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Abstract

Bunker storage is an inexpensive, and thus popular, method for medium- and long-

term storage of wheat. To control insect infestations in bunker storages, phosphine (PH3)

fumigant is commonly used, especially in Australia, due to its relatively low price and the

near absence of residual chemicals on the grain. Understanding the behavior of phosphine

gas inside bunkers is crucial to maintaining a lethal dosage and protecting stored grain from

subsequent insect damage.

Gases in bunkers experience pressure drop and a change in velocity due to the presence

of wheat. In Computational Fluid Dynamics (CFD) simulations, wheat kernels are not mod-

eled explicitly in the geometry, rather their effect in terms of pressure loss is considered in the

governing equations. This study reviews the wheat resistance to gas flow and its characteris-

tics. Physical properties of the isotropic and anisotropic resistances were discussed. Proper

coefficients that reasonably describe the presence of wheat in CFD models were chosen. This

is important to understand the fumigant distribution in a grain storage facility. To test the

implementation of these coefficients in CFD simulations, a CFD model was built and the

results agreed well with the published empirical correlations. Detailed explanations on the

governing equations used in all the simulations were also discussed. A new technique in ob-

taining the resistance coefficients without the need for any experimental work was proposed

and verified against published experimental data.

Phosphine is available either in gas form or is produced from a solid material, as pellets or

tablets of aluminum or magnesium phosphide, that react with moisture in the air. The solid

form is the most commonly used; however, limited information is available on the rate of

phosphine gas generated from the solid material. In this study, a mathematical equation was

formulated, based on previous studies in the literature, to describe the gas generation rate.

This equation was incorporated into a CFD model. The computational model developed



here allows prediction of the phosphine concentration within a fumigated grain bulk. The

PH3 sorption was included in the model. The effect of temperature on the sorption rate

was investigated based on published data, and the rate change due to temperature was

characterized. To validate the model, the gas generated by a single pellet was measured

in laboratory experiments in a 0:208 m3 sealed barrel. The measurements confirmed the

CFD results with an error of 0.3%, 0.9%, and 7.2% for three different configurations. The

deviations seen between the experimental replicates increased the error and showed the need

for further investigation of the effects of temperature, grain age and history, leakage, and

other factors.

For fumigation to be effective, a lethal concentration of PH3 for a minimum time period

at an optimal temperature throughout the bunker must be ensured. Because bunkers are

exposed to ambient conditions, temperature gradients are created throughout the bunker,

resulting in natural convection currents that move PH3 from areas around the fumigation

points to the entire bunker. CFD simulations were used to investigate the effect of natural

convection on fumigation in bunkers. The model was validated against published bench-

marks and a field experiment with a full-scale bin with sorption and leakage. The effects

of PH3 release point locations, bunker shape, bunker orientation, leakage, sorption, ambient

temperature fluctuation, and PH3 motion in three dimensions were studied. Results showed

that diffusion and natural convection solely are insufficient in spreading out PH3 within

bunkers.

In addition to diffusion and convection currents, the internal flows driven by the move-

ments of the covering tarpaulin due to the external flow over the bunker, distribute the PH3

gas. This study also aims to describe the effect of tarpaulin movement on the PH3 behav-

ior inside bunkers. The motion mechanism of the tarpaulin was investigated using Fluid-

Structure Interaction (FSI) simulations under different wind conditions. The FSI study was

validated against published benchmarks. The dominant motion of the tarpaulin was then

simplified and built in a CFD model with non-linear moving boundaries to study its effect on

the PH3 distribution. Results were concluded using a Deep Neural Network (DNN) model.

Results showed that tarpaulin motion, as a free source, can immensely improve the fumiga-



tion effectiveness, if controlled properly. A small change in the motion parameters resulted

in a very different PH3 distribution and a different enhancement rate. The challenges on

unifying a certain motion with certain parameters on the currently built bunkers such as the

smoothness of the grain surface, the looseness and tightness of the tarpaulin with the side

walls of the bunker, etc. were discussed. Highlights on the importance of building a more

controlled and semi-sealed tarpaulin mechanism were pointed out.
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Abstract

Bunker storage is an inexpensive, and thus popular, method for medium- and long-

term storage of wheat. To control insect infestations in bunker storages, phosphine (PH3)

fumigant is commonly used, especially in Australia, due to its relatively low price and the

near absence of residual chemicals on the grain. Understanding the behavior of phosphine

gas inside bunkers is crucial to maintaining a lethal dosage and protecting stored grain from

subsequent insect damage.

Gases in bunkers experience pressure drop and a change in velocity due to the presence

of wheat. In Computational Fluid Dynamics (CFD) simulations, wheat kernels are not mod-

eled explicitly in the geometry, rather their effect in terms of pressure loss is considered in the

governing equations. This study reviews the wheat resistance to gas flow and its characteris-

tics. Physical properties of the isotropic and anisotropic resistances were discussed. Proper

coefficients that reasonably describe the presence of wheat in CFD models were chosen. This

is important to understand the fumigant distribution in a grain storage facility. To test the

implementation of these coefficients in CFD simulations, a CFD model was built and the

results agreed well with the published empirical correlations. Detailed explanations on the

governing equations used in all the simulations were also discussed. A new technique in ob-

taining the resistance coefficients without the need for any experimental work was proposed

and verified against published experimental data.

Phosphine is available either in gas form or is produced from a solid material, as pellets or

tablets of aluminum or magnesium phosphide, that react with moisture in the air. The solid

form is the most commonly used; however, limited information is available on the rate of

phosphine gas generated from the solid material. In this study, a mathematical equation was

formulated, based on previous studies in the literature, to describe the gas generation rate.

This equation was incorporated into a CFD model. The computational model developed



here allows prediction of the phosphine concentration within a fumigated grain bulk. The

PH3 sorption was included in the model. The effect of temperature on the sorption rate

was investigated based on published data, and the rate change due to temperature was

characterized. To validate the model, the gas generated by a single pellet was measured

in laboratory experiments in a 0:208 m3 sealed barrel. The measurements confirmed the

CFD results with an error of 0.3%, 0.9%, and 7.2% for three different configurations. The

deviations seen between the experimental replicates increased the error and showed the need

for further investigation of the effects of temperature, grain age and history, leakage, and

other factors.

For fumigation to be effective, a lethal concentration of PH3 for a minimum time period

at an optimal temperature throughout the bunker must be ensured. Because bunkers are

exposed to ambient conditions, temperature gradients are created throughout the bunker,

resulting in natural convection currents that move PH3 from areas around the fumigation

points to the entire bunker. CFD simulations were used to investigate the effect of natural

convection on fumigation in bunkers. The model was validated against published bench-

marks and a field experiment with a full-scale bin with sorption and leakage. The effects

of PH3 release point locations, bunker shape, bunker orientation, leakage, sorption, ambient

temperature fluctuation, and PH3 motion in three dimensions were studied. Results showed

that diffusion and natural convection solely are insufficient in spreading out PH3 within

bunkers.

