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summary
Research was conducted to determine the feasibility of maintaining the quality of stored grain by

controlling the temperature and relative humidity of
rile interstice air.
An important consideration in storing sorghum
~ a i nis the loss in quality resulting from improper
$torage conditions. Requirements for quality preservation, based on mold development, insect activity and
yemination are presented in this report.
Thermodynamic considerations as they relate to
d e s i , ~of controlled storage environments for bulk
yain are discussed. The initial vapor pressure of
tile moisture in the grain and the partial pressure of
!lie vapor in the conditioned air circulating through
llle grain mass were found to be very important
tl~ermotlynamicallyin the design of controlled en1lronment storage systems.
ille

In this research, grain quality was maintained
:then air conditions surrounding the grain were maintainri~at a desirable temperature and relative humid-

io l e d . For example, no loss in quality resulted
d ~ e grain
n
having an initial moisture content of 18.19
percent (1u.b.) was conditioned with air having a dryhulb temperature of 45" F. and a relative humidity
of approximately 70 percent for 194 days. Low-7lnicture grain with moisture contents as high as 14
percent was stored without quality deterioration by
using conditioned air having a dry-bulb temperature
a[ 55' F. and a relative humidity in equilibrium with
I 1-percent-moisturegrain.

Factors governing the economical design of
conditioned-air storage systems were studied. Results
show that the time required to cool bulk-stored grain
can be described by two time periods. The first period
takes into account the lag time required for the leading edge of the cooling zone to move out of the grain
mass. The other period is determined by the depth
of the zone and the rate at which it moves. Both zone
movements are described mathematically in this
report.
Several methods were developed to determine the
refrigeration capacity needed to maintain the quality
of stored grain. These methods are described with
a discussion of the effects of each on the equipment
capacity and load requirements.
In all tests conducted to date, there was always
a decrease in grain moisture content at the beginning
of the cooling period regardless of the entering air
relative humidity. This was due to the cold entering
air being at a lower dew-point temperature, or vapor
pressure, than the grain at its initial temperature.
It was also shown that this moisture loss can be reestablished and maintained at an initial level by
controlling the conditions of the interstice air. Several methods of maintaining predetermined moisture
levels are reported.

A solution to a typical design problem for a
conditioned-air storage system, based on the findings
of this research, is presented and discussed.
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in recent years
in the use of aeration equipment and techniques
for cooling ,grain in storage. These practices have
been effective for maintaining quality of low-moisture
vain ~ t ~ l ~accompanied
er,
by a program of inspection
2nd adequate fumigation for insect control. However,
problems have developed in aerated storages that are
of great concern to elevator operators.
ICNIFICANT PROGRESS HAS BEEN MADE

\%en natural air is used for aeration, the moisture content of the stored grain .is often reduced below
the desired leveI during the storage period. This is due
to the drying which occurs when grain is cooled with
natural air (1). This drying results in substantial loss
in \veight and in turn sizeable monetary loss.
For example, based on the amount of grain stored
in Tesas a t the present time, a 1 percent reduction in
moisture below the original storage level represents
3 ~tentialannual loss of more than $2.7 million for
solghum grain alone. This points to a need for
methods and equipment to reduce or, if possible,
eliminate this loss. In tests conducted in Texas (2),
a large part of the weight loss occurring over a 9-10month storage period was due to a reduction in moisture during aeration.

A major hazard in storing grain is possible insect
damage. Insects destroy. an estimated 2 percent of
the nation's stored grain annually (3). Not only do
insects consume grain, but losses are also caused by

heating, spoiling and reduction in grade caused by
infestation. With the passage of the Pure Food, Drug,
and Cosmetic Act in 1938, the Food and Drug Administration (FDA) recognized that the problem of internal or hidden infestation must be reduced or
eliminated at the point of contamination if the consumer was to be protected from unsanitary foodstuffs.
Flour mills, bakeries and other food industries are
able to clean and remove foreign matter from grain
but are only partially successful in removing internal
grain infestation.
It is, of course, possible to control insects in stored
grain by frequent inspections and fumigations. However, since insect infestation is a cycling problem,
repeated use of chemical fumigants has caused additional problems which in some cases are more dangerous than contaminated grain. All fumigants are
quickly lethal, or acutely toxic, to man at concentrations effective against insects, and elaborate safety
precautions must be observed at all times if they are
used (4). Also, the use of bromide and cyanide fumigants has created residue hazards in grain which is
held in storage for long periods (4).
Preliminary tests have shown that the use of
conditioned air may be an effective and economical
*Respectively, assistant professor, professor, professor, and professor and head, Department of Agricultural Engineering, Texas
A&M University.

method of contrdlling the quality of stored grain by
eliminating insects, controlling moisture contents and
maintaining the germination. Even though conditioned-air storage is nothing more than a method by
which the temperature and moisture content of stored
grain can be controlled in order to maintain quality,
it accomplishes the same purposes as natural aeration
systems without the same degree of risk.
REQUIREMENTS FOR GRAIN QUALITY PRESERVATION

An important consideration in storing sorghum
grain is the loss in quality which may result from
mold and insect activity if the grain is not stored in
the proper condition. There is a definite relationship
between grain temperature and moisture content and
the time which grain can be held in storage before
mold development and insect activity become a
problem.
Mold Development

Christensen (5) found that moisture content,
temperature and time are all intimately related to
the growth of molds in stored grains. Thus, the
higher the moisture and temperature, within the limits
of growth of the fungi involved, the shorter the permissible storage time. Christensen found that wheat
at a moisture content of 14.5-15.0 percent can be stored
safely at 68"-77" F. for a few months, but not for a
year, while at the same moisture content and at a
temperature of 50°-59O F. it presumably could be
stored for a year without serious damage from molds.
The lower limit of temperature for the growth
of most storage molds is about 40' F., and the optimum
temperature for growth of most of them is 80"-90' F.
(6). Semeniuk (7) found that a minimum relative
humidity of 80 percent in bulk bins is required for
continued growth of molds. A relative humidity of
80 percent corresponds to an equilibrium moisture
content of about 15 percent, wet basis, for sorghum
grain at 70" F. (8).
Insect Activity

Insect activity in stored grain can also be correlated with time, temperature and moisture content.
Sorghum grain having a moisture content of 9-10 percent normally will not support insect activity due to
the low relative humidity of the interstice air. On the
other hand, humidities in high-moisture grain still
cannot support insect activity if the temperature is
not in the optimum range. Pedersen (9) reports that
stored-grain insects are capable of functioning only
over certain ranges of temperature. Because of their
inability to maintain a constant body temperature,
they have to rely on the temperature of their environment. Grain temperature is probably the most
significant factor affecting the distribution of storedgrain insects, since research has shown that these
insects become inactive and eventually die of starvation at temperatures of 50"-60" F. (10).

Germination

Under official <;rain cgrading standards, gt
tion tests are not required to establish grac
sorghum grain unless stored for planting p~
However, germination tests are good indicato~
the condition of the stored grain. Grain w
low in germination is usually subjected to lower
than high quality seed beca~seof an increase 111 Ult
damaged and cracked kernels. Germination tlests
also an indicator as to the storage conditio~
IS, and ,
there is evidence that grain with low germinatinil
properties is also low in quality.

'

Recommendations

In order to maintain the quality of stored sl
grain, the temperature and moisture content
grain must be controlled. The maximum I
dbtain a controlled grain condition before
quality occurs cannot be stated precisely. H
the time periods shown in Table 1 have prow
factory when grain is stored under natural 2
methods at various moisture contents and an
temperature of 85O-95" F.
EQUIPMENT AND PROCEDURES

The overall objectives of this research fc
1. T o determine the design factors, eql
requirements and operating procedures for m
ing quality of both low- and high-moisture grai:
under controlled air conditions. Factors us1
measure of quality were mold damage, insect (
U.S. grade and germination.
2. T o develop methods, procedures and
ment for maintaining a selected or predet~
level of moisture in stored grain.
T o accomplish the objectives of this rsearch, 1
three test bins were used, Figure 1. Each bin aa:
6 feet in diameter. They were designatecl
Bin 2 and Bin 3. Test Bin 1 consisted of
diameter bin centered inside the 6-foot bin
provided a 12-inch layer of grain which acteu a,
insulator and reduced the heat flow into the te:r ,
section. The walls of the outer bin were iinsulated
with 2 inches of insulation having a themla1 conductivity of 0.25 Btu per (hour) (square foot) (". per
inch). Both bins were installed on a perforat:ed floor
TABLE 1. MAXIMUM ALLOWABLE DAYS FOR COI
SORGHUM GRAIN STORED A T INITIAL TEMPERA'
OF 85"-95" F. BEFORE LOSS IN QUALITY RESULTS
INSECT AND/OR MOLD ACTIVITY

Grain moisture
contentpercent (W.B.)

