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CHILLING OF HIGH #“O0ISTJRE COAN

ty doedjijarto Pratomo

The preservation of product quality during storage
is a problem confronting all segzents of today's agri-
cultural industry. The losses or changes which may
occur due to insect and mold deterioration in product
quality during storage are not only of economic impore
tance, but can also have an influence on the safety and
health of animals and huaans, The growth of microflora
and resultant deterioration of wet (high moisture)
grain can be slowed or inhibited by holding the grain
at low temperature (chilling).

Cooling wet shelled corn to a temperature of 40
degree F ilmmediately after harvest greatly increases the
allowatle storaze time over that possible at higher tem-
peratures. Increasing the holding time of wet (high
moisture) corn is advantageous in any method of drying,
since drying cost decreases as avallatle drying time
increases,

This study concerns with the analysis of the cool=-
inz process in a deep granular ted in relation with the
temperature and alr flow as the parameters,

A co0oling bin was designed and connected with a
refrigeration system wnich provided ailr down to 35 degzree

-

Fe TIhis chillled air was forced throazh a vertical coluzn
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of hizh molsture corn starting with an initial uniform
product temperature. The temperatures throughout the
bed were measured at intervals of twenty minutes ty
sixteen copper-constantan thermocouples connected to

a recordinz potentliometer through a multi-point cone
tact connector, Interstitial alr velocities of 0.67,
1.85, 1.95 and 12.35 ft/min were investigated,

Plots of temperature-time curves from the expe-
rinental temperature history data were presented and
comparative plots between the highest and the lowest
alr velocities were drawn for the deep bed of high
moisture corn (27 to 29 7 molsture, wet basis). The
plots indicate that with the increasing airflow, the
time required fro the cooling zone to move through the
corn was reduced. iquations for predicting the cool-
ing time was presented. recommendations tased on this

study are proposed for lmproving the analysis.
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INTRODUCTION

During the past quarter of a century the increase in
field culture mechanization and, especially the advent in the
past decade of the pickerséheller. has forced the corn grower
to lock for a new means of harvesting and storing corn, This
change in technology in general has led to an increasing amount
of "high moisture” corn being harvested each year, By "high
moisture corn®” is meant corn with a too much molsture content
that it cannot be stored safely by conventional methods.

The technological changes have not been limited to an
increase in mechanization. The use of hybrid varieties with
long growing seasons has increased the total eorn production
and made harvesting at high moisture content practically a ‘
necessity in many localities,

Beports of work regarding storage, cooling and chilling
of grains in this country indicate that 1ittle work has been
done in this fileld and most of the worx has occured in Great
Britain.

The storage of moist grain by chilling has been practiced
in Western Continental European countries for more than five
years, but was not used in Great Britain until 1963, Since
that time considerable interest has been shown by farmers,
maltsters and corn merchants.

Chilling is the lowering of the temperature of fresh
produce to inhiblt the growth of microorganisams and to

preserve its quality.



v.

Chilled high molisture shelled corn has an allowable
storage time of several weeks, during which various conditie
oning or marketing options can be applied. These options
include {1) reducing the molsture contents of the corn by
dehydrofrigidation, (2) arresting respiration and subsequent
deterioration of the graln for longer storage bty lowering the
grain temperature to 32 dcgree F or below, (3) drying the
corn at a more lelsurely rate with conventional heated z2ir
dryihg equipment, (4) marketing the wet grain throuzh regular
parketing channel, and (5) selling and delivering wet, parti-

ally drled, or dried corn to a grain processor.



REVIEW OF LITZRATU3E

The growth of microflora and resultant deterioration of
wet (high moisture) grain can be slowed or inhibited by holding
the graln at a low temperature (Shove, 1966). Increasing the
holding time of wet corn is advantageous in any method of
drying, since drying cost decreases as available drying time
increasges.,

In storing and drying wet grain it is important to know
how long the grain can be held without excessive damage (dry
matter loss). This information is particularly needed for
in-storage drying, The time avallable for drying depends on
the relation tetween the temperature of the grain and its
moisture content (Beaty et al., 1965), Wet corn harvested
and stored at 70 F must be dried in a few days to prevent
dzterioration (Figure 1). This relatively short dryinz period
can create a bottleneck in the flow of corn at harvest time,

As shown in Flgure 1, the safe storage time for wet grain
varies with molsture content and grain temperature, Corn
harvested at 30 percent moisture and 80 F must be dried in
about 2 dayss however, if the same corn 1s harvested and stored
at a temperature of 40 F, the drying time can be extend:=d to
20 days, If 18 to 20 percent corn 1s harvested and stored at
30 to 40 P it can te kept 2 or 3 months,