In addition to diffusion and convection currents, the internal flows driven by the move-

ments of the covering tarpaulin due to the external flow over the bunker, distribute the PH3

gas. This study also aims to describe the effect of tarpaulin movement on the PH3 behav-

ior inside bunkers. The motion mechanism of the tarpaulin was investigated using Fluid-

Structure Interaction (FSI) simulations under different wind conditions. The FSI study was

validated against published benchmarks. The dominant motion of the tarpaulin was then

simplified and built in a CFD model with non-linear moving boundaries to study its effect on

the PH3 distribution. Results were concluded using a Deep Neural Network (DNN) model.

Results showed that tarpaulin motion, as a free source, can immensely improve the fumiga-



tion effectiveness, if controlled properly. A small change in the motion parameters resulted

in a very different PH3 distribution and a different enhancement rate. The challenges on

unifying a certain motion with certain parameters on the currently built bunkers such as the

smoothness of the grain surface, the looseness and tightness of the tarpaulin with the side

walls of the bunker, etc. were discussed. Highlights on the importance of building a more

controlled and semi-sealed tarpaulin mechanism were pointed out.
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Chapter 1

Introduction

Wheat or other grain bulks, in general, construct a porous structure with interconnected

pores (Bakker-Arkema et al., 1969). Gas 
ow exhibits pressure loss and an increase in velocity

through the void paths. A relationship between the velocity and the pressure loss caused

by the porous medium is needed to describe the 
ow. In Computational Fluid Dynamics

(CFD), a grain bulk is modeled as a porous medium (Casada and Young, 1994a,b; Isa

et al., 2016; Nguyen, 1985; Thorpe, 2008). Chapter 2 discusses the available theoretical and

empirical correlations, in literature, between the pressure gradient and velocity. Chapter 2

also extracts coe�cients that can reasonably mimic the presence of wheat in a CFD model.

A new technique that estimates the resistance coe�cients of wheat to gas 
ow without

experimental work was introduced. The governing equations used in the CFD models of this

study were also discussed.

Fumigation is a process used to chemically kill harmful insects in a grain storage facility.

To be e�ective, the chemical, or fumigant, must �ll the entire volume of the facility with a

lethal dosage. Phosphine gas (PH3) is widely used as a fumigant for grain protection against

all life stages of insects (Chaudhry, 2000) due to its relatively low price and minimal residue

left on the grain (Hackenberg, 1972). Phosphine gas is available in either gas (Cavasin et al.,

2006) or solid formulations (Proudfoot, 2009). The solid formulation produces phosphine gas

when the material comes into contact with the moisture in the air and is available in three
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forms; aluminum, magnesium, and zinc phosphides (Waterford et al., 1994). Aluminum

phosphide (AlP) is the most commonly used solid formulation for producing PH3 due to its

e�ectiveness (Hackenberg, 1972). The AlP decomposition rate is not constant with time and

depends on temperature and relative humidity (Tan, 1994).

A PH3 dosage of 200 to 300 parts per million by volume (ppmv) for an exposure period

of 5 to 7 days (Wrigley et al., 2015) is a recommended treatment target for killing insects

in grain facilities. The fumigation process will be less e�ective or may even fail to control

insects signi�cantly if a proper dosage is not achieved throughout the grain facility. The

PH3 concentration varies within a treated grain facility, more so for larger facilities, which

means that some locations may have a lethal concentration while other locations do not. To

track the desired PH3 concentration in the entire grain facility volume, an adequate number

of sensors should be installed at di�erent locations, which is costly.

CFD, which involves solving the governing equations of 
uid 
ow, coupled with adequate

validation with either or both of the published benchmarks and experimental data, can be

used to understand the behavior of PH3 in an enclosed area based on prede�ned boundary

conditions. For the gas form of PH3, which is applied using compressed gas cylinders,

implementing the boundary conditions is a relatively simple process because the controlled

gas release rate is known. For solid formulations, such as AlP tablets or pellets, the variable

evolution rate of PH3 must be known for accurate results.

Few studies have examined modeling the evolution of PH3 from AlP tablets. Annis and

Banks (1993) used a simpli�ed model. Isa et al. (2016) developed a mathematical formula that

accounts for the evolution rate of the PH3 based on experimental data from Tan (1994). Tan's

experiment was conducted with an assembled apparatus to pass controlled air with a constant

temperature (± 0:5XC) and constant humidity (± 5%) into a chamber containing ten AlP

tablets. The tablets started to decompose when exposed to the air. The evolved PH3

was then collected with an automatic gas sampler, and the concentration was determined

using colorimetric analysis. However, the formula developed by Isa et al. is valid only at a

temperature of 25XC and a �xed relative humidity that is not mentioned explicitly in their

work. In Chapter 3, a mathematical relationship on the releasing rate from AlP formulation
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as a function of both temperature and relative humidity was developed based on published

experimental data of Tan (1994).

Grain bunkers are large grain piles, usually constrained by a retaining wall at the base,

and covered with a tarpaulin. Bunker fumigation methods use di�usion and various con-

vection currents, including the internal 
ows driven by movement of the covering tarpaulin

due to external 
ow over the bunker, to distribute the gas. When those processes do not

transport gas to every point in the treated space, the resulting low dosage causes failure of

the treatment and survival of some targeted insects. The survival of insects potentially se-

lects for resistance to phosphine, a growing problem that could render phosphine ine�ective

for stored product insect control (e.g., A�ul et al., 2018; Collins et al., 2001). Experiments

fail to provide detailed information on the motion mechanisms of fumigant PH3 inside grain

bunkers. CFD simulations, on the other hand, can reasonably predict the PH3 behavior

a�ected by surrounding variables such as di�erent weather conditions, leakage, or sorption

by grain.

The bunkers are exposed to the weather, and the 
uid occupying the void volume of this

constructed porous medium is highly a�ected by convection currents. Natural convection

occurs because of the density gradient caused by temperature variations inside bunkers. The

density of PH3 is very close to the density of air (speci�c gravity = 1.15), i.e., PH3 is carried

by the air and follows the motion patterns of the air. A su�cient concentration of PH3 must

be achieved for su�cient time to kill insects in grain. Although 
uid velocity induced by

natural convection is very low, it helps move PH3 from high concentration areas to low or

zero concentration areas. Natural convection in enclosures �lled with the porous medium, in

general, have been established and well de�ned (Baytas and Pop, 1999; Bejan, 1979; Gross

et al., 1986; Lauriat and Prasad, 1989).

CFD was used to study both heat and mass transfer in grain beds and results obtained

were well validated (Casada and Young, 1994a,b; Nguyen, 1987; Singh and Thorpe, 1993).

