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Grain Drying and Storage Studies in South"llfest 

Georgia 


By J. W. SUWNS, research agricultllral ert{Jineer, Agricilltural Engineering Rc­
search Divi8ioll. ,lgl'iclilturul Reseu'rc:h S£:'rvicc. Ilnd ·rcsearch associate, 
AgricultUral Engineering Department, University oj GeO'rgia, and W. W. 
fL\ltE,' agricul/II'raZ engin.eer, Agricultura·l. Researcl~ Service 

H(,,sellrch studies on drying and storing grain have been conducted 
for several years -rut the College li}xpet'imen:t Strrution, Athens, Ga.-in 
the Piedmont area, of the Btllte. In this wOl'k empha,sis was pla.ced on 
dt-ying with unhen,ted nn,tural ..tit· because or lower equipment and 
opem.tion costsantl simplicity of opern;tion. The rooults indicn;ted that 
drying with unheated -air 1S pl'(lcticaland economical in nOl-them 
Ueol·gill. They also indicated th.~lt, beea,use of climatic differences, 
recommendlLt.ions difl'ered somewhn;t from those for the Midwest and 
other a,rea,s wlHwe simihn- resen.rch ha,s been conducted. 

The research at Athens was limited primlu'ily to drying with un­
heiLted iLir in parallel flow. It was not known whether the reCOlll­
mendlLtionsft·om. this resea,reh 2 would be saJisfactory for drying with 
air in nonparnllel flow under climatic conditions ill southwestern 
Georgin.. Thus itwas cloomed -advisable to est.a.blish It project in this 
secUon to answer this question, to develop practical ways of maintahl­
in~ grain quality economically for farm application, and to study cer­
tam bask rela.tionships essentinl to the saJa hllJ1dling, drying, and 
r:;tol'age of grtLin ('rops. 

The project was initinJe.d jn ,Janun.ry ID5G at tlH~ Southwest Georgia 
Bmndl Sb'Lt.ion, Pla.ins, Ga.., and was diseCllttinued June 30,1960. 

Considerable grain is produced in southwestern Ge01·¥in. and other 
parts or the Coastal Plain section of Georgi,'L and producbon is increas­
ing more rapidly there than in other sections of the State. By far the 
heaviest corn-producing counties are in that section. The climate 
in southwestern GeorO'iiL is fairly similar to that in an area extending 
enst\Yard into South C'arolina lllld westward through Alabama. Thus 
any recommendations on drying and storing developed for south­
western Georgil'L would apply to it fl'Lirly large section in at least three 
Southeastern St.ates. 

During the drying seasons this section or Georgia. has slightly higher 
wet·bulb temperatures and wet-bulb depressions 3 than those nt Athens, 
as indicated by the temperat.ure map for Augnst 1956-59 (flO'. 1). 
There was less difference in the wet-bulb depression in late fall. Thus, 
whereas drying may proceed at slightly higher rates in the Coastal 
Plain section because of the higher drying capacity of the air during 
C'ertain ~asons, the higher temperatures tend to cause more rapid 
mold development and, consequently, greater danger of spoilage of 
high-moisture grain. 

t Stutioned ut Tifton, Gu. Formerly assistant 'llgriculturnl engineer, Georgia 
Agricultural Experiment $tatiollS. 

, SlMO:SS, .J. 'V. HOW TO ImY .\NIl ST()Jt~: GRAIN ANI> SEED ON GEOIUlL\ FARMS. 
Ga. Agr. Esopt. Sta. Bul. 33. 80 pp. 1958. (Uevised.) 

3 'rhl' wet-bulb depression is It measure of the potential capaCity of uatural 
air to assimilate moisture. 
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FIGURE i.-Mean wet-bulb temperature and wet-bulb deilression isotherms for 
Auglli!t 1956-59 in Georgia. 

FACILITIES AND GENERAL PROCEDURES USED 

Description of Facilities 

Drying and Storage Building 

A Quonset "20" bnilding, 36 feet in lens-th and oriented with the 
long axis in a north-south direction, in whICh to conduct the studies, 
was erected in May 1956 (figs. 2 and 3). Several modifications of the 
standard Quonset "20" were made. in this building. The crown was 
made of 12-foot curved sheets in place of the standard 8-foot ones. The 
building was divided into three 12-foot sections, with a grain bin in 
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]j'[GUI~E 2.-Quonset "20" building erected for grain drying and storage .studies. 

each end and a workroom in the center. In keeping with the orienta­
tion O"~ the building the gmin bins are referred to as the north bin 
and tlle south bin. Each end of the building- was provided with a 
pair ol 6-foot by 8-foot sliding doors. A loadmg hatch was provided 
in the roof above the center of each bin. Small adjustable louvers 
were iustalled near the crown of the roof in end and partition walls 

D GRAIN SPACE 

~ EXPANDED DUC,S 

_ DUCTS COVERED AI~TlGHT 


SOUTH BIN I----WORK ROOM---i NORTH BIN 

FIGURE 3.-Floor plan of Quonset "20" building. 
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to pe~'mit airflow from or to the bins. Acce~'l to the workroom WIts 
provided by a door in the east; side. A ventilator at the center of the 
roof provid.ed an air outlet from the workroom. 

Fans and Air-Distribution System 

Initially ttIl Aerovent 1S-inch, ('-blade propeller fall, dired-drtven 
by a 3·horsepowel', 3,450 r.p.m. motor and attached to each Immifold, 
supplied air to each bin. In 1958 a 5-ho l'sep 0 weI', 24-inch, 7-blade 
fan with larger manifold was install(~d on the south bin. 

Each bin was equipped \vith three expanded metal ducts, 4 feet on 
centers, runnin cr acl.'OSS the 20-foot width of the building. The clur.ts 
were stallClal'd §tt'an-Steel design npproximately 2~ inches wide ttt the 
base and 15 inl!hes high, with a, cross-sectional area or 1.5 square feet~ 
and wero covered with 16-mesh screen for drying small grain and 
:lhelIed corn. The ducts in each bin were cmmectecl by sleevp.s through 
the wall to a manifold outside the building. An adjustable damper 
was installed in the connection to each duct to permit regulation of 
airflow. 

Shielded pressure taps were placed in each lateral duct near the 
manifold ovenings, midwa.y acrOSf: the building, ancl16 feel from the 
manifold openings. These taps facilitated regulation of equal air­
flow in the three ducts through the uSe of the adjustable dampers. 
Pressure readings were taken by means of an inclined manometer 
graduated in O~01-inch divisions. 

Devices for Measuring Air Pressure and Airflow 

~\. plywood trench, :j feet wide and 6 feet. high, was constructed 
across the l~-foot width of each bin near the center of the building; 
this was to facilitate taking air-pressuee readings in the grain (fig. 
:3). The plywood sides were cut to fit ovet· the ducts. Those parts of 
the duct,::; within the trench were covered with an airtight materia.l, 
and the. joints were caulked to prevent ail' leakage. Access to the 
trenches was gained through openings in the encland partition walls. 
Tlwse trenches provided vertical Slll·f!tCes, at right angles to the axis 
of the ducts, from which n.il'-pressul'e measurement,s in the grain 
mass could he taken to determine airflow patterns. 

Xinet.y-three pl'essul'e tapswel'e made between centerlines of two 
of the ducts in the east wall of each tl'ench. Holes (lis-inch diameter) 
wer(\ drilled into the plywood up to the outside ply on the grain 
side. These holes WBl'e filled with caulking compound, and. a short 
section of aluminum tubing Wits inserted. The last ply was drilled­
with a No. 60 drill-ill alinement ,vith the tubing bore. 

Pressllre points were placed on the curved liner sheets on both 
enst and west walls in each bin; aluminum tubing was fastened to 
the inside of the liner sheet.s and rnn into t.he workroom. The end 
of. the tubing was closed and four holes were drilled, with a No. 60 
drill, % inch tlpart through the tubing. The locations of these and 
other pr('~'Sure points mentioned. are shown on 'n,irflow net charts in 
the section "Description and llesuHs." Because of the possibility of 
air flowing laterally along the surfaces of the tubing, which might 
cause errors in readings, the pressure taps on t.he cl1rvedliner sheets 

http:provid.ed
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were later replaeed. Holes were drilled in the Hner sheets with a 
No. 60 drm and copper elbows soldered over the holes on the outside 
sul"face of t,he sheets. Aluminum tubing connected to the elbows 
with plastic tubing was run in the wa,ll cavity to the workroom. In 
1u,ter rests additional taps were extended into the grain; with these 
the airflow pattern. around the extension of the sleeve between the 
liner sheet and the duct connector hood could be determined. 

Devices for Measuring Temperatures and Moisture Contents in 
Grain 

Thermocouple cables were placed hori~ontally in both bins pri­
marily for checking temperatures to avoid possible spoilage. The 
location of these cables for the south bin is shown in figure 4. There 

SOUTH BIN 

+ -r+ 
15" 

++ 
IS" 

+ ++ + 
IS" 

++ 
15' 

+ + -L+ +
1--.- 39-. ---+--- 4'0' ------1 

FIGURE 4.-Cross-section of south bin of Quonset "20" building, showing location 
of thermocouple ca:bles. 

were 126 thermocouples in the south bin; these were plilCed 26 inches 
apart on each cable with one theI:mocouple 5 inches from each end wall . 
.A. similar thermocouple arrangement was used in the north bin with 
the exception of the vertical row of cables 8 feet from the east wall. 
This area was p'artially covered with moisture elements in which 
thermocouples were incorporated. These moisture elements were lo­
cated between ducts .A. and B, 8 reet 8 inches from the east wall, 
me<'lSnred at the floodine. The moisture elements were of ,the pipe­
cleaner type developed 'by W. V. Hukill, of the Agricultural Research 
Service. Moistures in the grain mass Were read by means of the hu­
midit.y elements and an experimental indicator. At low moisture 
it was found necessary to calibrn.te and make readings with the Tag­
Heppenstall moisture indicator. 

http:calibrn.te
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General Procedure for Tests 

Small gl'l1in was brought directly from the combine to the storage 
building. Corn WilS generally hlu've$ted by a picker and was hauled 
to a commercial sheller before it was placed in storage. Both small 
grain and corn were harvested with as high it moistu['e content as 
existing conditions would permit, which ill most. cases was lower 
than desired. 

