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CHAPTER I
INTRODUCTION
Background

Storage of cereal grains is an“important phase of;food supply.
The storea grain may be in a dormant State, but it is uéually alive
and capable of responding to physiological and biological processes.
The grain is subject to invasion by liQing fungi, yeast, and ba£teria
unless ﬁhe storage environmenﬁ is such that these enemies of stored
grain are prevehted from attacking the grain.

To prevent fungal invasion.duriﬁg conventional storage, excess
moisture must be removed from the érain before mold or fungal daﬁage
~can occur; and the grain must be maintgined at a safe moisture contént
and temperature throughout the storage period. Grain stored in large
quantities such as in te;minal type elevqtors is no;:necessa;iiy,sdfe,
from méld damage even though thg grain had andavérage mdistu:e\éon#ent‘
consideréd safe when_the grain was placed in storage;. Moisture
migration, temper;ture differences, mixed grain of unequal moisture
contents,and pockets of high moisture grain can contribute to an
interg;anulaf environment favorable for mold gfowthl This can fesult‘
in grain germ damage and even total loss of some or all of the graih |
in the‘zdnes wﬁich have accumulated excgssiQe moi#;une« Once grain
deteriqration starts, it can spread rapidly into much larger zones. .

To keep stored grain in "condition,” the 2zones ﬁhich have a tendency



to increase in grain moisture content must be periodically dried to
a safe storage moisture content. Drying qf tﬁe grain in étorage would
bg désirable to pre§eﬁt removing the grain and drying ig by conven-
tional methods.

Because of the resistance encountered by air flowing through the
full depth of a deep bin, excess}ve péwer would be required to fo?cé
air uniformly from top to bottom-or'bottom to top in.sufficient
quantities to sigﬁjficantly dry gfain afﬁér it ié“placed in storage.
HoweVéf, the pow;r requirement could Se significantly reduced if
cross-flow circulation of air‘were used to dfy the grain‘in élace in
vdeeé éylindricai_Sto:ages; | The air would ;ravel a shorter path
through the grain and.consequently, the resistance to air flow Qould
be greatly reduced. Figure 1-1 illustrates a vertica1, uniform flow
Sy§tem as contrasted to a cross-floﬁ, nonuniform air.circulation

syétem.
The Problem

fhe effectiveness of forced air grain drying systems is
determined by several parameters, such as: initial grgin moistufe
content, temperature and humidity of drying air, air circulation rate,
type of flow arr#ngemept, #nd other factors. The effect of these
éaramegers or factors on the amount of drying accdmplfshed,needs to
be known to desiga of manage a grain'drying installa;iqn. A method
for determining the drying effecf fpr a specified set of cqnditions
would bé useful in designing and in selecting operat;ngicbnditions,
for crossrflow‘drying systems. Thus, it would seem“that engineéred:

systems are needed for cross-flow forced air drying of grain in deep
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cylindrical storages.

| Previous grain drying research studies havgvbroduced methods for
analysing the drying effect in é Qniform system in which the air
travels through equal depths of grain. Howéver, therevseems to be
very little information available on the nonuniform Aryiqg systems of

cross-flow arrangements.
Objectives

The objectives of the study were:
1. To deveiop a general prediction equation that describes the
drying‘procesé aéross.cylindfical bins. The equation was
to be a ma;bematical relatiqnship rélgting‘drying acéomp}iShed.
or‘moisture removed to the many factors invplved which “
inflﬁence-the drying précess. |
2. To study the nature of the preSsuré, thermal, and moisture
gradients which &evelop within the grain mass during drying.
3. To verify_the pfedictiop equation in different sizes of binms.
The experimentalAfesearch'was plénned»to incorporate the
foliowing situations: | |
} Two agricqltural grains, wheat énd sorghum.
Three types of cross-flow Bin configurations°

A range of air temperatures that included atmospheric air

conditions and artificially heated air.



CHAPIER II
LITERATURE REVIEW
Mycology and Grain Storage

The intergranular atmosphere of stored grain can become a favorgble
envigonment for thebgrowth of molds and fungi. Fungi seem to be- |
univefsally present and,thé inféstation appears to increase from
hdrvesting through all of the staggs of handling the grain.

Andenson‘and Alcock (%, p. 1215 stated that molds, including
sevgtal yeéstlike fungi, which ha@e been found grpwing‘ih‘stored grain
an& grain products are chiefly members of the‘ggnéra‘"Aspergillus"
and "Penicillium' and are of the orders “Honiliales",and "Mutbra}ésJY
They listed;miniﬁum, optimum, and'ﬁagimum temperaturés‘gnd minimum )
relatiﬁe vapor pressures éuppOrting-growth of various species of

-microorganisms. (23, pp. 102~114);

One of the early»results of microorganism infestation is.grain
germ damage manifested by a decrease in yiability‘and 5>dgcréase in
processing quality° This sitﬁation in wheat is known as "sick.wheaF"
an& is very difficult to recognize. Germs or embryos of “sick wheat“
are off-color and either greatly weakened or dead. The,démagedehea#
has reduced germination and producés é'pdbr grade of flour. Tuite
and Christensen (34) found that germinaéién itself is not known to be
a quality factor in wﬁeat to be used for milling, but it appears t§

be a sensitive indicator of beginning or impending deterioration as a



decrease in germination percentage always precedes the development of
sick wheat. Other grains experience similar effects in tﬁe émbryo
damaging stage of fungal infection. Other stages of deterioration
from fungi are grain unfit for seed and commercial usg‘and finally
grain unfit for livestock comsumption. These latter stages are
manifest by sprouting, heating, mustiness, fermented odor, and putre-
faction. |

To prevent damage of the grain by microorganisms, an interseed
environment must be maintainedhﬁhich is unsuited for'growﬁh of the
m;croorganisﬁns° Some of the major‘facto£s which determine whegher
grain Qillvremain in sound condition are temperature and moisture’
éontent of thé grain and length of time the grain is stored. A few
methods of grain preservation are: ;ow moisture content, low temper-
ature, exclusion of ogygen, introductioh of an inert gas, and use of

a chemical toxic to microorganisms, a fungicide.

Hygroscopicity of Cereal Grains

Many organic substances possess the characteristic of taking on
orrgiving up moisture so that’the moisture content of the substance
approaches an equilibfium condition determined by the thermodynamic
properties of the surrounding atmosphere. Substaﬁces which exhibit
this characteristic are termed hygroscopic materials and the moisture
content of the material when in equilibrium with the surrounding atmos-
phere is known as the equilibrium ﬁoisture conténtq

The factors affecting the hygroscopic properties of cereal grains
are not as well definéd as would be desirable for processing and
~ storage of the crdpso ‘Much of the equilibrium daté found in technical

literature does not specify whether the data were obtained under



abso;ptive or desorptive conditions. The tém@erature effect upon the
equilibrium_moiétureVrelationships of several grains is nbt adequately
described.

Most agricultural products exhibit hysteresis in the adsorption
and desorption of water. Branauer (7) has described five isotherm
types ehCOuntered in‘physical ;dsofption.and gives a theoréticél
analysis of some of the types. The majority of the cereal grains are
of "type two" in the.desorﬁtive phasé-and probably also»in the adsorp-
tive phase. The ffype two"kisqtherms have a characteristic‘“S" or
sigmoid shape of\cu:Qe resulting fromla‘plqt of grain moistufe‘versus
ambient air humidity.

Babbit (4) feported sigmoid curves for desorption by wheat but
rgported"an adsorptive curve distinctly convex to the relative hq?idity
axis. In a @o;e reCent r;search study, Hubbard et al. (20) reportedr
Hysﬁéresis ioqps for‘wheat and corn and both phases of fhehghrves were
found to be siémoia as shown for wheat in Figure 2-1.

Some othgrfdistinctive_phenomgﬁa noted in relation to wheat hygro-
scopicity have been reﬂérted; Babbit. (5) féuﬁd that in aompleting_thev
désorption isotherm, it was never possible to remove all the moisture
from wﬁeat as evaluated by the equipment and methods which he employed.
The residual moisture confent was fgﬁnd.to be a fupctipn of temperatufé:

_However, Beckgr and Sallans (65‘5uégesﬁ that the valué,for moisture
content at zero relative humidity reflects a lack ;f comﬁ;eté eqﬁil-
ibrium rather than any ;bnormal condi;ibns of adsorption. Fairbrother
(11) reported that dried wheat flour a;es not'completely regain its

moisture content when re-exposed to the original relative humidity.

He also found that wheats of high and low moisturé contents, when
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FIGURE 2-1. Hysteresis of moisture sorption
in wheat, 35 C isotherms.

mixed, do ﬁot reach equal moisture contents. The low mqisturefwheat
always remained at a mdistu;e‘content about two per ceﬁt below that
of thé high moisture wﬂeat°

| The phenomenon of hygrogcopicity has been studied by many
researchers and as é result, sevefal'mathematical relationships have
been formulated fqr defining‘the équilibrium moisture conﬁent and
will be discussed as-followsj

In an analysis by Henderson (18),.§hg equiliﬁriﬁmlmdisture

isotherms'fbr\a number of“materials were found to followyé‘dimension-

‘ ally restricted equation of the following form:
l-rh =e

in which rh = equilibrium rgiativeﬁhumidity, as a decimal



M, = equilibrium moisture centent, per cent dry basis
k' = factor varying with material |
n = exponent varying with material,

- The effect of temperature was introduced into the equation by a
method based upon Gibbs' thermodynamic adsorption equation. By this
apéroach, k‘“ofAéquation 2-1 was found to be a function of temperature
such that:

k' = kT .

in which k= coefficient varying with material

L]

T temperature, F absolute.
Thus, the final equation was of the form:

n

l-rh = e-kTHe R 2-2

The factors k and n were evaluated by using eﬁuilibrium moisture
data for a variety of products. For wheat k = 5.59 # 10°7 and n = 3.03.

Pichler (28) féund that equation 2-2 does not permit the mathema-
ﬁical determination of the shift due to temperature of the equilibrium
moisture curve because n and k are not constants independent of temper-
ature} At a temperature change of 60 C the observed decrease in moisture
content was four tiﬁes theucalculated value.

Hall (15; p. 20) comments that of data available at different
temperatures for a variety of crops, oﬁly data for grain sorghum
follows Henderson's equation. Thé temperature variation for the
grain sorghum Qas 40, 70, and 90 F, bqt'itvwas not specifigd whether
the data was adsorptive or desorptive.(12).

An analysis by Becker and Sallans (6)_resu1ted in dividing the

desorption isotherms into three portibhs: an initial curved section
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concave downward, & linear region, and a curved section concave upward.
An equation was developed for each of the three portions of the
isotherm as in Figure 2-2. A summary of thé-three equations, values

-

of constants, and approximate region of applicability are given in
Table I. | |

Definition of symbols used in the equations of Table I are as
follows: |

M = Grain moisture content as a decimal, dry basis

M, = Moisture content as a decimal, dry basis, required
to form a unimolecular layer

[¢]
]

. A constant approximately equal to Hy/RT

=
=
[}

Average net heat of desorption of the unimolecular
layer, k cal per mole of water desorbed

R = Universal gas constant

T

Temperature, absolute

f

i

Relative vapor pressure, (relative humidity)

W = Grain moisture as a decimal, wet basis

Wy Intercepﬁ in a plot of W versus ln (1l-f)

wﬂ

i

Slope of plot of W versus ln (i-f)

In = Log to base e

[

n Constant, slope of linear portion.
An equation was developed by Haynes (17) by fitting equilibrium
moisture data to a general gquation‘by means of the modifiéd,Dbolittle

technique.

The' form of the general equation was:

' 2
Y{ _C + Clxl + C2X2i + c3X2 + c4X1X2, 2'3

in which Y

L

the log 'of the vapor pressure of .seed moisture
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FIGURE'Z-Z,_ Desbrption isotherm of wheat at 25 C il-
lustrating portions which are described by the B.E.T.,
Linear, and Smith equations,.

TABLE I

B.E.T., LINEAR, AND SMITH EQUATIONS AND REGIONS
OF APPLICABILITY IN DESORPTION OF WHEAT

| Approx. Region’

Values Of Constants of Applicobility

Equation Const. | 25¢C |50 C [25C 50 C

M/Mp=cf/(-f)[1tlc-Df] | My | 00780 | 0.0602 0.04 <f>0.30

B.ET (8 c 22.9 1151
M-Mg=af | M, | 00483 | 00278 o
, 0.12 <f<0.65
Lineor a 0.1715 | 0.1564 _
W-Wp/W =Zn(1/1-f) | W, |00845|00550|
0.50 <f<0.95

Smith (32) W' 0.0514 | 0.0595
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X; = the log of the vapor pressure of pure watér’at test
temperature ‘
X9 = the seed moistuge content, per cent dry basis
C and c; are constants depending upon the material.
The constants were evaluated by .using eéuilibrium moisture data
obtained by the vapor-pressure method. ?or wheat, the constants were:
C =-1.61379
cp = 1.26937
cyg = 0.12543

-0.,00250

c3
¢, = -0.01182.

Methods of Grain Drying Analysis

Theory of drying which is used in many fields of drying applica-
tions such as'chemicals, paper, and stones can“not always be directly
applied to drying cereal'grains“;ince gfain has some unique propefties
which influence the drying analysis. Some of these properties? such
as presence of a seed-coat and manner in which the moistqre is bound
internally in the kernel, are';nherent to the morphology. of the
kernel.

The vapor pressure theory of drying grain has been prgsented‘by‘
several research workers-(15:~p;‘245). As ﬁhe temﬁérature of a |
product is increa;ed, the vapor pressure inside the product increases.
Thus, there results a‘potential for flow of moisture from zones of
high vaﬁbr pressure to the lower vapor pressure of air surroundipg
the product. The‘flow of moisture is approximately proportional to
the vapor pressure difference between the product and the surrounding

atmosphere. Drying theory is influenced by the hygroscopic properties
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of grain which were mentioned in the previous section. Several

methods of approach to drying grain will be presented in this section:

Thin Layer Drying

Thin layer drying refers to drying of grain entirely exposed to
air moving through the product. (15, p. 252) . The resulting equation
represents movement of moisture during the falling rate period. - The
two major periods of drying are the constant ;ate_befiod and the fall-
ing rate period. In thé constant rate period drying takes place from
the surface of the grain and is similar té evaporation éf moisture
from a free water surface. The fallipg rate périod is entered after
the constant rate period and the critical moisture content occurs
between the constaﬁt raté andbfalling rate periods. The critical
moisture content is the minimum moisture coﬁtent of the‘grain that
will sustginﬁa rate of flow of free water'tolthe.surface of the grain
equal to the maximuﬁ rate of removal of water vapor from the grain
ﬁnder the drying cbnditions. For grain the initial moisture content
is usqally less than the critical moistu;e content so that all the
drying occurs in ﬁhe.falling rate period. Therﬁritical moisture 4
content fér wheat is bepween 69 and 85 per cent drybasis. (31).

The equation which forms tbe bésis for thin layer‘drying theory

is:

- M. = ek
MMo/‘Mo M, = e 0 2-4
in which M = moisture content at any time 6
-Mg = equilibrium moisture content
M, = original moisture content
k = drying constant, (the urnits are not clearly defined) .
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M-MO/HO-He is referred to as the moisture content ratio.

Time of response terminology, similar to time of radioactive
decay termindlogy; can be aéplied to\moisture.movemént. Thus, the
fime of one-half‘resp;nse in a drying process would be the time neces-
sary to obtain a moistufe content ratio of onerhalf. |

Thin layer theory is very imPortant in the study of grain drying;
but, since it wasidevelopea for. grain entirely exposed to the circu-
lated air, it ié,not an adequate method for use in drying grain-in a.

deep layer as in deep bins.

Deep Layer Drying
| Drying grain in a deep layer can be considered as drying in a
series of thin layers in which the.humidity and tempefature‘of air
leavipg each layer var;es with time depén&ing upon- the stage of drying.
Equations, in a&dition to the thin layer drying equation, are needed
for the deep layer drying analysis and were developed by Henderson
and Perry. (19). |
Drying with heated air can be an adiabatic process, in which the

energy for‘moisture evaporation is supplied by a reduction in'temper-
ature of the circulated air. The wet bulb (adiabatic humidification)
lines of the psychrometpiﬁ chart and the thin layer drying equation |
represent . this process and can Be‘used for calculating a drying heat
and mass baiance;. Air at state "a", see Figure 2-3, is heated to
state "pb" and passed through the material to be dried. The proéess
moves from state “b" up tﬁe wet bulb line, and the air exhausts at
state‘"c". équations were developed by Hendersoﬁ and Perry for the

rate of moisture removal and for the change in air humidity.
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H= Humidity

AH
]
-~

t =Dry Bulb Temp.

FIGURE 2-3. Skeleton psychrometric chart showing
air stape-change, b to ¢ for a drying process.”

The deep layer conditions expressed in .the above mentioned
equationsvare based on the tﬁin layer drying concept. This concept
does not rigorously hold for deep‘layersm(l9, P 257). “However, an
approximaté solution cén be obtaingdrby a stepwise integration process
considering thin layers through the grain dgpth. The stepwise inte-
.grétion is at best a laborious process and can yield.only an approxi-
mate solutfon subject to limitations of the equations uéon which the

method is based.

Hukill's Method of Analysis

. : |
This also is’'a method for analysing the drying process in grain

having greater depths‘than those for which the thin layer drYing
analysis applies. |

Thefcomfuted rélationships_between drying time, grain moisture,
and~grain;depth units weré génefalized by Hukill (21) to make them

applicable to various drfing'problemsa
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Descriptions of the above properties are given as follows:

Drying time - each time unit is the time of one-half response
of grain fully exposed to the air entering the drying system.

Grain moisture - moisture is expressed as the moisture
content ratio, H’Méfno'ue'

Grain depth - a depth factor is described as containing
enough grain that if all the theoretically available heat could be
used it would all dry to equilibrium in a period of time equal to the
time of one-half response. The pounds of grain, G, in each depth is

computed by use of the following heat balance equation:
(dQ/dB)cAt = AM (::haf/de?)hfg 2-5

in which dQ/d6 = volume of air, lb per hr

c = gpecific heat of air at constant pressure,
approximately 0.24 btu per 1lb F

At = maximum temperature drop of the air in passing
through the grain, F.

AM = M,-M,, per cent dry basis
dw/d6 = moisture removed from volume under consideration,
lb per hr
hfg = latent heat of vaporization of moisture from grain,
approximately 1170 btu per lb of water
G = (dw/dB)B”! .

With appropriate data the following information can be computed
using Hukill's analysis for a drying problem at any desired time after
drying has sta;ted:

moisture content at any depth;
pounds of moisture removed;

average rate of drying;
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temperature and relat1ve humidity of the exhaust air; and

thermal eff1c1ency of the drying operatlon.

Nelson's Batch Grain Drier Analysis

A preurction equation Qas deveioped by Nelson et al. (26) wherehy
the drying effect of air circulated through a bed or bstch of grain
can be calculated. The drying systemlcdnsidered was one that iﬁcluded
a bateh,or bed of grain of uniferm depth and dried by forced circule- |
tioh‘of‘heated or unheated air at a uniform rate.

