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ABSTRACT

SIMULATION OF BATCH DRYING 0F RICE

By

Nguyen Kim Chan

Knowledge of the drying parameters is essential in the design

and evaluation of a grain dryer. Most designs, however, are based on

a limited number of experimental results which are slow and expensive

to obtain.

The computer simulation of grain drying has been studied by

many researchers. The results of these studies revealed that simula-

tion provides an accurate, fast and inexpensive tool for grain dryer

design.

An attempt was made in this work (using the existing fixed bed

Hichigan State University corn drying model) to simulate the drying of

rice. ApprOpriate changes were made in the basic MSU model to account

for the differences in physical and thermal properties and in drying

characteristics between the rice and corn. Chancellor's semi—empirical

thin layer drying equation was used to describe the thin-layer drying

behavior of rice. Henderson's equation provided the necessary equi-

librium moisture content, after the two constants for rice were

1



Nguyen Kim Chan

found. These equations, along with the MSU fixed bed program and

related subroutines, constitutes the deep bin rice drying model.

The results were obtained for a number of runs and were

plotted on a WANG 2200 computer to investigate the validity of the

model and to analyze the influence of a drying parameter upon the

drying rate. It was found that the model can be used to predict

fixed bed drying of rice.

Though the accuracy of results obtained is still questionable

because of questionable values used for the physical parameter, the

methodology is valid. This means that rice drying can now be satis-

factorily simulated on an electronic computer.
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Specific product surface area, ftz/ft3

Specific heat, BTU/lb °F

Convective heat transfer coefficient, BTU/hr ft2 °F

Heat of vaporization, BTU/lb

Relative humidity, decimal

time, hours

constant

Constant

Diffusion coefficient, ftZ/hr

Flow rate, lb of dry product/hr ft2

Humidity ratio

Phenomenological coefficient

Length, ft

Local or average moisture content, decimal, dry basis

Moisture ratio (M - Meq) / (Min - Meq)’ dimensionless

Pressure, psia

Gas constant, ft lb/lb

Cross sectional bed area, ft2

viii
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Air temperature, °F

Absolute air temperature, °R

-—Subscripts--

Air

Equilibrium

Inlet

At time t = 0

Product

Saturated vapor

At time t

Vapor

Hater
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INTRODUCTION

Rice is the most important crop in the world today and provides

staple food for hundreds of millions of people in Asia.

The increase of rice production and improvement of rice quality

are two of the major world agricultural needs of today.

Rice is a biological product with hygroscopic properties. High

moisture content profoundly accelerates fungus growth, development of

insects and mites, deterioration of starch and loss of nutrients. In

order to maintain high quality over a long period of time rice must be

dried. The harvest moisture content of 20 to 24 per cent wet basis

must be reduced T3 to 14 per cent wet basis for safe storage (Esmay

l970).

Sun drying of high moisture content rice has been practiced for

centuries. The grain is spread on concrete or a hard earth floor. The

drying process takes place by an exchange of moisture and heat between

the grain and the surrounding atmospheric air. Even under the most

favorable conditions it has been found that considerable cracking re-

sults. For large scale production or for early maturing varieties of

rice for which more than one harvest a year is possible, artificial

drying is preferred.



Unlike most cereal grains, rice is consumed primarily in the

whole kernel form so that the market premium for unbroken kernels is

much greater. Therefore, to avoid cracked kernels, more care is re-

quired for drying rice than for other cereal grains.

Stress crack development depends on the rate of migration of

moisture from the inside to the outside of the kernel. As the rice

is dried, the outer portion shrinks, resulting in stress and strain.

When too much moisture is removed too rapidly, checking or shattering

of the kernel results. To reduce this effect, rice is dried with air

at 100 to T30 degrees Farenheit in two or more passes through the

dryer. Between passes through the dryer, the grain is held in a bin

to allow moisture to equilibriate throughout the individual kernels.

This tempering relieves stress (Nasserman 1957) and strain and facil-

itates drying in the next passes.

Though rice drying is a complicated process, the design of a

rice dryer is based largely on a limited number of laboratory and

field experiments. There has been little or no use of a powerful new

tool for experimentation called simulation. In simulation the designer

represents his dryer design by a number of equations of which the solu-

tions predict the drying behavior of the equipment. Simulation models

are usually solved on electronic computers; today's technology makes

this type of solution possible. An advantage of computer simulation



is that when a model satisfactorily predicts grain drying behavior,

the effect of various parameters influencing this behavior can be in-

vestigated (Bakker-Arkema et al. 1973). Rather than return to the

laboratory for more testing, answers can be obtained in minutes from

the computer resulting in faster, better and less espensive design.