Sampling and Grading Grain Prior to Tests 

Each load of grain was sampled on the truck; a standard 5-foot, 
ll-cQll pl'Obe was used. The sample t~Lken was large enough to be 
representativ(\ of the lut a!1Cl to permit. obtaining moisture al1d grad­
ing determinations. A stLmc1al'cl gmin divider -raeilitated obtaining 
representative small samples for individual moisture and grading 
detel·rninations. SampleS for grading purposes were dried to or 
below the moisture content. necessary for No.1 grain before delivery 
to the grader. Grading was done by tL licensed grain grader located 
llt the College of Agriculture at Athens. 

The grain was loaded into the bins through ·the ['oor halch by means 
of an elevator. A movable chute attachecl beneath the loading hatch 
facilit.ated a fairly even distribution of gmin into all parts of the 
bin a:lel prevented the accumulation of trash immediately below the 
hatch. The fan was generally operated dllrin~ the filling process 
with the air forced up through the grain to fuel in the removal of 
trush. ,Yhen high-moisture grain was loaded in the 'bin, the fan '.vas 
opel'atec1 continuollsly at night to prevent buildup of heat in the 
grain mass. 

Thm'mocouple cables und moisture elements, when used, were 
placed in the gmin ItS the bin was being filled. 

Measu'ring Moisture Content 

All moisture contents were measured and are given on a wet basis. 
In 1D56 and the spring of 1057 moisture determinations were made 
by means of .a Tag-Hel)pellstall moisture meter. Ltu'ge fluctuations 
of the mehw needle ctlllsed by green foreign matter and by live field 
insects in the grain made it impossible to obtain accurate moisture 
detet·\1Iinations. A Brown-Duyal moisture tester was insbLlled clllring 
the SUTlImer of 1957 and was used fOl' the rest, of the tests. 

SO!TIpling Grain in the Bins 

Sampling of the grain dming and at the completion of drying was 
clone with t.he standard probe. No probe samples were taken in the 
bins until the top bye!' of gmin was 16 percent, Qr lower in moisture 
content in order to reduce possible ehanneling of ail' in the grain with 
high moisture tontont.. Five probe samples, equal1y spaced, were 
taken between each set of duct.',? Grahl from the bottom three cells 
of the probe was used for the bottom sample; that from cells five, six, 
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and seven was used for the middle sample; and that from the top three 
cells was used for the top sample. A special box was constructed to 
catch and keep separate the grain from each of the three levels. 

Consumption of Electricity, 	 Fan Operation Time, and Humidistatic 
Far. Control 

The electricity consumed by each fan waS metered with a standard 
watt-hour meter. Fan operation tillle was recorded from n, time meter 
in each circuit. A switch permitted either mlll1Utti or aut()lnntic opera,­
Lion of each fall. The auLomfttic circuit included a humidistat to limit 
fan operation at humidities below l11n;ximum desired levels for (}t'ying 
and above minimum desired levels for rewetting tests. 'l'hese 1m­
midist.ats were mounted in a small weather shelter adjacent to the 
quonset building. 

Calibrating Fan Dolivery 

Fan delivel'Y was calibratedb.y two methods. 
In the spl'ing of 1056 calibratlOn was accomplished by the Pitot tube 

method with the bin filled and the fan unit attached to the manifold. 
The length of the duet in pipe diameters, the position of the Pitot tube, 
and the construction and location of the eggcrate straightener were 
in accordance with the National Association of Fan 'Manufacturers 
~tandard Test Code for Centrifuga.l and Axial Fans. Test data were 
taken in accordance with the Code. Manifold dampers were adjusted 
until uniform pressure. readings were obtained in all throo ducts and 
until a center reading of the Pit.ot tube indicated approximately the 
COlTect air delivery desired Cbased on estimated center reading factor). 
A complete survey acroSS the duet Wftf' then tak,en anel further adjust­
ments were made, if necessary. This procedure was followed for three 
different duct pressures to establish It curve for each fan. Only the 
3-horsepower f.' ns were c,alibrated by this method. 

In the fall of 1056 the 3-horsepower fan for the south bin was cali. 
brated by the lise of three plenum chambers built by Strun-Steel ac­
cording to the standards of the American Society of Mechanical Engi­
neers Fan Test Code. Calibration ,I provided cnrves relating plenum 
pr(>ssures and fan delivery to manifold pressures. Barometric pres­
sures were read from an aneroid baromet.er. Dry- tmd wet-bulb tem­
peratures were measured with a sling psychrometer. Fan speeds were 
measured with a stroboscopic tachometer. Data, were corrected to 
standard air conditions and rated fan speed. 

The 3-horsepower fan assembly fOl' the north bin and the two 5­
horsepower fans with manifolds were calibrated later in a similar 
manner. 

Measuring Temperatures and Relative Humidities 

Temperatures in the grain mass were measnred by means of thermo­
couples, previollsly described, with a portable potentiometer. A so]e­
noid-operated S-ba,nk, 20-point. stepping switch arrnngement in euch 
hin permitted rapid ~'e!\ding of the 1l1lmel:OllS therillocouples. 

, Under the direction of Henry L. Ringle, research engineer, Stran-Steel Corp. 
7173-8300-0:)--2, 

http:baromet.er
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Air temperatures and relative lmmidities were recorded by means 
of a hygrothermograph. This was housed in a standard vVeather 
Burean instrument shelter located 0.2 of a mile from the quonset site. 
Sling psychrometer checks made occasionally at the quonset site incli­
ell-ted close agreement with the hygrothermograph data. 

Determining Insect Count and Damage 

Samples for' insect count and dl1.ma~e were not taken until t11e grain 
had ltl: percent h\oisture content or lower. Sampling was done at ir­
regular intervals; the time the grain had been in storage and the num­
ber Df insects in the previous sample determined the sampling interval. 
Both surface and probe samples were 'taken from the foul' quarters of 
each bin. The probe sample from each quarter was examined as a 
composite sample until 1959. Then top, middle, and bottom samples 
for each quarter were exnmined separately. The insect count and the 
damage was determined by the Agricultural Marketing Service, U.S. 
Department of Agriculture, at Tifton, Ga.5 

Determining Fat Acidity and Germination 

Determinntion of fat acidity and germination were made in early 
t.ests. Since grade and moisture content appearecl to be adequate cri­
teria for drying and since the value of tests for fat acidity and germi­
nation, were questionable for some grains the latter tests were discon­
tinued. 

DESCRIPTION AND RESULTS 

Spring Grains (Oats and Wheat) 

Description of Test:; 

In the 4 years, 1956 thro1lgh 1!}59, the tests were conducted, high­
moisture grain CQuld not be obtained because of disease and adverse 
weather. ltust in oats ctHlsed almost complete crop bilure. High 
winds ble, .... down grain alld dried it rapIdly before harvest could 
begin. Rains over· a period of 2 or 3 weeks prevented combining 
but did not prevent natural drying. Only in the spring of 1956 
was it possible to obtain oats and \\'11eat for dryingtests, and the initial 
moisture content of these grains was lower than desired. 

The wheat fwailable at the Georgia station filled the north bin to a 
depth of 5 feet 8 inches. Sufficient oats were available to fill the p<)uth 
bin to its fnn depth of 6 feet. At this depth and with the plywood 
pressure trench in place, there were 80S bushels in the bin on the basis 
of 1.25 cubic feet per bushel. Thermocouple cables and the humidity 
elements (in the north bin) were placed in the grain as filling of the 
bin progressed. The fan Wl1S onerated part time during the night 
while tIle bin was being filled, to-cool the grain. Because of the low 
initial moisture content of the grain, the fan was controlled, after 
filling of the bin was completed, by the humidistat so that it operated 

• D. W. LaHue, entomologist inchllrge. 
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only when the relit! tV(' humidity wus below 'i0 percent. Complete dnta. 
on tt'mpemtlll'l'8, preSSlll'eS, and gmin moisture were taken twice n week 
during drying. rempCl'flJllres were sometimes checked oftener. 

Results 

Results of drying ,,'hent and oats lLl·!'. summarized in lnble 1. The 
results indieatPlL safe drying at 1m economicld cost of about 1% cents 
per busllOl fOJ." "'helll reduced from 15.H to 9.2 percent moisture contet1t 
and 1 cent per bushel for oats reduced from 15.2 to 9.2 percent mois­
ture content, with eleetrical power at ~ ("ents pel' kilown,tt-hour. The 
aidlow rate was highet' than thaI re(~olllmended as minimum (2 c.i.m. 
pN' bushel foI' wheat and 1\6 c..r.m. pCI' bushel for outs and l1i percent 
initin,l moisture ('onlen!) for northern Georgia with parallel Itirflow; 
tlll\ grain witS dried to almost P perc('nl, whi('h is lower than normal. 
A lowpr t(Jtltl {'osl would have been aeitil'.Ved by drying to only 11 
pel:ecnt-·the reeommen([ed level fOJ.· southern Georgia. A sligh!; in­
festation of insects wns noted in the wheat in mid-Suly. No 'fumigant 
WIlS appliNI, and the damage was not excessive. when the bin was 
unloaded in mid-September. No insee! acti\'ity waR found in the oats. 

Fall Grain (Grain Sorghum) 

Description of Tests 

The nOl'th bin was filled with grain sorghum to the full 6-£00t depth 
once ('a('h S('[lson <1lt1'ing the·~ years the project was in operation. The 
gmin sor~hnrn wus used as it eam(' -from the combine, without cleaning. 
During tl.W [irst ~ years the humidity elements were used jn an effort 
to delineate tlw drying rronts. 

During the In[i() and 11)57 seasons unheated atmospl1Crie air was used 
for th(\ drying )ll'OeeHs. In W!l6 the hnmiclistnt was set so that the 
fan opemle(l only when tht' relllti\'e !tumidity w:u; below 85 percent. 
This getting WHg later redueed to 70 and linn,lIy to 50 percent. In 1957 
drying WlIS started with thl' humidistat set nt 75 percent; the Imm1di­
stat WIlS IlltN' set at 50 percellt. 

F'ol' the 1!lfi~ nndW5\) seasons a ,strnll-l supplemental hea!; unit 
with lnrtnne gas burnor was installed at the intake to the fan. Auto­
tnatiC' ('ontrol was aehicwed by It humidistat, locltted in one of the. mani­
fold sIN'V('~, !'lll1t pt'l'mitted the burner to operate only when the l'elutive 
hllmidity of I'll(' ail' c1isehttl'ge.d into the lateral cinct. "vas above 60 
percent. 