Theory of simiiitude and dimehsienal analysis were used in devel-
oping the equation relatlng varlables such as average drying effect,
bed depth, air c1rcu1at10n rate, elapsed time, grain moisture content,
and enterlng air temperature and humidity. Censtants appearing in
the.equation were_evaluated frombexperimental date‘obtained with_
%ahoratory end fulljsiée drying instellationsf ‘The form of the

prediction equatioh is:

-c2>_L/V¢) 9.6

=
I

= ¢ ( AMAT/T,) "(1-e

in which E avg drying effect by air, 1lb of moisture removed

from batch per 1b of dry air circulated, 1b/1b -

AM ="difference, initial grain moisture minus equilibrium
moisture corresponding to entering air state, 1b/lb

AT =-difference; entering air dry bulb temperature minus

' "ideal' leaving air dry bulb temperature after a

constant wet bulb process to equilibrium humidity
for grain at initial moisture content, F

Te = air dry bulb temperature‘entering grain, F absolute

A = grain batch thickness or depth in d1rect10n of air
flow, ft

V =air circulation rate through grain, cfm/sq ft

¢ = elapsed time since start of drying process, min

e = base of natural logarithm systeﬁ;
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- The' above analysis can be used to estimate“avérage and instanta-
neous drying effeéts during operation ofwﬁatch grain‘drying_systems;
to plan an&_conduct experimeqtalEgrain dryiné investigatiang, and“to
iﬁcreﬁse the scope of ;pplicétions of grain drying expefimental
resu1t§¢

A s&stem of tables and charts frpm which the solution of equation
2-6 may be obtained for drying grain sorghum was developéd by Day and
Nelson (9) . Alignment ch;rts are used for the final solﬁbioq of the
equation. Thg_system of analyéis can‘be used to solve three basic
types of problems in design or operation of grain drying sysLems.
These include computing required_circulétion‘index, computihg avefége

grain moisture removed, and computing temperature of heated air.
Fluid Flow Through Porous Media

With regard to the system of forcing air through a bed of grain,
the systeﬁ is essentially‘dne of fluidvflow_through a porousvmedié.
A develapmgﬁt'of s ome of the phases of.this subject can cont;ibute to
-analysing - the air'circulatioﬁ:system involved in graiﬁ drying
#hstallatiohh. |

For single spheres, it is immaterialrin the study of resistance
to flow whether the particlewis féiiing and the fluid at rest, or the
fluidmin-motion and the particle aﬁ resﬁ; This fact has léd.seVeral
experimenters to believe fhat the resistance té the.paééage of fluids
thrOugh static beds of irregular particles éan be related. to the
laﬁs of motion of a fluid past a singleISphere, and that even the laws

of resistance of suspension of particles will be capable of expression

in terms of the resistance to motion of single spheres. Mott (24)
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states that such a simplification has not yet met with general accept-

ance. However, the above mgntioned laws’;re important to fluid fléw

tbrqugh éorous media and some of them Vill be sriefly discussed.
According to Wadell (35),a body in steady motion through any

real flﬁid;‘or at rest in # current Qf moving fluid, exh;bits a

resistance consisting in p#rt'of frictionless forces tangential to

the surface of the body, and in part of pressure forces acting normal

to thevsurface; If the véldcity ié constant (no acceleration) and

if the fluid is incompresgible (or if iﬁ a compressiﬁie flﬁid, the

velocity does not approach the acoustic velocity so that the, pressure

changes aré small and c6mpréssi$ilit§ may bé ﬁeglected) the resistance

may dependjmaiﬁiy.upsn ﬁhe relative velocity of f}uid and body; on

the dénsity and visﬁosity of the fluid; on the volume, specific

gravity,and shape of the bod&; and also upon the surface roughness

of the solid. Newton (27) proposed a‘quadratic‘law of resistance in

which resistance is di:ecﬁly.proportional to the square of the fluid_

velocity, thus;

R = CRAV2 Pg
in which - R = resistance to flow
Gy = ¢oeffi¢ient of resistance
A = éross~sectional areé pérpendicular to flow
v = fluid velocity
pg = fluid density.
Stoke's law showed that when a sphere moves s%oylylthrough a
fluid,vthe”resistance to motion is directly prqportioﬁal‘to_the

velocity to the first power,f Mott (24) points out that between the
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ranggs.of velocity covered by Newtonfs,lawand Stoke's law the resist-
ance is_proportioﬁ;l Ep a power;qf the veiocity intermediﬁte between
the quadratic of Newton's 1#@ and the fitst power 6f ‘Stoké"_s‘ law.
.Shedd (305 experiméntaiiy ;rfived at fundamental data of,the
resis;énce to the flow of air at conmstant veiscit&'tﬁrougﬁogt‘béds 6f
‘grain of unif?rm deptha ?lots by Shedd resulted ip curves which are
soﬁewhét cén;ex upward. If the ﬁlo;s were straight lines the pressure-

flow relationship could be expressed by formulas of the form:

Q = ap’ : 2-7

]

in which Q air flow, cfm per sq ft of floor

L)
]

pressure drop per ft depth of grain

P
L]

Value of Q when P =1

b

Slope of the curve.
Phenomena of hydrodynamics in porous media lead to differential

equations and boundary conditiqns which make the analytical solution
very diﬁfiqult; Examples‘of Such equaﬁidns used to defin; phases of
fluid flow are the Navier-Stokes equation aﬂd Laﬁlace equation.

The Laplacevequatibn occurs in many conﬁexts in physical
problems. Solﬁtions of this equation can Bg obtained by‘perfbrming
suitable experiments which are'ﬁhemselves governed by the Laplacé
eﬁuaéion.i in ﬁhis mannerlit is oftén possible Eo set'up ;n ahaiogy
to a éeféain problem of steady flow through porous media. and thqs ﬁo
avoid the tedious job of solving the Laplace equation analyticélly;
Orthogonal flow net problems desgribed by thé Lapl#ce eduation can

be solved by using an electrical conductive sheet analogy. Karplus

(22) and Soroka (33) give detailed instructions for using conducting
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sheets to solve flow net problems with various bohnda:y conditions.
Dimensional Anglysis and Similitude

In a physical system involving maﬁy’facéors or variables whicﬁ
influence the system, methods of dimensional analysis and gimilitude
offer a means of simplification achieved by cbmbiﬁ{né‘ﬁﬂé fa¢éo£s idto
a reduced number of dimenéibﬁieés groups or parameters which facili-
tate experimental and analytical research. Dimensional analysis and
similitude thus serve as a basis for planning and ofganization of
experiﬁents so that the maximum amount of useful information can be
obtained from a minimum:number of experiments; Dimensional analysis
establishes the conditions for the validity of experiments with models
and "the laws of comparison'" of models with their prototypes.

To utilize dimensional analysis and similitude, thg faétors or
variables considered to be pertinent to a physical system are chosen
and analysed diﬁensiénally. The factors are then groupea into‘inde-
pendent dimensionless groups referred to as pi terms. The number of
pi terms feQuired for a‘seﬁ of pertinent factors can be determined by
the Buékingham pi theorem which stateé that thé number of independent
and dimensionless products or.pi‘terms that are required to express
a relationship among the factofs of the system is equal to the number
Qf factors minus the number of dimensions in which the factors can be
expressed»(ZS). L;nghaar (23) refined the pi theorem by showing tﬁat
the numberiof pi terms required is always equal to the number of |
physical factors minus the rank of the‘'dimensional matrix for thg
facéoré. The pi theorem makes no stipula;ion as to the most appro-

priate set of pi terms which can be formed from the factors but any
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set consistent in number and form with the theorem is a valid set.
However, no set is unique and other terms can be formed by multipli-
cation or division of terms within the set.

‘The pi terms can be related by an equation of the type:

™ = f(mp, T3, ~=-T) 2-8
which involves an unknown function f. In order ﬁo formulate ; general
'prediction equétion from equation 2-8, the nature of thé function mu#p
be established. However; limited predictions can be madé,wfrom per-.
formance of a model system, to a prototype system witﬁout héving
évaluated.the fﬁnction:if the model and prototype are operated so that
each pi te:m»of the prototype system is equal to the.corresponding'
pi term of.the model system.

The function in equation 2-8 cannot be determined by dimensional
analysis alone but,may'be done from analysis of laboratory observa-
tions. Murphy (25)'outlined a method for detefmining_the typé of the
function and for e#aluating it. The methéd consists of arfanging the
oﬁservations so that all of the pi terms, except ohe, involved in -the
function remain constant, and varying that one to establish a relation-
ship betweén it and thé dependent term. This arrangeﬁent can be
refer;ed to as a treatment écheduleyfof the experiments. This procedure
is fepeated for eachkof.the pi'term§ in turn, and the resulting
relatiéﬁships between the dependent pi term and thg other.individual
pi terms, referred to as compohent equations, combined/to give é
general relationship. Generally the pi terms will combine by multi-
piiéatioﬁ.and if the component equations are of tﬁe power for&,lthe

general prediction equation will have the form:
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2-9

in which the k's are coefficients and exponents for the system., Power

equations have the form:

2-10

and plot as straight lines on log-log paper.
Murphy (25) discusses conditions which are necessary or sufficient
for combining the component equations by multiplication, addition, or

a combination of the two methods.



CHAPTER III
' EXPERIMENTAL DESIGN
General

The design of the research project "drying grain in deep éylin~
drical bins using cross-flow air circulation".gas apﬁroached by using
dimensionalranalysis and,priﬁcipleS'of similitude in which controiled
laboratory experiments were performed using model grain'ering systems.

‘The project was divided into two majér investigations: the air
circulation system apd the therﬁélbdrying system.

Models of deep éylindrical bins were used fér the grain drying
experiments using cross-fiow forced circulation of air. :Three types
of cross-flow arrangemeﬁté were chosen for the models as there seemed
to be no Fbest“ type of cross-floé'configuration for ;erminal type‘
grain storages. ’Tﬁe ;élection of‘type§ of cross-floﬁ arrangements
was influenced by systeQS'which would be feasibleﬁ}o add to existing

/-

structures as well as designs for future structuregy

In practice,
air ci;culation systems'might,be combinations of_croés;flow and
vertical-flow, but the model bins were\designed to study7only cross-
fldw. |

| -.The three cross-flow»configurations’included: bin type I, one
air ;élet chamber 6; verticalﬁ%lenﬁm on one side of the bin with an
exh;ust plenum directly opposiﬁe on the other side of the‘bin; bin

type II, two air inlets and two air exhausts with the inlet-pleﬁums

- 24
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opposite»each other and the exhaust plenums opposite each other; and
bin »type III, three air inlets and three air exhaustsialternating at
uﬁiform spacings around the bin. |

A set of miniatufe model bins, approximately six inches iﬁ
diameter, was designed for use in an indoor laboratory where control
of the installation was facilitatedi #Fhe miniature bins were used to
obtain the total or average drying effect; but the internal gradients
of moistu:e coﬁteng'ﬁn&,static pressure were not studied in these
médels as the siZe was,nét adequate fo¥ ﬁeasuring these properties.

A set of two-foot diameter bins was designed for use in an open
shed and the internal pressure and moisture content gradients were
measured in these bins. Howeyg;,_acmospheric air was used. in these

experiments and control of the system was limited.
Pertinent Factors énd:Dimensionless Groups

The pertinent quantities considered to influence the thermal
drying system and a set of possible dimensionless groups, pi terms,
formed from these quantities are listed in Tabie II. A general.

prediction equation relating the pi terms is as follows:
m™ = f(TTz, 77'3, '774’ T "'77'6, Tqs Tgs '77'9) 3-1

in which f denotes "a function of".
The pertinent quantities selected for the air circulation system
are listed in Table III along with a possible set of dimensionless

pi terms. A general prediction equation relating the pi terms is:

Ti1 = £0T12, 713, T145 T15) 3-2



No. Factor
L%
2 t
3 AM
4 Te
5 AT
6 Tg
7 Pg
8 zﬁ7ﬁ
9 Qa

10 Pa

11 Cq

12 U

13 r

14 s

TABLE II

PERTINENT FACTORS AND PI TERMS OF
THE THERMAL DRYING SYSTEM o

‘Description Dimension

Avg moisture removed from grain, _—
% dry basis.

i

Elapsed time of dryer operation, min. T

Difference, (M )1~M , 1bs moisture —
per 1lb of dry grain, dry basis as a

‘decimal -

(M )i = Initial grain moisture content,
dry basis as a decimal.

Me = Grain moisture content in equi-
librium with air entering grain,
dry basis as a decimal.

Air dry bulb temp entering grain, F abs. 0
Difference, T ¢~ Ty, F. 6
Ty = Ideal temp of air leaving grain,
F abs.
Initial grain temp, F abs. ' 6
Bulk density of grain, lb(M)/ft3 MLna
Difference Te'To F. : ; - 6

= Dry bulb temp of ambient air
. around. bin, F abs.

Total air circulation rate through bin, 1
(£ft3 of air/min)/ft3 grain.

Density of air entering grain, lb(M)/ft3. ML-3

Specific heat of air entering bin, mleol
Btu/lb(n) F.
Bin wall overall heat transmission wr- 261

coef, Btu/min ft2 F.

Hydraulic radjus of cylindrical bin, L
fr.
Circumferential spacing of vertical L

cross-flow ducts, bin circumference/
No. of ducts, ft.

26



TABLE II (continued)

Time, 0 = Temperature, M = Mass;
Length, H = Heat.

Dimensions: T
L

No. of pi terms required = 14-5 =9

A possible set of pl terms is:

™ = My Ty = Qt Tn
1 = =

T AM Te Te/Tg 78
Ty = AMA'T/'Te 'n'é = U/pacaQar T

Ty = r/S Tg UA7W/ pacaQarTe

if
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A'TW/ e

At/ Ta

pg/pa



TAPLE III

PERTINENT FACTORS AND PI TERMS OF THE
' AIR CIRCULATION SYSTEM

No. |Factor Description
1 P Static pressure head of air entering

bin, ft of water.

2 Qa Total or volumetric air flow rate,
(ft3 of air/min)!ft3 of grain.

3 Pa Air density entering bin, lbs(H)/ft3-

4 Ha Air absolute viscosity, lb(F)uin/ftz.

5 d Characteristic size of grain kernel,
ft.

6 z Roughness coef of kernel surface.

7 r Hydraulic radius of cylindrical bin,
ft.

8 S Circumferential spacing of vertical

cross-flow ducts, bin circumference/No.

of ducts, ft.

Newton's Second Law constant,
1b( gy /1b(yy £t/min?.

28

Dimension

L

-1

ML-3

FTL"2

mlp-112

Dimensions: M = Magss, L = Length, T = Time, F = Force

No. of pi terms required = 9-4 = 5,

A possible set of pi terms is:

Ti1 = P/r T4 d/r

1
N

2
Pyt QaNe/“a T15

r/S



Discussion of Dimensionless Groups, P1 Terms

‘The laws of dimensional analysis and similitude do not specify‘
the best or moest appropriéte set of pl terms which-can»ﬁe formeh ‘\
from a set of pertinent factors, but mere}y a valid set which are
dimensionless and independent. To facilitate experimeéfal and
analytical research, it is helpful to judiciously select pl terms
that afe meaningful in the physical system. Some ofgf%e dimension-
less groups will be discussed in this section. The factors and pi

b

terms are defined in Tables II and III.

Drying Effect Param;ter

Mz, moisture removed, per-cent dry basis, was considered a
convenient meﬁsure of the drying.éffecgwobtained.ih a drying system.
The term can be converted to a ratio of the weight of ﬁoisture
remo&ed to the weighf of dry air circulated by a method of an

earlier study (9) such that:
E = My/(Qat)(pa/pg)100 ‘ 3-3

in which E = avg " drying effect by the air, 1b moisture removed

per 1b of dry air circulated, 1b/1b.

Drying Potential Parameter

AMAT/'re was seleéted as the drying potential parameter.
Although it wduld be desirable tovdirectly use such properties as
air tempera;ure and moisture content and graiﬁ‘mbisture content in thg
prediction equation, the ps&chrometric prbperties of the air‘and the
hygroscopic properties of the grain woul@fseem tovbe“adéquately

characterized by the drying model described by ﬂelson (26). The
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drying model is depicted in Figure 3-1 in which air at an initial
teﬁperature, Ta, is heated to Te. In passipg through the grain,
moisture is added to the air at a constant wet bulb process until

the process intersects the equilibrium humidity curve for ;he initial
grain conditions and the air leaves the grain at a teyperature Tyo

AT = To~T This model may not be followed throughout the entire

Iz
drying period but is the effect for a constant wet bulb process, and
actual effect can be greater or smaller if actual process departs
from a coﬁstant wet bulb process.

ASM‘iS‘éompuEed as sh;wn in Figure 3-2 for an isotherm at the
temperature of the entering air,‘Te.

"I.'he‘ product AM A'r/'re,'n' 2'
tional to the drying potential of the entering air for a ﬁarticular

L »

X Mg, seems to be directly propor-

initial grain moisture content. A term to characterize the situation
when the initial grain temperature is not the same as the temperature

the air entering the grain was 73/72.

Air Circulation Parameter

Some of the factors c¢onsidered iﬁportant to be chafacterized
by the air circulation parameter were: velocity of air past a kernel,
distance the air travels through the grain before it reaches some
cérregponding point in model and prototype, time of air travelk'and
air flow rate per volume of grain. The tefm selected was Qat.

The rate of air)flow through an increment of bin height is:
. for model L | | |

flow rate = (Q)yVy = Qy[T(D /4y, cfm

for prototype : . » -

flow rate = Q) pVp = (Qa)PETnZ(‘Dg)Z/Z]y, cfm
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FIGURE 3-1. Skeleton psychrometric chart with a
superimposed equilibrium grain moisture curve
showing computation of AT,
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3

in which V = volume, ft

D diamgter, ft

y = increment of'height, equal in model and prototype, ft.
‘The nomipal air velocity is equal to the flow rate divided by the P
cross sectional area normal to flow at kernel location. fhe Cross

sectional area norﬁal to flow is proportional to the width of the

bin at a specified point times the height increment y, thus:

(Vody = Q@) ufr(o y/4c v 4]
= @ frm rac 4]
(vp)p = (@) p[mn? (D) y/4e n 4 3]

= (@g)p[ma(oy /4 c 4]

in which v, = nominal air velocity, ft per min
D = bin diameter
¢ = proportionality constant
4 = width of bin aﬁ lbcatién of kernel being considered

The ratio»of nominal velocities in model and prototype is:
, 2 2 ?
@) [T 2 /4 ¢ 4/ (@) p[raimy /4

for equal volumetric flow rates in model and prototype,

" Qa)m = (Qa)ps
(v p = vy

Thus, for equal volumetric flow rates in model and prototype, the
nominal air velocity past a kernel in respective positions in model

and prototype is n times as great in the protqtype‘éé in the model.
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The actual velocity would be much greater thanAthe nominal velocity
since the cross sectional area open to air flow is reduced by tﬁg’
amount of sdlid material present. However, for the same grain_in
model and prototype, it would seem the ratio of’Qelocities past a
kernel would be as the above analysis indicates. |
The time qf air travel to respective points in model and. proto-
type was analyzed as follows. |
Time for air to traverse b1n'= dlstance through
bin/velocity of air

Time through model bin = (D)M/(Vn)n

' 2
= (D)u/ Q)T (M /4 c 1]

Time through prototype = (D)P/(vn)f

n(p)n/(qa)PEm(nM)z/ac 1

be 1/(Q )Mvr(n)M

Thus for (Qa)u.= (Qa)P,.the time of air travel to respective points
in mode} énd"prototyﬁe is equal in model and in prototype. |

The air circulation pi term Q,t was thought to also fulfill
the desired requirements pf characterizing the amount of air the
grain isrexpésed.to and theileng;h of path the air h;s been in contact
with‘grain previous to arriving at some specified position in the
graiﬁ méss.T’A term that fulfills these‘requirementé‘in uniform grain

depth drying systems is Vg/A, (26),

in which V = air circulation rate, cfm/stht :

¢ = elapsed time since start of drying process, min
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A = grain bed depth thickness, ft.