Grain drying simulation model has been available for corn but

there is no existing model for rice.

The purpose of this study is to employ an existing corn drying

model for the drying of rice. Changes were made to make the simula-

tion model applicable. The resulting output from the computer has

been compared with experimental data. Various drying parameters have

been analyzed and discussed.

It is the hope of the author that this work will contribute

to the existing literature in the field of rice drying and provide

a good model for rice drying simulation and rice dryer design.



REVIEW OF LITERATURE

Rice Drying Methods

For the proper drying of rice, moisture must be removed from

inside the grain kernel. To prevent internal checking or breaking of

the kernel from drying too rapidly, drying is usually done in three to

five stages or passes. In each stage, the rice passes through the

dryer and then is tempered in a bin so that the kernel moisture will

equilibriate.

Esmay and Chancellor (l970) found that for batch drying of

rice at a temperature above lOO of deg. Far. tends to cause overdrying

and thus a lower head yield of milled rice.

Smith and others (l959) reported on early research on artifi-

cial drying of rice in Arkansas and Texas concluded that a drying

temperature of l20 deg. F could.be used without injuring the rice if

the moisture content was reduced only about 2 per cent at each drying

operation and the rice was allowed to remain in storage l2 to 24 hours

between drying periods. However, when necessary to dry a given lot of

rice in one continuous operation, the drying air and temperature

should not exceed llO deg° F.



Stahel (1949) showed that a moisture content of 15 per cent is

critical for crack formation, drying or wetting of the rice which

passes this point increasing the internal cracks.

From experiments with combined rice, MacNeal (1949) concluded

that in most cases head rice yield was increased and the total drying

time was decreased as the number of drying passes was increased from

one to four in the temperature range from lOO to 150 deg. F. The

tempering between drying was important since it gave the moisture in

the grain an opportunity to equalize and thereby reduce the drying

time.

To increase dryer's efficiency Calderwood and Hutchinson

(l96l) conducted a series of experiments in Beaumont, Texas, and

found a significant drop in moisture content in rice cooled by aera-

tion following a pass through the dryer.

According to Hutchinson and Hillms (1962) the practice of

aerating is in widespread use in the Southwest of the United States.

They indicated that aeration is used to: I) maintain the quality of

undried grain until it can be moved through the dryer, 2) remove

harvest or dryer heat, 3) remove small amounts of moisture (l to 2

per cent), and 4) maintain the quality of rice during storage.

Infrared drying of rice has not been found to be of practical

importance. However, Wratten and Faulkner (l966) found that infrared



energy could be used as a source of heat to preheat the rice before

the drying operation.

Rice Drying Thin-layer Equations
 

The theory of drying of biological products has been treated

by many workers and has been adapted to many cereal grains and drying

systems in use.

Henderson and Perry (l966) reported that the moisture removal

of thin layers of grain during the falling rate is inversely propor-

tional to the moisture to be removed:

d _
dt - -K (M - Me) (I)

Where: M : Moisture content, per cent

t : Time, hours

Me : Equilibrium moisture content, per cent

K : Drying constant, hr"1

Solution of equation (l) yields:

The constant K is determined by the characteristics of the grain.



Equation (2) forms the basis for much thin-layer drying

theory.

Thompson (l967) simulated the process of drying a deep bed

of grain by consecutively calculating the changes that occur during

short increments of time in thin layers of the bed. For thin-layer

drying of corn Thompson's equation is:

t = A ln (MR) + 8 ln (MR)2

Where:

t : drying time, hours

M - M
e

M - M
o e

MR :

MO : Initial moisture content, per cent dry basis

M : Moisture content, per cent dry basis

A : l,86l7 + 0.0048843 9

For rice, Allen (l960) developed an equation for shallow bed

drying:

c e (4)

=$10910 (M -M)
0 e

 
0

Where:

M : Moisture content at the end of the constant

rate drying period, decimal

O : Time, hours



m : Dimensional Drying Rate Constant, hr-1

Me : Equilibrium Moisture Content, decimal.

For intermittent system of drying rice in a shallow bed,

Faulkner and Wratten (l967) developed the following equation:

- nl _ _

. ) n2 n3
R I T E N 1 _ eC2(TE/TG) (Vt/L) (5)
 

    

M : Moisture removed in time t, per cent dry basis

M. : Initial moisture, per cent dry basis

T : Dry bulb temperature of entering air, deg. R.

