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ABSTRACT
DRYING OF SOYBEANS IN CONTINUOUS=-FLOW DRYERS

AND FIXED-BED DRYING SYSTEMS

By

Valdecir Antoninho Dalpasquale

The drying of soybeans from different 4{nitial
moisture contents {in different drying systems has been
studiede.

About 50 percent of the United States soybean
production 1is <crushed by American soybean processing
plantse The beans are dried from about 125 to 105
percent wet basis before processinge Two commercial size
crossflow dryers were tested for <capacity and energy
efficiencye. The specific energy consumption ranged from
Te100 to 8¢192 BTU per pound of water removed
(169515-199055 kJ/kg)e Simulation of the drying process
was employed to analyse soybean crossflow drying and to
modify the dryere. A decrease {n the dryer and cooler
afrflow rates and a change of two dryer sections 1{into
tempering 2zones resulted 4n a predicted savings of 67.9

percent in energye.



Valdecir Antoninho Dalpasquale

Single- and multi-stage concurrentflow drying were
experimentally tested 1in a laboratory dryer and further
analyzed by computer simulatione. In the 12.5 to 10.5
percent moisture content ranges presently available
concurrentflow dryers require about 50 percent of the
energy presently needed by commercial crossflow dryers for
drying soybeans$ alsos concurrentflow dryers will result
in a more uniform and better dried producte.

The effect of tempering was analyzed for both
crossflow and concurrentflow dryinge By converting drying
stages S and 3 {n the 6-stage crossflow dryer 1{nto
tempering zonesy the specific energy consumption was
reduced by 398 percent without affecting the dryer
capacitye Concurrentflow soybean dryers should have
tempering zones after each drying stagee. Compared to a
concurrentflow corn dryery the tempering zones in a
similar soybean dryer should be reduced 1n height from

150 to 10.0 feet (4.6 to 3.1 m).



Valdecir Antoninho Dalpasquale

The MSU Fixed-Bed Drying Model was solved using a
new method of solution. The new version requires less
computer time 1{in (low-temperature drying simulation.
Low-temperature soybean drying for Brazil was found to be
feasible {if the ambtent air 1is heated by 5.0 degrees
Farenheit (2.8 degrees Celsius) and the airflow rate is
increased to 1.5 cubic feet per minute per bushel (1,6

m3/min=ton).
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CHAPTER 1

INTRODUCTTION

Soybean ¢ Glicine max sLeoMerril) is widely wused
throughout the world as animal feed as well as human food.
Its high nutritious values especially in proteines makes it
a very important element 1in animal rationse Its
importance as a supplement 4n human difet in which soybean

can be consumed in different forms such as soymilke tofus

and soyfloure 1s growing rapidlye.

lel Production and Importance of Soybeans

Soybeans are grown throughout the worlde Howevers
the Largest production 1s 1in the United States which
accounts for 64 percent of the world totale Brazil and
China produce 26 percente The world soybean production is
summarized in Table 1.

More than 6009000 farmers grow soybeans 1in the
United Statese. A record amount of more than 2.2 billion
bushels (about 62 million metric tons) was harvested in

1979, Of thisey 770 million bushels (21 million tons) were



exported as beanss 1le¢1 million tons as oile and 6.1
million tons as oflseed cake and mealey in total generating
over $7.8 billione These numbers make soybeans the second
crop by volume 4in the United States and the first

agricultural commodity in cash revenuee.

TABLE 1: World soybean production in 14000 bushels (14000

metric tons)e.

CONTINENT/COUNTRY PRODUCTION(1979/1980)
North America 293144772 (62¢987)
South America T219660 (199637)
Europe 199845 ( 540)
Soviet Union 224050 ( 600)
Africa Se770 ( 157)
Asia 4619654 (1249562)
Oceania 39675 ( 100)
World Total 395499389 (969582)

Source: Soya Bluebook 1980¢ American Soybean
Associatione.



1.2 Drying of Soybeans

American farmers can usually leave soybeans in the
field until a moisture content of approximately 11 percent
is reachedy thus avoiding artificial drying of the beanse
Conventional {n-field drying 1s usually satisfactory to
maintain the soybean quality in storagee Howevery it 1s a
weather dependent technique and often Leads to excessive
Losses because of the brittleness of the pods and bean
stalke Under unfavorable conditions of humid weathers the
beans suffer deterioration prior to the harveste.

The alternative to natural drying in the field is
forced afr artificial drying which 1s a safer method for
decreasing the excessive moisture in the crope The forced
air drying rate is a function of the air temperature and
relative humidityes soybean moisture content, soybean
equilibrium moisture contente and mass flow ratees Variety
and history under wnhich the beans are grown sometimes
affect the drying ratee

Basicallys the drying process can be divided 1n
two categories: low- and high-temperature dryinge.

Low-temperature drying is a common practice among
American farmers when the bean moisture content 1s too
high for safe storagee In this processs Little or no heat

is added to the ambient air. In the case where the drying



temperature is raised a few degreesy electricity and
Liquid propane are the most used forms of energy. With
the advent of the energy crisisy solar energy and biomass
were intensively fnvestigated as alternative energy
sourcese Natural air drying (no heat added) may take so
Llong (especially when the soybean initial moisture content
is high and the weather 1{s wunfavorable) that some
deterioration may take place before the desired moisture
is reached.

High-temperature drying 1s a faster process and is
less dependent ' upon the weather conditions than
low-temperature dehydration. It 1s mainly practiced 1in
the processing industrye 1In 1979¢ the 94 processing mills
in the United States crushed more than one billion bushels
(about 30 million metric tons) of soybeans (almost 50
percent of the total American production)e. Before the
crushing process the moisture content of the beans must be
reduced from the normal storage level to about 10 percente.
To accomplish thise high-capacity high-temperature dryers
are usede.

Among the high-temperature commercial grain dryer
configurations the <crossflow design 1s the most commone
It 1s a relatively simple design and produces an end
product of acceptable quality. The main disadvantage of

the conventional crossflow dryer is the high amount of



energy required to remove moisturee. Recentlys
concurrentflow dryers has been introduced. They are of
more complicated design than the crossflow dryer but the
dried product 1s of better qualitye Concurrentflow dryers
require Lless energy per unft of water removed as compared
to other continuous flow dryers mainly because higher
drying air temperatures can be usede.

In the United States grain dryers are designeds
rated and advertised as corn dryerse No specific soybean
dryer has yet been marketede. The vresult 1s that the
American soybean processing industry 1s not using the most
suitable equipment for {1ts drying needs but is fulfilling
its drying demand with corn dryers which have different
characteristics than those needed for soybeanse. As a
consequencey drying of soybeans at high temperatures 1is
accomplished at the expense of high energy requirementse.
It shall be shown 4in this thesis that 4if specially
designed soybean dryers become available to the processing
industry 1t 1s possible to reduce the amount of energy
consumed at the soybean processing plants to about half of
the present requirement.

In Braziley soybeans are wusually harvested at
moisture contents higher than in the United States (16 to
20 percent)e Weather conditions are also Lless favorable

at harvesting time and during subsequent storagee.



Soybeans must be artifictally dried. Drying 1s done
almost completely at high temperatures at elevatorss
cooperativesy and processing plantse On-farm drying and
storage is practiced very littl;. The Brazilian
government prohibited the use of petroleum derivates for
artifictal drying of agricultural products (Jornal de
Armazenagemy 1980)9y adding a serious constraint to the

development of efficient drying systemse.



CHAPTER 2

0BJECTTIVES

In this studye emphasis shall be placed wupon
drying techniques which have been employed in the soybean
processing 1{ndustry and wupon those that shall be
recommended as highly desirede. A technique will be
selected as desired 1f it fulfills two conditions: the end
product {s of good quality and the consumption of energy
is Llowe

The broad goal of this thesis 1s to develop
efficient soybean drying systemse The specific objectives
are:

le Determination of the major drying parameters
for soybeanse

In the United Statess on-farm as well as
commercial sized dryers are commonly designed as corn
dryerse Thuse the drying parameters (eegees airflow rates
burner sizey column Length and thicknessy drying
temperatures etce) will be selected to optimize the
drying of soybeans and not necessarily of a commodity such

as corn or wheat (Bakker-Arkema et ale ¢1980).



2e Improvement of computer models for simulating
soybean dryinge

A crossflow computer program will be updated by
employing a four-equation drying model (Brooker et
ale91974)e Previouslys three equations were used based
upon the assumption that the air and product temperatures
are the same during the dehydration processe

3¢ Substitution of a thin-layer eguation by a
diffusion eguation in the drying models.

Grain drying models wusually employ thin-layer
equations to predict the moisture behavior in the drying
processe In this studyes a diffusion equation will be
usedy insteade The use of diffusion type equations in the
simulation drying models allows simulation of tempering or
steeping zones 1n a dryer. These zones are of primary
importance because they lead to significant energy savings
and product quality improvement during the drying processe.

4 Dimensioning of continuous flow dryers and
fixed-bed drying systemse

The successful and intelligent use of the three
previous conditions will give realistic simulation drying
models which will help grain dryer manufacturers to design
optimum soybean dryers fbr on-farm as well as for
processing plant usee Designs for efficient continuous

flow dryers and fixed-bed drying systems will be proposede.



S Speculating on the best methods of drying
soybeans in Brazile

Although Brazil has different weathery
sociological and economical conditions than the United
Stateses the drying techniques here developed will be
considered for successful adoption to Brazil through

making the proper adaptatione.



CHAPTER 3

LITERATURE REVIEW

3¢l Drying Developments in Soybeans

Drying 1s the process of removing excess moisture
from a product to prevent deterioration during subsequent
storagee In the United Statess drying of soybeans has in
the past only been necessary when inclement weather had
occured during the harvest periode The beans were left to
dry {in the field until the moisture content had reached
approximately 11 percent. Mature beans Lleft exposed to
damp weather develop a dark brown color and a chalky
texturees The o1l from weather damaged soybeans 1s often
not of edible gradee.

Artificial drying of soybeans offers advantages
which merit consideration even when weather conditions
make its use not requirede The chance of Llosses through
bad weather 1{s reduced and 1t permits early harvesty
minimizing mechanical damage by the combine reel and

cutterbar (Rodday 1974).

10
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Soybean drying has not been studied as intensively
as corn dryinge Neverthelessy soybeans have successfully
been dried and stored on farms after some adjustments had
been made in airflow rate and heat 1inpute.

Depending on the utilization purposey different
drying techniques may be applied to soybeanse For seedss
natural air drying at airflow rates of 2=-3 cubic feet per
minute per bushel (2.1-3.1 m3/min-ton) 1s adequate for
drying soybeans with initial moisture contents up to 16
percent (Roddae 1974). Under unfavorable weather
harvesting conditions supplemental heat must be added to
the drying aire Soybean seed technologists suggest
afrflow rates of 10 cubic feet per minute per bushel (10.4
m3/min-ton) with a relative humidity of 40 percent or
higher after heatinge The air temperature should not
exced 110 F (43.3 C) (Roddael1974). Low-temperature {in-bin
drying with the air temperature raised by 5 to 10 degrees
Farenheit (2¢8=5¢6 C) 1s a rather widely used methode The
bin 1s filled to a depth of about 16 feet (4,9 meters) and
an airflow of approximately 2 cubic feet per minute per
bushel (2.1 m3/min-ton) 1s employed.

In=-bin batch drying is also practiced. In this
methodey the temperature rise is Limited to 15 degrees F
(about 8 degrees C) at a maximum soybean depth on the

order of 10 cubic feet per minute per bushel (104 cubic
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meter per minute per metric ton). The result 1s a
relatively uniform moisture of the beans although the
drying process is slowe Matthes and Welch (1974) dried
high moisture soybean seed (at 22 percent wet basis) using
in-bin dryinge They recommended airflow rates no Llower
than 9-12 cubic feet per minute per bushel (9.4-12.5
m3/min-ton) at 110 F (43,3 C)e Faster batch drying can be
attained when the air i1s heated 50 to 70 F (28 to 40 C)y
the airflow rate adjusted to 40-50 cubic feet per minute
per bushel (41¢6=520 m3/min-ton) and the bed depth
Limited to 2 feet (0.6 meters) (Barrey1974).

Roberts and Brooker (1975) used a sweep auger at
the bottom of the bin in conjunction with a vertical auger
({eee9 iIn=bin counterflow drying) to recirculate the grain
and to obtain a more uniform moisture content throughout
the batche Sabbah et ale (1976) tested a
reversed-direction-air-flow technique which resulted in a
more uniform final bed moisture contents Lower germination
Llossesy and Lless seed coat cracking as compared to
conventional batch=in-bin dryinge

1f soybeans are dried for commercifal use the air
can be heated up to 140 F (60 C) in batch drying
(McKenziey 1972)e At 190 F (878 C) reduction 4n ofl
yield has been observed (Roddasl19743Barreel974)e Kalchik

(1977) dried soybeans at temperatures up to 450 F
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(23242 C) wusing a laboratory-scale concurrent flow drier
without observing a reduction in ofl yield or oil qualitye.

Drying of soybeans 1{in processing plants is
accomplished by means of Llarge continuous flow dryerse
Soybeans are dehydrated to moisture Levels below those
required for storage. Because the beans are subsequently
crushedy cracking of the bean coats and cotyledons 1s of
no importance and 4in fact 1{s desired. Drying air
temperatures of about 200 F (933 C) are commonly used
with <crossflow dryers (Madisone 1980)e Crossflow dryers
are by far the most popular dryers used 4in processing
plantse In facte no reference could be found in the
Literature of other dryer design being used in the soybean
processing industrye.

Kalchik (1977) tested a Laboratory-size concurrent
flow dryer and found that it {1s possible to reduce soybean
moisture content from 13 percent to 9 percent requiring
only 1500 BTU per pound of water removed (3490 kJ/kg)e.
This 1s a much better figure than those currently obtained
with crossflow dryers (Madisony 1980) which are of the
order of 7000 BTU/Lb (16¢286 kJ/kg)e

In reviewing the commercial Literature i1t 1s clear
that there are no commercial soybean dryers in the markete.
What 4s available are corn dryers which are adapted to

soybeanse For the on-farm soybean dryersey such parameters
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as afrflowe air temperatures static pressuregsetces should
be modifiede There 1s a need for on-farm tests comparing
alternative forms of the drying/storing of soybeans
similar to those which have been conducted on corn by the
Agricultural Engineering Department of Michigan State
Universitye.

Since continuous flow dryers are designed as corn
dryers 1in the United Statesy they are over-designed and
over-rated when used for soybeans due to the different
drying characteristics of the two productse This makes

such dryers inefficient when employed as soybean dryerse

3¢2 Drying Equations

3¢2e1 Thin-layer and diffusion equations

Thin-layer equations are of critical importance in
simulation drying modelse The equations are obtained from
thin-layer experiments 1n which a small quantity of the
orfiginal product 1s dried. In drying simulations the
entire drying bed 1s assumed to consist of a series of
thin Layers of the producte. An accurate equation

describing the moisture behavior of the thin Layers 1s
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thus essential 1in order to accurately simulate the
multi-Layer drying processe

Sabbah et ale (19769197741979) developed a
thin-Llayer drying equation for soybeans based on the
premise that the mechanisms which control the drying rate
are diffusion within the seed and mass convection at {ts
surfacees Two governing equations for convection and mass
diffusion developed in the range of 90-110 F (32¢2-43.3 C)
were coupledy resulting in the following semi-empirical
equation:

MR = 0e608*(exp(=-K2+t)*(exp(-K1lxt) +

0e25%*exp(=-4xK1lxt))+exp(=-K2+t) (1)

The variable K1 {is evaluated from:

Kl = 4«PI2#2xD/d%x*2 (2)
The term d 1in equation (2) 1{1s the equivalent seed
diametery assuming the seed to be a spheree. This
assumption has been validated by Chu and Hustrulid (1968)
who found that two solids of different shapes <can be
considered equivalent for drying if thedir

volume-to-surface-area ratios are the sames provided none

1] In this studye the equations and data from the
Literature are presented and publishede The number of
significant figures in the constants and data may not

be consistente.
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of the solids are original spheres. The equivalent seed
diameter of soybeans can be obtained from the following
empirical equation:

d

066279 + 041255%*M (3)
d = cm

The mass diffusion coefficient D in Equation (1) 1s given

by:
D = (0,0493%exp(-0.59/(Mo=-Me)) +
0.0181*(M=-Me))*exp(=31376/(TH+273.13) (4)
D = cm2/sec

The convection parameter K2 is defined as:
K2 = GF *« AF * GAF (5)

where GF 1s the grain factor:

GF = a*S/B (6)
@ = 558699 = 196.19*M (7)
B = 675410 + 464454*M (8)
S = 10 (shape factor)

The air factor AF {is expressed by:
AF = 1e342E-6*Ga/RH*(TH+272413)**1.54/
(06514+40,0036*THI)**x0.67 (9)
and GAFe the grain-air factore by:
GAF = x®*Rett=-y*(RHe=RH)/(M=-Me) (10)

where:
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x
|

= 091 and y 0.51 for Reg 50600
and

0e41 for Re> 5060

x
|

= 0661 and y

Equations (1) through (10) were originally written in SI
unitse

The Sabbah equations were developed with a
reversed-air drying systeme A careful examination of the
equations showede howevery that the moisture ratio 1in
Equation (1) does not decrease below 0739 no matter how
Large the drying tiﬁe becomes. Thuse the Sabbah equations
for thin-layer soybean drying can not be employed in
deep-bed simulation modelse.