Nguyen (1985) studied the fumigant motion induced by natural convection in 2D square-

shaped storage facilities and triangular-shaped bunkers. His results were physically reason-

able, but the model did not include the species (fumigant) equation nor the other factors that
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disturb the fumigant motion such as location(s) of fumigant release points, leakage of the

tarpaulin, or sorption by the commodity. Those factors are unavoidable and highly impact

the PH3 distribution in bunkers.

Other studies were done with focuses on PH3 transport in wheat (Agra�oti et al., 2020;

Isa et al., 2016). Agra�oti et al., used �eld experiments on a grain silo. In contrast, no

comparison to theoretical or experimental data were done to validate the work of Isa et al.

instead, two di�erent CFD software were used as a model accuracy test. In addition, Isa

et al.'s model was under the assumption of uniform and constant temperatures as their

computational domains were relatively small. Although Agra�oti et al. considered both

convection and solar radiation e�ects, that model did not consider the spatial variation

of those e�ects. In Chapter 4 CFD was used to examine di�erent physical con�gurations

and important factors for PH3 fumigation of bunkers. The CFD model was validated with

published benchmarks on natural convection in porous media and experimental data from a

full-scale grain bin subject to natural convection, leakage, and PH3 sorption into wheat.

PH3 moves slowly through the porous space in the grain mass due to di�usion and when

carried by natural convection air currents, and it leaves the pore space when absorbed by

the grain or when leaking from the storage container. An additional and unique free source

that may enhance the PH3 distribution, at a much faster rate than di�usion and natural

convection combined, is available for those grain storage facilities with plastic covers i.e.,

bunkers. When wind hits bunker surfaces, it causes the tarpaulin to billow which in turn

forces the PH3 to move from areas near the surface to other locations within the bunker.

Understanding the motion mechanism of PH3 caused by tarpaulin movements requires

obtaining information on these movements. Fluid-Structure Interaction (FSI) simulation, as

the name suggests, can describe the interaction of a solid structure (e.g., tarpaulin) and 
uid

(e.g., air + PH3) subject to di�erent wind conditions. The plastic cover of a bunker is a very

thin 
exible material. FSI technique was applied on a membrane and tent structures (e.g.,

Cuomo and Lanza, 2019; Gl•uck et al., 2001; Knight et al., 2010; W•uchner et al., 2007).

In grain storage, one attempt at the e�ect of tarpaulin billowing on the PH3 behavior

was given on Australian bunkers (He, 2016) with unrealistic assumptions and was di�cult
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to conclude. In this attempt, many external CFD analyses on di�erent bunker shapes and

con�guration were conducted with a few FSI simulations. In the FSI scenarios, highly

unrealistic thickness of the tarpaulin, solid-to-
uid density ratio, bunker dimensions, and

material properties were adopted. While turbulent 
ow was assumed for the external 
ow

study, laminar 
ow was the input for the FSI cases. As a result of these choices, it was

concluded that the deformation of the tarpaulin occurred only in one direction with no

oscillation. Finally, an internal 
ow CFD model was built for the fumigant behavior with

unrealistic boundary conditions e.g., oscillating inlet pressure on the entire surface of the

bunker with PH3 as the outside surrounding 
uid and unjusti�ed pressure amplitude (He,

2016). Thus, no study whatsoever has reasonably described the e�ect of tarpaulin billowing

on PH3 and its contribution to the fumigant distribution.

In Chapter 5, FSI simulations were used to describe the tarpaulin movements under dif-

ferent wind conditions. The FSI model was validated against published benchmarks (Gl•uck

et al., 2001; Turek and Hron, 2006). This motion was then simpli�ed and de�ned mathemat-

ically. The mathematical equation was used as a non-linear boundary condition in a CFD

model to capture the response of PH3 to di�erent motion parameters. Results from the CFD

were used as an input to a deep learning neural network (DNN) to predict and correlate the

fumigation e�ectiveness to the motion parameters without further CFD modeling.

The main objectives of this study were to: (1) Develop and evaluate CFD models to

predict phosphine gas transfer in grain storage bunkers and (2) Deliver recommendations for

best management practices for phosphine fumigation in bunkers to minimize the phosphine

loss and reduce insect resistance to phosphine. This dissertation includes contents of self-

publication: published 1 (Chapter 3; ASABE has granted permission to include this item.),

submitted for publication 2 (Chapter 4), and in preparation 3 (Chapter 5).

1Elsayed, Sherif, Casada, Mark E., Maghirang, Ronaldo G., & Wei, Mingjun. (2021). Evolution of
phosphine from aluminum phosphide pellets. Transactions of the ASABE, 64(2):615{624.

2Elsayed, Sherif, Casada, Mark E., Maghirang, Ronaldo G., Wei, Mingjun, & Maier, Dirk E. (2022).
Numerical simulation of phosphine movement in bulk-stored grain. Manuscript submitted for publication.

3Elsayed, Sherif, Casada, Mark E., Maghirang, Ronaldo G., Wei, Mingjun, & Maier, Dirk E. (2022).
E�ect of tarpaulin billowing on phosphine movement in bunkers { numerical simulations. Manuscript in
preparation.
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Chapter 2

Numerical Description

2.1 Objective

This chapter (1) Discusses the published theoretical and empirical correlations between the

pressure gradient and velocity induced by the presence of wheat as a porous medium, (2)

Chooses the reasonable resistance coe�cients of wheat to gas 
ow and tests them numer-

ically, (3) Provides the full set of customized governing equations used for the simulations

in Chapters 3, 4, and 5, and (4) Introduces a new technique using CFD that can replace

experimental work for estimating the resistance coe�cients.

2.2 Wheat resistance to gas 
ow - a literature review

Wheat or grain bulks, in general, construct a porous structure with interconnected pores.

Fluid 
ow exhibits pressure loss and an increase in velocity through the void paths. A

relationship between the velocity and the pressure loss caused by the porous medium is

needed to describe the 
ow. In CFD, a grain bulk is modeled as a porous medium. This

section aims to �nd the appropriate coe�cients that describe the resistance of wheat bulks

to gas 
ow. This is important to understand the fumigant distribution in a grain storage

facility.
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For a steady state, incompressible 
uid, and constant porosity, the conservation of mass

still holds true and can be described as

© � Ñv � 0 (2.1)

wherev is the super�cial velocity which is the velocity the 
uid would have in the absence of

the porous medium. It has many di�erent names: Darcy velocity, average velocity, super�cial

velocity, �ltration velocity, and seepage velocity (Nield and Bejan, 2017), face velocity (Hood

and Thorpe, 1992), or empty-tower velocity (McCabe et al., 1993). It is the mean velocity

{ 
ow rate divided by the cross-sectional area,
1

Ac
U v dAc. The physical, the true, or the

interstitial velocity, is the 
uid velocity around the grain kernels. Both velocities are related

as vsuperf icial � " vphysical , in which " is the porosity or the void fraction.