The term Qg t as related to cross-flow dr&ing seems to be analogous
to the term Vg/A used in uniform drying as will be shown for a two
duct system,

v = velocity. of air = air flow.rate/ cross sectional area
normal to flow '

let v, = avg velocity at center of bin
thus, va = (Q D%¥/4)DY = QgrD/4
‘now v,t/D = Q rDt/4D which is proportional to Q,t since

/4 would be constant.

Parameter for Heat T;ansmission'Through the Bin Wall

| it Qas considered necessary to investigate the characteristics
of ﬁeat transfer through the walls of model bins and prototype bins,
especially wheniusingnheated air in model‘b;ps. 1t seemed re#soﬁable
to expect that heat loss from,the mbdel.bin wall to the gurrOunding
‘atmosphere could have a significant effect upon the reSuiys of drying
grain in‘small model bins in which the ratio of expose; wall sﬁrface
area to contained volume would be much higher'for the model bin thén
for the full sized bin. ‘The ratio was found.to bes -

(Surfacé area/volume)p = (1/n)(Surface area/volume)y

or (Surface area/volume)u = n(Surface area/volume)P.

;
/

Several of the dimensionless numbers prominent in heat transfer
studies were considered such as Prandtl number, Nusselt number, and

others. However, the parameter chosen, UZlTw/Pacharve, which is the
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product of‘wg‘x'v7 was thought to characterize the ratio of heat input

to a bin to heat transmission through the bin wall.

Static Pressure Parameter

The pressure required to overcome the resistance offered to the
flow of air by the grain was characterized by a pressure head unit P,
as was done by Rose (29) in a study of fluid flow through porous
medi;, instead of units of forée per unit area. This was done to
facilitate dimensional gnalysis and to have a unit which was similar
to that used by blower manufacturers. The static pressure parameter

was P/r.

Form of Reynoldé Number

Previous iﬁvestigations have shown that the head of fluid
necessary to maintaiﬁ a ;ertain nominal velocity of flow through
a bed of granular‘material is dependent’in Qome way upon’fhe deqsity
and the absolute viscosity of the fluid, upon the length of path of
fluid travel, the diameter of the particles, and the diameter of the
container of the particles .(29, p 137). A form of Reynolds number,
parzaneAu, seemed appropriate in the study of flow of air through
a bed of grain, especially since viscous resistance cogld be
characterized in this way and a direct term of air resistance was

not employed.
Experimental Treatment Schedule

To facilitate experimental research, the general prediction
‘equations 3-1 and 3-2, for the thermal drying system and air circu-

lation system respectively, were reduced to manageable proportions
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by considering a separate prediction equation for each type of grain
and for each type of bin configuration. The form of the general

prediction equation for the thermal drying system was reduced to:
’)Tl = f('TTz, '7T4,"7TS, '77'6) R ' 3-4

The .general prediction equation for the air circulation system

was reduced to:

m,, = f('n']_2 o T

11 3-3

140

-

A set of experiments was designed to evaluate the relationship
of equation 3-4 and was designated as the treatment schedule for ﬁﬁe
thermal drying system, Table IV. The treatment schedule is to be
repeated for each bin conﬁiguration and for each type of graiﬁ. A
range of each pi term was planned so the prediction eqﬁation would
"be directly applicable to prototype installations withodﬁ-extrapol-
ating the results from which the prediction equation was fofﬁulatéd. .

-

The approximate range to be covered for the terms was:

Tp, o.oozé to 0.017
s, 1.00  to 1.17
g,  0.00036 to 0.0035
T4, 0 o 12,000,

The results from "calibration of air flow rate" were used to
evaluate the relationship of the prediction equation for the air
circulation system. These experiments are reported in Chapter IV,

Experimentai Procedure.



TABLE IV

TREATMENT SCHEDULE FOR GRAIN DRYING EXPERIMENTS

Ty 7, g g T,
(np) s
(n2) 5
*
(n5) 3 EL g EA
. (x2) 4
3
" (1(2) 5
& (n5) 1
u .
o (ns5) 5
]
o (25) 4
! '
(ﬁs)s
—d
¥ (“6)1
o
" (ng) 2
- .
] Eﬁ 55 ‘(“6)3 R@
o . .
@ (ng) 4
b »
(ﬂé)s
()4
(ﬂa)z,
EZ -1?5 ‘ ;6 (1(4) 3
EAN
(1(4) 5

* Bar denotes constant value of pi term
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Experimental Equipment and Instrumentation

Miniature Mbdel Bins

The equipment used in the experiments with the miniature model

bins will be listed under the headings of Calibration of Air Flow Rate

and Grain Drying Experiments.

The equipment and instrumentation set up for calibration of air

flow ratevthrough the grain is shown in Figure 3-3. The component

parts weres:

1.

2.

3.

Tank for compressed air.

‘Bcales to weigh air tank. Toledo Balance scales, Serial .

No. 882309, Modei 4032-y, 0 to‘SMLp‘cap;city.

Air line hookup ffom air tank to plenum cﬁamber consisting
ofs fléxible air hose, air pipeline, valve, and prgssuée
regﬁlator.

Plenum chamber.

Pressure inclined manometer and pressure micromanometer.
The iqclined manometer was a Meriam draft gauge, Serial

No. F-4, Model B-627, Type GP-4, single tube, pressure
range of 0 to 2 inches water in 0.01 iﬂéh increments. The
micromanometer was a Dwyer hook gaugeiﬁanometer, Model 1420,
pressure range §f 0 to 2 ingﬁes_of water with smallest
division of 0.001.

Stop watch.

Modél bins filled with grain. Dgtails'of the bins are
included in the grain dryiqg experimjentsn

Air wet and dry bulb temperatﬁrexmeasu:ing psychrometer for

ambient air before being compressed. A Friez hand-aspirated



FIGURE 3-3 Equipment and instrumentation
for celibration of air flow rate

FIGURE 3-3 (continued)
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psychrometer, ModeI,HA-ZQ

9. Arr dry bulb temperature'thermocouple and indieatorlfor air
in plenuo‘chamber. A»Brown Electronik single point temper-
ature recording potentiometer, Serial No. 605641; Model -
152x13P-x-11 for iron constantan thermocouples,.o to ZOO'F.

10. Air compressor for charging air tank’ |

11. garometer. A Cenco mercurial barometer Catalog No. 76878.

The equipment and instrumentation‘usedtin the grain drying
experiﬁente are ehown in Figure 3-4.“fo%fthe dryihg experiments, the -
plenum chamber was moved from the shelf; eS‘osed in the ‘air flow
calibration experioents, down to a platform near the floor so the
scales could be mounted above the exhaust pott of the pienum chamber.

The three miniature ﬁodeltbins with cross~£flow configurations
were‘built,or,clear lucite plexiglass according to Figure 3-5.

Figure 3-6 is a photograph of the three miniatore model bins. The
bins were covered with two inch thick insulation and a cover of
polyethylene plastic £ilm was sealed around the insolation, as shown
in Figure 3-7> in order to oinimize error in change'of weight or'the
'blns during the experlment due to the hygroscopic properties of the
1nsulation around the bins. ’

The model bins were $et in place on a cradle which was attached
to the sceles at the&top of the cradle ano to a flexible»tube
connecting the bottom of the.cradle with the exhaust port of the
plenum chamber; Byvthis arrangement, chahge‘of grain moisture content
would be noted by thenscale reading. An'insulated outer chaﬁber
surrounded the cradle ahd bin. The flexible‘tubing connecting the

t

cradle with the plehum exhaust port wes'very thinmpolyethylene



FIGUFE 3-4 Equipment and instrumentation used
in drying grain in miniture model bins.
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FIGURE 3-5; Design details of miniature model bins.

plastic film. Theuapparatus was sensitive to one gram when the
extension of the tubing was maintained constant. The cradle inside
the opened outer chamber is shoén in Figure 3-8, the plastic tubing
vconnecting the bottom of the craale with the exhaust pért of the

plenum chamber is blocked from view by the bottom of the cradle.
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FIGURE 3-6 Three miniature cross~flow model bins
built of plastic.

FIGURE 3-7 [lliniature model bins with insulation.



FIGURE 3-8 Opened outer chamber showing
cradle on which the bin rests.
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Figure 3-9 shows a bin in place resting on the rubber gasket on the'
bottom of the cradle.

A floating seal was used to cover the top surface of the grain
when -the bins wefe.in use so that the seal followed the grain as the
grain dried and shr;nk an& p:even;ed short:circuiging of qhe*;rossé
flowléif. The floating sé&l consisted of covering the grain with a
sheet of thip‘piastic‘film, placing a cone on the film as in Figure
3-10,‘and pouring'dfigd sand over the cone so that the film was. -
pfessed tight against the bin wall} ‘The exposed film was then folded
over the sand sovthaf the seal could slide déwn the inside of the bin
as the grain shrank.

Theiépmponent parts of the drying set up were:

1. Dehumidifier. A Coldspat automatic dehumidifier, Serial '

No. 16369050, Model 106.614150.
2. Humidifier. A pan of water setting over an elegtric heating
. element with variable heat controller.

3. Air supply blower. A Fasco centrifugal blower, Serial
No. 50748, Model J118, 100 cfm capacity at free delivery
and 0.8 inch water cutoff pressure,

4. Plenum chamber with iﬁternal electfical heating elements and
controls for.the’heater. The controller was a Brown Electronik
temperature indicato; ﬁnd controller, Serial No. 561940, Model
105C4p22 for iron-constantan thermocouple sensing elements.
See wiring circujt in Figure- 3-11.

5. Cradle on ﬁhicﬁuﬁo’suspend bins from weighing §ca1esm

6. Weighing scales. vSaﬁe as component part-Hd. i i; calibration

set up.
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FIGURE 3-9 Opened outer chember showing a
bin in place.

FIGURE 3-10 Cone and plastic film of floating
seal used on miniature model bin.
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FIGURE 3-11. Electrical wiring circuit for heating elements in
plenum chamber and in outer chamber.

7. Insulated outer chamber, around bin and cradle, with a built-
in 500 watt heating element and variaBle heater control. See
wiring circuit in Figure 3-11.

8. Model bins as described above and floating seal to cover
exposed grain when bin is in place on cradle.

9. Inclined manometer and hook gauge for chamber pressure.

Same as component part No. 5 of calibration set up.
10. Temperature thermocouples and indicating instrument for
measuring temperature of: - |
ambient air - wet and dry bulb;
air entering grain - dry bulb;'énd

exhaust air from bin - wet and dry bulb.
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A Brown Electronik 48 point indicating potentiometer for iron-
constantan thermocouple sensing elements, Serial No. 553140,
Model 156 65Ps48, 0 to 300 F.

11. Grain supply céntained in pléstic film bags which were kept
inside a refrigerated cold storage chest. The grain was "Kaw"
variety hard red wintér wheat.of the‘L§6i harvest in a natural
state of varying ﬁoisﬁure.ééntents from 21 per cent to 16 per
cent, dry basis. |

12. Drying oven and weighing scales for determining initial grain
mpistgré ééntent; The oven was a Precision Scientific Co.,
Serial.No. 130-380, 800 Wattsuwith a température controller
with 1 F sensitivity. The scaiés were Torsiqﬁ Balance, Serial
No. 42479, Model IL-6; é kg capacit&awith O,l’gm‘divisions.

13. Instrument bench vibrator. A 1/4 hp electric motor was used

as a bench vibrator to give increased sensitivity to the dial

instruments.

L4.“7Blowér to circulate air #round bintinéide outer insulated
chamber. |

15. Timing watch.

16. BArometer. Component part No. 11 of calibration set up.

17. Therometer to measure initial temperature of bins ;nd grain.
A Taylor liquid in glass thermometer Model 208, O to 120 F

with 1 F divisions.

Two-foot Diameter Model Bins
The two-foot diameter model bins were built on a length scale of

1/10 that of a hypothesized pr6totybe 20 foot diameter by 100 foot
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tall -except the height of the models was further reduced. The model
bins had inside dimensions‘of tﬁo-fﬁotvdiameter-by four-£foot hiéh #nd
were buiit according to the plans of Figure 3-12. The test section,
from which moisture content samples wefé takeh, was the two-fqot depth
of grain located one foot froﬁ'either en?,,seg Figure 3-13. The test
section of grain was tﬁought to be representative of a upit depth of
grain anywhere in the prototype except néarvthe top or botﬁom due

tq end effects and except-fdr.the effect of grain cémpaction ﬁhich
might occur in‘tﬁe prbtopype.

The vertical ducts fbrvair circulation across the bins extended
six inches above an& belprthe test section but lacked six inches of
reaching the top or bottoﬁ of the.binsn With this arrangement and by
maiﬂtaining the bins in an almost full condition, it Qas Believed-that
end effects and short circﬁiting of air, not passiﬁg through the full
cross-flow path, weré minimized. -

The model bins had remoQable'lids which were réﬁoved for filling,
emptying, and for.saﬁpliﬁg the grain. .A sampling 1id was‘prepared
withrholes in it for taking sampies of grain at'deéired posi;ion;
using g-miniature grain trier, | |

The air inleé, air‘exh#u;t, and bisector radials of each bin were
designatéd aé shown in Figures 3-14, 3-15, gnd 3-16. Positions 1, 2,
and 3 were for samples from an air inlet radial; 4, 5, and 6 were from
én air exhaust radial; 7, 8, and 9 we:é frqm a bisector radial; 10 was
_in the center of the bin; and 11, 12, and 13 were positions in the
extra radials of bin type I. All these positions are also shown in
Figures 3-14, 3-15, and 3-16 and from these figures it can be noticed

that positions 1, 4, and 7 (of the radials except the extra radials of
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FIGURE 3-12. Design details of two-foot diameter model bins.
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FIGURE 3-13. Test section of grain in
two-foot diameter bins.
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Rodials
Inlet |[Exhgust | Bisector |Exiro
A C B, 0 |E,F

G, H

FIGURE 3-14. Designacion of radials and sampling positions,

two-foot diameter bin type I.
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Rodiols
Intet Exhoust {Bisector
A C B, D
E G F, H

FIGURE 3~15. Designation of radials and sampling positions,

two-foot diameter bin type II.
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FIGURE 3-16. Designation of radials and sampling positions,

two-foot diameter bim type III.
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bin type I) are located at the mid-area of an outer concentric area.
Also, positions 2, 5, and 8 are at mid-area of another concentric area,
and positions 3, 6, and 9 are at mid-area of a third concenﬁric area.
These three areas are equal bdt‘the inner area which contains pOsition
10 is only 1/3 as large as each of the three éoncentric equal areas.
The above position layouts were for convenience in sampliﬁg the grain
during the drying experimeﬁtsa

An overall view of the three model bins and equipment is shown in
Figure 3-17. Each model bin had an individual air blowef, transition
duct from blower to air straightening tuﬁe, air straightening tube in
which to measure air flow rate,'and iqlet air and exhaust air manifolds
and vertical plenum chambers sPaced around the bin as required.

The Bléwers were Lau 7 inch wheel blowers with built<in motors.
Capacity bf the blowers was 725 cfm against a static pressure of 1/4
inch of water, operating from 115 volts 60 cycle a=c electrical source.

The air straightening tubes were 4 inch diameter aluminum tubes
designed to meet diameter and length specifications required of a/tube
in which to measure air flow rate with a standard pitot-static tube. (2).

Air supply and exhaust manifolds and 'ducts were required on bins II
and IIL as shown in Figures 3-18 and 3-19 respectively. ' The manifold
. air branching pieces were,galvauizedvmetal Qf the 'same size diamgtef
as were the straightening tubes. F;exible ducts fabriéated of 6 mil
vinyl plastic film were used to connect the bfan;hing pieces to the
vertical plenum chambers on the bins. Coiled wire shape maintainers
were installed inside the plastic film ducts.

The otﬁef_éomponent parts of the experimental set up weré;

1. Pitot-static tube and manometer for measurement of air



FIGURE 3-17 Two-foot diameter model
bins and equipment. Front wind barrier
removed, backdrdp in rear of shed.
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FIGURE 3-18 Air supply snd exhsust
manifolds m»d ducts of bin type II.

FIGURE 3-19 Air supply end exhaust
menifolds and ducts of bin type III.
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velocity and static pressures. The pitot-static tube was a
Dwyer 5/16 inch diameter standard tube, 12 inches insertion
length. The manometer; Figure 3-20, was shop built using
alcohol with a specific gravity qf 0.792 at standard tempera-
tures and pressure and could be read to 0.001 inches of alcohol.
Thermohumidgraph for continuously recording ambient air
temperature and relative humidity, Bristol, Serial No. F40691H.
Esterline-Angus recording watt-hour meter for recording blower
operation time, Serial No. 111,100.

An upper limit gir humidity switch which allowed the blowers
to operate only when the ambient air humidity was below that

of the switch setting. Minneapolis-Honeywell hqmidifier
control type H44B. h
Potentiometer calibration in F for use with an iron-constantaﬁ
thermocouple junction for meashring temperature of air entering
the grain and iﬁtergranular temperatures. Leeds and Northup,
Serial No. 1157089.

Static pressure probe used with manometer listed in 1 above
for measuring intergranular static pressure. The probe was
built as in Figure 3-21.

Miniature grain trier, probe, for removing samples of grain
for determining grain moisture conents. Seedburo bag trier,

30 inches long and 1/2 inch outside diameter. The trier was
slightly modified in length to sample from the middle two-foot
depth of the bins. Iron-constantan thermocouple leads were
attached to the trier for taking iﬁtergranular temperatures

mentioned in 5 above.



FIGUEE 3-20 Msnometer and pitot-
static tube for measuring sir flow
rate.,
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'[f;Pipe Cap
1 1
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FIGURE 3-21. Probe for measuring intergranular pressures
in two-foot diameter bins.



61

8. Drying oven in which to dry the grain samples to determine
grain moisture content. The oven was modified to include
forced air circulat;on and an automatic temperature controller
which maintained the temperature within 2 F of the set point.
The oven basic unit was a Precision Scientific Co., 800 watts,

115 volts, 60 cycle, Serial No., 130-380.

9. Scales to weigh samples of grain. Torsion Balance Style IL-6,
Serial No. 42479, with 0.1 gram smallest scale division.

10. Hand aspirated Friez psychrometer for measuring ambient air
and exhaust air wet and dry bulb temperatures.

11. Mercurial barometer, Cenco, Catalog No. 76878.

12, Air tight cans in which to briefly store and transport the

grain samples to the weighing scales.

The two-foot diameter bins and equipment were set up in a shed
with open front and back except that a three-foot high wind barrier was
installed on front and back of the twelve-by-fourteen foot building to
prevent wind from blowing directly on the blowers. The shea was
orientated east and west with the bins aligned along the south side of

the shed floor.