Results and Discussion 

HC'SllH~ of drying tht' font· bins of gmin sorghum 11I:e summarized in 
tnbh:~. In tlw first yell,!', (It'ying "'IlS started late ill NoycmbCl' with 
nil ludlow rnlt' lower than that l'c{'ol1l1nended for parH,llcl airflow in 
norrhel.'n OC'orgia. Low ternperat:ures f\lrther reduced tllC rate of 
drying; thi::; resulted in it high per-bushel {'onsnmption of clcct;ricity. 
At tlli::; airflow rate, howcv(ll': spoilage might h!tvo occurred becllllse of 
higlH'I' {PtnPPl·itt!ll·('S if drying had been attempted earlier in the 
season. T11t' m01Rl'1n'(' ('on lent' on .TfUllUU'Y 2, ID5'i, ,vas 12.!l percent­
highel' thnn would hI,' desired for longtime stol'ltge. Flll'ther (hying 
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TABLE 1.-Summa/iizeil1'esults of (l1'yilng wheat and oats, Plains, Ga., summer 1956 ttl 
d 
~ 

Moisture content Grade Drying time Electricity used per t::l 
bushel ~ 

Crop I Airflow .... 
rate Per 1 Co> 


Initial Final Initial Final Fan Total Total percent lI>­


operation in bin moisture I>:) 


removed d 

tn 
C.f.m. t; 

Percent Percent per bu. Hours Days Kw.-hr. Kw.-hr. t::lVVheat__________________ 15.8 9. 2 2 2 3. 5 182 13 O. 79 O. 12Oats____________________ ~ 15. 2 9. 2 1 1 3. 7 135 12% .53 .09 

~ 
E; 

I 
~ ...... 

~ 
t::l 



TABLE 2.-Suwmarized results of dl"!/iJng gmin s01'ghu1n, Pla,ins, Ga. 

o 
Moisture content Grade Drying time Electricity used LPG used per ::tl 

pcr bushel bushel ~ 
t::lAirflow Per 1Date drying started rate Fan Per 1 perc~nt 

Initial Final Initial Final opcra- Total Total l perccnt Total mOlS- ~ 
tion in bin moisture turc o 

removed 1 rc­
moved ~ 

~C./.m. o per 
Percent Percent bushel Hours Days ~Kw.-hr. Kw.-hr. Gallon Gallon 

Nov. 23, 1956 ___________ 2 2 3. 6 330 40.3 1. 50 O. 163 0 0 
Oct. 16, 1957 ____________ 19. 6 11.2 4 4 3.8 250 25.5 .94 .112 0 0

21. 7 12.5 ~ 
Nov. 11, 1958 ___________ 18.6 11. 2 1-2 1-2 3.1 206 9.5 2.86 2.116 2.125 2.017 

Oct. 8, 1959 _____________ 20. 3 9. 7 1-2 1-2 3.5 ~
221 17.4 2.82 2.078 2.197 2.019 

~ 
2 Weight estimated to calculate per bushel consumption.1 Number of bushels based on minimum test weight of 55 pounds UJ. 

per bushel at 14 percent moisture content and corrected for initial 
moisture content. 

i-< 
i-< 
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reduced the moisture content to 1()':3 percent by Febrmu"J 18, 195'7 at 
an additional electricity consumption of 0.75 kilowatt-hour per
bushel. 

Data for 1957 and 1958 showed little difference in the electricit.y 
used per bushel per 1 percent of moisture removed although supple­
mental heat was used in Ul58. Drying began almost a month earlier 
in 1957 than in 1958; thus, the drying was fast~L' because of the higher 
atmospheric temperatures. In the first :2 years the cost of electricity, 
at 2 cents per kDowatt-hour, per bushel per 1. percent of moisture 
removed was less than %0 of a cent. The last 2 years with the same 
electrical rate and LPG at 18 cents pel' gallon the comparative cost 
was % cent. Thus the cost of a 10-perc~nt reduction in moisture 
content under a verage conditions did not exceed about 3 cent,,> per 
bushel with unheated nil' and 5 cents pel' bushel with LPG for 
supplemental heat. 

Safe elL'ying was accomplished with tmheated air, as indicated by 
the fact thnt theL'e was no reduction in grade. The time of drying 
can be held to [L minirrnm by early harvesting and (h-ying, but more 
power and a higher airflow rate is needed with the higher moisture 
content to aSSllre safe drying. In many instances the supplemental 
heat provides excellent insurance against spoilage or downgrading, 
which might otherwise occur in high-moisture grain during extended 
periods of rainfal1. This was the case in 1959 when the atmospheric 
relative humidity was 60 per~at or below only 2D hours during the 
entire drying period. The ayerage wet-bulb depression was only 
2.5 degrees during this period; whereas, the normal is probably about 
6.0 degrees. 

Fall Grain (Corn) 
Description of Tests 

One batch of shelled corn "Yas dried in the south bin each year 
during the -1, years the project was in opemtion. The bin \vas filled 
to a depth of 6 feet each season. In ID56 t.he fan was operated con­
tinuously until the grain moisture content of the wettest layer was 
lowered to 17 or 18 percent. The fan was then controlled by the 
h:lmidistat to operate at a relative humidity of 70 percent or below 
until the moistm'e content reached 1'1 or 15 percent. Further economi­
cal drying was obtained by lowering the humidistat setting to 60 per­
cent and finally to 50 percent. Some slight variance from this 
procedure was followed in suceeeding years, such as omitting the 
SO-percent step or operating during the initial drying with a thermo­
stat setting of 90 percent rather than continuously during long 
periods of foggy or rainy weather. Temperature, pressure, and 
grain-moisture data were taken the same way they were in tests on 
ch-ying oats and wheat. They were taken less frequently during the 
later stages of drying because of the longer drying periods. 

The first, 2 years the pressure trench and the 3-horsepower fan were 
used. The 5-horsepower fan, with larger manifold, was installed and 
the pressure trench removed in 1958: 
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Results and Discussion 

Results of drying the four bins of shelled corn are summarized in 
tp,ble 3. The difference in the fan operation time for a somewhat 
'..'omparttble moisture reduction is indicated in the comparison of 1956 
and 1959 data. The rate of 2.8 c.r.m. per bushel took over twice the 
time a rate of ,', 5 c.f.m. per bushel did for only about 1 percent greater 
reduction in i110istnre content. The time required was influenced 
some by the weather and by the schedule of setting the hllmidistat­
neithel' of these was identical for the 2 years, The electricity con­
sumed per bushel per 1 percent of moisture removed was about 45 
percent higher in 1956 than in 1959. This was apparently the result 
primarily of n. Jess efficient scheduEng of the humidistat control. 
Even with these differences the l\,verage consumption of electricity 
for a lO-percent moisture reduction could be estima.ted to be about 
1% kilowatt-hours per bushel, or 2% cents per bushel with electricity 
at 2 cents per k-ilowatt-hour. These costs could be expected, except 
under very unfavorable weather conditions, with the drying opera­
tion beginning generally not later than early October. Actually the 
wet-bulb depression fo1' these yea1'S was 10 to 30 less than the normal 
:3- to 6-year a\rerages for the two 'Veather Bureau stations closest to 
~umter COlmty, Ga., where the project was located. The ,Vel1ther 
Bureau records for these stations have not been kept long enough to 
establish norms, but the data indicate that the normal atmospheric 
temperatures might be considerably better than those during the tests. 
Thus the time and cost figures resulting from the tests could be 
considered reasonably conservative. 

Safe drying was achieved in 1956 and 1951 with an airflow rate 
slightly lower than thllt recommended as minimum fo1' paranel air­
flow in northern Geo1'gia. 

The 1958 season 'vas the only one in which downgrading was known 
to have definitely occurred during the drying process. This down­
grading occurred mainly in the top third of the bin between ducts. 
Initially, the bottom third graded No.2, the middle third graded 
betw~en No.3 and 4, and the top third graded No.4. The bottom 
two-thirds had 22.2 percent moisture content and the top third 26.1 
p(>L·cent. Based on studies at Athens the airflow Tate of 5.5 c.T.m. per 
bushel was adequate for drying the bottom two-thinls safely but not 
the. top third. The air-flow was reversed 11 days arter drying began 
to provide drying from tIle top down because of molding occurring 
between ducts. 'l'heminimnm safe airflow rat~s determined at Athens 
applied to No.1 and No.2 corn. It wou1d be expected that a higher­
than-minimum airflow Tate would be needed to maintain the grade 
of corn initially low in quality because of kernels damaged in 
hut'vesting. 
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TABLE 3.-8-U,'l11Illla?'ized res1.l.lts of drying shelled C01'n, Plains, Ga. ---.. I
I l\foisturc content Grade Drying time Electricity used per ~ 

bushel 
td 

Date drying started Airflow o 
rate Per 1 per-

InItial Final Initial Final Fan opera- Total in bin Total I cent mois­
tion ture re­

moved I ~ 
...... 

oj:.C.,. 111. 

0> 

Percent Percent 1)cr bu. Hours Days KIlI.-hr. KIlI.-hr. 
~ 

Sept. 14, H)56____________ 1!l. 1 11. 0 1 1 2.80 307.4 25.0 1. 16 0.159 oOct. 15, 1!l5L ___________ 15.2 11. 2 21 (3) 2. 75 141.2 27.0 .49 .128 ~Sej)t. 14, 1958 ____________ 23. 8 10.4 5.46 82.9 26. 0 6 1. 57 6.117• 2-4 • 1-5Sept. 25, 1959 ____________ 18. 3 11. 3 6 1 (3) 5. 50 143. 0 12. 0 .77 .110 t:l 
l:t.1 

~ 
I Number of bushels based on rnJmmum test weight of 54 3 Sample not taken. 

pounds per bushel at 14 percent moisture content and corrected for • Individual loads graded. Initial low grades due to damaged o 
initial moisture content. kernels. Final low b'Tade also due to molding of damaged kernels. I:rj 

2 Grade not representaiive owing to improper method of 6 Weight estimated to cnlculate per-bushel consumption. >­
sampling. Later samples much lower in grade because of cracked 6 One-hnlf No.1 weevily. I:;) 

kernels and foreign material. E 

~ 
o 
l:7j 
l:t.1 
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Drying Corn to Lower-Than-Normal Moisture Content To 

Control Inseds 


Descl"iption of Tests 

Corn stored into the summer normally must be fumigated at least 
twice and sometimes more in order to prevent excessive insect damage. 
The cost of fumigant for each fumigation is about 2 cents per bushel. 
Some fumigants are lethal, and all fumigants must be handled care­
fully to avoid undesirable effects on the worker. Grain insects can­
not breed in grain with a moisture content below 9 percent, and their 
activity is greatly restricted in grain below 11 percent. It was thus 
decided to dry the grain to lower-thall-normal moisture contents in 
an effort to control insects without the use of fumigants. 