E

Tw : Wet bulb temperature of entering air, deg. R.

TG : Initial grain temperature, deg. R.

V : Air velocity, ft./min.

L : Length of air passage through the grain, ft.

t : Time, min.

Ramarao and Wratten (T969) developed a generalized equation to

predict moisture removal from the Dawn variety of rice in the Louisiana

State University model dryer. This equation is:

MR = (73.109 - 59.8l9TE/Tw) (37 167 - 32-068TE/TG)



(Mi - Me) (TE - TL) 0.592

Tw

-l.l08l.45(R )-0.438 (Te/TN) (5
e-7.963(Vt/X) e

] ..

v

Where: Re : modified Reynolds number - pV/u

MR : Moisture removed at any time t, per cent dry basis

T : Dry bulb temperature of inlet air, deg. R.

T : Wet bulb temperature of inlet air, deg. R.

V : Velocity of air flow, ft./min.

X : Characteristic length of dryer, ft.

Equation (6) has not been tested for other dryer types or other

varieties of rice. Only limited data for air, grain temperature were

used to develop the equation. More work is therefore needed to verify

its usefulness and accuracy.

Chancellor (l967) developed the following thin-layer equation

for heated air drying of short grain rice.

G9
 

4G0 -960) (7)
M - Me _ _

= 0.735 (e + l/4 e + l/9 e

Mo- Mw

Where:

9 : time, hours

G : constant.



l0

Chancellor determined experimentally that the value of G increases

with an increase in grain temperature. This relationship is expressed

as:

- 6l47

T

 

G = 8860

Where: T : grain temperature, deg. R.

Consequently, based on experimental results, the empirical

thin-layer equation by Chancellor can be used to represent the char-

acteristics of drying of rice.

Of all the various equation forms presented above, all have

some limitation to a fixed bed grain dryer, besides their forms do

not lend themselves to the application in the Michigan State Univer-

sity grain dryer model. Chancellor's equation was thought to be best

suited for the model. Hence this study primarily uses this thin-

layer equation.

Physical and Thermal Properties of Rice

Prerequisite to an accurate engineering design of the machines

and equipment for processing rice is knowledge of the true values of

the physical as well as thermal properties of the rice itself. It is



ll

these properties that distinguish the rice drying process from that of

other cereal grains.

The magnitude of physical and thermal properties of rice must

be evaluated as a function of moisture content (Wratten 1969). Rice

will often range from a high of 22 to 24 per cent moisture at harvest

time, down to a low of ID to l2 per cent for safe storage.

Rice varieties divided by grain size and shape fall into three

types: short, medium and long grain. The type must be considered

when evaluating the physical and thermal properties of rice (Wratten

l970). Some of the physical and thermal properties of rice have been

determined by various authors but only at specific levels of moisture

content and most properties determined pertained to bulk condition.

Only limited information on thermal properties of rice is available.

The work by Wratten et al. (l968) is found to be more general and

complete, therefore their values are used in this simulation model.

The results of their findings are presented below.

Physical Properties

The values of length, width, thickness, volume, density, spe-

cific gravity and porosity for medium and long grain rice at a mois-

ture content ranging from l2 to l8 per cent wet basis are shown in

Table 1. Each property was found to vary linearly with moisture
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content over the 12 to l8 per cent moisture range (Wratten 1968). Re-

gression analysis of average values at each moisture level yielded the

following equations:

Length, in.

L = 0.305 + 0.0005M

M

r2 = 1.00

L = 0.352 + 0.0023 M

L 2
r = 0.96

Width, 1n

w = 0.119 + 0.0003M

M 2
r = 0.60

wL = 0.094 + 0.00065M

r2 = 0.96

Thickness, in.

TM = 7.25 x 10’2 + 3.5 x 10'4M

r2 = 0.89

_ -2 —4
TL - 6.95 x 10 + 4.5 x 10 M

r2 = 0.85

Volume, cubic in. per grain:

vM = 5.94 x 10'4 + 3.1 x 10’5M

r = 0.95
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4 5
v = 9.4 x 10‘ + 1.4 x 10‘ M
L

Specific gravity (true):

CgM 1.465 - 0.0076M

C 1.436 - 0.0042M

gL

Specific gravity (bulk):

C 0.495 + 0.0087M
gaM

C 0.521 + 0.0052M
gaL

Bulk density, lb per cu. ft.:

31.195 + 0.52M
pM

32.425 + 0.33M
pL

Porosity, per cent:

PM = 69.05 - 0.88M

.95

.94

.95

.99

.94

.99

.94

.99
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P = 65.55 - 0.47M

L 2

r = 0.95

where subscripts M and L designate medium and long grans respectively.