Shelled corn that is to te fed to livestock does not have
to be dried if 1t is field-shelled when tzmperatures are low
or 1s cooled after it 18 stored, Hovever, it willl have to be

fed during the safe storage period (Figure 1) or dried to a
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moisture content of 12 to 13 percent for safe longer term
storage (Beaty et al., 1965),

Grain deterioration is related to respiration of the grain
itself and of the accompanyling microorganisms, and the
production of carbon dloxide i1s a product of this respiration
(Steele et al., 1962). Since the evolution of carbon dioxide
can te measured readlly, measurements of carbon dioxide were
used by Steele et al. (1962) as an index of d:terioration.
Such measurements can also be translated to loss in dry matter
in the grain, Ffor the purpose of their study, aerobic respile
ration with the complete oxidation of carbohydrates to carbon
dioxide and water was assumed,

The complete combustion of a typical carbohydrate 1is
represented by the followinzg ejuation:

CeHy, O + 6 0, —» 6 co, + 6 H,0 + 677.2 Cal

From this equation it may be computed that one percent loss in
dry matter in the grain 1s accompanied by the evolution of 14,7
grams of CO, per 1,000 grams of grain dry matter (Steele et al.
1962),
Three ways of decreasing the respiration rate of grain
according to Haugh (1964) are:
(1) to dsecrease the molsture content of the grain,
(2) to derrease the temperature, and
(3) to decrease the avallable oxygen supply.
These three factors, moisture, temperature and oxygen are all
inter-related,
hilthorpe et al, (1948) reported that moisture contznt is

the most critical of these three factors.



In connection with the safe storage, insect heating, fall
in germination and fungal heating, Eurges and Burrell (1964)
produced a useful dlagram (Figure 2) on the relatinn of storage
temperature and grailn moisture content. It was compiled from
a large number of sources. TI'hus, at moisture contents up to
about 22 £, grain can be stored safely for a reasonzble time
at temperatures of 41 F.or below, which can be obtained by
refrigeration (chilling)., Insects will not develop if the
temperature 18 below 63 F. This is true of dry or wet grain,
and therefore reduction to this temperature is a method of
insect control. To control molds, bacteria and mites a much
lower temperature must be used, dependent on the moisture
content of the grain.

A study of the effect of temperature on the radial growth
of the fungus on agar by Tulte et al, (1966) revealed low tem=
perature to be an importance limiting factor. Growth was
markedly decreased at 12 C (53.6 F) and below, -

Development of molds and insects in grain, and their
control, can be related to three different levels of molsture

content as follows (Hyde, 1965):

Moisture content Insects and Microe-organisas
of the grain controlled by
a. Up to 15 percent Low moisture content; cooling with

untreated air,

be 15 to 25 percent Dryings refrigeration (only up to
20-22 percent moisture content);
ordinary airtight storage.

Ce 30=40 percent "Silage® technigues (and unstatle
form of airtight storage).
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Experience 8o far suggests that different speclies of
micro-organism are involved at the different moisture levels.
Those growing at moisture contents up to 25 percent are mold
fungl that require oxygen for growth, and die in its absence
- (Semeniuk, in Anderson and Alcock,1954). The organisms (pro-
bably bacteria) active at the higher molisture levels are less
dependent on oxygen and flourish under acld conditions such
as develop during the production of silage (Hyde, 1965).

Four fungi grew in high moisture corn (23 - 28 Z) stored
in the presence of low oxygen and high carbon dioxide concen-
- trations at 60 and 73 F (Tuite et al./1966). They were, in
the order of their anaerobic abilityiJYeast. Mucor, rusarium
Moniliformae and Peniclllium., Only the last two affect the
feeding value although there are no specific studies on Mucor
and the speclies of yeasts found in high moisture corn.
Bacteria as observed by Burmeister et al. (1966) indicated

thelr presence at substantial numbters (108

per gram) at
moisture contents of 28 £ and above,

Mold willl develop on the surface of shelled corn when
the temperature and humidity of the air in contact with the
corn is favorable to mold growth (Dexter, 1957). Shelled
corn, therefore, will keep without molding, regardless of
its internal moisture content, 8o long as the grain is in an
environment unfavorable to mold growtn,

Semeniuk (in Anderson and Alcock, 1954) found that a mini=-
num relative humidity of 80 percent (at 85 F) in bulk bins

i3 required for continued growth of molds, A relative




humidity of 80 percent corresponds to an eguilibrium moisture
content of about 15,6 percent, wet basis, for corn at 77 F

(Hall, 1957). In these tests, there was no evidence of mold,




OEJCTIVa

In order to obtaln quantitative information on the time
required for a cooling zone to move through packed bteds of
agricultural grains, it was found necessary to undertake an
experimental study.