Maximum allo~z.;
cooling timedays
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a~tachedto a plenum chamber 6 feet in diameter and
19 inches high.

Test Bin 2 was constructed from a standard 290i11ihel capacity hopper-bottom bin sprayed with 1 inch
oi eposy foam insulation. A perforated floor was
iristalled creating an air plenum in the hopper-shaped
portion of the bin. Bin 3 was constructed with a
double rrall so that a 2-inch space was provided for

i r circulation in order to minimize heat gain. Four
inches of insulation having the same thermal conductirity as Bin 1 were installed on this bin. Each test
hin was sealed at the top, and air ducts were installed
le a closed system for recirculating conditioned

Two conditioning units were constructed in order
to provide conditioned air to the test bins. Bin 1 and
Bin 3 were interchanged so that the same conditioning unit could be used for both bins. This unit consisted of a chilled water coil with the necessary controls. The bins were arranged so that when Bin 3
was connected to the conditioning system, Bin 1 could
be operated as a conventional aeration system using
atmospheric air. A chilled-water-spray air washer was
used to condition air for Bin 2. Each of the conditioning units was piped to a 2-ton water chiller,
Figure 2.
In each bin, sampling ports were installed at each
foot level to allow grain samples to be taken for test
purposes. Thermocouples were also located at each
foot along the center axis of the bins and at various
other points in the bin and circulating systems for
temperature measurements.
THERMODYNAMIC CONSIDERATIONS

Grain temperature and moisture content can be
established in bulk stored grain by controlling the
conditions of the air surrounding the individual
kernels. T o maintain these air conditions for a period
long enough to establish a predetermined grain condition requires that air be circulated through the grain

mass. This air must be supplied with properties
which will provide a potential driving force, such as
enthalpy and vapor pressure, in order for heat and
moisture to be transferred.
In actual practice, grain temperature is of primary
concern, since grain quality can be maintained over
a wide range of moisture contents if the grain temperature is held in the 50°-60° F. range. Moisture
considerations must be secondary regardless of the
initial moisture content of the grain, because a vapor
pressure differential will usually exist during the
cooling period. This differential will result in a
transfer of moisture from the grain to the air.

,-

This does not mean that the partial pressure of
the water vapor in the air is not important. On the
contrary, the initial vapor pressure of the moisture in
the grain and the partial pressure of the vapor in the
conditioned air circulating through the grain mass is
very important thermodynamically in the design of
conditioned-air-storagesystems. In fact, within certain
air dry-bulb temperature limits and grain moisture
contents, grain temperatures can be controlled entirely
by the specific humidity of the conditioned air entering the <grainmass. Consequently, the specific humidity as well as the dry-bulb temperature of the circulated
air must be considered in any environmental storage
design.
Consider the effects of an improper design humidity on the grain temperature in an installation
designed to cool the grain in small increments of
temperature. The results obtained are shown in
Figure 3. Grain was placed in storage at a temperature of approximately 90° F., and a design dry-bulb
temperature of the air entering the grain was selected
at 85' F. The specific humidity of the air entering
the grain was at a level to maintain the entering air
relative humidity at 80 percent, while the equilibrium
relative humidity of the grain was 60 percent. This
caused moisture to be transferred from the air to the
grain at a rate which allowed a net exchange of heat
to the grain, thereby increasing its temperature.
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Figure 4. Dry-bulb temperatures and specific humidities oi
interstice air at different depths along the center axis of L'lr !
mass of grain when grain is cooled by the evaporation oi
moisture.
!

When an adsorbent such as silica gel is wetted ;
by a film of water, heat is evolved (11). Such heat
liberation is called heat of wetting and is believed to
be due to attractive forces. A similar condition 1; I,
expected to occur with grain; therefore, the total heal
adsorbed by the grain is called the heat of adsorption
which is the sum of the normal heat of conden5ation 1
plus some quantity known as heat of wetting. These I
two individual heat terms must be used in order to
calculate the total change in the enthalpy of pn
i
during a process of this type. Even though the tern .
perature of the air entering the grain was lower than
the temperature of the grain, a sufficient amount 01
moisture was transferred to the grain for the heat oi
adsorption to more than offset the decrease in grain
enthalpy due to the grain-air temperature differential. :
This resulted in a net increase in the enthalpy of the
grain.

I
I

'
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Figure 3. Relationship of interstice-air temperature and time
when air is circulated through grain at a condition which allows
moisture to be transferred from the air to the grain.

The thermodynamic effects resulting from the '
proper design specific humidity in controlled environ.
ments required to cool grain can be beneficial in
bulk stored grain. If grain moisture content can be '
reduced during the storage period without adversely ,
affecting the economy of the storage operation, then
the time required for cooling or the refrigeration load i
can be reduced. These reductions result from the
evaporative cooling effect obtained when moisture ir
transferred to the air from the grain. The actual ,
\

reduction in the cooling time and load cannot be
predicted at present.

To illustrate this further, consider the results
\\.hen g a i n is cooled by the evaporation of moisture
alone. The relationships of temperature and humidity
to time of cooling are shown in Figure 4. In this
storage facility the dry-bulb temperature of the conditifined air was held constant at the initial grain temperature, The specific humidity of the entering air
!ns selectetl at a value that allowed moisture to be
transferred from the grain to the air. Results show
illat as moisture is evaporated from the grain, the
air and grain are cooled due to the sensible and latent
'lent of vaporization exchange, as is the case in an
riapora ti1.c cooling process.

In the adiabatic saturation process, Figure 5,
pnrtlv saturated air enters the saturator at state 1. If

chamber contains an adequate supply of water,
ti~enthe air will leave in a saturated condition. If
71ntcr is a t the entering air wet-bulb temperature,
then the leaving air dry-bulb temperature will equal
the entering wet-bulb temperature. However, if the
uter cannot be supplied at a sufficient rate to saturnte the lea~ingair, as is the case with grain, then
tile leaving air dry-bulb temperature would not equal
tlic entering air wet-bulb. Also, if the water temperature \car initially at the dry-bulb temperature (T,,)
then tlie water temperature could only approach the
temperature TW1
until sufficient moisture was evapornted to attain this temperature. If the dry matter in
t!;c :lain is at the same temperature as the water durinr the process, then the internal grain temperature
!\01i13 approach the wet-bulb temperature during the
period in wllich moisture was removed. The temperaLure at which the grain approaches the wet-bulb
temperature of the surrounding air depends upon the
qumtity of moisture evaporated and the latent heat
of 1aporization.
tile

The diagram shown in Figure 6 represents a
balance for cooling grain in storage. The total
heat entering. and leaving the system must be equal, or

H~

1 -I
0
GRAIN

MOISTURE

Iie3t

Figure 6. Heat balance diagram for cooling grain in storage.

H2=Hl+Hw+Hg+Q
(1)
~chere
HI = enthalpy of entering air mixture, Btu
H, = enthalpy of leaving air mixture, Btu
H, = enthalpy of rejected moisture, Btu
H, = enthalpy of rejected heat, Btu
(2 = heat gain from outside, Btu

The enthalpy of the moist air entering (HI) and
leaving (H,) can be calculated as the sum of the individual specific enthalpies of the dry air and water
vapor components of the mixture. The specific
enthalpy of the dry air is given as

SATURATED AIR

-WST AIR

\

': W~ l w ,
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- ----

-
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WATER TEMPERATURE * T W

Figure 5. Schematic of an adiabatic saturation device.

where
ha = specific enthalpy of dry air, Btu per lb.
T = temperature of air, OF.
To= base temperature, OF.
(C,), = specific heat of dry air, Btu per 1b.-OF.
Assuming a base temperature (To) of 0° F. then the
solution to Equation (2) becomes

The specific enthalpy of the water vapor is given by

where
h,

= specific enthalpy of water vapor at

temperature T, Btu per Ib. of water
vapor
(hfg), = latent heat of vaporization at temperature T , Btu per Ib. of water vapor
(C,), = specific heat of water, Btu per 1b.-OF.
= temperature of water vapor, OF.
T
To = base temperature, OF.
Integrating Equation (4) and combining with Equation (3) then the specific enthalpy of the saturated
mixture becomes

If h, is the enthalpy of saturated steam at a temperature equal to the dry-bulb temperature of the airvapor mixture, this equation can be expressed as
h, or h, = ha

+ oh,

PI

o = specific humidity of the air, Ibs. water vapor
per Ib. of dry air
h, = specific enthalpy of water vapor at the drybulb temperature, Btu per Ib.
If the base temperature of water vapor is selected as
3Z0 F., the values for Equation (6) can be obtained
directly from steam tables or a psychrometric chart.
Over any interval of time (9 be) then

+

e+Ae

HI or H, = 1 G [ha
8

+ oh,]

ow,= specific humidity of grain, Ibs. water per
Ib. dry grain
hf = enthalpy of water in grain, Btu per lb.
Making the proper substitutions in Equation (9) the
total numerical change in the grain enthalpy for a
total depth L during any time period 8 to 8iA8 can
be determined by

where
AH, = enthalpy change OF grain, Btu
IV,, = weight oE dry grain, Ibs. per unit deptll
W,, = weight of water in grain, Ibs. per unit
depth
(C,),, = specific heat of dry grain, Btu per 1b.-OFF.
I
(C,), = specific heat of water, Btu per 1b.-OF.
i
T
= grain temperature as a .function of
depth, OF.
I

Due to the difficulty of expressing T and W,, in ,
terms of L in Equation (10) an accurate numerical ;
approximation of AH, can be obtained by the follo\r- 1
ing equation for (n) small increments of L, where

1

de

(7)

where
G = air flow rate, Ibs. of dry air per unit of time
Therefore, the total change in the air enthalpy as it
passes through the grain becomes
Subscripts f and i denote final and initial conditions,
respectively.