Surface area determination for medium grain rice by Wratten et

al. at 12 and 18 per cent are also included in Table 1.

Thermal Properties
 

Average values of thermal properties determined for medium

grain rice were obtained from Wratten et al. and are shown in Table 2.

Values of specific heat ranged from 0.396 BTU per 1b. deg. F. at a

moisture content of 19.5 per cent to 0.473 BTU per 1b. deg. F at a

moisture content of 19.5 per cent. The regression equation for pre-

dicting specific heat is:

C = 0.22008 + 0.01301M

r2 = 0.81

Where M is moisture content, per cent, wet basis.

Thermal conductivity varied from 0.0517 BTU per hour, ft.2 deg.

F. for a moisture content of 9.9 per cent to 0.0649 BTU per hour, ft.2

deg. F. for a moisture content of 19.3 per cent. The regression equa-

tion for predicting thermal conductivity is:

K = 0.0500135 + 0.000767M

r2 = 0.87

Where M is moisture content in per cent, wet basis.
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Bulk thermal diffusivity was found by Wratten to vary linearly

with moisture content and could be expressed as:

a = 0.00523 + 9.65 x 10‘5M

r = 0.99

Thermal Diffusivity
 

The bulk thermal diffusivity of the medium grain rice (variety

Saturn) can be calculated using the values for thermal conductivity K,

specific heat C and bulk density p:

Drying Simulation of Other Cereal Grain
 

Models of deep bed drying analysis are based on the work of

Hukill (1954); those models developed within the last few years in-

volve rather sophisticated computer methods.

Thompson et a1. (1968) developed a computer method for analyz-

ing continuous flow drying of crossflow, concurrentflow and counterflow

systems. Boyce (1961) developed a digital computer program to describe

fixed bed drying.
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Henderson and Henderson (1968) made an analysis of deep bed

drying using an empirical model for thin-layer drying.

Recently Hamdy and Barre (1969) were successful in analyzing

deep bed drying with mathematical model using a hybrid computer.

Bakker Arkema et al. (1967) solved numerically with a digital

computer the coupled equations involved in the heat transfer balance

in deep bed cooling of biological products. The MSU grain dryer models

are based on the 1967 work and are presented in a paper (1970). The

MSU grain drying models are based on the basic laws of heat and mass

transfer.

Although simulation models mentioned above can be applied to

all cereal grains, only limited application on cereal grain except

corn and wheat (Spencer, 1969) has been made.



THEORY

Drying is a continuous process with simultaneous changes in

grain moisture content, air and grain temperature, and the humidity

of the air. In fact, these changes vary for different drying methods

and for different locations in the drying bed.

The Michigan State University grain drying simulation model

is a set of mathematical expressions which incorporate the factors

that affect grain drying. It is capable of determining the effect

of all the drying parameters.

The basic idea in describing the drying process was to divide

a drying bed into small slices and simulate the heat and moisture

transfer in the slices by consecutively calculating the changes that

occur during a short increment of time. The drying performance of a

thin layer of rice can be calculated and then combined into many thin

layers to form the drying bed.

Drying air (T deg. F, H lb. of water per lb. of dry air) is

passed through a thin layer of grain (M per cent moisture, 0 deg. F.

temperature) for a time interval At. During this interval, AM per

cent moisture is evaporated from the grain into the air increasing

19
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its absolute humidity to H + AH lb. of water per lb. of dry air. During

drying the temperature T of the drying air is decreased (AT deg. F.).

The amount of drying is calculated with the thin-layer drying equation

with constants depending on the drying air temperature. A heat balance

is used to calculate the final air and grain temperature consistent

with the evaporation cooling accompanying the moisture evaporation and

with the initial temperature of the drying air and grain. Thompson

(1968) presented a schematic diagram of the basic simulation approach:

Exhaust Air

Temp = T — AT, °F

Humidity =i14-ANL 1b. of water/lb. of dry air

  

 

 

'1 4I

Grain before 5 E Grain after drying

drying 7---------4------- l-—--, time of T.