The relationship between the drop in pressure and velocity has been investigated for

decades, either experimentally or semi-theoretical. Shedd (1953), experimentally studied the

pressure drop in grain beds. He �tted the obtained results of di�erent grains to an equation

of this form
©p
L

� � ao vbo (2.2)

where,©p is the pressure drop (Pa),L is the thickness of the grain bulk, andao and bo are

empirical constants that depend on the grain type. Hukill and Ives (1955) came up with

another correlation as
©p
L

�
a1 v2

lnˆ1 � b1 v•
(2.3)

In Eq. 2.3, a1 and b1 are also empirical constants that vary with the type of grain. These

two equations, Eqs. 2.2 and 2.3, have been widely used to estimate the pressure drop across

a bulk of grain. While Hukill and Ives's equation has the nonlinear term of velocity which

makes it more accurate, Shedd's equation may give better results. For instance, Kumar and

Muir (1986) found that Shedd's equation, Eq. 2.2, was best �t to his data with less error

than Hukill and Ives's equation, Eq. 2.3. Attempts were made to generalize both Eq. 2.2 and

Eq. 2.3 (e.g., Jayas and Sokhansanj, 1989). In CFD modeling, these equations have some
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drawbacks, for example, they do not provide any information on the 
uid or the porous

medium properties (Hood and Thorpe, 1992; Li and Sokhansanj, 1994) and the velocity

in Eq. 2.3 is di�cult to be de�ned explicitly in terms of the pressure drop which make it

complicated to implement mathematically (Hood and Thorpe, 1992).

Darcy (1856) through his experiments on a steady state 
ow, unidirectional, and uniform

porous medium, found out that the velocity is linearly related to the gradient of the pressure.

The coe�cient of the proportionality carries out information from both the 
uid through

the dynamic viscosity,� (kg m� 1 s� 1), and the porous medium through the permeability,K

(m2). The permeability describes the ease of a 
uid to 
ow through a porous medium. In a

generalized vector form Darcy's equation can be expressed as

©p � �
�
K

Ñv � � R Ñv (2.4)

where ©p is the pressure gradient (Pa m� 1) and R �
�
K

(Pa m� 2 s� 1) is the resistance to


uid 
ow. The negative sign describes that the pressure decreases in the direction of the


ow. Darcy's equation, Eq. 2.4, has been utilized successfully in the momentum equation

to describe the heat and mass transfer in a grain bulk (Casada and Young, 1994b; Nguyen,

1987). It is valid if the particle Reynolds number,Rep �
� SÑvSdp

ˆ1 � "•�
, in which � (kg m� 3) is the


uid density and dP (m) is the particle diameter, is less than unity (Nield and Bejan, 2017).

It may even be valid for Rep @10 (Prasad and Kladias, 1991). In other words, it is valid

when the relationship between the pressure gradient and velocity is linear where the viscous

forces are dominant. AtRep A1, inertial forces may grow near the boundary of the pores.

2.2.1 Ergun Equation

Forchheimer (1901) developed a formula that considers both the viscous and inertial e�ects

and can be expressed in a generalized vector form as

©p � � ˆR Ñv � S SÑvSÑv• (2.5)
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Eq. 2.5 was the basis for Ergun's (1952) equation which is widely used in many �elds. This

equation considers the e�ect of both viscous and inertial forces caused by the porous medium.

It does not, however, consider the no-slip conditions at the boundaries i.e., the boundary

e�ects are ignored. To account for the viscous e�ects at the walls, the Brinkman term was

added initially to Darcy's equation (Nield and Bejan, 2017). It is a second order partial

di�erential term, � ©2Ñv. The transient, body force, or external source terms could be easily

added to construct a full momentum equation. The argument is on the contribution of

adding a convective term,̂ Ñv � ©•Ñv (Lage, 1992).

Ergun's equation which expanded the viscous resistance coe�cient,R (Pa m� 2 s� 1), and

the inertial resistance coe�cient, S (Pa s2 m� 3), is

©p � � Œ150
ˆ1 � "•2

"3 d2
p

� Ñv � 1:75
ˆ1 � "•
"3 dp

� SÑvSÑv‘ (2.6)

Ergun's equation is very sensitive to the value of the porosity (") (McCabe et al., 1993)

as a small change in this value may result in a signi�cant change in the pressure gradient.

Comparing Eq. 2.4 (Darcy) and Eq. 2.6 (Ergun), the permeability can be calculated as

K �
"3 d2

p

150̂ 1 � "•2
(2.7)

In some references (e.g., Thorpe, 2002), the 150 in Eq. 2.7 is replaced by 180 and it was

shown to be a reasonable representation for the permeability of wheat. The 180 is coming

from Carman and Kozeny's correlation (Carman, 1937; Kozeny, 1927). Ergun's equation

with modi�ed constants can describe applications involving grains (Bakker-Arkema et al.,

1969; Giner and Denisienia, 1996; Kay et al., 1989; Li and Sokhansanj, 1994; Molenda et al.,

2005a; Patterson et al., 1971; Yang and Williams, 1990).

Bakker-Arkema et al. (1969), for example, on his study on cherry pits found that multi-

plying Ergun's equation, Eq. 2.6, by a single constant, can describe the pressure drop caused

by that grain. Yang and Williams (1990) on sorghum, found that the weight for each term

in Ergun's equation, laminar and turbulent, is di�erent so, two di�erent constants for each
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term are needed to describe the pressure drop. Li and Sokhansanj (1994) came to the same

conclusion of Yang and Williams using a di�erent approach. Molenda et al. (2005a) followed

Li and Sokhansanj's method by utilizing Ergun's equation to �t his experimental data of

di�erent types of grains. Rearranging the equation in Molenda et al.'s work to match with

Ergun's, it takes the form

©p � � Œa2
ˆ1 � "•2

"3 d2
p

� Ñv � b2
ˆ1 � "•
"3 dp

� SÑvSÑv‘ (2.8)

where a2 and b2 are 397 and 3.256, respectively, for white wheat or 247.8 and 4.352 for

red wheat instead of 150 and 1.75 in Eq. 2.6. Li and Sokhansanj, whose approach was

followed by Molenda et al., found higher values of 475.2 and 4.594, respectively, for wheat.