This drying was accomplished by continuing fan operation at a 
relative humidity of 50 percent and lower after the corn reached the 
normal moisture content fOl· safe storage. 

Results ond Discussion 

Results of drying shelled corn to lower-than-normal moisture con­
tent are summarized in table 4. The moisture reduction was fairly 
comparable for the 4 years the experiment was conducted; however, 
in the fall of 1958 the fan operated only about 30 percent of the time 
required in 1956 and used about 50 percent as much electricity as it 
did in 1956. This resulted from the higher temperatures in the fall 
of 1958. In 1957-58 the long drying time and the high consumption 
of electricity were caused primarily by the lower-than-normal wet-bulb 
depressions since the airflow rate was not too much greater than in 
1056-57. The extra cost of electricity for dl-ying required to reduce 
the moisture content to a lower-than-normal level ranged from 0.4 to 
1.2 cents per 1-percent reduction, with electricity costmg 2 cents per 
kilowatt-hour. For a 2%-percent reduction in moisture content the 
extra electricity cost might be expected to vary from 1 to 3 cents per 
bushel; hence, the average would be comparable with the cost of fumi­
gant for one fumigation. If the short time 'Veather Bureau records 
at stations closest to Sumter County could be considered as norms, 
then the average electricity cost for normal temperatures would be 
less thanllh cents per bushel. 

In 1956-57 insect samples were not taken until the drying had been 
completed. In 1957-58 about 4 percent of the kernels were infested 
with live insects or were damaged at the beginning of this drying 
period, and 3 percent at the end of the period. This reduction in in­
festation may have resulted partly from unloading and reloading the 
bin, to facihtate air-distribution studies. As the grain was moved 
mechanically, insects and foreign materials were sifted and blown out, 
which improved the grain quality. Also in 1958-59 insect samples 
were not taken until after drying was completed. Very few live in­
sects were found in the sample taken on November 21, 1958, and vir­
tually no insects were found in that taken on March 2, 1959. 

In the fall of 1959 almost one-half of the grain in the bin graded 
No.1 weevily. Samples taken October 14, 1959, indicated considerable 

'173-839~ 
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TABLE 4.-S1('7nrna!rized 7'esults of drying shelled corn to lowe?,-than-nmmal mo-wtU'l'e content, Plains, Ga. ~ 

Moisture content Grade Drying time Electricity used per td 
qbushel 
~ 

Date drying started Airllow 
rate Per 1 per- ~ 

Initial Final Initial Final Fan opcra- Total in bin Total cent mois- Z 
tion ture re- ..... 

moved too 
~ 
t>:l 

C./.m. q
Percent Percent per bu. Hours Days Kw.-hr. Kw.-hr. mOct. 9,1956_____________ 11. 0 8. 5 1 1 2.8 284. 9 97 1.10 0.438Nov. 12, 1957 ____________ 11. 2 9. 0 (1) 22-4 3. 5 342. 4 139 1. 38 .626 t;;

Sept. 30, 1958 ____________ 10. 4 8. 0 31-5 31-5 5.7 83. 3 17 .52 .216 t?1 
Oct. 7, 1959_____________ 11.3 9.5 (1) 42-3 5. 5 139. 3 61 .78 .433 ~ 

~ - o 
1 Snmple not taken. 3 Low grades due to kernel damage in harvest. ":l 
2 Bottom, No.2; middle, No.3; top, No.4. Low grades at 4 Low grades due to insect damage.

all 3 levels were due to cracked kernels and foreign material. ~ 
l:l:l ..... 

I
l:l:l 
t?1 
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insect damage and a resulting need for fumigation. Drying to lower­
than-normal moisture content had been started October 7, and it was 
decided to continue the process in an attempt to restrict insect activity 
without fumigation. Because of interference with other work, how­
ever, fan operation from October 7 to 28 was limited to 16 hours. The 
grain sample taken on December 2, when the moisture content was 
clown to about 9.5 percent, also indicated a need for fumigation; a 
fumigllnt was applied January 15, 1960. The sample taken on April 8 
showed an almost complete insect kill. 

Reconditioning Corn Dried to Lower-Than-Normal Moisture 
Content 

Description of Tests 

Drying grain to a lower-than-normal moisture content for protection 
against insects results in a monetary loss to the farmer who sells his 
grain, because buying standards give no credit for the lower moisture 
content and the extra weight loss. Rewetting the grain successfully 
to an acceptable moisture level would be the final step to avoid such 
a monetary loss in this alternate method of protecting grain against 
insect damage. 

Tests were run on shelled corn durin~ the four seasons to determine 
the feasibility and cost of such reconchtioning. The humidistat was 
set to operate the fan when the atmospheric relative humidity was 
70 percent or higher in late winter or early spring of 1957, 1959, and 
1960. In the spring of 1958 the setting used permitted fan operation 
at 80 percent or above, in an effort to reduce fan-operation time. The 
airflow Tates were the same as those used in drying. During the first 
year pressure operation, as in drying, was used initially until the corn 
in approximately the bottom half of the bin reached 14 to 15 percent 
moisture content. The fan was then reversed to pull air downward 
through the corn to complete the rewetting process. In April 1958 
(1957 crop) the air was pulled dOWlHyard through the corn the first 
82 hours and then reversed; this kept the wettest layer of corn on top 
where it could be easily inspect-ed. The same procedure was fol1owed 
in February 1959. In April 1960 the air was pulled down through 
the corn until the top reached 16 percent moisture content. The hu­
midistat was then set to operatB the fan at 70 percent and below in 
order to reduce the high moisture content at the top. 

Results and Discussion 

The first two seasons, with fairly comparable rates of airflow, about 
4.4 percent moisture, on the average, was replaced in the corn; this 
increased the average level to 13.1 percent (table 5). This was accom­
plished in 17 clays with less than 0.7 kilowatt-hour per bushel. During 
the last two seasons the moisture replacement amounted to about 3.3 
percent. This took 5 to 17 days and used 0.4 to 1.3 kilowatt-hour per 
bushel. At 2 cents per kilowatt-hour the average cost was less than 
lY2 cents. Thus the average cost of drying to lower-than-normal 
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TABLE 5.-Surrvmm'ized results of rewetting low-moisture-content corn to an acceptable level, PlaiJn8, Ga. .... 

Moisture content Grade Rewetting time 

Date rewetting started 
Initial Final Initial 

Percent Percent 
Jan. 17, 1957 _____________ 8. 5 13. 2 1
Apr. 14,1958____________ 9.0 13.0 2-4 
Feb.9,1959_____________ 9. 0 12.5 31-5 

Apr. 1, 1960_____________ 9. 6 12.8 • 3-4 
----_.- -- -­

1 Top and middle graded No.1; bottom, No.1 weevily. 

2 Sample not taken. 

3 Low grades due to kenlel damage in harvest. 


I 
Nrflow 

rate 
Final Ftm Total 

ope~.iltion in bin 

C.f.m. 

per bu. Hours Days 


1 1 2. 8 188. 5 18 O. 723 O. 154 rn(2) 3.5 178 16 .645 .161 
3-sample 5. 7 176 17 1. 260 .360 t:l

grade. t.".:l 
5. 5 72. 5 5 .400 .125• 2-3 ~ 

• Low grades due to kernel damage in harvest. Improvement o 
":j 

in final grade believed to be caused by difference in sampling 
conditions. o 

I 
l:tI 

:> 

l:tI 
t.".:l 

o 
~ 

Electricity used per bushel c:; 
q 

Per 1 ~ 
Total percent 

moisture ~ 
added .... 

C<r 
tl:­
t-:> 

Kw.-hr. Kw.-hr. cj 
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moisture content and rewetting to 13 percent moisture was about 3112 
cents per bushel, or slightly less than the cost of fumigant for two 
fumigations. Therefore the grain could be sold at a higher moisture 
content than the safe storage moisture content. 

The rewetting process should be used only if the com will be used 
within a short tIme. This is evidenced by the increased insect acti\rity 
in corn stored for about 2 months after l"ewetting. In 1957, the insect 
infestation in the lower layers, which were the \vettest, increased to 
about 9 percent. In 1!)58, 1959, and 1\:)60, the infestation shortly after 
rewetting was extremely low. 

Measuring Grain Pressureii When Low-Moisture Corn Is 

Rewetted 


Description of Tests 

Three methods wp.re tried in an attempt to measure the increase in 
pressurE' when low-moisture corn is rewetted. 

In the first method, cube-shaped cells made of sheet brass, with 
SR-.h strain gages attaehed to the inner surface on three sides of the 
cube re~H·esenting the X-Y-Z axes, were used (fig. 5). The cubes were 
placed m the coi·n at middepth approximately halfway between the 
pressure tunnel and the east wall, near the center of the bin longi­
tudinally. This was done in the fall of 1957. 

In the second method, strain gages were placed on liner sheets and 
two studs of the partition wall facing the workroom, in the fall or 
1957. 

Z FACE 

SR-4 STRAIN 

Y FACE
GAGES ON X, 

Y, AND Z 
INTERIOR 
FACES SR-4 

__-M-1r-- COMPENSATING 
OR DUMMY GAGE 

X FACE 	 ON STRIP OF BRASS 
SHEET-HUNG 

2" CUBE OF 	 LOOSELY 
BRASS SHEET 	 ACROSS CUBE 
SI LV ER-SO LDE R E D1_:::;::---"-7"4.i-_Y 
AT EDGES PLASTIC TUBING 

BRASS NIPPLE 
5"i'16 0 . 0 • 

CELL FOR 	MEASURING PRESSURES 
IN GRAIN MASS 

FIGURE G.-Cell for measuring pressures in the grain mass. 



20 TECHNICAL BULLETIN 1342, U.s. DEPT. OF AGRICULTURE 

In the third method, pressure panels made and previously used at 
Ames, Iowa,6 were recahbrated and installed in the partition wall in 
the fall of 1959. Figure 6 sho,'o'S the construction of a pressure panel, 
and figure 7 illustrates the installed panels as viewed from the 
workroom. 

A piece of corrugated galvanized sheet was fastened to the face of 
each panel, so that the panels would present a· surface almost identical 
to that of the partition liller she.et. The pieces were closely fitted but 
not in contact with adjoining pieces, and the joints were covered with 
tape t.o prevent kernels from wedging in the joints. Some slack was 

Type A-7/ ~ 

SR-4 ~ 


Strain Gages 

'> 5/s
ll 
Diometer 

, Cold Rolled 
Steel Rods 

FIGURE 6.-Construction details of pressure panel. 