Hizh molsture corn vere used in this investigation,
The product temperature at difference longitudinal locations
in a deep bed was measured at regular time intervals,
wxperimental temperature-~time curves were plotted and
equations for predicting the time required for a cooling
zone to move through corn grains were derived, #rom this
preliminary study, it is hoped that conclusions can be reached
which will provide direction in the endeavor to improve the

present analysis.

10




EXPEAILENTAL

e
(O]

Material

The high molsture shelled corn used in this study had been
harvested with a picker sheller, and was obtalned from a local
elevator in Mason, #ichigan, It was cleaned of trash and small
pleces of corn kernels which included some damaged kernels (less
than § %) were removed. Moilsture content at shelling was about
23 percent, wet basis.,

It was then placed in gunny bags (€0 « 90 1lbs weight) and
stored without a preservative in a walkein cold storage chamber
maintalined at 20 P until the time the grain was needed for
chilling tests.

Initlal moisture contents were 27 to 29 percent for all
tests. In this study it was necessary to rewet the grain until
the average moisture content for all materials had reached 28%,
Huki1ll et al, (1960) reported that rewetted grailn dried some=
what more rapidly than naturally wet grain. Findings by
fustrulid (13963) indicated that naturally moist corn, frozen
and thawed kernels, and carefully remolstened kernels all had
the same drying characteristics,

The rewetting was done by carefully remoistening the
kernels in a rotating drum for about 15 minutes. Preliminary
work verified that after 15 minutes rotation the materials had
teen thoroughlywetted. After each thorough wetting, the mate-
rials were put back in the freezer for a week before being used,
At this time two bags of the frozen grain were removed out of

the 20 degree i freezer, spread on a canvas and allowed to

11
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thaw and warm to room temperature. As the corn was removed
from cold storage, ice crystals were noticed on the grain
surface. However, after the grain had come to roo: tempera-
ture without any further exchange of alr, there was no notice-
able surface moisture.

The moisture content of each sample of corn was determined
before and at the end of each test by using a one stage oven
procedure ( Figure 3 ). A 20-gram grain sample was weighed -
with an analytical Mettler balance. The balance was a faste

reading type with an accuracy of ¢ 0,05 mg. The samples of

corn (four replications for each moisture level) were placed

in the oven for 24 hours and the temperature of the oven was -

maintained at 200 degrees F,

Chilling Bin and Refrigeration Unit

The desp-bed chilling of high moisture corn was studied
using a double-insulated column of dimensions: 1°'x 1'x 4°¢
deep ( Figures &4 and § ). The column was filled with approxe
imately 3.2 bushels of corn for each test. The bed was
connected to a fan and refrigeration system which provided
air down to 35 degree F.

Chilled air was forced through the column of material,
and temperatures thoughout the bed were measured at intervals
of 4 minutes by 16 copper-constantan thermocouples.

The refrigeration system was of the directeexpansion type.
The condenser was of the air-cooled type and the compressor
was totally enclosed, hermetic type, with the electric motor

as an‘integral part of the compressor casing. The expansion
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valve was thermostatically operated. Air was drawn over the
evaporator from the room through door Dl ( Figure 5 ).

After passing through the fan F,s this chilled air partially
was exhausted through the deep bed into the room and partially
was recirculated back over the evaporator from door D3 to door
D2 thus repeat the cycle, This makes a consideratle saving

on the hersepower of the refrigeration plant, since the air
drawn in from the plenum chamber 18 cooler than the air drawn
in from the roon.

The centrifugal fan was placed after the evaporator in
the chilled air duct, thus automatically reheating the air by
1 to 2 degrees Fe This caused the chilled air to drop from
a relative humidity of about 100 = 95 percent to 85 - 80 pere
cent relative humidity. A thermostatic expansion valve with
its sensing bulb located in the alr-stream just after the
evaporator was used to maintain a relatively constant air
temperature during a given test ( Figure 5 ). At temperatures
arproaching freezing the evaporator coils in the chilling unit
inight freeze up., An automatic defrost system was installed to
avoid this and operated for about three minutes per hour,

A water collecting tray mounted beneath the cooling coil
collects the water and allows it to drain away through a drain
hose connection ( Figure 5 ). During the defrosting period
the alr from the evaporator was exhausted through fan Fl
directly into the room rather than passing through the deep
bed, The operation of the defrost system can be described

as follows:
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Floure S

Diazran of the wxperizintal Dcep Eed

Chilling of Corn Zquipuent

A = Insulated Coluun ( 3/4* Styroform Sheet and
Glass fibre on the inside ).

iJ = Thermnocouple Junction

Die D2 J30 Sy = cllding Joors

Fiy FHZ = rlexitle liose insulated rith Glass i'itre
on tne outside,

LXhause man

.
-
]

¥, = Corn Fan

& = LVaporitor Coll

AT = HWater Tray wounted below the Jvaporator Coil.
P = Pleaua Chaabver

oE = ovensiaz culb ( [aermostatic &xpansion Valve ).
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Operation Corn Fan cxhaust Fan Hot Gas
F, F1 (Refrigerant)
1, Cooling OoN OFF OFF
2. Start to defrost OFF ON ON
3. After 3 minutes OFF ON OFF
L, After 2 minutes ON OFF OFF

The capacity of the refrigeration unit was one ton
and the horsepower of the centrifugal fan was o.5 HP.