At the present time, it is assumed that the terms
Hw and H, in Equation (1) represent the total enthalpy change of the grain. There is some question
as to the validity of this assumption, and this will be
discussed later. With this assumption, the specific
enthalpy of the grain can be calculated by

= hdg

+ Wwg

(9)

where
h, = specific enthalpy of moist grain, Btu per lb.
dry grain
hd, = specific enthalpy of dry grain, Btu per Ib.

The normal procedures for determining the in,
ternal conditions of a grain mass in a controlled.
environment storage are to observe the temperatures
with thermocouples located within the mass and to
determine the moisture content of the grain period.
ically. These temperatures are usually assumed to
be both air and grain temperatures. If moisture is
being transferred from the grain to the air adiabat
ically during the cooling process, then the thermocouple readings may not indicate the true tempera.
ture of the grain. This would mean that if the ~ a i n
temperature T in Equation (11) was assumed equal
to the dry-bulb temperature used in Equation (8), then
the heat balance Equation (1) would not hold true.
This research indicates that this may be the case eren
though no work has been reported which proves that

the grain temperature is lower than the indicated air
temperature while moisture is being transferred.

If the ,grain temperature is assumed to be at the
observed air temperature, it then appears that Equation (I) must have an additional term on the right
side of the equation for equality. Written in terms
of specific enthalpy then, the following may apply
:rhenever moisture has been transferred from the grain
to the air.
h, = h,,
a
, hi--AH
(12)
{rhere
h, = final specific enthalpy of the moist grain,
Btu per lb. dry grain
h,, =final specific enthalpy of the dry grain,
Btu per Ib.
w, = final specific humidity of grain, lbs. water
per Ib. of dry grain
h, = enthalpy of water in grain, Btu per lb.
AH = heat due to moisture transfer, Btu per lb.
dry grain

-
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Discounting the AH term in Equation (12) could result
in an under design of the system cooling capacity.
This is, of course, still under the assumption that the
iinnl air and grain temperatures are equal. In this
cay tlie AH term must be reduced to some matheinntical expression for design purposes.
AERATION TIME- HOURS

The simplest procedure for estimating the required cooling capacity in a system design would be
to solve for the sensible grain load in the following

Figure 7. Dry-bulb temperatures and speci'ic l~umidities of
interstice air at dif'erent depths along the center axis of the
mass o r grain during the cooling periotl.

tquatlo

Qc = W C,,A T

(13)

1?here

Q, = grain load, Btu
T\J = initial weight of grain, lbs.
C, = specific heat of grain at initial moisture

content, Btu per 1b.-OF.
' = difference in initial and final grain tem.
peratures, O F .
:r, tests have shown that the calculated load in
lation is not sufficient to cool the grain to the
2. SPECIFIC HEAT OF GRAIN-BTU PER POUND
<ES FAHRENHEIT
A~proxie grain
isture
Invest
@tor
Pialrner (12)
Babbitt (13)
Disney (14)
IIaswell (15)
hellcy (16)
Ililler (li)
!filler (17)
'r:l'*- (17)

DESIGN FACTORS

tent,

rcent

final design temperature unless the enterin5 air ternperature is lower than the final design temperature
of the cgrain. If Equation (13) is used to calculate the
load required to cool the <grain to the entering air
temperature under the conditions shown in Figure 7,
then the final temperature of the grain would be that
shown after 200 hours of operation if it is assumed
that a thermocouple indicates the true grain temperature. This load compares closely to the change in the
air load during the cooling period when the specific
heat of grain at different moisture contents is selected
from Table 2. It should be noted that the grain did
not reach the design temperature. The term AH
could be responsible for this difference under the
equal grain-air temperature assumption.

Wheat Barley

Oats

Sorghum
Rice grain

Cooling Zone Movement

When cool air is forced through a mass of grain,
a cooling zone will develop and progress through the
grain in the direction of air flow. This zone movement is illustrated by the temperature patterns in
Figure 7. The thickness of the zone and the speed
at which it can progress through the grain mass
depends upon some function which describes the cooling rate of grain in relation to air velocity.

At any instant of time, Newton's law of cooling
may describe the rate of change of grain temperature
for any point in the mass. This is given by

a
= -K(T-T,)
dt

where

(14)

= time
T, = air temperature
t

T = grain temperature
K = proportionality constant

1

ture surrounding each kernel of grain at a constan:
level, Equation (15) cannot be applied directly but
must be related to airflow. For design purposes, the
effect of air flow rate on cooling time must be de.
scribed by two different time periods. The first period ,
would account for the lag time required for the lead- ,
ing edge of the zone to move out of the grain mass.
The other period would be determined by the depth
of the zone and the rate at which it moves.

The solution to Equation (14) follows:

The time for the leading edge of the zone to
move through the grain (TL)has been described b!.
Miller (18) as the time at which the air leavinp the i
grain first starts to decrease in temperature. This
time can be expressed as

when t = 0,T = initial grain temperature, Ti, so that

TL= 3.9 Q-0.94
(1bj
where
TL= time for leading edge to move throug!]
grain, hours

+

Ti = c
Ta
or c = Ti - T,
then T = (Ti - T,) e-"t

Q = flow rate of air entering the grain, cfm per
bushel

+ Ta

Equation (16) is valid over all ranges of air and grain
conditions.
This is recognized as the half-response equation.
However, since it is impractical to supply the
volume of air required to maintain the air tempera-

The conditions of the air and grain will influence
the movement of the trailing edge of the zone due to
such factors as evaporative cooling and heat of wettin?.

Figure 8. Time required f n ~
cooling zone to move tiiron:?
sorghum grain aerated ~ v i t l iai:
in equilibrium with the init~zl
grain moisture content and ti..
desired final temperature.

COOLING TIME

- HOURS

T\'henever the air conditions entering the grain are
controlled at a constant dry-bulb temperature and a
relative humidity which would be in equilibrium with
rlip
...- rnnled
- - - - . (grain at the initial moisture content, then
the morement can be closely approximated by
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Equations (16) and (17) have been plotted in Figure
8 for convenience.

The time for the trailing edge of the zone to move
throu;h a grain mass, Figure 8, would represent the
total cooling time for the mass whenever the entering
air dry-bulb temperature has been selected at a value
equal to the final desired grain temperature.
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Grain Temperature

The final temperature which the grain can attain
in conditioned-air storages may not be the same as
the dry-bulb temperature of the entering air. In most
cases, it will only approach the entering air temperature. This is probably due to one of the following
factors: (1) method used to determine the actual grain
temperature; (2) amount of moisture transferred from
tile air to the <grain;and (3) quantity of heat moving
from the outside into the grain mass.
If the interstice-air temperatures shown in Figure
? are considered to be the true grain temperature, then
the difference between grain and entering-air temperaLures ~uouldbe due to heat gain and moisture transfer.
The major portion of this difference, in this case,
probably resulted from heat gain due to the low airi l o ~rate used and the small distance from the wall
to the point of measurement. The temperatures in
Figure 10 as compared to those in Figure 9 indicate
t!lat the increased airflow rate decreases the difference
henleeen the interstice air and entering-air temperatures. All the difference in temperature, however, is
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Fi~ore 9. Grain cooling pattern showing the relationship of

interstice-air and entering-air temperatures.
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Figure 10. Temperature and specific humidity of interstice air
in relation to aeration time when cooling a mass of grain in
storage.

not due to heat gain. Since the interstice-air temperature of 14 percent grain approaches closer to the entering-air temperature, then it must be concluded that
the rate of moisture transfer has some influence. The
interstice-air specific humidity leaving both the 13
and 14 percent moisture grain was lower than the
specific humidity of the entering air after approximately 10 hours for an airflow rate of 2.5 cfm per
bushel. This indicates that moisture was being transferred to the grain from the air after the initial 10hour period. Even though it appears from Figure 10
that an equal quantity of moisture was transferred, it
must be assumed that the 13 percent grain would
adsorb more moisture than the 14 percent moisture
grain when the specific humidities of the interstice
air are the same. This being the case, the energy
required to condense the water vapor onto the grain
surface would cause the greater difference in temperatures observed for 13 percent moisture grain than the
14 percent grain.
If energy is released from the grain in order to
evaporate moisture, the temperature of the interstice
air could be lower than the dry-bulb temperature of
the entering air. This would be true if sufficient
moisture could be transferred during the entire cooling period, as shown in Figure 11. Interstice-air tem-

Figure 11. Relationship of grain
depth and aeration time to inter.
stice-air temperature.