• SAU.L, R. A.. lIF.ASqRElCENT OF GRAIN PRESSURES ON BIN WALLS AND FLOORS. 
Agr. Engin. 34 (4) : 231-234. 1953. 
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Fwum; 7.-l'ressure panels installed in partition between south bin and 
workroom. 

allowed in the tape at the joints to reduce the possibility of pressure 
being transmitted from one panel to (\nother. 

The studs supporting the panels were the same as the other paltition 
studs but. were installed specifically for this pUl'pOse, The studs were 
not fastened with pin connectors, but they were otherwise free to flex 
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under loud. Thus the resulting pressures!neasured would not repre­
sent the entire force developed m rewetting the corn. Rendings of 
the strain gages on the panel-supporting bars were taken before re­
wetting started and at least once a day during rewetting. Moisture 
samp'les were taken by probe just before making the strain-gage 
readings. 

Results and Discussion 

Figure 8 shows the daily deviations in strain-gnge readings from 
dry-grain measurements for one fnee each of two cells--one facing t11e 
end waU and the other the partition wall. The trend of the curves is 
upward of considerable magnitude, except for the .Jnnuary 29 read­
ings. The readings on that du,y are believed to be in error because of 
malfunctioning of the strain-gage indicator. 

Figure 9 shows the devintions for sides of the same cells facing the 
curved east wall. Here the general trend is downward, following the 
initial pressure increase after only 1 day of rewetting (January 17­
18) . This downwll,rd trend has at least two possible explanations. 
The first one is that displacement of the plywood pressure tunnel and 
flexing of the curved ribs of the building, in addition to relieving 
increases in pressure, might also permit the expanding kernels to slip 
and rise vertically; this reduced the pressure below that of dry corn. 
However) higher pressures on two of the faces of the cube (facing end 
and partItion walls) may have resulted in outward deflection of the 
other faces and, thus, negative deviations in strain-gage readings for 
these other faces. The second is that calibration of the cubes in water, 
as was done in this case, resulted in conversion data with almost equal 
pressure on all faces. Thus the calibration might not be valid under 
the COI~ pressures encountered. The first explanation seems plausible 
because of the reversals in trend on January 22-23 and on January 24. 

Figure 10 shows the deviations for strain-gages on one stud and the 
corrugated liner sheet. A definite upward trend resulted as the mois­
ture content of the corn increased. Results in terms of actual pressure 
increases are indeterminate, since the stud connections were not 
hinged. The problem was further complicated by girts fastened be­
tween adjacent studs. These shorteomings were recognized. in the 
beginning, but it was felt that even limited knowledge of deviation 
trends would be of value. 

Fig'11re 11 shows the rel~tionship ~e~ween lateral p~essures, meas­
ured oy the pressure panels In the partItIOn wall, and mOIsture contents 
for three depths below the to!? surface of the grain. Because of the 
vertieal arrangement of cells 1Il the grain probe, grain from one cell 
only does not give a fair representation of the gr'ain covering any 
sin~le pressure panel. Thns at the depth of 1 foot 4: inches the grain 
mOlstUl'e sample represents an area covered by three panels, and pres­
sures for these three panels were averaged. At the 3-foot depth the 
grain moisture sample represents the area covered by two panels1although the strain gages on one did not function. At the depth ot 
4: feet 8 inches the sample represents an area covered by two panels, 
and these pressurlls were averaged. 

'While it was possible to obtain pressures on the bottom panel, the 
moisture contents at that level could not be obtained because the bottom 
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cell is several inches above the lower end of the probe. Thus the 
maximum pressures in the bin were not plotted. 

In figul'e 11 the line for the 3-foot depth should undoubtedly be 
parallel to the lines fol' the depths of 4 feet 8 inches and 1 foot 4: inches. 
The 1ine for the depth of -:I: feet 8 inches shows that the pressure in­
creased from 165 pounds per square foot to 210 rounds per square 
foot, an increase of about :l5 percent, when the mOIsture content rose 
from 9 to 12 percent. This may not be a measure of the full increase 
in pressure because flexure occurred in framing members and liner 
sheets. 

A slight increase in vertical pressures at the depths of 1 foot 4 inches 
and 3 feet (}('currecl as the moisture content increased (fig. 12). It 
would be exp~cted that the 1ine for the 3-foot depth should lie between 
and be p:ll'<1.IJel to the lines for depths of 1 foot 4: inclH'$ and 4: feet 
8 inches. However, the points for the line for depth of 4: feet 8 inches 
are widely dispersed and additional data, would be desirable in estab­
lishing this line. Applu'ently some unknown factor Qt. factors have 
resulted in the crossing of the lines for the depths of 3 fMt and 1 foot 
4 inches. 

General results of rewetting in terms of increased pressures indi­
('ated that an increase in corn moisture content from approximately 
8~ to 16 percent at val'ious levels in the COl'll did no apparent damage 
to the building, 

Determining Drying Fronts Through Grain 

Description of Tests 

Humidity elemellts, previously described, were placed at the se­
lected depths in three bins of grain during one spring and two fall 
seasons. The elements had been calibrated previously in grain at 
thl'ee moisture levels of roughly 1.2,11, and 20 percent for each of three 
temperatures-l:5°, 80°, and 100° F. 

Results and Discuuion 

Three charts (figs. 1.3, 14, and 15) show the drying fronts in one 
bin of grain sOl'ghum. The moisture content of the grain sorghum 
was 21 percent initially; however, because of difficulty with the equip­
ment, valid readings were not obtained until 4: days after drying 
started, The chart for November 27 (fig. 13) shows a. 17-percent 
moisture line between the ducts almost in line with the top of the 
ducts. This may be because of slower drying in the area, but it is 
prob(lbly because of reabsorption of moisture caused by fan operation 
at high humidities. The drying fronts are not well defined, The 
moisture elements indicate a geneml level of moisture content rather 
than aceUl".lte values so that definitive drying fronts could not be 
expected. '1'he chart for November 30 (fig-. 14) shows an increase in 
moisture between ducts in this area; tJlis indicates definitely the 
r£>absorption of moisture from high-humidity air. Some reabsQt'ption 
on top apparently OCCULTed during the 3-day period, also. Consider­
able cl['ying occurred in the 3 dn,ys between November 30 and December 
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3 (fig. 15). Some improvement was not~d in the bottom third of the 
bin, although the humidistat setting permitted the fan to operate at 
relative humidities of 85 percent and below. 
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NOVEM BER 27, 1956 

ll'IOUJlJoJ 13.-Lines of equul moisture content show drying fronts in bin of grain 
sorghum. 
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~'IGUlIE lot-Lines of equal moisture content show increased moisture content 
fronts, as compared with NovemlJer 27 chart, due to fan operation at high 
humidities. 
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FIGURE I5.-Lines of equal moisture content show reduced mol.sture content 

fronts, as compared with November 30 chart i but they also show some rewet­
tlng of grain in lower layers caused by inability to control fan properly. 
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Determining Airflow Patterns Through Grain 

Description of Tes's 

Lateral ducts were covered with 16-mesh screen wire. Pressure 
reudinb1'8 were taken at intervals during and after drying by means 
of presSure taps in the face of the plywood tunnel and the curved east 
and west walls of the building. These readings were used to estab­
lish airflo ...v patterns through the grain in accordance with a method 
pt'eviously develope(V These airflow patterns provide a means of 
delineating apparent areas of unsatisfactol"y ventilation and of com­
paring the ventilation time at various points over and between the 
lateral ducts. 

A performance ratio 1 is another mensure of the effectiveness of the 
air-dIstribution system; this is the ratio of the slowest to fastest trav­
erse time for the arbitral'ily seleded flow lines. It expresses the ratio 
of the approximate length of drying times required and indicates 
how much longer the fan has to operate because of the nonuniformity 
of air distribution. 

Results and Discussion 

Airflow patterns, with n,rbitrarily selected flow lines, for typical 
tests are shown in figures 16 through 20. Lines of equal traverse time, 
which lutve been assumed to denote lines of equal ventilation, are also 
shown. The test results shown were selected primarily to illustrate 
differences of airflow rates and flow patterns at the various walls. 
The airflow rates for oats were 1.5 and 3.7 c.f.m. per bushel. The air­
flow rate for grain sorghum was 3.1 c.f.m. per bushel, and that for 
wheat 3.3 c.f.m. per bushel. 

Dnmpers in the three lateral ducts were adjusted to provide almost 
uniform pressures in the three ducts. The air distribution at the 
pressure trench and at the west wall was relatively uniform but it was 
not at the east wall. The chart for wheat· (fig. 20) shows a skewed 
distribution at the east wall for duct A compared with duct B. This 
could be partially due to accumulation of trash over duct A in this 
pnrticl1lar test so that the airflow rate from duct A through the wheat 
mass would be actually less than from the adjacent duct B i this would 
result in a skewed equal-time-line pattern. A longer traverse time 
can be noted on east and west wa11s than on the plywood wall of the 
preS;,"ire trench, because of the greater distance of travel up the curved 
waHs. 

Usually, airflow paths are not shown for an area midway between 
ducts, extending' a short distance above the floor. What happened in 
this area is not known exactly; the lines of flow in all probability do 
not show the true paths of airflow through this area. Part of the 
drying in this area may have resulted from temperature and vapor 
pressure differences that caused moisture transfer to the cooler, dryer 
grain. In all the tests where rates of airflow obbl.ined were equal to 

71lUKU.L,W. Y., nnd SnEED, C. K. NON-LINEAR AIR FLOW IN GRAIN DRYING. 
Agr. EDgin. 36 (7) : 462-466. 1005. 
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• -- LINES OF EQUAL PRESSURE PRESSURE POINTS 
(Number of inches-Waler Gage)

I.INES OF EQUAL VENTILATION 

(Number of Seconds) ------ AIRFLOW LINES 
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FIGURE 16.-Airflow net and equal ventilation lines for oats at wall of pressure 
tap trench. Average grain depth, 5 feet, 8 inches; airflow, 1.5 c.f.m. per 
bushel. Summer 1956. 
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• PRESSURE POINTS -- LINES OF EQUAL PRESSURE 
LINES OF EQUAL VENTILATION (Number of inches -Water Gage) 

(Number of Seconds) --- AIRFLOW LINES 

W 
c.!l 

a: "" w 
>
"" :1:= 
1-0 
a. (,0 
w 
0 
z 

a: "" 
c.!l 

.~ 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 
1.2 
1.3 

l!'IOURE 17-.\.irflow net and equal ventilation lines for oats at wall of pressure 
tap trench. Average grain depth, 6 feet; airflow, 3.7 c.f.m. pel' bushel. Sum­
mer 1956. 
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-- LINES OF EQUAL PRESSUREPRESSURE POINTS• (Number of inches-Wat,r Goge)LINES OF EQUAL VENTILATION 
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l!'IQURE lB.-Airflow net and equal ventilation lines for grain sorghum at wall 
of pressure tap trench. Average grain depth, 6 feet; airfiow, 3.1 c.f.m. per 
bushel. Fall 1956. 
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PRESSURE POINTS -- LINES OF EQUAL PRESSURE • 
LINES OF EQUAL VENTILATION (Number of inches-Waler Gage) 
(Number of Seconds) ---- AIRFLOW LINES 
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lJ'moRE 19.-Airflow net /lnd equal ventilation lines for grain sorghum at west 
wall. Average grain depth, 6 feet; airflow, 3.1 Cofom. per bushel. Fall 1956. 
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-EAST WALL --- PRESSURE TRENCH 
(NUMBER OF SECONDS) (NUMBER OF SECONDS) 
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FIGURE 20.-Equal ventilation lines for wheat at east wall and pressure tap 
trench. Average grain depth, 4 feet, 4 inches; distance along curved wall, 4 
feet, 6 inches; airflow, 3.3 C.f.ill. per bushel. Spring 1957. 

those found safe for drying with parallel airflow in northern Georgia, 
no visible deterioration of grain occurred in the questionable area. 

