.334

1.000

22

21

349.578

0.332

Note: Y - Pressure (Pa)
X - Readout readings (Volt.)
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APPENDIX III

APPLICATION OF HOT-WIRE SENSOR FOR INTERGRANULAR

AIR VELOCITY MEASUREMENT

111.1 Introduction

Airflow distribution and local air velocity within bulk grain has been an area of

interest to agricultural engineers and researchers for decades. Uniform airflow distribution

and air velocity in a grain bin will result in obtaining uniform moisture content during grain

drying or aeration. Traditionally, the airflow distribution in grain bins was studied by

measuring the static pressures and plotting the static pressure pattern. After knowing the

pressure patterns, the airflow stream lines were drawn, and the air velocity within a grain

bed was estimated (Collins, 1953, Brooker, 1958, Barrowman & Boyce, 1966, Jindal &

Thompson, 1972, Smith, 1982, Miketinac & Sokhansanj, 1983). The estimation was

based on the airflow -

pressure drop relationships developed from experiments on parallel

airflow situations. These relationships, to their best, provide only an indication of average

flow rate in a volume of grain. The accuracy of these relationship in non-parallel airflow

situation is not known. No published work has been found to study the airflow

distribution by measuring air velocity in bulk grain directly. The reason for not measuring

air velocity directly in bulk grain as a normal practice is largely due to a lack of suitable

instrumentation. As far as the author knows, at the present time instrumentation that is

specifically designed for this purpose is not available commercially or described in

literature.

One of the objectives of this research was to develop a technique to measure directly

the local airflow in grain mass. An attempt was made to use TSI's hot-wire anemometers

to measure intergranular air velocity in the bulk grain directly. Hot-wire anemometer which

is based on the change of resistance of a heated element with flow was designed for use in

free air space and the sensor tip of the anemometers was fragile. The application of hot-
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wire anemometers in bulk grain presents a number of unique problems, which are not

commonly encountered in ventilation studies in free spaces. One of such problems is that

due to the extremely fragile nature of the sensor tip, direct contact of the sensor tip with

grain kernels will damage the device. Other problems include the contamination of the

sensor tip by fines and chaff or other small grain particles, which may create uncertainties

in the measurements. The uncertainties are largely due to increased heat conduction

between grain kernels and sensor tip so that extra heating current to the sensor is required,

which causes higher reading.

To prevent damages to the sensor tip and to reduce the measuring uncertainties

when the anemometers are used in bulk grain, four protective covers were designed and

tested. One of the protective cover was selected and installed on the hot-wire anemometers.

The anemometers with the protective cover were applied to measure the air velocity in bulk

wheat grain in further study. This chapter gives the details of the construction of the covers

and the calibration of the covered sensors.

111.2 Description of TSI's Hot-Wire Anemometer

The anemometer used in this study was the TSI's Model 8470 - omnidirectional

transducer (TSl Incorporated, Minneapolis, MN, 1986), which is a constant temperature

type hot-wire anemometer. The schematic diagram of the anemometer is shown in Fig.

ITl.I. The velocity sensor of the anemometer is a heated element and the electrical current

through the sensor is adjusted to keep the sensor at a constant elevated temperature (as

measured by its resistance). As air passes the sensor, the sensor is cooled down and more

current is required to maintain the sensor at the elevated temperature. Monitoring the

current supplied to the sensor provides a signal that is related to the airflow velocity past the

sensor. This anemometer is also equipped with a temperature sensor to compensate the

shift caused by ambient air temperature changes.
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The specified range of measurable air velocities of the anemometers used in this

study was 0.0-0.5 mis, 0.0 - 1.0 mis, and 0.0 - 2.0 mls with accuracy of ±10% of reading

over 2700 solid angle, and the response time to airflow is 2 seconds. The anemometers

have been calibrated by manufacturer to provide a linear output of 0 to 5 volts of DC

voltage. Because of small size of the sensor tip, the anemometer creates minimal flow

disturbance in air velocity measurement. Other advantages of the anemometer are that it is

easy to use, and possesses high accuracy and high resolution (Doebelin, 1983). Therefor

the anemometer may be suitable for point measurement of air velocity within bulk grain.

111.3 Development of Protective Cover

To use the TSI's anemometers in bulk: grains, a protective cover was considered to

be a feasible solution to prevent the sensor tip from contacting with grain kernels or fines

and chaff. Since the introduction of a cover on a sensor must inevitably affect the

performance of the anemometers for reliable measurement, the effect should be as small as

possible, or the disturbance to airflow by the cover should be kept at minimum.

Four different protective covers were designed and tested. Figure Ill.2 shows the

schematic diagrams of the four protective covers and Table 111.1 lists the individual

characteristics of these four covers. The cover in Fig. Ill.Za was made of stainless steel

tube. A number of equally spaced small holes were drilled on the tube to give an open area

of about 20%. Figure ID.2b shows the cover made of stainless steel mesh with about 48%

opening. The cover in Fig. llI.2c was similar to the cover in Fig. Ill.2b except that it was

made of brass mesh with 56.3% opening. The cover in Fig. III.2d was made of stainless

steel tube on which a number of long slots were machined with about 65% open area. The

length of all of the four covers was 85 mm with external diameter of 8.0 mm. Other

dimensions are marked on the diagrams.
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A series of preliminary tests were conducted to examine the performance of a TSI's

Model 8470 anemometer covered with each of the four protective covers. A bench-top

wind tunnel (TSI Model 8390) was used to perform the tests. The bench-top wind tunnel

is a device which can be used to calibrate air velocity transducers in the range of 0.15 mls

to 4.0 mls. The accuracy of the wind tunnel is comparable to that of a Laser Doppler

Velocimetey (TSI Incorporated, 1986). Figure III.3 shows the wind tunnel and

measuring device that included: i) a power supply/interconnect module (TSI model 1623),

ii) an AID interface (TSI models 880262 and 880263), and iii) a personal computer used to

acquire and store data.

The results of preliminary tests are shown in Fig. IIl.4. The velocity measured

with the test anemometer were plotted against the air velocity in the wind tunnel. It is seen

that the anemometer with protective cover "a" (Fig.llI.2a) had almost no response until the

air velocity in wind tunnel reached 0.3 mls (Fig. III.4). The low open area of 20 percent

had significant blocking effect on the airflow. The mesh covers (Fig. III.2b, Fig. III.2c)

improved the sensor's sensitivity somewhat, but the best result was from slotted cover

(Fig. IlI.2d).

Figure III.4 shows that linear relationships existed between the outputs of the

anemometers and the air velocities in the wind tunnel for all four covers. Table Ill.2 gives

the slopes, intercepts, coefficients of variation, R-square values and F-value of the statistic

analysis of data.

Table IlI.2 shows that as the opening on a cover increases, the airflow blocking

effect decreases. The largest slope (gain factor) was obtained by the anemometer installed

with the cover "d", which means the smallest airflow blocking effect among the four

covers. Obviously, larger opening is desirable if that is possible. Opening larger than 65%

was attempted but the structural integrity of the cover had to be compromised. A 65 %

opening was the maximum that could be obtained at present condition.
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Material Type of opening Open area (%)

Cover a Stainless steel tube Round holes drilled 20

Coverb Stainless steel mesh Square 48

Coverc Brass mess Square 56

Coverd Stainless steel tube Long slots machined 65

Table m.l The individual characteristics of four protective covers

Table m.2 Regression analysis results of the calibration data for the anemometer

installed with four protective covers (air velocity range: 0 -0.5 mls)

Opening (%) Slope Intercept C.V. (%) R-square

Cover a 20 0.0791 0.0568 3.8 0.937

Coverb 48 0.3461 -0.0213 9.2 0.975

Coverc 56 0.5844 -0.0294 2.9 0.997

Coverd 65 0.7946 -0.5451 1.9 0.999
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Further test was performed to check the effect of airflow direction on the

performance of the anemometer with cover "d". The air velocity in wind tunnel was set at

0.25 ixus. The anemometer was inserted into the test section of the bench-top wind tunnel.

After the airflow was stabilized, the anemometer was rotated in six steps, about 150 in each

step.

Figure llI.5 is the plot of the output from the anemometer versus the turning angle.

The output of the anemometer varied from 0.183 m/s to 0.198 mIs, with a mean value of of

0.191 m/s and standard deviation of 0.0047 m/s. The variation was less than 3% of the

mean value. Compared with the manufacture's specification for the bare anemometer

(accuracy ± 10% of reading over 2700 solid angle), the variation is relatively small.

111.4 Calibration

Ten units of TSI Model 8470 anemometers were calibrated. Each probe was fitted

with the protective cover "d". Since each anemometers could not be manufactured

identically, individual probes were calibrated with and without a protective cover. The

calibration procedure was similar to the tests described in section Ill.3. In the calibration,

the air velocity in the wind tunnel was adjusted from a low level to a high level (0 - 0.5

mis, without cover, 0 - 0.75 mis, with cover) and then from a high level to a low level. In

this way any hysteresis effect of the anemometer could be detected.

Figure III.6 shows a typical calibration results indicating the linearity of the

anemometer with or without protective cover. The results of regression analysis for the ten

anemometers are given in Tables III.3 and Ill.d, Table IIl.3 shows that for the bare

anemometers, the slope of the calibration lines varied from 0.9094 to 0.9931, while the

intercepts varied from 0.9816 to 4.1436. The calculated R-square values varied from

0.9969 to 0.9996 and the coefficients of variation were within 3.3%. Table IlIA shows

that for the covered anemometers, the slope of the calibration lines ranged from 0.7335 to
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Table ill.3 Calibration data of ten Model 8470 anemometers without protective cover

(air velocity range: 0 - 0.5 m/s)

Series No. Slope Intercept C. v. (%) R-square

30256 0.9094 4.1438 2.4 0.998

30257 0.9567 2.7715 2.9 0.998

30258 0.9629 0.9815 2.7 0.998

30259 0.9422 2.0251 3.3 0.997

30260 0.9349 3.5475 1.1 1.000

30261 0.9931 1.9399 2.9 0.998

30262 0.9132 1.2576 1.7 0.999

30263 0.9805 1.0067 3.0 0.998

30264 0.9913 1.0461 3.0 0.998

30269 0.9483 2.2966 2.3 0.998

Table ID.4 Calibration data of ten Model 8470 anemometers with the protective cover

(airflow range: 0 - 0.5 m/s)

Series No. Slope Intercept C. v. (%) R-sguare

30256 0.8234 -4.6610 2.1 0.999

30257 0.8231 -5.4171 1.2 1.000

30258 0.7535 -4.0107 1.7 0.999

30259 0.8131 -5.4296 2.5 0.998

30260 0.8811 -6.1689 1.7 0.999

30261 0.7654 -4.4846 2.3 0.999

30262 0.7911 -5.0078 1.6 0.999

30263 0.8053 -5.0254 1.6 0.999

30264 0.7930 -5.3984 1.9 0.999

30269 0.7335 -4.2306 1.3 1.000
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0.8811, while the intercepts ranged from -6.1689 to -4.2306. The negative value of the

intercepts means the covered anemometers might not have response to airflow until a

minimum air velocity of about 0.1 mls was reached. The R square values of the

regressions were all over 0.998 or better and the coefficients of variation were within

2.5%. The precision of the covered anemometers was as good as that of the bare

anemometers, but the sensitivity of former was reduced.

The differences in the slopes of calibration lines for the covered anemometers

indicate the need for individual calibration. Diversity existed among the bare anemometers

and the covered anemometers so that the diversity due to the use of protective cover should

not affect the practical usage. Compared with the manufacture's specifications for the

anemometers, in which the accuracy of the transducer is specified within ± 10% of reading

over 2700 solid angle, the calibration results stated that covered anemometers were accurate

within the specified range thus could be used for further air velocity measurements.

111.5 Concluding Remarks

To measure local airflow velocity in bulk grain directly using TSI's Model 8470

hot-wire anemometers, four protective covers with different opening areas were designed

and tested for the protection of TSI's hot-wire anemometesrs. The performance of the

anemometer with cover increases as the opening area of cover increases. Anemometer with

the cover of 65% opening had the best response among the four covers tested, and it was

selected as the protective cover of the anemometers used for further airflow studies in bulk

grain. Further test in a wind tunnel showed that the direction of airflow did not affect the

performance of the anemometer significantly when it was installed with the selected

protective cover.

Ten Model 8470 anemometers with the selected protective cover were calibrated.

Regression analysis of calibration results showed simple linear relationship between the
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output of the anemometers and the air velocity in wind tunnel. The slope of the calibration

lines varied from 0.9094 to 0.9931 for the bare anemomenters, and 0.7335 to 0.8811 for

the covered anemometer. Statistical analysis also showed that for each of the cases

regression lines for the ten anemometers are different in slope and intercept. The

differences in regression lines for each of the cases may be due to the error in measuring

and recording during the calibration process, or due to the distinctive natural of

performance of each anemometer and the manufacturing discrepancy of each cover.

Compared with the manufacture's specifications for the anemometers, in which the

accuracy of the transducer is specified within ± 10% of reading over 2700 solid angle, the

calibration results stated that all of the anemometers with protective cover were accurate

within the specified range and can be used for further air velocity measurements.