AERATION TIME

- HOURS

peratures given in Figure 11 would remain below
the entering-air temperture as long as moisture was
being evaporated from the grain. Once the moisture
transfer is reversed, then the interstice-air temperatures
would probably rise above the entering-air temperature.
Grain Moisture Content

The effect of any storage method or procedure on
the final grain moisture content is related to the
difference in the vapor pressures of the moisture in
the grain and the air surrounding the grain. The
flow of moisture between air and grain is always from
points of high to low vapor pressure. In order to
prevent any transfer of moisture during the storage
period, the difference in the vapor pressures between
the grain and air must be zero.
In storage facilities using atmospheric air to cool
grain, the air is allowed to circulate through the grain
any time the dry-bulb temperature is at a desirable
level witho~itany regard to the vapor pressure. In
most areas of Texas when this procedure is used, there
is usually a differential in the grain and air vapor
pressures which results in a loss in grain moisture
content. A comparison of the moisture content of
grain aerated with atmospheric air and grain aerated
with conditioned-air is given in Figure 12. After a
storage period of 188 days, the average moisture content of grain aerated with atmospheric-air was reduced
from 12.80 to 12.35 percent (wet basis). This was a
moisture loss of 0.45 percentage point. Two bins of
grain aerated with conditioned-air gained 0.53 and
0.26 percentage points in moisture over the same

storage period. The amount of moisture loss depends
on the entering air conditions and rate of airflow.
In order to prevent grain moisture transfer durin;
the storage period, it must be realized that grain at
any constant level of temperature and moisture content can have one and only one partial pressure associated with its internal moisture. Consequently, there
can be only one pressure due to the water vapor in
the air which would prevent any moisture transfer
between the air and grain. Also the temperature oi
the grain must be reduced to some maximum l e ~ e l
for quality preservation.
The dry-bulb temperature of the air entering the
grain would eventually be fixed at some level since
the circulating air would be the heat transfer medium.
For a constant grain temperature, the grain moisture
content would then be the only factor governing it\
vapor pressure and would be the design vapor pressure

-ATMOSPHERIC

---

-----

I

0

20

I

40

I

I

I

60

80
STORAGE TIME

100

- DAYS

AIR

CONDlTlONED AIR

I

120

I

I

140

160

:'

Figure 12. Comparative moisture contents of grain aerated wit!!
natural air and conditioned air.

the cooling medium. The temperature of the cooling
medium could then be used to establish the vapor
pressure of the air needed for moisture equilibrium
since the dew-point temperature has the same relationship to vapor pressure as the specific humidity.

RELATIVE

HUMIDITY

B

Figure 13. Sorghum grain equilibrium relative humidity curves.

of the air required to maintain the desired grain
moisture.

In orcler to maintain an equilibrium condition
while circulating air through a grain mass, it is necescay to control the specific humidity of the entering
air since there is only one specific humidity at which
the mpor pressures are equal. T o maintain moisture
equilibrium, the specific humidity must be considered
a( one property of the air condition which is required.
The other property is the dry-bulb temperature of
tile air, as determined by the necessary final grain
temperature to prevent loss of quality. These two
properties will then define a state at which only one
relative llumidity can exist. Therefore, the necessary
nir coliclitions Eor moisture equilibrium can then be
defined in terms of the relative humidity at a predetermined dry-bulb temperature and can be obtained
lrom graphs similar to the one in Figure 13.

The dew-point temperature for moisture equilibrium in conditioned-air storages must be maintained at or below the dew-point temperature
determined from the desired maximum final grain
temperature and the grain equilibrium relative humidi ty. Any dew-point temperature above this value
would cause the grain temperature to be higher than
the maximum temperature at the correct relative
humidity. If the dew point of the air is below the
desired value, the equilibrium grain moisture content
would increase since the air is still in the saturated
state. However, if sensible heat is added to this air,
the dew point and vapor pressure can be maintained
at the same level while the dry-bulb temperature is
increased. This increase in dry bulb would decrease
the relative humidity to the desired value for equilibrium. It is then necessary only to sense and control
the relative humidity at some value which would allow
no transfer of moisture. The dry-bulb temperature
of the air, and hence the grain temperature, would be
maintained below the maximum allowable value when
the proper relative humidity is reached.
The grain temperature can be maintained at the
maximum value only if the dew-point temperature
of the air is equal to the dew-point temperature
corresponding to the grain moisture vapor pressure.
The needed relative humidity would be reached at
the exact maximum grain temperature whenever the
air was heated sensibly. The dry-bulb temperature
as well as the relative humidity could then be used
for control purposes.
Figure 14 illustrates the control of grain moisture
content by using a dew-point temperature below the

Once the equilibrium relative humidity has been
determined, some economical method must be used
to resulate the humidity of the entering air at this
vaIue. Three methods were investigated in this recearcll. These methods involved two possible principles: reheat and return-air bypass.

Electrical duct heaters were installed in two bins,
rndl ha~inga different type of conditioning unit for

obtaining the proper air conditions for grain moisture
contlol. These heaters were controlled by Dunmorevp: humidity sensing elements through suitable onnL:

relays.

One of the air conditioning units was a chilled
coil, while the other system used was an air;!.n511er tvpe unit. In both cases, the flow rate of the
cooling medium was sufficient for the air leaving
tile conditioning unit to approach a saturated state.
\$long as this saturated condition was maintained,
the dew-point temperature of the air could be controlled accurately by controlling the temperature of
rvnter
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Figure 14. Illustration showing the relationship of grain moisture content to storage time when the dew-point temperature
was maintained below the required level for moisture equilibrium
and the relative humidity controlled to provide equilibrium at
the original grain moisture content.

needed level and' controlling the relative humidity.
The relative humidity of the circulated air was maintained at approximately 80 percent for the first 210
days of storage after which time the air was controlled
at the proper condition for moisture equilibrium at
the original grain moisture content. The curves in
Figure 14 show that the moisture content increased,
after the initial loss, up to the time the control was
started. After this period the moisture began to
decrease and would have returned to the initial level
if the proper air conditions had been maintained for
sufficient time.
Another procedure which can be used in conjunction with reheat is to limit the quantity of heat
supplied to the air without any type of control. The
amount of heat necessary for maintaining the correct
air conditions for a zero vapor pressure differential
can be accurately calculated if the air conditions entering the grain are not influenced by outside conditions. This is not the case in practical installations
because of heat gain into the air-supply duct. The
amount of heat moving into the duct varies with the
outside air temperature but can be determined as
some mean value. If this value is below the quantity
of heat needed to establish the relative humidity, then
additional heat must be supplied by the heater.
This procedure was used in Bin 2 during one of
the tests. The available results from this test indicate
that grain moisture equilibrium can be maintained
within certain limits. The relative humidity of the
air which was supplied to the grain was selected at
a level to maintain the moisture content at approximately 13 percent instead of the initial moisture content of approximately 12.5 percent. The heater voltage was then set to maintain a mean relative humidity
for moisture equilibrium at this level. The curve for
Bin 2 in Figure 12 shows the results. It is anticipated
that the curve would level out at approximately 13.25
percent moisture content after sufficient time but
would oscillate about this moisture level due to the
hourly fluctuations in heat gain. It should also be

DRY BULB TEMPERATURE - DEGREES FAHRENHEIT
Figure 15. Illustration of properties of air resulting from the
mixture of two air streams.