Due to the limited electrical current which can be carried by the
recording watt-hour meter, the meter was connected to only one of the
blowers, blower No. III. All three blowers were in series with the
power relay which was controlled by the upper limit humidity switch.
Thus, when the ambient air relative humidity was below the switch
setting, the relay supplied power to the blowers simultaneously and
blower No. III furnished a record of operating time of all three
blowers through the recording watt-hour meter. The electrical circuit

is shown in Figure 3-22,
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FIGURE 3-22. ‘Electrica‘l wiring circuit for instruments and
blowers of two-foot diameter bins.
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CHAPTER 1V
EXPERIMENTAL PROCEDURE
Miniature Model Bins

The three miniature model bins, approximately six inches in
diameter by twelve inches tall, having cross-flow configurations
discussed in Chapter III under theAheading, Experimental Equipment,
were used one‘at a time in an indoor laboratory for drying of "Kaw"
variety wheat.

The experimental procedure will be discussed under the headings

of Air Girculation System and Thermal Drying System.

Air Circulation System

The~e§uipment of Figure 3-3 was calibrated for air leakage rate
with the plenum chamber exhaust port blocked. Then the port was
opened and calibration of flew rate through the grain w;s made with
a bin of grain in place over the exhaust porgn - |

An air tank charged with compressed air was used as the air
supply for determining the rate of air leakage from the plenum
chamber at varying chamber static pressures. The general procedure
was to adjust the pressure regulator to maintain é deéirgd pressure
in thgrahambero Thg initiél gross weight of the charged air tank

and the starting time for each run were noted and after an experi-

mental rumn, the gross weight of the air tank and the time were again
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noted. The difference between the initial and final weights of the
air tank gave the weight of moist air expended during the elapsed
period of time. The chambér pressure was initially set bj noting the
reading of the inclined manometer; A more precise reading was taken
from the micromanometer and the pressure regulator was adjusted if
necessary. |

&mbient air conditions were determined by measuring wet and dry
bulb temperatures with a hand aspirated psychrometer before the air
wag compressed in an air compressor from which the air tank was
periodically charged. Air moisture properties entering thebchgmber~
were corrected from ambient air conditions due to somermoisture being
condensed from the air in the compressor.

The range of pressure used in the leakage calibration was
0.1 to 1.00 inches of water. The runs were of 10 to 15 minutes
duration and the air tank was recharged between runs to approximately
140 psi pfessure° 7

The calibration of flow rate through the grain was similar to
that used in calibration of the chamber for air leakage except the air
outlet was not blocked and a bin filled with grain was in place over
the exhaust port. Experimental runs of airrflowvrate through the
grain were made as follows for the three bin types:

Bin type I - range of pressure from 0.02 to 0.2 inches water in

0.02 inch increments.
Bin type 1I- range df pressure from 0.0l to 0.07 inches water
in 0.01 inch increments.
Bin type IIX - range of pressure from 0.0l to 0.06 inches water

in 0.01 inch increments.



65

The above pressure ranges represent a range of flow rate from
approximately 3 cfm per cu ft to approximately 25 cfm per cu ft.
The air tank would supply air at the above pressures for one to

three minutes when initially charged to 140 psi pressure..

Thermal Drying System
The procedure followed in the drying experiments using the
miniature model bins and equipment shown in Figure 3-4 will be
presented in this section. In general, the procedure consisted of
placing a bin of grain in the cradle over the plenum chamber exhéust
port and forcing heated air through the grain. Moisture removed from
the grain was reflected by a change of grbss weight of the bin as
shown by the weighing scale indicator. Control was exercised over:
temperature, humidity? and flow rate of the air entering the bin;
initial grain moisture content and grain temperature; initial te@per-
ature of the bin; and temperature of the air around the bin.
Detailed procedure will be listed as: A. Pre-run procedure;
B. During run procedure; and C. Post-run procedure.
A. Pre-run procedure
1. Instruments and equipment
2. Zero manometer and micromanometer .
b. Plenum chamber exhaust port about 90 per cent closed.
c. Switch on plenum chamber blower. Monentarily switch
blower off when bin of grain is placed onrcradle, see
2-2 below.
d. Switch on instrument bench wvibrator.

e. Set plenum heater contrcls for desired temperature.
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B. Procedure during run

1. Switch on plenum chamber blower, simultaneously starting
timing watch.

2. Check scales from which bin is suspended. Add counter
weights as necessary to bring and maintain dial feading
about midscale;b |

3. Check plenum chamber static pressure from manometer and
adjust blower output for approximate desired préssure.
Refine adjustment from reading of micromanometer.

4. Take initial reading ofs
a. Gross weilght of bin.
bo"AmBient air wet and dry bulb temperatures.
c¢. Dry bulb temperature of air entering bin.

d. Exhaust air wet and dry bulb temperatures.
e. Dry bulb temperatures around bin.
f. Plenum chamber pressure from micromanometer.

5. Make adjustments as necessary to maintain desired
operating conditions.

6. Repeaﬁ readings of 4 at time intervals as‘prescribed by
prearranged treatment schedule.

€. Post-run procedure

1. Remove bin from cradle and empty grain.

2. Shut down equipment as necessary.

3. Reweigh grain sanyle in oven after 72 hours of drying

at 100 C.

Two-Foot Diameter Model Bins
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The model bins and equipment shown in Figure 3-17 were used for
drying grain sorghum, Hybrid R.S.w610‘grain sorghum, dwarf yellow
milo, in the fall of 1960 and Kaw variety hard red winter wheat in
the sﬁmmer of 196i. There were some alterations of the experimental
proceduré used for drying wheat from the procedure used to dry
sorghum. These differences will be pointed out in the following
discussione

Before each experiment, the bins and duéts were chgpkéd for air
leakage by measuring’ the air-fimmrate into aﬁd from each bin‘énd
comparing the fe$ultsa‘ The inflow and tﬁe 6utflow rates wefe
simultaneously meaSured with individual_pitof-static tubesa' Although
there.was ne grain in the bins dufing this check, the ends of the
exhaust tubes weré partially blocked.to>simulate the resistance to
flow thch would be enéountered when the bins contained grain.

The procedure used during the drying experiments will be
discussed under the following subjects: A. Filling the bins;

B. Setting the equipment into operation; C. Measurements periodi-
cally taken; and,D. Sampling the grain for moisture content and
temperatureg. |

A, PFilling the bins

1. The bins yvere filled with grain at the beginning of each
experiment by using a grain auger. the discharge end of
.the auger was suspended at-avfixed height above each bin
successively. bBy‘this method, the_grain was more
uniformly distributed ;nd compacted than if the grain had
been scooped or poured in. Each bin ﬁeld approximately

10 bushels but a total of 33 bushels was needed for each
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experiment in order to have sufficient grain to maintain
the bins in a full or almost full condition as drying
progressed.

The grain was graded at the beginning and end of each

experiment %o detect any . change in grade due to the

drying process and to determine if there was any notice-

able damage to the kernels.

B. Setting the equipment into operation

1.

After the grain was placed in each bin at the beginning

of each experiment, the blower manual shut-off switch

(see Figure 3-22 ) was switched on and the upper-limit

humidity switch set at 45 per cent relative humidity.

~The recording charts of the watt-hour meter and thermo-

humidigraph were set in operation and maintained with
paper and ink throughout the experiment. A h;nd
aséirated psychrometer was used to periodically check
the ambient air temperature and humidity reading of the
thermochumidigraph. ,

The humidity sensing elemenp of the thermohumidigraph
did not respond correctly to cﬁanges,in the ambient air
humidity so calibration graphs were plotted Qsihg
humidity readings as measured by thé psychrogeter. - These
graphs are shown in Figures A-1 and A-2 for the sorghum
and wheat drYing experiments'respectivély°

Immediately after the blowers were set into operation at

the beginning of each experiment, an attempt was made to

achieve equal air flow rates to each bin. Since bin
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type I offered the most resistance to air flow, the full
output of blower 1 was'allowed ﬁp flow through bin type I.
This flow rate was me;sured using the pitotfstatic tube
and manometer . The other two blowers were then adjusted
to échieve the same air flow rate as in bin I by exhaust-
ing part of theifioutpug into fhg atmosphere. .,Complete
equality of air flow rates in each bin was not achieved

in the experiments due to‘difficulty in exhausting enough

air from blowers II and III.

C. Measurements periedically taken

1. Barometric pressure and ambient air temperature at
barometer location. t

2. Ambient airvwetvand dry bulB temperatures.

3. Pressure measurements using pitot-static tubes-in air
straightening tubes from which to compute air flow rate
to each bin.

4. Exhaust air wet and dry bulb temperatures.

5. Temperature of air in air ét:aightening tubes. It was

assumed that this was equal to the temperature of the
air entering the grain.

The above measurements were taken often enough so that

a reliable average of each measurement could be determined
for each run except 4 above. Exhaust air wet and dry bulb
tempefétures were taken only just before switching off the.
blowers for end of run grain sampliﬁgs when a complete set
of the above measurements were taken.

Sampling the grain for moisture content and- temperature:
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When the blowers had operated the desired length of time
for each run, the blower manual shut-off switch was
switched off gnd grain moisture samples and temperature
measurementsvwefe taken as_gxplgiﬁed’in the following
discussion for one of the bins. |

The bin 1lid was removed and the sampling lid placed on
the bin. The marked radial on the sampling 1lid was
aligned with an iﬁlet‘radial of the bin according to a
preafranged rgndom schedule,of‘sampling radials. Only
one iniet>radia1, one éxhaust radial, and one bisector
radial was samplediexgept for the wheat experimeﬁt in
which two extra radials were gampled in bin type I.

The thermocouple leads of the cabie gttached to the grain
triér were connected to the potentiometer and the
potentiometer adjusted according to self-contained
instrﬁctionso

The grain trier was tben inserted into the graimn through

the desired position holes in the sampling lid and a

saniple of grain taken into the trier. The grain entering

the trier was from the test section, vertical middle two

feet of the bin. The trier was then withdrawn one foot

~and a temperature measurement taken of the grain inter-

space at the vertical midpoint in the bin for. the
position being sampled,‘Figure 4-1. From previous trial

experiments, it had been found that the equipment could



FIGURE 4-1 Sampling 1id, grain trier,
rotentiometer, and grain ssmple containers,
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not detect a vertical temperature gradient in the grain
so the tempgratures were subsequently taken at miﬁppint
only. - The trier was withd;aﬁn from the bin and the
samples of grain, approximately 34 grams, were emptied
into a properly designated can and an air-tight 1lid
placed on the can.

The other positions of the bin were sampled as above and
the sampling lid was removed from ;he bin. Fresh grain
was added to the bin to filllthe space ﬁpich resulted
from grain shripkageo Then the bin 1lid was reinstalled

on the bin.

"The other two bins were sampled as explained for the

abbve mentioned bin. Ten samples were taken from each
bin,atughe end of each run during the sorghum\“experi-
ment and two additional samplés from bin type 1 wé;e
taken during the wheat experiment. The extra samples

from bin type I were for more adequate grain moisture

and temperature gradient information and were not used

s

in calculatiﬁg average grain moisture.

After sampling, the equipment was returned to operatien
and the grain samples, contained in the air tight cans,
were transported to a laboratory where the samples were
weighed to the nearest halfugenth of a gram on Torsion
Balance scales. The éamples,'with lids femoved f;om the
cans, were p%aced inside the drying oven where they ﬁere'
dried fo; 72 hours at 100 €. The samples were then

reweighed so that the moisture content of each sample
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could be computed-.

During the wheat drying experiment, some graiﬁ moisture
content and temperature measuremeﬁté.were taken after the
blowers had been inoperative for a few hours subsequent to
taking sémpigs at the end of a run. Tﬁe measurements were
taken in the game positidns that some.of the end of run
samples were taken in order to determine :édist;ibutipn of

grain moisture and temperature.

The static pressure measurements were taken of the bin horizontal
cross sections at the end of the grain drying experiments. The
pressure was taken using the ﬁanometervwith the pressure probé {
inserted to'the‘vgrtical midpéint of positiens on ﬁhe sampling lid ﬁ
for all radials of each bin and for the extra radials ofubin type I..

By using the procedure for the drying experiments in the two-
foot dia@ater Binsg information was obtained‘wherébyhtotal or average

Jdrying effect could be evaluated as well as moisture content and

pressure gradients across the bins.



CHAPTER V
ANALYSIS OF GRAIN HYGROSCOPICITY DATA

The equilibrium moisture.prdperties for hard red winter wheat in
the desorptive phase needed to be defined in order to evaluéte certain
pfoperties of the thermal drying system. Much of the equilibrium
ﬁdisture datﬁ in widespread use is for the adSorpti#e-ﬁhase whicﬁl@oes
not séem appropriate for drying applications, Also, the;é is |
bonsiderable'variéfion in the da;a resﬁlting from uSing‘eéuilibrium
.moistgre eQuatiohs prgsently‘availablé and actual eqqili£fium data for
various temperaturés as is illustrated in’Eigure 5-1 fof the 77 F
isotherm. | =

A search through technica1 literature revealed sets of wheat
desorption data'for‘eigﬁt temperétﬁfes rdngipg from 50 to 176 F. The
data resulted from research projecﬁs in England, Germany, Ganada, and
the United States. The #xta are listed in Table V alodg with source
information of thetdat;e_-The data included several varieties of wheat
but it was predominantly hard red winteg and hard red spring wheat.
The sigmoid shape bf-the hygr&scoﬁicity isotherms as well as the H
temperature effect can bé~nb§é& froﬁ Figure 5-2 which shows plots of
a'typiéél,or average gét of equiiibriuquata from egch of the eight
.teméératures covered by the data.of Table V. |

| An expieSsioﬁ relatiqgleqﬁilibrium moisture content, air relative

humidity,hand air and\grginvtemperature was developed as will be
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FIGURE 5-1. 77 F Isotherms by equations and from observed data.
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TABLE V

WHEAT DESORPTICN HYGROSCOPICITY DATA

DATA TEMP EQUILIBRIUM RELATIVE DATA . TEMP EQUILIBRiUH BELATIVE DATA TEMP EQUILIBRIUM RELATIVE

SET . F MOISTURE HUMIDITY SET F MOISTURE HUMIDITY SET F MOISTURE HUMIDITY
NO. % DRY BASIS % NO. : % DRY BASIS % NO, % DRY BASIS. %
1 50 747 104 9 77 6077 1240 16 86 6e47 11.8
1240 30, ‘ 9405 2246 8465 2200
1543 504 10,79 3342 10444 3248
1840 70 12451 4348 12422 4345
2045 80, 14476 5740 ,  Llbe23 5613
o 16455 6640 T 15485 6406
2 50 8.1 104 ‘ © 18434 7548 17.81 7346
1147 306 . )
1442 50, 10 86 6461 118 17 95 6'23 ;i'g
1647 70 8493 2240 ;'84 2o
19,6 B0 10474 3248 ’ -
12444 4345 : . 11.84 4304
: 13,07 5446
3 50 . 743 104 14446 5643 : 14,48 6342
1149 30, 16425 646 16'81 75:5
1542 504 18437 7546 ’
1647 704 .
1949 80 - 11 86 6413 1148 18 95 2080 1le7
: v : 8430 2240 Teb4 2140
4 68 742, 104 © 10410 3248 o Fehb 3245
1141 304 11481 4345 : 1le22. = 4344
1443 504 13487. 5643 12493 7 5446
1947 80 : 15439 6446 14430 6342
‘ 17447 7546 ‘ 16432 7545
5 68 549 0 o )
7e5 éo: 12 86 6455 . 1148 S19 104 bob 10.
940 7 304 8489 2240 645 20+
107 40 Y 10468 3248 . 8.0 300
1242 50 ‘ 12435 4345 - 945 40
1348 6G e 14400 563 11.0 50}
1546 70, 15,15 6446 ‘ , ii'g gg:
F, .
1746 80, o 17.22 7546 leos 80,
6 77 421 4ie5 13 86 - 6436 1148
) 6402 940 : 8473 2240 20 122 471 1247
. 6ekb 11el 10457 3248 . 6409 2046
©. 78430 2043 . : S 12042 4345 6498 2846
10.68 3248 - . lbels 5643 9407 35,
13,95 5240 . . 15449 646 X
16460 6843 16499 7546 21 176 - 245 10
18e52 .  The? ' 348 20,
v 14 86 6452 11.8 5.0 30,
7 77 7601 1240 . 9412 2240 60 40
9,36 2246 10,66 3248 : . 7e2 50
"10498 " 3342 . 12438 4345 8.7 60
12468 43,8 14439 56¢3 710,48 70,
15004 - 570 . ‘ 16410 64t 1340 80
1673 . 6640 : 18409 71546 ’
18474 7548 '
. 15 86 6obd 11¢8
8 - 77 S 6.53 12,0 o lg-;g -ig-g
v : . .
Los4s  saus L 325 45
12,18 4348 LT4el6 5643
14440 5740 , 15,85 64e6
15486, 6640 17490 7546

18,05 7548 -



TABLE V (continued)

SOURCE OF DATA"
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TEMP

SET NO RESEARCHER AND  COUNTRY c F KIND_OF WHEAT
1 Gane (13), England 10 50 Weak, White English
2 ' .o 10 50  Medium, Plate
3 " 10 50 Strong, No. 3 Pacific Manitoba
4 L 20 68 Weak, White English
5 Pichler (28), Germany 20 68v Unknown
6 Becker and Sallans (6), Canada 25 77 Thatcher, Western Canadian®
7 Hubbard, et. al. (20), U.S.A. 25 77 Elgin Soft White
8 : " ‘ 25 77 Stewart, Durum
9 - " 25 77 Pa&neeﬁ*
0 " 30 86 Elgin, Soft White
vllvv " vy30 86 Stewart, Durum
12 " 30 | 86 Pawnee*¥*
13 " 30 - 86 Pawnee®¥
14 " 30‘ 86 Pawnee®%
15 ' " 30 86 Pawnee®%
16 M 30 86‘ Mida%
17 " 35 95 Mida¥*
18 " 35 95 Stewart , Durum
19 ‘ Piéhler (28) , Germany 40 104 Unknown
20 Bgcker,and Sallans (6)., Canada 50 122 Thatcher, Wes;grn Canadian*
21 o 80 176 Unknown

Pichler (28), Germany

* Hard Red Spring
*% Hard Red Winter
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FIGURE 5-3. Typical isotherms illustrating the
straight line relationship of equation 5-2.
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each temperature level were evaluated by simultaneous solutions of

the‘equation using appropriate sets of quiiibriﬁm data from Table V.
The best fit for each temperature lével w;s obtained by a‘method‘of
leést squéres as computed by an IBM-650 electronic computer using part
of ;he pfogram in Table A~T. .The Y intercepts and fegression coef-
ficients so obtained are listed in Table VI.

A definite trend betweeﬁ the Y intercept.and temperature and
between the regression cﬁefficiént and teﬁperature was noticed, so
thesé properties were plottéd vérsus_temperéture as showh in Figures

5-4 and 5-5 reSpectiveiy. The plots of Figurés 5-4 and 5-5 appeared

as straight lines on log-log paper so the form of the relationships

wass

a = PlTPZ
or lbg a = log P{+Pylog T, 5-4
and b = P3TP4

or log b =_log‘P3+P4log T. 5-5

T, temperature F, was used in the above equations. Absolute temper-

atures could have been used but would have resulted in an extreme

value of P, in the order of 10-75. Equétions 5-4 and 5-5 were linear

in the logarithmic form so the method of least squares was used to
evaluate the respective Y intercepfs and regression coeffiqients;
An IBM-650 electronic computer and the rest of the program of\Tdble

t

A-F was utilized to compute the following values:

P, = 5.7336x10" 10



TABLE VI

Y INTERCEPTS AND REGRESSION COEFFICIENTS
OF EQUATION 5-2 FOR EIGHT
TEMPERATURE LEVELS

 Temp Y intercept, Regreséion coef,
F . a_ b
50 0.00028598 2.8973
68 0.0013370 2.4378
77 0.0014121 2.3744
86 0.0014243 2.3947
95 0.0018794 2.3521
104 0.0040649 2.1425
122 0.0059575 2.0330

176 0.024561 1.6565
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. FIGURE 5-4. Plot of Y intercept of equation
5-2 versus temperature.
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FIGURE 5-5. ‘Plots of regression coefficients of
e€quation 5-2 versus temperature.