APPENDIX IV

Experimental Data
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Guid for reading moisture, temperature, pressure and air velocity data

Totally and Partially Slanted

Moisture TandP Velocity Moisture TandP Velocity

G1 1 A1 1 V1 1 H1 1 A3 2 V1 1

G2 2 A2 2 V2 2 H2 2 A4 3 V2 2

G3 3 A3 3 V3 3 H3 3 A5 4 V3 3

G4 4 A4 4 V4 4 H4 4 83 9 V4 4

G5 5 A5 5 V5 5 H5 5 84 1 0 V5 5

H1 6 A6 6 V6 6 I 1 6 85 1 1 V6 6

H2 7 81 7 V7 7 12 7 C2 14 V7 7

H3 8 82 8 V8 8 13 8 C3 1 6 V8 8

H4 9 83 9 V9 9 14 9 C4 1 7 V9 9

H5 1 0 84 1 1 V10 1 0 15 1 0 C5 1 8 V10 1 0

11 1 1 85 1 2 V11 1 1 J1 1 1 C6 1 9 V11 1 1

12 12 86 1 3 V12 1 2 J2 12 01 21 V12 12

13 13 C1 14 V13 13 J3 13 02 22 V13 13

14 14 C2 15 V14 14 J4 14 03 23 V14 14

15 15 C3 1 6 V15 15 J5 15 04 24 V15 15

J 1 1 6 C4 1 8 K1 1 6 05 25

J2 1 7 C5 1 9 K2 1 7 06 26

J3 1 8 C6 20 K3 1 8 07 27

J4 1 9 01 21 K4 19 E1 28

J5 20 02 22 K5 20 E2 29

K1 21 03 23 L2 21 E3 30

K2 22 04 25 L3 22 E4 31

K3 23 05 26 L4 23 E5 32

K4 24 06 27 M3 24 E6 33

K5 25 E1 28 E7 34

E2 29 F1 35

E3 30 F2 36

E4 32 F3 37

E5 33 F4 12

E6 34 F5 38

F1 35 F6 39

F2 36 F7 40

F3 37 G1 1

F4 38 G2 7

F5 39 G3 5

F6 40 G4 1 5

G5 6

G6 1 3

G7 20
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Moisture contents Fully perforated floor, Test-1

Point

No. Mar-26 Mar-27 Mar-28 Mar-29 Mar-30 Mar-31 AEr-l AEr-2
1 0.177 0.166 0.162 0.143 0.134 0.107 0.100 0.101

2 0.177 0.170 0.171 0.158 0.132 0.116 0.102 0.101

3 0.178 0.175 0.174 0.157 0.130 0.113 0.101 0.101

4 0.179 0.171 0.172 0.167 0.145 0.114 0.103 0.103

5 0.183 0.162 0.165 0.153 0.131 0.111 0.097 0.102

6 0.179 0.168 0.151 0.130 0.115 0.102 0.096 0.099

7 0.179 0.174 0.163 0.138 0.118 0.104 0.097 0.099

8 0.181 0.177 0.165 0.139 0.115 0.104 0.098 0.099

9 0.186 0.173 0.175 0.150 0.128 0.107 0.099 0.100

1 0 0.180 0.173 0.164 0.135 0.118 0.104 0.097 0.099

1 1 0.184 0.176 0.129 0.117 0.103 0.097 0.093 0.095

1 2 0.185 0.177 0.134 0.119 0.106 0.096 0.092 0.096

1 3 0.186 0.176 0.133 0.118 0.107 0.096 0.092 0.095

1 4 0.179 0.180 0.151 0.130 0.110 0.100 0.092 0.096

1 5 0.180 0.177 0.140 0.119 0.106 0.097 0.091 0.095

1 6 0.177 0.153 0.117 0.107 0.096 0.091 0.088 0.092

1 7 0.182 0.156 0.117 0.107 0.096 0.091 0.088 0.093

1 8 0.180 0.153 0.116 0.107 0.097 0.091 0.088 0.092

1 9 0.176 0.168 0.124 0.110 0.099 0.092 0.089 0.093

20 0.175 0.154 0.124 0.109 0.098 0.091 0.088 0.093

21 0.161 0.121 0.106 0.102 0.092 0.088 0.086 0.090

22 0.168 0.123 0.105 0.101 0.092 0.087 0.086 0.090

23 0.180 0.124 0.105 0.102 0.093 0.086 0.085 0.090

24 0.168 0.132 0.109 0.101 0.092 0.088 0.086 0.091

25 0.165 0.125 0.106 0.101 0.092 0.088 0.086 0.091

Ave. 0.178 0.160 0.139 0.125 0.110 0.098 0.093 0.096

M.C.

Std.Dev 0.006 0.020 0.025 0.021 0.016 0.009 0.006 0.004

C.V. 0.035 0.123 0.182 0.169 0.145 0.094 0.061 0.044
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Moisture contents Fully perforated floor, Test- 2

Point

No. 21-AEr 22-AEr 23-AEr 24-A,er 25-AEf 26-AEf 27-AEf 28-AEf 29-AEr
1 0.205 0.201 0.200 0.197 0.187 0.131 0.114 0.109 0.100

2 0.205 0.203 0.203 0.201 0.188 0.138 0.117 0.109 0.101

3 0.211 0.203 0.201 0.199 0.199 0.150 0.122 0.113 0.102

4 0.206 0.204 0.200 0.198 0.173 0.133 0.117 0.108 0.101

5 0.205 0.202 0.200 0.192 0.174 0.141 0.117 0.109 0.101

6 0.207 0.200 0.198 0.177 0.132 0.114 0.105 0.103 0.097

7 0.206 0.200 0.200 0.186 0.145 0.116 0.109 0.104 0.099

8 0.206 0.200 0.200 0.194 0.172 0.128 0.110 0.106 0.098

9 0.205 0.201 0.201 0.193 0.136 0.116 0.107 0.103 0.097

1 0 0.201 0.199 0.198 0.183 0.135 0.115 0.107 0.103 0.097

1 1 0.208 0.200 0.175 0.135 0.114 0.103 0.099 0.099 0.094

1 2 0.200 0.198 0.194 0.151 0.116 0.106 0.100 0.099 0.095

13 0.204 0.197 0.196 0.162 0.126 0.108 0.095 0.099 0.095

14 0.203 0.198 0.190 0.149 0.115 0.104 0.098 0.097 0.094

15 0.208 0.194 0.197 0.133 0.113 0.104 0.099 0.097 0.093

1 6 0.201 0.195 0.130 0.114 0.102 0.097 0.093 0.094 0.091

1 7 0.201 . 0.197 0.141 0.119 0.105 0.098 0.095 0.095 0.092

1 8 0.202 0.199 0.152 0.122 0.106 0.099 0.096 0.095 0.091

19 0.201 0.198 0.141 0.115 0.104 0.097 0.094 0.094 0.091

20 0.204 0.200 0.144 0.110 0.106 0.097 0.094 0.094 0.091

21 0.208 0.144 0.111 0.100 0.097 0.094 0.091 0.092 0.090

22 0.207 0.173 0.115 0.104 0.097 0.094 0.091 0.093 0.090

23 0.208 0.165 0.115 0.102 0.098 0.094 0.093 0.092 0.090

24 0.205 0.152 0.112 0.106 0.097 0.093 0.092 0.092 0.090

25 0.205 0.143 0.113 0.108 0.098 0.093 0.092 0.092 0.090

Avg. 0.205 0.191 0.169 0.150 0.129 0.111 0.102 0.100 0.095

Std. Dev. 0.003 0.019 0.036 0.038 0.033 0.017 0.010 0.006 0.004

C.V. 0.014 0.099 0.215 0.255 0.257 0.153 0.095 0.065 0.043
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Moisture contents Fully perforated floor, Test-3

Point No. June 12 June 13 June14 June 15 June 16 June 17

1 0.202 0.196 0.198 0.160 0.124 0.109

2 0.201 0.195 0.197 0.150 0.123 0.108

3 0.202 0.195 0.198 0.153 0.125 0.110

4 0.201 0.196 0.197 0.160 0.129 0.110

5 0.203 0.194 0.194 0.168 0.126 0.108

6 0.205 0.198 0.194 0.126 0.112 0.103

7 0.205 0.198 0.194 0.124 0.110 0.103

8 0.204 0.197 0.200 0.127 0.112 0.103

9 0.202 0.197 0.198 0.127 0.112 0.103

1 0 0.202 0.197 0.193 0.120 0.111 0.103

1 1 0.206 0.200 0.148 0.108 0.103 0.098

12 0.207 0.199 0.150 0.109 0.103 0.098

13 0.207 0.199 0.154 0.109 0.103 0.098

14 0.205 0.198 0.151 0.110 0.104 0.098

1 5 0.205 0.197 0.144 0.107 0.103 0.099

1 6 0.208 0.176 0.118 0.102 0.098 0.095

17 0.208 0.172 0.119 0.101 0.097 0.096

1 8 0.209 0.181 0.120 0.102 0.098 0.095

1 9 0.208 0.183 0.120 0.102 0.099 0.096

20 0.206 0.177 0.119 0.101 0.098 0.096

21 0.209 0.125 0.110 0.097 0.096 0.094

22 0.209 0.127 0.110 0.097 0.095 0.095

23 0.210 0.130 0.112 0.098 0.096 0.095

24 0.209 0.126 0.110 0.097 0.095 0.095

25 0.208 0.125 0.111 0.097 0.096 0.095

Average 0.206 0.179 0.154 0.118 0.107 0.100

Std.Oev. 0.003 0.028 0.037 0.023 0.011 0.005

C.V. 0.014 0.156 0.241 0.193 0.104 0.053
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Moisture content Partially perforated floor Test-l

Point

No. Ma�4 Ma�5 Ma�6 Ma�7 Ma�8 Ma�9 Ma� 10 Ma� 12 Ma� 13

1 0.221 0.214 0.217 0.213 0.212 0.213 0.149 0.134 0.107

2 0.227 0.206 0.215 0.217 0.216 0.216 0.118 0.114 0.101

3 0.229 0.218 0.215 0.219 0.206 0.148 0.111 0.112 0.101

4 0.229 0.210 0.206 0.216 0.210 0.141 0.115 0.113 0.101

5 0.229 0.213 0.211 0.214 0.213 0.209 0.159 0.134 0.108

6 0.228 0.219 0.219 0.220 0.217 0.214 0.127 0.120 0.104

7 0.229 0.218 0.218 0.218 0.189 0.125 0.106 0.108 0.098

8 0.229 0.219 0.219 0.212 0.145 0.112 0.102 0.105 0.098

9 0.228 0.218 0.218 0.218 0.167 0.116 0.104 0.106 0.098

1 0 0.228 0.219 0.215 0.216 0.217 0.188 0.124 0.120 0.103

1 1 0.228 0.220 0.221 0.222 0.209 0.137 0.110 0.110 0.100

12 0.227 0.218 0.218 0.162 0.123 0.106 0.097 0.101 0.096

1 3 0.227 0.218 0.216 0.127 0.115 0.102 0.096 0.100 0.096

14 0.228 0.219 0.218 0.155 0.115 0.105 0.096 0.100 0.095

15 0.228 0.219 0.219 0.218 0.204 0.126 0.108 0.109 0.099

1 6 0.228 0.220 0.224 0.178 0.133 0.112 0.100 0.105 0.098

1 7 0.227 0.219 0.158 0.110 0.112 0.099 0.094 0.098 0.095

18 0.228 0.218 0.128 0.104 0.100 0.096 0.092 0.097 0.094

1 9 0.225 0.219 0.154 0.111 0.103 0.099 0.093 0.099 0.094

20 0.227 0.221 0.220 0.197 0.139 0.112 0.100 0.106 0.097

21 0.226 0.218 0.210 0.107 0.105 0.099 0.095 0.098 0.096

22 0.226 0.180 0.119 0.101 0.098 0.095 0.092 0.096 0.093

23 0.222 0.146 0.108 .0.097 0.095 0.094 0.090 0.095 0.093

24 0.224 0.168 0.111 0.100 0.099 0.096 0.092 0.096 0.094

25 0.227 0.218 0.207 0.120 0.114 0.106 0.098 0.097 0.096

Avg. 0.227 0.211 0.195 0.171 0.154 0.131 0.107 0.107 0.098

Std. D. 0.002 0.019 0.039 0.051 0.049 0.042 0.018 0.011 0.004

C.V. 0.009 0.088 0.201 0.298 0.316 0.324 0.165 0.103 0.042
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Moisture content Partially perforated floor Test-2

Point

No. Ma� 18 Ma� 19 Ma�20 Ma�21 Ma�22 Ma�23 Ma�24 Ma�25
1 0.215 0.203 0.196 0.192 0.199 0.164 0.136 0.116