The pressure drop results from Li and Sokhansanj match with the results of Hood and

Thorpe (1992). Yang and Williams on their study on grain sorghum found values of 358.35

and 2.82 fora2 and b2, respectively. However, it might not be accurate comparing those

values to the original constants of Ergun. If one is to drive Ergun's 1952 equation, at some

point it includes the tortuosity factor and sphericity. Substituting these values of wheat, for

example, the resulted constants would be very comparable to values found empirically by

either Molenda et al. (2005a) or Li and Sokhansanj (1994). Ergun's equation in terms of the

tortuosity factor and sphericity might be expressed as (McCabe et al., 1993, pp.153{154)

©p � � Œ72
�
� 2

ˆ1 � "•2

"3 d2
p

� Ñv � 1:75
1
�

ˆ1 � "•
"3 dp

� SÑvSÑv‘ (2.9)

where � is the tortuosity factor and � is the sphericity. In Ergun's equation, Eq. 2.6, these

values are 2.1 and 1 (spheres), respectively. For wheat,� � 2:4 (Neethirajan et al., 2008)

and � � 0:6 (Kheiralipour et al., 2008). That gives the constantsa2 and b2 of 480 and 2.9,

respectively. Figure 2.1 compares between the results of Eq. 2.9 to published experimental

work (Hood and Thorpe, 1992; Li and Sokhansanj, 1994; Molenda et al., 2005a). As seen,

Eq. 2.9 can describe the pressure loss across bulks of grain when included both� and � .
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Figure 2.1: Pressure drop per unit length (Pa m� 1) vs air velocity (m s� 1); a comparison
between Eq. 2.9 ( ) and published data of Hood and Thorpe (1992) ( ), Molenda et al.
(2005a) ( ), and Li and Sokhansanj (1994) ( ).

Comparing the results of Molenda et al. (2005a), in Eq. 2.8, for white wheat with" � 0:4

and dp � 0:0037m (Funnel �lling method and 12.7% moisture content) to the data of Shedd

(1953) and Hukill and Ives (1955), both were reported in Hunter (1983), they are almost

identical. Figure 2.2 shows this comparison in addition to results from Ergun's equation,

without any modi�cations and with the same " and dp. This shows the applicability of both

formulas of Shedd and Hukill and Ives.

Figure 2.2: Pressure drop per unit length (Pa m� 1) vs air velocity (m s� 1) at 12.7% moisture
content with funnel �lling method (Molenda et al., 2005a) ( ) in comparison with results
of Shedd (1953) ( ), Ergun (1952) ( ), and Hukill and Ives (1955) ( ).
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2.2.2 Factors a�ecting the resistance to air
ow

There are many factors that a�ect the resistance to 
uid 
ow in a grain bulk which in turn

a�ects the resulted pressure drop. These factors could be listed as: the �lling method, bulk

density, porosity, tortuosity, moisture content, depth of the grain bulk, kernel orientation,

size and shape of the kernel, surface roughness of the grain kernel, size and distribution

of the foreign material, direction of the 
ow, velocity, and viscosity of 
uid. In modelling

applications that involves grain bulk, the variation in the 
uid properties on the pressure

drop could be ignored. As a result, the variability of the 
uid parameters could be excluded,

as the contribution of their change to the pressure drop is insigni�cant.

The contribution of most of those factors end up as a change in one parameter which

is the porosity. In turn, it a�ects the pressure drop across the grain bulk. This is clear

from Ergun's (1952), Eq. 2.6. In this equation, the media properties are the equivalent

particle diameter and porosity. The pressure drop is more sensitive to the porosity than the

particle diameter. Analyzing Ergun's equation, a 10% change in the particle diameter results

in a pressure drop that is equivalent to a 4% change in the porosity at the initial particle

diameter. Nevertheless, a change in the volume equivalent particle diameter a�ects the

porosity itself, as well. The contribution of those factors on the porosity and the pressure

losses, as a result, vary. Results from di�erent publications might be di�erent slightly or

vastly because it is impossible to reproduce an experiment that involves a bulk of grain with

all those factors and get the exact same results; unless all parameters can be controlled and

the focus is on a single parameter at a time, which might not be practical.

2.2.2.1 Moisture content

When moisture content increases, bulk density decreases, and porosity increases. This results

in a decrease in the air
ow resistance. In wheat with moisture contents ranging between

10.2% and 15%, no signi�cant change was observed on the pressure drop (Molenda et al.,

2005b). The same author, Molenda et al. (2005a), observed up to a 43% increase in the

pressure drop (at 0:2 m s� 1 velocity) when increasing the moisture content from 10.5% to
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12.7%. A change in the resistance of less than 20% for a moisture content ranging between

10.5% to 14.6% was observed by Montross and McNeill (2005). Haque et al. (1982) �tted

his experimental data of corn, sorghum, and wheat, and came up with a correlation for the

pressure drop and moisture content, rearranging his equation and putting it in a vector form

so, it is suitable for modelling, it can be expressed as

©p � � �ˆ a3 � c M • Ñv � b3 SÑvSÑv� (2.10)

where a3; b3; and c are grain constants, andM is the moisture content (%wb). So, the

resistance isR � a3 � cM . For wheat, a3 � 5573:9; b3 � 9634:6; and c � 200:3. It is noticed

that the coe�cient of the linear term at 12.7% moisture content isR � 3030 Pa s m� 2, which is

very close to resistance from Molenda et al. (2005a) of white wheat and at the same moisture

content, R � 3016 Pa s m� 2. Applying this correlation on wheat, an increase in the moisture

content from 10.5% to 12.7% results in an 8% decrease in the pressure drop at 0:2 m s� 1.

This is not far from Giner and Denisienia (1996) who concluded that an increase of moisture

content of wheat ranging from 12.8% to 22.3% resulted in a decrease in the pressure drop

by 12% to 22%.

2.2.2.2 Filling method

Filling method by far has the most signi�cant e�ect on the pressure drop in a �xed bed of

grain (Chang et al., 1983; Jayas et al., 1987; Kumar and Muir, 1986; Molenda et al., 2005a;

Stephens and Foster, 1978). The two common �lling methods are the funnel (spout) and the

sprinkle (grain spreader). The funnel method provides low bulk density while the sprinkle

method provides high bulk density. High bulk density decreases the bulk porosity, hence

higher air
ow resistance.

Wheat with the spreader �lling method results in an increase in the resistance by 25%

to 75% more than the spout method (Kumar and Muir, 1986), depending on the air
ow

direction. This percentage can go to a 100% increase in the pressure drop (Chang et al.,

1983; Molenda et al., 2005a; Stephens and Foster, 1978). Jayas et al. (1987) studied the
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e�ect of the �lling method on rapeseed also concluded that air
ow resistance is doubled

when using a sprinkle �ll. Montross and McNeill (2005), reported a 25% increase but their

study was at low air
ow velocities, so this percentage is expected to be higher at higher air

velocities. While the kernel orientation is a�ected by the �lling method, it did not show any

signi�cance on the pressure drop according to Molenda et al. (2005a) but it shows up to 60%

based on work done by Kumar and Muir (1986).