Pp = 3.3718
P3 = 14.863
P, = -0.41733 |
A modified form of Henderson"s equation was“thus obtained of the
form:
Py P3T4
1-rh =‘e‘P1T Ye , 5-6

in which rh = air relative humidity, decimal:
e = 2,718 - ¢ -
T = air and grain temperature, F

M, = wheat desorptive equilibrium moisture content,
per cent dry basis;. :

17 P2, P3, P4, constants evaluated as listed‘abeve.
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Equation 5-6 was used to evaluate rh corresponding to .a level of T
for a range of My. These computations were performed using the IBM-650
electronic computer . The results of ghese computations were used to
plot ﬁe versus rh for a range of.temperatureSrfrom 30 F to 180 F in
increments sf 5 F as illustrated in Figure 5-6 for six isotherms.

The plots of Figure 5-6 reveal that the equilibrium moisture
content increases asymptotically as the relative humidity approaches
100%. This increase of equilibrium moisture content does not appear
to be in agreement with the physical phenomenon as shown in Figure 5-7
in which each isotherm has a definite maximum value of equilibrium
moisture content at a relative humidity of ;00%. (28) .

Values of the maximum eQuilibrium moisture content, (M for

e) max:
an isotherm were approximated from the plots of Figure 5-8 which show
(M) pax for several levels of relative humidity from data in Table V.

Linear regression analysis of the data of Figure 5-8 transformed into

logarithmic form resulted in the following:

Regression Correlation
rh Y intercept Coefficient Coefficient, r
0.30 4.953x1010 ~4.,270 -0.952
0.50 4.491x108 -3.489 -0.988
5

0.70 2.478x10 -2.265 -0.947

The plot for (Me) for rh = 1 was drawn using the three values of

max
Figure 5-7 and the linear trend of the slopes, regression coefficients,
of the 0.30, 0.50, and 0.70 rh plots of Figure 5-8. The slope of

(M) pax for rh = 1.0 was estimated as -1.33.

The plots of equilibrium moisture versus relative humidity using

the modified form of Henderson's equation were altered on the upper
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FIGURE 5-6. Plot of six isotherms using equation 5-6.
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Moisture Contenf, Dry Basis

0 0.2 0.4 0.6 08 10
| | - Relative Humidity
FIGURE 5-7. Wheat desorptlon isotherms showing maximum

value of equilibrium graln m01sture content, dry basis
as a dec1ma1

end by drawing a smooth curve from rh = 0.70 to (Me) as shéWn for

max
a few of the isdtﬂerms in Figure 5-9. \Vaiues were taken from these

altered isotherm plots.for réiativevhuﬁidity and teﬁpérature corres-
ﬁéﬁ&iﬁg'to cons;ant.equilihrium moistufe contents as listed in Table

VII. The values from Table VII were used to plot consfaﬁt equilibfiuﬁ :
whéat moisture content lines'superimpoéed upon.é péychrometric chart,
Figure 5-10. Figﬁre 5-10 was used to facilitate wheat drying analyses.

' It would seem that a more appropriate relationship of eQuilibrigm
mbistﬁre content than that expressed by equatién 5-6‘cou1d'bg
developed since the equation is dimensionally non-~homogeneous and not
in accordance with the physical situation in the fange 6f relative

humidities above about 70 per cent.

A form of a dimensionally homogeneous equation for an isotherm

was hypothesized to be:
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FIGURE 5-8. . Plots of maximum equilibrium
. moisture content versus temperature.
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‘FIGURE 5-9, Plots of computed equ111br1um m01sture
_ 1sotherms for. wheat altered on ~upper end to go through

estimated (Me)max v



TABLE VII

ATR RELATIVE HUMIDITY, DECIMAL

Hég:ii:e Temperat u r e ,

Content % 60 65 70 .75 80 85 90 95 100 105 110 115 120

dry basis : -
10.0 05244 0.258. 60273 00289 00306 0.323 0.341 0=3§0 0‘378 0.397 0.417 0.436 0.456
1k.0 0.296 0.320 0.326 0.348 0.370 0.383 ' 0.405 Oo4i0 0.432 0.460 0.475 0.495 0.519
12.0 0.366 0.381 0.398 0.414 0.431 0.450 0.468 0.487 0.507 0.526 0.546 0.565 0.585
13.0 0.421 0.442 0.450 0.475 0.500 0.512 09530 00540. 0.560 0.590 0.604 0.620 0.634
14..0 0.500 0.511 0.526 0.541 0.557 0{575 du592 0.610 0;628 0.646 0.664 0.681 0.699
15.0 0.557 0.562 0.580 0.600 0.610 0.639: 0.645 0.656 0.672 0.700 0.712 0.725 0.745
16.0 0.628 0.637 0.648 0.661 0.674 0.688 0.695 6.71b 0.730 0.740 0.753 0.765 0.780
17.0 0.670 0.676 0.692 0.710 0.715 0.732 0.742 0.753 0;770 0.780 0.787 0.800 0.813
18.0 0.738 0.732 0.740 0.753 0.757 0.770 0.780 0.790 0.802 0.810 0.818 0.827 0.841
19.0 0.776 0.772 0.780 0.790 0.792 0;803 0.823 0.820 0.832 0.840 0.845 0.865 0.867
20.0 0.808 0.810 0.812 0;820 0.823 0.833 0.842 0.850 0.860 0.865 0.869 0.878 0.889
21.0 0.837 0.838 0.841 0.850 0.850 0.859 0.866 0.873 0.882 0.887 0.891 0.900 0.908
22.0 0.864 0.865 0.868 0.874 0.875 0.882 0.890 0.896 0.903 0.906 0.910 0.918 0.926

16
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3
“’&iz(rh)
My gr(Me)max c1 E'°e j

il

equilibrium moisture content, dry basis as a

in which Mé
: decimal .

(M) pax = equilibrium moisture content at 100% relative
" humidity

rh

relative humidity, decimal.
Preliminary investigation revealed that (Mg)pay and c3 appear to
be functions of H/RT of the power form so that equation 5-7 can

probably be written as:

Ky (H/RT) S
ko —  ~ks(rh) 2
M, = ky(H/RT)  [l-e ] 5-8
in which H = average heat of adsorption, cal per mole
R = uniyeral gas constant
T = air and grain temperature, F abs

ki = constants.

Becker and Sallans (6) list some limited data of values of H for wheat.
A satisfactory method of evaluating the constants of equation 5-8

was not found althqugh a method of simultaneaous solutions of non-

linear equations was tried extensively using an IBM-650 electremic

. computer. (14). The method was evén modified to incorporate-Hartley's

(16) method of convergence.



CHAPTER VI
ANALYSIS OF EXPERIMENTAL DATA

The data discussed are those resulting from the flow rate and
drying experiments using the miniature model bins and the two-foot
diameter bins. The data transformed into dimensionless groups, pi
terms, aré listed in Appendix B. |

Symbols and pi terms are defined in Tables II and III.

Additional definitions are listed where required.
Air Circulation System

The form of the general equation relating the factors involyed
in the air circulation system was equation 3-2. For the particular
systém of flow of.air through‘a specified»kind of_grain in a certgiﬁ
cross=flow bin configuration, the equation was reduced to equation-
3-5:

myy = £(rygs 7).

By this approach, a separate equation was required for each kind of
grain and for eééﬁ‘cross=flow bin arrangement.

”ﬁiz wés considered as representative of a Reynolds number. and
equation 3> was thus a relation between static pressure and Reynolds
nﬁmbero The data for calibration of air flow rate thfough wheat was

used to evaluate the function of equation 3=0 since a substantial

94
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variation in the range of T was obtained with the range of pressures
used in the calibration data. Ty4 was not varied in the procedure;
but it could not be omitted for the particular system since a geometric
distortion factor was introduced by the term Qhen considering a model
andbprototype system.

The calibration data of air flow rate through wheat were trans-
formed into values of T11 and Tio and plottéd as shown in Figures
6-1, 6-2, and 6-3 for bins type I, LI, and III respectively, To
evaluate Tygs @ value of N, = 1/(32.2)(602) was used. Ailr absolute
viscosity was taken from Figure A-3 and converted to the proper time
units. (10); Air density was corrected for local barometric pressure
and temperature. The data are listed in Table B-I.

The data of Figures 6-1, 6~2, and 6-3 plotted as straight lines
on log-log paper so that'allinéar regression analysis could be made of
the data in logarithmic form. Resulfs of the regressions including
correlation coefficients r are included on the figures. |

The equations included in-Figufes'6-1, 6-2, and 6-3 are prediction
equations for static pressure drop as.related to air flow réte for
wheat, but the equations are limited to the miniature_biﬁ systems since
the function involving My, Was not evaluétedo. The prediction'
equations were extended in scope of application by the fqllowing
analysis for the effect of 1

14"

The distortion factor arising from 7 _, was characterized by

14
considering the miniature bins as the model system and any other bin
as the prototy?e system. The length scale ratio of model to prototype

is:

n= rP/rM = DP/ DM, ' 6-1
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FIGURE 6-1. 1] versus 77, air circulation
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FIGURE 6-2. 7)) versus 712, air circulation
. system for miniature bin type II.
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FIGURE 6-3. i1 versus T2, air circulation
system for miniature bin' type III.

in which D bin diameter, ft

subscript .M = prototype

subscript P model |

 The geometrical-distoréion factor & is defined by Murphy (25) as
the ratio of a pi term of the‘model syspém divided by the corrg§~;
poqd;ng pi term of the prototype syéteha ~Since the characteristic
size of the grain kernel, d,'is the same in model and prototype, the

distortion factor of w14'is:
a = (my)u/ (T1g)p = (dy/ rM)/(dP/rP>
or a = n. 6-2

If it is hypothesized that the unknowq_funcfion of W14 can be
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accounted for by including the distortion factor to the first power, the

prediction equation including the distortion effect can be written as:

nfyp = £0mp)),

or hwil = Amizn 6-3

4

A and B are evaluated_for each bin typg‘in Figures 6-1, 6-2, and 6-3.
The distortion effect as presented in.equation 6-3 can be visual-

ized by noting that the characteristic grain kernel'size.with respect
to the bin size is n fimgs as great in the model as in.a prototype.
whiéh results in a relatively gre;ter resistancé offered to air flow
in the modei than in a larger prototype. Therefore, thé pressure dtop
in a prototype is only 1/n.of the Qalue’of that for the model for an
equal value ofvwié in modelland-prototyée.

' The»two-féot.diameter bips weré ¢onsidér§d a prototype system
and equation 6-3 chgcked as lisfed below.. |

| Dp = 2.0 | |
Dy = 0.487

n = 4.11"
11 and T2 ftom Table B-1I.

: B
1 04090 0.4572
11 0.2035 0.1437

IIT 0.1082 0.08135

To extend”the range of.wié, it was assumed that resigtance of
grain to air flow is appro#imately linearly proportional to length of

air travéi'and to air flow ra:e.' This approximétioﬁ ¢can be yerified
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from Shedd's curves (30) for small increments of air velocity. A
limited prediction equation from which to predict pressure drop can

be written as:

(p/R Q) x? = £(x/$, r/Y)

in which p = air pressure drop across bin, lb(p)/ft2

resistance of grain to air flow,
(lb(F)/ft)/fta”air/min

R

Y = bin height,'ft,
Other symbols in Table III.

(x/S, r/Dyp

or, BP/R Qa) rsz? BP/R Qa) rz_-JM [‘Eﬁm] » 6-4

For a model operated such that (R)P=GQM and r, S, and Y of the
prototype are respectively. equal to nr, nS, and nY of the model,

equation 6-4 can be reduced to:

(p = 12 [(Qa) p/(Q Py - 6-5

The static‘pressdre and flow rate data for the wheat experiment
using the twovfoot_diamet;r binsvmre used as the model system for
computiﬁg predicted preSSureé in a twenty-foot diametgr,prototype
system by using equation 6-5. Thg pressure and flow rate data from
the two-foot bins and as predicted by equation 6-5 fér a twenty-foot
diameter Binx%me transform;d into values of 7, and 7, and ﬁlotted
along with the miniature bin data for wheat in the three type bins,
Eigurg 6-4. The plots ofﬂFigure 6=4 appéar to be appropriate for:
estim;ting pressure drop in a prototype syétem although the data for
valués‘of W12 Eeyond;that,for'ﬁhe two=-foot diametef biné have not been

verified‘ih ac;ual"installationsl
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For estimating pressure drop in a prototype system from Figure

6-4, computations can be facilitated since:

n = D/0.487
T =D/4
thus, nmyy = {8.214)P 6;6

in which P =Lstatic pressure of air entering bin, ft of water.

For a desired flow rate in a drying set up, )3 can be computea and by
referring t; the apprdpriate graph of Figure 6-4, (8°2145P.caﬁ be read
ffom’ﬁhich thevpreséure drop P can be calculated. Cdnve;sely, if P is
known, the flow rate cén be estimatéd.. |

Datg for grain sorghum in the two-foot diameter bin, Table B-II,
are also included on Fig@re 6-4. | | |
Eﬁe.internal static pressure distributions f@r the three cross-
flow configurationsvof‘thé two-foot diameter bins are shown in
Fiéﬁres 6-5 and 6~6 for the sorgﬁum and wheat experimenfs‘respectively.
The pfessurevdistfibutioné were measﬁred near the end of eacﬁlexperi;
ment usiﬁg fﬁe static pressure probe and sensitive manometer;

The static pressure patterns for sorghum and wheat, Figures 6-5
and 6-6, agree very closely with patterns pre&icted»by application of
. linear potenfial fiow theory to fofcéd»air cirbu%atiqn through ﬁoréds
m#terial.” The pressure midway between the air inlet and exhaust area
ﬁaé‘abbut hélf the inlet pr;ssure‘and.symmetry éxigted in the patterns
between pairs of inlet and exhaust.areas. Ainoticeable exception to
the lineérlpressure drop paﬁiern occurred for wheat in bin type I,
Figure 6-6, as there was consi&eraBly more pressure drop‘in the air

inlet half of Fhe biﬁ than in the air eghadstlhalf. The pressure
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040
050
BIN TYPE 1. BIN TYPE IT BIN TYPE IIE
Static
Pressure = 0.64 0.39 0.21
Flow Rate =

2.98 cfm/cu ft  4.02 4.10

FIGURE 6-5. StaticApressure distributions, inches water, for grain
- sorghum in two-foot diameter bins.

Air Ohf .

_ BIN TYPE 1 CBIN TYPE I . ’ BIN TYPE I
Static ‘ .

Pressure = 0.60 0.30 0.16
Flow Rate =

3.01 cfm/cu ££ 3.19 3.26

FIGURE 6-6. Static pressure distributions; inches water, for wheat
in two-foot diameter bins.
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gradients along the bisector radials are evaluated in Figure 6-6.
Thermal Drying System

Prediction Equation

The approach used to formulate a general prediction equation for
drying wheat in deep cylindrical bins with cross=flow_air circulation
was to develop component}gqgations from.theldata of the treatment
schedu1e fo11owed in the’experiméntal research using the miniature
model bins. fhe‘component equations were. then qombined’into?abpneo
.dicti§ﬁ.equa;ion reiating the Qmount of moisture removed to.the factors
whi;h inf;uenced,che_drying system. Estimates of the.constants in the
prediétioﬁ equation were made from the analysis of the componen;
gquationsw- An electronic ;omputer was used in the final evaiuations
of thé constants. After'fhelprediction’equation was formuléted, the
correspoﬁdence bétwgep observed and'calculaged'was determined for
miniétﬁrg bin data_and'the data from the two-foot diameter bins for
wheat .

The general form of the{prédiction,gquation was equgtipn 3-1.
For the,particuiar drying syétem of forcing air through a specified
kind of grain in a certain cross-flow bin configuration, equation 3-1

was reduced to equation 3-4:
T = £(my, Ty, Ty, Tg)

This type of equation would be limited to the above conditions of
kind of grain and type of ‘cross-flow bin arrangement, but it would
be general in nature as concerns the other factors which are involved

in the drying process. By this approach, a séparate prediction
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equation would»be requiredtfo: each kind of grain and for each bin
configuration. |

In dgvé;oping the component equations, T, was considered to be
the dependent term and tﬁe'other pi_terms‘of equations 3-1 were con-
sidered as the independent terms. 7, versus each ofrthe otherupi
terms, oqe.At.g time, Qas considered in the analysis using the data
~of the treatment schedule in which one independent ﬁerm'at a tiﬁe was
varigd while the other pi terms were held constant or approximately
constant.

ReSults of the drying experiments using the miniature model bins
were_use& to compute the values of the pi terms of éqﬁatiqns 3-4 and
are indexed in the ﬁregﬁment'achedule? Table VIII. Values of the pi
terms #re listed in Tables B-IIi;‘B-IV aﬁd B-V respectively for bins
type I, II;and 11I for drying of wheat. Thé values areulisted in the
floating decimal point sysfem which i§ explained at the beginniﬁg of
Appéndix B. kapefiments to obtain a compieté‘txeatment schedule using

. bin type III were noﬁ performed. Table IX gi§es the aQerqge'values
of several qf fhe duéntities which,make up the pi terms for each
experiﬁeﬁ;aibrun fér.bins type‘I, II, and III.

Plots of computed Qheat desorption equiiibrium moisture data,
'FiguFe 5-9, and consﬁant grain mqigtgre_curves superimposed upon a
 psychrometric chart, Figure 5-10, were used to evaluate 7y by the
me;hod illustratgd in Figures 3-1 and 3-2.

For use in computation of some of the pi terms, the following
values were used:

U for miniature bins = 0.09193

N, = 1/(32.2)(60%) .



TABLE VIII

TREATMENT SCHEDULE FOR EXPERIMENTS

OF MINIATURE MODEL BINS
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RUN NUMBER
BIN | BIN | BIN
T Ty T ﬁ6 %, T¥PE T§§E T§§§
(n5) 4 1 15
(n9) 9 2 16
s (n2) 3 R: g [(ng) (m=mmmene—- (n4) g 3 17
g ()4 o 4 18
-]
o |(np)s 5 | 19 | 29
: | (%t5) 4 6 20
- (n5) 7 21
: Ty ((ng)g | mg (ﬂ4)1-----f----(n4)8 8 22 30
I (n5)4 | 1 15
- (n5) 5 9 23
; (ng)1 10 | 24
. (ng)y 11 | 25
o | T %5 |(rgg [(my)y=mmmmmmmee (r)g | 1 15
(ng)y | 12 | 26
(ng) 5 13 27
(%) ¢ 14 | 28

* Bar denotes constant value of pi term.