2 0.214 0.200 0.198 0.196 0.168 0.125 0.111 0.105

3 0.213 0.198 0.202 0.184 0.140 0.118 0.110 0.104

4 0.215 0.199 0.206 0.197 0.153 0.122 0.112 0.105

5 0.216 0.206 0.199 0.196 0.190 0.181 0.134 0.116

6 0.217 0.206 0.204 0.203 0.182 0.138 0.118 0.110

7 0.215 0.206 0.205 0.160 0.123 0.110 0.105 0.101

8 0.218 0.206 0.204 0.144 0.117 0.105 0.103 0.100

9 0.217 0.207 0.206 0.162 0.123 0.109 0.105 0.101

1 0 0.217 0.207 0.206 0.206 0.190 0.136 0.116 0.108

1 1 0.215 0.205 0.204 0.201 0.142 0.112 0.109 0.103

1 2 0.213 0.206 0.176 0.126 0.106 0.102 0.098 0.098

1 3 0.212 0.207 0.152 0.117 0.106 0.099 0.098 0.096

1 4 0.212 0.206 0.183 0.127 0.108 0.102 0.099 0.098

1 5 0.215 0.207 0.205 0.204 0.145 0.116 0.110 0.103

1 6 0.215 0.207 0.205 0.142 0.119 0.105 0.104 0.101

1 7 0.213 0.182 0.122 0.112 0.101 0.096 0.095 0.093

1 8 0.213 0.151 0.116 0.107 0.100 0.095 0.094 0.094

1 9 0.217 0.190 0.122 0.111 0.102 0.096 0.096 0.094

20 0.213 0.207 0.204 0.142 0.137 0.108 0.106 0.100

21 0.212 0.203 0.193 0.126 0.111 0.102 0.102 0.101

22 0.211 0.123 0.117 0.106 0.100 0.094 0.094 0.090

23 0.212 0.118 0.113 0.105 0.100 0.094 0.094 0.094

24 0.212 0.128 0.112 0.105 0.101 0.096 0.095 0.094

25 0.212 0.204 0.198 0.127 0.126 0.109 0.102 0.099

Average 0.214 0.191 0.178 0.152 0.132 0.113 0.106 0.101

Std. Dev. 0.002 0.028 0.037 0.038 0.032 0.022 0.011 0.007

C.V. 0.010 0.148 0.208 0.252 0.244 0.191 0.106 0.066



Moisture content Partially perforated floor Test-3

Point No. Ma�30 Ma�31 June 1 June 2 June 3 June 4 June 5 June 6

1 0.227 0.221 0.217 0.220 0.213 0.214 0.162 0.130

2 0.226 0.218 0.219 0.218 0.209 0.169 0.126 0.111

3 0.227 0.219 0.220 0.218 0.209 0.144 0.124 0.110

4 0.227 0.220 0.219 0.219 0.213 0.172 0.132 0.114

5 0.227 0.219 0.218 0.217 0.211 0.206 0.186 0.135

6 0.226 0.220 0.219 0.220 0.214 0.201 0.136 0.115

7 0.226 0.219 0.219 0.210 0.147 0.122 0.112 0.104

8 0.227 0.221 0.220 0.208 0.137 0.119 0.111 0.104

9 0.228 0.220 0.220 0.220 0.159 0.129 0.114 0.105

1 0 0.226 0.220 0.216 0.220 0.215 0.182 0.137 0.117

1 1 0.224 0.218 0.218 0.218 0.193 0.139 0.119 0.105

12 0.224 0.218 0.210 0.142 0.115 0.111 0.105 0.099

13 0.224 0.217 0.196 0.133 0.114 0.108 0.104 0.099

14 0.225 0.219 0.217 0.156 0.118 0.113 0.107 0.098

1 5 0.226 0.220 0.216 0.219 0.190 0.141 0.116 0.106

1 6 0.224 0.216 0.216 0.196 0.129 0.122 0.111 0.102

1 7 0.223 0.207 0.130 0.118 0.108 0.107 0.102 0.097

1 8 0.223 0.190 0.127 0.115 0.106 0.106 0.102 0.096

1 9 0.223
.

0.216 0.140 0.119 0.110 0.108 0.103 0.097

20 0.225 0.217 0.215 0.196 0.133 0.125 0.109 0.102

21 0.223 0.215 0.209 0.150 0.119 0.114 0.110 0.101

22 0.223 0.139 0.114 0.112 0.106 0.105 0.101 0.096

23 0.222 0.130 0.112 0.111 0.106 0.105 0.104 0.096

24 0.223 0.152 0.117 0.114 0.105 0.106 0.101 0.097

25 0.222 0.215 0.212 0.152 0.124 0.118 0.110 0.102

Ave.M.C. 0.225 0.207 0.194 0.177 0.152 0.135 0.118 0.106

Std.Oev. 0.002 0.026 0.041 0.045 0.045 0.035 0.020 0.010

C.V. 0.008 0.127 0.211 0.255 0.293 0.256 0.172 0.097
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Moisture conent Slanted perforated floor, Test-l

Point No. JuI� 9 JuI� 10 Jul� 11 Jul� 12 Jul� 13 Jul� 14

1 0.225 0.214 0.211 0.150 0.125 0.111

2 0.227 0.215 0.213 0.186 0.138 0.114

3 0.227 0.217 0.217 0.216 0.213 0.214

4 0.228 0.216 0.216 0.208 0.133 0.114

5 0.227 0.215 0.206 0.149 0.120 0.110

6 0.227 0.217 0.161 0.121 0.114 0.107

7 0.228 0.218 0.215 0.139 0.123 0.109

8 0.228 0.217 0.219 0.220 0.219 0.187

9 0.228 0.217 0.213 0.148 0.119 0.108

1 0 0.228 0.215 0.145 0.123 0.112 0.107

1 1 0.229 0.192 0.127 0.112 0.108 0.104

12 0.229 0.219 0.154 0.123 0.112 0.105

1 3 0.229 0.219 0.220 0.220 0.213 0.155

14 0.229 0.218 0.151 0.119 0.109 0.104

15 0.229 0.169 0.120 0.112 0.107 0.104

1 6 0.230 0.147 0.113 0.107 0.105 0.103

1 7 0.229 0.207 0.123 0.111 0.108 0.104

1 8 0.230 0.218 0.218 0.223 0.170 0.135

1 9 0.230 0.174 0.122 0.113 0.107 0.104

20 0.229 0.144 0.113 0.107 0.106 0.103

21 0.229 0.167 0.115 0.109 0.106 0.103

22 0.230 0.218 0.225 0.213 0.161 0.130

23 0.229 0.144 0.116 0.109 0.107 0.104

24 0.232 0.218 0.218 0.179 0.134 0.145

25 0.232 0.219 0.224 0.204 0.191 0.140

Average 0.229 0.201 0.175 0.153 0.134 0.121

Std.Oev. 0.002 0.026 0.046 0.045 0.037 0.028

C.V. 0.007 0.131 0.262 0.292 0.278 0.235
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Moisture conent Slanted perforated floor, Test-2

Point No. Jul� 16 Jul� 17 Jul� 18 Jul� 19 Jul� 20 Jul� 21

1 0.214 0.205 0.203 0.138 0.121 0.113

2 0.214 0.204 0.205 0.162 0.129 0.118

3 0.213 0.207 0.206 0.204 0.204 0.204

4 0.213 0.205 0.206 0.181 0.127 0.118

5 0.212 0.204 0.205 0.140 0.119 0.112

6 0.213 0.205 0.171 0.122 0.114 0.110

7 0.212 0.205 0.204 0.134 0.118 0.111

8 0.212 0.206 0.208 0.207 0.207 0.203

9 0.214 0.206 0.193 0.135 0.116 0.111

1 0 0.213 0.204 0.156 0.122 0.113 0.109

1 1 0.214 0.171 0.136 0.115 0.110 0.107

1 2 0.216 0.208 0.154 0.118 0.112 0.108

13 0.216 0.209 0.209 0.211 0.210 0.188

14 0.213 0.205 0.140 0.119 0.112 0.107

1 5 0.215 0.163 0.133 0.115 0.110 0.106

1 6 0.217 0.133 0.122 0.112 0.107 0.105

1 7 0.221 0.192 0.131 0.114 0.109 0.106

18 0.220 0.213 0.212 0.214 0.191 0.155

1 9 0.218 0.169 0.126 0.114 0.109 0.106

20 0.214 0.135 0.123 0.112 0.108 0.105

21 0.220 0.140 0.124 0.112 0.109 0.106

22 0.221 0.214 0.211 0.214 0.169 0.148

23 0.220 0.139 0.124 0.112 0.109 0.106

24 0.217 0.205 0.205 0.206 0.156 0.127

25 0.219 0.213 0.204 0.207 0.136 0.139

Average 0.216 0.190 0.172 0.150 0.133 0.125

Std. Dev. 0.003 0.027 0.037 0.041 0.035 0.031

C.V. 0.014 0.143 0.214 0.275 0.261 0.246
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Moisture conent Slanted perforated floor, Test-3

Point

No. Jul� 24 Jul� 25 Jul� 26 Jul� 27 Jul� 28 Jul� 29 Jul� 30 Jul� 31

1 0.213 0.204 0.192 0.139 0.117 0.113 0.113 0.113

2 0.212 0.201 0.202 0.162 0.127 0.116 0.107 0.112

3 0.213 0.204 0.204 0.202 0.201 0.191 0.179 0.148

4 0.213 0.204 0.205 0.175 0.126 0.116 0.114 0.114

5 0.214 0.202 0.195 0.141 0.117 0.114 0.113 0.111

6 0.215 0.204 0.155 0.118 0.112 0.111 0.112 0.110

7 0.213 0.203 0.197 0.128 0.117 0.113 0.112 0.111

8 0.214 0.206 0.206 0.205 0.201 0.196 0.168 0.144

9 0.213 0.205 0.199 0.128 0.116 0.112 0.113 0.112

1 0 0.214 0.190 0.149 0.119 0.113 0.112 0.111 0.110

1 1 0.215 0.150 0.127 0.112 0.109 0.111 0.111 0.109

12 0.214 0.198 0.142 0.117 0.111 0.111 0.110 0.111

13 0.215 0.206 0.208 0.207 0.197 0.181 0.155 0.135

14 0.217 0.204 0.147 0.118 0.112 0.111 0.113 0.111

15 0.216 0.143 0.124 0.112 0.109 0.111 0.111 0.110

1 6 0.216 0.119 0.114 0.109 0.108 0.111 0.109 0.108

1 7 0.217 0.142 0.123 0.112 0.110 0.111 0.110 0.110

18 0.217 0.210 0.211 0.210 0.178 0.172 0.152 0.133

1 9 0.214 '0.155 0.124 0.113 0.109 0.111 0.110 0.111

20 0.216 0.123 0.115 0.109 0.108 0.111 0.109 0.109

21 0.217 0.124 0.115 0.110 0.109 0.111 0.110 0.11 0

22 0.217 0.214 0.213 0.199 0.155 0.157 0.127 0.124

23 0.217 0.127 0.118 0.111 0.109 0.110 0.110 0.110

24 0.221 0.212 0.220 0.148 0.124 0.127 0.123 0.118

25 0.222 0.209 0.218 0.171 0.191 0.144 0.138 0.130

Average 0.215 0.182 0.169 0.143 0.131 0.127 0.122 0.117

Std. Dev. 0.002 0.034 0.040 0.037 0.033 0.028 0.020 0.012

C.V. 0.011 0.186 0.239 0.257 0.254 0.222 0.168 0.100
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Temperature Fully perforated floor, Test-I

Point

No. Mar-26 Mar-27 Mar-28 Mar-29 Mar-30 Mar-31 AEr-l AEr-2
1 26.40 24.24 24.46 24.07 25.06 25.01 25.73 25.57

2 26.26 24.19 24.22 24.07 25.01 24.96 25.73 25.57

3 25.98 23.94 24.07 23.97 25.01 25.01 25.73 25.62

4 25.43 24.53 24.22 23.97 25.20 25.21 25.78 25.71

5 26.25 24.48 24.22 24.02 25.20 25.21 25.83 25.76

6 26.14 24.62 24.51 23.97 25.20 25.25 25.88 25.81

7 25.83 22.68 23.74 23.53 24.86 24.63 26.07 25.57

8 25.93 21.96 23.74 23.34 24.77 24.67 26.07 25.57

9 25.93 21.71 23.35 23.29 24.86 24.43 26.17 25.62

1 1 26.03 22.93 23.69 23.68 25.20 25.06 26.26 25.91

1 2 26.03 22.93 23.69 23.53 25.10 24.87 26.31 25.76

1 3 25.96 23.36 24.07 23.58 25.15 25.25 26.36 25.81

1 4 25.94 19.18 22.67 22.76 24.83 24.67 26.31 25.86

1 5 26.27 16.35 22.18 22.52 24.19 24.82 26.41 26.10

1 6 25.72 17.71 22.43 22.81 24.48 24.58 26.51 26.10

1 8 25.47 20.06 23.15 23.29 24.81 24.43 26.55 26.05

1 9 25.23 19.42 23.06 23.15 24.77 24.53 26.65 26.15

20 26.13 20.06 23.35 23.20 24.77 24.72 26.70 26.20

21 25.98 15.10 20.82 22.08 23.65 25.11 26.65 26.44

22 25.67 14.90 19.84 21.30 23.41 24.92 26.60 26.34

23 25.41 15.10 21.01 21.88 23.94 25.11 26.70 26.49

25 25.78 15.74 21.79 22.47 24.38 25.25 26.89 26.63

26 26.13 15.49 21.70 22.47 24.19 25.25 26.89 26.63

27 26.45 16.08 21.94 22.61 24.28 25.40 26.99 26.68

28 26.17 14.90 16.61 20.08 22.29 24.53 26.65 26.39

29 25.76 15.00 15.87 18.76 21.95 24.43 26.70 26.44

30 25.89 13.17 17.00 19.49 22.05 23.56 25.44 25.13

32 25.41 13.52 17.49 19.35 21.86 23.56 25.40 25.13

33 25.76 13.62 17.00 19.79 21.95 23.66 25.40 25.23

34 25.78 13.77 16.02 18.96 20.98 23.17 25.11 25.13

35 25.63 13.96 13.65 17.49 17.36 21.52 24.33 24.75

36 25.84 13.86 13.40 16.36 16.28 21.08 24.14 24.65

37 26.08 13.72 13.26 15.77 18.69 22.49 24.91 25.09

38 26.17 13.82 13.40 16.95 18.64 22.35 24.77 24.99

39 25.89 14.01 13.45 17.44 18.15 22.01 24.62 24.94

40 25.81 14.16 13.55 17.34 17.90 21.86 24.58 24.89

Average 25.90 18.17 20.35 21.48 23.07 24.24 25.94 25.74

Std. dev. 0.29 4.22 4.05 2.60 2.65 1.20 0.79 0.58

C.V. 0.011 0.232 0.199 0.121 0.115 0.050 0.030 0.022
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Temperature Fully perforated floor, Test-Z

Point

No A,eT.21 A,er.22 A,er.23 A,eT.24 A,eT.25 A,eT.26 A,ef.27 A,ef.28 A,ef.29
1 27.24 23.17 23.55 23.85 23.25 25.22 26.36 26.95 27.24