A semi-theoretical drying equation with a
logarithmic behavior was presented by Brooker et ale in
1974:

MR = exp(=k=t) (11)
Overhults et ale (1973) observed that a logarithmic drying
model of the type in Equation (11) does not adequately
describe the thin-layer drying process for soybeanse The

following modified logarithmic model was proposed:

2] The units corresponding to each variable are given 1in
the List of Symbolse except for those specifically

indicated.
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MR = exp(=(kxt)=x»xn) (12)
where k and n are drying constants described by:

N = 063529 + 0.,00136+*TH (13)

if Mo € 20 percents Webe

Ln k = 11752 - 7912.7/THabs (14)

if 20 < Mo < 23 percent

Ln k = 10906 = 7357.0/THabs (15)

if 23 < Mo < 33 percenty wWebe

ln k = 106375 = 6779e3/THabs (16)

The Overhults equation 1s the only empirical
drying equatifon for soybeans which was developed at
temperatures in the 200 F (933 C) range. This fact along
with the high {nitial moisture contents of the tested
soybeans makes 1t a suitable equation to be employed in
simulating high temperature continuous flow dryerss

In order to avoid the use of three different
equations for evaluating the drying parameter k in the
Overhults® equatione White et ale (1978) derived two
empirical equations for n and k :

0033 ¢ 0.0025*RH ¢+ 0.003*TH (17

n

k

=0e6207 + 3e57%10=3*TH + 2416*10-3*Mo
+ 2061%10-3#RH + 3.202*10-6*Mo*TH (18)

where
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RH = relative humiditye percent
TH = temperaturey degrees Celsius
Mo = initial moisture contenty percent dry basis

Initial moisture contents for the White et ale
experiments varied from 16 to 24 percent wet basise and
air temperatures ranged from 86 to 158 F (30 - 70 C) at
dew point temperatures of 46e¢4 to 100e4 F (8 - 38 C)e
Howevery when Equations (17) and (18) are used as the
drying constants in Equation (12)y 1t 1s observed that the
moisture ratio decreases as the relative humidity
increasese. Because the opposite effect 1s expectedy
Equations (17) and (18) can not be usede.

Pinheiro Filho (1976) 4{nvestigated 1{intermittent
soybean drying and developed empirical equations to
evaluate the parameters n and k in the Overhults equation
at two 1{initial moisture contents (15 and 19 percent wet
basis) and at two drying temperatures of 89.6 and 130 F
(32 and 54¢5 C)e The following relations were reported:

n = 00552 ¢+ 1.7742/TH (19)

ln k = =365187 ¢+ 0.03333*TH (20)
Pinheiro Filho pointed out that some restrictions must be
placed on Equations (19) and (20) because of the small

number of experiments on which the regression was basede.
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Roa and Macedo (1976) derived a thin-lLayer drying
equation for carfoca beans:

MR = exp(-m(Pvs = Pv)*xn = tx=2q) (21)
where me9 n and q are drying constants for the producte

Rossi and Roa (1980) estimated the drying
constants of the Equation (21) for soybeanse The
following values were obtained at 118 F (47,7 C) and 28

percent relative humidity:

m = 001448
n = 047088
q = 0.51168

Although the authors do not present any restriction to
Equation (21)ey 1t was developed at only one drying
conditiony which Limits 1ts applicatione.

Contrary to the thin-layer equations which assume
that the product has the same moisture content at any
point within the kernel at one times diffusion-type
equations model a mofisture gradient 1{inside the seed.
Besides describing the drying process in a more realistic
wayes diffusion equations allow simulation of tempering
(steeping) zones 1n a dryere.

Molecular diffusion has generally been accepted as
the controlling mechanism of convection drying of
biological materials during the - falling-rate drying

periode Bakker-Arkema and Hall (1965) 4investigated the
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effects of boundary conditions in solving the diffusion
equation for drying forage waferse It was found that the
drying process could be better described by assuming that
the two wafer surface concentrations vary exponentially
with timee. It was also claimed that the physical
phenomenon of an exponential surface-moisture-content is
Likely to be observed in grains and legumes 1f some drying
points are determined sooner than usually done after the
start of dryinge

Wang and Hall (1961) concluded that the diffusion
equation with <concentration as the driving force 1is
adequate to describe the moisture movement in a medium {f
its temperature 4s wuniform, For the non-uniform casey
simultaneous equations of moisture and heat diffusion are
needed to describe moisture migration in the mediume.

Whitaker et ale (1969) studied diffusfon 1in
spherical bodies with a concentration dependent diffusion
coefficiente. It was noticed that a
moisture-movement-heat-transfer mathematical model was
needed to characterize the heat-moisture diffusione.

Young and Whitaker (1971) stated that:

"in order to accurately describe moisture
transfer within a bulk of material and to
explain the effects of drying on the quality of
the materiale the moisture transfer within
individual particles of the material should be
understood and accurately repesented by a

matehematical model. 1In the most general cases
the transfer of heat and moisture must be



22

considered simultaneously i1n order to accurately

describe the transport processes within the

material®.
They used Fick®s second Law of diffusion and
vapor-concentration gradients within the pores of the
material as the driving force. According to the authorss
the vapor-concentration gradients seemed to be the best
mechanism for describing moisture transfer within a
composite body of different hygroscopic propertiese.

Sabbah et ale (197691977¢1979) developed a
diffusion equation for soybeans (Equation (4)) for
simulating a reversed-direction airflow drying in a fixed
bede. The drying rate was assumed to be a function of the
mass diffusion within the bean and mass convection at {ts
surfacee The diffusion was used as a thin-lLayer equattion
parameter instead of a coefficient 1in the mathematical
model of diffusione

Misra and Young (197841980) 1nvestigated the
effects of shrinkage on mofisture diffusion during drying
of remoistened soybeanse. Soybeans were dried under
sixteen different environmental conditions of four
dry-bulb temperatures ranging from 95 to 203 F (35 to
95 C) and four dew=-point temperatures varying from 50 to
77 F (10 to 25 C). The diffusion coefficient D was

modeled using the Arrhenius equation:
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o
"

A*exp(~-B/TH) (22)

where

o
n

diffusion coefficiente m2/hr

TH = absolute temperatures degrees Kelvin

>
n

004694372

@
n

3437.16

Equation (22) 1s Less empirical 4n naturee. Several
investigators employed the Arrhenius analogy to develop
diffusion equations for other agricultural products (Pabis

and Hendersony 1961).

There are many other thin-Layer and diffusion
equations available in the Literature for crops other than
soybeanse Although they are for other productse they have
been derived under similar conditons and assumptions than
the soybean equations discussed abovee It seemsy however,
that due to the much lLarger number of investigations made
with other commoditiess and especially with corne soybean
equations are often Llimited to application 1in narrow

temperature and moisture content rangese

3e2¢2 Equilibrium moisture content equations
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Several equations are available for determining
the equilibrium moisture content of soybeanse Some have a
general form and can be used for different agricultural
products by varying one or more coefficients 1in the
equationse Others have been specifically derived for
soybeanse.

Equilibrium moisture content 1{1s the moisture
content of the materfal after 1t has been exposed to a
particular environment for an indefinetely long perfod of
timee Its availability 1in accurate form 4s of critical
importance in drying simulation. Unfortunately vartfations
in the equilibrium moisture content values reported for
soybeans at the same relative humidity and temperature are
commone A few probable causes for the variations are: 1)
different varieties with different growth historiess 2)
differences 1in the methodology applieds 3) inadequate
measurement of the moisture contentey and 4) difficulties
in controlling temperature and relative humidity during
the testse

The best known equilibrium moisture content
equatfon for a bfologfcal material is a semi-logarithmic
thermodynamic relationship developed by Henderson (1952):

1 « RH = exp(=AxTHxMe+%B) (23)
where A and B are product constants and T is expressed in

degrees Rankine. Henderson determined the values of A and
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B ase respectivelyy 0,000052 and 1.52 for soybeans at 77 F
(25 C)e.

Alam (1972) re-evaluated the product constants of
Equation (23) for soybeanse At 77 F (25 C) they were
found to be A = 0.00004667 and B = 1.48234. He also
evaluated the constants for soybeans 1in the Sabbah

equilibrium moisture content equation:

Me = a*RH#**b/THx*c (24)
where

a = 0.0001617

b = 285274

c = 0189376

Me = equilibrium moisture contentey percent dry
basis

RH relative humiditye percent

Equations (23) and (24) do not satisfactorily predict the
equilibrium moisture content 1in the entire range of
relative humiditiese.
Alam (1972) developed a third order polynomial
equation to describe soybean equilibrium moisture content:
Me = cl ¢ c2**RH ¢+ c3#T + Cc4*RH*T ¢ cS*RH**2 +
COXRHAX24T4CTo#Tax24CB*RHAT A #24CcO*RHA#24T222+
ClO0*RH*#*3 + Ccl1#RH*#3#T 4 Ccl2«RH*23*T#x2 +
C1l3+T2%x3 + Cl4*RH*T#*3 + C1S#*RH**2+T*23 +

Cl6*RH**3#T#x3 (25)
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where

T = temperaturey degrees Celsius

RH = relative humiditys percent

Me = equilibrium moisture contente percent wet
basis

cl = 2098305 c9 = 0000005206

c2 = 0629107 cl0 = 0.,000075358

c3 = =0.10662 cll = 00000023991

c4 = 0,01251400 cl2 = -0,000000036882

¢S = =0.006551 cl3 = -0.,000004801

c6 = -0.00034487 cla = 0.,00000068246

c?7 = 00000131125 cl5 = -0,000000019123

c8 = =-0.00018787 clé = 000000000013494

Although this equation was developed over the entire range
of relative humidities and temperatures between 41 and
131 F (5 to 55 C) the results obtatined by this author
could not duplicate the Alam resultse.

A general equilibrium moisture content -equation
for grains was proposed by Pfost et ale (1976):

Me = E = F*ln(R*(TH + C)*Lln RH) (26)
whereo for soybeans:

E

0375314

F 0.066816
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(@]
n

24.576

P
n

1,987 cal/kg-K - universal gas constant
Negative Me values were observed at Low relative
humidities and temperatures between 50 and 130 F (10 to
54.4 C)

Pfost et als (1976) calculated the constants for
the Henderson-Thompson equilibrium moisture content

equation for soybeans:

Me = Ln(1-RH)/(=k*(TH + C )*100+N) 27
where

k = 0000503633

C = 43,016

N = 1.3628

TH = temperaturey degrees Celsfuse.
Equation 27 does not present the characteristic
sigmoidal shape of the equilibrium moisture content curves
for biological productse
Roa et ale (1977) proposed the following general
equilibrium moisture content equation:
Me = (pl*RH ¢ p2*RH**2 + p3I*RH**3) =
exp((q0 ¢«(gl*RH ¢ g2*RH#**2 <+
+ q3*RH*%x3 ¢+ Qq4*RH**4)*(TH ¢+ q5)) (28)
where TH is the temperature in degrees Celsfuse
Rossi and Roa (1980) evaluated the constants 4n Equation

(28) for soybeans:



28

pl = 04469448 Q2 = -0e22417
p2 = =0,295153 q3 = 0.46542
p3 = 0170480 q4 = 024788
q0 = =-0.006910 g5 = 32.0800
ql = =0.224170

The drying conditions under which the coefficients of
Equation (28) have been developed were not mentioned by
the authorse

Silva (in Kalchik et ale (1979)) wusing published
equilibrium moisture data for corn developed the following

equation:

Me = a*RH*xb/LnTH 1f 0,0 < RH < 52,0 (29)

Me = c*exp(RH*d)/LnTH §f 52 < RH <99.9 (30)
where

Me = equilibrium moisture contente percent wet
basis

RH = relative humiditye percent.
The soybean coefficients for Equations (29) and (30) have

been determined by Silva and Dalpasquale (1979):

a = 60208060
b = 0027377
c = 3961830
d = 0.491880

For soybeanse the transition relative humidity between

Equations (29) and (39) was set at 55 percente Me 1is
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expressed 1in percent dry basise Equations (29) and (30)
predict satisfactorily the equilibrium moisture content in
the entire range of relative humiditiese.

Many of the equilibrium moisture content equations
reviewed in this study were plotted for different
temperatures and relative humidities by Dalpasquale
(1979). The reader is referred to that study for a more

thoroughly comparison among the equationse.

3¢3 Drying Effects on Soybean Quality

According to Brooker et ale (1974) high quality
grain has the following properties:
1. appropriate Low and uniform moisture content;
2¢ low percentage of broken and damaged kernels3
3« Low susceptibility to breakages
4 high test weight3
Se high starch content;
6e high oi1l recoverys
7« high protein qualitys
8« high viabilitys
9 low mold counti and
10.high nutritive valuee.

For soybeansy all but property (5) are 1{importante.

Howevere not all quality factors are of interest to every



30

usere

Soybean field and harvest losses may be reduced {f
the beans are harvested at a moisture content of about 16
percent (Byg and Johnsone 1970)e Drying will be necessary
to reduce the beans moisture content to approximately 11
percent as required for safe long~term storagee

Ramstad and Geddes (1942) investigated the effects
of moisture contenty temperatureys Llength of storages
aeratione split beanse and microorganisms on soybean
qualitye. The Latter were found to be responsible for
heating and other damages in wet beanse It was observed
that higher microbiological growth occured in split beans
than in whole beanse. A larger surface area and the
absence of the seedcoat were mentioned as possible
reasonse

The Lloss of seed viability in soybeans has been
studied by Milner and Geddes (1946)e They related growth
of fungy to 1increases 1in fatty acids and associated
biochemical changes in stored soybeanse Chemical changes
were directly proportional to the moisture content and
mold growthe

Holmer and Carter (1952) found that soybean seeds
can be safely stored for one year with only a sligh
decrease in viability 1f the moisture content 1s Lless than

10 percente.
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Delouche (1975) studied the effects of damages
temperaturey and moisture content on germination of
soybeanse Sound soybeans showed a germination potential
of 84 percent against only 15 percent for damaged beans
after 12 months of storagee. Soybeans stored at 50 F
(10 C) and 9.4 percent moisture showed a germination of 94
percent after 10 years « In factey germination 1{1ncreased
from 93 percent after 6 months in storage to 98 percent
after 2 yearse At 68 F (20 C) and at the same moisturey
germination was at 90 percent after the beans had been
stored for S years but dropped to zero percent after 10
yearse At 13,9 percent of moisture and 50 F (10 C)
soybeans displayed a 92 percentage of germination after 3
years of storagee.

Chanchai et ale (1976) investigated the 4{influence
of heated air drying on soybean 4{impact damageo. The
results showed that drying with heated air <can Llead to
significant cracking damage to the soybeanses Subsequent
impact damage during handling was related to drying air
temperature: the higher the air temperature the higher the
amount of splitse cracked beanse and total damage after
fmpacte Hall (1974) studying damage caused by handling of
soybeanse observed that artificial drying will not cause
an increase in damage during handlinge. A similar

observation was made by Matthes and Welch (1974) who
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concluded that 1t i1s feasible to dry high moisture content
soybean seeds with heated air and obtain a product of
acceptable qualitye.

White et ale (1976) reported that the physical
damage of soybeans when dried with heated air can have
pronounced effects on their Llong term storability and
quality. Soybeans dried with high air temperatures are
more prone to mold development ande alsoe to an 1{ncrease
in the fatty acid contente.