VALUE OF SOME OF THE FACTORS INVOLVED IN THE

TABLE IX

PI TERMS OF THE THERMAL DRYING SYSTEM

AS USED 1IN THE MINIATURE MODEL
BIN EXPERIMENTS
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BIN

%

TYPE  NO Te " 8 Qa (M)

I 1 559 .6 0.00821 504 .6 16.35 0.1669

2 559 .6 0.00647 500.6 16.35 0.1933

3 579.6 0.00896 516.6 13.11 0.2048

4 599 .6 0.00823 533.6 13.67 0.1990

5 619 .6 ' 0.01167 552.6 13.95 0.1976

6 559 .6 0.00844 559.6 16.35 0.1628

7 559 .6 0.00890 535.6 16,35 0.1628

8 559 .6 0.00886 519.6 16.35 0.1655

9 559 .6 0.00897 491.6 16.35 0.1641.

10 559.6 0.00944 499.6 16.35 0.1641

11 559.6 0.00777 499 .6 16.35 0.1641

12 559.6 0.00714 499 .6 16.35 0.1628

13 559.6 0.00849 499 .6 16.35 0.1682

14 559.6 0.00926 497.6 16.35 0.1641

11 15 559 .6 0.00848 499.6 17.00 0.1696

: 16 559.6 0.00548 502.6 16.85 0.2048

17 579.6 0.00713 516.6 12.11 0.2041

18 599.6 0.00593 534.6" 13.05 0.1912

19 - 619.6 0.00913 550.1 13.79° 0.1898

20 559.6 0.00860 561.6 16.75 0.1751

21 559.6- 0.00879 - 538.1 16.75 0.1772

22 559.6 '0.00890 518.6 '16.75 0.1758

23 559.6 0.00831 490.6  16.73 0.1737

24 559 .6 0.00971 500.6 17.02 0.1730

25 559.6 0.00835 500.6 16.75 0.1758

26 . 559.6 0.00868 500.6 17.15 0.1703

27 559.6 0.00846 500.1 16.95 0.1696

28 559 .6 0.00845 500.6 16.95 0.1723

111 29 619 .6 0.00838 550.6 13.47 0.2048
- 0.00900 519.6 16.55

30 559.6

0.1765

f W = humidity ratio of air -entering bin, 1lb moisture per

1b dry air.
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Air absolute viscosity was taken from Figure A-3 and converted to
ﬁhe~proper'time units.

Prelimihary experimental runs, Figure 6-7, using the miniature
model bin set up revealed that a plot of weight of moisture removed
versus elapsed time would be a growth-rate type of curve with
a maximum value of moisture removed which is determined byithe'drying
air properéies and inifial grain condition., However, depending upon
the relative value of initial grain temperature and entering air
temperature, value of 75, the curve is not well define§ in the initial
stages of dfying° If the initiai grain temperature was as lpw as'
the air dew.poiﬁt temperature, condensation on- the grain.Qoﬁld occur
, résultiné in an iniﬁial moisture gaih by the grain mass. Plots of
) versus m, gave the same shape curves as the plotg of grams of
moisture remoVed:verSus elapsed drying time. Figure 6-8 is a run for
™ = 1.0 and Figure 69 is a run when 7 = 1.138

Plots of m versus ), are shown in Figures 6-10 and 6-11 respec~-
tively for bins type I and II. Since the élots were straight lines

on log-log paper, equations for the plots weére of the form:

T = awzb 6-7

Equation 6=-7 can be transformed into the linear form:
log m = log a + b log 7, . 6-8

The component equations involving 7, were evaluated by linear regres=
sion analyses of the transformed equationsol The component equations
are listed in Figures 6~10 and 6-11 with their respective correlation

coefficients r.
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FIGURE 6-8. Plot of T} versus m, for T3‘= 1.00,
Bin type I, run 6.
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FIGURE 6-9. Plot of Ty versus m, for Ts = 1.138.
Bin type I, -run 9.
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FIGURE 6-11. Graphs of component equation,
71 versus wy -for bin type II.
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The plots of Figures 6-10 and 6-11 revealed that the relationships
of 7y versus 7, appeared to be dependent upon m, since the slopes of
the plots are not comstant for each bin type. However, further
analysis indicated that the relationships were influenced by the
transient effect of a thermal diffusivity term rather than by X
The thermal diffusivity term was not incorporated in the experimental
treatment schedule, but by using additional data of grain thermal
conductivity, specific heat, and density, the term could be evaluated.

(1, p. 105). The term was:

o 2 ’ 6~
in which cg = grain specific heat, btu/lb(M>F, Hy-lg-1
kg = grain thermal conductivity, btu ft/ft2mwnF, HL l1"le°l,

The other terms are defined in Table II. Values of 7, are included
in Tables B-I, B-II, and B=Il1I for wheat in the minjiature bins and in
Table B-VIII for wheat in the two-foot diameter bins.
Plots of m; versus Ty are shown in Figures 6-12 and 6-13 for
“bin type 1 and II respectively. The component equations involving g
are listed in the Figures with their respective correlation coeffi-
cients r for the data in linear logarithmic transformation. As with .
] versus g, the component equations involving 7 appeared to be
dependent upon w,. This dependency was also considered to be
actually upon )g rather than upon T,.
Plots of My Versus ., Figures 6-14 and 6-15 for bins type I
and II respectively, revealed no consistent relationship. Consequently,
g was eliminated from the amalysis. Linear regressions of 7, versus

Tg, in logarithmic transformations, were made and the lines plotted as
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FIGURE 6-12. Graphs of component equation, T, versus
s for bin type I.
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shown in Figures 6-14 and 6-15. Regressién coefficients, slopes of
lines, and correlation coefficients are included in the Figures.

A relationship between s and T, was hypothesized which had an
asymptote and included the effects of Tos Tg, and T5. The relation-

ship was of the form:

7y = k1(1~e'k2 Thy 6-10

t

in which kg = £(my)

k

]
%

g = £(mg, M)

For values of wg>1, the results during an increment of 7, from
the beginning of the experiment were erratic and in some cases a
"moisture gain was experienced by the grain mass, see Figure 6-9. That
is, when ’FS>'1 a drying effect, reduced from what would occur if Tg =
1, occurred during an increment of 7, from the beginning of the experi-
ment. For wg5<1, a drying effect greater than if mwg = 1 would be
indicated for an initial increment of LR For 7T5# 1, a plot of T
versus T, could be approximated by a plot for g = 1 if the g5 =1
plot were displaced an increment of Ty to the right for W53>l and to
the left for mg<1l. The increment of m, that the Tg = 1 curve was
displaced shall be referred to as 6 . Thus it was hypothesized that
the drying effect would be altered by an increment of s 6, in

addition to the effects included in equation 6~10. The mathematical

model for the drying curve was now hypothesized to be of the form:

C c
Car -43W104w55(w46)
my = G E-e o

The 6 increments were determined by superimposing the a7y versus

Ty drying curves for e = 1 upon the curves for varying values of
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s at a constant value of w5, The & increments were plotted Versus my,
Figures 6-16 and 6-17 for bins type I and II respectively. The
resulting relationships between & and Mo appeared linear on Cartesian

coordinates such that:
5 = "kl{'kl ’ITS B 6-11

Additional analysis indicated that 0 would be reduced for a value
of ’75>‘1 if Ty were increased above the values from which equation
6~11 was formulated. The graphical superposition method was further
applied to evaluate points on Figures 6-16 and 6-17 for different
levels of Moo A straight line was fitted to these points. The
slopes of the § versus s plots were plotted versus ’Wz, Figure 6-18,
to determine the relationship among & , Tgs and e The plots in
Figure 6-18 also appeared linear on Cartesian coordinates so that the

form of the equation for & became:

o
[

= "'C6-C7 'TT2+C6 "ITS“i"C'] 7T2 'TTS 6-12

{

or, & = (g=1)(CgtCy 7y)

The resulting form of the prediction equation was:
€, C
C -Cq T s My +HCetCoy Toe=~Cg Me~Cy Ty T )=
,,.,.lzcl‘,rzz[l_eslo 5(467265725):‘

6~-13
in which Ci are coefficients and egponents depending upon type of grain
and bin configuration.
Several methods were used to determine the most suitable values

for the Ci in equation 6-13. One method was to evaluate 02 and C5 from
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the component equations,; disregarding the values when T4 was small,
Ce and C; were evaluated from Figure 6-18. C, was estimated to make
the equation valid when 7T, was small and Tg = 1. Estimates for Cl
and C4 were made from a simultaneous solution of equation 6-13 and the
first partial derivative of the equation with respect to 77, which was:

4
( 6 not expanded)

C Cq
Cp G Cs ~CiMig brs 2 (7,-8)

8%}]8#4 = C1Cqmy g T 6-14

The simultaneous solution of equations 6«13 and 6-14 led to &
graphical solution of linear and an exponential curve as follows:

From equation 6-13, (6 not expanded),

G o S, - 6) c
Cy ~C3Mo 75 \M4=0) 2.
Cymy “e Cimy =Ty
or,
¢, G
-6) C C C
C3Mo ™5 (T4-0) 2 2 2
e = Cym,y /CIWZ -y = 1/ (l-m/Cymy ) 6-15
From equation 6-14,
C C
4 ™5
C, T T (T, =6)
o 3710 5 4 Cy C C

Substitute the value of C, from equation 6-16 into equation 6-15,

Thus:
C, Cz""n"cs(wr 6) c, C C g Cs'( &)
30 5 VT 4_ s 3"10 75 \TaT
e = 1/1~W1C3’nio LA /(877'1/8'7T4)e
or,
C C C C
4 5, 4 5
Cymp s @Q"@l [ c, %/9 o C3Mg s (%fQJNl
e [‘~C3nim10 T (<ﬂ1 4)e : =
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Finally:
C, Cs
C3’7T10 'TTS ('7T4" 6) C4 CS
e ':C T, ", L /Com;/ 87r4)] + . 6-17

3’110

An example of the graphical solutiom of C3 is shown in Figure
6-19. Cy was then substituted into either of equations 6-13, or 6-14
and C4_evaluated,

A second method was to compute Claand 02 from- the whgat hygro-
scopicity relat;onships since -the asymptotes of the drying curves, T
>.versus %&9 were directly propd;tional to C1 wbcza Values of ( Wi)max’
 ¢qual to AM x 100 by definition for a constant wet bulb process, were
plotted versus Ty» Figure 6-20, from which C1 and C, were evaluated.
CS’ C6’ and C7 were evaluated as in the previous method of approach.

By evaluating Cl’ CZ’ C6, and C7,equation 6-13 could be transformed
into a linear form so that a linear regression would yield simulfaneous
solutions of C3 and C4° The linear transformation of equa;ion 6~13

[

was derived as follows: ( 6 not expanded)

C C
T1/C1T, = l-e .

- C C
o C,Tr 473’ 5('17'-’6)
l/(ldﬁl/Clwb 2) = e 3710 5 4

€2 C4_Cs

c y
- 21
log10 {loge |-1:/ (1="'n'l/Cl‘n"2 ):I} = lOglOC3+C41°g107T10+C5108107T5+10810 (_77'4-6)
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Finally,
Cz CS S
10310{}08e E/(lwﬂi/CIWé i}/(ﬂa«ﬁ)ws }-= 1°g10C3+C410g10ﬂ10 . 6-18

Equation 6-18 is of the linear form:

<
i

A+BX

C2 Cs .
in which Y = loglo{}oge[}/(l=w1/clT@ {]/(TZ~6)W3 L}

X = 1OglOw10
A = logjpC3, Cg = antilog A
B=C

4

A third method was using a program on an I.B.M. 650 electronié
computer which simultaneously solved for the C;. The program format
used was program I by Granet and Edwards (14) for linear and nonlinear
regression calculations. The regression procedure derives least
square estimates for parameters (constants) of any analytic function
for which the first derivatives with respect to the parameters exist.
The procedure depends on the fact that a criterion function can be
stated which is a lipear combination of the partial derivatives with
respect to the parameters. Original estimates for each of the para-
meters are included in the program and by an iterative procedure,
increments are added algebraically to the original estimates until the
program converges on the best combinaticn of values of the parameters
by & method of reducing the sum of squares of residuals between
observed and predicted to a minimum.

It was found that an unrealistic asymptote resulted if the

program were allowed to solve simultaneously for all seven of the Ci°
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A more appropriate solution resultedﬁby using C; and C, as evaluated

from the ('vl)max versus T, relationship and solving simultaneously
for 03» C4, C59 Cé” and C7a
The partial derivatives of the dependent term Ty, with respect

to the Ci for use in the computer program were as follows: ( O not

expanded)
Let: Y = 'n'l Pl = G3
X, = m Py =G,
X4 = m, P4 = C6
X5 = To Bs = Cy
Fa 4
CZ P2 P3 u’].:"].XS Kz (X4=6)
Thus, Dl = 8Y/3P1 = "Clxl Xs Xz (leé)e ‘ )
Dz = BY/BPZ = (Pllogex5)nl
C P, P P ‘x 2y P36
, 2 z, 3 “PiXs Xy " Xy-
D4 = 8Y/8P4 = Clxl PlXS Xs (lwxz)e
Dj = 8Y/8P5 = x1D4

The computer program in Fortran statements is listed in Teble A-1IX.
The program was processed for machine use by compiling the program
using Fortramsit IlI-s with ihe appropriaste Sub-routings.

The computer program was very sensitive and would résult in over-
flow and underflow errors for some combinations of the original
estimates. Data for wholess than estimated § were removed for the

iterations. Run 8 for bin type 1 was removed as a plot of 7 versus T
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indicated it was not reliable. To prevent the data from being weighted
excessivély with runs for 7y ¥ 1, additional data were interpolated

for the runs of mg5 = 1, runs 6 and 20 for bins type I and II respec~-
tively. The limited data available for bin type III did not include any
for m5 = 1. At least one datumifor the two-foot diameter bins, actual or
interpolated, was pooied with the miniature bin ddta in the final solution
for the bi for each bin. This was done so that there would be a.
“variation of bin hydraulic radius in the data. The solution for the

P; would converge after six to eight iterations for the successful
attempts of running the program.
The most appropriate sets of values for the C; are listed below

and resulted from the method of evaluating Cl and C2 from the ( Wi)max
versus 1T, relationship, Figure 6-20, and using the electronic computer

program for regression analysis of C3, C4, CS’ C6’ and C7:

Bin Type

1 , 11 I
¢ 91.314 91.314 91.314
Cy 0.40531 0.40531 0.40531
Cy 0.000087761 0.00010767 0.000060956
C, 0.34480 0.25258 0.65780
Cs O e3elz 3.1832 9.1730
C 23,253, 22,593. 20,443,
c,  .-899,833. -1,037,483, -619,520.

Actual observed values of 7] used in the;Solution for the Pi,
predicted values of 1, and per cent difference/100 are listed in
Tables B-XI, B=XII, and B-XIII for the miniature bins type I, II; and III

respectively. Also included in the Tables are the statistical standard
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error of estimates for the miniature bin data listed, and observed and
predicted values for the two-foot diameter bins. The computed o
increments of m, are listed in Table BXIV for the miniature bin experi-
ments.

Validity of the prediction equaticn for evaluating conditions in
prototype installations was tested by considering the miniature bins
as the model systeﬁ and the two-foot diameter bins as the prototype
system. Plots of predicted versus obserxrved values for the two systems
are shown in Figures 6-21, 6-22, and 6-23 for bins type 1, II, and 1II
respectively. The data were from experimental runs & and 20 of the
miniature bins type I and 11 respectively and for all the applicable
data available for bin type III. Run 1 of the two-foot diameter bins
was used in the figures. The data for the other runs of the two-foot
diameter bins were for intermittent operation and after a rewetting
process occurred in runm 2. For these reasons, the data of the other
runs of the two-foot diameter bins were not considered applicable for
direct comparison to predicted values and were omitted from Figures
6-21, 6-22, and 6-23 although comparison of observed and predicted for
all the runs is included in Tables B~XIL, B-XII, and B-XIITl, Ruanl of the
two-foot diameter bin type I was for 'ﬁ5 = 0;966 whiéh was the lowest
value of g obtained during the research project.

A moisture balance was made on some of the runs of the miniature
bins to determine if the moisture removed from the grain was equal to
the meoisture gained by the air. Examples of graphical representations
of moisture gained by the air are shown in Figuree 6-24 and €-25.
These figures are for the same runs as shown in Figures 6-3 and 6-9

respectively. The moisture gained by the air was determined by
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measuring the area between inlet and exhaust air curves by using a
Keuffel and Esser Company Planimeter, model 4237. The areavwas
converted into units of pounds of moisture. Comparison of moisture
removed from the grain as determined by weighing the bins and moisture
gained by air as determined from psychrometric analysis of exhaust air

is listed below for seven runs.

Run Moisture removed Moisture gained
from grain, lbs by air, lbs

Bin Type 1 1 0.1631 0.1240
5 0.5200 0.5416
6 0.2090 0.1784
9 0.1345 0.1211
Bin Type II 15 0.1760 0.0796
19 0.5300 ‘ 0.5100
23 0.1675 0.1018

A standard deviation of differences of 0.0297 lbs water was obtained
for the runs analyzed. This was 0.45 per cent moisture content dry

basis .
Internal Moisture and Temperature Gradients

The internal moisture and temperature gradients during drying with
atmospheric air were analyzed from the results of the drying experiments
using the two-foot diameter bins. The moisture content, flow rate, and
ambient air data are listed in Tables B-VII and B-VIII for grain sorghum
and wheat experiments respectively. The intergranular temperature data,
assumed equal to grain temperature, are listed in Tables B«~IX and B=-X
respectively for the grain sorghum and wheat experiments. Values of

the dimensionless groups, pi terms, are listed in Table B-V1 for the
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wheat experiment. .The values in Table B-VI a¥é accumulative from the
beginning of thé experiment,

Grain moisture distributions for successive stages of drying are
shown in Figures 6-26, 6=27, and 6-28 for drying of grain sorghum and
in Figures 6-29, 6-30, 6«31, and 6-32 for the drying of wheat.

The initial grain moisture contents and temperature were not
quite equal for each of the three bins at the beginning of an experiﬁent,
Also, the air flow rates were not equal for the three bin types during
the experiments although attempts were made to exhaust enough air from
the blowers of bin types II and III so that the flow rate to .them
woﬁld not exceed the flow rate to bin type I. The full output from the.
blower of bin type I was utilized, but the grain offered more resistance
to air flow in this bin since the air traveled a greater distance
through the grain.

Since the initial and operating conditiomns were not q#ite equal
in the three bins during an experiment, the successive stages of drying
are not applicable for direct comparison between bin types although
some trends are indicated. Comparison of the grain moisture distri-
butions revealed the zones in each type bin which dried the slowesté
these zones were: Bin type I, the zone next to the bin wéll on the
exhaust air side; Bin type II, the zone across the bin (through the
center)‘betwegn the exhaust air ducts; and Bin type IIXI, the zone
at the center of the bin. 1In actual prototype installations, more
uniform drying might occur if an operational system were developed for
switching the blowers to different ducts as drying progressed.