2 27.67 22.92 23.26 23.66 23.15 25.07 26.32 26.80 27.24

3 28.25 22.68 23.31 23.71 23.15 25.12 26.22 26.80 27.34

4 28.10 22.68 23.36 23.80 23.10 25.07 26.22 26.80 27.38

5 27.80 22.88 23.41 23.85 23.10 25.07 26.22 26.76 27.43

6 28.25 23.41 23.84 24.24 23.10 25.07 26.08 26.71 27.43

7 28.30 17.85 23.07 23.51 22.62 24.85 26.17 26.71 27.77

8 27.24 17.56 23.26 23.61 22.57 24.83 26.08 26.66 27.77

9 26.47 16.97 22.97 23.56 22.62 24.88 26.12 26.76 27.77

1 0 27.48 20.10 23.31 23.90 22.81 24.93 26.17 26.76 27.77

1 1 27.82 15.00 22.88 23.46 22.57 24.83 26.08 26.71 27.82

1 2 28.20 17.02 22.88 23.51 22.62 24.83 25.98 26.71 27.86

13 27.81 19.52 23.60 23.80 22.76 24.97 26.12 26.80 27.91

14 26.38 12.23 20.78 22.49 22.13 24.44 25.50 26.47 27.91

15 26.33 12.33 21.03 22.69 22.28 24.64 25.59 26.61 28.06

1 6 26.62 12.33 21.22 22.69 22.33 24.68 25.74 26.66 28.11

17 26.57 12.28 21.51 22.88 22.47 24.78 25.83 26.71 28.11

1 8 26.66 12.33 20.44 22.64 22.33 24.68 25.74 26.71 28.15

1 9 26.86 12.67 21.37 22.88 22.42 24.78 25.69 26.76 28.25

20 27.00 12.97 22.15 23.27 22.62 24.93 25.93 26.90 28.25

21 26.10 12.63 15.10 20.64 21.79 24.25 25.25 26.61 28.39

22 27.74 12.72 15.49 20.89 21.84 24.30 25.21 26.61 28.35

23 27.54 12.82 15.59 21.42 22.03 24.54 25.54 26.80 28.44

24 26.79 12.92 15.19 20.99 21.99 24.54 25.45 26.85 28.49

25 26.65 12.97 14.85 20.45 21.89 24.49 25.45 26.85 28.54

26 26.82 12.97 16.08 21.42 22.13 24.68 25.54 26.90 28.54

27 27.75 13.12 17.21 21.86 22.33 24.83 25.69 27.04 28.63

28 27.14 13.17 14.55 15.45 20.18 23.57 24.96 26.76 28.49

29 27.35 13.22 14.41 14.86 19.99 23.62 25.01 26.80 28.54

30 26.62 13.42 14.80 14.61 19.35 23.47 25.06 26.90 28.54

31 26.83 11.48 12.52 14.26 19.79 22.84 24.48 25.79 26.95

32 27.19 11.48 12.62 12.63 18.52 22.31 24.29 25.65 27.00

33 26.81 11.48 12.72 12.98 18.72 22.31 24.14 25.60 27.00

34 27.34 11.43 12.62 14.61 19.69 22.65 24.29 25.60 27.10

35 27.54 11.93 12.62 11.99 12.21 18.31 22.20 24.83 26.85

36 27.82 11.93 11.28 11.94 11.91 17.62 22.54 25.26 27.10

37 26.93 11.98 12.57 11.84 11.72 17.77 22.83 25.31 27.05

38 26.86 11.93 12.52 11.79 11.72 17.67 22.25 24.78 26.90

39 26.91 11.88 12.62 11.99 11.91 17.67 22.11 24.63 26.71

40 27.12 11.93 12.62 12.04 12.61 19.19 22.54 24.68 26.76

Avg. 26.97 14.91 18.23 19.67 20.41 23.46 25.12 26.38 27.75

Std.D. 1.75 4.06 4.59 4.73 3.78 2.44 1.29 0.72 0.61

C.V. 0.065 0.272 0.252 0.241 0.185 0.104 0.051 0.027 0.022
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Temperature Fully perforated floor, Test-3

Point No June 12 June 13 June 14 June 15 June 16 June 17

1 30.46 25.29 26.52 27.09 27.57 29.21

2 31.47 25.78 26.47 27.09 27.52 29.21

3 31.32 25.63 26.42 27.04 27.52 29.21

4 31.18 25.68 26.42 27.04 27.47 29.12

5 31.66 25.63 26.33 27.04 27.43 29.31

6 30.99 25.63 26.37 26.99 27.38 29.17

7 31.32 22.92 25.70 26.70 27.23 30.17

8 32.47 22.54 25.60 26.70 27.23 30.12

9 32.32 22.10 25.55 26.70 27.18 30.12

1 0 32.13 24.28 25.99 26.90 27.33 29.84

1 1 32.70 22.58 25.65 26.80 27.23 30.12

1 2 32.80 22.58 25.60 26.70 27.18 30.32

13 32.04 22.92 25.80 26.90 27.28 30.27

14 31.70 17.36 24.01 26.17 26.85 30.84

15 32.80 17.61 24.30 26.41 27.04 30.98

1 6 32.70 17.56 24.30 26.46 27.09 30.98

1 7 32.99 19.47 25.41 26.85 27.38 30.65

1 8 32.94 17.70 24.49 26.56 27.18 30.94

1 9 32.85 17.90 24.44 26.56 27.18 31.22

20 32.42 17.85 24.54 26.66 27.23 31.27

21 31.85 17.61 19.82 25.55 26.61 31.56

22 32.66 17.61 20.61 25.84 26.80 31.60

23 32.75 17.66 19.97 25.79 26.80 31.65

24 32.99 17.69 21.63 26.17 26.99 31.75

25 33.18 17.74 21.39 26.22 27.14 31.84

26 33.28 17.79 20.56 25.93 26.85 31.84

27 32.70 17.99 21.14 26.27 27.09 31.99

28 31.56 18.08 17.18 22.84 25.64 31.46

29 32.23 18.23 17.33 23.37 25.93 31.65

30 32.70 18.23 17.33 23.37 25.98 31.75

31 32.47 17.00 16.39 23.66 25.74 30.94

32 31.85 16.81 15.95 22.40 25.21 30.60

33 31.99 16.81 15.95 21.67 24.82 30.36

34 31.56 16.76 15.90 21.77 24.87 30.36

35 29.99 16.91 16.10 17.57 23.66 30.03

36 30.37 16.86 16.00 17.32 23.13 29.79

37 30.27 16.86 16.00 17.22 23.37 29.88

38 30.32 16.76 15.85 16.78 23.42 29.84

39 30.42 16.76 15.95 16.19 22.93 26.69

40 30.18 16.76 15.90 17.07 23.08 29.74

Average 31.91 19.65 21.67 24.46 26.29 30.46

Std. Dev. 0.95 3.29 4.22 3.51 1.47 1.07

C.V. 0.030 0.168 0.195 0.144 0.056 0.035
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191

Temperature Partially perforated floor, Test-l

Point

No. Ma�3 Ma�4 Ma�5 Ma�6 Ma�7 Ma�8 Ma�9 Ma� 10 Ma� 12

1 26.60 14.44 23.08 26.30 25.28 24.03 23.68 24.12 22.52

2 24.80 21.80 25.69 27.07 25.71 24.42 23.63 24.12 23.10

3 27.60 23.98 26.27 27.07 25.91 24.61 23.05 24.12 22.86

4 27.70 23.88 26.22 27.02 25.96 24.71 23.00 24.02 22.96

5 27.50 22.86 25.98 27.07 25.96 24.71 23.24 23.97 23.25

6 26.60 13.31 19.38 25.33 25.28 23.98 23.34 23.78 22.82

7 26.80 13.26 14.12 22.77 24.80 23.35 23.39 23.68 22.86

8 26.70 13.21 23.32 26.30 25.71 24.56 23.48 23.87 22.82

9 26.30 17.69 24.77 26.68 26.00 24.80 23.63 23.87 23.30

1 0 26.60 21.80 25.69 26.97 26.15 25.00 23.48 23.87 23.59

1 1 26.60 18.18 24.92 26.73 26.10 25.33 23.63 23.87 23.50

12 26.50 13.80 23.81 26.39 26.00 24.90 23.53 23.83 23.16

13 26.60 12.81 14.56 23.74 25.28 24.22 23.38 23.58 23.25

14 28.70 12.91 13.57 15.97 23.44 22.96 23.04 23.20 22.82

15 27.00 12.81 15.94 24.75 25.57 24.37 23.43 23.78 23.50

1 6 26.90 12.86 21.13 25.86 25.91 24.90 23.43 23.87 23.40

1 7 26.40 14.15 24.05 26.59 26.29 25.19 23.67 23.92 23.35

1 8 26.70 12.86 21.52 25.96 26.00 25.04 23.48 23.92 23.45

1 9 26.80 12.91 18.30 25.43 25.96 25.00 23.53 23.92 23.79

20 27.10 13.01 13.62 18.03 24.65 23.59 23.58 23.63 23.40

21 27.90 13.31 13.92 15.23 17.29 21.94 22.85 23.15 23.16

22 27.90 13.11 13.72 19.55 25.18 24.80 23.77 23.83 23.69

23 27.80 13.21 13.77 23.01 25.76 24.51 23.92 24.07 23.93

24 27.60 13.31 15.06 24.66 26.10 24.90 24.01 24.12 24.13

25 27.60 13.36 14.46 24.08 26.10 24.95 24.16 24.31 24.17

26 27.80 13.26 13.82 20.09 25.42 24.22 24.01 24.07 23.93

27 27.90 13.55 14.17 15.48 20.91 23.64 23.53 23.73 23.64

28 28.70 13.75 14.32 15.58 16.56 16.02 21.44 22.52 23.25

29 28.80 13.55 14.27 15.48 17.54 22.53 23.48 23.78 23.69

30 28.90 13.70 14.32 15.63 22.52 23.64 24.06 24.16 23.98

31 27.30 13.01 13.43 16.86 23.30 21.94 23.48 23.73 21.98

32 27.40 12.81 13.33 14.69 21.25 21.60 23.09 23.44 21.84

33 27.70 12.76 13.28 14.64 17.29 21.02 22.66 23.10 21.75

34 28.70 12.76 13.28 14.59 14.64 15.63 21.20 22.22 21.46

35 28.60 13.01 13.57 14.84 15.18 12.86 16.30 20.28 21.65

36 28.40 12.76 13.33 14.64 14.93 13.80 21.10 22.52 22.14

37 28.20 12.71 13.28 14.59 14.88 16.91 21.98 22.86 22.33

38 28.30 12.61 13.18 14.44 14.78 17.79 21.64 22.66 22.38

39 28.10 12.56 13.13 14.49 14.93 13.80 20.27 22.18 22.33

40 27.80 12.61 13.18 14.39 15.03 12.91 16.45 20.57 22.09

Avg. 27.45 14.61 17.52 20.97 22.54 22.23 22.80 23.46 23.03

Std. D. 0.88 3.37 5.04 5.26 4.46 3.90 1.73 0.90 0.72

C.V. 0.032 0.231 0.287 0.251 0.198 0.175 0.076 0.038 0.031



Temperature Partially perforated floor Test -2

Point

No. Max 18 Max 19 Max 20 Max 21 Max 22 Max 23 Max 24 Max 25

1 30.35 15.06 21.71 22.34 22.97 23.66 24.68 22.42

2 31.16 24.68 25.05 24.18 24.18 24.48 24.97 22.66

3 31.12 25.84 25.39 24.57 24.43 24.63 24.97 22.56

4 30.78 25.79 25.49 24.57 24.38 24.58 24.87 22.51

5 31.21 25.26 25.39 24.42 24.28 24.53 24.82 22.61

6 30.78 18.31 24.43 23.26 23.51 23.95 24.58 22.42

7 31.78 14.77 18.54 21.36 22.44 23.22 24.20 22.22

8 32.73 20.21 24.81 23.69 23.80 24.14 24.63 22.51

9 32.26 22.94 25.25 24.08 23.99 24.34 24.68 22.56

10 31.54 24.78 25.63 24.42 24.23 24.53 24.73 22.66

1 1 32.26 23.42 25.83 24.18 24.04 24.39 24.68 22.66

1 2 32.68 21.72 25.25 23.94 23.89 24.29 24.63 22.66

13 32.59 14.52 22.97 22.72 23.12 23.76 24.39 22.47

14 32.59 14.62 17.06 18.43 21.37 22.64 23.66 22.17

15 33.73 14.62 23.02 22.92 23.36 24.00 24.53 22.61

1 6 33.40 16.59 25.01 23.50 23.80 24.29 24.68 22.76

1 7 33.92 20.75 25.39 23.99 24.04 24.48 24.78 22.85

1 8 33.44 17.03 24.96 23.60 23.84 24.39 24.73 22.85

19 33.59 15.41 24.38 23.36 23.70 24.29 24.78 22.85

20 33.30 14.67 18.34 21.17 22.63 23.61 24.39 22.71

21 32.59 15.36 17.51 14.45 18.54 21.91 23.47 22.51

22 33.44 14.86 18.14 20.97 22.73 23.76 24.53 22.81

23 33.92 14.82 19.76 22.38 23.31 24.14 24.78 22.90

24 33.92 14.86 22.39 23.06 23.65 24.43 24.97 23.10

25 33.82 14.96 21.90 22.97 23.65 24.43 25.02 23.24

26 34.20 14.96 18.54 21.75 23.12 24.10 24.82 23.05

27 33.02 15.51 18.24 16.47 21.32 23.27 24.39 23.10

28 32.73 16.05 18.24 14.50 14.60 19.52 22.69 22.42

29 33.78 15.70 18.10 14.65 19.12 22.84 24.34 23.19

30 33.63 15.60 18.19 16.42 21.81 23.76 24.87 23.34

31 33.40 15.01 15.98 18.58 21.76 23.08 24.44 22.37

32 32.68 15.01 16.13 15.44 20.59 22.50 24.00 22.17

33 33.35 15.06 16.38 14.10 19.22 21.96 23.66 22.08

34 33.02 15.31 16.38 13.36 14.40 20.01 22.64 21.69

35 30.97 15.85 16.82 13.56 13.37 15.06 19.82 21.01

36 31.11 15.46 16.62 13.51 13.32 18.69 22.55 22.17

37 30.40 15.36 16.67 13.51 13.61 20.45 23.23 22.42

38 30.11 15.21 16.62 13.41 13.81 20.89 23.23 22.27

39 30.78 15.31 16.77 13.51 13.32 18.74 22.55 22.13

40 30.97 15.36 16.77 13.36 13.12 15.99 20.75 21.4

Average 32.43 17.42 20.75 19.87 21.01 22.79 24.08 22.53

Std. Dev. 1.23 3.78 3.73 4.39 3.98 2.37 1.15 0.47

C.V. 0.038 0.217 0.180 0.221 0.189 0.104 0.048 0.021
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Temperature Panially Perforated floor Test -3