White et als (1980) carried out thin-layer drying
experiments with the objective of determining the
relationship between the drying parameters and the
development of seedcoat and cotyledon damagee. Three
initial moisture contents (169 209 and 24 percentd)y five
drying temperatures varying from 86 to 158 F (30 - 70 C)
and seven dew-point temperatures ranging from 46.4 to
1004 F (8 - 38 C) were employede They observed that
seedcoat and cotyledon cracks are highly correlated to the
fnttial moisture content and relative humidity but the
drying air temperature did not stignificantly affect the
prediction of those characteristicse Cracks of the
seedcoat were absent only at relative humidities of 50

percent or highere



33

Sabbah et ale (197691977) applied the reversed-
direction-air-flow technique to a batch=in-bin drying
systeme They claimed considerable improvement in soybean
seed quality over conventional one~direction-airflow
dryinge In their systemy the final moisture content was
almost uniform throughout the bed because of the
periodical reversal of the airflow direction. Alsoy fewer
overdried and underdried seeds were observed. As a
consequencey less cracking and mold activity 1inside the
bean mass was detected. The avoidance of mechanical
stirring equipment was mentioned as another advantage of
the drying methode.

Pfost (1975) studied the effects of varietal and
environmental factors on the <cracking of soybeanse
Seventeen varieties were dried with air varying from 90 to
150 F (3262 = 656 C) and significant diferences were
found among theme 1In generaly cracking decreased with an
increase {in the final moisture content and relative
humidity of the drying aire and increased with an increase
in air temperatures drying ratee and initial moisture
contente For any given varietys the most significant
factor affecting cracking was the relative humidity of the
drying aire It was also observed that most of the cracks

formed during the first five minutes of drying.
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Ting et ale (197891980) investigated the occurence
and extent of drying damage in remoistened soybeans at
different depths in a Llaboratory-scale deep~bed dryers
Soybeans have been dried 1in batches up to 20 feet
(0s6 meter) deep using drying air temperatures of 122 and
149 F (50-65 C) and airflow rates of 20 and 40 cfm/sqft
(0102-0,203 m3/s-m2)e The position of the soybeans 1in
the bed was found to be the most significant factor
affecting the drying damagee. The farther the soybeans
were Located from the air inlety the Lower the damage.
Besides the position 1in the drying beds {nitial moiture
contenty airflow ratees and air temperature were all found
to significantly affect the drying damagee.

Soybean seeds which did not decrease 1in qualfity
during the drying process still can be deleteriously
affected 1f subsequent handling and storage operations are
not properly performede. Rodda and Ravalo (1978) stored
soybeans 1in four types of containers at ambient
temperaturesy and 1n sealed metal contafiners at constant
temperaturese Samples at low {nitial moisture contents
maintained the orfiginal quality characteristics
satisfactorily under tropical conditionse On the other
hande samples with poor initial quality did not store well
even at temperatures as low as 374 F (3 C)e Rodda et ale

(1980) concluded ¢that 1t 4s essentfal to reduce and to
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maintain the soybean moisture content during storage {f
viability of the seed 1s to be maintained.

Paulsen (1978) reported that 1in decreasing the
soybean moisture content from 17 to 8 percent the average
compressure force required to cause seedcoat rupture
decreasede. He found the energy per unit volume absorbed
by the soybeans prior to the seedcoat rupture (thoughness)
to be maximum in the moisture range of 11 to 14 percente.
It was also observed that the smaller the soybean seed the
greater {its resistance to seedcoat cracke

Haghighi and Segerlind (1978) performed a
numerical study of the stress crack formation in the
soybean kernels resulting from moisture and temperature
gradients during dryinge It was reported that tangential
stress in the kernels change from compressive to tensile
stress as {1t approaches the surfacees There the tensile
stress reaches its peak {in one hour and then decays
slowlye

Misra and Young (197891980) employed a
finite~element procedure 1n determining soybean stresses
during artificial dryinge Elastic properties were assumed
but did not adequately predict the stresses in soybeanse.
Viscoelastic properties were suggested as more appropriate

in soybean stress predictione.
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Mensah et ale (1980) found that the soybean
seedcoat {s a viscoelastic material and i1t can be modeled
as a generalized Maxwell modele They stated that the
soybean seedcoat 1s anisotropic with respect to ultimate
stress and relaxation moduluse 1eees 1t exhibits higher
values of both properties when loaded perpendicular to the
hilum than it does when Loaded parallel to the hilume
Higher values were also found for Low equilibrium relattive
humidities and/or Llow temperaturese.

Famili et ale (1980) studied the effects of
compression strain on soybean germinationes average
hypocotyl lengthe and percent of cracked and broken beans
at four moisture levels (108 to 19.2 percent dry basis)
at three compression orientations. Increasing compression
strain or decreasing the bean moisture content resulted in
lowering the percent germination and average hypocotyl
Lengthe

Miller et ale (1979) employed a Stein breakage
tester to determine breakage susceptibiity in soybeanse.
Breakage increased as temperature or moisture content
decreasede It was also determined that the breakage
susceptibility of a mixture of sound and breakage-prone
soybeans could be calculated from both the proportion and

breakage susceptibility of the components in the mixture.
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It should be noted that soybean quality may be
affected when the crop 1s still in the fielde Harvestings
dryinge handlinge and storage can be deleterfous to the
bean quality {1f not properly performede Quality can not
be improved by any of these precesses but can be preserved
during their execution 1f proper engineering techniques

are appliede.



CHAPTER 4

DRYTING MODELTING

AND SIMULATION

A grain dryer is a device which uses ambient air
and a heat source to create a flow of heated afir to remove
water from the drying producte. It can have several
configurations according to the air and product flow
directions: crossflows concurrentflows counterflows and
cascadee. A grain dryer can operate on a stationary
(fixed-bed) or on flowing beds (continuous flow)e

G6rain dryer performance can be affected by a
number of parametersy including: (1) the air temperature
and relative humiditys (2) the initfal and final mofisture
content of the producte (3) the initial grain temperatures
(4) the throughput of the dryeres (5) the resistance to
atrflow through the grain masse (6) the design of the
burnere fanse and ducting systemse and (7) the grain
varietye. ALl of these parameters act together and their
proper design and management enable one to determine the

most suitable equipment for specific drying needs.

38
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The drying air temperature 1s the most easily
manageable parameter 1n a drying systeme It drastically
affects the drying efficiency and quality of the finished
producte In conjunction with the grain and air flowss it
is responsible for the amount of water removed in a dryere

The initial moisture content affects the drying
ratee The higher the moisture contenty the faster the
drying rate in terms of water removed per unit of energye.
At high moisture <contents the adsorption forces of the
water molecules held by the soybean cell structure are
less than 1in the Llow mofisture range. As a resulty an
increasing percentage of the available heat 1s utilized to
evaporate the moisture in the graine

The throughput of the dryer can 1influence the
drying rate and the efficiency of the processes and the
quality of the end producte. If the grainflow is
increaseds the quality of the end product s usually
improvedy the specific energy efficiency (the energy
required to remove a unit of water) decreases (more energy
is necessary per unit of water removed) along with the
amount of water evaporatede Underdrying may occure 1If
the grainflow rate is decreasedes a reversing of these

trends 1s Likely to occure
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The pressure drop across a drying bed (usually
known as the afrflow resistance and referred to as static
pressure) significantly affects the rate of airflow and
thus the drying ratee For a given fan stzey the cleaner
the massy the higher the airflow and thus the drying ratee

It has been speculated that different corn
varieties dry at different rates (Keener and Glenne 1978).
Bakker-Arkema et als (1978) defined the "hybrid drying
factor® which accounts for the <characteristic drying
behavior of a Lot of corne The hybrid factor {s defined
as the ratio of the specific drying rate to the standard
drying rate of a Lot of corne It is expected that other
agricultural commodities such as soybeans behave in a

similar waye

41 Crossflow Dryer

Crossflow dryerse often called screen~-column
dryerse are the most widely wused grain dryerse Their
simple construction and operating principless and their
lower first cost compared to other types of grain dryers
are responsible for this popularitye.

Crossflow dryers are availabe in several
configurationss; the tower type 1s the most common

commercial typee Some crossflow dryers are of horizontal
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construction with the grain columns located on the two
sides of the plenum. They can be operated as batchy
multi-stagey or as continuous flow dryers and can be
stacked one above the other i1f higher capacities need to
be mete. Stacking the units in modules greatly enhances
the operation flexibility of the dryers (Hawk et ale
91978). Each module of the stack can be operated at the
same temperaturee or at different temperaturese. Some
intermediate units may at times be used without heat 1in
order to act as a tempering zonee The unit at the very
bottom 1s normally used as a cooler.

In a conventional crossflow dryere grain and air
flow 1in perpendicular directionse. Grain near the air
inlet tends to overdry and overheate Grain near the air
exhaust tends to remain wet. The moisture gradient across
a 12-1nch column can be as large as 20 percent (Gustafson
and Moreys 1980).

The optimization of a crossflow grain dryer
performance can be achieved throught proper management of
the dryer design parameters (column heightey Llength and
thicknessy and grain discharge rate) and operational
parameters (air temperature and velocity)e The length of
the dryer affects only 1ts total capacity due to moisture
and temperature symmetry in that dimensione Column height

and discharge rate determine the restdence time of the
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grain in the dryere Thuse in the optimization process of
a crossflow dryer there are four main parameters: two
design parametersy column thichness and residence timey
and two operatifonal parameterss airflow and drying
temperature (Thompsony 1967).

The simple construction and easy operation of
crossflow dryers have some drawbackse Bakker-Arkema et
als (1978) observed the following points:

1) the fuel and fan operation costs are reduced by
decreasing the airflow rate at a constant temperature or
by increasing the drying air temperature at a constant
airflow rates

2) the temperature and grain moisture gradients
are reduced by {dncreasing the afirflow rate at a constant
temperature or by decreasing the air temperature at
constant airflow ratee.

Some attempts to decrease the grain moisture and
temperature gradients without greatly affecting dryer
capacity and efficiency have been mades Converse (1972),
Lerew et ale (1972)9 Paulsen and Thompson (1973) and
Morey and Cloud (1973) 1nvestigated the effect of
reversing the afrflow direction halfway through the drying
sectione Although the approach resulted in a slight
decrease 1in efficiency and capacityy a reduction of 60 to

75 percent in the moisture content gradient was observed.
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A major improvement in the basic crossflow grain
dryer design has been the recycling of part of the exhaust
aire Usuallye around 50 percent of the total air {s
recirculated when drying corn. Saturated atr from the
first drying section is exhausted to the environmente. Air
Leaving the remaining drying sections is mixed with the
exhaust air from the cooling section and the mixture 1is
directed to the burner for re-usee Lerew ef ale (1972)
reported a 50 percent reduction 1in energy per unit of
water removed in a modified (atr recycling and reversing)
crossflow corn dryer as compared to the basfic modele
Bakker-Arkema et ale (1972) found the modified crossflow
corn dryer more energy efficient than an early version of
the concurrentflow dryere The superior performance was
associated to recirculaton of 50 percent of the total air
employede Bauer et ale (1977) found a 30 percent saving
in energy usage by recirculating about 50 percent of the
total air in a modified crossflow corn dryere.
Bakker-Arkema et ale (1979) tested a modified and a
conventional crossflow corn dryere The modified version
was observed to be 42 percent more energy efficient than
the basic crossflow modele.

In some <crossflow grain dryer modelsy the
reversing of the airflow direction 1s not possible because

the burner 1s surrounded by the columns of the dryere. In
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such dryersy a grain-turning device which splits the grain
columns and switches drier and wetter grain <can be
installed (Hawk et ale 91978).

The Latest addition to crossflow dryers 1{is the
tempering or steeping zonese The addition of a tempering
section (or of several sections)y was until recently an
exclusive feature of concurrentflow dryerse The effect of
tempering on the product quality has not yet been totally

answered in crossflow dryinge.

4,11 Model development

Different crossflow dryer models have been
proposede Thompson (1967) developed a semi-theoreticaly
algebraic type model which has been successfully used.
The model 1s based on heat and mass balances at the kernel
surfacee A thin-layer equation describes the moisture
transfere Computer solution 1s requirede.

A more theoretical and general model has been
developed by researchers at Michigan State University
(MSU) starting 1n 1966 The model 1s based on the
fundamental laws of heat and mass transfer andy because of
i1ts theoretical naturey 1t 1{s described by a rather
complicated system of partial differential equationss A

digital computer is needed to numerically solve the system
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of equationse. Besides crossflows the MSU grain drying
models contains concurrentflows conterflows and fixed-bed
programse

Bakker=Arkema et ale (1974) simulated a
conventional <crossflow dryer wusing the Michigan State
University <crossflow model. Severe oscillaton and
stability problems were encouterede.

Bakker-Arkema et ale (1977) made a significant
change 1in the basic MSU model 4n the simulatfon of in-bin
solar dryinge It was observed that the afir and product
temperatures could be set equal at lLow airflow rates as
used in solar dryinge The same assumption was Llater
extended to crossflow drying simulation with a
considerable reduction {in computer time was claimed
(Dalpasqualey 1979). Howevers in commercial sized
crossflow dryers the equal-temperature assumption is
violated at the air inlet and might Lead to errors in the
drying predictionse.

Brooker et ale (1974) presented the Michigan
State University crossflow drying model:

T/¥x = =hwax(T=-TH)/(Ga*(Ca+CvH)) (31)
dTH/dy = h*a*(T=TH)/(Ga*(Cp+CwxM)) -

Hfg+Cv*(T=TH)/(Ga*(Cp+Cw*M) ) *Ga*dH/dx (32)
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OH/dx = -Gp/Ga *» M/ dx (33)
AdM/™t

an appropriate drying equation (34)

A better representation of the drying process 1is
likely to be obtained if Equation (34) 1s replaced by a
diffusion-type equatione Besides describing drying 1in a
more fundamental way it 1s possible to simulate tempering
zones in the dryer and d{nvestigate the stresses which
occur inside the kernel due to moisture differencese.

The model used in this thesis {s composed of
Equations (31)9(32)9¢(33) and the following sphetiqgl

AN X

diffusion equation (Cranks 1979): A T

1 .
I2Y

- ; |

QM/¥t = D/ras2+d/Wr*(re*2+IM/3r) ) (35)

In developing the MSU crossflow drying modely the
following assumptions have been made (Brooker et ale
1974):

1. There is no volume shrinkage during the drying
processs

2« The dryer walls are adiabatic with negligible
heat capacitys

3¢ The heat capacities of the drying product and
of the moist air are constants over short periods of times

4, There is no temperature gradient within the

individual grain particless
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5. OT/d and ®H/St are insignificant as compared
to T/¥3x and ¥H/¥x3
6e ALL transfer processes are reversible without
hysteresiss
7e¢ The grainflow and airflow are uniform
(plug-type);
8¢ Crossflow drying is a steady-state processe
Although there 1s no analytical solution to the
MSU drying modele it can be numerically solvede Equations
(31)9y (32) and (33) can be solved using backward
differencese Numerical solution of Equation (35) becomes:
(Migj=Mi-19J)/Delt = D/i*Delr*x«22((f+1)xMi+lej -
2x4xMig] ¢ (1=1)xMi=143)
ito (36)
(M19j=MoygJ)/Delt = 6/Delr*+2+(Migj = Mosjde 7

i=0 37

41,2 Auxiliary equations

The solution of the system of partial differential
equations which constitutes the MSU crossflow model
requires knowledge of several air and drying product
properties.s Some properties are recalculated at each time
stepes others are constant in regard to temperature and/or

moisture contente.
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4¢1¢2¢1 Equilibrium moisture content

The mathematical description of the equilibrium
moisture content of biological products 1s of great
importance 1in grain dryer simulation. Most of the
proposed equations have Limitationse In ¢this present
studye Equations (29) and (30) are used together with the
coefficients determined by Silva and Dalpasquale (1979).
These equations are plotted 4n Figure 1 for five
temperaturese. The curves present the characteristic
sigmoidal behavior and can be used in the entire range of

relative humiditiese.



49

SOYBEARN E M C

60.00 80.00 100.
VE HUMIDITY

.00

.00
S
o
o

— O
o
o

FIGURE 1l: Soybean equilibrium moisture content

according to Silva's equation.
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4014262 Diffusion coefficient

In the first stage of the crossflow simulation
programe Equation (5)y the Sabbah diffusion equations was
employede The Misra and Young diffusion equation
(Equation(22)) was also tested and preferred over Equation
(S)e Misra and Young employed Arrhenifus analogy to
develop the temperature dependence of their diffusion

coefficiente Equation (22) 1s presented in Figure 2.