The temperature of the alr enterinz the granular ted was
40 °F 4 1 OF for all tests. To maintain this temperature
throughout the test was not an easy JjJob. The initial corn
temperatures were 80 °7 3 1 °FP and moisture contents varied
from 27 to 29 percent, wet basis.

The copper-constantan thermocouple Junctions were located
every 6 inches along the vertical X-axis of the colamn. Four
thermocouples were located in the middle of the column along
the Y-axis 13 " appart. One was located just before the
chilled air entering the grain column and one each in the
plenum chamber and after the corn fan, The remaining § ther-
mocouples were installed along the vertical X-axis of the
column as shown in the diagram ( Figures S and 6 ).

The co=-planar thermocouples were spaced to verify the assumpe
tion that there was no lateral temperature gradient within the
deep bed. The thermocouples were connected to a 16-point re-
cording potentiometer through a multipoint contact connector,

During the tests, the temperature recorder made a continuous
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record of the temperatures throughout the grain column for the
first three hours, and then a time clock on the potentiometer
was useu -0 allow one complete cycle of points to te recorded
each twenty minutes.

The airflow was varled by sliding the control door Dl'

Doors Dz and D, were employed to direct the air flow. Door Du

was used to coitrol the incoming air flow to the test tin.
BRefore starting a test and filling the bin, the whole unit
has been cooled for about one hour to make sure that the bin
and the ducts were at the cooling temperature., The chilled
alr was passed through the bin and out to the room by opening
Dy until the thermocouple in the plenum chamber registered
40 degree F, Filling was then bgsgy. and interstitial air
velocities of 0.21, 0.58, 0.61 and 3.86 CFii/bushel were ine
vestigated. After the grain column had been filled, the air
flow rate for each test was adjusted by changing the volume
of the alir until the proper amount of CFM was obtained.

For each test, the mean interstitial velocity was deter-
mined by two methods and the results averaged, One method
was by direct measurement of mean alr velocity ( V ) before
and after the grain column using a hot wire anemometer,

The mean interstitial air velocity was then computed by the
relation: V, = ¥/f

where: Vg, = Interstitial Alr Velocity, ft/ain.
V = iean Air Velocity, ft/min,
f = porosity, dimensionless, where f is observed to

be 0,40 (Thonpson ans Isaacs, 1966).
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The second method consisted of a chemical smoke tracer; the
smoke was injected into the alr stream at the bottom of the
srain column, The time at which the first trace of smoke
emerged froz the top of the gralin column was clocked with a
stop watch, This method gave a direct value for V..

The hotewire anemozeter was callibrated in a wind tunnel
using a pitot tube and a nicro-manometer, Hreadings for zero
velocity or still air and for marima veloclty were taken and
the necessary calibration curve of I2 versus Vé was drawn as

shown in Figure 7.

Experimental Difficulties

The difficulties in this form of experimentation are
nuanerous, and most of them are not encountered in steady state
measurements,

1. Care must be taken to ensure that the thermocouples are
reading accurately. The thermocouples should be checked
for accuracy by taking readings for ice at 32 degree F and
for bolling water at 212 degree F. Accuracies for the
thermocouples readouts should be at most $ 1% of the full
scale, Considerable improvement in accuracy 18 achieved
by careful calibration of the instrument in the operating
range.

2. Because of the small size of the corn kernels, it was not
possible to locate the thermocouple Jjunctions inside the
individual seeds. Instead, intergranular space temperatures

were measured, These measurements are at best tulk values
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for the air stream and grains and are inadmissible where the
exclusive air or grain temperature 1s to be determined.
Special care is needed to ensure a uniform air velocity dise
tribution in the bed. This 1s not an easy task, Furnas
(1930). reports that even in beds of solids which were
apparently uniform, it was virtually impractical to msintain
a uniform fluid flow over the entire cross section, In beds
of non-uniform products, this may lead to erratic errors.,
One of the procedural problems involved in analyzing the
results of the laboratory tests was determining when the
grain was cool., Theoretically, the time required to cool
the grain exactly to cooling alr temperature is infinite,

As the cooling zone moves out of the corn, the rate of heat
removal drops and the cooling time 18 increased proportil-
onality, In these tests the corn was considered cooled
when the top layer (thermocouple no. 10) had cooled two-
thirds of the way from its initial temperature to the
cooling air texperature . At this point, between 85 to 95

percent cf possitle cooling had been completed.
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Matheaatical Considerztion of Coolinx,

When cool air is forced throuzh a aass of grailn, a cooling
zone will develoo and prosress throwsh the zrain ia the direction
of airflow. The thickness of the zone and the speed at which 1t
can progress throush the zraln mass depends upon so:xe function
which describes the coolinz rate of grain in relatiosn to 2ir
velocity.
At any ianstant of tiue, Newton's law of cooling descrites ‘
the rate of change of srailn texzperature for any polint ia the

nass (Hall, 1957). Thls 1s given by: 5,‘

AT = ax (T - Ty) (1)
at
where t = tiue, hrs.