I I

| . - I

NC = M%, 08 1 Th‘" layer °f gra‘" 1 MC = M - AM% 08
---7}--------------E----I

Temp = 9, °F 5 : Temp = 9-+Ag °F

1 I

Drying Air

Temp = T°, F

Humidity = H lb of water/lb. of dry air
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Theoretical Thin-Layer Drying Equations

The transfer of moisture in capillary porous products such as

rice can be described by the following mechanisms (Brooker et a1.

1974):

(1) Liquid movement due to surface forces (capillary flow).

(2) Liquid movement due to moisture concentration differences

(Liquid diffusion).

(3) Liquid movement due to diffusion of moisture on the pore

surface (Surface diffusion).

(4) Vapor movement due to moisture concentration differences

(Vapor diffusion).

(5) Vapor movement due to temperature differences (Thermal

diffusion).

(6) Water and vapor movement due to total pressure differences

(Hydrodynamic flow).

Lykov and his co-workers in the Soviet Union (1966) developed

the following model for describing the drying of capillary porous

products based on the physical mechanisms listed above:

aM _ 2 2 2
at - v K11M + v K12T + v K13P

8M _ 2 2 2
SE' — v K21M + v K221 + v K23P

_§fi 2 2 2
at V K31M + V K32R + V K33P
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Where K11, K22, K33 are the phenomenological coefficients, the

other K values are coupling coefficients.

Neglecting the pressure and temperature gradients in the rice

kernel during drying leads to a simplification of Lykov equations. The

result becomes (Bakker-Arkema et a1. 1974):

BM Q 2

8t - VKIIM

Since moisture flow within a rice kernel usually takes place

by diffusion, the above equation is called the diffusion equation and

the transfer coefficient K the diffusion coefficient 0.

11’

Several solutions of the equation have been developed to pre-

dict the thin—layer dryer behavior of grain, but due to their stabil-

ity and accuracy problem in the numerical solution, the Michigan State

University grain drying model is based on empirical thin-layer rela-

tionships rather than diffusion type equations.

A main objective of this study is to identify a thin-layer

equation that predicts satisfactorily the drying behavior of rice.

Chancellor's semi-theoretical thin layer equation for rice was chosen

(Chancellor, 1967).
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Fixed Bed Model
 

The Michigan State University fixed bed model is applicable

to the stationary bed drying of cereal grain and is based on the pre-

vious ideas by Schumann (1929), Van Arsdel (1956), and Klapp (1961).

The following assumptions were made in the development of

this model (Bakker-Arkema et al. 1974):

(1) No appreciable volume shrinkage occurs during the drying

process.

(2) No temperature gradient exists within each grain particle.

(3) Particle-to-particle heat conduction is negligible.

(4) Airflow is plug type.

(5) Bin walls are adiabatic with negligible heat capacity.

(6) 8T/ at and BH/ at are negligible compared to aT/ ex and

BH/ BX.

Energy and mass balances are written on a differential volume

(SdX) located at an arbitrary location in the fixed grain bed.
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X +AX 

 

 
9,M,C, ,6pin

 

   

w. T. va. Pa. ca

There are four unknowns in this problem : M the average grain kernel

moisture content, H the Humidity ratio of the air, T the air temper-

ature and 0 the kernel temperature. Four balances are made resulting

in four equations (Bakker-Arkema et al. 1974):

(1) For the enthalpy of the air:

Energy out = Energy in - Energy transferred by convection



0F:

01":

0F:
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BT _

(GaCa + GanH) (T + ax dx) Sdt — (Gaca + GaCaH) STdt

- hanx(T - 0)dt

For the enthalpy of product

Energy transferred = Change in internal product energy +

energy for evaporation

_ 2.9.
hanX (T - 9) - (ppCp + ppcwM) sax at dt +

3H
+ CV(T - 9) G ax dXSdt

h 6f9

§9_= ha (T _ 9) - hfg + CV(T - 0) G §H_

at C -+ c M C -+ C M a ax
p 9 pp w pp 9 pp w

  

For the humidity of air:

3M _ §H_
pdeX at — GaSHdt - GaS(H + 3X dX) dt
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(4) For the moisture content:

%%-= An appropriate thin-layer equation. In this study,

Chancellor's thin-layer equation for rice.

Modification of the Michigan State University Model
 

Though the simulation model can be used for all cereal grains,

it was designed for corn. To make a rice version of the model requires

changes that will take account for the differences between the two

grains. Fortunately the model has that provision (Bakker-Arkema et

al., 1974).