4016263 SpeCif"C heat

Watts and Bilanski (1970) measured the specific
heat of soybeans using a calorimetere It was found that
at 7.4 percent moisture content the specific heat was
fairly constant at 045 BTU per pound per degree Farenheit
(0658 kJ/kg=C) in the temperature range of 86e¢4 to 2620 F
(3062 = 12748 C)o

Alam (1972) carried out specific heat
determinations of soybeans by a calorimetric procedure.
The specific heat values obtained at various moisture

levels were Llinearly relatedy resulting in the following

[3] See footnote [1] 4n Chapter 3 on significant figurese.



empirical equation:
Cp = 0639123 + 0,45057%xM (38)

Equation (38) is graphycally presented in Figure 3.

4414244 Latent heat of vaporization

The energy required to evaporate moisture from a
product 1s called the latent heat of vaporization. Othmer
(1940) proposed the following equation for the latent heat
of vaporization for grains:

Hfg = Hfg®*(1 + Avexp(B*M)) (39)

Alam and Shove (1973) determined the <constants A
and B for Equation (39) from equilibrium moisture content
data for soybeans in the range of 5.7 to 27.5 percent dry

basis and at temperatures from 41 to 131 F (5 - 55 C):

Hfg = (2502e1 = 26386*TH)*
(1 ¢+ 0e216*exp(=64233%M)) (40)
Hfg = kJ/kg

Hfg®* 1n Equation (39) 1s the lLatent heat of vaporization
for free water as a function of the soybean temperature.
Its mathematical representation 1in Equation (40) was
derived by Rodrigues-Arias (1956).

The effects of soybean temperature and moisture
content on the Latent heat of vaporization can be observed

in Figure 4.
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41025 Heat transfer coefficient

If the soybean kernel 1s represented by a sphere
of equivalent radiuse 1{ts convective heat transfer
coefficient can be calculated from standard heat transfer
equations for spherese. McAdams (1954) proposed the
following equation for heat transfer between a flowing gas

and a sphere:

Nu = 0e37%Re*%046 (41)
where

Nu = 2*h*Ro/Ka (42)

Re = 2#Ga*Ro/Ua (43)

Ngoddy et ale (1966) made use of an equation for
packed beds of spheres based on the Colburn=-j factor to
describe heat transfer in beds of pea beanse

J = Nu/(Re*Pr*+0,333) = 0.992«Re**0,34 (44)
or

NU = 06992%Re**0,66*Prx*0,333 (45)

The constants for pea beans can be used for calculating
the convective heat transfer coefficient of soybeanse.
Averaged values are employed for the thermal conductivitys
the dynamic wviscosity and Prandtl number of the air

(Holdmane 1976).
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4¢.1¢2¢6 Energy and static pressure

The energy to heat the drying air can be
calculated from an enthalpy balance on the air flowing
through the heater:

E = (Ga*(Ca + Cv*Hin)*(Tinlet - Tamb)) (46)

The burner efficiency is assumed to be 100 percente.

Pressure drop evaluation is based on the Shedd
curve for soybeans which 1s represented by the following
pressure-flow relationship (Brooke 1977):

Qa = A*(SP/x)**B (47)
wherey for soybeans:

A 7562

B 1/1.431
Rearranging Equation (47) gives:

SP = x*(Qa/75e2)**1,431 (48)

4¢1¢2¢7 Air and soybean properties

A psychrometric computer model developed by Lerew
(1972) allows the calculation of a property of the moist
air given any other two 1{independent propertiese. The
modele known as SYCHARTy 1s stored on a permanet file on

the CDC Cyber 750 computer at Michigan State Universitye.
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Some soybean and air properties are treated as

constants in this thesise They are Listed in Table 2.

TABLE 2: Air and soybean property constants

PROPERTY
Dry bulk density 929.0 kg/m3 58e0 Lb/cu ft
Specesurface area 19522¢3 m2/m3 464,0 ft2/cu ft

Speceheat dry air 19013¢0 kJ/kg=C 0e24 BTU/Llb-F

Specesheat water 1988440 kJd/kg=-C 0,45 BTU/Llb-F

Source: Brook (1977)

To be able to operate economically a crossflow
dryer must have the following characteristics: (1) air
recyclinge (2) air reversaly and (3) tempering or
steepinge. Such a dryer is simulated in this thesise A

schematic of the dryer is pictured in Figure Se.
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42 Concurrentflow Dryer

Concurrentflow drying is a relatively new grain
drying technique which has only recently become
commercifally availablee Its principles howevere has Llong
been known (Muhlbauer et ale ¢ 1978)e Low=-cost energy
and Lless expensive dryer configurations have delayed
marketing of the concurrentflow dryere 1Its high specific
energy efficiency has been responsible for i1ts 1{ncreasing
popularitys especially with the advent of the energy
crisise

In a concurrentflow dryere grain and air both flow
in the same direction through the dryeres as illustrated 1in
Figure 6. High rates of evaporation occur at the very top
of the dryer because the hottest air encounters the
wettest graine The intensive heat and mass transfer which
takes place at the grain/air 1{inlet causes a rapid
reduction in the air temperature and moisture content of
the drying producte. The product temperature remains
considerably below the air temperature in the 4nlet region
of the dryer (Farmer et ale 91972)e As the air and grain
move through the dryery their temperatures equilibrate.
As a consequencey the driving forces governing the drying
process decrease due to the cooling of the drying aire the

increase in the air relative humidityes and increase 4in the
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product equilibrium moisture contente.

ALL kernels undergo the same treatment 1in a
concurrentflow dryere Thuse there is no moisture gradient
present among the kernels as i1s the case for a <crossflow
dryere The continuous decrease of the product temperature
through the last portion of the drying bed aliviates the
drying stresses and reduces stress cracking and mechanical
damage during subsequent handlinge.

The basic concurrentflow dryer consists of a
single concurrentflow drying section with one counterflow
cooling sectione The one-stage models have Limited
capacity 1f moisture removal 1s over ten pointse They
also subject the product to a relatively severe drying
treatment because of the low grain velocities
(Bakker-Arkema et ale ¢ 1977

More recentlye multi-stage concurrentflow dryers
have been developed. Staging of the drying sections
permits the use of higher 1{inlet air temperatures and
higher grain velocitiese Another important feature of the
multi-stage concurentflow dryer {s the presence of
steeping (tempering) zones between two consecutive drying
sectionse In these zonesy moisture diffuses throughout
the warm kernel and the drying stresses are further
reducede. Bakker-Arkema et ale (1977) reported that

staging along with tempering increases the dryer capacity
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and the end product {is of better qualitye.

Counterflow cooling has usually been combined with
concurrentflow dryinge Cold ambient air first encounters
the coldest graine thus Limiting the thermal stresses
(Gygax et ale 21974). Counterflow cooling 1s a high
thermal efficient processe

Carrano (1970)e Gygax et ale (1974) and Kline
(1977) described three Laboratory-size one-stage
concurrentflow dryerse The dryer presented by Kline was
used by Kalchik (1977) who dried soybeans at 450 F
(232.2 C) without affecting the oil yteld and quality of
the beanse Soybeans were dried for seeds in the same
dryer by Dalpasquale (1979)e An end product of acceptable
quality was reported.

Muhlbauer et ale (1971) described the drying of
high moisture shelled corn in a concurrentflow dryer with
counterflow coolere The nutritive value of the corn did
not significantly change at air temperatures below 428 F
(220 C)e It was predicted that the thermal damage at
higher temperatures <could be avoided by appropriately
balancing the air and grainflow ratese Similar
conclusions were drawn by Ahmadnia (1977) and

Bakker-Arkema et ale (1977) when drying soft wheate
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Walker (1977) conducted a serifes of rice drying
experiments with the KlLine model one-stage concurrentflow
dryere He concluded that rice could be successfully dried
in a concurrentflow dryer at temperatures as high as 120 F
(4869 C) without affecting the head yield.

Westelaken and Bakker=Arkema (1978) described
single-stage and multi-stage concurrentflow commercial
dryerse The following advantages of the two- and
three-stage models over the one-stage dryer were reported:
(1) increased capacitys (2) improved grain qualitye (3)
greater flexibility for adaptation to various cropss and
(4) improved thermal efficiencye Muhlbauer et ate (1978)
came to similar conclusions 1in comparing single- and

multi-stage concurrentflow dryerse.

4,21 Model development

Thompson et ale (1969) and Bakker-Arkema et ale
(1974) modeled one-stage concurrentflow steady-state grain
dryinge Non-diffusion type empirical equation were used
in these modelse. Brook (1977) simulated multi-stage
concurrentflow drying using the MSU modele. A diffusion
type equation was employed in order to properly model the
change in the kernel moisture distribution in the steeping

zones between two drying sectionse.
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In this thesisey the MSU concurrentflow drying
model 1s used. The basic equations which describe the
model are (Bakker-Arkema et ale ¢ 1974):

dT/dx = =h*a*(T=-TH)/(Ga*(Ca+Cv*H)) (49)

dTH/dx = h*a*x(T=-TH)/(Ga*(Cp+CwxM)) -

Hfg+Cv*(T=TH)/(Ga*(Cp+Cw*M))*GardH/dx (50)

dH/dx = =Gp/GaxdM/dt (51)

dM/dt = an approprtiate thin-Layer equation (52)

Equation (35)9y the diffusfon equation for a
spherey 1s substituted (in this thesis) for Equation (52)
after transforming 1t 1into a set of coupled ordinary
differential equations by the method of Lines (Carvery
1976).

Equations (49)¢ (50)e (51)9 and (35) were solved
numerically with the help of a digital computer. A
fourth-order single-step Runge-Kutta integration algorithm
was wused 1in conjunction with an Adams-Moulton technique
for starting the 1integratione. The step size was
automatically adjusted using a relative error checkinge
The kernel average moisture content was determined by
employing a volumetric approache 1eeeos the moisture
content at each kernel node was multiplied by the volume
corresponding to that nodee The average kernel moisture
content was then found by adding these products and

dividing them by the total volume of the kernele A
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description of the method can be found in Brook (1977).

4,22 Auxiliary equations and constants

Equations (38) through (48) were employed as the
auxiliary equationse The constants in Table 2 were used

with this modele.

Brook and Bakker-Arkema (1977¢1980) used a dynamic
programming optimization scheme for finding the optimum
operational parameters and dimensions of a multi-stage
concurrentflow dryere They concluded that the
single-stage dryer is more expensive to operate than the
multi-stage concurrentflow dryer on a per unit of column
area basise

In the lLatest version of commercial three-stage
concurrentflow dryerss the air from the lLast drying stage
and the cooling stage can be recycled to the heater of the
first stage (Blounte 1981)e High inlet air temperatures
allow the re-use of the air (Hawk et ale 1978).

Soybeans for seed or processing can also be dried
in multi-stage concurrentflow dryerse The determination
of the design and operational requirements to successfully
accomplish this task 1s one of the objectives in this

studye.
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4,3 Fixed-Bed Drying Systems

The sharp increase in agricultural production 1in
the United States after World War II was responsible for
the increase in on-farm storagee.

Another aspect which greatly contributed to this
development was the adoption of shelled corn harvestinge
Steel bins were selected as storage structures and thusy
drying systems became mandatorye

The first on-farm grain drying systems wused Llow
airflow rates (around 1.0 cfm/bu or about 1.0 m3/min-ton)
with unheated aire very similar in nature to the drying
systems available todaye In facte Brooker et ale (1978)
mentioned that there seems to be a cyclical pattern in the
grain drying practices and procedures since World War II.

On-farm storage has been 1intensively studied.
Although the majority of the research dealt with corny
other agricultural commoditieses including soybeanse have

been investigated.

431 Model development

The first deep bed drying model was proposed by
Hukill (¢1947), It 4s empirical in nature but 1s still

used because of 1ts satisfactory drying prediction and
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short computer time required in the simulation processe
Boyce (1966) developed an early computer simulation modele.
The MSU drying models which started with a fixed-bed
program were also developed in 1966+, These programs are
the most rigorous from the heat and mass transport
viewpointy along with the hybrid computer model developed
by Hamdy and Barre (1970). Bloome (1969) presented a
simplified corn drying model 4{in which near equilibrium
conditions was assumed between corn and the drying aire
Bloome®s model required Lless computer time than other
models available at that timee. Alam (1972) simulated
fixed-bed soybean drying using Bloome®s procedure. The
simulation results showed good agreement between
experimental and simulated datae.

The MSU fixed-bed grain drying model has been
previously solved (Bakker-Arkema et ale -9 1974)e The
early version 1s suitable only for short=run batch=in=-bin
dryinge In this thesisy a different approach has been
taken in the simulation program (see Calculation procedure
on page 69)e.

The fixed-bed model employed 1n this study
simulates the following drying techniques: (19) natural
air dryinge (2) low-temperature dryinges (3) reversing of
the afirflow direction at any time during dryinge and (4)

batch=-in-bin dryinge.
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The MSU fixed-bed drying model as wused 1n this
study in modified form is described by (Bakker=-Arkema et
ale 1978):

0T/8x = =h*a*(T=TH)/(Gp*(Ca+CvwH)) (53)
OTH/dt = h*a*(T=-TH)/(Gp*(Cp+Cw*M)) -
Hfg+Cv*(T=TH)/(Gp*(Cp+Cw*M) ) *Ga*dH/dx (54)

dH/ ¥x -RHOP/Ga*¥M/dt (55)

IM/dt

an appropriate drying equation (56)

Equaton (56) 4s substituted by Equation (35)s the
diffusion equation for a spheree in this studye.

The MSU fixed-bed grain drying model does not
account for hysteresise Alam (1972) reported that in
low=temperature drying hysteresis can be neglected without
involving significant errors 1n the drying simulation

processe

40362 Auxiiary equations and constants

Equations (38) through (48) the auxiliary
equations for the <crossflow and concurrentflow drying
programse were also used in the fixed-bed programe The

constants from Table 2 were used.
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4,33 Calculation procedure

Equations (53) through (56) are numerically solved
using backward differencese Equation (53) is the first to
be evaluatede The product temperature TH and the air
temperature T from the previous position are used as
fnitfal guessese Nextes Equation (54) is evaluated wusing
the product temperature TH and the air humidity ratio H
from the previous position and the product moisture
content M from the previous time as the initial guessese.
Equatfion (55) 1s then evaluated after the moisture content
has been calculated from Equation (56)e Equations (53),
(54) and (56) are then re-evaluated using these values.
The same sequence 1is wused to evaluate Equations (31)

through (34).



CHAPTER S

EXPERIMENTAL INVESTIGATIONS

In this thesisy data was collected from three
sources: (1) a commercial crossflow dryer was tested in a
commercial soybean processing plants (2) soybeans were
dried 1in a laboratory-size concurrentflow dryere and (3)
natural air soybean drying data was collected directly

from the literature.

Sel Commercial Crossflow Drying Tests

A series of four soybean drying tests was
conducted on two Ferrel-Ross FR-3000 continuous flow
crossflow dryersy at the Gold Kiste Ince processing plant
at Decature Alabamae during the month of Februarys 1980.
The dryer performance characteristics were evaluated,
especially the effects of recirculating part of the drying
and cooling afire. A computer drying model was Llater

checked against these resultse

70
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Three crossflow dryers were available at the plant
sitee They were installed side by side and numbered dryer
Noe l9 dryer Noe 29 and dryer Noe 3 from east to westy
respectively. In dryer Noe 19 the air 1s partially
recyclede Thermocouples for air temperature determination
and probes for static pressure measurement were installed
in dryer Noe 1¢ Dryers 1 and 3 were tested for capacity
and energy efficiency onlye.

Four soybean drying tests were conductede. Dryer
Noe 1 was used in the first three testse The difference
among the tests was the degree of recycling part of the
aire Test Noe 4 was performed in dryer Noe 3 which 1s a

standard crossflow dryer ¢ no air recirculation).

Selel The dryer

The FR=3000 consists of six drying/cooling
sectionsy each with a Length of 7.9 feet (2.4 meters) and
a house which contains the burner and the cooling and
heating fanse The grain column thickness is uniform (12
inches or 030 meters) and has a width of 10,7 feet (3.3
meters)e. The FR=3000 has six grain columnse The total
cross-sectional area of the grain columns per section is
64.0 square feet (5.9 m2)e A schematic of the dryer is

pictured 4n Figure 7.
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Soybeans enter the dryer in section 6 and Lleave
from section 1. Sections 1 and 2 are cooling sectionss
sections 3 through 6 are heating (drying) sectionse

The soybean moisture content 4is controlled by
regulating the grainflow rate at the discharge auger at
the bottom of the dryere.