Taz alr tezperature, d:gree F
T = grain teuperatare, degree i

K = propoitionality constant,

The s2lution of eguztion (1) is as follows:

o]

1/5 7 + T = Ty

L

=Xt
T = ce + Tg

when t = 0, T = initial graln teaperaiture, Ty
so that 'I‘1 =c + I
C=1‘1-Ta
-kt
then T =(Ty =Tg) e + T

This is reco:nized as the half-response eguation :

T =T, -3t

=e 2
—— (2)
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dowever, since it is impracticzl to supply the voluze of
air regquired to mzalataln tne 2ir teuwperature surrouandins each
kerncl of sraln at a constant level, eguation (2) cannot be
aprlied directly tut zust be related to ailrflow zand alr teie
perature. 1t appears that the effect of airflow rate or cooling
tine must be descrited by two differeat tize perlods (Sorenson
et al., 1956), The first period 1s the time for the leading
edge of the zone to aove throuzh corn grain ( TL ) and can be
descrited as the tlune at which the air exhausted froa the grain
first starts to decresse 1in teapzrature., The second perilod,
thz trallinz edze period, would be dstermined by the depth of

the zone and the rate at which it zoves.

Jdnd:r the condlition= of this study, the author found,that
the first period 1is closely approxinated ty:
-0.1425

tthera TL = tiae for lzadin- edge to wove throuzh the
&raln, hours,

« = flow rate of air enterings the srain, C7./tu.

The time indicated in Fizure 10 for the trailinzg edze to move
through the grain represents the total cooling tire recuired.
Jnder the condltlons of these tests, this tlue can te expressed

ast -0e32%

wheres Tf = tlae for tralililig edge to sove throush the

sraln, nours,

Q@ = flow rate of air enterin: the zrailn, C7../bu.

| perom




JubUL IS AdD JISCISSION

I'ne experizental data obtilned for the packed ked are
presented 1in [atles 1a through 1d. Four different airflows
were eaployed, and the cooling 2ir temperature was 40 degree
# for all tests, 1Initial rain terperature were 79 to ¥O
degree ® and the moisture contents varied between 27 to 2% <%
wet basls, These 2ta are plotted as temperature-time curves
in Figures 8a throuzh &3. TIhese curves indicate the tempe=-
ratures of shelled corn at different helzhts in the packed ted
as a function of tizme. The corresponding temperature hlstory
curves between the highest alrflow rate for this experiazeat,
(12.35 ft/uin), are plotted along with the lowest airflow rate
(0.67 ft/uin) for purposes of comparison (Fizure 9). lhese

camp.rative curves and thelr significaace wlll now be discussed.

1. The effect of air flow on cooling time:

Ine temperature-time curves were drawn at 3 ft, 2 ft and
1 ft from the inlet air., It is suspected that the sorewhat
erratic nature of soane of the recorded data (Tables 12, t, ¢, 4)
stems in part, froam the irregularity of the grains. TIhis
irregularity makes the passage of alr and the transfer of heat
a very uncertain and changing process. TIo have any siznificance,
1t 1s necessary to ohbtain data whicn are the statistical averages
of the temperature of zn entire plane. Furaas (1930) sugzests
for exauple, that the only practical way to ottala an acceptable

valua for the teaperature at any ~iven position, 1s to force

all the =2ir passing a glven plane in the ted throarh a sz:all
25
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orifilce and zeasure the temperature of this alr strean.

fhe necessity for a uanifora air veloclty distritcution
in the bed nas already been pointed out. <This is very 4iffil-
cult to ensure, particularly for irresular beds. It is
probable that the erratic nature of soime of the data in Tables
1a, b, ¢, 4d =2y have resualted fron a possible non-uniform
interstitial air velocity in the streanm,

Cooling first cccurs whsre the alr enters the grain and

proceeds through the grain in the direction of air flow. The

thickness of the cooling zone and the speed at waich it can

progress through the grain mass depends upon soae function

| Cp—
"

which describes the coolinz rate of(ﬁ ~in in relation to 2ir
veloclity. After the front of the cooling zone has advancei
throuzh the grain, the alr conditlons leaving the grain will
follow a definite pattern with tilane, depending ugon the rate
of air flow and the rate at which the temperature of the air
surrounding the grala 1s changing,

Cooling tlanes were dccreased with lncreasing alr flow
for all depths of the pacxed kted (7igures 8a, b, c, d aad 9)
and the following relaﬁionship between temperature and velocity

of the cooling alr 1s presented:

-0.324
3.22 @

=]
]

where
TL = tluze for leading edge to move through the grain, hcurs.