The following changes are needed:

[1] A new subroutine for the thin-layer drying of rice. This sub-

routine called LAYEQ computes the amount of drying that occurs

during a discrete time interval. The Chancellor equation pro-

vides that prediction. Fig. 1 shows a listing of the LAYEQ sub-

routine. The solution for this equation is as follows:

(1) Call subroutine CREADY to compute the equilibrium moisture

content, moisture ratio and check for absorption. (Fig. 2)
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(2) Check absorption flag; if it is not set, compute the

equivalent time, add the time increment and compute the

new moisture content.

(3) Use the Del-Guidice equation to simulate absorption if

the absorption flag is set.

In the drying process, the conditions at a particular position change

with each time step. Each set of new conditions specifies a new dry-

ing curve. The amount of drying must be transferred to the new curve

before solving for moisture content at the end of the current time

step. This correction is made by solving the thin-layer equation

for time using the current moisture content. This is referred to as

the equivalent drying time (Thompson 1967).

The Chancellor equation in its original form cannot be solved

for time, so the root finding technique is employed using the subrou-

tine ZEROIN, which is available in the Fortran Psychrometric package

(SYCHART).

[2] A function subprogram for the equilibrium moisture content of rice

had to be written. Wratten (1969) extrapolated data obtained by

Karon and Adam (1949) by the use of the following equation of

Strohman and Yoerger (l967):



RH = (e

Where:

RH

M

P

s

a, b, c, d

Though the

30

DM

ae 1n PS + CedM)

Relative humidity, decimal.

Moisture content, decimal DB.

Saturation vapor pressure of water, lb per sq. ft

= Constants

results obtained by this equation are believed to have

small errors (Wratten, 1969), values for the constants are not

available.

The Henderson equation for predicting equilibrium moisture

1 - Pv/va = exp (-aT

Where:

3

Pv/va

content of cereal grains is used. Its general form is:

b

absM )

: Equilibrium moisture content, per cent DB.

: Relative Humidity, decimal.

a, b : Product constants.

Based on data in the book by Brooker et a1. (1974), the values for a

and b were calculated to be:
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0.3438 x 10'59
| 1
|

0
'

1
1

2.377

The change in equilibrium moisture content with respect to relative

humidity is more considerable, so for simplification purposes, a and

b were assumed to be independent of temperature.

Henderson's equation with constants for rice as discussed

above, was used in subroutine CMC to calculate the equilibrium mois-

ture content at each time step. A listing of function subprogram CMC

is shown in Figure 3.

[3] Appropriate values for the physical and thermal properties.

Tables 1 and 2 give the values for rice. Table 3 shows a summary

of the physical properties of the bed and drying parameters for

use in the rice drying model._

The heat of evaporation, hfg’ and properties of the air, are

assumed to be the same as in the corn drying model.

The specific surface area which is the area of the rice kernel

surfaces per unit bed volume is calculated as follows:

Total surface area of rice ft2

=———§-:ft

Volume of rice ft

-1
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TABLE 3. PHYSICAL BED AND DRYING AIR PARAMETER VALUES USED IN THE

RICE DRYING MODEL

Parameter Units Values References

a ft 324 Wratten et al. (1970)

Ca BTU/1bF 0.242 Threlkel (1970)

Cp BTU/le -0.632 Wratten et a1. (1970)

h BTU/hr ft F same as in Bakker Arkema et al. (1974)

corn model

hfg BTU/1b

Pa lb/ft

pp lb/ft 47.67 Wratten et a1. (1970)

CV BTU/1bF 0.45 Threlkel (1970)

Cw BTU/le 1.0 "

Area of one grain : 0.0658 in2 (Wratten, 1968)

Volume of one grain : 1.152 x 10-3 in3/grain

Weight of one grain :

. 3 3

1.152 x 10'3 lFETE’ x 85.64 ‘b3 x ft 3

9 ft 1728 in

_ -5 .

— 5.71 x 10 lb/grain

85.64 1b/ft3 = true density of rice (Wratten 1968).
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Number of grain per cubic foot:

40.49 1b/ft3
_5 = 7.1 x 105 grain/ft3

5.71 x 10 lb/grain

40.49 1b/ft3 bulk density.

Surface area :

7.1 x 105 grain/ft3 x 0.0658 inz/grain x ft2/144 in2

2

= 324553- = 324 ft-

ft

1



RESULTS AND DISCUSSION

The simulation model describing fixed bed drying of rice con-

sists of four equations and four unknowns. The system can be solved

simultaneously by numerical integration using finite difference tech-

niques. An expression required for the equilibrium moisture content

of rice has been obtained as discussed earlier. A model of the ther-

modynamic chart for calculating the humidity and other harmodynamic

properties of the drying air, to check for possible condensation is

also available.