pointed out that these fluctuations in heat gain caw
an oscillation in the dry-bulb temperature of the air
entering the grain. This in turn causes an infinite
number of zones to move through the grain.
In the reheat system, the heat which mu5t be
added to the air for moisture equilibrium can become
an excessive factor controlling the overall economy.
The dry-bulb temperature of the saturated air leavinz
the conditioning unit must be increased approximately
10°-150 F. before it enters the grain. The approsimate load in this case for heat alone would be 8.3
to 4.0 Btu per pound of dry air if all the heat was
supplied by the heater. This would result in a ainimum reheat load of about 0.825 Btu per hour per
bushel for conditioned-air storages when air is supplied
at a rate of 0.05 cfm per bushel. The quantity of heat
entering the supply duct, however, could be used to
reduce this load on the heater.
The return-air-bypass method has the advantaze
in most cases of reducing the power requirements to
the system as compared to the reheat type sytem.
This method depends upon the psychrometric plinciple of air mixtures. For example, consider the
mixing of two air streams having properties at point(
A and B in Figure 15. The resultant properties of thr
mixture must lie on the line AB and may be located
at point C. The location of point C depends upon
the percentage of air supplied from each source.
Point C would therefore lie half-way between poinri
A and B if each air stream supplied 50 percent of t!lt
total mix. If only one-third of the total air ~ i ' a c
supplied from the stream at point B, then point C
would lie one-third the distance from point A. The
mixture point will always lie closest to the poinr
representing the air that forms the largest percenta:t
of the mixture.
After the grain has been cooled in conditioned
air storages, the air leaving the ,grain and hence tlie
air entering the conditioning unit will approach the
condition of the air entering the grain. The specific
humidity of the air leaving the grain after the coolin:
period would be higher than the entering specific
humidity if the entering air relative humidity Ira5
lower than the equilibrium relative humidity of tht
grain. If the relative humidity of the entering air
was in equilibrium or higher than the grain equilibrium relative humidity, the specific humidity of
the air leaving the grain would then be equal to or
lower than the entering humidity. In any case, the
properties of the entering and leaving air establiih
two states so that a straight line drawn between thest
states will pass through a region which can be use?
for maintaining the original grain moisture content
with the bypass method.
During one test, the relative humidity of the air
entering Bin 2 after a storage period of 28 days rraai
85 percent. The corresponding average grain ten,
perature and moisture content was 63.5O F. and 11.7'
percent, respectively. The equilibrium relative hu.
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Figure 16. Psychrometric process of circulated air after 28 days
of conditioned-air storage.

midit? for grain under these conditions is 50.5 percent;
!lierefore, the air was losing moisture to the grain.
L'nder these conditions, the specific humidity would
be increasing across the conditioning unit.

Tlie complete process after 28 days of storage is
Figure 16. Point A represents the air conditiom lea\ ing the grain. This air was sensibly heated
to poin: B as a result of the heat gain due to the fan
2nd outside heat moving into the ducts. At point B
h e air entered the conditioning unit where the drybulb temperature was lowered, and the dew-point
[crnperatore was increased, point C. Point D reprerntr additional heat gain between the conditioning
unit and the grain.
Under these conditions, the relative humidity of
t!le air entering the grain must be lowered in order
to establisll a relative humidity to maintain grain
moisture equilibrium at approximately 13.1 percent.
This relative humidity would be approximately 61
prccnt for a maximum grain temperature of 55O F.,
point E. Since point E lies on the air mixing line
BC, the condition may be obtained through the returnlir-b~passmethod by controlling the quantity of air
plain: through the conditioning unit or bypass duct.
Point E may be selected at a lower dry-bulb temperaiure to take care of any heat gain in the supply ducts
icidlout affecting the relative humidity to any great
futent. It point E does Hot fall in line BC, adjusting
;he solution circulating through the conditioning unit
~iouldcause point C to move along the saturation line
lo any desired point. This would allow point E to
be on line BC, and proper grain moisture could still
be controlled by the return-air-bypass method.

il~o\\-nin

In all tests conducted, there was always a decrease
in grain moisture content at the beginning of the
cooling period regardless of the entering relative
humidity. This was due to the cold entering air
being at a lower dew-point temperature, or vapor
pressure, than the grain at its initial temperature.
T o illustrate, consider the effects on the grain
moisture content when saturated air was supplied to
Bin 1 for 104 days, Figure 17. A decrease in grain
moisture content occurred during the cooling period
even though the entering air was saturated.
Figure 17 also points out the wide variation in
moisture contents during the periods of moisture

STORAGE TIME-D4YS

Figure 17. The effect of circulating saturated air on the grain
moisture content at different times during the storage period.

transfer. An increasing gradient existed between the
top and bottom up to approximately 104 days. However, when the supply-air relative humidity was reduced below the equilibrium relative humidity after
104 days, the gradients decreased. This indicates that
when the entering air humidity is supplied at the
equilibrium humidity the gradient will increase
during the initial cooling period but decrease to an
insignificant value in a reasonable period of time.
The moisture loss which occurs during the cooling
period is not considered a problem when grain is
stored for a reasonable time. Results have shown
that the average moisture content can be re-established
after the grain has been cooled by controlling the
relative humidity of the entering air at the proper
level.
Heat Gain
The heat which moves into the grain due to a
temperature differential between warm atmospheric
air and cool grain may cause the temperature of a
layer of grain next to the wall to become excessive.
Any increase in grain temperature above the design
temperature may result in serious damage from insect
infestation. T o maintain temperatures at the desired
level in the outer layers of grain, some provision must
be made to reduce the amount of heat transferred
through the walls of a structure.

One way to accomplish this is to reduce the
exposed surface. This can be done by the proper
selection of the storage structure. For instance, consider the surface area of a rectangular bin (length twice
the width) compared to a cylindrical bin of equal
volume, Figure 18. For the same volume and height,
less surface area is exposed in a round bin than a
rectangular bin with the given configuration. Surface
area can further be minimized by reducing the height
of a round bin. Figure 19 shows that the exposed
surface area can be materially decreased as the height
of the bin is decreased for any constant volume. This
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Figure 19. Relationship of bin depth to surface area of o.li~.
drical bins of equal volumes.

would be the same as increasing the bin diameter ro
that in selecting a round bin for conditioned-air storages it appears that heat gain could be reduced b!.
selecting a bin with the largest diameter or lolt~ei:
height possible.
Another way of reducing the heat transfer into
the bin is to improve the insulating quality of t l ! ~
walls with building insulation. The thickness oi
insulation required will depend on the type of in.
sulating material used, the bin construction arid tlx
temperature difference between the outside and i n d e
of the bin wall.
Regardless of the thickness of insulation, tilt
circulating air inside the grain bin must still be ow!
to remove the heat which moves in. Increasing the i
thickness will, however, reduce the rate at which thic
heat can be transferred to the inside. Since the air
moving through the grain must be used to move the 1
heat out, some increase in grain temperature will
always result. This increase in grain temperature rri!! '
exist as a temperature gradient within the grain mar;
in both the horizontal and vertical planes similar tn
those shown in Figure 20. The temperature pattern
in this installation resulted from the heat gain acroci
one inch of epoxy foam insulation. The airflov raari
was 0.2 cfm per bushel.
Until further tests can be conducted on the in.
fluence of temperatures on stored-grain insects, 60' F.
should be considered the maximum temperature for
effective control of insects. By limiting this tempera
ture to 60° F., the heat which the air could rernoye
can be calculated from
qa = Wa Cp(a) (TI-TJ

(1I;\

where
qa
WRFACE AREA- RECTANGLLAR BIN (LSW)

A

Figure 18. Relationship of the surface areas of rectangular and
cylindrical bins having equal volumes and heights.

= heat air can remove which was trm

ferred into bin from outside, Btu per !IT.
Wa = airflow rate available for removing hut
transferred from outside, lbs. dry air pc:
hr.

I

I
I

I

l
a

90° F

Maximum wall temperature = 60° F.
Ta= 80° F.
Ti = 55O F.
Y = 9 ft.
Surface area (A) = 1130 sq. ft.
T* = 57.5O F.
C,(., = 0.24 Btu per Ib. of dry air OF.

7 FT.

-

0.2 CFM PER BU.

53' F

I

where
D = bin diameter, ft.
Y = distance which heat is allowed to move into
grain mass, ft.
Q = design airflow rate, cfm per bu.
C = bin capacity, bu.
Sp. Vol. = specific volume of entering air, cu. ft.
per lb. dry air

I'lc~~re
20. Typical horizontal and vertical temperature gradients
wi111in a grain mass resulting from heat moving from outside into
rlora;e bin.

~

C,,

1

T, = Iinal average air temperature, OF.

= specific heat of air, Btu per Ib. dry air-OF.

Ti = initial air temperature, OF.
Several assumptions must be made before Equation (18) can be used directly. It must be assumed
:hat tllc total heat which moves from outside the bin
into the qrain can be accurately calculated from a
mean ~vall temperature. Also, it must be assumed
i h t tlris mean wall temperature is a true average
bet\\.een the wall temperatures at the bottom and top
of the bin wall and that the temperature lag within
Ihe<pinmass would be such that the average outside
[emperature over a 24-hour period would be appropriate for desi,gn purposes. Another assumption is
that the final dry-bulb temperature of the air leaving
de grain mass can be assumed to equal the average
temperature over a distance Y, which is the horizontal
distance at the top of the grain mass over which the
heat will be allowed to penetrate.
The total heat which the conditioned air could
remove can then be estimated from Equation (18) by
rlecting a maximum wall temperature and a distance
T over which the temperature gradient would be
ali~vecl to exist. This Y distance would actually
ebtablish tile quantity of air (Wa) which would be
available to remove the heat.