A typical set of internal temperature gradients are shown in

Figure 6-33, for each of the three bin types for the wheat drying
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FIGURE 6-28. Distribution of moisture content of grain sorghum in the
two-foot diameter bins, % wet basis, run 3. (37 hrs-additional
drylng, 49 hrs total) : o



133

o omrow

e

.:!ﬁM(m: _ .
CewTwED . swTweD BINTYPE T
Average = 13.5 . 14.3 o 1446

‘FIGURE16-'29; Diétributioh of moistﬁre content'of wheat in the two-

foot diameter bins, % wet basis, run 1. (3 hrs of drying)

- ) i

i

mie ot IR o o

Air tn ‘ . o .
CUBINTYPET o o CBINTYPET . © BINTYPE

" 'FIGURE 6-30. Distribution of moisture content of wheat in the two-
 foot diameter bins; % wet basis, run‘Bo,'(11,8~hrs additional .-
drying;pastqrun 2,120}8fh;s total operation. Run 2 was 6 hrs of
Uy 'f'rewetting.) to ' e '



134

Air Qut

» BIN TYPE I BIN TYPE I . BIN TYPE I
Average = 12.0° 12.5 : 14.2
FIGURE 6-31. Distribution of moisture content of wheat in the two-

foot diameter bins, % wet ‘basis, run 4. (24.2 hrs additional
_ drying, 45 hrs. total) ‘

BN TYPET - : BIN TYPE ‘I v ' BIN TYPE I

Average = 10.5 » , ,10;9‘ 11.7

FIGURE 6- 32. Distribution of moiéture content of wheat in the two-
foot diameter bins, % wet basis, run 5. (54.4 hrs additional
drying, 99.4 hrs total) . o '



135

gk

80
82

88 1 3684 :

Air Qut

Air in "
BIN TYPE I ‘ ) BIN TYPE IT BIN TYPE I

Average = 83.3 - 80.9 | 79.9

FIGURE 6-33. Distribution of temperature of wheat in the two-foot
diameter bins, F, run 3. : o . LT



136

experiment. The temperature gradients correspond to the drying
gradients of Figure 6;30o |

Redistribution of temperature and moisture content was indicated
for intefmittent‘blower operation by»comparison.of these prdperties at
identical positions at the time the blowers were switched off and at
some later time, usually overnight. The data referred to are included
as the:runs‘with suffix:A in Tables B-VIII'and'ﬁ-x for,grain‘moisture
and temperatﬁre respectiQely of wheat in the. two-foot diameter bins.

Discussion of Prediction Equation

The fredictioﬁ equation for the thermal drying system, equation 6-13,
gives the average moisture removed from a bin of grain aﬁd does'ﬁot
indicate from where the moisture is removéd inside the bin. The equation
is for a bin coﬁpletely full so that Qhortrcircuiting of air is prevented.
Effects due to grain variety, émount of foreign ma;erial present, érackéd
kernels, and coﬁpgctioﬁ'of‘grain were not studied in this reseérch.

When the initial grain temperatﬁre is equal to the temperature of
the air entering the grain,‘ WS =1, 6§=0, and the equation reduces to:

Cy

02[:1'_;03 10 '”4]

wi = c1 T, 6-19

When initial grain temperature is highér than tﬁe temperature of
~ the entering aif, Ty < 1, an initia} iﬁcregge.in thé,dfying effect
‘Qill result. Convérsély,»if'the initiél‘gféin Eeﬁpéréture is less than
fﬁe eﬁteting air temﬁerature, Mg > 1, ah 1niti;1 décreasé.in'dfyihg
effect will occur. These effects are 11-1§étrai;eg in Figure 6__-3.4;.; The -
prediction equation defines the T =.1 curve and aﬁprdiimAtes the

effect for mg # 1. For 75 # 1, the equation is limited in application
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‘Prediction Equation. ' . '
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until an increpent of T, of magnitude equal to or greater than the
absblute value of.6 has elapsed. 6 1is negative forv'TT5 < 1 and
positive for s > 1,

When the Ci resulting from the analysis were used for a bin type
to compare the predictéd drying effects obtained for g <1, Tg =1,
and T > 1, for other conditions equal, the plots were not in complete
agreement with the relative effects shown in Figufe 6-34. After an
increment of , somewhat greater than 6 had elaﬁsed, the pésition‘of
the Tg < 1 and g > 1 curves interchanged as compared to their
respective positions in Figure 6-34. These compafisons were evaluated
by varying the initial grain tgmperature to obtain a variatidn ih Mg .
so that the asymptotes of the curves remaine& equal? The discrepanéies
between the hypothesized relationships of Figure 6-34 and predicted
values were considered due to e§aluating the C; using observed data
which were predo@inéntly for e > 1. It appears that additional
expérimental observations for Mg = 1 and g <1 are-aecessary to ﬁe
included 'in the data for empirically evaluating the C;. Since the Ci
were evaluated from data which were predominently for g > 1, the
resulting Ci are considered most épproériéte for abplications of
T 5 > i althouéh the plots of Figures 6-21 an& 6-22 verify that very
good agreemen£ was alsq obtained between predicted and obseryed values
for bin type I and II for Tg = 1.

Data forﬁr5 =1 for bin type I;I were extrapolated by a graphical
method of displacing thev'rTl versus T, curves for Tg > 1 to the left
an inqrement of ’F4 equal to the estimated & for each run. Pooling
these data with the actuél observations and using the eiectronié

computer program to evaluate the P, resulted in the following:
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€y =0.0001272, G, = 0.1495, C; = -2.942, C, = 7,912, and G, = -675,59%

4 5 7

which are quite'different from the Py of the ana1ysis using only
obserVéd data‘of s > 1, page 124. Cur?es platted from predietéd
Vaiues'using C1 and C, as 1i§fed on page 124 and the Py listed ébove
for comparing the effects of '#5 <1, Te = 1 an§ 'ﬁs 2> 1 are shown in
Figure 6-35. AThese curves are in'agreement with ﬁhe behavior of the
plots of Figure 6-34, The differences beﬁween the above evaluations
of théiPi for ﬁin Eype III and the Py listed on page 124 illustrate
ﬁhe sensitivity of the coméuter program for least squares regressions
of nonlinear equations. . |

An exampie of comparison of predicted drying effects for bins
type I and II is.showﬁ‘in Figure 6-36 for g > 1. Biﬁ ty?e III
predictions were omitted from the‘figuré since insufficient Sbservéd
data were available for evaluating the Pi. |

‘The pre&iction equation indicates, as did the experimental
research, that an increased drying effect occurs for an increase in:

Ty, the drying potential of the air,
bin hydraulic radius, r,

air flow rate, Q,, and

elapsed drying time, t.

Since drying time t is included in T, @ well as in 7,, the
drying effect is not the same for eQual values of LA obtained from the
product of different combinations of Q; and t. For example, doubling
the air flow raté and reducing the élapse& time by one-half results in
an increased drying effect for the doubied air flow rate as shqwn by
the examplé in Figure 6-37'which was plotted from evaluations using the

prediction equation for a bin type. Also included in T1o are grain
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thermal diffusivity and bin hydraulic radius.
The form of the prediction equation seems general in nature and
not limited to cross-flow arrangements. The Ci would require re-

evaluation for different bin configurations and for different grains.

FIGURE 6-37. Effect of a doubled &ir'flow rate on drying cbtained.



CHAPTER VII
SUMMARY AND CONCLUSIONS
Summary

The objec;ive of the study was to formulate a prediction equation
relating the physical factors involved in drying cereal grain in deep
cylindrical bins using cross-flow forced circulation of air. The
prediction equation would be useful in deqign and operation of crosss
flow grain drying installations. The study pertained to drying grain
in storage as opposed to aeration systems which are primarily for
cooling and freshening grain and which are systgms'of low air flow
rates as comparedvto that required of a dryihg installation. Grain
sorghum and wheat were to be used in the research.

The drying phase of the problem was complicated by lack of adequate
information pertaining to the resistance offered to air flow in a non-
uniform air circulation system. Also, the moisture sorption propertieg
of grain are not well defined for varying temperatures. The research
evolved intc somewhat separate studies of the air circulation system,
the hygroscopic properties of grain in the desorptive phase, and the
thermal drying system. Available wheat desorptive data were used in
formulatiﬁg an equilibrium moisture relationship for wheat in the
desorptive phase by amalytical methods. Experiments were performed to-
analyze the air circulation system and the thermal drying system.

Primciples of dimensional analysis and similitude were employed to

142
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facilitate the research. By using dimensional analysis and similitude,
factors cpuld be formed into dimensionless groups which were fewer in
number than the original set; and model drying set ups wére more con-
venien; to control than full size installations. Two sizes of models
were used so thgt the largler set were prototypes of the smaller set.

Since a v&riety of crogs~flow air circulation systems would be
possible, three systems were selected for study. The three bin con-
figurations qonsisted of two duct, four duct, and six duct arrangements.
The vertical air supply and exhaust ducts were located at equal
intervals around the periphery of each bin. Half the ducts were air
inlets and the other half were air exhausts. The inlet and‘exhaust
ducts were located alternately around the bin. To reduce the experi-
ments to manageable proportions, it was considered necessary to form-
ulate separate prediction equations for each bin configuration and for
each kind of grain studied.

A set of miniaﬁure model bihss approximately six inches in digmeters
was tested in an indoor laboratory where control was maintained of such-
factofs as: ailr temperature, moisture content, and flow rate; initial
grain and bin temperature; and temperature surrounding the bin. The
average drying effect, amount of moisture removed, was measured in these
experiments;but the bins were not of adequéte size to measure internal
moisture and temperature distributions or gradients. However, these
expe;iments se?Ged as the basis for forming prediction equations for
the air circulation system and the thermal drying system. Only wheat
was usgd in the miniature bin experiments.

A set of two-foot diameter bims served as prototypes'for chgpking

the validity of the prediction equations formulated from results of the
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miniature bins. Internal grain moisture contents, pressures, and
temperatures were measured for plotting of gradients in addition to
determining average drying effect. The two-foot diameter bins were
tested in an open shed using atmospheric air. Grain sorghum and wheat
were used in these bins.

An equilibrium moisture content relationship was developed which
adequately accounted for the temperature effect for relative humidities
of 70 per cent or lower. The relationship above 70 per cent relative
humidity was not defined mathematically but was estimated by using a
relationship for obtaining the maximum grain moisture content for an
isotherm., In a plot of an isctherm, a smooth curve was drawn from about
70 per cent relative humidity'to 100 per cent relative humidity. The

form of the equilibrium moisture relationship was:

P
: PZ PST 4
"’PlT Me
lexrh = e
where rh = air relative humidity as a decimal
e = base of Napierian logarithms
T = temperature; F, (not absoclute)
M, = equilibrium grain moisture content, % dry basis

P, = constants for a kind of grain,

i

The form of the equation for maximum grain moisture content was:

EZ
(Me%max = PlT :
where (Me%nax'= equilibrium grain moisture content at 100% relative
humidity, dry basis as a decimal
T = temperature, F, absolute
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P; = constants for a kind of grain.
The prediction equgtion'relating static preséure and air flow rate
was of the form:
P
n(P/r) = Pl(parz;QaNe/ll a)
(Refer to Table III for definition of symbols)
The term parZQaNeAu was regarded as a form of Reynoclds Number. The
range of Reynolds Number covered in the miniature and two-foot diameter
bins was from 5 to‘85, An extrap&lation was developed for higher values
of the Reynolds Number term based on data from the two-foot diameter
bins. The e#trapolated relationship can be used for approximating the
static pressure drop in large prototype drying installations.
The form of the prediction equation for the thermal drying system
was: |
C C

2 A 5
C =Cq(c pr /b t) (Tolrg) ~(Qut=5)
2 3V ghg” g e'’g a
M, = CI(AM AT/'Te) [1=e ]

where )

Brre/Tg)mﬂ (C6+C7A M Afr/"re)

it

c

; © constants for a kind of grain,

(Refer to Table II for definition of the other symbols)
The ranges of the dimensionless terms covered in the experiments of the
miniature model bins were approximately:

Mo, -0.83 to 7.34

AMAT/T,, 0.00403 to 0.0195

g

Te/Tgs 0.996 to 1.141

Q.t, O to 3,500

pgrz/hgtg 0.88 to 42

In the two-foot diameter bin experiments, the lower limit of Te/Tg
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was extended to 0.966 and the upper limit of Q,t was extended to approx-
imately 20,000, The ranges covered are adequate for full size drying .

installations for pr#ttical purposes.

Conclusions

Conclusions drawn from the three major phases of the study are

listed as follows:

Grain Hygroscopicity
1, There exists a finite maximum value of equilibrium grain
moisture content for an isotherm. The maximum value can be related to

temperature by an equation of the form:

(Me)max = PlT :
where (Mg ) payx = €quilibrium grain moisture content at 100%
' relative humidity, dry basis as a decimal
T = temperature, F, absolute
Py = constants for a kind of grain.

For wheat, P} = 1,315 and Py = =1.33.
2, A dimensionally nonhomogeneous equation adequate for drying

purposes for relating grain equilibrium moisture content, temperature,

and air relative humidity of 70 per cent or below is of the form:

LA
Py  PT
-P.T “M
l-rh = e e
where rh = air relative humidity as a decimal
T = temperature, F, (nmot absolute)

Mg = equilibrium grain moisture content, % dry basis

P; = constants for a kind of grain.
For wheat, P = 5.7336x10710, p, = 3.3718
P3 =14, 863, and P4 = "’0.41733
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Air Circulation System

1. A relationship to predict static pressure required to force

air across deep cylindrical bins is an equation of the form:

2 €2
n(P/r) =Cp(o r°QuNe/tiy)
where n = length scale ratio of prototype to 0.438 ft diam model
P = static pressure head of air entering bin, ft of water
r = hydraulic radius of prototype cylindrical bin, ft

pa = air density, lb(M)/ft3

air flow rate, (ft3 air/min)£t3 grain

O
o
it

Ng = Newton's Second Law constant, lb(F)/lb(M)ft/min2
Ma = air absolute viscosity, lb(F)min/ft2

Ci for wheat in the three cross<flow bins studied for the

Reynolds Number term from 5 to 40 were:

two duct bin four duct bin six duct bin
C; 17.03 x 107* 7,942 x 107 3.912 x 107
c;  1.324 1.213 1.239

2. The relative magnitude of the static pressure drop across the
three type bins for equal flow rates is approximately as indicated by
the relative values of C; for the bins in 1 above. An example of
relative pressures at a Reynolds number term of 40 is: the pressure
in the two duct bin is 5.9 times the pressure in the six duct bin and
the pressure in the four duct bin is 1.9 times the pressure in the six
duct bin. This effect corresponds to the relative length of path
traveled by the air from inlet to exhaust in the bin configurations,
the longest path being in the two duct bin for equal diameter bins,

3. Results from the two-foot diameter bins indicated that for

practical purposes, the pressure requirements for wheat and grain

sorghum can be comsidered equal.
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Thermal Drying System

1. Factors considered most important in drying grain in deep

cylindrical bins can be related by a prediction equation of the form:

¢4, Cs
C -C -
Y= o e 3X2 X3 "(X4- 8)
141 ]
where § = -Cg-CyX+CgX3tCyX X3 = (X3-l)(C6+C7XlL an increment of X,
Y = My, avg moisture removed from grain, % dry basis

X1 = AMAT/T,, drying potential of the air with respect to

the initial grain moisture content for an ideal constant
wet bulb drying process

= Cgpgrz/kgg a term consisting of therﬁal bfopetties_of
the grain c, and k,, density of the grain Pgs bin
hydraulic radius r, and elapsed drying time t

b
N
i

X3 = To/T_, ratio of_absoluté'temperature of air entering
bin §o initial grain absolute temperature

X4 = Qat, product of air flow rate Qa, cu ft of air per min/
cu ft of grain; and elapsed drying time t, min
e = base of Napierian logarithm

C; = coefficients and exponents for kind of grain.

For wheat, the C; were evaluated as:

imn duct bin four duct bin : " six duct bin
c1 91.314 91.314 91.314
Cy 0.40531 | 0.40531 : 0.40531
Cq 0.000087761 0.00010767 .0.000060956
C, 0.34480 0.25258 © 0.65780
bs 6.3612 3.1832 9.1730
Cg 23,258. - 22,593. 20,443,
¢,  -899,833. -1,037,483. -619,520.

Only a very limited amount of experimental observations were

available for evaluating the C; of bim type IIL.
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2. When the initial grain temperature is equal to the temperature
of the entering air, X3 = 1, 6 =0, and the prediction equation reduces
to:

¢
C,=  -CyXy X
Y= gpxy 2[1-e732 T

When x3 # 1, the equation is limited in application until an increment of
X4 equal in magnitude to the absolute value of 6 has elapsed. An
initial grain temperature‘greater than air temperature results in an
increased drying effect in the early drying stages as compared to.the
drying effect obtained if imitial grain temperature were equal to
entering air temperature., An initial grain temperature less tham air
temperature results in a decreased initial drying effect. The range
of & encountered in the study was from -800 to 2,772. The negative
values were for Xq <1,

3. The drying rates in the three cross-flow bin%ﬁstudied were
ap?roximately equal. The most pronounced differences between the bins
were the intermnal moisture contents and teﬁper&ture distributions during
drying. |

4. The term X, which includes thermal diffusivity accounts for a
transient increased drying effect in the early stages of dryimg. If
the term were omitted, the predicted drying effect would be only about
one-half the actual drying effect until an increment of,X4 of approxi-
mately 1000 had elapsed.

5. The dimensicnless group UzﬁﬁhﬁklcaQarTeg which was indicative
of the ratioc of heat input to bim to heat loss through the bin walls,
resulted in an insignificent effect for the range of values covered

in the miniature bin research. The range covered was from 0.000325
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to 0.00313 which was an adequate range for prototype installations.

6. Redistribution of grain moisture and temperature towards
uniformity occurred after the blowers were inoperative from 12 to 24
hours or more. Examples of spreads of moisture contents and temper-
atures for the two-foot diameter bins after the blowers had been
inoperative for 8 days were;

two duct bin four duct bin six duct bin

Moisture content,
% dry basis

End of run 4.5 4.7 6.2
8 days later 2.1 2.0 4.0
Temperature, F
End of run 5 9 11

8 days later .2 1 3

Suggestions For Further Research

Formulation of a dimensionally homogeneous equation would be
desirable for the equilibrium grain moisture relationship, especially
in the desorptive phase for application to grain drying systems.

The results of the experimental work in this study need to be
compared with performance of full size prototype installationms.
Additional studies in which the drying is continued longer than was
done in this study may lead to re-evaluation of the coefficients
and exponents in the prediction equation for the thermal drying system.
The present study would need to be extended to other grains in order
to increase the scope of the analysis to drying other grains and

possibly other crops such as peanuts.



151

The effect of intermittant blower operation should be evaluated
for its effect upon thermal efficiency. Improved methods of measuring
air flow rate and grain moisture content would be desirable in grain
-drying research. A method of accurately determining grain moisture
content at some position in the grain mass without removing a sample
would be particularly helpful.

Exploring new concepts of maintaining crops in good condition from
harvest to utilization may possibly result in methods considerably
differeant from drying grain with forced circulation of air to prevent

invasion by microorganisms.



S

6.

10.

1.

12.

152

SELECTED BIBLIOGRAPHY

~Agricultural Engineers Yearbook. Engineering Data on Grain

Storage. St. Joseph, Michigan: American Society of
Agricultural Engineers, 1961a R

' American Society of Mechanical Engineers. ASME Power Test COAeQ‘

Supplement. Flow Measurement. New York: American Eociety
of Mechanical. Engineers, PIC19.5:4, 1959. n e

‘Anderson; J. A., and-Ag-W. Alcock., Storage of Cereal Grains and

Their Products. Monograph Series, Vol. “II. St, Paul, Minn:
- American- Association of Cereal Chemists, 1954.