Point No Ma�30 Ma� 31 June 1 June 2 June 3 June 4 June 5 June 6

1 31.07 14.89 20.88 25.08 22.70 23.53 23.61 24.42

2 30.40 22.77 25.53 26.87 22.84 23.97 24.14 24.86

3 29.96 23.74 25.87 26.96 22.70 24.45 24.29 24.91

4 29.96 23.74 25.82 26.92 22.60 24.50 24.29 24.81

5 30.11 23.35 25.68 26.87 22.60 24.40 24.24 24.75

6 30.44 16.32 23.94 25.95 22.65 23.82 23.81 24.37

7 30.88 14.74 17.11 23.34 21.82 23.68 23.47 23.99

8 30.25 17.74 24.28 26.24 22.70 23.77 24.10 24.52

9 30.20 21.06 24.95 26.53 22.60 23.87 24.19 24.57

1 0 29.87 23.11 25.44 26.77 22.45 24.50 24.29 24.71

1 1 30.01 21.65 25.05 26.58 22.50 24.11 24.24 24.62

1 2 30.06 19.84 24.61 26.34 22.50 23.92 24.19 24.57

13 30.40 14.79 20.83 24.99 22.16 24.31 23.81 24.23

14 31.64 14.74 16.22 18.32 19.72 23.34 23.03 23.50

15 30.44 14.89 20.14 24.94 22.16 24.40 23.90 24.37

1 6 30.40 15.82 23.31 25.86 22.45 24.50 24.19 24.57

1 7 30.25 19.65 24.61 26.43 22.55 24.26 24.43 24.81

1 8 30.44 15.82 23.50 25.95 22.50 24.50 24.29 24.67

1 9 30.54 15.28 22.58 25.71 22.45 24.74 24.24 24.67

20 30.73 15.18 16.72 22.32 21.53 24.31 23.90 24.23

21 31.69 15.28 16.62 17.24 15.06 22.37 22.79 23.45

22 31.21 15.23 16.67 21.35 21.48 24.40 24.00 24.37

23 31.17 15.33 17.01 23.54 21.97 24.69 24.19 24.62

24 31.12 15.48 19.12 24.99 22.40 24.94 24.39 24.81

25 31.17 15.53 18.63 24.79 22.45 24.98 24.43 24.86

26 31.17 15.53 17.01 22.86 22.02 24.74 24.29 24.67

27 31.55 15.72 17.06 18.13 19.38 24.11 23.90 24.33

28 32.32 15.82 17.06 17.49 13.63 17.04 20.84 22.87

29 31.98 15.82 17.11 17.78 14.72 22.85 23.47 24.23

30 31.98 15.92 17.26 18.08 18.55 24.06 24.00 24.62

31 31.07 14.84 16.67 18.96 21.14 22.71 23.18 24.04

32 31.12 14.69 16.57 17.29 18.70 22.32 22.84 23.70

33 30.88 14.64 16.52 17.19 16.29 21.88 22.50 23.45

34 30.07 14.64 16.42 16.90 13.33 18.51 21.23 22.68

35 30.55 14.79 16.52 16.75 13.48 14.78 15.80 20.49

36 30.92 14.64 16.37 16.75 13.28 14.73 19.57 22.63

37 30.83 14.64 16.37 16.80 13.23 15.62 21.18 23.21

38 30.54 14.54 16.27 16.70 13.04 16.35 21.47 23.16

39 30.49 14.59 16.27 16.70 13.08 15.07 20.35 22.92

40 30.73 14.54 16.17 16.51 12.94 14.78 16.93 21.12

Average 30.77 16.78 19.87 22.14 19.66 22.35 23.05 24.01

Std. Dev. 0.61 3.05 3.78 4.17 3.82 3.41 1.99 1.00

C.V. 0.022 0.182 0.190 0.188 0.194 0.152 0.086 0.042
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Temperature Slanted perforated floor, Tets-I

Point No Jul� 8 Jul� 9 Jul� 10 Jul� 11 Jul� 12 Jul� 13

1 30.96 15.33 13.99 20.19 24.99 27.53

2 28.81 22.37 23.68 25.04 26.19 27.39

3 29.86 17.34 15.72 19.31 22.42 25.85

4 27.71 23.34 23.93 25.29 26.29 27.34

5 30.39 15.52 13.90 15.33 16.21 24.59

6 30.20 15.43 13.75 15.38 17.05 25.56

7 30.44 15.18 13.80 15.87 23.10 26.86

8 26.60 23.64 23.98 25.38 26.29 27.24

9 29.86 16.61 22.23 24.56 25.81 27.10

1 0 30.01 16.16 14.04 16.66 19.79 24.11

1 1 29.77 17.25 22.52 24.71 25.91 27.05

12 29.82 15.77 14.04 15.76 16.21 18.66

13 30.15 14.93 13.50 15.96 23.00 26.67

14 29.34 21.55 23.10 24.79 26.00 26.81

15 30.20 16.11 14.24 15.96 16.36 17.92

1 6 2.9.96 14.54 20.52 24.21 25.71 26.86

1 7 29.72 15.92 14.04 16.25 18.27 22.80

1 8 29.96 14.64 21.30 24.50 25.86 26.91

19 29.67 22.13 23.44 25.22 26.39 27.00

20 30.49 15.03 13.60 19.00 24.60 26.91

21 29.96 23.34 23.88 25.61 26.63 27.15

22 30.30 19.01 22.86 25.18 26.39 27.10

23 30.39 14.88 18.08 23.97 25.76 26.96

24 30.39 16.26 14.39 16.55 17.68 21.68

25 30.53 14.98 19.06 24.35 26.00 27.15

26 30.39 19.60 23.15 25.47 26.63 27.29

27 30.10 23.73 24.17 26.00 26.97 27.44

28 31.01 19.50 23.39 25.61 26.87 27.49

29 30.92 15.33 21.69 25.22 26.63 27.49

30 31.11 15.62 14.44 22.51 25.52 27.24

31 34.77 16.36 14.54 16.01 16.90 21.58

32 30.34 15.08 14.39 22.03 24.79 27.05

33 30.30 14.98 21.55 24.31 25.81 27.29

34 30.20 18.57 22.81 24.64 25.95 27.24

35 30.49 14.69 19.70 23.92 25.66 27.20

36 30.20 14.69 14.64 22.46 24.99 26.91

37 30.20 15.13 13.55 16.94 22.95 26.33

38 30.10 14.98 13.45 16.50 22.66 26.19

39 30.10 14.59 14.69 22.56 24.89 26.76

40 30.06 14.39 18.13 23.48 25.28 26.81

Average 30.14 17.11 18.30 21.57 23.79 26.04

Std. dev. 1.10 3.01 4.25 3.96 3.51 2.33

C.V. 0.036 0.176 0.232 0.183 0.148 0.089
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Temperature Slanted perforated floor, Test-2

Point No Jul� 16 Jul� 17 Jul� 18 Jul� 19 Jul� 20 Jul� 21

1 31.91 18.29 19.65 24.11 23.94 24.60

2 29.94 25.29 27.12 27.01 25.29 25.85

3 30.00 20.29 20.92 21.35 20.97 22.41

4 28.28 26.50 27.12 27.20 25.24 26.09

5 32.29 18.19 19.36 18.12 16.77 20.71

6 31.67 18.09 19.31 18.02 17.99 21.69

7 32.48 18.04 19.41 20.61 22.29 23.19

8 27.46 26.69 26.92 27.30 25.24 26.14

9 33.29 18.88 25.96 26.33 24.61 24.79

1 0 32.77 18.63 19.84 20.13 19.56 20.76

1 1 33.20 21.17 26.63 26.58 24.76 24.93

12 32.86 18.39 19.21 18.37 16.03 15.71

13 31.05 17.70 19.41 20.81 22.24 23.05

14 32.86 24.71 27.07 26.82 24.71 25.13

15 32.29 18.68 19.75 18.66 16.08 15.37

1 6 34.48 17.55 24.27 26.04 24.13 24.16

1 7 34.10 18.24 19.80 18.95 17.89 19.39

1 8 34.91 17.95 26.01 26.48 24.37 24.40

1 9 33.20 25.29 27.55 27.25 24.86 25.42

20 30.15 17.75 19.84 23.87 23.31 23.58

21 31.44 26.31 27.55 27.59 25.15 25.80

22 34.15 23.26 27.40 27.15 25.00 25.03

23 34.91 17.80 22.47 26.00 24.13 23.97

24 35.33 18.58 20.14 19.05 16.91 18.22

25 35.14 17.90 23.83 26.33 24.37 24.21

26 35.33 23.65 27.69 27.39 25.19 25.27

27 32.01 26.64 27.93 27.92 25.44 26.00

28 32.63 23.99 27.89 27.63 25.44 25.51

29 34.43 19.46 26.92 27.20 25.05 24.93

30 34.67 18.34 20.53 25.13 24.03 23.87

31 38.35 18.83 19.60 18.61 16.67 18.02

32 35.19 18.09 19.84 24.79 23.94 24.02

33 34.95 19.07 26.06 26.38 24.86 25.03

34 32.58 23.41 26.88 26.72 25.15 25.51

35 32.15 18.24 24.90 26.14 24.66 24.84

36 33.20 17.90 21.31 25.22 23.99 24.06

37 33.06 17.95 19.26 21.10 22.34 23.05

38 33.63 17.75 19.16 20.86 22.14 22.90

39 33.82 17.75 20.92 25.22 23.89 23.97

40 31.58 17.65 23.93 25.80 24.18 24.31

Average 32.94 20.22 23.23 24.16 22.82 23.40

Std. dev. 2.06 3.17 3.46 3.40 3.04 2.71

C.V. 0.062 0.157 0.149 0.141 0.133 0.116
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Temperature Slanted perforated floor, Test-3

Point

No Juli: 24 Juli: 25 Juli: 26 Juli: 27 Juli: 28 Juli: 29 Juli: 30 Juli: 31

1 35.11 19.28 19.92 23.49 24.27 26.53 25.77 25.63

2 33.36 27.33 28.39 26.68 25.53 24.89 26.88 26.88

3 33.92 20.70 20.49 20.62 22.63 25.28 25.53 25.49

4 31.36 27.67 28.53 26.87 25.63 24.45 27.16 27.36

5 35.30 19.13 19.43 16.80 19.46 24.94 25.14 25.29

6 34.92 19.04 19.38 16.70 20.24 25.37 25.14 25.05

7 35.39 19.04 19.53 20.08 23.40 26.29 25.43 25.44

8 29.01 27.76 28.49 26.87 25.63 24.16 27.31 27.61

9 36.39 23.37 27.43 25.42 24.42 25.61 25.72 25.53

10 36.39 19.48 19.67 18.08 20.00 24.07 24.61 24.76

1 1 36.15 24.73 27.81 25.57 24.47 25.28 25.82 25.63

1 2 36.43 18.89 19.04 17.05 16.42 19.06 21.50 23.11

13 34.49 18.84 19.48 19.94 23.01 25.81 25.14 25.10

14 35.39 26.80 28.25 25.95 24.61 24.02 26.25 26.16

15 35.49 19.13 19.38 17.44 16.62 18.37 19.84 22.05

1 6 36.86 19.52 26.23 24.70 23.84 25.57 25.33 24.95

17 35.06 19.04 19.63 17.05 17.65 21.93 23.88 24.33

1 8 37.28 21.38 27.24 24.94 23.89 25.37 25.38 25.05

19 36.06 27.19 28.68 26.19 24.85 24.02 26.59 26.64

20 33.78 18.94 19.92 22.61 23.35 25.71 25.28 24.95

21 34.45 27.67 28.87 26.53 25.10 23.83 27.07 27.22

22 36.48 26.27 28.53 25.81 24.47 24.65 26.20 26.02

23 37.85 19.08 25.02 24.46 23.74 25.76 25.43 24.95

24 37.71 19.38 20.02 17.24 16.91 20.62 23.35 24.18

25 37.42 19.23 25.36 24.70 23.84 25.71 25.57 25.20

26 37.71 26.70 28.82 26.05 24.66 24.65 26.44 26.26

27 35.44 28.00 29.20 26.82 25.34 23.92 27.40 27.51

28 36.15 26.85 29.01 26.34 24.90 24.65 26.78 26.64

29 37.33 23.61 28.20 25.62 24.42 25.66 26.15 25.78

30 37.09 19.52 21.33 23.92 23.98 26.24 25.86 25.44

31 38.27 19.33 19.53 17.64 17.06 20.81 23.11 24.08

32 37.85 19.08 20.75 24.07 24.18 26.48 25.62 25.15

33 37.47 22.88 27.33 25.62 24.66 25.95 25.96 25.63

34 35.39 26.22 28.10 26.19 25.05 25.23 26.39 26.26

35 35.35 20.31 26.37 25.33 24.52 26.05 25.82 25.53

36 36.62 18.89 22.31 24.31 24.03 26.19 25.38 25.00

37 36.06 18.89 19.38 21.01 23.35 26.24 25.33 25.05

38 36.57 18.84 19.28 19.84 23.06 26.05 25.19 24.91

39 36.91 18.79 22.35 24.17 23.84 26.00 25.24 24.86

40 35.20 19.52 25.55 24.70 23.93 25.76 25.28 25.00

Average 35.79 21.91 24.06 23.09 23.02 24.68 25.43 25.44

Std. Dev. 1.79 3.56 4.03 3.52 2.70 1.94 1.46 1 .11

C.V. 0.050 0.162 0.167 0.152 0.117 0.079 0.057 0.043



Static pressures Fully perforated floor, Test-1

Point

No. Mar. 26 Mar. 27 Mar. 28 Mar. 30 Mar. 31 AEr. 1 AEr.2 AEr.3
1 269.1 262.1 266.3 263.2 261.4 260.7 261.4 260.38