I

Consider the following example which is illus
[rated in Figure 21 :
Bin size- 18 ft. diameter, 20 ft. high
Bin capacity - 4000 bu.
Airflow rate - 0.1 cfm per bu.
'pecific
of entering air - 13.0
ft* per
lb. dry air

= 1846 Ibs. dry air per hr.
qa = (1846)(0.24)(57.5-55)
= 1108 Btu per hr.

I

Figure 21. Cross-sectional view of storage bin used to illustrate
method to calculate heat gain and insulation thickness.

Under normal atmospheric conditions during the
summer months, W, would not be large enough to
prevent excessive grain temperatures without the
addition of insulation. With an average outside temperature of T, and an inside mean wall temperature
of T,, the necessary thickness of insulation would
be as follows, if the resistance of the bin wall and the
inside thermal conductance is assumed to be negligible.

where
X = insulation thickness, in.
K = insulation thermal conductivity, Btuin. per hr.-sq. ft.-OF.

A = surface area, sq. ft.
Ta= average outside air temperature, OF.
T, = mean wall temperature, O F .
qa = heat transferred into bin, Btu per hr.
f,

= outside thermal conductance, Btu per hr.sq. ft.-OF.

The thickness of epoxy foam insulation in the
above illustration would then be:

I

X = 4 inches
It can be shown from Equations (18) and (20)
that for equal volumes of grain the thickness of insulation to minimize heat gain can be reduced as the
bin height decreases whenever Y is equal to the bin
radius. If Y is less than the bin radius, this relationship does not hold true. As long as Y is a maximum,
the expression which contains D and Y in Equation
(19) is unity. However, once this expression becomes
less than unity the quantity of air available to remove
heat decreases faster than the exposed surface area with
decreased bin heights.
It appears from test data that some method in
addition to insulation may have to be used to limit
grain temperatures to a safe level in small bins. One
proposed method would be to use a double-wall storage structure and circulate cold air between the walls.
The outside wall could then have a practical thickness of insulation installed on it since the volume of
air necessary to remove the heat transferred from the
outside would not be limited by high fan power requirements as it would be inside the grain bin. Air
could then be entered into the double wall at approximately 55O F. and exhausted at 60" F. in order to
maintain the inside wall temperatures at or below
60" F. The pounds of dry air circulating in the
double wall per hour per square foot to remove this
heat gain without excessive wall temperatures can be
determined from Figure 22.

MSEO ON S.TCYR?lkTURC DIFFfRMCI
BETWEEN ENTERtNO AND LEAVING AIR

BTU PER HOUR PER SOUARE FOOT

Figure 22. Airflow rate required to limit heat transfer into
grain stored in a double-waII bin.

DESIGN METHODS FOR DETERMINING
REFR1GERATION CAPACITY
Design Method No. 1

The design method most familiar to engineers j<
the use of Equation (13), which stated:
QG=WCpAT
This equation considers sensible heat exchanpe
only and assumes that no latent and biological heai
exchange takes place during the cooling procese
Therefore, when this equation is used, it must be
assumed that there is no exchange in moisture from
the grain to the air and no significant load due to
heat of respiration during the cooling process.
The following equation takes into account the
moisture transferred from the grain to the air and
the heat of respiration and was found to be reliable
for calculating refrigeration requirements for coolin;
grain:

where:

= grain load, Btu.
Wdg = initial weight of dry grain, lbs.
= specific heat of dry grain, Btu per
Qa

Cp(dg)

(OF.).

(lb.'~

= initial temperature of grain, O F .
= final temperature of grain, OF.
= enthalpy of water at initial grain

ti
tf
hf

hi
(')

Ww(i)

tern.
perature, Btu per lb.
= enthalpy of water at final grain temperature.
= initial weight of water in grain, lbs.

' = final weight of water in grain, Ibs.

Ww(

HR = heat of respiration, Btu.

The refrigeration capacity required to cool pin
based on the above equation may be expressed ar
follows:

I

h2-hl
h3-hl

rrhere

Qp,= refrigeration capacity, tons

= LOAD ON CONDITIONING U N l T I N
'BTU PER LB. OF DRY A I R

-

h2

REHEAT LOAD REQUIRED TO REDUCE
THE RELATIVE H U M I D I T Y OF THE
A I R . L E A V I N G THE CONDITIONING
U N l T TO THE DESIGN LEVEL.

4,= grain load, Btu
T, = time, hours
Tlle value of Q, in Equation (22) represents the
a l e r a y load on the conditioning unit. Therefore, in
actual practice, the time required to cool the grain
:rill not equal the value selected for T, but will require a longer period of time. At present, there is no
accurate method of predicting cooling time when this
rnctllotl is used.
Design Method

A I R EXHAUSTING
FROM GRAIN AND
ENTERING CONDITIONING U N l T

I

I

No. 2

I

A design method which simplifies load calculation$ i 5 based upon the fact that the air exhausting
from the qrain during the initial stages of cooling is
in 2p1)rouirnate equilibrium with the \grain at its

initial temperature and moisture content when the
coolin? air i 5 supplied at rates normally used for
neration. Knowing the initial condition of the grain
2nd the heat evolved due to respiration, the conditions
o l the exhaust air can be calculated. Research has
~4rl.l.ntlnt reqpiration heat values for sorqhum grain
~t moi~ture contents OF 14.6 percent or lower and
:ornnrratllrec as high as 100" F. are small comnared
thp tor21 heat load and therefore can be neqlected
'lq'i. Ho~vrver, for himher moisture con tents, the
~~rpiration
heat was found to be verv simificant due
+Q t l l ~fr~mpndou~
increase in resniration and should
hc con$ir!rrrd in the cooline; load requirements.
In a rrcirrulatinq system, the exhaust air would
vrprerpnt the conditions of the air enterin? the con(itionin? unit assumin? no heat gain into the air duct.
Tile required condition of the air leaving the con(litinnin: unit can be determined by knowing the
nereqcarv air conditions entering the grain. Thus, the
r n t h n l l ~ v difference of the air entering and leaving
tl1e conditioniny unit can easily be determined. When
:IIP rate at which air is supplied through the grain is
~~tnhli~licd,
the capacity of the refrigeration equipv n t can be determined.

The diagram in Figure 23 illustrates the relationhip of the enthalpy of the air entering and leaving
h e conditioning unit to cooling time when air is
r:rir ~laterlthrough the ,grain. The enthalpy differm e , (h,-h,), represents the load on the conditioning
vnit in Btu per pound of dry air and includes the
rcheat load required to reduce the relative humidity
oi the air leaving the conditioner to the design level.
'

It shoulcl be pointed out that the refrigeration
ripcity obtained by this method is based on the
~nsirnum load which is the initial difference in
r.~llaugtand entering-air enthalpies. After the leadinp edye of the cooling zone passes through the grain,
:i:e enthalpy of air exhausted from the grain starts

f

TIME PERIODS FOR COOLING
ZONE TO HOVE THROUGH GRAIN:

I
I

I

LEAD l NG
tpEDGE

T R A I L I N G ~ ~ ~
EDGE

COOLING T I H E (t)

Figure 23. Diagram illustrating the relationship of the enthalpy
of air entering and leaving the conditioning unit to the cooling
time when air is recirculated through the grain.

to decrease and continues to decrease until it reaches
a minimum value at the end of the cooling period.
Design Method No. 3

Theoretical consideration will be given to a proposed method of design that may minimize the overdesign problem encountered in Design Method No. 2.
In this method, air is supplied at twice the rate used
in Design Method No. 2, and the design load is based
on one-half the initial difference in enthalpy of the
exhaust air and the entering air. The total load on
the conditioning unit is the same for both methods.
However, as shown in Figure 8, the cooling time is
not exactly inversely proportional to airflow rate, and,
for this reason, the cooling time for Design Method
No. 3 is slightly longer than the time required for
Design Method No. 2.
A comparison of these two design methods is
illustrated in Figure 24. The enthalpy difference,
(h,-h,), represents the load in Btu per pound of dry
air when the design is based on the initial maximum
DESIGN HETHOO NO. 2 BASED ON WXIWUH
ENTHALPV DIFFERENCE, (h2-hl).

\

DESIGN UETHOD NO. 2

DESIGN METHOD NO. 3 BASED ON ONEHALF OF M X l t l U H ENTHALPY DIFFERENCE,
(h,-h7).