The airflow direction 1{s reversed once in the
FR=3000 between the fourth and fifth sectionse 1In the air
recirculation model (dryer Noe 1) the exhaust air from
drying stages S5 and 6 s directly discharged to the
atmosphere as is the case for the first stage (cooling
air)e. Exhaust atr from sections 29 39 and 4 s
recirculated to the heaters before being re-usede No air
was recirculated in dryer Noe 3 at the time of the testse

The FR=3000 dryer power requirement is about 3165
HP (8499650 kJ)e Two 50 HP (1349226 kJ) motors drive the
cooling fansey two 100 HP (2689452 kdJ) motors power the
heating fanse. Alsos one 15 HP (404268 kJ) motor drives
the oil thermo blowery and one 1.5 HP (44027 kJ) motor s
required for the discharge augere The heating fuel can be

Noe 2 01l or Liquid propane gase
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Sele2 Instrumentation

The following parameters need to be measured for
the performance evaluation of a grain dryer:

1. grain moisture content before and after dryings

2 grain initial and final temperatures;

3e grain intial and final test weight;

4¢ grain intial and final qualitys

Se drying capacity 1in wet bushels per hour
(ton/hr);

6« ambient and drying temperatures and relative
humiditiess

7. airflow rates and

8. energy consumption (fuel and electricity)e.

The total weight (or bushels) dried was determined
by taping the bins 1n which the soybeans were dumped.
Although this procedure may lead to small errorse {t was
the only option available at the drying sitees 1In order to
reduce the errore sounding was done by Gold Kist personnel
who had extensive experience with this proceduree.

The grainflow rate was determined by dividing the
total weight dried by the number of hours of each teste.

The soybean moisture contents were measured with a
calibrated GAC II Dickey-John moisture metere Moisture

content readings were also made by ¢the dryer operator
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usfng a Motomco moisture testers The results were checked
and showed excellent agreemente Samples were <collected
before and after drying every half-hour during the testse.
An arithmatic average was used to calculate the average
inlet and outlet moisture contentse.

Air and grain temperatures were measured with
copper-constantan thermocouples 1in conjunction with a
Fluke data loggeres A total of eighty (80) thermocouples
monitored the temperatures 1in and around the dryer at
one-half hour intervalse The temperatures were recorded
directly on tape with a Techtron magnectic tape recordere.
The tapes were decoded and the temperature values stored
as permanent files on a CYBER 750 computer at Michigan
State Universitye A Calcomp plottere driven by the CYBERy
was employed to plot the temperaturese.

The test weight and temperature of the soybean
samples were determined at the same time as the moisture
content by a GAC II Dickey=John moisture metere For each
sampley this 1nstrument reads the moisture contente the
test weightey and the soybean sample temperaturee.

The relative humidity of the ambient afir was
obtained with a dry-bulb-wet-bulb thermometere.

The airflow rates were not determined
experimentallye. Insteadey fan curves provided by the

manufacturer were used in conjunction with the
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experimentally measured static pressuresy to calcualte the
airflow rates in the heating and cooling sectionse.
01l consumption was measured hourly with a flow

metere

Sele3 Procedure

Three 24-hour drying tests were conducted using
dryer Noe 1 and one 23-hour test using dryer Noe 3. The
tests were run continuouslye.

The average inlet moisture content varied from
11.4 percent to 12.1 percent (wet basis); the inlet test
weight ranged from 537 to 545 pounds per bushel (859.6
to 8733 kg/m3)e The soybean flow rate was varied from
40,9 to 44.6 dry bushel per hour per square foot (109929
to 1240442 kg/hr-m2) which translates in a capacity of
29617 to 24853 dry bushels per hour (649967 to 714564
kg/hr)e.

The ambient temperatures were relatively cold for
Alabama conditions during the first two tests when the
average dry bulb temperature was 35¢0 F (17 C)e For the
Llast two testsy the ambient conditions were more moderate

(the dry bulb temperature was about 54.0 F (12.2 C))o.
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The drying air temperature was set at 175¢. F
(79.4 C) for all four tests. Howevery the average
temperature readings for the drying stages were about
190 F (87.8 C) for the first and third tests and about
200e F (93¢3 C) for the second test in dryer Noe 1. The
test 1n dryer Noe 3 was also run at a set temperature of
175¢ F (79¢4 C) but no direct temperature measurements

were taken in the drying afir with thermocouplese.

Se2 Laboratory Concurrentflow Drying Tests

Soybeans of the variety HCF 200 were dried 1in a
series of efght tests conducted in a pilot-scale
concurrentflow dryer in the Processing Laboratory 1in the
Agricultural Engineering Departament of Michigan State
Universitye The specific energy consumption was evaluated
and the quality (crackse splitse breakage susceptibilitys

and germination) of the beans was determined.

L4] The decimal place figures were uncertain for those

numbers ending by a dot (e.)e
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S5e2¢1 The dryer

The Llaboratory-size dryer consists of a
single-stage concurrentflow dryer with a counterflow
cooling sections The cross-sectional area of the dryer 1is
1¢0 square foot (009 m2); the drying section has a length
of 3.0 feet (0.9 meter)e The counterflow cooling section
is 20 feet (0es6 meter) long with a cross-sectional area
of also 1.0 square foot (0.09 m2)e. According to
Kalchik (1977)9 59 bushels (0,21 m3) of soybeans are
required to fill the dryere An additional 24 bushels
(0,08 m3) are needed to fill the cooler and the cross
auger which connects the concurrentflow drying section to
the counterflow cooling sectione.

Soybeans are converged 1{into the dryer with a
bucket elevator which carries the beans to the top of the
dryere They flow by gravity through the concurrentflow
drying sectione At the bottom of the dryere the beans are
moved to the cooling section by means of an augere.
Another auger removes the beans from the coolere The
dried product can be diverted from the dryer 1f cooling is
not necessary at the exit of the cross augere

The power requirement of the concurrentflow dryer
s about 185 HP (499664 kJ)e One 15 HP (44027 kJ) motor

drives the heating fane one 2 HP (59369 kJ) motor powers
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the cooling faney one 5 HP (139423 kJ) motor drives the
bucket elevatory and one 5 HP (134423 kJ) motor {s wused
for the discharge augere The cross auger is driven by a
variable speed 5 HP (1394423 kJ) DC motore

A schematic of the dryer 1s presented in Figure 8.

5¢2¢2 Instrumentation

The total number of bushels dried in each test was
determined before the start of the testse The drying time
was monitored and the grainflow rate was evaluated from
these two quantitiese.

The moisture content of the soybeans were
initially determined by the oven method according to the
States Department of Agriculturees A GAC II Dickey=John
moisture meter was lLater used when excellent agreement
with the oven results was knowne Besides the moisture
contente the meter provides the soybean test wefght and
temperaturee.

The drying air temperature was measured by means
of a thermometer placed in the plenume A total of eleven
(11) copper-constantan thermocouples were installed in and
around the dryer to monitor air and grain temperaturese

The thermocouples were attached to a Texas Instruments
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twenty-four channel temperature recordere

The relative humidities of the ambient and exhaust
air were obtained with the dry- and wet=-bulb thermocouples
at the air inlet and outlet.

The airflow rates were determined with a hot wire
anemometer and double checked by making an energy balance
in the dryere

The consumption of Liquid propane was measured by
the difference 1n the tank weight before and after each
rune Soybean germination tests were conducted {n the
Laboratory of the Crop ans Soil Sciences Department at
Michigan State Universitye. Three replications of 100
seeds were performede. Soybeans were Lleft 4{n the
germinator for seven dayse

The breakage tests were performed with a Stein
Breakage Tester using a time cycle of four minutes (Miller
et ale 91979) and a 8/64 (0003 meter) diameter round
hole sievee Two replications of 0el kg were usede

Cracks and splits were evaluated as a percentage
by weight basis in samples of 100 gramse For the purpose
of this thesisy soybeans are classified as falling in one
of the following categories:

le uyndamaged - no visual evidence of physical

damage?
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2¢ cracked - a crack 1in the seedcoat of the
soybeans with the seedcoat still on and the cotyledons
intacts

3¢ split - a crack which has advanced to the

IS

cotyledonse with the seedcoat off and the cotyledons
separated into two individual partse and small broken or

fracturated parts of the beanse.

5¢2¢e3 Procedure

To initiate the drying processy the concurrent
section was filled with soybeans which would not be
testede The fany the cross augery the burnery and the
temperature recorder were switched one The cooler was not
used and the beans diverted back to the bucket elevatore
This "closed loop" was maintained until the warm-up of the
dryer which took from 20 to 30 minutes for all testse
When the dryer was assumed to be running in a steady
states wet soybeans started to enter the dryere. At that
timeys the gas tank weight was read and the drying time was
set to zero. Samples were periodically taken at the inlet
and outlet of the dryer; the temperature recorder was kept
on during the entire course of a teste At the end of the
drying processy the gas tank weight and the time were

recordede If multi-stage concurrent drying was to be
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simulatede the beans were left to temper in a container
for a period equivalent to a 15 feet (4.6 meters)
tempering zone before being put back into the dryere The
cooler was not used in any of the testse. After dryinge
the soybeans were stored in a room at 40 F (4.4 C) until

the quality tests could be performede.

5¢3 Fixed=-Bed Drying

No experimental tests were run in order to verify
the correspondent computer simulation models Because the
great majority of soybean drying research has been
conducted in stationary bedss drying data available in the
Literature was used to verify the modele In this studye

the results published by Alam (1972) were employede.
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HEATING AIR
EXHAUSTING AIR
RECYCLING AIR
COOLING AIR
GRAIN

GRAIN DISCHARGE

FIGURE 7: Schematic of the FR-3000 dryer.



Figure 8:

Legend:

Schematic c¢f the pilot-scale concurrent flow
drver used in the laboratory, showing the thermo-
couple locations (dots) (Walker, 1978).

1 Bucket elevator

2 Grain storage hopper

3. Natural grain airlock

4 Heating air and grain boundary area
Concurrent drying section

Dryver exhaust

Burner

m g O w

Grain flow rate metering auger
9. AC motor

10. Cooler exhaust

11. Cooling section

12. Cooling air entrance

13. Cooling section discharge auger
14. Cooler base
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Figure 8: Schematic of the pilot-scale concurrent flow dryver
used in the laboratory, showing the thermocouple
locations (dots) (Walker, 1978).



CHAPTER 6

RESULTS AND DISCUSSIONS

The results of this study will be presented in the
following order: (1) crossflow drying resultsy (2)
concurrentflow drying resultsey and (3) fixed-bed drying

resultse

6el1 Crossflow Drying Results

A summary of the major experimental and simulated
results is presented 1n Tables 3 through 6. They
correspond to tests Noe 1l9 NOe 29 Noe 39 and test Noo 4o
The agreement is excellent for all tests performede.

The dryer efficiency factor 1{s defined as the
ratio between the experimental and simulated specific
energy consumption (energy used to heat the drying
afr)(Bakker-Arkema et gle 91978)¢ The FR=3000 efficiency
factor averaged 134 for drying soybeans as compared to
l1.69 for drying shelled corn (Bakker-Arkema et ale

21979).

84
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TABLE 3 : Experimental and simulated results for

crossflow test Noe 1.

DRYER PARAMETER VALUES EXPERIMENTAL SIMULATION
Drying air temperaturey 195, (90.6) 195. (90.6)
dege F (dege C)

Afrflow in dryer sections, 83 (86e4) 83 (86e4)
cfm/bu (m3/min-ton)

Airflow in cooler sectionsy 23¢ (23.9) 23e (2349)
cfm/bu (m3/min-ton)

Grainflow rates 4246 (12.5) 4246 (12.5)
bu/hr=-sqft (ton/hr=m2)

Dryer heighte ft (m) 3le4 ( 9.6) 3l1e4 ( 946)
Cooler heighty ft (m) 15.7 ( 4.8) 15.7 (¢ 4.8)
Total dryer heighte ft (m) 47.1 (14,.4) 47.1 (14.,4)

MCine perce wb 12.1 12.1

MCout Stage 5S¢ perce wb - 11.9
MCout Stage 3¢ perce wb - 11.2

MCout Coolere perce wb 1067 10.6

Spece energy consumptions TeT790 (189120) 59341 (120424)
BTU/Llb (kJ/kg)

Dryer efficiency factor le46

X X T X X X X ¥ T X ¥ J - e e G P TP EP R ED D ED ED P RGP R D D G G G GG TR O D D D WD O P -
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TABLE 4 : Experimental and simulated results for

crossflow test Noe. 2.

DRYER PARAMETER VALUES EXPERIMENTAL SIMULATION

Drying air temperatures 200 (93.3) 200 (93.3)
dege F (dege C)

Afrflow in dryer sectionss 83s (86e4) 83 (86.4)
cfm/bu (m3/min-ton)

Airflow in cooler sectionse 23e (2369) 23e¢ (23e9)
cfm/bu (m3/min-ton)

Grainflow ratey 40.9 (12.0) 40,9 (12.0)
bu/hr=-sqft (ton/hr=-m2)

Dryer he1ght, ft (m) 3le4 ( 946) 31e¢4 ( 946)

Cooler heighte ft (m) 157 ( 4.8) 157 ( 4.8)

Total dryer heighte ft (m) 47.1 (14.4) 47.1 (1l4.4)

MCine perce wb 12.1 12.1

MCout Stage 5S¢ perce wb - 11.9

MCout Stage 39 perce wb - 11.1
MCout Coolers perce wb 1065 105

Spece energy consumption, 79100 (16¢515) 59411 (1249586)
BTU/Lb (kJ/kg)

Dryer efficiency factor 1,31
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TABLE 5 ¢ Experimental and simulated results for

crossflow test Noe 3o

DRYER PARAMETER VALUES EXPERIMENTAL SIMULATION

Drying air temperature, 190, (87.8) 190, (87.8)
dege F (dege C)

Afrflow in dryer sectionsy 83 (8644) 83 (86+¢4)
cfm/bu (m3/min=-ton)

Afrflow 1in cooler sectionsy 23¢ (2349) 23 (23.9)
cfm/bu (m3/min-ton)

Grainflow rates 44,6 (13.6) 44,6 (13,6)
bu/hr-sqft (ton/hr-m2)

Dryer heighte ft (m) 3l1e4 ( 9.6) 3le4 ( 946)
Cooler heighty ft (m) 15¢7 ( 4.8) 1567 ( 4.8)
Total dryer hefighte ft (m) 47.1 (l4.4) 47.1 (14.4)

MCine perce wb 11.4 11.4

MCout Stage 5S¢ perce wb - 11,3

MCout Stage 3¢ perce wb - 10.8

MCout Coolerey perce wb 10.4 10.4

Spece energy consumptions 89192 (19¢055) 69627 (159415)
BTU/lb (kJ/kg)

Dryer efficiency factor l.24
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TABLE 6 : Experimental and simulated results for

crossflow test Noe. 4.

DRYER PARAMETER VALUES EXPERIMENTAL SIMULATION
Drying air temperatures 195, (90.6) 195 (90.6)
dege F (dege C)

Afrflow in dryer sectionse 83 (8644) 83 (86e4)
cfm/bu (m3/min-ton)

Afirflow in cooler sectionsy 23e (2349) 23e¢ (239)
cfm/bu (m3/min=-ton)

Grainflow ratey 418 (12.7) 4108 (12.7)
bu/hr=-sqft (ton/hr=m2)

Dryer heighte ft (m) 314 ( 9.6) 314 ( 9.6)
Cooler heighte ft (m) 15,7 ¢ 4,8) 1567 ( 4,8)
Total dryer heighte ft (m) 471 (14.4) 471 (14.4)

MCine perce wb 11.8 11.8

MCout Stage 5S¢ perce wb - 11.6

MCout Stage 3¢ perce. wb - 10.9

MCout Coolers perce wb 10.24 10.4

Spece energy consumptions 7319 (17¢024) 54464 (129710)
BTU/Lb (kJ/kg)

Dryer efficiency factor 1.34
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Figures 9 through 11 show the temperature
measurements in the different dryer stages during test Noe.
2e For each dryer stagey the average 1inlet and average
exhaust air temperatures are plottede In the two cooling
stages (stages 1 and 2¢ Figure 11) the curve at the top of
the plot represents the average air exhaust temperature
and the curve at the bottom represents the average air
inlet temperature. For the drying stages (stages 3
through 69 Figures 9 and 10) the top curve is the average
air drying temperature and the bottom curve is the average
air exhaust temperaturee.