The performance ratios (table 6) are approximately the same for 
any particular grain regardless of rate of airflow in this air distri­
bution system. The r-atlO for oats is lower than those for corn, grain 
sorghum, and wheat; this indicates greater uniformity in airflow and 
better performance in drying Qats than in drying the other grains. 
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TABLE 6.-Slowest and fa.~test tTa1)e~'8e times of air pa<Ysing through 
grain and 1Ytti08 of trave1'8e tVrne8 

T raverse t·Ime 

Crap, lacatian, and I 

flow rate Lines A to. I Lines J to. R 

Fastest Slawest Ratio. Fastest Slawest Ratio. 

Wheat at pressure tunnel: Seconds Seconds Seconds Seconds 
3.5 c.f.m. per busheL ____ 6.25 11. 28 1.8 6. 05 11.63 1.9 
2.0 c.f.m. per busheL ____ 10.28 19.27 1.9 10.49 19.84 1.9 

Oats at pressure tunnel: 
3.7 c.f.m. per busheL ____ 7.59 12.31 1.6 7.07 12.32 1.7 
1.5 c.f.m. per busheL ____ 15.32 25. 06 1 6 14. 90 24. 80 1.7 

Carn at 2.0 c.f.m. per bushel: 
At pressure tunneL _____ 5. 62 10. 86 1.9 5. 66 10.87 1.9
At west waIL __________ 5.39 10. 70 2. 0 5. 38 10. 76 2.0 

Grain sarghum at 3.1 c.f.m. 
per bushel: 

At pressure tunneL _____ 4. 96 9. 50 5.04 9. 38 1.9
At west wall ___________ 1. 915.50 11. 28 2. 0 5.62 11. 32 2. 0 

Improving Air Distribution in Shelled Corn 

Lateral Ducts Covered on Top With Paper 

Description of Tests 

Previous tests had shown that the air leaving the top .of the lateral 
duct took only 50 to 60 percent as long to reach the top surface as air 
leaving the bottom of the duct. Therefore, 'tests were initiated in an 
attempt 'to improve this air distribution, particularly in the area ne.ttr 
the floor between duets. .A simple method.-.-.:tha't '.of putting paper over 
the tops of the ducts-was studied. Three widths of paper were 
used-14, 10, and 6 inches---'and the ·tests were run in that order. The 
dry corn was removed and heavy multilayered paper was placedlongi­
tudinally over the top of the ducts and equal distance on each side of 
the centerline. 

Results and Discussion 

As the width of paper decreased the duct pressure und traverse 
time decreased nnd t,he rate of airflow increased (figs. 21 and 22). 
Values for the 10-inch width were intermediate between values for 6­
and 14-inch width'S. Unfortunately the same fun was not used during 
the season these tests were in progress as was used previously. 
Ohanges had been made in the dampers and pressures were not ob­
tained under these c.onditions with no covers over the cludts. Thus 
no direct comparison can be made between ducts covered and not 
covered. However, a comparison with data from previous seasons 
indicated little or no improvement with duct covers. The 14-inch 
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-- LINES OF EQUAL VENTILATION OR EQUAL TRAVERSE TIME 
(NUMBER OF SECONDS) 
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FIGURE 21.,--Equal ventilation lines at wall of pressure tap trench with 144nch 
width of paper over top of lateral ducts. Average depth of shelled corn, 5 
feet, 11 inches j airflow, 3.3 c.f.m. per bushel. Winter 1958. 

width of :paper reduced airflow consideraJbly below tha't recommended 
as the safe minimum moo for corn of 22 percent moi&iure content. 
Even the lO-inch cover resulted in a rate on the borderline of this 
minimum. The increase in airflow rate as the cover width decreased 
was undoubtedly influenced by the loss of trash and foreign mat'ter 
each time the corn was removed to change covers. However, it is 
believed that this would 'have little eifeot on the air distribution near 
the floor between ducts. 
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- LINES OF EQUAL VENTILATION OR EQUAL TRAVERSE TIME 
(NUMBER OF SECONDS) 
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FIGURE 22.-Equal vl!ntilation lines at wall of pressure tap trench with 6-inch 
width of paper over top of lateral ducrs. Average depths of shelled corn, 5 feet, 
U inches; airflow, 5.1 c.f.m. per bushel. Winter 1958. 

Changes in D.uct Adapters 

Description of Tests 

On duct A, the lower two-thirds of the adapter shield was perforated 
with sufficient lj~-inch-dj.ameter holes to provide 10 percen'!:, free open­
ing. On ducl:; B, the sleeve was cut off and t.he adapter fastened di­
rectly to the \mIl. Duct C was left lmalwt'ed with the ael-a.pter shield 
extending into the building 81h inches. Special eare was taken in 
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loading each bin to assure even distribution .of shelled corn over the 
entire area and to prevent trash from accumulating in spots. 
Results 

C.onsiderable improvement is sh.own in the ventilation pattern for 
duct B in compaL"ison with tmaltered duct C (fig. 23). A comparison 
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FrOU.RE 23.-Equal ventilation lines at east wall and pressure tap trench. Duct 
B hns adapter nttached directly to wall; duct C has unaltered adapter. Aver­
age grain depth, 6 feet. 1 inch; distant"e along curved wall, 6 feet, 8 inches; 
airflow, 4.1 c.f.ill. per bushel. 
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of the summations of time, reciprocal-area produets for areas sub­
tended by equal ventilation lines indicates 50 percent improvement in 
performance for duct B at the east wall. Yentilationat the pressure 
trench was only about 10 percent better than at the east wall for duct 
B. Insufficient data were taken at duct A to plot lL similar chart. 

Storage of Fall Grain (Grain Sorghum) 

During the last 3 years the grn.in sorghum was stored for about 5 
months each season "without loss in grade. In 2 of these years the 
grade was improved approximately one grade (No. .J: to No.3 in 19:)7­
58 and No.1 and 2 to No.1 in 1958-59) because of the increased test 
weight. The initial storage moisture content was 11.2 percent. The 
gram apparently dded in stol'H.ge llnd reached a finnl moisture content 
of 10,4 pel·cent. 'l'he third year both the initiid and final moisture 
contents were 9.7 percent and there was no chtlllge in grade. There 
was no indic:ttion of insects in any of the initial samples. But in 
February 195D, after 5 months of stomge, insect activity indicated a 
nood for fumigation, and 5 ga.lIons of fumigant were npplied to the 
grain in the bill. Thus high quality was mlLint!Lined for storage pe­
riods of approximately 5 months with a grain moisture content ap­
proaching 10 to 10% percent when insects were not active. The 
moisture content was apparently not, low enough in n.ll 4 years to pro­
vide adeqUlLte insect control for long storage periods. 

PHYSICAL AND RHEOLOGICAL PROPERTIES OF GRAIN 

Some physical properties of grain have been determined by 
other investigators. However, the scope of such infol'mation is inade­
quate for present-day needs in designing grain-storage buildings and 
handling equipment. The problem was brought to a focus by the 
need fOI' determining increases in lateral pressures developed when 
grain is rewetted. Determining pressure by means of cells or panels 
had been tried, but it WItS felt that another approach might be fruitful. 

Two of the basic physicalrroperties on which there was !t lack of 
data pertained to the angle 0 repose of grain on grain (separation of 
shear plane) and the coefficient of friction of grain on the materials of 
the bin wall. These properties have been determined by other in­
vestigators, but only at one moisture content, in most cases, and often 
no information is available of the specific moisture content, size of 
kernels, or variety of grain used. Thus if grain is to be dried to 8 
percent moisture content, for better insect control, and then rewetted 
to 14 percent or higher, the changes occurring in the angles d repose 
and coefficient of friction need to be known. Information on the 
resilience of the material. to be stored was lacking, aJso. The resilience 
of any body is the stress enel'gy that may be recovered from a de­
formed body when the load causing the stress is removed. 'Vithin 
the proportional limits the resilience is equal to the external work re­
quired to deform the body, usually measured in inch-pounds. The 
modulus of resilience is the elastic energy stored up in a unit volume 
of a. material at the proportional limit. A knowledge of the modulus 
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Grain sorghum weighed 47.3 pounds per cubic foot and had a 
moisture content of 10.8 percent when sized. Screens with round holes 
were used. The peL'centages by kernel sizes were as follow.}: 

Of the kemels that passed through a l%.riIlCh diameter screen­
1.1 percent was retained on a l%.I-inch screen 
25.1 percent was ret.ained on a l%.rinch screen 
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Ilnd moisture content fOr corn and wheat. 
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4:D.8 percent was retained on a %4-inch screen 
20.1 percent was retained on a %.rinch screen 
3.3 percent was retained on a %4-inch screen 

Com was siZf>d at a moisture content of 14.0 percent and a weight 
of 47.:> pounds per cubic foot. The proportion of fints and rounds 
obtained by running through It seed-C'orn grader was as follows: 

Large round-retained on l'!li4-ineh slotted s<:reen-16.6 percent. 
Large flat-passed through Hiwinch slotted s<:1'een-36.3 percent. 
.Medium ronncl-retainpd on l:~;winch slotted screen-l.8 percent. 
)Iediulll flat-passed through 1~6.rinch slotted screen-8.1 percent. 
Small round-retained on l:u./-inch slotted s(,1'een-2.6 percent. 
Small flat-passed through l::iwinch ::;lotted sereen-2D.:2 percent. 
Cnder"Size rounds and fiats--7.8 percent. 