- -

A I R F L W RATE FOR DESIGN METHOD NO. 3
I S N I C E THE RATE USE0 FOR DESIGN
METHOD NO. 2.

t

COOLING T l U E (t)---+

Figure 24. Enthalpy of recirculated air versus cooling time for
design methods 2 and 3.

to Design Method No. 3 is that higher airflow rate(
are required which would, in turn, increase the static
pressure requirements for the system and necessitate
an increase in the size of the fan and motor.

load used in Design Method No. 2. In this case, overdesign would occur from time t, to td. In Design
Method No. 3, the load is based on one-half the
maximum enthalpy difference. This is shown in
Figure 24 as (11,- h,) Btu per pound of dry air. In
this method, the load on the conditioning unit is
constant until time t,. After this period, the difference in enthalpy of the air enterini and leaving the
conditioning unit would be less than the desi<pvalue,
resulting in a slight overdesign situation from time
t, to t,.
The increase in cooling time for Design Method
in Figure 24, represents an increase of
No. 3, (t,-t,)
approximately 20 percent. For example, based on the
data in Figure 8, an airflow rate of 0.10 cfm per bushel
would be required if it is desired to cool ,grain in 145
hours based on Design Method No. 2. The cooling
time required for Desim Method No. 3, using twice
the airflow rate, or 0.20 cfm per bushel, would then
be 174 hours.
If it is desired to cool the grain in the same time
period required for DesiLgn Method No. 2, an airflow
rate could be selected from Figure 8 to correspond to
a cooling time equal to one-half the desired total
cooling time. If the cooling time is again assumed
to be 145 hours, airflow rates of 0.10 and 0.25 cfm
per bushel would be required for Design Methods 2
and 3, respectively. Although the cooling time is the
same for both methods in this case, the total load on
the conditioning unit is greater for Design Method
No. 3 than it is for Design Method No. 2.

...

EFFECTS OF CONDITIONED-AIR STORAGE
ON GRAIN QUALITY
Insect Control

Adult rice weevils in brass, cylindrical cages werp
placed at various locations in Bins 1 and 2 to deter.
mine the effects of conditioned-air storage facilitie;
and natural aeration systems on insect control. Each
cage was 1 inch in diameter and 5% inches Ion:.
Fifteen pairs of adult rice weevils and 37 ,gram5 of
14.5 percent-moisture-sorghum grain were placed is
each cage. The depth of grain in each bin was ln
feet. Cages were placed in the center of Bin 1 at tht
following locations: 1, 5, 9-foot levels and at the center
near the grain surface. Two cages, one near the wnl!
and one at the center, were placed in Bin 2 at tht
following depths: 1, 5 and 9- feet.
All insect cages remained in the test bins unde:
storage temperatures given in Table 3 for 35 dari.
Then the cages were removed, and the insects counted.
The weevils were removed, and the test cages replaced
at the same locations in the bins to determine th:
reproductive ability of these insects under each storzoi:
condition. Cages were removed after 25 days and thf
progeny counted.

Results of the storage conditions on insect a c t i ~ i ~
are given in Table 3. Rice weevil infestation does not
appear to be a storage problem in conditioned-air
storage structures under the temperatures of these test(
The percent mortality of insects exposed to the liirh
wall temperatures was 86.3 percent after the first S i
days. The insects which were located in the cooler
center region of the bin had a mortality of 98.8 percent. The insects which were exposed to the cente:
temperatures in the natural aeration bin had a mortality of 61.8 percent during the same 35-day perio?.

Design Method No. 3 has two distinct advantages:
(1) the conditioning unit is fully loaded for a greater
percentage of the cooling time compared to Design
Method No. 2, thus making more efficient use of the
conditioning unit and (2) the time required for the
leading edge of the cooling zone to pass through grain
is always less for this method than it is for Design
Method No. 2, thus providing more favorable conditions for quality preservation. The main disadvantage

I

TABLE 3. EFFECT OF STORAGE TEMPERATURES ON RICE WEEVIL INFESTATION IN SORGHUM GRAIN
Type of storage
and location
of cages
Conventional storage
Center of bin:
1 foot from bottom
5 feet from bottom
9 feet from bottom
Conditioned air storage
Center of bin:
1 foot from bottom
5 feet from bottom
9 feet from bottom
Near bin wall:
1 foot from bottom
5 feet from bottom
9 feet from bottom

Temperature, degrees Fahrenheit
First 35 days
Additional 25 days
Mean
Max.
Min.
Mean
Max.
Min.

Number of insects at end of sronct
First 35 days
Additional 25 dav
Dead
Live
Live
Dead

86
87.5
89

89
89
91

83
86
87

78
80
82

88
89
91

66
7I
93

11
15
8

19
15
21

29
69
33

4

51.5
57
60

54

49
55
57

51
56
61

53
58
60

49
54
59

0
0
1

29
28
27

0
0
0

0

59
63

65.7
71.5
77.2

69.5
75
81.5

62
68
73

65
69
72

70
73
75

60
65
69

0
3
8

29
17
23

0
0
0

n

6
0

0
0

1

I T

T.\BLE 4. RELATIONSHIP OF AERATION TIME T O MOISTURE CONTENT OF GRAIN1
-

.\entiontime
clay

1

2

3

Moisture content - Percent
Grain depth - Feet
4
5
6

7

8

9

Average

'\irflo\r rate: 0.12 cfm per bushel.

.\t tlie end of the second storage period of 25 days,
no cmeryence occurred in the conditioned-air storage
r,in, I-lo~uever,in the bin aerated with natural air,
<.n ernel.gence of 158.4 percent was observed based on
r!!~ oriqi~lalnumber of insects which were first placed
:Y tlie c;lger. Of this number, only 7.1 percent were
h~nddead after the additional 25 days.
These results do not necessarily compare with
-iuF~lid~cd
data concerning the temperature limitations
ai :-ice I\-eevils. The mean wall temperatures in the
ronrlitioned-air bin were as high as 77.2" F. with a
? ~ ~ ~ i n ~ofo r 81.5"
n
F. These temperatures would
?mnally support insect activity in natural aeration
\:jtcm$. The high mortality and zero percent emer:mce in the conditioned-air bin may have resulted
rnnl tlie procedures used. It was not possible to place
"lc inects in the test bins at the start of the cooling
* I f r i ~ l .Consequently, the insects were subjected to
1 rapid iemperature change when they were placed
1 the bin. The same temperature conditions existed
the heginning of the test as well as during the
--\t peliotl. Additional tests need to be conducted
.o (letelmine if this rapid change in temperature
Inilucnced the test results.
'lorn

In orcler to determine the effects of conditioned?ir $torage procedures on the germinating qualities of
~ m i n ,specific tests were ,:,conductedon high-moisture
2 i n . If it can be shown that no significant loss
:. mnrnlination occurs in high-moisture grain, it can
med that low-moisture grain can be stored
imilar conclitions without any germ damage.
aving an initial moisture content of 18.19 per:en( \\*asconditioned with air having a dry-bulb tem-

perature of 45" F. for 194 days. The relative humidity
of the entering air was approximately 73 percent for
about 50 days after which time it gradually decreased
to approximately 65 percent at the end of 194 days.
The relative humidity was allowed to decrease so that
the grain moisture content could be reduced during
the storage period. The results of this drying effect
are given in Table 4. The effects of these storage
conditions on the germination properties of the grain
are shown in Table 5. The average germination at
the start of these tests was 77.95 percent. After a
storage period of 194 days, this value was 74.32 percent
or a loss of 3.63 percent.
Mold
Since molds will develop at a greater rate in highmoisture grain than low-moisture, mold analyses were
made on the same stored grain as the germination

TABLE 5. PERCENT GERMINATION OF STORED GRAIN
AS RELATED T O STORAGE TIME, BIN NO. 1, 1961
Depth of
grain,
feet

1

2
3
4
5
6
7
8
9
Average

Storage time - days
Start of
test

8

47

85

Percent - 68.0
64.5
76.5
75.0
69.0
73.5
59.0
75.0
70.0
73.0
69.0
76.5
84.5
77.0
68.0
66.5
73.0
70.5
72.11 71.05

114

-73.0
75.0
73.0
76.0
74.0
83.5
83.5
82.0
74.0
77.11

194

TABLE 6. MOLD COUNTS FROM
STORED IN TEST BIN, 1961-62
Depth of Aeration
time,
grain,
days
feet

Kernels from
which molds
were isolated,
percent

SORGHUM

SEED

Percent kernels
infested with:
Field
Storage
molds
molds

Beginning
of test

main in storage for a period of time sufficir
return the moisture back to the grain. It is nc
sible to predict this time because of the val
involved. The airflow rate, grain moisture co
relative humidity of the entering air are sol
these variables. Normally the quantity of water
must be returned to the grain after the cooling I
in order to re-establish the original moisture cc
would be approximately the quantity requir
increase the moisture by one-half of one perce
a wet basis.
DESIGN PROCEDURE