2.2.2.3 Foreign material

Another important factor on the air
ow resistance is the presence of a foreign material

(Stephens and Foster, 1978). A 10% to 20% increase in the pressure drop due to dockage

was observed by Kumar and Muir (1986). This percentage can vary based on the amount of

material. This material can �ll in between the grain kernel and change the bulk porosity. This

change in bulk density causes the resistance to be position dependent. The distribution of the

�ne content was found to be the same in bins regardless of the �lling method (Chang et al.,

1983) { the porosity has a low value in the center of the storage facility and increases gradually

towards the walls. This was supported by Lawrence and Maier (2011) by implementing a

linear variation of porosity along the horizontal axes (small porosity in the middle that

increase linearly to the wall) in CFD simulations. Haque (2011) studied analytically the

vertical variation of porosity. He concluded that the porosity has higher value at the top

and lower value at the bottom. Those spatial dependencies, either horizontally, vertically,

or both, cause the air
ow resistance to vary with position (inhomogeneous porous medium).

2.2.2.4 Direction of the 
ow

When the resistance to air
ow depends on the direction that means it is anisotropic, other-

wise it is isotropic. If this resistance is a spatial dependent that means it is heterogenous (in-

homogeneous), otherwise it is homogenous. So, the resistance to air
ow could be anisotropic

and homogenous, anisotropic and heterogenous, isotropic and homogenous, or isotropic and

heterogenous. Individual grain will naturally align horizontally on their longer side due to
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gravity (Hood and Thorpe, 1992). So, the resistance to air
ow will behave di�erently based

on the air
ow direction. In the case of anisotropic, the resistance to air
ow is a second-rank

tensor, � 3 � 3� matrix.

Resistance to air
ow in the bulk of grain used to be assumed isotropic (Hood and Thorpe,

1992). The isotropic assumption is not necessarily wrong because it depends on the type of

the grain, its shape, and the geometry of the storage facility. A few publications have studied

the e�ect of air
ow direction on the resistance. It was pointed out that the resistance to air-


ow from the vertical direction is di�erent from the one in the horizontal direction (ASABE

Standards, 2016; Hood and Thorpe, 1992; Jayas and Muir, 1991; Kay et al., 1989; Khatcha-

tourian et al., 2009; Kumar and Muir, 1986;  Lukaszuk et al., 2008; Neethirajan et al., 2006).

In this case the resistance is orthotropic. Applying this to Darcy's equation, Eq. 2.4, in a

matrix form

’
––––––
”

u

v

w

“
——————
•

� �
1
�

’
––––––
”

K xx 0 0

0 K yy 0

0 0 K zz

“
——————
•

’
––––––
”

@p
@x

@p
@y

@p
@z

“
——————
•

(2.11)

whereu; v; w are the velocity components inx; y; z, respectively. Since the permeability

does not change between the two axial directions,x and y, i.e., K xx � K yy , the resistance is

said to be transversely orthotropic (Hood and Thorpe, 1992).

For wheat, the resistance to vertical air
ow is 20% { 60% higher than the horizontal

resistance while it is 65% { 115% for barley according to Kumar and Muir (1986). The

vertical resistance is 72% { 122% greater than the one in the horizontal direction for shelled

corn (Kay et al., 1989). Hood and Thorpe (1992) studied the anisotropic e�ect on ten di�erent

types of grain bulks. For wheat, the coe�cient of the viscous term,R in Eq. 2.5, in the

vertical direction is 11% greater than the one in the horizontal direction. While for the

coe�cient of the inertial term, S in Eq. 2.5, is 46% greater than the horizontal resistance.

For grain that is almost spherical, the resistance was almost isotropic. Neethirajan et al.

(2006) used X-ray images to capture the airpaths in each direction on six types of grains.
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For wheat, the air paths in the horizontal direction was found to be 100% more than air

paths in the vertical direction, which shows that the resistance in the vertical direction is

much higher than the horizontal resistance.  Lukaszuk et al. (2008) found that the resistance

is di�erent even between the two horizontal axes but still higher in the vertical direction:

Rzz � 1:3Rxx � 1:95Ryy . Khatchatourian et al. (2009) from his experimental and numerical

study, found that the anisotropy ratio, Œ
K xx

K yy
‘ , is related to the air
ow velocity. According

to ASABE Standards (2016), the resistance in the horizontal direction is 60% { 70% of

the one in the vertical direction. On the contrary, Montross and McNeill (2005) through

their experiments on wheat, did not observe any signi�cant variations in the resistance

between the two directions. It was concluded that the �lling ratio and kernel orientation

signi�cantly a�ect the variation between the horizontal and vertical resistance. Figure A.1

in Appendix A.1, shows an anisotropic resistance with inhomogeneous porosity that varies

linearly applied on a 2D bunker shape.

In this study, wheat is the primary grain with no variability in the moisture content. Hood

and Thorpe's (1992) resistance coe�cients as an anisotropic model were considered. Com-

paring Hood and Thorpe's coe�cients of vertical 
ow to the results of Molenda et al. (2005a),

Figure 2.3, of white wheat with" � 0:35 and " � 0:4, as the minimum and maximum mea-

sured values resulted from two di�erent �lling methods, anddp � 0:037m at 12.7% moisture

content. It is clear that Hood and Thorpe's coe�cients serves as a medium base between

the two extremes. For the 
ow in the horizontal direction, ASABE Standards (2016) rec-

ommends that the pressure drop in the horizontal direction be 60% { 70% of the one in the

vertical direction. This percentage is applied to both terms, viscous and inertial, equally.

While Hood and Thorpe's coe�cients has more physics into it by applying di�erent weights

to each term;RH � 0:9RV and SH � 0:68SV . The inertial term is satis�ed with the ASABE

Standards recommendation, while the viscous term of Hood and Thorpe provides more pres-

sure drop. Nonetheless, the assumption ofRH � 0:9RV is still of the range observed by (Kay

et al., 1989; Kumar and Muir, 1986), although it was on a di�erent grain. Hood and Thorpe's

coe�cients provide pressure drop higher than results of Shedd (1953) and, Hukill and Ives

(1955) but almost identical to results of Li and Sokhansanj (1994). The permeability of
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the bulk of wheat rangingK � 7:29� 10� 9m2 to 1:15� 10� 8m2 (Montross and McNeill, 2005)

compared toK � 5 � 10� 9m2 of Hood and Thorpe, which is slightly lower.

Figure 2.3: Pressure drop per unit length (Pa m� 1) vs air velocity (m s� 1) using resistances
coe�cients of Hood and Thorpe (1992) ( ) and at the minimum ( ) and maximum ( )
porosity using constants of Molenda et al. (2005a).

2.2.3 Implementation test

A 2D, steady-state 
ow, isothermal, and incompressible 
uid was implemented in a CFD

model. This was built to ensure the accuracy of utilizing an anisotropic resistance. The model

utilized Hood and Thorpe (1992) resistance coe�cients for wheat with a constant porosity

(" � 0:4). Properties of air were taken at 20XC. In this model, the air
ow is horizontal

and goes through a 0:5 m length non-porous region then a 0:25 m porous region followed by

1:0 m non-porous region. Seven di�erent super�cial velocities ranging from 0:025 m s� 1 to

0:2 m s� 1 were considered in this test case and the body force was assumed to be negligible.