Results 

Statistical analyses were made of the data. Curves showing the 
relationship between the means of thf> tangents of the angles of repose 
and the J1loistnrt' contents ranging from about 8 to 24 percent are 
shown for corn and whf>Jit in fif,rtll'p 2;"j. A similar CUlTe could not be 
plotted for grnin sorghum, becau::;e of apparent errors in two sets of 
tll(, L'('adin!!S. 

For all tl\ret' grainB ti1f> mean angles of' repose at different levels of 
moiHtnre showed differellC'c at the le:5s-than-l-percellt-probability level 
by statistical tests of significallce (table 7). 

T.\Ilr.g 7..-An(Jly8i.~ of l'ftriance of angle of repose llu!asw'em..ents at 
8eL'eral moi8ltJ.,re levez..~ fol' corn, wheat; and grain sOl'ghwn 

COR~ 

Variable 
Degrees of Mean square 
freedom 

l'.[oi"turI' .. 3 **0. 14109133_>._ 

Error ... _. _•. 56 .00020481 

WHEAT 

4 **0. 64798975 
70 . 00025234 

GRAI~ SORGHUM 

l'.loistur(' _ • _ ._ 6 I **0. 00483266 
Error ...•.•.... 98 .00010654 

.--..----~~--~----'------'-------
HlIighly significant at l-percl.'lIt level. 
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Coefficients of Friction-Grain on Bin Wall Materials 

Descrip,ion of Equipmen, and Tes's 

Figure 26 shows the pivoted table constl'"llcted fOl' the determinu-tion 
of the coefficient of friction of grain on bin wall materials. Leveling 
feet were pro\'ided on the bottoms of the legs, and level bubbles were 
aUached to the table to obtain correct leveling. The material under 
test was mounted on plywood and supported in the pivoted table. A 
cylindrical banel was placed on the material, partly filled with gmin at 
a known moisture content, and a \veighted cover was inserted in the 
band. The band was lifted slightly to avoid conulct with the wall 
material. The table was elevated by the cmnk until movement of the 
grain on the bin wall materitll was noted. The angle of friction was 
read from the scale in one-half degree increments. and the coefficient 
of friction was determined from the angle of friction. 

Angles of friction were determined tor corn ane! wheat on four ma­
terials-Douglas-fir plywood, cold rolled steel sheet, galvanized steel 
sheet, and cOlTllgated galvanized steel sheet. . The corrugated sheet 
had cOtTllgations 2% inches on centers, twd the movement. of grain 
was across the corrugations. 'rests on plywood were run with the 

1.'IOURE 20.-Apparlltus for determination of the angles of friction of ~~rain 011 
bill wnll materillis lit VllriOuS moistUre COli tents. 
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grain movement both parallel to and across the grain. Grain sorghum 
tests 'vere run similarly, except that data 'were not obtained for gal­
vanized steel sheet. 

Grain for these tests were taken from the same lots used in the tests 
on angle of repose. Three trials were made with each sample and 
10 samples were used, or n total of 30 trials, for each moisture level. 

Results 

Data from the tests on the angle of friction were analyzed statisti­
cally. Curves showing the l'elationship between the means of the tan­
gents of the angles of friction and the moisture contents are shown for 
corn and wheat on four different bin wall materials in figures 27 and 28. 

-- .~ -- -"--t'--­22.0 

MEANS OF TANGENTS OF ANGLES OF FRICTION 

l"roURE 27~-Relationships between the menns of the tangents of the angles of 
friction and moisture contents for corn on several bill wall materials. 
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For all three grains, the mean angles of friction at different moisture 
levels showed highly significant differences (table 8). The same was 
true for metlll angles of friction on various bin wa]] mat~rials. Highly 
significant differences for corn and wheat at different moisture levels 
were shown for the various bin walll11aterials. This was not. true for 
grain sorghum because of apparent errors in readings at two moisture 
levels. 

TABLE 8.-Analy,'ti.~ of umiance of angle of friction measurements on 
different bin wall material8 f01' C01'n, wheat, and gmin s01'ghwrn, at 
seveml nwUitw'e levels 

Variable CORN 

Degrees of Mean 
freedom square 

.:\loisture________ • ________________________________ _ 

~[aterial________________________ - _________________ _ 
 3 **0.6598 

4 **.8122,:I;[oisture X materiaL______________________________ _ **.0176Error ______ - _____________________________________ _ 121580 .00043 

WHEAT 

.:\[oisture_________________________________________ _ 
4 **2. 1246 

~[ateriaL 

4 **1. 4133 Moisture X materiaL ______________________________ _ 16 **.0309Error ____________________________________________ _ 
7<)­
~D .00026 

GRAIN SORGHUlVI 

~[oisture 

6 **0.2712.Material X moisture _______________________________ _ 20 **.3273
Samples X mllterillillud moisture __________________ _ 243 .0002Error. _______ •• __________________________________ _ 

540 .00009 

** Highly significant at I-percent levcl. 

Modulus of Elasticity and Resilience 

Description of Equipment and Tests 

FigUL'(' 2fJ i1lustratl's the equipment used in the initial phase 01' this 
study. I<;:;sentinlly, it consisted of a eylincler 8 inches in dinmeter and 
1i·1, inehes long, mnde of 18-gagE.' cold rolled steel blltt,-welcled, an angle 
Iron frame. and n, hydraulic jack. SR-! gnges were attached, 90° 
llpart radinlly, to th£' outside sm"fnce 01' the cylinder at levels of 3, 24~ 
fll1d :W inrhes above the bottom to meaSllre the strain at these points 
resulting from pressure. 011 the gmin within the eylinder. The gnge 
on the hydraulic jack was calibrated before it was used in the study., 
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J!'roCRE !!!).···-Apparatus with tull columll of gruin used initially in study of modu­
lus of clu:;ticity. 
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An electric vibrator attached to the cylinder aided in obtaining a more 
uniform density of the grain mass. Later, a heavier vibrator was 
llsed in an etrort to make the grain, considered as a· semiliquid, act more 
like a solid and thus relieve the friction on the cylinder walls. 

After initial tests a pressure dynamometer was constI:ucted, and 
readings were tltken to determine the magnitude of the load trans­
mitted through the column from top to bottom. '1'his dynamometer 
consisted of three ahuninum pins %-inch in diameter attached to a 
plate and placed as it support under the floating bottom. Two strain 
gages were mounted, 1800 apart diametrically, on each pin; and the 
six gages were connected in series to increase the magnitude andaccu­
rar.)' of the readings. 

To help reduce friction on the cylinder \valls, the cylinder was coated 
im;ide WIth Teflon. This is a fluorocMbon resin for which the manu­
facturet' (:hdms a ver.)' low dynamic and static coefficient of friction. 

Hinee efrort~ to reduc(' friction I\ml overcome "dome" nction within 
tiJ.J rylincler <lid Ilot meet with success, a, change was made to a column 
approximately 1 in{:h high. The equipment dedseel for this set'ies of 
tests is shown in fig-me ;W. The grain sample was held uetween two 
eompression plates that were machined and polished to provide smooth 
surfaces. The thickness of these plates is suflicient to f)rovide negli­
gible "ellpping" unc1el' the pressures involved. A stain ess steel butt­
wolded band fitted closely around these plates and retained the grain 
sample. The, band was ullsupported and was thus free to move ver­
tjeaHy. The grain prodded Just enough frictional resistance to keep 
the band from falling off. Fout, strain gages, spaced {JO° apart rach­
ally, were attached to the band at midheigh~ to measure lateral pres­
sures developed under lond. 

'fhe general procedure used. for the short column was somewhat 
similar to that used for the ta,lI column. '1'he sample of grain was 
placed inside the band on the base plate and the top compression 
plate was inserted. Vibnttion was applied for no seconds, which 
was the pet'ioel clelet'mined by tests to be the minimum necessary 
to "settle" the corn, in order to obtain readings reproducible to a 
satisfactory degree; othendse, excessive viLriation in deformations 
o(,C'llt"recl ,,;ith the same load. 

Loads wcre applied uy meallS of a mechanical jack in IOO-pound 
increments whieh represented a pressure of 1.99 pounds per square 
inch. ~[ea,surement, of the load was determined by a hydraulic pres­
sure cell with calibrated gage. After the sn.mple was vibrated, the total 
height of the eolumn, ineluc1i:1g top and base compression plate, was 
measured with a micrometer at three points, 1200 apart radially, neur 
the 0ircumierence of the plates. The plates did not always remain 
absolutely parallel in the vibration and compression process. Hence, 
pins, with rounded tops, were inserted in the top plate at these points 
to aiel in ohtaining more aCClll'Hte measnrements. . 

Micrometer readings were taken with the load applied; the load was 
then released, and the column was allowed to stand for 3 minutes to 
permit the kemels to recover from the rompression effects before final 
mieromctel' rellclings were taken. '1'l1e three micrometer readings were 
avertlged to give n, single reading. The top compression plate wus 
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l"HlI'IlE ao. ~AV[Jaratus with grain colllIlln 1 inch high devised later for series of 
tl'::itl:! oUlIlotlulul:! of Cllll:!ticity aud rCl:!ilience of grain. 
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then removed, and the corn was stirred to chunge kernel location and 
position. This entire procedure was repeated for each 100-pound 
mcrement lmtil a maximum of 1,600 pounds (31.86 lbs. per sq. in.) was 
I·eached. This maximum loud represents over 10 times the maximum 
unit lateral pressures occurring when wheat is stored in a 20-foot­
diameter bin 20 feet deep. 

Results and Discussion 

Preliminary results with the tall column of grain indicated a much 
greater increase in lateral pressure at the top than at the bottom, -which 
was to be expected because of "dome" action. Even with heavy vibra­
tion a maxilllum load at the top of 239 pounds pel' sqmLl'e inch resulted 
in a vertical pressure of only 67 pounds per square inch at the bottom, 
or only ~8 percent of the load applied. 'Vith the Teflon lining and the 
same load: ·15.6 percent of the load was transmitted to the bottom. 

"\\'ith the shod column the total deformation measured was the 
decrease in column height when the load ,vas applied. The elastic 
deformation was considereel as the difference in column height under 
load and with the load removed after compression. Plastic deforma­
tion represented the difference between the original column height 
berore compression and the height after the load was removed. In 
no case did the column recover to the original height after it was com­
pressed; therefore, plastic deformation was considered as occurring at 
all loads. Some of the assumed plastic deformation may actually have 
been the result of slippage and realinement of kernels. 