2 271.6 264.9 267.4 264.2 263.2 262.8 263.2 263.17

3 269.8 263.2 267.0 264.6 263.9 263.5 264.2 263.52

4 269.1 263.5 266.7 264.2 263.2 263.2 263.5 263.87

5 266.7 260.0 263.9 261.8 260.7 260.0 260.4 260.38

6 266.0 261.4 265.6 262.1 260.4 260.7 261.4 260.38

7 224.7 218.1 220.5 219.5 217.7 217.0 216.7 215.99

8 228.9 220.5 223.0 220.9 219.8 219.5 219.1 219.14

9 227.9 217.7 220.2 218.4 216.3 215.3 216.0 214.59

1 0 248.5 240.1 243.3 241.9 241.2 240.1 240.1 238.71

1 1 227.2 218.1 219.5 219.1 217.4 217.0 216.7 215.99

1 2 226.5 216.7 218.8 218.1 216.7 215.6 214.9 214.94

13 227.9 220.5 224.0 221.9 220.9 220.2 220.5 219.49

14 185.2 174.8 175.8 174.4 172.0 171.3 170.6 169.86

15 187.7 176.8 178.2 176.1 173.7 173.7 173.4 172.65

1 6 185 ..
2 170.6 169.5 168.5 165.3 164.6 164.6 163.92

1 7 299.5 299.5 303.4 298.5 298.5 298.5 298.8 299.17

1 8 192.6 180.7 183.1 183.5 181.0 181.4 178.9 178.94

1 9 190.8 177.2 176.5 176.5 173.7 172.7 172.3 171.95

20 188.0 179.3 180.0 179.3 177.2 176.5 176.1 175.80

21 144.34 133.5 131.1 128.6 126.2 123.4 122.7 121.63

22 146.79 137.7 133.2 131.4 129.0 127.9 125.8 124.42

23 152.38 142.2 137.0 132.8 132.8 131 .1 130.7 129.66

24 165.66 149.9 147.8 146.1 144.0 142.2 140.8 141.20

25 151.68 138.1 132.5 132.8 129.3 127.2 127.2 126.87

26 149.94 136.3 132.1 131.4 129.3 127.2 126.9 125.82

27 152.03 135.6 138.4 133.5 129.7 127.2 129.3 127.22

28 94.37 82.1 75.8 73.4 67.5 65.4 63.6 61.86

29 95.76 83.9 79.7 72.7 68.2 66.8 65.4 64.31

30 97.16 88.1 79.0 76.9 73.0 70.2 68.9 67.45

31 124.07 113.9 109.0 107.6 104.5 102.8 101.0 99.96

32 101.01 93.7 86.3 83.5 79.7 78.6 77.2 77.24

33 99.96 92.6 82.5 79.0 74.8 73.4 71.6 70.25

34 97.16 86.7 83.9 79.3 74.4 72.7 72.0 70.60

35 41.94 31.5 26.2 19.6 15.0 11.2 8.4 6.99

36 41.94 31.1 22.7 16.1 12.9 8.4 6.6 4.89

37 47.88 33.6 25.9 17.1 13.6 9.8 8.0 7.34

38 48.23 33.6 26.2 16.8 13.6 9.8 8.0 7.34

39 44.74 30.1 23.4 14.7 14.7 7.7 4.9 4.19

40 44.39 29.7 22.7 15.0 11 .9 7.3 4.5 3.84
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Static pressure Fully perforated floor, Test-Z

Point

No. 21-AEr 22-AEr 23-AEr 24-AEr 25-AEr 26-AEr 27-AEf 28-A£f 29-A£r
1 173.7 174.1 174.4 174.1 174.4 173.4 173.7 173.7 173.4

2 173.7 174.4 175.8 175.4 175.4 174.8 175.4 175.8 175.1

3 174.1 175.4 176.8 176.1 176.1 175.8 175.8 176.5 175.4

4 173.4 174.4 175.8 175.1 175.8 175.1 175.1 175.4 174.4

5 173.0 173.4 175.1 175.1 175.1 174.4 174.4 175.1 173.7

6 173.4 174.4 175.8 175.1 175.8 175.1 175.1 175.4 174.4

7 150.3 146.1 146.4 144.7 145.7 144.3 144.3 144.7 144.0

8 150.3 146.1 145.4 144.0 145.0 143.6 142.6 143.6 142.6

9 152.0 150.3 149.6 148.2 149.6 148.2 148.5 148.5 149.2

1 0 163.2 163.2 162.5 161.8 162.9 162.2 161.8 162.5 161.1

1 1 151.3 149.6 147.8 147.1 148.5 146.8 147.1 146.1 146.1

1 2 149.6 146.8 146.8 146.8 147.1 146.1 146.1 146.1 146.1

13 151.0 148.2 148.2 147.8 148.9 147.5 146.8 147.1 146.8

14 124.4 122.3 116.0 113.2 113.6 111 .5 111.1 111 .5 111.1

15 126.9 124.8 118.8 116.7 117.4 115.0 115.7 115.7 115.0

1 6 129.0 126.5 122.7 120.9 120.6 117.8 118.1 118.5 117.8

1 7 198.2 198.5 198.5 198.5 198.5 198.5 198.5 198.5 198.5

1 8 129.7 127.6 125.1 123.7 124.1 123.0 122.7 123.0 122.3

1 9 129.0 126.9 120.2 119.2 118.8 117.4 116.4 117.1 116.7

20 126.2 125.1 120.9 119.5 119.9 118.1 117.8 118.1 118.1

21 99.3 97.2 91.9 86.7 86.0 83.2 82.8 83.5 82.8

22 102.1 100.3 94.7 88.4 87.4 85.3 84.2 84.6 84.2

23 104.9 102.4 100.3 96.5 95.1 92.6 92.6 92.6 92.6

24 113.9 111 . 1 110.1 105.2 103.8 102.4 102.1 102.8 102.1

25 105.2 103.1 98.2 92.3 90.2 87.7 87.0 87.7 86.3

26 105.9 102.8 97.9 93.3 91.9 90.2 89.5 89.8 89.5

27 106.2 101.7 94.7 89.8 87.7 86.0 86.0 85.6 84.2

28 67.1 65.7 64.7 59.8 53.5 50.3 49.3 49.3 48.6

29 69.9 66.8 62.2 54.5 48.6 45.8 44.4 44.4 43.7

30 71.6 67.5 63.3 57.7 49.3 46.5 44.7 44.7 44.7

31 88.8 66.8 84.6 81.8 77.6 75.1 74.1 74.8 74.1

32 74.8 67.1 67.1 61.5 54.5 50.7 49.3 50.0 49.6

33 74.1 70.2 66.8 59.8 52.8 49.3 48.6 48.2 48.2

34 71.3 70.2 67.8 59.4 53.1 49.6 49.6 49.3 48.6

35 36.3 30.4 24.5 18.5 8.4 5.2 3.1 0.0 0.0

36 35.6 28.0 20.6 14.7 7.0 3.5 0.0 0.0 0.0

37 39.8 37.4 29.4 21.3 11.9 8.0 0.0 0.0 0.0

38 40.2 37.7 29.7 21.3 11.5 8.0 0.0 0.0 0.0

39 36.3 279.6 19.2 12.6 6.6 3.5 0.0 0.0 0.0

40 36.3 27.6 18.9 12.6 6.6 3.5 0.0 0.0 0.0
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Static pressure Fully perforated floor, Test-3

Point No. June 12 June 13 June 14 JUne 15 June 16 June 17

1 264.2 255.5 256.9 257.2 257.2 257.2

2 264.6 256.5 257.9 258.3 259.0 259.0

3 266.0 257.9 257.9 259.0 259.7 259.7

4 267.0 258.3 259.7 259.7 260.4 260.0

5 266.0 257.2 257.6 257.9 258.3 257.2

6 265.3 257.6 258.3 258.6 259.0 258.6

7 226.5 208.7 207.6 208.7 210.0 209.7

8 227.5 208.3 206.9 209.0 210.0 209.0

9 227.9 210.0 209.0 210.0 212.5 210.7

1 0 249.5 235.2 235.2 236.3 237.3 237.0

1 1 228.9 212.1 210.4 212.5 213.2 212.5

1 2 229.3 211 .1 210.7 212.8 212.5 213.2

1 3 229.6 210.7 211 .1 212.8 212.8 212.5

14 185.9 167.1 157.6 158.3 159.0 158.7

1 5 191.2 173.0 164.6 165.0 166.4 165.3

1 6 192.6 174.1 163.9 164.6 165.0 165.0

1 7 299.9 299.9 299.5 298.8 298.1 298.8

1 8 194.7 175.4 165.0 165.3 166.7 167.1

1 9 193.6 176.1 166.0 167.1 168.1 168.1

20 191.5 171.6 162.2 163.6 164.6 163.9

21 150.6 130.0 113.2 109.7 109.7 109.7

22 152.7 134.9 117.4 115.3 116.0 115.7

23 154.5 131.4 115.0 111 . 1 111.5 110.8

24 168.5 147.1 130.0 129.0 129.0 129.0

25 155.9 139.1 121.6 118.5 118.5 117.8

26 155.2 135.6 120.2 117.1 118.5 118.1

27 151.3 133.2 117.1 115.0 115.7 115.0

28 101.4 79.3 64.0 52.1 50.3 48.6

29 102.4 77.9 64.0 52.4 51.0 49.3

30 104.2 82.8 67.8 54.9 52.8 51.7

31 131.1 108.7 93.3 82.5 82.1 81.1

32 105.2 82.5 65.7 54.5 52.8 51.0

33 105.5 83.2 67.5 55.6 53.8 52.1

34 98.6 77.2 61.9 51.0 49.3 47.9

35 46.1 27.3 14.0 0.0 0.0 0.0

36 44.4 25.9 11 .9 0.0 0.0 0.0

37 46.8 26.6 11.9 0.0 0.0 0.0

38 46.1 26.2 11.5 0.0 0.0 0.0

39 43.7 25.9 10.8 0.0 0.0 0.0

40 44.0 25.5 10.5 0.0 0.0 0.0
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Static pressure Partially perforated floor Test-l

Point

No. Mai: 3 Mai:4 Ma�5 Ma�6 Ma�7 Ma�8 Mai:9 Ma� 10 Ma� 12

1 184.5 180.0 177.9 178.6 176.5 174.4 175.4 176.1 175.1

2 195.0 190.1 190.5 191.2 190.1 188.7 189.4 190.1 189.1

3 221.9 218.8 220.9 222.6 221.2 219.5 220.2 220.5 220.2

4 232.4 228.6 230.3 231.0 229.6 228.6 228.2 229.3 228.2

5 204.8 198.9 199.9 200.6 198.5 196.4 197.1 197.8 196.4

6 188.0 182.1 180.3 180.0 178.2 176.5 177.2 177.9 176.8

7 167.1 161.1 159.4 155.9 154.1 152.0 152.7 153.8 152.4

8 172.3 165.3 160.1 160.1 158.0 155.9 156.2 156.6 155.9

9 181.0 172.3 170.9 170.9 168.5 166.7 166.4 167.4 166.4

1 0 203.8 197.1 197.8 198.2 196.4 194.7 194.3 195.7 194.3

1 1 184.5 176.8 174.8 175.8 174.1 171.6 171.6 172.7 171.6

12 175.8 168.5 164.6 163.2 161.8 159.4 159.4 160.4 159.4

13 169.5 163.9 159.7 158.0 155.9 154.1 154.1 154.8 153.8

14 142.2 136.0 132.1 126.9 122.7 120.2 119.9 120.2 119.5

15 146.4 140.1 134.9 131.4 127.6 125.1 125.5 126.2 125.5

16 150.3 145.7 137.0 134.2 131.8 128.3 127.6 128.6 127.2

1 7 302.0 299.9 299.5 299.5 299.5 299.9 298.1 299.9 299.9

1 8 152.7 146.4 138.1 136.0 133.2 130.4 130.0 130.7 129.7

1 9 148.5 141.9 136.0 132.1 129.7 126.9 127.2 127.6 126.2

20 144.3 137.0 133.5 129.0 125.5 123.0 122.7 123.4 122.7

21 116.4 109.0 103.1 98.2 90.2 84.6 84.6 84.6 83.5

22 117.4 113.2 108.0 100.7 94.7 91.2 90.2 90.2 89.5

23 122.0 113.6 108.0 99.3 94.0 89.5 88.1 88.4 87.7

24 131.4 123.4 116.7 110.1 105.2 102.1 101.0 101.0 100.0

25 122.0 117.1 113.6 103.5 98.6 95.1 93.7 94.0 93.0

26 120.6 112.2 106.6 98.6 93.7 89.5 88.8 88.4 87.7

27 122.3 116.7 105.2 104.2 91.9 88.8 87.7 88.1 87.0

28 81.8 72.0 65.7 58.4 51.4 43.7 40.9 39.8 38.8

29 82.1 73.7 65.0 57.7 49.6 42.3 39.8 39.1 38.1

30 81.4 72.3 64.7 57.0 48.2 42.6 39.8 38.8 38.1

31 102.1 93.7 86.0 78.3 70.6 65.4 64.3 63.6 62.6

32 83.5 74.1 66.8 59.4 51.0 44.0 42.3 42.3 40.9

33 83.5 75.8 68.9 61.5 53.1 46.1 43.7 43.0 41.9

34 79.7 70.9 64.0 56.6 50.0 42.3 39.1 38.1 37.4

35 41.9 33.2 24.8 17.1 9.1 3.1 0.0 0.0 0.0

36 39.8 30.8 23.1 15.7 8.4 1.7 0.0 0.0 0.0

37 41.2 31.8 23.8 16.4 9.4 4.2 0.0 0.0 0.0

38 41.2 32.2 24.1 16.8 9.1 4.2 0.0 0.0 0.0

39 38.4 30.4 23.1 15.7 8.4 2.1 0.0 0.0 0.0

40 38.4 30.1 22.4 16.1 8.4 1.0 0.0 0.0 0.0
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Static Pressure Partially perforated floor Test-2