The uniformity of the temperature distribution 1in
the drying and cooling stages are considered satisfactorye.
The temperature differences between the air entering and
the air Lleaving ¢the different drying stages display a
characteristic trende 1eeey the temperature differences
decrease as the soybeans move through the dryere An
exception 1s observed in stage 4 due to the air reversal
which occurs between stages 4 and S (the high soybean

temperature at the air exhaust side heats up the grain)e.
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Both cooling stages display similar temperature
distributionse. The exhaust air temperatures have
approximately the same average value (120 F or 48.9 C)
which 1{ndicates that the cooling process is incomplete in
the FR=-3000 dryere

The specific energy consumption in drying soybeans
in the FR=3000 was 79100 BTU per pound of water removed
(169515 kJ/kg) for the maximum air-recirculation test Noe.
2¢ MWhen no air was recirculated (test Noe 1) the specific
energy consumption was 74790 BTU per pound of water
evaporated (184120 kJ/kg)le The recycling of part of the
drying air resulted in about 10 percent savings in energy
consumptione The energy consumption is very high compared
to that of shelled corne Bakker=-Arkema et Le (1979)
tested a FR=-4500 with corny with and without
afr-recyclings and measured specific energy consumption
values of 29180 and 39100 BTU per pound of water removed
(59071 and 74211 kJ/kg)e respectivelye Thusey for drying
corne only 30-40 percent as much energy per unit weight of
water evaporated was required than for soybeanse.

Three major factors appear to be responsible for
the Large difference in energy requirements in drying corn
and soybeans in commercial crossflow dryers: (1) the Llow
initial moisture content of the soybeanss (2) the small

amount of moisture removed in drying the soybeanse and (3)



94

the design of the dryere

Soybeans for processing are stored at 12¢5-13.0
percent moisture content and are dried in the processing
plant to about 105 percente In this Low moisture content
rangey the water molecules are held tightly by the soybean
cell structure and excessive energy s required to
overcome these high adsorption forcese. Shelled corny on
the other hande is wusually dried from 25-30 percent
moisture down to around 150 percente In this moisture
content rangey the heat of evaporation 1s close to that of
free watery 1{eee9 the adsorption forces are smaller than
at Lower moisture contentse.

The small amount of water removed from soybeans in
a processing plant translates in a much Larger amount of
sensible heat required to heat the soybean kernels than 1is
the case of corne This also contributes to high specific
energy consumption values in drying soybeans for
processinge

The third major reason for the high energy
requirements of the FR=3000 1in drying soybeans 1is the
non-optimum design of the dryere In the United Statess
grain dryers are primarily designed as corn dryers and not
for soybeans which have totally different physical
characteristicse The characteristics of particualr

significance in drying are the static pressure and the
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initial moisture content of the drying producte Different
grains display different values for those parametersy and
thus the optimum dryer design 1{s different for each
producte

The FR=-3000 tested was designed for drying corne
A Lless than favorable energy consumption rate should have
been expected when the dryer was used with soybeanse The
experimental results here reported have quantified the
energy consumption rate as two to three times as large for
soybeans as for corne 1In order to diminish and eventually
eliminate the difference in energy uses modifications 1in
the design of the FR=-3000 have been fnvestigated through

computer simulatione

6elel Soybean crossflow dryer

The following points have been considered 1n the
search for the optimum FR-3000 design as a soybean dryer:
(1) the proposed modifications should be easy to implement
in the basic dryer design ande (2) a stage to be added to
or removed from the basic FR-3000 design 1s of 7.9 feet
(2¢4 m)e9 1eees the actual Length of a stage in the
original modele Test Noe 2 presented in Table 4 {s used

as reference in the simualtion resultse.
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The results for the first proposed design are
tabulated 1in Table 7. The modifications are: (1) to
reduce the airflow rate from 83« to 45 <cubic feet per
minute per bushel (468 m3/min-ton) in the drying stages;
(2) to increase the airflow rate from 23« to 45. cubic
feet per minute per bushel (468 m3/min-ton) 1n the
cooling stages; and (3) to augment the <cooler height to
23.5 feet (742 m) (one stage 1s added to the cooler)e The
throughput of the dryer was not affected by these
modifications but the actual specific energy consumption
decreased from 74100 to 44565 BTU per pound of water
removed (109619 kJ/kg)e a 357 percent savings in energye
The reduction 1n the specific energy consumption reflects
the fact that the drying rate does not {ncrease
indefinitely with increasing afirflow ratese. Rathere the
drying rate may be Limited by the rate of drying 1inside
the bean kernels (thus by the moisture diffusion 4nside
the beans)e. In such casesy the drying air will have low
relative humidities at the exit side of the drying column
which 1ndicates that drying capacity of the air 1is
waistede

The effects of tempering has been investigated 1n
the second proposed designe In this cases the drying
parameters and the design parameters were not changede

Insteady drying stages 3 and 5 were changed to tempering
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zonese In this designe soybeans are heated 1in stage 69
tempered in stage S5y dried in stage 44y once again tempered
in stage 3¢ and cooled in the last two stagese Table 8
presents the simulated results for the second proposed
designe It can be seen that the dryer capacity has not
been altered but the specific energy consumption has been
reduced by 39.8 percent from 7¢100 to 44344 BTU per pound
of water removed (109105 kJ/Zkg)e The superior energy
efficiency of this design 1s due to the moisture diffusion
inside the beans during the tempering processe. The
moisture gradients formed during drying are reduced in the
steeping zone and as a consequencey the rate of moisture
removal is increased when subsequent drying or cooling
takes placee.

The third proposed design for the FR=3000 combines
the advantages of the two previous onese The necessary
modifications in the basic design are: (1) stages 4 and 6

are changed to tempering stagess (2) the airflow rate is



TABLE 7 : Proposed design Noe

1 - crossflow dryere.

DRYER PARAMETER VALUES
Drying air temperatures
dege F (dege C)

Airflow in dryer sectionss
cfm/bu (m3/min=-ton)

Afrflow in cooler sectionsy
cfm/bu (m3/min=ton)

Grainflow ratey
bu/hr-sqft (ton/hr-m2)

Dryer heighte ft (m)
Cooler heighte ft (m)
Total dryer heighte ft (m)
MCine perce wb

MCout Stage 69 perce wb
MCout Stage 49 perce wb
MCout Coolers perce wb

Spece energy consumptionys
BTU/Lb (kJ/kg)

Actual spece energy conses
BTU/Lb (kJ/kg)

Energy savinge perce

SIMULATION

45, (4648)

45 (4648)

409 (12.0)

31«4 ( 9.6)
23¢5 ( T762)
54¢9 (16¢8)

12,1

11.9

11.3

107

39407 ( 7¢925)

49565 (104619)

357
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TABLE 8 ¢ Proposed design Noe 2 - crossflow dryere

DRYER PARAMETER VALUES SIMULATION
Drying air temperature, 200e (9343)
dege F (dege C)
Afirflow in dryer sections, 83. (86.4)
cfm/bu (m3/min-ton)
Afrflow in cooler sectionsy 23 (23.9)
cfm/bu (m3/min-ton)
Grainflow ratey 4069 (12,0)
bu/hr-sqft (ton/hr-m2)
Dryer heighte (6 + &) 1567 ( 448)
ft (m)
Tempering heighte (5 + 3) 1567 ( 4.8)
ft (m)
Cooler heighte ft (m) 1567 ( 4.8)
Total dryer hefighte ft (m) 47,1 (14.4)
MCine perce wb 12.1
MCout Stage 69 perce wb 12.1
MCout Stage 49 perce wb 117
MCout Coolery perce wb 10.7
Spece energy consumptiony 39242 ( T4¢541)

BTU/Lb (kJ/kg)

Actual spece energy conses 49344 (104105)
BTU/Lb (kJ/kg)

Energy savings perce 39.8



TABLE 9 Proposed design N

DRYER PARAMETER VALUES

Drying air temperaturey
dege F (dege C)

Airflow in dryer sectionsys
cfm/bu (m3/min-ton)

Afrflow in cooler sectionsy
cfm/bu (m3/min=-ton)

Grainflow rateys
bu/hr-sqft (ton/hr-m2)

Dryer heighte (7 + 5)

ft (m)
Tempering heighty (6 ¢+ &)
ft (m)

Cooler heightey ft (m)

Total dryer heighte ft (m)

MCiny perce wb

MCout Stage 7¢ perce wb

MCout Stage S5¢ perce wb

MCout Coolery perce wb

Spece energy consumptions
BTU/Llb (kJ/kg)

Actual spece energy conses
BTU/Lb (kJ/kg)

Energy savingy perce

100

Oe 3 - crossflow dryere.

SIMULATION

(93.3)

(4648)

45. (46.8)

409 (12.0)

157 ( 4.8)

15.7 ( 4.8)

23e¢5 ( 762)

549 (16.8)
12.1
12.1
11.8
107

19701 (34957)

29279 (549302)

679
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reduced from 83e to 45 cubic feet per minute per bushel
(46¢8 m3/min=-ton) 4n the drying stagess (3) the airflow
rate is increased from 23. to 45 cubic feet per minute
per bushel (468 m3/min-ton) in the cooler stagess and (4)
one stage 1s added to the cooler (the total cooler Length
is 23¢5 feet (7¢2 m))e The results in Table 9 show that
the actual specific energy consumption decreased from
79100 to 29279 BTU per pound of water evaporated (54302
kJZkg)e This represents 679 savings in energye

In order to better quantify the energy savings {1t
is assumed that the average soybean moisture content dried
in a soybean processing plant in the United States is 12.1
percent wet basis with a test wight of 560 pounds per
bushel (721.0 kg/m3)e Around 52.5 million gallons of Noe
2 ofl are required to dry one billion bushels of soybeans
(the approximate amount of soybeans presently crushed 1n
the United States (Soya Bluebooky 1980)) to 105 percent
if dryers of conventional FR-3000 type would be usede. By
modifying the FR=-3000 according to proposed design noe 39
the amount of Noe 2 0fl necessary to dry this volume of
soybeans will be reduced to 168 million gallonse feees
more than 35 million gallons of fuel would be saved.

Besides the high specific energy consumption when
drying soybeansy the FR=3000 did not meet 1ts

specifications for capacity during the tests performed.
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In order to obtain a throughput of 39000 bushels per hour
(about 82 ton/hr) the soybean flow rate must be around 47
bushels per hour per square foot (13.8 ton/hr-m2)e. Table
10 contains the design parameters and the drying
parameters for a FR=-3000 which will dry soybeans from 125
percent down to 10.5 percent at a rate of 34000 bushels
per hour (82 ton/hr)e The dryer is an eight-stage dryer
with three drying sections (stages 8¢9 69 and 4)9 three
tempering sections (stages 79 5S¢ and 3)¢ and the cooler 1s
composed of stages 1 and 2« The airflow rate in the dryer
stages 1s 45, cubic feet per minute per bushel (46.8
m3/min=ton) and 40 cubic feet per minute per bushel
(41.6 m3/min=-ton) in the cooler stagese Standard
conditions (air temperature of 600 F (156 C)¢ soybean
temperature of 600 F (156 C)9 and relative humidity of
60 percent) were used 1in the simulated designe The
predicted specific energy consumption {s 14860 BTU per
pound of water removed (494327 kJ/kg) which makes the
FR=3000 an energy efficient soybean dryere.

It has been shown in this section that soybeans
can be efficiently dried at processing plants with
crossflow dryerse In order to accomplish such a task the

dryer must have been designed specifically for
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TABLE 10 : Proposed design Noe

4 - crossflow dryere

DRYER PARAMETER VALUES
Drying air temperaturey
dege F (dege C)

Airflow in dryer sectionss
cfm/bu (m3/min=-ton)

Afrflow in cooler sectionsy
cfm/bu (m3/min-ton)

Grainflow ratey
bu/hr-sqft (ton/hr=-m2)

Dryer heightey (8¢6+4)
ft (m)

Tempering heighte (74¢5+3)
ft (m)

Cooler heightey ft (m)
Total dryer heightey ft (m)
MCine perce wb

MCout Stage 49 perce wb
MCout Coolery perce wb

Spece energy consumptiony
BTU/Lb (kJ/kg)

Actual spece energy conses
BTU/Lb (kJ/kg)

SIMULATION

200« (93.3)

45¢ (4648)

40 (4146)

47.0 (13.8)

23¢5 ( Te2)

23e5 ( 7e2)

235 ( T7e2)
627 (19.2)
12.5
11.5
10.4

14380 (349229)

194860 (49327)
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soybeane A dryer which is designed for one grain and 1is
employed to dry another one most Llikely will be over-rated

and fnefficient in terms of specific energy consumptione

662 Concurrentflow Drying Results

The analysis of the concurrentflow dryer is based
upon the data acquired during the tests run 4n the
Laboratory and on computer simulation testse The
calculations assume LP gas to have 199444 BTU per pound
(459227 kJ/kg)e

Two broad goals were pursued with the
concurrentflow drying tests: (1) the soybeans should be
dried to a final moisture content of 13.0 percent wet
basise and (2) the viablity of the beans should not be
affected so that the soybeans could be used for seede. It
is of 1interest to mention that quality does not have the
same meaning for the soybean processor and for the soybean
seed producere. For seedy soybeans must have a high
germination percentage (usually above 90 percent) without
excessive cracks and splitse For processing soybeans must
have high protein content and the oil yield must be high
and of edible qualitye No quality tests were conducted
for the crossflow drying tests because quality 1s not

affected under the drying conditions under which the tests
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were run (Madisone 1980).

The major experimental results are summarized in
Tables 11 through 19, In the first four tests the airflow
rate was 114 cubic feet per minute per square foot (34.8
m3/min-m2)3 in the last four tests the airflow rate was 86
cubic feet per minute per square foot (26.2 m3/min-m2).
The bed depth was 3.0 feet (09 m) for all testse For the
multi-stage drying testsys the tempering Llength was 15.0
feet (4.6 m)e No cooling was performed for any laboratory
teste.

Test Noe 1 is a one-stage concurrentflow drying
teste A two-stage concurrentflow dryer was experimentally
simulated 1n test Noe. 2 In the remaining testsy
three-stage concurrentflow dryers were experimentally
simulatede The soybean flow rate and the drying air
temperature were varied from test to teste.

The experimental drying air temperature and the
soybean flow rate are presented 1in Tables 11 and 12y
respectivelye The soybean temperatures before drying and
after each drying section are in Table 13,

The results in Table 14 indicate that overdrying
occured 1in the first five tests. The quality results for
the same tests show a high percentage of cracks (Table
17)9 a substantial decrease in germination (Table 18)¢ and

a susceptibility to breakage higher than for the other
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concurrentflow tests (Table 19)e The split percentage was
low for all tests conducted in the Laboratorye.

It is worthy to mention that at 2000 F (93.3 C)
(test Noe 1) the germination percentage of the soybeans
decreased to 53 percent and at 400.0 F (204,4 C) (test
Noe 8) the germination percentage decreased to 77 percente.
This indicates that the air temperature 1s not the sole
factor affecting the soybean quality in concurrentflow
drying but rather a combination of the drying air

temperature and the soybean flow ratee.
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TABLE 11: Drying afir temperaturesy dege F (dege C)e

TEST Noe. FIRST STAGE SECeSTAGE THIRD STAGE
1 200e0C 93¢3)
2 25000¢121.1) 200,0¢ 9343)
3 300.0¢14849) 250.0(12161) 2000(93.3)
4 35040€17667) 300.0(148.9) 200.0(9343)
5 3506001766 7) 3000(148¢9) 200¢0(9343)
6 3504001764 7) 3000(148.9) 200¢0(9363)
7 35060€17647) 28060€13748) 200,0(93.3)

8 400002044 4) 3500¢0(14809) 200¢0¢(93¢3)



TABLE 122

TEST Noe.

FIRST STAGE

108

SEC.STAGE

Soybean flow rates bu/hr=-sqft (ton/hr-m2)e.

THIRD STAGE

1

2

2.2(0.6)
4¢4(1.3)
5¢4(1.6)
97(2.8)
8e6(245)
105(3.1)
13¢6(440)

16¢5(4.8)

4¢4(1e3)
5¢8(1e7)
S¢7(28)
9¢3(2.7)
10.4(3.1)
15¢0(4¢4)

18¢7(545)

6e7(2.0)
1065(361)
9.8(2.9)
11.0¢(3.2)
16¢6(449)

18¢7(545)
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TABLE 13: Dryer outlet temperatures of soybeansy

dege F (dege C)9 dried in one-¢ two-¢ and

three-stage concurrentflow dryerse.