Figures :31 and 3~ show results of tests on com at foul' moisture 
contents with elastic deformation plotted against the stress that caused 
deformation. It was assumed that equal amounts of work were re­
quired to produce equal amounts of elastic and plastic deformation. 
Thus the patt or the load causing elastic deformation would be equal 
to the product of the ratio of elastic to total deformation and the total 
load. 

Values or E, the modulus of elasticity, taken from the straight-line 
parts of the curves (figs. 31 and 32 ) to which Young's modulus applies, 
are given in table D. For moistme contents of approximately 12, 14, 
aud16 perc.ent little difference is inclicat.ed in tile modulus of elasticity, 
but that for 8 pe1.'cent is somewhat higher. Values of stress and strain 

TABLE 9.-Stres8-8tra.in va'zue8 at the Pl'op01,tional limit and moduli 
of eZa.sticity and 1'esilience fo'l' 8helled CO'rn, at fmtr mOMt1tre con­
tents, Plains, Ga. 

-----,,-~. 

Moisture content, 
percent (wet basis) Stress Strain Modulus of 

elasticity 
Modulus of 
resilience 

Pounds per Inch per Pounds per Pounds per 
square -inch inch square inch cubic inch 8.2. __________________ 0.80 0.00175 457 0.0007o12.3__________________ 11 

.68 .00200 340 .00068 
14.1_~. _______________ 

.69 .00200 345 .00069 
16.3------------------: 1. 5U .00410 365 .00308 

http:9.-Stres8-8tra.in
http:inclicat.ed
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taken at the proportional limits from these curves (figs. 31 and 32) 
were used in calculating the resilience moduli (table 9). The modulus 
of resilience is abollt the same for corn of 8, 12, and 14 percent moisture 
content, but that for corn of 16 percent is about three times higher. 
As would be expected, all the values are extremely low as compared 
with those for materials such as steel and wood, with which the 
engineer is accustomed to working. 

In the analysis of data just discussed, it was assumed that a straight­
line relationship, in accordance with Hook's law, exists in the initial 
p!~rt of the curve. Insufficient data were obtained to actually justify 
establislunent of the straight-line parts. It is possible that these prop­
er·ties of corn in compression nre similar to those of materials such as 
cast iron, concrete, and sometimes wood, which demonstrare a curvilin­
elLr relationship in all pads of the stress-strain diagram. It is 
evident that more data ~re needed, especially ill the low-stress values. 

SUMMARY AND CONCLUSIONS 
The use of airflow rates determined as minimum for sate drying of 

~rain with unheated air in paral1el flow in northel'll Georgii1 resulted 
JIl safe drying in southwestern Georgia with ail' in nonpn,rallel flow 
where good-qU!1lity grain w!)s rec~ived from the field. 

At; 2 cents pel' kilowatt-hour, the electricity cost for drying with 
unheated air to a moisture content of 11 percent-the level for safe 
normal storage-would amount to almost 1 cent per bushel for oat.s 
i1nd l1:'t cents per bushel for wheat for a 5-percent reduction in moisture 
content. For a 10-percent reduction the cost for shelled corn would 
!tverage about 2112 cents per bushel and for grain sorghum about 2% 
cents. The electricity costs for corn and grain sorghum would gen­
erally apply where drying begins in early October tmless weather 
conditions were very unflworable. . 

The drying schedule ordinarily used permitted continuous fan 
opemtion until the wettest layer of grain rellched 17 or 18 pel'cent mois­
ture content; humidistatic control then permitted operation at 70 per­
cent relMive humidity or below, until 14 Ol' 15 percent moisture was 
renched, after which the humidistat setting was lowered to 60 percent 
and finally to 50 percent. 

Under comparable weather conditions and within the range of lUl­

heated airflow mtes used, the drying time approached a straight-line 
relationship with airflow rate. 

,\Vith unheated air a 5-percent reduction of moisture content in oats 
and wheat took about 9 days. A 10-percent reduction in shelled corn 
iLnd g-rain sorghum in early fall took 1"7 to 31 days; the time required 
would depend on the weather and drying procedures. 

Drying grain sorghum with supplemental heat took 10 to 17 da,ys 
during two ;;(,l1sons, with the heater controlled to operate when the 
relative humidity was 60 percent or higher. 'With electricity at 2 cents 
per kilowatt-hour and LPG at 18 c.ents per gallon, the cost of these 
Items for a lO-percent reduction in moisture content averaged 5 cents 
per bushel, or about 2% cent.s pel" bushel higher than the cost of elec­
tricity fO!" drying with unheated air. The supplemental heat, however, 
provided good lI1SUl'ance against possible spoilage by increasing the 
rate of drying. 
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Shelled corn was dried from 11 percent to a lower-than-normal 
moisture content of 8.5 percent to reduce insect activity and possibly 
avoid the necessity of fumigating. The fan ,vas operated with un­
heated air when the relative humidity was 50 percent or below. The 
electricity cost varied from 1 to 3 cents per bushel; hence, the average 
cost would about equal the cost of fumigant for one fumigation. This 
drying required from 17 to 61 df\,Ys in early fall with an airflow rate 
of 5.6 c.f.m. per bushel; 139 days were reqmred in late fall and winter 
at an airflow mte of 3.5 c.f.m. pel' bushel. The corn could not be kept 
long enough to determine the effectiveness of controlling insects by 
this method. 

'{'he shelled com, which was dried to lo\ver-than-normal moisture 
content, was rewetted to an acceptable level for marketing by 
operating the fan at relative htumdities of 70 pel'~nt or higher. 
The moisture content was increased about a.3 percent in 5 to 17 cla,ys 
at an electricity cost of from less than 1 cent to ~Y2 cents per bushel. 
Thus the total cost of the electricity for the extra drying and rewetting 
averaged about 3V2 cents per bushel, or less than the cost of fumigants 
for two applications. The procedul'e appears to be practical, but care 
must be taken in l'ewetting to avoid possible spoilage in warm weather. 

Pressure increases on the structure due to rewetting shelled corn 
were measured by three methods. The method in which pressure 
panel::; werc mounted in the partition wall provided the only usable re­
sults at ,farjolts gmin depths. The latera,] pressure increased appre­
ciably when the moisture ('ont.ent. increased several percent. There 
was almost no increase in vertical pressure. 

Definitive drying fronts cannot be indicated by means of the pipe 
cleaner elements used, a,lthough the readings prO\ride a genera,] indica­
tion of moisture le\Tels in the cl'oss-section of the grain mass. The 
results indicate that there is considerable reabsorption of moisture by 
the grain whem drying occurs at a wide range of atmospheric relative 
humIdities, since manual setting of the humidistat does not; always 
permit iull advantage to be taken of drying accomplished at the lower 
humidities. 

Air distribution as indicated by airflow pattel'11s in the cross section 
of the gmin mass was relatively uniform at the wall of the pressure 
trench acros." the center of the bin and at the west wall. Skewed 
distribution was sometimes noted at the east; wall where the air enters 
the lateml ducts; this may have been primarily caused by trash 
accumulation. Air paths bet.ween ducts near the floor cannot be 
described adequately with the data available. The lack of such 
description makes it appear that the area was inadequately ventilated, 
but no spoilage OCCULTed under proper operating procedures. 'Vhen 
arbitrarily selected flow lines were used, results indicated greater 
uniformity in airflow and better performance in drying the oats than 
in drying the other grains. 

Tests with different widths of paper over the ~ops of the perforated 
lateral ducts indicated no improvement in air distribution due to this 
treatment. 

Cutting off the 8% inch length of sleeve to the lateral duct and 
fastening the duct adapter shield directly to the wall resulted in 50 
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percenii better ventilation performance at the curved wall-almost 
eqtiJ.l to thatacross the- middle oUhe bin. 

Grain sorghum wus stored without loss in grade for 5 months at 
moisture contents of 10 to 11 percent. If insects are present at the 
beginning of the stomge period, these moisture contents are not 
low enough to inhibit inse<:t activity and fumigation may be neces­
sary, especially when periods of warm weather OCcur in late winter 
or early spring. 

Angles of repose were determined for corn, grain sorghum, and 
wheat. For an increase in moisture content from 10 to 20 percent, 
the means of the tangents of the angles increased from 0.51 to 0:73 
for corn and from O.4S to O.SO for wheat. For all three grains the 
meim angles of repose at different moisture levels showed highly sig­
nificant differences. A significant difference shown between trials 
for gra.iIl sorghum was n,pparently caused by errors in readings at 
two mOIsture levels. 

Coefficients of friction of grain OIl bin wall materials were deter­
mined for corn, grain sorghmn, and wheat on cold roUed steel sheet, 
corrugated galvanized sheet, !md Douglas-fir plywood (movement both 
pfl;rallel to and across wood grain) at moistme contents ranging from 
about 8 to 24 percent. Coefficients for corn and wheat only were defer­
mined on galvanized steel sheet. For all three grains the mean !\,ngles 
of friction at different moisture levels showed highly significant differ­
ences. The same was true for mean angles of frietion on the various 
bin wall materials. For com and ""heat at different moisture levels 
highly significant differences were shown for the various bin wall 
materials. However, this was not true for grain ~orghum because 
of apparent errors in reading:;; at two moisture levels. As expected, 
the means of the tangents of angles of friction for all three grains 
were considerably higher for corrugated galvanized steel, with the 
grain movement across the corrugation:;, than for the other materials. 

Stress-strain tests were run (',n corn at four moisture contents, and 
the relationships between elastic deformation and stress were deter­
mined. It was assumed that equal amounts of work were required 
to produce equal amounts of plastic and elastic deformation. Thus, 
the part of the load ~Lusing elastic deformation would be equal to 
the product of the ratio of elnstic to total deformation and the total 
load. Values of E, the modulus of elasticity, taken from the straight­
line part of the stress-strain curves to which Young's modulus applies, 
show that for moisture contents of approximtttely 12, 14, and 16 
percent litH.e difference results but that for 8 percent is somewhat 
higher. 

The resilience moduli were calculated from stress-strain values 
taken at the proportional limits of the curves. The resilience modu­
lus is about the same for corn of 8, 12, and 14 percent moisture con­
tent, but that for corn of 16 percent moisture is much higher. All 
values are extremely low us compared with those for materials such 
as steel and wood. Insufficient data were obtained to actually justify 
establishment of the straight-line part of the curves. It is possible 
that these pmperties of corn in compression are similar to those of 
materials such ItS cast iron and concrete, which demonstrate a cUl'vi­
linear relationship in all parts of the stress-strain diagram. 
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