The four subroutines which finm1the fixed bed rice dryer model

are:

(l) The thin-layer rice drying process (Subroutine LAYEQ);

(2) The equilibrium moisture content (Subroutine CREADY, function

subprogram CMC);

(3) The dry air-water vapor relationship (SYCHART package); and

(4) The main MSU fixed bed drying model.

36
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The model will need the following input to provide the desired output:

- Initial moisture content, product temperature, drying air tem-

perature, humidity ratio of the air, and airflow rate (First

card);

- Depth of bed, number of nodes between printout and depth incre-

ment (Second card);

- Maximum drying time, time increment between printout, and final

moisture content (Third card).

The relationship between airflow and depth increment is critical in

the fixed bed program and has to be observed strictly to insure sta-

bility. If the depth increment is too large with respect to airflow,

the equation will diverge or oscillate from the true solution. If

too small, the solution requires excessive computer time.

After the rice drying model had been operated properly, a num-

ber of runs were made to simulate the drying behavior as described by

the thin—layer equation and the equilibrium moisture content equation.

Drying parameters were also investigated using as standard run:

28.2 per cent moisture content, DB (=24% wb)

100 deg. F, drying air temperature
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30 CFM per sq. ft. air flow rate

1 ft., bed depth

A complete listing of the output is provided in Figure 4. To test

the accuracy of the Chancellor's equation, data obtained from the

computer output were plotted against experimental results for the

same drying condition.

Figure 5 shows that the fixed bed rice drying simulation

model agrees very well with the experimental curve by Soemangat and

Esmay for the H20 removed. It should be noted that the Chancellor

thin-layer equation and the Soemangat data were developed from the

same variety of rice.

In Figure 2 are plotted drying rate data for IR.8 rice

obtained experimentally by Kachru (1970) and calculated by the

thin-layer Chancellor equation. A fairly good fit results. The

properties for IR.8 variety of rice have not been determined.

The values calculated from the equilibrium moisture content equa-

tion and the experimental data are plotted in Figure 7. The good

fit is due to the fact that both were developed from data obtained

by Hogan and Karn (1955).

Typical results of deep bed drying are presented in Figure

8 for a 1 ft bed depth. The lowest curve, representing the bottom

of the bed is a typical thin-layer curve, but the curves above this
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47

exhibit quite distinctive characteristics. It is interesting to

note that 2 hours of drying (1 ft bed) have passed before any decrease

in moisture takes place in the upper layers. However, it does not

mean no drying in the bed occurs since the average moisture content

of the grain bed decreases steadily.

Effect of time on moisture content, product temperature and

absolute humidity distribution in the bed are shown from Figures 9

through 11.

The complex nature of relative humfidity of the drying air in

the bed is investigated in Figure 12 (l ft bed depth). It can be seen

that the relative humidity in the bottom of the bed is that of the in-

let air while in the upper layers, the relative humidity stays con-

stant for a certain period of time before decreasing.

Figures 13 to Figure 15 show the effect of drying air tempera-

ture on drying rate (average moisture content), on moisture content

distribution and on rice temperature within the bed.

The effects of airflow on drying rate, on moisture content and

on grain temperature are shown in Figures 16 to 18.

The results of the effect of inlet air humidity are plotted on

Figure 19; it is clear that higher humidity decreases drying rate.

Figures 20, 21, and 22 investigate the characteristics of a 2

ft bed depth. It can be seen that at higher bed depths drying is more
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efficient. Since the relative humidity of the outlet air is higher,

more water is removed from the grain.

A number of observations can be made:

(1) An increase in the drying air temperature, increases the

drying rate of a rice bed (Figure 13).

(2) The average moisture content decrease of a fixed bed of

rice is constant for a certain period of time (Figure 13).

(3) The bottom layer of a fixed bed of rice overdries at high

inlet air temperature (Figure 13).

(4) An increase in the airflow rate increases the drying rate

(Figure 16).

(5) At higher inlet air temperature (same airflow) or lower

airflow (same temperature) the moisture gradient in the

bed is higher (Figures 14 and 17).

(6) Relative humidity of the outlet air increases and grain

temperature decreases as the depth of bed increases

(Figures 12, 21, and 22).

(7) The drying rate decreases as inlet humidity increases

(Figure 20).



63

(8) The effect of specific surface area on drying rate is

small (Table 4).