Point

No Mal:: 18 Mal:: 19 Mal:: 20 Mal:: 21 Mal:: 22 Ma�23 Ma�24 Ma�25
1 177.5 154.8 152.4 152.4 153.4 153.8 155.5 154.8

2 192.6 173.0 172.3 172.7 173.0 173.7 175.1 174.4

3 225.1 212.8 212.8 213.5 214.2 214.6 215.6 214.6

4 233.1 221.9 221.6 223.0 223.3 224.4 225.1 224.0

5 203.8 187.3 185.9 187.0 187.3 187.7 188.7 187.7

6 183.5 161.1 159.4 159.7 160.4 161 .1 161.8 161.5

7 161.8 139.5 134.6 133.5 134.6 135.3 136.7 136.0

8 170.9 146.4 144.0 143.6 144.0 144.3 145.0 144.3

9 181.0 158.3 156.6 156.9 157.6 157.6 158.0 157.3

1 0 207.3 190.5 190.8 191.2 191.9 191.5 192.6 190.8

1 1 185.9 164.6 164.6 162.5 163.6 164.6 165.3 164.6

12 176.5 153.1 151.0 151.0 151.3 151.3 152.4 151.3

13 166.0 143.3 138.8 139.1 139.5 140.1 140.8 140.1

14 139.8 118.1 113.6 108.0 107.6 108.0 109.0 108.3

1 5 147.1 124.8 117.4 116.0 115.7 116.0 116.7 116.0

16 151.3 128.6 122.7 121.3 120.9 120.9 121.6 120.6

17 298.1 299.2 298.8 299.2 299.9 299.9 299.2 298.5

18 155.5 129.3 124.4 122.0 121.6 121.6 122.3 121.6

1 9 149.2 127.9 119.9 118.5 118.1 118.5 119.2 118.5

20 145.0 122.7 116.0 113.2 113.2 113.6 115.0 113.9

21 113.2 91.9 84.9 79.7 75.1 75.1 75.5 75.1

22 116.0 96.1 91.2 83.5 81.8 80.7 81.4 80.4

23 120.2 98.9 88.8 83.9 82.5 81.1 81.4 80.7

24 131.8 109.7 99.6 96.1 94.4 93.7 94.0 93.0

25 121.3 105.2 93.7 88.8 87.4 86.7 86.7 86.0

26 120.2 99.6 92.3 86.0 84.2 84.2 84.2 83.2

27 115.0 94.4 89.5 82.8 80.0 79.7 79.3 79.0

28 76.5 58.0 50.7 44.4 38.8 35.3 34.6 33.9

29 77.2 58.7 51.0 44.7 38.4 35.3 34.6 33.2

30 78.6 62.9 56.3 47.9 41.9 39.5 39.1 37.7

31 98.9 79.0 70.9 63.3 59.8 57.0 57.0 56.6

32 80.0 61.2 53.1 45.1 39.5 37.0 36.3 36.0

33 82.5 64.7 59.1 51.0 44.0 41.2 40.5 40.2

34 77.6 57.7 50.0 43.7 37.7 34.6 33.6 22.4

35 35.0 20.3 13.6 8.7 4.5 0.0 0.0 0.0

36 33.6 18.5 12.9 7.7 1.4 0.0 0.0 0.0

37 33.9 20.6 12.9 7.3 1.7 0.0 0.0 0.0

38 33.9 20.6 13.3 7.3 1.7 0.0 0.0 0.0

39 32.5 18.9 12.6 6.3 1.0 0.0 0.0 0.0

40 32.2 18.9 12.2 6.6 1.0 0.0 0.0 0.0
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Static Pressure Partially perforated floor Test-3

Point

No. Ma�30 Ma�31 June 1 June 2 June 3 June 4 June 5 June 6

1 172.3 153.4 150.6 152.0 154.5 155.9 157.6 157.6

2 187.7 170.2 170.6 172.3 174.4 175.8 176.8 176.5

3 219.8 210.4 212.5 212.1 213.9 214.2 214.9 214.9

4 228.2 219.1 221.2 221.9 223.7 224.0 224.7 224.4

5 198.9 183.8 185.9 187.3 188.4 188.4 189.4 189.1

6 177.9 158.0 158.0 159.4 161.5 162.9 163.9 164.3

7 157.6 138.4 134.2 133.2 134.6 136.7 138.4 138.4

8 165.3 144.3 141.9 142.2 144.0 145.7 147.1 146.4

9 176.5 154.5 155.5 155.5 156.9 158.7 159.7 159.4

1 0 203.1 187.3 189.4 190.8 192.6 193.3 194.3 193.6

1 1 183.1 161 .1 162.9 163.2 165.3 166.4 167.1 167.4

1 2 172.7 149.9 150.3 150.6 152.4 153.4 154.5 154.1

1 3 161.8 141.9 137.4 137.0 139.5 141.2 142.2 141.9

14 135.6 116.7 111 .5 106.9 105.9 106.9 108.7 109.0

15 140.1 122.0 114.3 112.2 112.2 113.9 115.0 115.3

1 6 146.4 129.3 121.6 120.9 122.0 122.7 123.7 123.7

1 7 298.1 299.5 300.2 299.9 300.9 299.9 299.5 298.8

1 8 149.9 128.6 122.0 120.9 119.2 122.7 123.4 123.7

1 9 144.0 127.6 119.9 118.1 110.8 120.2 120.9 120.9

20 137.0 119.2 115.0 110.4 110.4 112.5 113.6 113.6

21 110.8 93.0 85.3 80.7 75.5 74.4 75.1 75.8

22 112.9 96.8 91.2 83.2 80.7 81 .1 81.8 81.8

23 115.7 98.6 88.8 82.1 80.0 80.0 80.0 79.7

24 125.8 107.6 98.2 93.3 93.0 93.3 93.3 93.0

25 117.8 105.2 95.1 88.8 87.7 88.1 88.1 87.7

26 116.7 100.0 94.4 85.3 83.9 84.6 84.6 84.6

27 111.5 94.0 89.5 83.9 79.3 79.7 79.7 80.7

28 77.6 61.5 53.8 47.2 41.2 36.7 34.6 33.9

29 77.2 62.2 55.2 47.5 39.8 36.3 35.6 34.3

30 78.6 66.1 58.7 51.0 43.0 40.5 39.5 38.4

31 97.5 81.8 73.0 65.0 59.4 57.7 57.3 57.3

32 80.0 64.7 56.6 48.6 41.2 38.1 37.4 36.0

33 79.3 65.4 59.1 52.8 43.7 40.5 39.1 38.4

34 76.5 60.5 53.5 46.1 39.8 35.6 34.3 33.2

35 38.1 26.2 20.3 14.0 7.7 2.8 0.0 0.0

36 37.4 25.5 17.8 12.6 6.3 1.0 0.0 0.0

37 40.2 28.3 19.6 11.9 7.3 2.1 0.0 0.0

38 40.5 28.3 18.9 12.2 7.7 1.7 0.0 0.0

39 37.7 25.9 19.2 11.2 5.9 1.0 0.0 0.0

40 38.1 25.5 17.8 11.2 6.3 1.0 0.0 0.0



Static pressure Slanted perforated floor, Test-2

Point No. Jul� 16 Jul� 17 Jul�18 Jul� 19 Jul� 20 Jul� 21

1 62.9 44.7 30.1 10.1 3.1 0.0

2 298.5 296.7 296.7 297.8 297.4 297.4

3 298.1 296.7 296.7 297.4 297.4 297.4

4 299.5 298.5 298.5 299.5 298.8 299.2

5 62.6 42.3 29.4 16.4 10.5 4.2

6 64.0 41.6 29.0 17.5 11.9 3.5

7 65.4 46.8 32.9 15.4 7.3 0.7

8 299.5 298.5 298.5 299.5 298.8 299.2

9 288.3 284.8 283.4 284.8 284.8 285.2

1 0 292.2 289.7 288.7 289.7 289.4 289.0

1 1 290.4 286.2 285.2 286.9 286.2 286.6

12 167.4 149.9 139.8 130.4 129.3 124.8

1 3 62.9 41.2 29.4 15.0 6.6 0.0

14 281.0 275.4 275.8 276.8 277.5 276.8

15 99.6 78.6 64.7 51.7 46.8 42.3

16 270.5 263.9 260.0 260.7 261.4 261.4

1 7 277.9 273.0 271.2 269.8 269.5 270.5

1 8 275.1 269.1 264.9 266.0 266.3 266.0

1 9 282.0 277.2 276.8 278.9 278.6 279.3

20 59.1 40.2 27.3 11.9 4.9 0.0

21 266.7 261.8 261.4 261.8 261.8 262.5

22 246.0 233.5 231.0 231.0 231.0 231.4

23 240.8 230.3 223.0 223.0 223.3 224.4

24 249.5 240.1 236.3 236.6 233.8 233.1

25 240.5 229.6 220.5 220.5 220.9 219.8

26 249.5 235.6 233.1 233.8 234.5 234.9

27 268.8 264.2 263.2 263.9 263.5 262.5

28 197.8 179.3 175.1 173.0 172.0 170.2

29 197.5 176.5 169.5 167.1 167.1 165.0

30 192.6 172.7 164.3 157.3 156.6 155.9

31 220.2 209.7 206.2 207.6 205.9 203.1

32 196.4 177.2 167.4 161.5 161 .1 160.1

33 193.3 175.1 167.1 164.6 164.6 162.9

34 193.6 175.4 170.6 168.5 168.1 166.4

35 145.7 125.8 109.7 102.4 100.0 96.1

36 141.5 118.5 103.5 94.0 90.9 86.7

37 138.1 117.4 103.8 91.6 88.4 85.3

38 141.5 121.6 105.5 91.9 90.2 87.0

39 134.6 116.7 101.4 93.7 90.5 87.0

40 141.9 121.3 105.2 95.8 92.6 89.5
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Static pressure Slanted perforated floor, Test-I