No-slip condition at the top and bottom walls were de�ned with pressure outlet at the exit.

The domain size was chosen to prevent reverse 
ow. No grid re�nement test was performed

because the domain is relatively small and su�cient elements of structure cells were used.

The problem was solved using the super�cial velocity formulation in addition to the physical

velocity formulation.

In this model ANSYS Fluent 2021R1 was used for solving the governing equations. The

17



resistance coe�cients were added as a sink term in the momentum equations (x; y). The

continuity, x{momentum, and y{momentum can be expressed as

@u
@x

�
@v
@y

� 0 (2.12)
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whereu and v are the super�cial velocity (m s� 1) components inx and y directions, p is the

pressure (Pa),� is the air density (kg m� 3), � is the dynamic viscosity (kg m� 1 s� 1), Dxx �
Rxx

�
,

Dyy �
Ryy

�
, Cxx � 2

Sxx

�
, and Cyy � 2

Syy

�
. Rxx � 3369 Pa s m� 2, Ryy � 3740 Pa s m� 2, Sxx �

10 940 Pa s2 m� 3, and Syy � 15 940 Pa s2 m� 3 (Hood and Thorpe, 1992). More information on

the governing equations and their implementations are discussed in Section 2.3.

Figure 2.4 shows the contours of the super�cial velocity (a), the physical velocity (b),

and the pressure (c) at 0:05 m s� 1 inlet velocity. As seen, the super�cial velocity technique

does not consider the presences of the porous medium in the velocity whatsoever while the

true velocity does. However, it is a very accurate technique when the pressure drop caused

by a bulk of grain is of the interest. The super�cial formulation is the default method in

most commercial CFD codes. In Figure 2.4(d), a comparison between the CFD output

and results from Eq. 2.5 using Hood and Thorpe's coe�cients were made. Results from

the CFD matches exactly with the results from Eq. 2.5 which ensure the accuracy of the

implementation. The circled region, in red, shows no deviation between the results with

and without the inertial resistance. This con�rms that the use of Darcy's (1856) equation

(viscous resistance) is reasonable at low velocities. Appendix A.2 shows an additional test

using the same CFD model applied on corn.
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Figure 2.4: Contours of super�cial velocity (a), true velocity (b), and pressure (c) along with
a comparison (d) between the pressure drop per unit length (Pa m� 1) vs velocity (m s� 1) be-
tween the CFD results ( ), results of Eq. 2.5 ( ) with Hood and Thorpe (1992) coe�cients,
and Darcy's (1856) model ( ).

2.3 Governing equations

The main equations that govern the 
uid 
ow in all the models are the continuity, momentum,

species, and energy. The continuity equation takes the form

@̂"� g•
@t

� © � ˆ"� gÑv• � S (2.15)

In Equation 2.15, � g (kg m� 3) is the density of the gas mixture (air + PH3), " is the porosity,

and S1 is the source term (kg m� 3 s� 1). This source term was de�ned based on the nature of

the computational zone. Here a zone is either the entire computational domain or sub-domain

where speci�c governing equations are to be employed or customized. In any locations where

1Not to be confused with the inertial resistance coe�cient ( S) in Eq. 2.5.
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AlP tablets are placedS � SP H 3 and is de�ned as

SP H 3 � "
_m
V

(2.16)

where _m (kg s� 1) is the PH3 releasing rate ( _m is x in Eq. 3.4, discussed in Chapter 3).

The evolution rate of PH3 is temperature and relative humidity dependent, which was also

included in the simulations, so the response of the rate in each PH3 region depends on the

average temperature in that region. The area weighted average of temperature in each AlP

zone was calculated as
1
A U T dA. In any zone without AlP, SP H 3 was set to zero.

In zones where wheat is present, sorption occurs (Darby, 2008). The two coupled ordi-

nary di�erential equations of Darby (2008) were adopted. These equations are discussed in

Chapter 3. The e�ect of sorption was added as a source term. In this case,S � Ssorp and it

takes the form

a1"� gYP H 3 � air � a2"� gYP H 3 � kernel (2.17)

whereYP H 3 � air is the mass fraction of PH3 in air and YP H 3 � kernel is the mass fraction of PH3

in the wheat kernel. To calculate the mass fraction of PH3 in the wheat kernel, a user scalar

equation was written and linked to ANSYS Fluent and it takes the form

@̂� gY! •
@t

� a3"YP H 3 � air � a4"� gYP H 3 � kernel (2.18)

a1; a2; a3; and a4 are constants of Eq. 3.8 in Chapter 3.

In zones with no AlP tablets nor wheat i.e., headspace,SP H 3 � Ssorp � 0. The momentum

equation can be described as

@̂"� gÑv•
@t

� © � ˆ"� gÑvÑv• � � "©p � © � ˆ" � • � � gÑg � ÑSp � SÑv (2.19)

Eq. 2.19 without the last two terms is the standard momentum equation in vector form. The

additional two terms were added to capture other physics in the problem. The last term,

SÑv, is the 
uid velocity multiplied by SP H 3 in AlP tablet zones or Ssorp in a wheat zone.
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The change in pressure caused by the presence of wheat (Section 2.2) was added through

the term ÑSp and is de�ned as

ÑSp � Si � � "2 � D ij � gvj � "C ij
1
2

SÑvSvj � (2.20)

where vj is the velocity component (u � v1; v � v2; w � v3) in ( x; y; z), respectively.

The resistance that 
uid experiences within the porous medium was assumed to be or-

thotropic (Hood and Thorpe, 1992).D ij and Cij have values only ifi � j , (Dxx , Dyy , Dzz;

Cxx , Cyy , Czz), otherwise their values are zeros. The �rst term in Eq. 2.20 accounts for the

viscous resistance while, the second term accounts for the inertial resistance. Values ofD ij

and Cij were calculated from Hood and Thorpe's data as discussed in Section 2.2.

In the energy equation, the thermal inertia of the solid is included in the transient term

as

@
@t

�‰"� gcpg � ˆ1 � "•� scps ŽT� � © � ‰Ñv ‰� gcpg T � pŽŽ�

© � � ke©T � � gcpg T DP H 3 ;e©YP H 3 � � � Ñv� � ‰cpg TŽS
(2.21)

In Eq. 2.21, cpg and cps (J kg� 1 K � 1) are the speci�c heat at constant pressure of the gas

mixture and the solid (wheat), respectively,� s (kg m� 3) is the density of the solid,T (K),

is the temperature, � is the shear stress tensor,DP H 3 ;e (m2 s� 1) is the e�ective di�usion

coe�cient of PH 3 into air within the porous medium, andYP H 3 is the mass fraction of PH3.