T

T tine for tralling edge to move throuzh the grain, hours.

flow rate of air enterinzg the grain, Cri./tu.

<&
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The increasing azrecaent between the curves at low alr
flow rates 1s explalned bty the effect of :ileynolds nuzber on
the heat transfer coefficient (bakker and Eic:ert, 1v5%56).
At low Heynolds nuater, il.e., at low air flow rates, the
heat exchange process proceeds with consideratle slowness.,
The 21r teaperature change with tlae 1s therefore slowed
down and way become nezligible at very low values of Rey-
nolds nunrer. A definite correspondence in shape 1s observed
between tne hirhest and lowest curves., This is expected since
the equations on which the curves are based are identical.

The difference 18 observed to dlminish with decreasinr air
flow rates, tut widens with increasinz depths in the coluan,.

The uethod that has been described here can be used
to correlate experinsntal data, aad predlcting the cooling
tize. As the agricultural product situation departs further
frou the ideal, the accuracy of predicting cooling rates
becoane less precise and finally the atlility of the method

to correlate cooling data is effected,

2, The effect of mass transfer:

©ven though the experla=ntal moisture data (Tatle 2)
indicate only an average moisture loss of 0.4. (wet basis)
in each test, the eguivalent heat energy required to accome
plish the transfer 1s substantial, This energy will be
taxen froa the alr and the product, leading to evaporative

cooling.
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Cooling a wet product by convection, such as cooling
grailn by passing chilled air through it, removes some moisture
from the product. Assuming that the systeam 1s ideally insula-
ted, tvat is any source of external heat is excluded, the heat
for evaporating the molisture and heat for increasing the temve-
rature of the alr must come froam the product. The molisture
content of the product beinzg coocled determines the d:ogree of
saturation of the alr exhausted from the warm product,

As an exaanple, the ecullibtriun relative hunidity 1s nearly
100 percent for shelled corn having a molsture content in
excess of about 22 percent, wet baslisy; and air exhausted from
the corn will be nearly saturated. The theoretical capacity
of alr for cooling and rewoving molsture can be ottalned from g
table of the propertles of molst air or from psychroaetric
chart, Assumning a value of 0,55 btu/lb.oF (3hove, 1966) for
the specific heat of wet shelled corn, a satisfactory quan-
tity of air for cooling corn from harvest temperature:sof A0

to 80 °F would te one pound of chilled air per pouni of
shelled corn. Using a specific volume of 12.5 cu.ft/1b of
chilled air, the air flow rate for cooling shelled corn in a
24 hours period becomes:

(1 1t chilled air/1b corn) (12.5 cu, ft/1b chilled air)
1,440 ulautes )

= 0,00368 Cr%/1b. corn
or approximately 3 Cfsi of alr per bushel to cool shelled corn
from harvest texperatures to 30°F to 40 °F, The moisture
Qontent of the corn should be reduced by about one-half of one

percent durlng the cooling period.
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molsture loss froa the product during cooling iancreases the
effective N_, . nuaber of the product slightly, because latent
heat is absorbed from the product (Rakker and Bickert, 1966).
The nature of the product will effect the rate of molsture
loss,

A1l the corn samples used in these tests under the
different air flow rates maintained their physical and bilo-
logical appearances throughout the test., Corn quality 1is
no different than when it was first loaded in the bin,

This study has attempted to cover some fact in the
chilling of high moisture corn, It must be well rememtered
that this particular applicatlon of refrigeration is compa-
ratively new and there 1s still a considerable amount of
research to be done on the behaviour of corn when chilled at
this low temperature.

At this moment 1t appears that the greatest application
for thils method is where a farmer is using the grain for
feedinz, There are however indications that millers are
interested in holding large gquantities of grain at low teme
perature, drawing from store as and when they require it for
drying. by this means the miller can keep the drying opera=-

tion under his own control.




oSJaaalY AND CUCLUBIONS

Bach year a greater amount of corn co.nes froa the

field in shelled form. Tzchnolozgical advances 1n harvestinz,

however, have ca.sed problems to farmers and elevitor opera=

tors because tre larsge anounts of wet shelled coran harvested
sust bte elther drled or cooled gulckly to prevant spollage.
Yet, chilled corn can te storzsd for severil weeks

(fizure 1) without <dsterioration. Insulated storage will

decrease the tine that the refrizer:ition eiulpaent will need

to be overated to calntala the grain at a low terxperaturs.
The following conclusions can te drawn froa the study

of the experlimental temperature history data:

1. The fundanental irresularity in shape of agriculturzl
sralns togzether with tne baslic anisotropy of the bed
constitute unavoidatle sources of error in the analysis,

2. t'or azgricultural products, the h=atin: or cooling process
is inevitably accoapianied ty ass transfer,

3. High moisture corans was cooled from ) dezree 7 to 40 de=-
gree s Ihe molsture content of cora, zabient tempesrature
and airflow rate each affected the safe storase ti:se,

Data from tests were used for preparing grapns to show
the inter-relatlionshlps amonz these variatles.