IN ouT
TEST Noe. FIRST STAGE SEC.STAGE THIRD STAGE
1 46¢4( 840) 100.4(3840)
2 46e4( B8e0) 10064(38¢0) 9540(35.0)
3 59¢9(15e5) 1004(38¢0) 100.4(3840) 100.4(3840)
4 37e4( 340) 92e¢3(33e5) 10064(3860) 9540(3540)
38e3( 305) 83e¢3(28e5) 95¢9(35e5) 91.4(33.0)
36e5( 245) 78¢8(2660) 9065(32e5) 91.4(33.0)
33.8( 1.0) T3¢4(23e¢0) 86¢0(30e0) B87¢8(3140)
49,6( 9.8) 80e66(27e¢0) 9164(33e0) 93.2(34.0)
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TABLE 14: Soybean moisture contents percentage wbe(*)

IN ouT
TEST Noe FIRST STAGE SECeSTAGE THIRD STAGE

1 l16.4 11.0

2 16.4 1365 1163

3 15.8 1246 10.4 9.1

4 16,0 14,1 12,0 105

5 159 1463 12.8 11.7

6 163 14.9 13.7 12.9

7 15.9 15.0 14,2 1367

8 15.2 14,5 13.8 13.3

(*) without cooling of the soybeanse
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TABLE 15: Soybean test weighte Lb/cufte

W T T T T T e T
TEST Noe. FIRST STAGE SECeSTAGE THIRD STAGE

1 5665 54.4

2 56.6 5468 S4e4

3 566 5563 5465 5463

4 562 556 55.1 S4e4

5 565 5569 555 551

6 56¢4 5661 5549 557

7 56.6 563 565 563

8 566 567 564 56¢4
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TABLE 16: Percentage of splitse(x)

IN ouT
TEST Noe. FIRST STAGE SECeSTAGE THIRD STAGE

1 0048 2484

2 0.67 l1.56 2421

3 0632 1.28 2457 297

4 0e56 2.03 259 420

5 0.46 1,72 205 3e67

6 0e47 090 2002 3¢50

7 0.80 2644 2.08 228

8 0e18 0.68 343 308

(*) without cooling in the counterflow coolere.
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TABLE 17: Percentage of crackse(«)

IN ouT
TEST Noe. FIRST STAGE SECSTAGE THIRD STAGE

1 0.00 351e82

2 0.00 2637 37448

3 0.82 35650 5379 58.09

4 0.00 21.99 5le64 S1¢63

5 0.00 16.13 3811 3623

6 0.00 11.55 25449 28468

7 0.00 Te43 14,71 13.04

8 0.00 6e33 11.85 12,09

(*) without cooling in the counterflow cooler.
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TABLE 18: Percentage of germinatione(*)

IN ouT
TEST Noe FIRST STAGE SECeSTAGE THIRD STAGE
1 96 53
2 97 62 40
3 96 51 32 29
4 94 55 39 38
5 92 67 48 52
6 95 75 62 60
7 95 79 70 65
8 96 77 75 71

(*) without cooling in the counterflow coolere
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TABLE 19: Stein breakage results (percentage).

TEST Noe. " FIRST STAGE SggISTAGE THIRD STAGE

1 4.4 9¢5

2 3e 4 6e9 8e3

3 de4 6e9 93 11.0

4 20 55 Teb 10.0

S 26 4.8 Te0 8e3

6 0e 4 3el 4.9 6e2

7 0.5 2.1 Se4 4¢3

8 0e5 2.0 Se4 446
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The final mofisture content of the soybeans was
around 13 percent for tests Noe 69 NOe 79 and Noe 8o
Better end product quality was obtained after each teste.
It can be observed in Tables 16 through 19 that the best
quality results were obtained with test No. 8 in spite of
the higher drying air temperatures in the first and second
stagese The Stein breakage results 1in Table 19 were
similar for tests Noe 7 and Noe. 8. This 1s not a
contradiction from the previous quality results but was
caused by the lower soybean moisture content for test Noe.
8 (the beans were left to dry one week Llonger than the
other tests)e. It can be seen that the drying air
temperature i1s not the main factor responsible for quality
deterioration of the drying producte The grain flow rate
(the residence time) plays an important role when quality
needs to be considerede. In facte the drying air
temperature and the grainflow rate act together and their
fine-tunning 1s essentifal 1in concurrentflow drying of
sensitive productse. Improper adjustment of these two

parameters may lLead to a dried product of poor qualitye.
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TABLE 20: Simulated soybean moisture contenty percent wbe

IN ouT
TEST Noe. FIRST STAGE SEC.STAGE THIRD STAGE

1 1644 11.5

2 l16e4 135 10.0

3 15.8 12,7 9.1 6.9

4 160 14,7 12.5 10.6

5 15.9 14,8 13.0 11.4

6 1643 15.6 14,2 12,7

7 15.9 155 14.8 14.1

8 15.2 14,7 14,1 13.3
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TABLE 21: Experimental and simulated specific energy

consumptiony BTU/Lb (kJ/Zkg)e.

TEST Noe

EXPERIMENTAL

SIMULATED

EFFIC.FACTOR

1

2

39127(74273)
49256(94900)
39880(94025)
39146(7+¢318)
39324(74731)
39472(84076)
49175(9,4711)

49210(94793)

29061(44794)
19896(449410)
19841(449282)
29012(44680)
19951(44538)
29091(44864)
29814(6¢545)

29575(54989)

Average

1.66

1.48

1.63

1«74
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A computer program was used to simulate the tests
run in the Llaboratorye. Table 20 contains the simulated
soybean moisture content results for all the
concurrentflow testse The final moisture content did not
agree well in the first three tests but for tests No. &
through Noe. 8 the agreement 1{1s satisfactorye Better
moisture prediction could have been obtained if a Llarger
volume of soybeans would be dried in each teste

The amount of soybeans dried in each test was lowe.
It wvaried from 281 pounds (127.5 kg) to 19006 pounds (456
kg) with an average of 671 pounds (304 kg)e Any variation
in the drying conditions would be Least noticeable 1f the
test were run for a longer time periode.

The experimental and simulated specific energy
consumption results are pictured 1in Table 21. The
efficiency factor varied from 1,52 to 2.24 with an average
of 1le74¢ No explanation was found for the high efficienty
factors obtained in tests No. 2 and Noe. 3.

The dryer efficiency factor indicates the amount
of heat Lloss in the drying processe In a well insulated
dryerey the efficiency factor should have a value close to
1e0¢

The average efficiency factor for the Laboratory
concurrentflow dryer 1s higher than the value obtatned

with crossflow drying but 1t should be remembered that the
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Laboratory tests 1nvolved small amounts of soybeans as
compared to thousands of bushels for the crossflow field
tests and the laboratory dryer was not insulatede.

Tempering has been shown to be highly desirable in
high temperature crossflow soybean drying when the initfial
moisture content of the beans is around 12.5 percent. The
effect of tempering on the soybean drying rate at higher
moisture contents was analyzed by applying the
concurrentflow computer programe

Tables 23 and 24 contain the results of a
three-stage concurrentflow dryer at 200 and 160 percent
initial mofisture contente The dimensions of the drying
and cooling stages and the airflows are those of a
commercial three-stage concurrentflow dryer (see Table
22) . In Table 25 the results for a commerctal two-stage
concurrentflow dryer is presentedes It can be seen that at
high 41nitial mofisture contents (16-20 percent wet basis)
the soybean drying rate 1{ncreases significantly with
fncreasing tempering hefghte At a Llow initial moisture
content (12,5 percent) the soybean drying rate was Lless
sensitive to changes 4in the tempering hefghte At high
fnitial mofisture contents there is a compromise mainly
between the tempering height and dryer capacitye At Llow
fnitial moisture contentsy the compromise 1s between

tempering hefght and specific energy consumptions At all
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levels of iniftial moisture contentey howeverey the use of
one additional tempering stage between the last drying
section and the cooler {is beneficial as evidenced 1in
Tables 23 through 25

Tables 26 and 27 contain thin-lLayer drying
simulation results for soybeans and corn at four
temperatures and for four hourse At all temperaturess
soybeans were predicted to dry faster than corne 1In Table
28 three-stage concurrentflow soybean and corn drying
simulation results are presentede. Identical drying
conditions were used for both products but the soybean
results showed a Llower final moisture content (11.0
percent)e

The high drying rates characteristic of soybeans
indicate that concurrentflow corn dryers are not optimum
designed for soybean dryinge. It is recommmended that the
use of a 10-foot tempering zone after each drying section

in concurrentflow soybean dryers is considered.
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TABLE 22: Drying parameters and dimensfons of a
commercial three=-stage concurrentflow

corn dryere

DRYING PARAMETER VALUES

FIRST STAGE

Airflow ratey 15060 (45.7)
cfm/ft2 (m3/min=m2)

ODryer Lengthey ft (m) 3¢5 ( 1e1)

SECOND STAGE

Adrflow rates 1350 (41.2)
cfm/ft2 (m3/min=-m2)

Dryer lLengthe ft (m) 45 ( 1e4)

THIRD STAGE

Afrflow rates 1100 €33,5)
cfm/7ft2 (m3/min=-m2)

COOLER

Afrflow rates 1000 (3045)
cfm/ft2 (m3/min-m2)

Cooler Llengthe ft (m) 3¢0 ( 0e9) (%)

(*) The commercial dryer has a cooling section of 5.0 fte.
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TABLE 23: Effect of tempering on soybean drying rate

in a three-stage concurrentflow dryer (*),

DRYING PARe VALUES SIMULATTIUGON

FIRST STAGE

Drying air tempes 4000 (204.4)

dege F (dege C)

MCine perce wb 20.0 2060 200 20.0 2040

MCouts perce wb 187 187 187 18.7 18.7

Tempering lengthy 20.0 150 10.0 50 0.0
ft (m) ( 6e1) ( 446) ( 3e1) ( 1.5) (¢ 0.0)

SECOND STAGE

Drying air tempeys 3000 (148.9)

dege F (dege C)

MCoute perce wb 16.8 16.8 16.9 17.0 17.1

Tempering lengthy 2060 15,0 10.0 S5e¢0 0.0
ft (m) C 6e1) € 446) ( 3e1) ( 1.5) ( 0.0)

THIRD STAGE

Drying afir tempeos 2000 ¢ 93.3)

deg F (dege C)

MCoute perce wb 15¢2 153 155 157 1640

Tempering length 2040 15,0 10,0 50 0.0
ft (m) ( 6.1) ( 4.6) ( 3.1) ( 1.5) ( 0.0)

COOLER

HCoth perce wb 14,4 14,5 14.8 15.1 15.6

Grainflow rates 17.0

bu/hr=-ft2 (ton/hr-m2) ( 5.0)

Theoretical spece 10384 19421 10477 14572 19745
energy consumpe (39219) (3¢305) (39436) (39657) (44059)
BTU/Lb (kJ/kg)

() The dimensions of the drying/cooling stages and the
airflow rates are those presented in Table 22.
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TABLE 24: Effect of tempering on soybean drying rate

in a three-stage concurrentflow dryer (*),

DRYING PARe VALUES SIMULATTION

FIRST STAGE

Drying air tempeys 400,0 (204.4)

dege F (dege C)

MCine perce wb 16.0 16.0 16.0 16.0 16.0

MCoutse perce wb 14.7 14,7 147 147 14,7

Tempering lengthv 2060 15,0 10,0 Se0 0.0
ft (m) ( 6el) ( 4e6) ( 3e1) (€ 1.5) ( 0.0)

SECOND STAGE

Drying air tempes 300.0 (148.9)

dege F (dege C)

MCoute perce wb 12.6 12.7 12.8 12.9 13.0

Tempering lengthy 20.0 15.0 10.0 5.0 0.0
ft (m) ( 601) ( 4.6) ( 3.1) ( 1.5) ( 0.0)

THIRD STAGE

Drying air tempes 20060 ¢ 9363)

deg F (dege C)

MCout’ perce wb 109 11.1 11,2 11.5 11,8

Tempering length 2040 15.0 10.0 Se0 0.0
ft (m) ( 6e1) ( 446) ( 3e1) ( 1.5) ( 0.,0)

COOLER

MCoute perce wb 10.2 10.4 10.6 10.9 11.5

Grainflow ratey 1640

bu/hr=-ft2 (ton/hr-m2) ( 4.7)

Theoretical spece 14575 14609 14666 14767 1,971
energy consumpe (30664) (39743) (3¢875) (49110) (49585)
BTU/Lb (kJ/kg)

() The dimensions of the drying/cooling stages and the
airflow rates are those presented in Table 22.
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TABLE 25: Effect of tempering on soybean drying rate

in a two-stage concurrentflow dryer (x),

DRYING PARe VALUES SIMULATION

FIRST STAGE

Drying air tempes 250.0 (121.1)

dege F (dege C)

MCine perce wb 12.5 12.5 12.5 12,5 12.5

MCoutse perce wb 11.9 11.9 11.9 11.9 11.9

Tempering lengthe 2060 15,0 10.0 S5e¢0 0.0
ft (m) ( 6e1) ( 446) ( 3e1) ( 1e5) ( 060)

SECOND STAGE

Drying air tempes 2000 ¢ 93.,3)

dege F (dege C)

MCOUtQ perce wb 10.9 10.9 11.0 11,0 11.1

Tempering lengthy 20.0 15.0 10.0 50 0.0
ft (m) ( 6e1) ( 4e6) (€ 3e1) ( 1e5) ( 060)

COOLER

MCoute perce wb 10.4 10.4 105 106 10.8

Grainflow ratey 8e0

bu/Zhr=-ft2 (ton/hr=-m2) ( 2.4%)

Theoretical spece 10759 19796 10859 14971 29189
energy consumpe (49092) (49178) (4¢324) (4¢4585) (59092)
BTU/Llb (kJ/kg)

(*) The dimensions of the drying/cooling stages are those
in Table 22 The airflow rate in the drying sections
Wwas 6060 cfm/ft2 (183 m3/min-m2) and 450 cfm/ft2
(137 m3/min=-m2) in the cooling sectione
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TABLE 26: Soybean and corn moisture content according
to the Overhults and Thompson thin-lLayer

equationse respectivelye.

DRYING TEMPERATURES

DRYING TIME 25040 F (121¢1 C) 2000 F ( 9343 C)
(hrs) SOYBEANS CORN SOYBEANS CORN
0e0 1640 1640 1640 1640
Dot 1042 11.4 12.1 1340
0e8 8ol 8e9 10.6 11.5
1e2 6e7 Te3 946 10e4
146 5e7 62 8e8 945
240 540 5¢3 8el 8e9
244 4.4 447 Te6 8e3
2.8 3¢9 4.1 Tel 7.8
342 345 3e7 6e7 Te4
3.6 3.2 3.4 6ot 740

4.0 29 el 6e0 6e6
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TABLE 27: Soybean and corn moisture content according
to the Overhults and Thompson thin-layer

equationsy respectivelye.

DRYING TIME 1000 F ¢ 37.8 C) 700 F ¢ 21,1 C)
Chrs) SOYBEANS CORN SOYBEANS CORN
0.0 16.0 16.0 l16.0 16.0
0.4 133 13.8 13.8 14,8
0.8 12.3 135 1361 1443
1.2 11.7 12.9 12.6 13.9
le6 11.1 12.4 12.2 1366
2.0 107 11.9 11.8 13.3
2e4 103 11.6 11.5 13.0
248 10.0 11.3 11.3 12.8
3e2 967 11.0 11.0 12.6
3e6 9.4 10.7 10.8 12.4

4.0 9.1 10.5 10.6 12,2
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TABLE 28: Soybean and corn drying in three-stage
concurrentflow dryer at 17.0 bu/hr-ft2
(5.0 ton/hr-m2).