T o illustrate the procedure to be used i
design of a conditioned-air storage system, consid
following problem and its solution.

tests. Results of these tests are shown in Table 6.
Qualitatively, the mold flora were the same after 194
days of storage as at the start, which is an indication
that the storage conditions maintained were unfavorable for storage mold growth. No adverse effects are
anticipated from the high infestation of field fungi
since field fungi do not seem to be associated with
deterioration of sorghum seed during storage (2).
Grain Moisture Content

Results of all tests to date show that the grain
moisture content can be controlled with conditionedair storage procedures. Even though test results prove
that a reduction in grain moisture is inherent during
the cooling period in this type of storage, moisture
can be transferred back to the grain by controlling
the relative humidity of the interstice air. Although
no difficulty was encountered by adding moisture to
stored grain in these tests, research has indicated that
there may be some limitations in this practice due to
excessive bin wall pressures resulting from large increases in grain moisture contest (20).
Since the quantity of water removed from the
grain depends upon the relative humidity of the entering air, it should be pointed out that this type of
storage can be used to reduce the moisture content
of stored grain as well as maintain the original moisture level. If it is desirable only to maintain the
original moisture content, then the grain should re-

Problem: T o design a controlled envirol
system at College Station, Texas, for storing 2
bushels of sorghum grain. The storage facility cl
of eight steel bins having a capacity of 36,000 b
each. These bins are 32 feet in diameter and E
high. The grain will be received with an
temperature and moisture content of 95' F. a
percent, respectively. It is required that the
mass be cooled to 55O F. with a final grain mc~irtmr
content of 14 percent. It is desired that the grain Fr
cooled to the final temperature in a maximiurn o:
25 days after filling. The estimated filling rate i s nn:
bin per day. Each bin has an aeration system c;
of supplying air at a rate of 0.1 cfm per bus
present.
Cooling Procedure

When more than one storage bin is invol
a system design, a cooling procedure must be de~e~ope
to select the most economical number and si7e r
conditioning units. This procedure must take intr
account the number of bins, filling rate of each b:r
and the maximum time which grain can be
in these bins before it should be cooled.
In the example problem, the number o
required to fill the bins is 8. This would mea
if one conditioning unit was used the coolin!
would have to be 4 days for each bin in order 1
the last bin filled in 25 days. The airflow ratc
4-day cooling period would be approximately 0.
per bushel, Figure 8. Since this rate is in es
F l l l l n q Days:

I

2

3

4

S

6

7

Figure 25. Filling and cooling procedure for grain st
eight bins and aerated with two conditioning units.

%

the design rate of 0.1 cfm per bushel, it would be
more economical to use two units. In this case the
cooling procedure would be as shown in Figure 25.
Design Conditions

The conditions on which the design must be
l m d follow:
GR.~IS:
I. Initial temperature = 95" F.
2. Initial moisture content = 15%
O~TSIDEAIR: (based on design maximums for July at
College Station, Texas)
I. Dry bulb = 95" F.
2. Wet bulb = 80" F.
3. Dew point = 75' F.
4. Relative humidity = 52%
5. Enthalpy = 43.6 Btu per lb. dry air
6. Specific volume = 14.4 cu. ft. per lb. dry air
COSDITIONED AIR:
Leaving ,grain
1. Dry bulb = 95" F.
2. Wetbulb = 91°F.
3. Dew point = 90" F.
4. Relative humidity = 85y0
5. Enthalpy = 57.1 Btu per lb. dry air
6. Specific volume = 14.7 cu. ft. per lb. dry air

The above conditions leaving the grain are based
that the air conditions leaving the mass
.$:ill he in equilibrium with the grain.
Entering grain
1. Dry bulb = 55" F.
2. Wet bulb = 50" F.
3. Dew point = 45" F.
4. Relative humidity = 70%
5. Enthalpy = 20.2 Btu per lb. dry air
I;. Specific volume = 13.1 cu. ft. per lb. dry air
The dry-bulb temperature of the air entering the
ynin was selected at the same level as the desired
Iinal ,grain temperature. The relative humidity of
+ic air was selected from Figure 13 so that it would
be in equilibrium with 14 percent moisture grain at
ij3F.
11aving conditioner
1. Dry bulb = 45' F.
2. ?Vet bulb = 45" F.
S. Derv point = 45' F.
4. Relative humidity = 100yo
I. Enthalpy = 17.62 Btu per Ib. dry air
6. Specific volume = 12.84 cu. ft. per lb. dry air
on the fact

/

These conditions assume that the air leaving the
conditioner will be saturated. A dew-point tempera, +are of 45' F. was selected so that this air can be
I

heated sensibly to 55" F. and have a relative humidity
of 70 percent as required by the entering air conditions to the grain. Research has indicated that no
supplemental heat is necessary since normal heat gain
will be approximately 5O-10" F., the amount needed
to maintain the entering air conditions to the grain.
In case some supplemental heat is needed in a particular design, heaters may be installed or some provision may be made to use the heat exhausted from
the condenser coils of the conditioning unit.
Airflow Requirements

Airflow rate = 0.1 cfmlbu.
This value was selected from the available airflow
in the existing aeration system and from Figure 8.
Total flow = (0.1) (36000) = 3600 cfm
Mass flow rate = (3600) (60)
13.1

= 16,488 lbs. dry
air per hr.
Z

Refrigeration Capacity

If the design was based on a re-circulating air
system, the change in the enthalpy of the air, Ah, as
it passes through the grain mass would be equal to
57.10 - 17.62 = 39.48 Btu per pound dry air. The
resulting refrigeration capacity per unit would then
be

If the design was based on circulating outside air
through the conditioning unit then
Ah = 43.60 - 17.62 = 25.98 Btu per lb. dry air
or

It will then be more economical to condition outside
air until the enthalpy of the air leaving the grain
mass is less than that of the outside air. This period
can be determined by the time required for the leading edge of the zone to move through the mass,
Figure 8. After approximately 40 hours, the system
can be operated as a re-circulating system.
It should be noted that in this design method,
no consideration need be given to the heat gain due
to outside air conditions since the grain is at the same
dry-bulb temperature as the outside air. By basing
the design load on either the outside air conditions
or the air leaving the grain mass, the refrigeration
capacity would be large enough to take care of heat
gain as the grain cools.
The refrigeration capacity for the design problem
was calculated to be 35.7 tons. However, two 35-ton
units could probably be selected because some evaporative cooling will occur.
Insulation Requirements

If the maximum wall temperature is 60" F., the
average outside air temperature is 85" F. and the

temperature gradient in the horizontal plane is allowed
to extend over the full radius of the bin, the thickness
of insulation could be calculated from Equations 18,
19 and 20. Using Equation 19, the quantity of air
available to remove the heat transmitted from outside
the bin would be as follows:
--

Wa =

60
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= 16,488 lbs. dry air per hr.
If the final average air temperature exhausting from
the grain is 57.5O F., then from equation 18, the heat
which can be removed by the air is:

= 9893 Btu per hr.
Select an insulation such as epoxy or polyurethane
spray-foam insulation. If the mean wall- temperature
is 57.5' F., then by equation 20, the thickness of this
type of insulation would be:
Figure 26. Specific enthalpy of interstice air in relation
aeration time when cooling a mass of grain in storage.

tn

loaded. The load would gradually decrease with tint
and reach a minimum at the end of the cooling period.
This relationship is shown in Figure 26 by the cliff?:.
ence in the leaving and entering-air enthalpies.

The solution to the example problem would be
to install two 35-ton units on the first bins loaded.
With an airflow rate of 0.1 cfm per bushel, these units
could be moved to the other bins every 7 days until
all bins were cooled. Outside air should be conditioned for approximately 40 hours, after which the
system should be connected so that the air leaving
the grain mass can be re-circulated through the conditioning unit. The units will have to be operated
periodically'on each bin after all of the grain is cooled
in order to prevent excessive increase in grain temperatures due to heat gain and to reduce the grain moisture
content to 14 percent.
This solution appears to be the most practical at
present. This would, however, depend on the cooling
procedure. If only one bin is used as a conditionedair storage system, the refrigeration capacity selected
from this design method would be based on maximum
conditions. This would mean that as soon as the
leading edge of the zone has moved out of the grain
mass, the refrigeration equipment would not be fully

The solution of Equation (13) would yield a cloj:
approximation of the total load on the conditionin:
unit. The normal procedure would be to divide t l ~ i i
total load by the cooling time in order to obtain an
average load. However, the system would be oler.
loaded during the initial cooling period and ole:
designed by the same amount at the end of the coolinr
period. Preliminary tests indicate that this metllori
may be practical for reducing the initial refrigeration
unit size. Additional tests need to be conducted tn
determine the effect of this design method on thf
actual cooling time.
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