4., When cool alir 1s forced through a wmass of srain, a cooling
zone wlll develop and progress throuszh the grain in the
direction of airflow. The thickness of the zone 2nd the

speed at which 1t can progress throush the srain zass

36
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d:pendis upon sz-> function hich descrites the cooling
rate of £rain in relation to alr velocity.

The tire reguirsd to cool gralin 1in storaze 1s a function
of the rate at which air is supplied taroush the zrain.
wquations for predicting the time rejulred for a2 cooling
zone to move throush corn zrain are presented.

5. The effect of evaporative cooling ars very bteneficial in
reducing the time required to move a ¢959linzg zons throuzh
grain and in reducing the refrizeration lo2d rejulrerxents
for coolins. Foster (1965) states that the heat to eva-
porate the molisture cowmes froa the grain and accounts
for about half of the cooling. He also found that the
alr reguired for coolinz the graln 1s reduced proporti-
onally.

Even though the experimental moisture data (Table 2)
indicate only an average molsture reduction of 0.4 £ (wet
tasis) in each test, the moisture loss during cooling could
be an advantage if the initial moisture content of the grain
is higher than the desired final moisture content, Lven if
moisture loss is undesirable froa tne standpolnt of excesslive
loss in weight, it 1s not considered a problem when grain
is stored for a reasonavle period of timne. Tests have shown
that the averaze molsture content can te re-established
after the graln has been cooled by controllinz the relative

humidity of the enterins alr at tae proper level,
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1. #fron the experiecace galned, further study should te
undertaken to further develop the relationship between
cooling time, moisture content ratio, airflow, and tea-
perature of cooling a2ir and relative humidity with srains
above 35 percent molisture content, wet basis.

2. dith picker sheller gralns are harvested at higher
moisture céntent and work should be done on corn above
35 percent moisture content,

a., dtudy the resistance to the airflow,
b. 3hrinkagze probleas.

3. The constants ( siguations 3 for leadinsg edge and 4 for
trailing ed.;;e ) developed in thils study should be inves-
tigated furtner. +hille they were the fundamental rela-
tionshion descriting the manner by which the coolins zone
willl move for optimal 2irflow, they have not been yet
correlated with quality factors in biological material,
such as stres3 cracks in corn. pxverimental investiza-
tion should te made to d=termine if any correlation
exists between the time required to cool a grain and the
gquality of the product resulting from the process.

4, The zuthor suggzests for the next work to verify thre
iaportance of evaporative coolinzg. If the alr terpera-
ture is a true indication of zrain teaperature, then the
heat of evaporative cooling (AH ) must bte detercined for
the varlous conditions which are present in controlled

storage environaents for dbulk .rain.
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‘Tarle 1a. Lxperizental Teaperature History Datas
Alr T=uperature = 4 F
Va = 0,21 Ciu/bu = 0.67 ft/2in
Initial zrain soilsture = 27-28 5%

vepth of Bed = 4 ft

ty o -~ 5T 8 G [ TN O-
T2 500 Ipls R..Co2TM s (72 )

[T.s X = { = 6" £ = £ = 1'=6" { = 2°

(hrs) %%
0 3040 2040 %0.0 £0.0 5040
1 40,0 53.0 63,0 73.0 770
2 49.90 49,0 52,0 63.9 71.0
3 40.0 40.0 44,0 5340 65.0
4 40,0 4040 40,0 46,0 51.0
5 40,0 40.0 40,0 41,0 4349
3 %340 40.0 40.0 4c.0 49,5
7 42,0 40,0 40,0 4%0.0 40,0
2 4040 40,0 40.0 40,9 49,0
9 40,0 49.0 47,0 43,0 43,0
10 4040 40.0 49,0 40.9 Y. 0

%% average of 5 rescordiags.