The last term is an additional source term in whichS � SP H 3 in a region of AlP tablets or

S � Ssorp whenever wheat is present.

The density of the mixture was calculated as

� g �
patm � p

R
Mwg

T
(2.22)

where patm (Pa) is the atmospheric pressure (operating pressure),p (Pa) is the predicted

pressure,R (J kmol� 1 K � 1) is the universal gas constant, andMwg (kg kmol� 1) is the molec-
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ular weight of the gas mixture and it can be obtained from

Mwg � X P H 3 MwP H 3 � X air Mwair � Œ
YP H 3

MwP H 3

�
Yair

Mwair
‘

� 1

(2.23)

In Eq. 2.23,X P H 3 and X air are the mole fraction of the PH3 and air, respectively, and can be

obtained from the mass fraction asYi � X i
Mw i

Mwg
, with i is the PH3 or air. In all simulations,

the air was assumed to be a single component without dealing with its composition. So, only

two mass fractions needed to be solved, air and PH3. However, only one species equation,

for PH3, was solved as

@̂"� gYP H 3 •
@t

� © � ˆ"� gÑvYP H 3 • � © � ˆ � gDP H 3 ;e©YP H 3 • � S (2.24)

SinceYP H 3 � Yair must equal 1, the mass fraction of air was obtained. As before,S is de�ned

based on the type of the zone in which it was assigned to AlP tablets or wheat. For both

the thermal conductivity and the viscosity of the mixture, they were calculated based on the

kinetic theory as

kg or � g � Q
i

X i � i

P
j

X j ' ij
(2.25)

' ij �

<@@@@>
1� Œ

� i

� j
‘

0:5

‹
Mw j

Mw i
•

0:25=AAAA?

2

� 8Œ1�
Mw i

Mw j
‘	

0:5 (2.26)

and the speci�c heat, at constant pressure, was calculated from

cp � YP H 3 cpP H 3
� Yair cpair (2.27)
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2.3.1 E�ective di�usion coe�cient

Di�usion of PH 3 into air as a function of temperature can be estimated as a binary mixture

using Lennard-Jones parameters (for details, see Chapman and Cowling, 1990). As bulk

wheat constructs porous media, the di�usion coe�cient is restricted by the pore volume,

which varies along the di�usion path, as well as the tortuosity of the wheat bed. Therefore,

it needs to be adjusted. The e�ective di�usion coe�cient in Eqs. 2.21 and 2.24, is the

molecular di�usion coe�cient multiplied by some factor that accounts for the presence of

wheat. This factor is a function of the porous media properties, porosity and tortuosity. The

variation of the cross sections and tortuosity is usually combined into one parameter and is

called the obstructive coe�cient (Thorpe, 1981). For wheat, this coe�cient was found to be

0.53 (Thorpe, 1981) which lies in range found experimentally by Van Brakel and Heertjes

(1974) of 0.5 to 0.6 for non-uniform packed beds of deformed and undeformed spheres.

A comparison was made between published experimental work on the e�ective di�usion

coe�cient of wheat (Bundus et al., 1996; Oxley and Henderson, 1944; Shunmugam et al.,

2005; Singh et al., 1984) in addition to results of Thorpe (1981) with two commonly used

correlations for e�ective di�usion coe�cients in porous media (Bruggeman, 1935; Millington

and Quirk, 1961). Some of those results were for CO2 and that was adjusted by eliminating

the molecular di�usion of CO2 and replacing it with the one of PH3. Figure 2.5 shows a plot

of the comparison as a function of temperature. Shunmugam et al. (2005) concluded that his

results are higher than other experimental data of Oxley and Henderson (1944) and Singh

et al. (1984) and he suggested the increase is because of the e�ect of viscous 
ux in this

experiment. Based on this, both the results of Bundus et al. (1996) and Shunmugam et al.

were seen as higher values and eliminated from the choice. Both correlation of Bruggeman

(1935) and Millington and Quirk (1961) show reasonable results and could be considered for

granular materials. However, results of Millington and Quirk act as an average value and

was taken for all simulation in this study.
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Figure 2.5: Comparison between di�erent de�nitions for the e�ective di�usion coe�cient of
PH3 in wheat.

ANSYS Fluent uses a �nite volume method to discretize the governing equations. Unless

otherwise stated, the coupled scheme was used for the velocity{pressure coupling. Schemes

used for the spatial discretization are: PRESTO for pressure and the second order upwind for

the momentum, energy, species, and scalar (user de�ned equation for PH3 in wheat kernels)

equations. The �rst order implicit scheme was used for temporal discretization.

2.4 Estimating resistance coe�cients

In Section 2.2, experiments were the only method used for obtaining the resistant coe�cients

of wheat or any other grain to gas 
ow. In this section, a new technique is proposed that

does not require any experimental work rather just CFD simulations. The minimum and

the maximum coe�cients of the resistance could be reasonably estimated through a set of

simulations. The main advantage of this method is one can understand the the actual weight

or contribution to the coe�cients caused by di�erent factors discussed in Section 2.2.2.

The process starts by obtaining a 3D scanned image of a grain kernel of any size. Then

using a 3D CAD modeling software, the image is cleaned up and smoothed. ANSYS Space-

Claim 2021R1 was used for this step. Figure 2.6 shows the �nal output of a wheat kernel
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with dimensions. The second step is by orienting the wheat kernels in such a way that they

construct a periodic pattern. As the kernel has an irregular shape, di�erent orientations

can create periodicity. In this case, three con�gurations were obtained. Figure 2.7 shows

the three di�erent periodic patterns constructed from the single kernel. From each con�gu-

ration, one period is needed for the CFD model. Pressure loss was found to be highest in

the vertical direction. As a result, with two successive layers of the vertical orientation, the

worst case scenario is obtained, i.e., the maximum resistance occurs. Figure 2.8 shows the

computational domain for four di�erent con�gurations including the worst case scenario.

Figure 2.6: Di�erent views of the wheat kernel with dimensions obtained from a 3D scanned
image { before and after cleaning.

Figure 2.7: Three di�erent periodic patterns obtained from the wheat kernel; (a) horizontal

ow, (b) vertical 
ow, (c) 
ow from the side of the kernel, and (d) one period from each
orientation (a, b, c).
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Figure 2.8: Computational domain with boundary conditions for four di�erent orientations
of wheat kernels; (a) horizontal 
ow, (b) 
ow from the side of the kernel, (c) vertical 
ow,
and (d) two layers of the vertical 
ow orientation.

Generating a good mesh for those domains is a very critical process because of the very

small gaps between kernels. Mosaic mesh is a useful technique in this case, as those gaps

are �lled with polyhedral elements of any size while the rest of the domain is �lled with
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