DRYING PARAMETER VALUES SOYBEANS

FIRST STAGE

Drying air temperaturey
dege F (dege C)
Airflow rates
cfm/ft2 (m3/min-m2)
Dryer lengthy

ft (m)

Tempering lengthy
ft (m)

MCiny

percentewb

MCoute perce wb

SECONC STAGE

Drying air temperatures
dege F (dege C)

Airflow ratey

ctfm/ft2 (m3/min-m2)
Dryer Llengthy

ft (m)

Tempering lengthy

ft (m)

MCoute perce wb

THIRD STAGE

Drying air temperature,
dege. F (deg. Cc)

Airflow ratee

cfm/7ft2 (m3/min=-m2)
Dryer lengthy

ft (m)

MCoute perce wb

COOLER

Afrflow rates
cfm/ft2 (m3/min=-m2)
Cooler Llengthy

ft (m)

MCoute perce wb

Theoretfical specific
energy consumption
BTU/Lb (kJ/kg)

400,0 (204.4)
1500 € 45.7)

3¢5 € 1.1)
1560 (  4.6)
16.0

14,8

30060 (148¢9)

135.0 ¢ 41.2)

4.6 ( 144)
15¢0 ( 446)
13.0

2000 ¢ 93,3)
11060 ( 33459
5S¢0 ( 1.5)

11.4

10060 ¢ 3065)
5S¢0 ¢ 1.5)
11.0

14686
(39922)

400.,0 (204.4)
1500 ¢ 45.7)

3¢5 ¢ 1e1)
150 ( 4.6)
16.0

15.1

3000 (148.9)

1350 ¢ 41.2)

4,5 (1 1.4)
150 ¢ 446)
13.9

20060 ¢ 93.3)
1100 ¢ 33.5)
S5¢0 ¢ 1.5)

13.1

1000 ¢ 3065)
S5¢0 ( 1.5)
12.8

29595
(60036)



129

6e2¢1 Soybean concurrentflow dryer

Three two-stage concurrentflow dryer designs are
proposed for soybean processing plants 4{4n Tables 29
through 31. The difference among the three designs are
the airflow and the grainflow ratese The theoretical
specific energy consumption decreased from 24180 to 14859
BTU per pound of water removed (59071 to 49324 kJ/kg)
while the dryer <capacity decreased from 150 to 860
bushels per hour per square foot (4.4 to 2.4 ton/hr-m2).
It can be seen that capacity was sacrificed for the dryer

thermal efficiencye.

6e3 Sensitivity Analysis

Sensitivity analyses were conducted with the
crossflow and concurrentflow drying resultse Table 32
shows the accuracy of the measured parameters accepted 1in
this studye

Two tests were run with <crossflow and two with
concurrentflow dryer simulation programse 1In both casess
the upper Limit condition indicates that the accuracy as
presented 1in Table 32 1s added to the respective drying
parameter; for the lower Limit cases the accuracy was

subtracted from the respective drying parametere.
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TABLE 29: Proposed design Noe 1l

DRYING PARAMETER VALUES SIMULATION
FIRST STAGE

Drying air temperature 250.,0 (121,1)
dege F (dege. C)

Airflow rates 135.0 ( 41.2)
cfm/ft2 (m3/min-m2)

Dryer Lengthy 3¢5 ( 1.1)
ft (m)

Tempering lengthys 100 ¢ 3.1)
ft (m)

MCiny 12.5
percents wb

MCoute perce wb 12.0
SECOND STAGE

Drying air temperatures 20060 ( 93.3)
dege F (degeCe C)

Afirflow ratey 1100 ( 33.5)
cfm/ft2 (m3/min=-m2)

Dryer Lengthe 4.5 ( 1.4)
ft (m)

Tempering lengthy 1060 ¢ 361)
ft (m)

MCoute perce wb 11,1
COOLER

Afirflow ratey 1000 ( 3045)
cfm/ft2 (m3/min-m2)

Cooler Lengthe S5¢0 ( 1.5)
ft (m)

MCoutse perce wb 10.6
Grainflow rate 150 ¢ 4.4)
bu/hr=-ft2 (ton/hr-m2)

Theoretical specific 29180
energy consumptione (54071)

BTU/Lb (kJ/kg)
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TABLE 30: Proposed design Noe. 2.

DRYING PARAMETER VALUES SIMULATION
FIRST STAGE

Drying air temperatures 250.0 (121.1)
deg. F (dege C)

Afrflow rates 1100 ( 33.5)
cfm/ft2 (m3/min-m2)

Dryer Lengths 3¢5 ( 1.1)
ft (m)

Tempering lengthy 1060 ¢ 3e.1)
ft (m)

MCing 12,5
percenty wb

MCoutse perce wb 11.8
SECOND STAGE

Drying air temperaturey 2000 ( 93.3)
dege F (degeCe C)

Airflow rates 8040 ( 2444)
ctm/ft2 (m3/min-m2)

Dryer lengthe 4¢5 ( 1e4)
ft (m)

Tempering lengthy 100 ¢ 3.1)
ft (m)

MCoutse perce wb 11.0
COOLER

Afirflow rates 600 ( 18¢3)
cfm/ft2 (m3/min-m2)

Cooler Lengthy 5S¢0 ( 1.5)
ft (m)

MCoute perce wb 10.5
Grainflow rate 12.0 ( 3.5)
bu/hr=-ft2 (ton/hr-m2)

Theoretical specific 29010
energy consumption, (44675)

BTU/Lb (kJ/kg)
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TABLE 31: Proposed design Noe 3.

DRYING PARAMETER VALUES SIMULATION
FIRST STAGE

Drying afir temperature, 250.0 (121.1)
dege F (dege C)

Airflow rates 60.0 ( 18.3)
cfm/7ft2 (m3/min=-m2)

Dryer Lengthe 3¢5 ( 161)
ft (m)

Tempering lengthy 10,0 ¢ 3,1)
ft (m)

MCins 12.5
percents wb

MCoute perce wb 11,9
SECOND STAGE

Drying afir temperature, 20060 ¢ 9343)
dege F (degeCe C)

Afrflow ratey 60e0 ( 18¢3)
ctm/ft2 (m3/min=-m2)

Dryer Lengthy 4,5 ( 1.4)
ft (m)

Tempering lengthys 1060 ¢ 3.1)
ft (m)

MCoute perce wb 11.0
COOLER

Afrflow ratey 45,0 ¢ 13.7)
cfm/ft2 (m3/min=-m2)

Cooler Lengthy 5¢0 ¢ 1.5)
ft (m)

MCoute perce wb 1065
Grainflow rate 8e0 ¢ 2.4)
bu/hr=ft2 (ton/hr-m2)

Theoretical specific 10859
energy consumptions (44324)

BTU/Llb (kJ/kg)
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TABLE 32: Accepted accuracy of the measured parameters

in grain dryer designe

MEASURED PARAMETERS ACCURACY
Moisture contenty percent +/- 0.2
Temperaturey dege F +/= 1.5
Test wighte Lb/ft3 +/- 0.5
Relative humiditye percent +/- 5,0
Grainflow rates bu/hr-ft2 +/- 1.0

Adrflow ratey cfm/bu +/-10.,0
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TABLE 33: Crossflow soybean drying results at the higher
and lower Limit conditionse using the crossflow
proposed design Noe. 4 - Table 10.

DRYER PARAMETER VALUES

Drying air temperatures
dege F (dege C)

Afrflow in dryer seces
cfm/bu (m3/min=-ton)

Afrflow in cooler seces
cfm/bu (m3/min=-ton)

Grainflow ratey
bu/hr=-ft2 (ton/hr=m2)

MCine perce wb

MCout Stage 49
percent wb

MCout Coolery
percent wb

Speceenergy consumption,

BTU/Llb (kJ’/kg)

Actual spece energy conses

BTU/Lb (kJ/kg)

UPPER LIMITS LOWER LIMITS

201e5 (94.2) 1985 (92¢5)
550 (57.2) 3560 (36.4)
5060 (52.0) 3060 (31.2)
480 (1l4.1) 46,0 (13.5)
12.7 12,3
11.6 11.4
10.4 1043
14554 1,201
(39615) (29794)
24082 14609
(44844) (3¢744)
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TABLE 34: Concurrentflow soybean drying results at the

higher and lower Limit conditionss
concurrentflow proposed design No.

using the
3 - Table 31.

DRYING PARAMETER VALUES

UPPER LIMITS

LOWER LIMITS

FIRST STAGE

Drying air temperaturey
dege F (dege C)

Afrflow rate

cfm/ft2 (m3/min-m2)
MCine

percent wb

MCoute perce wb

SECOND STAGE

Drying air temperaturey
dege F (dege C)

Afirflow rate

ctm/7ft2 (m3/min=-m2)
MCoute perce wb

COOLER

Afrflow rates
cfm/ft2 (m3/min-m2)
MCoute perce wb

Grainflow ratey
bu/hr=-ft2 (ton/hr-m2)
Theoretical specific
energy consumptiony,

2515 (121.9)
7060 ¢ 21,3)
1247

12.1

201e5 ( 94.2)
700 € 2143)

11.1

5560 ( 1667)
10.6
9.0 ( 2.6)

10828
(44253)

2485 (12063)

5000 ¢ 15.2)
12.3

11.8

198¢5 ( 9245)

5060 ( 15.2)

10.9

3560 ( 10.7)
105
Te0 ¢ 2.1)

14951
(4¢539)
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6e4 Fixed-Bed Drying Results

A fixed-bed computer model has been developed and
checked against soybean drying data from the Literature.
The Literature data were difficult to duplicate because it
was not specified 1f the test was run continuously or if
the fan was shut off at nighte Alsos hourly weather data
for the original drying site 1in Illinois was not
availablee Insteads East Lansing weather data for the
first 14 days of Septembery 1974 was usedes Hourly data
were not available so average ambient air temperature and
relative humidity wvalues for those days were employede.
The average values were 688 F (203 C) and 60 percent for
the ambient air temperature and relative humiditys
respectivelye.

The experimental and simulated results are
presented 1in Table 35 The results are for a drying bed
of 6¢0-fo0ot (1le8-m) deep initially at 207 percent wet
basis and an airflow rate of 1.0 cubic foot per minute per
bushel (10 m3/min-ton)e Although the ambient <conditions
were approximatey the computer model satisfactorily
predicted the experimental soybean moisture contente.

The model required 1.88 seconds of computer time
to simulate 156-hour dryinge The time value is low enough

to make the fixed-bed computer model feasible for
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low-temperature soybean drying simulatione.

TABLE 35: Experimental and simulated results for

a 6e0-foot soybean fixed-bed drying system.

LAYER Noe EXPERIMENTAL SIMULATED
1 95 10.0
2 10.0 10.7
3 11.0 11.9
4 13.7 13.3
5 1840 14,9
6 19.0 1604
7 19.3 17.8
8 19.4 18.9
9 19.4 19,7

10 19.7 2062
11 19.9 2063

AVERAGE 16.2 15.8
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The Fixed-Bed computer model was used to speculate
on the feasibility of Low-temperature drying in Brazile.
Monthly weather data for 1978 for the State of Parana (a
major soybean producing State) was employede The average
temperature during the harvest season was 606 F (15.9 C)
and the ambient relative humiditys 77 percente.

Drying of a 12¢0=foot (3¢7-m) deep bed of soybeans
was simulated using an afirflow rate of 1,0 cubic foot per
minute per bushel (1.0 m3/min-ton)e The ambient air was
increased to 650 F (183 C)e After 14 days (336 hours)
of drying at 650 F and after 2 days (48 hours) of natural
air drying the average bed moisture content was predicted
to be 12.0 percent and the top bean layer 15.5 percent wet
basise A similar soybean drying test was simulated using
68¢0 F (2060 C) as the drying air temperaturee. After 12
days (288 hours) of 680 F drying and 2 days (48 hours) of
natural air drying the average bed moisture <content was
101 percent and the top bean layer was at 13.7 percent
wet basise A combination of the two previous runs was
then simulatede. During the first 4 days (96 hours) the
drying air temperature was increased to 68¢0 F (200 OC)e
In the next 6 days (144 hours) 650 F (183 C) was used.
After these 10 days of dryinges natural afir was employed
for 2 days (48 hours)e The afrflow rate was increased to

1.5 cubic feet per minute per bushel (1.6 m3/min-ton) 1n
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this teste The final average moisture content of the
soybean bed was 9.8 percent and the top soybean layer was
at 12.0 percent moisture contente The results for these

three tests are summarized in Table 36e.
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TABLE 36: Predicted soybean moisture content in a 12-=foot
bedey initially at 20.0 percent wet basise

LAYER Noe. TEST Noe.l TEST Noe.2 TEST Noe3
R T2 ses eaa

2 10.7 9.0 8.9

3 107 8¢9 9.0

4 107 89 9e1

5 11.0 9.0 9¢2

6 11.4 9.4 965

7 12.1 9.9 9.9

8 13.0 107 10.4

9 14,0 11.8 11.0

10 15.0 13.0 11,7

11 1565 1367 12.0
MCaveragey perc 12,0 10.1 9.8
Drying times hours 38440 3360 28860
Drying timey days 16.0 1440 12.0
Drying temperatures 65.0 6840 65076860

dege F



CHAPTER 7

CONCLUSTIO ONS

Soybean drying 1n continuous-flow dryers and
fixed-bed systems has been investigatede The conclusions

drawn from this study followe

7¢1 Crossflow Drying

le The fdeal airflow rate for crossflow soybean
drying 1s on the order of 4060 to 500 cubic feet per
minute per bushel (41,6 to 520 m3/min-ton)e These values
are much Llower than those presently used in the tested
commercial dryerse.

2¢ Increasing the airflow rate 1{in the cooling
stages to a value similar to that in the drying sections
increases the amount of water removed during coolinge thus
increasing the dryer thermal efficiencye.

3¢ Tempering (steeping) 41s highly desirable 1n
crossflow soybean dryinge Tempering allows moisture

redistribution inside the soybean kernels and consequently

141
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easies the removal of moisture in subsequent dryinge.

4 By converting the fifth and third sections from
drying stages 4nto tempering stages 4n the FR=3000,
savings of 398 percent in specific energy consumption are
predicted when soybean drying from 12«1 to 105 percent
wet basis was simulatede.

Se¢ If the FR-3000 airflow rate is reduced from 83.
to 45. cubic feet per minute per bushel (86.4-46.8
m3/min=ton) in the drying stages and {increased from 23.
to 45. cubic feet per minute per bushel (23.9-46.8
m3/min-ton) in the <cooling stages ande {if the cooler
height 1s 1dncreased from 157 to 23¢5 feet (4¢8=7e¢2 m)y
the amount of fuel consumed in the soybean drying process
(from 121 to 105 percent wet basis) is expected to be
reduced by 35.7 percente.

6e The implementation of the two previous saving
features 1in the FR=-3000 is expected to result in energy
savings of 679 percente

7. If efficient soybean crossflow dryers are made
available to the American soybean processing industry 1t
will be possible to save over $30 million dollars per year

with drying at 1981 fuel prices.
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7¢2 Concurrentflow Drying

le The 1deal airflow rate for concurrentflow
soybean drying at Llow initifal moisture contents (around
12,5 percent wet basis) is on the order of 45, to 60,
cubic feet per minute per square foot (13¢7-18¢3
m3/min-m2), These values are much Llower than those
presently used in concurrentflow corn dryerse

2. Tempering (steeping) 1{s highly desirable 1in
concurrentflow soybean dryinge It is recommended that the
use of a 10-foot (3.1-m) tempering zone after each drying
section 1n concurrentflow soybean dryers 1s considered.

3¢ Soybeans may be dried at temperatures as high
as 400 F (2044 C) in a three-stage concurrentflow dryer
without a significant reduction 1{in the product quality
(germinations crackse and splits)e.

4, The combination of drying air temperature and
product flow rate are the factors affecting the soybean
quality in concurrentflow dryinge

Se¢ The total airflow rate requirements for
concurrentflow soybean drying 1s lLower than for crossflow
soybean drying and Llower than for concurrentflow corn

dryinge.
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6e Although the best germination percentage
experimentally obtained (71 percent) 1{1s Llow {f the
soybeans are to be used as seede soybeans may be dried for
seed fn a multi-stage concurrentflow dryer 1f fine tunning
i1s accomplished in the drying air temperature and soybean

flow rate relationshipe

7¢3 Fixed=-Bed Drying

le¢ The new version of the MSU Fixed-bed Orying
Model 1s highly efficient 1in terms of computer time
requiremente. 1.88 computer seconds were required to
simulate 156 hours of soybean drying on a CYBER 750
computere.

2¢ The new version of the MSU Fixed=-Bed Drying
Model 1s suitable for use in the optimization of on-farm
stationary drying systemse

3¢ Low-temperature drying of soybeans is feasible
in Brazil if the ambient air temperature is raised by 5.0
to 8¢0 F (2¢8-4¢4 C) and the airflow rate is increased to

1¢5 cubic feet per minute per bushel (l¢6 m3/min-ton).



CHAPTER 8

SUGGESTIONS FOR FURTHER STUDIES

le The inclusion of optimization subroutines 1in
the computer simulation programs must be considered.
These built=-in optimization <capabilities will greatly
fincrease the flexibility of the computer programs for
design purposese

2. Soybean dryer prototypes designed through
similitude will permit faster experimental tests of the
desfigns proposed by simulation than on-site tests wusually
possible only during the crop harvesting seasone

3¢ On-farm soybean drying tests are necessary to
more accurately determine the drying parameters necessary

in design and simulatione.
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