£ =2'-6" £ =3 £ = 3'-6"
20,0 80.0 80.0
775 72,0 78.0
74.0 76.0 77.0
72,0 74.0 74.0
60.0 70,0 72.0
56.0 62.0 6940
45.0 43.0 5640
41.0 43.0 54.0
40.0 42,0 43,0
40,0 40.0 40,0
40,0 %0.0 40,0

o Car e 7 J-\n.ﬂ'ﬂ
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Table 1b. =xperin-~ntal Tezperaturz History Data:
Alr Teaperature = 40 ®
Va = 0,58 Cri/tu = 1,85 ft/ain

Initial grain colsture = 27287

Depth of ued 4 ft

T4 sR:0COUILy 2.C022105 ( OF )

TIs A=0 L = 6" L =1 L =1'-6" X =2

(hreg) * %
0 0.0 5040 5040 80.0 R040
1 42.9 44,0 64,0 70.0 77.0
2 40,0 43,0 48,0 6145 46,0
3 40.0 49.0 41.0 43.0 57.0
4 4340 49,0 40.0 41.0 435.0
5 40.0 40.0 42.0 40.0 43.0
) 40.0 40,0 40.0 40,0 %0.0
7 4040 40.0 40.0 40.0 40,0
2 40.0 40.0 43.0 40.0 40,0
g 40,0 40.0 k0.0 40,0 40,0

##% average of S recordings



X = 2%6" £ =3 X = 3'=6"
3040 29.0 80,0
73,0 79.0 795
709 779 78.0
6340 71.0 72.0
54.0 66,0 67.0
L7.0 5240 59.0
43,0 50,9 5145
42,0 45.0 5%.5
4040 4b1.0 41.0
%040 40,0 40.0
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Table 1C. cSxperianental Tezmperature Hlstory Data:
Alr leaperature =40 F
v, = 0.51 CFui/ba = 1,95 ft/nin
Initial srain moisture = 28 4%

Dz2pth of Eed = 4 ft

1 o20oC0dsLs 1o ot (OF)

L. =0 £ =6" X =1'-0" KL =1'-6" [ g2'-0"
(rrs)
0 80.0 20,0 £040 £0.0 20.0
1 5%.0 54.0 63,0 7645 73.0
2 40.0 43.5 50.0 60.5 71.0
3 40.0 4o.0 41.0 52,0 53.0
4 40,0 40.9 40,0 40.0 46,0
5 40,0 40.0 40,90 40,0 41,0
6 40,0 40.0 49,0 42,0 4040
g 40,0 40,0 40,0 40,0 40,0
10 40,0 4%0.0 40.0 40,0 42.0

#* average of 5 recordings



X = 2%-6" X =3 X = 3'-6"

£0.0 80.0 0.0
7240 78.0 7%.0
73.0 75.0 78.0
61.5 68,0 72,0
50.0 61.0 61.0
4.9  53.0 53.5
42,0 47.0 49.0
40.0 40.0 40,0

40,0 40,0 40.0
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Table 1d, cxperimental Temperature ristory Data:
Alr Temperature = 40 F
Vg = 3.86 Crd/bu = 12.35 ft/min
Initial grain moisture = 28229 %

Depth of Eed = 4 ft

T5 ;RMGCOUPLE ReCORDING ( °F )

TIME X=0 X = 6" L =1 X = 1'-6" L = 2

(hrs) >
0 8040 80.0 795 80.0 80.0
1 40,0 L4o.0 69.0 70.0 70.0
2 40.0 40.0 50.0 54.0 60.0
3 . 40,0 40.0 41.0 51.0 54.0
4 40.0 40,0 40,0 48,0 49,0
5 40,0 40.0 40.0 43.0 45.0
6 40.0 40.0 40.0 40,0 41.0
7 49.0 40,0 L4o.o 40.0 40,0
8 L4o.0 40.0 40.0 40.0 40.0
9 40,0 40,0 40,0 40,0 40.0

*#* gverage of 5 recordings




£ = 2'-6" X = 3° X = 3%6"

80.0 80.0 80,0
74.0 77.0 78,0
70.0 74.0 75.0
6640 63,0 71.0
52.0 57.0 63.0
47.0 by.0 53.0
43,0 44,0 46,0
41,0 42,0 42,0
40,0 40,0 40,0

40.0 4o.0 40,0
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Table 2. Sumuary of Laboratory Corn Chilling Tests Molsture Reduction).

Alr flow Cooling Air Corn lemperature Aeratlion Graln rolsture
Rate [emp. RH#*) (dry Bulb) time**) reduction
Crxn/bu D.E. . Initial final Hrs. &
m_ A mu mu
0.21 b40.0 37 80.0 40.0 9 0.3
0.5R% 40.0 42 £0.0 40.0 9 0.4
0.61 490.0 51 80.0 40.0 8 0.4
3.36 40.0 54 79.5 4o.0 8 0.5

*#) Relative humidity of Ambient Air.
##) Time needed when the corn nearest alr exnaust was two-thirds cooled.
- Tne moisture contents of the corns used in these tests were about 27 to 29 £,

et baslis.
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