Point No. Jul� 8 Jul� 9 Jul�lO Jul� 11 Jul� 12 Jul� 13

1 58.0 46.8 22.4 2.8 0.0 0.0

2 298.1 297.8 297.8 297.4 298.1 297.4

3 298.1 297.8 297.4 296.7 297.8 296.7

4 299.5 299.9 300.2 299.5 299.5 299.5

5 60.8 45.4 25.2 11.5 1.7 0.0

6 60.5 45.1 25.5 12.6 2.1 0.0

7 61.2 47.9 26.6 8.4 0.0 0.0

8 299.5 299.9 300.2 299.5 299.9 299.5

9 286.2 283.4 282.4 282.7 283.8 283.4

1 0 289.7 288.0 288.0 286.2 287.3 286.9

1 1 287.6 284.8 284.5 284.5 285.2 284.8

1 2 166.0 154.1 133.2 123.0 118.5 113.2

13 61.2 48.2 26.6 9.8 0.0 0.0

14 279.3 275.4 275.8 274.7 276.5 275.8

1 5 95.8 82.1 60.5 45.4 37.4 31.1

1 6 267.7 263.2 257.2 257.2 258.3 257.6

1 7 274.0 271.6 267.7 266.0 267.0 266.7

1 8 269.5 267.4 262.1 261.8 262.1 261.8

1 9 279.3 276.5 276.5 276.8 277.5 277.2

20 55.9 45.1 23.1 6.3 0.0 0.0

21 263.5 263.5 261.4 259.3 260.0 260.0

22 245.0 235.6 229.6 228.2 228.6 228.6

23 238.0 231.4 219.5 217.4 218.4 217.7

24 246.7 240.8 232.8 231.0 228.9 227.9

25 237.3 230.3 217.7 215.3 217.0 215.3

26 243.3 233.1 229.6 227.5 229.3 228.6

27 263.9 263.2 262.8 261.1 260.0 259.0

28 197.1 182.1 170.6 167.1 164.6 163.6

29 194.7 182.1 164.6 160.4 159.0 157.6

30 190.8 178.6 160.1 151.0 148.2 147.8

31 217.4 211.1 203.8 203.1 201.3 197.8

32 192.2 180.0 162.2 154.1 152.7 151. 7

33 190.1 179.3 161.5 157.3 155.9 153.4

34 190.5 176.1 165.3 161.5 160.8 159.4

35 137.4 129.3 101.7 94.7 90.9 87.0

36 133.5 118.5 95.4 84.9 81.4 77.2

37 129.3 119.5 97.5 83.5 78.3 74.1

38 129.0 121.3 100.7 84.9 79.3 77.2

39 133.2 118.8 94.4 85.6 81.8 78.3

40 132.8 123.0 99.3 87.0 83.5 80.7



Static pressure Slanted perforated floor, Test-S

Point

No. Jul� 24 Jul� 25 Jul�26 Jul� 27 Jul� 28 Jul� 29 Jul� 30 Jul� 31

1 70.2 45.1 28.0 11.5 3.8 1.0 0.0 0.0

2 298.1 297.1 296.7 297.4 297.4 296.7 297.4 298.1

3 298.1 296.7 296.7 297.4 297.4 296.7 297.8 298.5

4 299.2 298.8 299.2 299.2 299.5 298.8 299.5 299.9

5 72.7 44.7 32.2 19.6 11.9 5.9 2.4 0.0

6 71.6 43.0 31.8 20.3 13.3 7.7 4.5 2.4

7 73.7 46.5 32.9 17.5 7.7 2.8 1.0 0.0

8 299.2 298.8 299.2 299.2 299.5 299.2 299.5 299.9

9 287.3 282.7 282.4 282.7 284.5 284.5 285.2 285.5

1 0 291.5 289.4 288.7 288.7 288.7 289.0 289.0 289.7

1 1 288.7 285.2 284.8 284.8 285.9 285.9 286.9 286.9

12 175.1 150.6 141.9 134.2 132.8 128.3 126.2 125.5

13 72.0 43.3 29.4 15.7 7.0 2.8 0.3 0.0

14 280.3 275.1 275.8 277.2 277.9 276.8 277.9 278.2

1 5 108.0 80.7 67.8 55.6 50.0 46.5 42.6 42.3

16 268.8 259.7 257.9 258.6 259.3 259.3 260.0 259.7

1 7 275.8 270.2 268.8 270.2 269.5 268.1 269.8 270.2

1 8 272.3 262.8 261.8 262.8 263.5 263.5 263.5 263.5

1 9 281.3 277.5 276.8 278.9 279.3 278.9 279.9 279.3

20 66.4 39.8 25.9 12.9 5.6 2.4 1.0 0.0

21 267.7 262.8 261.1 262.5 262.8 262.8 262.8 262.8

22 247.8 235.2 232.4 231.7 233.1 231.7 232.4 233.5

23 244.3 234.9 227.9 228.9 230.3 229.3 229.6 230.7

24 249.2 239.1 235.2 235.6 232.4 231.7 232.1 233.1

25 239.8 226.8 220.5 220.5 220.5 219.5 219.8 219.5

26 249.5 235.9 234.5 235.2 235.2 234.2 234.9 234.9

27 268.1 264.9 264.6 264.6 264.2 262.8 263.5 263.9

28 204.8 183.8 177.9 175.4 174.1 172.7 173.0 173.4

29 201.3 177.5 170.6 168.1 167.1 165.3 165.7 165.3

30 197.8 174.4 163.6 159.4 158.0 156.9 156.9 156.9

31 219.8 208.7 205.9 207.3 205.5 203.1 203.1 203.8

32 199.6 177.9 167.4 163.2 163.9 161 .1 161.8 161.8

33 197.8 175.1 168.8 166.0 164.6 163.2 163.9 163.6

34 197.8 177.9 173.7 171.6 169.5 167.4 167.8 167.8

35 149.2 122.3 110.4 105.9 101.7 99.3 98.9 97.9

36 144.3 116.7 103.1 96.8 93.0 90.5 89.5 88.8

37 143.3 116.7 104.5 93.3 90.5 87.7 86.3 86.0

38 147.1 120.6 108.7 96.8 93.3 92.3 90.5 89.1

39 140.8 116.7 103.8 96.5 93.7 90.5 89.5 88.4

40 146.4 121.6 104.9 97.5 95.4 92.6 91.2 90.2
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Air velocities Fully perforated floor Test-2 p:::: 200 Pa

Point AEr-21 AEr-22 AEr-23 AEr-24 AEr-25 AEr-26 AEr-27 AEr-28 AEr-29

V1 0.260 0.283 0.254 0.252 0.245 0.237 0.231 0.236 0.248

V2 0.282 0.352 0.267 0.265 0.410 0.350 0.323 0.335 0.331

V3 0.293 0.309 0.292 0.285 0.284 0.276 0.274 0.276 0.271

V4 0.398 0.356 0.529 0.529 0.529 0.529 0.483 0.489 0.480

V5 0.373 0.543 0.497 0.429 0.424 0.451 0.441 0.430 0.423

V6 0.343 0.345 0.353 0.361 0.390 0.358 0.384 0.381 0.371

V7 0.378 0.529 0.394 0.418 0.349 0.436 0.371 0.396 0.350

V8 0.443 0.500 0.383 0.400 0.412 0.372 0.424 0.484 0.370

V9 0.363 0.384 0.459 0.348 0.397 0.344 0.331 0.292 0.294

V10 0.431 0.458 0.399 0.415 0.439 0.440 0.455 0.375 0.418

V11 0.330 0.510 0.508 0.551 0.468 0.478 0.568 0.523 0.428

V12 0.385 0.529 0.345 0.513 0.451 0.463 0.461 0.464 0.441

V13 0.384 0.401 0.338 0.345 0.283 0.287 0.235 0.275 0.223

V14 0.376 0.401 0.427 0.546 0.450 0.426 0.466 0.489 0.597

V15 0.365 0.395 0.442 0.447 0.394 0.277 0.290 0.246 0.274
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Air velocities Fully perforated floor, Test-3 P=300Pa

Point I2-Jun I3-Jun I4-Jun I5-Jun I6-Jun 17-Jun

V1 0.452 0.354 0.370 0.421 0.441 0.388

V2 0.470 0.591 0.584 0.525 0.492 0.464

V3 0.372 0.402 0.390 0.375 0.364 0.352

V4 0.528 0.524 0.336 0.393 0.306 0.409

V5 0.462 0.569 0.341 0.405 0.507 0.463

V6 0.397 0.488 0.394 0.447 0.476 0.526

V7 0.495 0.336 0.481 0.408 0.308 0.372

V8 0.450 0.546 0.380 0.361 0.334 0.381

V9 0.511 0.405 0.399 0.522 0.305 0.375

V10 0.424 0.417 0.306 0.418 0.366 0.424

V11 0.470 0.487 0.466 0.326 0.409 0.363

V12 0.477 0.498 0.529 0.367 0.347 0.370

V13 0.455 0.492 0.529 0.529 0.406 0.386

V14 0.500 0.554 0.538 0.308 0.378 0.419

V15 0.450 0.520 0.727 0.426 0.358 0.418
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208

Air velocity Partially perforated floor Test-I P = 300 Pa

Point May 3 May 4 MayS May 6 May 7 May 8 May 9 May 10 May 11

No.

v1 0.222 0.340 0.344 0.296 0.290 0.266 0.261 0.267 0.272

v2 1.186 1.048 1.033 1.002 0.985 0.988 0.961 0.924 0.929

v3 0.092 0.095 0.167 0.133 0.099 0.093 0.098 0.099 0.103

v4 0.377 0.467 0.290 0.308 0.318 0.262 0.260 0.274 0.299

v5 0.697 0.755 0.766 0.546 0.779 0.512 0.596 0.464 0.490

v6 0.355 0.419 0.278 0.307 0.237 0.220 0.211 0.167 0.169

v7 0.412 0.424 0.358 0.393 0.343 0.348 0.311 0.323 0.305

v8 0.320 0.529 0.416 0.395 0.327 0.362 0.460 0.488 0.431

v9 0.409 0.528 0.313 0.304 0.370 0.271 0.281 0.396 0.346

v10 0.359 0.492 0.370 0.437 0.351 0.275 0.248 0.328 0.270

v 11 0.407 ·0.549 0.523 0.401 0.301 0.305 0.300 0.328 0.339

v12 0.403 0.526 0.359 0.529 0.515 0.529 0.529 0.529 0.529

v13 0.306 0.426 0.370 0.395 0.367 0.507 0.412 0.418 0.353

v14 0.611 0.416 0.881 0.465 0.349 0.314 0.456 0.442 0.527

v15 0.438 0.466 0.491 0.442 0.456 0.293 0.355 0.373 0.430



Air velocity Partially perforated floor Test-2 P = 300 Pa

Point

No. Ma� 18 Ma� 19 Ma�20 Ma�21 Ma�22 Ma�23 Ma�24 Ma�25

v1 0.153 0.172 0.146 0.150 0.150 0.146 0.145 0.142

v2 0.774 0.884 0.722 0.694 0.668 0.664 0.678 0.672

v3 0.146 0.147 0.161 0.159 0.159 0.142 0.136 0.136

v4 0.318 0.323 0.302 0.260 0.302 0.306 0.297 0.287

v5 0.853 0.576 0.634 0.498 0.527 0.609 0.619 0.617

v6 0.243 0.207 0.232 0.306 0.257 0.204 0.181 0.189

v7 0.327 0.365 0.285 0.334 0.271 0.288 0.258 0.234

v8 0.337 0.500 0.457 0.4 78 0.486 0.519 0.468 0.428

v9 0.446 0.304 0.381 0.336 0.275 0.319 0.279 0.243

v10 0.422 0.369 0.309 0.365 0.297 0.363 0.361 0.412

v 11 0.462 0.505 0.325 0.258 0.312 0.338 0.390 0.423

v12 0.459 0.391 0.333 0.425 0.374 0.377 0.342 0.317

v13 0.363 0.458 0.484 0.403 0.467 0.327 0.276 0.269

v14 0.477 0.496 0.307 0.287 0.336 0.271 0.293 0.339

v15 0.341 0.394 0.272 0.340 0.344 0.280 0.324 0.266
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Air velocity Partially perforated floor Test-3 P = 300 Pa

Point

No. Ma�30 Ma� 31 June 1 June 2 June 3 June 4 June 5 June 6

v1 0.147 0.157 0.176 0.165 0.159 0.152 0.153 0.153

v2 0.912 0.884 0.865 0.779 0.746 0.780 0.820 0.873

v3 0.192 0.229 0.216 0.203 0.192 0.177 0.168 0.161

v4 0.394 0.240 0.308 0.347 0.316 0.226 0.238 0.297

v5 0.706 0.573 0.555 0.645 0.710 0.591 0.656 0.566

v6 0.247 0.372 0.297 0.196 0.235 0.258 0.208 0.226

v7 0.315 0.307 0.410 0.358 0.350 0.260 0.270 0.249

v8 0.553 0.406 0.280 0.293 0.396 0.396 0.382 0.261

v9 0.345 0.274 0.254 0.240 0.369 0.327 0.242 0.256

v10 0.454 0.372 0.338 0.278 0.349 0.279 0.330 0.371

v 11 0.538 0.355 0.324 0.388 0.314 0.349 0.345 0.228

v12 0.518 0.472 0.373 0.529 0.298 0.279 0.224 0.233

v13 0.529 0.464 0.490 0.424 0.468 0.452 0.334 0.336

v14 0.557 0.535 0.336 0.419 0.346 0.293 0.348 0.338

v15 0.381 0.467 0.468 0.443 0.373 0.348 0.260 0.307
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Air velocity Slanted perforated floor Test-l P = 300 Pa

Point No. Jul� 8 Jul� 9 Jul� 10 Jul� 11 Jul� 12 Jul� 13

V1 0.137 0.215 0.310 0.268 0.266 0.193

V2 0.132 0.194 0.213 0.250 0.208 0.200

V3 0.382 0.329 0.334 0.275 0.295 0.198

V4 0.322 0.489 0.516 0.527 0.529 0.418

V5 0.419 0.433 0.358 0.301 0.391 0.351

V6 0.528 0.496 0.460 0.349 0.415 0.352

V7 0.484 0.377 0.379 0.402 0.471 0.329

V8 0.891 0.671 0.619 0.541 0.614 0.649

V9 0.527 0.528 0.528 0.475 0.464 0.494

V10 0.597 0.479 0.667 0.388 0.666 0.450

V11 0.528 0.529 0.529 0.529 0.529 0.529

V12 0.570 0.674 0.650 0.563 0.615 0.680

V13 0.528 0.525 0.508 0.529 0.418 0.511

V14 0.493 0.529 0.446 0.481 0.496 0.529

V15 0.497 0.546 0.536 0.543 0.545 0.528

V16 0.034 0.529 0.515 0.512 0.529 0.086
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Air velocity Slanted perforated floor Test-2 P == 300 Pa

Point No. Jul� 16 Jul� 17 Jul� 18 Jul� 19 Jul� 20 Jul� 21

V1 0.122 0.177 0.213 0.237 0.231 0.205

V2 0.261 0.273 0.281 0.237 0.195 0.184

V3 0.291 0.424 0.259 0.255 0.282 0.348

V4 0.423 0.409 0.477 0.370 0.432 0.446

V5 0.393 0.447 0.315 0.368 0.424 0.344

V6 0.503 0.529 0.418 0.515 0.325 0.293

V7 0.449 0.419 0.524 0.433 0.383 0.474

V8 0.824 0.638 0.843 0.740 0.743 0.597

V9 0.524 0.528 0.528 0.506 0.464 0.487

V10 0.715 0.517 0.536 0.519 0.591 0.590

V11 0.351 0.520 0.529 0.529 0.529 0.529

V12 0.552 0.496 0.582 0.597 0.432 0.720

V13 0.528 0.529 0.529 0.529 0.529 0.497

V14 0.529 0.528 0.500 0.385 0.529 0.529

V15 0.488 0.734 0.576 0.427 0.428 0.368

V16 0.494 0.529 0.529 0.473 0.529 0.529
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Air velocity Slanted perforated floor Test-3 P = 300 Pa

Point No. Jul� 24 Jul� 25 Jul� 26 Jul� 27 Jul� 28 Jul� 29

V1 0.106 0.184 0.220 0.263 0.204 0.181

V2 0.149 0.251 0.218 0.169 0.166 0.162

V3 0.317 0.340 0.351 0.248 0.340 0.341

V4 0.322 0.372 0.350 0.484 0.444 0.330

V5 0.543 0.394 0.343 0.352 0.311 0.367

V6 0.344 0.425 0.395 0.416 0.348 0.345

V7 0.376 0.426 0.428 0.484 0.319 0.376

V8 0.547 0.544 0.683 0.781 0.731 0.642

V9 0.458 0.528 0.513 0.448 0.528 0.470

V10 0.834 0.644 0.691 0.557 0.547 0.501

V11 0.428 0.529 0.529 0.529 0.529 0.501

V12 0.711 0.505 0.522 0.562 0.557 0.524

V13 0.503 0.529 0.517 0.412 0.412 0.460

V14 0.465 0.427 0.506 0.516 0.460 0.448

V15 0.510 0.645 0.393 0.391 0.520 0.479

V16 0.529 0.529 0.529 0.529 0.529 0.529
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