Figure 23 shows the grain temperature distribution within a fixed bed

of rice after various drying periods. Figure 24 shows the temperature

and relative humidity profile of the drying air in the grain bed. The

rice temperature and moisture content distribution are shown in Figure

25.

It would be difficult and time consuming to obtain data required

to plot Figures 23 through 25 from physical experiments. A large number

of tests would have to be conducted to obtain the necessary data. Simu-

lation, on the other hand, furnishes this information rapidly and at

little cost. Of course, simulation results can only be trusted if the

mathematical models represent the physical system satisfactorily.



1
1
0
°
,

 
 '

X
‘

A
i
r

T
e
m
p
.

1
0
0
°

3
0

c
f
m

1
-

g
r
a
i
n

T
e
m
p
.

8
0
°

 
6
0
°

4

F
i
g

2
3
.

G
r
a
i
n

t
e
m
p
e
r
a
t
u
r
e

d
i
s
t
r
i
b
u
t
i
o
n

w
i
t
h
i
n

a
f
i
x
e
d

b
e
d

o
f

r
i
c
e

a
f
t
e
r

v
a
r
i
o
u
s

d
r
y
i
n
g

p
e
r
i
o
d
s
.

1
0

H
r
s

‘64



1
0
0
%

Z Anipimnn GATJBIBH/ &
o alnaeladman 11v

 1..

O

O‘

1

O

CO 6
0

virr

l

4
0

i 1

3
0

A

2
0

a

 
1
0
1
1
4
5
~

o

4
1
'

i
:

I
‘

t
e
n
;

1
0
0
°

F

+
3
0

c
f
m

F
i
g

2
0
.

P
r
o
p
e
r
t
i
e
s

o
f

d
r
y
i
n
g

a
i
r

i
n

a
g
r
a
i
n

b
e
d
”

a
f
t
e
r

6
h
o
u
r
s
.

l
F
t

 

65



do alnaaladman utels

9
5
4

9
0

J

8
5
9

8
0

ii

7
5
1

7
0

4

6
5

‘

 

9
'
:

F
i
g

2
5
.

P
r
o
p
e
r
t
i
e
s

o
f

r
i
c
e

i
n

t
h
e

d
r
y
i
n
g

b
e
d
.

2
5
%

1
0  0%

1
F
t

% D.BGrain Moisture content,

66



67

1

 

 

 

 

TABLE 4. EFFECT OF SPECIFIC SURFACE AREA

Time 56:324 ft“ Sa=400 ft-l

Hrs MC RH MC RH

% 2 % %

0 28.0 82.3 28.0 82 3

1 26.4 72.1 26.4 72 3

2 24.6 53.8 24.6 53.9

3 22.8 42.5 22.8 42.5:

4 21.0 35.3 21.0 35.3

5 19.4 30.7 19.5 30.7

6 l8.l 27.5 18.1 27.5

7 l6.8 15.2 16.8 23.2

8 15.7 23.3 15.7 23.3

9 14.7 21.7 14.7 21 7

10 13.8 20.4 l3.8 20 4

 

1Temperature: 100°F; bed depth: l ft; absolute humidity: .005 lb/lb.



CONCLUSIONS

The rice drying model used in this study is capable of predict-

ing the performance of a fixed bed rice dryer. The accuracy of the re-

sults obtained is questionable because of unverified input values for:

l) the rice thin—layer equation, 2) the rice equilibrium moisture con-

tent equation at relative humidity higher than 90 per cent, and 3) the

physical and thermal properties of rice.

Although the exact prediction for a fixed bed rice dryer by the

modified MSU simulation model may at present not be possible, the pro-

cedure is valid and a comparative performance study on parameter sen-

sitivity can be made with confidence. It is to be emphasized that

throughout this work, the methodology, not the numerical results, is

of primary importance.

The substantial saving in time and cost thus justifies the

use of simulation in rice dryer design.
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SUGGESTIONS FOR FURTHER STUDY

In this study the two constants for the equilibrium moisture con-

tent equation is evaluated as a function of relative humidity

only. For better accuracy, an equation which incorporates both

relative humidity and temperature should be developed.

Better physical parameters for rice and a more accurate rice dry-

ing equation should be developed.

Other models such as the MSU concurrent flow and counterflow

models should be applied to rice.

Apply the newly developed USOLAR model (Bakker-Arkema and Roth

1975) to fixed bed rice drying simulation. The saving in com-

puter time and core memory will be considerable.
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