.Babbit,»J. D. "Hysteresis in the Adsorption cﬁfﬁater Vapour by

»Hheat" Nature, 156 265-266, London, 1945

'Babbit J..D. «"Observation on the Adsorption of Water Vapor by

Wheat," Canadian Journal of Research, 27.F:55-72, Canada,

Becker, H. A. and H. R. Sallans. "A Study of the Desorption
Isotherms of Wheat at 25 C.: and 50 C." Cereal Chemistry.
33:79-90, 1956. N

,Brunauer, Stephen. The Adsorption of Gases and Vapor. Vol. I,-

\Princeton: 'Prinmceton University Press, 1945.

Brunauer, Stephen, P. H. Emmett, and Edward Teller. '"Adsorption
- of Gases in Multimolecular Layers." Journal gf the American
_Chemicai Society, 60: 309 319, 1938.

Day, D. L. and G. L, Nelson. "Effects of Basic Parameters in

Prying Grain Sorghums," Technical Bulletin T-85. ' Oklahoma
State University Experiment Station, Stillwater, Oklahoma,
1960. .

-Eshbach 0. W. Handbook of.Engineering Fundamentals. Second

Edition. -New York: “John Wiley and Sons; Inc., 1952. p.6-06

Fairbrother, Thomes H. "The Influence .of ‘Environment on’ the
Moisture Content of Flour and Wheat." Cereal Chemistry.
6: 379 395, '1929.

Fenton, F. C.  "Storage of Grain Sorghums," Agricultural
Engineering, 22:185-188, 1941.



13.

1’40 )

15.

16.

- 17.

18.

19.

20.

21.

220

23.

24,

25.

153

Gane, R. "The Water Content of Wheats as a Function of Temper-
ature and Humidity." Journal of the Society of Chemical
Industry Transactlons and Communlcations, 60: 44~ 46, London,
1941, :

Granet, William and-Clark Edwards. "IBM-650 Programs for General
‘Linear and Non-Linear Regression Calculatlons," Stillwater,
Oklahoma; Oklahoma State University Computing Center and
-Department of Agricultural Economics, (Mlmeographed)

Hall, C. W. Drying Farm Crops. Reynoldsburg, Ohios Agricul-
tural Consulting Associates, Inc., 1957,

Hartley, H. 0. "The Modified Gauss-Newton Method for the
Fitting of Non-Linear Regression Functions by Least
Squares," Ames, Iowa: United States Army Ordance Corps
under contract to Iowa State University Statistical
Laboratory (Mimeographed)

Haynes, B. C., Jr. "Vapor Pressure Determination of Seed
Hygroscopicity." Technical Bulletin No. 1229. Agricultural
Research Service, USDA, in cooperation with College
Experlment Station, Un1ver51ty of Georgia, Washlngton, D. C.:
Goverment Printing Office, Jan.,’ l961,

Hendersor, S. M. "A Basic Concept of Equ111brium Moisture."
Agrlcultural Engineering, 33:29-33, 1952.

Henderson, S. M. and R. L. Perry. Agrlcultural Process
Englneerlng, New York John Wiley and Sons, Inc., 1955.

,Hubbard J. E., F. R. Earle, and F. R. Senti. "Moisture

- Relations in Wheat and Corn," Cereal Chemlstrye 34:422-433,
1957. " :

Hukill, William V. "Basic Principles in Drying Corn andTGrain
Sorghum." Agricultural.Engineering,”2§i335-338, 340, 1947.

Karplus, Walter J. Analog Simulation: Solution ggiField
Problems. New York: McGraw-Hill Bobk Co., 1958.

Langpaar Henry L. D1mensiona1 Ana1y51s and Theory of Models.
New York: Wiley, 1957°
g
Mott, R. A, "The Laws.of Motion of Particles in Fluids and.
' their Application to the Resistance of Beds of Solids to
the Passage of Fluid." Some Aspects of Fluid Flow.
pPp. 242-256. London,‘ Edward Arnold and Company, 1951°

Murphy, Glenn. . Similitude in Englneerlng. New York: \The
Ronald Press, ‘1950, .



26.

27.
28.
29.

309

31.

32.
330

34.

35.

154

Nelson, G. L., W. A. Mahoney, J. I. Fryear. "Grain Drying and.
Conditioning Investigations," Bulletin B-520. Oklahoma
State University Experlment Station, Stlllwater Oklahoma,
1959. .

Newton, Isaac. Newton's Principia. Trans. Andrew Motte.
- Revised, Florian Cajori. Berkeley: University of
-"California Press, 1947.

Pichlef, H. J. "Sorption Isotherms for Grain and Rape,"
Trans. W. E. Klinner. Journal of__grlcultural Engineering
Research, 2: 159 165 England 1957»- ‘ : ’

~

Rose, H.o E. '"Fluid Flow Through Beds of Granular Material."
. Some Aspects of Fluid Flow. pp.-136-163. London: Edward
Arnold and Co., 1951. ’

N

Shedd, C. K. _"Resistance of Grains and Seeds to Air Flow."
- Agricultural Engineering, 34:616-619, 1953.

Simmonds, W. H. C., G. T. Ward, and‘Ewen McEwen. "The Drying of
Wheat Grain. ‘Part I, The Mechanism of Drying." Transactions,
‘Institution of Chemical Engineers, 31:265-278, London, 1953.

Smith, Sherman E. "The Sorption of Water Vapor by High Polmers."
Journal of the American Chemical Society, 69.13646-651, 1947°

-Soroka, Walter W. Analog Methods in Computation and Simulatlon
_New York: McGraw-Hill Book Company, Inc., 1954

- Tuite, John F. and Clyde M. Christensen. "Moisture Content of

‘Wheat Seed in Relation to Invasion of the Seed by Species
of -the Aspergillus Glacus Group and Effect of Invasion upon
~ Germination of the Seed," Phytopathology, 47,6 323-327,
19570 ' . ' :

Wadell, Hakona "The Coefficient of Resistance as a Function of
" Reynolds Number for Solids of Various Shapes." Journal of
the Franklin Institute, 2173459~ 490 1934. Y




APPENDIX A

CALIBRATION CURVES FOR RELATIVE HUMIDITY RECORDER
AIR VISCOSITY CURVE USED IN EVALUATING DIMENSIONLESS GROUPS

ELECTRONIC COMPUTER PROGRAMS LISTED IN FORTRAN STATEMENTS
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- FIGURE A-1. Calibratlon curve for relative hum1d1ty recorder -

wgrain sorghum’ experiment, fall of 1960."
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FIGURE A-2. Calibration curve for relative humidity recorder -
wheat experiment, summer of 1961.
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FIGURE A-3. Graph for determlnlng air absolute v1scos:Lty for use
in evaluating some of the dlmenslonless groups or pi terms.
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ELECTRONIC COMPUTER FORTRAN PROGRAM FOR SUCCESSIVE
REGRESSIONS OF HYGROSCOPICITY DATA IN
LINEAR TRANSFORMATION

DIMENSION S({8)sP1(8)sP2(8)
READs E

READS

D03J=18

SUMXY=Ce

SUMX2=0.

SUMY =0,

SUMX=Cs

READ sN s CAPN

DO21=1sN

READ s XY

Y=LLOGEF (1e0/(1lali=Y))

Y=LOGF (Y}

X=LOGF (X}

SUMX=SUYMX+X

SUMY=5U4Y+Y

SUMX2=5UMX2+X %X
SUMXY=SUMXY+X*Y
D=CAPN*SUMX2~SUMX*SUMX
P2(J)=(CAPNYSUMXY=SUMX*SUMY) /D
R1={(SUMY*SUMX2=SUMXY*SUMX ) /D
Pl(J)=EXPF(R1) ’
SUMXY=0e

SUMX=Us

SUMY=Ue

SUMX2=Ce

D04J=1,8

S Y=LOGH(P1(J))

X=LOGF{5(J}) ,
SUMX =5UMX+X
SUMY =SUMY+Y
SUMX 2=SUMX2+X#*X
SUMXY=SUMXY+X*Y

D=8s 3t SUMX2=SUMX ¥ SUMX
Péa={8e#SUMXY=SUMXH SUMY) /D
P3= { SUMY #SUMX2=3UI"XY*SUKX) /D
P3=EXPF (P3)

_ SUMXY=0.

-

SUMY=C0a

SUMX2=0.

SUMX=Ca

DO5J=198 .
X=LOGF (S5(J}))
Y=LOGF(P2(J))
SUMX=SUMX+X
SUMY=SUMY+Y
SUMX2=SUMX2+X3#X
SUMXY=SUMXY+X¥*Y
D=8 e®SUMX2=5UMX%5UMX
P6={8e#SUMXY=~S U
P5={ SUMY*SUMX 2~ SU;»
P5=EXPF(P5)
PUNCHsP1 -
PUNCHsP2

PUNCHs P33P4yP5yP6
DOBI=30418245

X2=1

DOB8U=2430s2

X1l=J

Z=P5HX2%%P6
2=X1%%2
V={P3#X2%%xP4)
2=={V¥%2)
Y=le=(E##Z}

PUNCHs YoX1sX29s
CONT.INUE

END

MY /D
IXYRSUMX) /D
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ELECTRONIC COMPUTER FORTRAN PROGRAM FOR REGRESSION
OF FIVE CONSTANTS IN NONLINEAR
PREDICTION EQUATION

DIMENSION A(8+8)sD(8)sP(T)»
Y(100)sX1(100)»X2(100)9X4£100)
»X5(100})

READ NPy NO
READsC1sC29P(1)sP(2)sP(3)sP(4)
sP(5)

DO13I=1sNO
READ»Y(I)sX1(I1)eX2(I}sX3yX4(1])
sX5(1)

CONTINUE

M=NP+1

ITER=0

- E=2.7182818

CONTINUE

DO1Il=1sM

DO1J=1M

AlIsJ)=0.0

DO 2 K=1sNO
Z=X1(K)**C2
Z1=X5(K)**P (2}
22=X2(K}¥*P (3]
Z3=X4(K)+PU&)Y+P (5% X1 (K} =P (4} *
X2(K}=P(51%X1(K)*¥X2(K)
Z4=E#%(~P(1)*21%Z22%23)
Z5=LOGEF (X5(K))
Z6=LOGEF (X2(K))
ZT7=Cl¥Z*Z1*72%74
D(1)=23%27
D(2)=P(1)*D(11%*25
DI3)=P(1)*D(1)*Z6
DI4)=P(1)#Z27~P(1)#Z27%X2{K)
D(5)=X1(K)*¥D(4)
D(6)=Y(K)-C1l*¥Z+C1%*Z*Z4
DO21=1sM

DO2J=1sM .
AlTsJ)=D(I)*D(JI)+A(]Is )
M1=NP

DO31=1yM1

MA=1+1

DO3J=MAM1
AlJsI)=A(19J)

M2=M-2

DO51=19sM2

M3=1+1

DO4J=M3 M

o h

= OO0

ALTsJ)=ACTsd)/A(T+1)

DO5L=
DO5K=

IeM2
M34M

AlL+19K)I=A(L+19K]
—~A(L+1s1}*A(IsK)
A(M=1sM}=A(M=19M} /JA(M=19M=1}

L=M2
K=M1

DO6J=

32 0
31 0

6 0

10 0
99 0

12 0

—
—
D000 0CO0O0

19M2
DO311I=1sL
ACTsMIZA(TsMI-A(T sKIRA(K M)
L=L-1

K=K~1

ITER=ITER+]

DO10I=1,M1

PI})=A(IsM}+P(])}

PUNCHsP

GO TO -7

BIPCT=0.0

DO 17 K=1sNO

Z=X1(K)*%C2

Z1=X5(K})*#¥P(2)
22=X2{K)#*P (3}
23=X4(K)+P (4 )+P(5)¥X1(K}-P(4)*
X2(KY=P(5)%X1(K)*X2(K)
Z4=E#% [(=P(1)%#21%22%73)
YCAL=C1l#Z-C1*Z#724

YNOW=Y (K)
PCTPD=(Y(K)~-YCAL)/YCAL
PUNCHsYNOWsYCALsPCTPD
IF(BIPCT-ABSF(PCTPD)) 16917917
BIPCT=ABSF{PCTPD)
DYNOW=YNOW

CONTINUE

PUNCHsP s ITER
PUNCHsBIPCTsDYNOW

CONTINUE

DO 34 I=1M

PUNCHsA(1yM)

CONTINUE

END



APPENDIX B

TABLES OF VALUES OF FACTORS AND
DIMENSIONLESS GROUPS FOR THE EXPERIMENTAL OBSERVATIONS
AND ANALYSES OF THE

MINIATURE AND TWO-FOOT DIAMETER BINS
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Explanation of Taﬁles

' The pi terms listed in the Tables are.defined in'che text in
Tables II and III éxcept for an additional x;, which is defined on
pége 111. The treatment schedule, Table VIII in the text, outlines
the condicions of the experimen;al runs in these tables for‘the
miniature bin egperiﬁents. |

The values in Tables B-III, B-IV, B-V, B-VI, B-XI, B-XII, and
fB-XIIi are liscéd in the floating pointisystém. Floating point
_ numbers have a mantissa of eight cignificant digits followed by a
two digit characteristic. 'The'pumbers are of the form .XXXXXXXXPP

where PP is the power of 10 with 50 added. Examples are:

1234567851 = 1.2345678
1234567850 = 0.12345678
1234567849 = 0.012345678

The number is positive if a + or blank space follows it.and negative
if-a - follows it.

The observed values of n, in Tables B-III, B-IV, B-V, and B-VI

1

are to be interpreted to only two decimal places.



VALUES OF PRESSURE AND FLOW RATE DIMENSIONLESS

TABLE B-I

GROUPS AND FACTORS FOR WHEAT IN
THE MINIATURE MODEL BINS

BIN TYPE

163

1 "2 P Qa
I 0.01369 4 .804 0.00167 3.397
0.02737 8.500 0.00333 ' 6.010
0.04105 10.446 0.00500 7.386
0.05474 14.093 0.00667 9.965
0.06842 16 .049 0.00833 11.348 -
0.08210° 18.970 0.01000 13.413
0.09578 21.388 0.01167 ©15.123
0.10947 23.342 0.01333 16.505
'0.12315 24.716 0.01500 17.476
11 0.006842 5.642 0.000833 3.984
0.013680 11.421 0.00167 8.064
0.020525 14.385 :0.00250 10.157
0.027365 18.340 0.00333 12.950
0.034212 22.225 0.00417 15.693
0.041051 25.325 0.00500 17.882
0.047890 28.546 0.00583 20.156
111 . 0.0068415 9,982 0.000833 7.048
0.013686 17.932 0.00167 12.662
0.027365 31.023 ' 0.00333 21.905
0.034212 36.834 0.00417 26.008
0.041051 42.579 0.00500 30.065
TABLE B-II
VALUES OF PRESSURE AND FLOW RATE DIMENSIONLESS
GROUPS AND FACTORS FOR WHEAT AND GRAIN
SORGHUM IN THE TWO-FOOT DIAMETER BINS
BIN TYPE . p! y) P Q,
WHEAT
I 0.0995 68 .32 0.0498 3.01
11 0.0495 72 .63 0.0248 3.19:
111 0.0263 74,27 0.0132 3.26
GRAIN SORGHUM
1 0.10667 70.33 0.0533 2.98
11 0.06500 94 .87 - 0.0325 4.02
111 0.0350 0.0175 4.10

. 96076



Run
No

10

11

12

VALUES OF DIMENSIONLESS GROUPS, MINIATURE BIN TYPE I

]
1200000050C
1200000050
9000000049
1200000050
4700000050
9100000030
1580000051
2160000051

3400000049~
9200000049~
179000005 0~
208000005 0~-

2500000049

4610000050
1160000051
1771000051

00 ool
8730000049~
1750000050~
3330000050~
8730000049
4660000050

1190000051

18000600051

2910000049

00 51
00 51
1460000050

4070000050 .

84406000050
1480000051
2100000051

00 51
2910000049
2910000049~
00 51
3490000050
7560u0005U
1340000051
2060000051

%2
40532000048
4032000048
4032000048

4032000048
4032000048 -

4032000048

4032000048

4032000048

3570UU0048
357000048
3570000048
3570000048
3570000048
3570000048
3576000048
3570000048

3397000048
3397000048
3397000048
3397000048

‘2397000048

33%¢(000048
3394000048
3397000048

4100000048

4100000048

4100000048

P EVIVIVIVIVETTY:]
4100000048
4100000048
4100000048
4100000048

4203000048

4203000048

4203000048
4203000048
4205000048
4203000048
4203000048
4203000048

TABLE B-III

s
1105000051

1109000051

1109000051
1109000051
1109000051
1109000051
1109000051

1109000051

1138300051
1138300u51
1138300051
1138300051
11383006051
1138300051
1138300051
1138300051

1120100051
1120160001
1120100051
1120100051
1120100051
1120100051
1120100051
1120100051

11201G0ua1
1120100051
11201000651
11z20ivovzl
1126100Ub1
1120100051
1120100051
1120100051

1126100051 -

1120100051
1120100051
1120100051
1120100051
1120100051
1120100051
1120106051

6
1165000048
1165000048
1165000048
1165000048
1165000048
1165000048
1165000048
1165000048

1092000048
1092000048
1092000048
10v2000048
1u92000048
1092000048
1092000048
1092000048

3257000047

3257000047

3257000047
3257000047
3257000047
3257000047
3257000047
3257000047

5566000047
5566000047

5566000047

5566000047
596600004 7
5566000047
9566000047
5566000047

1400000048
1400000048
1400000048
1400000048
140V00004H

‘140000004
1400000048

1400000048

LA
8150000052
1635000053
32700000453
6540000053
1308000054
1962000054
2943000054
3924000054

8175000052
1635000053
3270000053
6540000053

308000054
1962000054
2943000054
3924000054

8175000052
1635000053
3270000053
6540000053
13038000054
1962000054
2943000054
3924000054

8175000052
1640000053
5270000053
654000005 3
1308000054
1962000054
2943000054

3924000054

8175000052
1645000053
3270000053
6540000053
1308000054
1962000004
2943000054
3924000054

164

10
4205000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
21040000652
1052000052

5263000051

2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
9263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052

1052000052

5263000051
2626000051
1757000051
1166000051
8784000050



Run
No

. 8700000049

X

2290000050
3720000050
5720000050
8860000050
1342000051
1713000051
2284000051
2740000051

00 . - b1
00 51
2900000049~

00 51
72340000050

6720000050

. 1290000051 _.

190000005 1

1460000050
1750000050

2630000050
4950000050

8440000050

1251000051

1832000051

2123000051

5820000049
5820000049
5820000049
8730000049
4360000050
9900000050
1690000051
2270000051

0w 51
2900000049

2670000050
6990000050
1195000051
1952000051
2564000051

L)

3731000048
3731000048
3731000048
3731000048
3731000048
3731000048
3731000048
3731000048

4091000048
4091000048
4091000048
4091000048
4091000048
4091000048

4091000048°
4091000048

13522000048

3522000048

3522000048

3522000048
3522000048
3522000048
3522000048
3522000048

3483000048

3483000048
3483000048
3483000048
3483000048
3483000048

3483000048

3483000048

3756000048
3756000048

3756000048

3756000048
3756000048
3756000048
3756000048

3756000048

TABLE B-III (continued)

L

1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051

1120100051
1120100051
1120100051

1120100051

1120100051
1120100051
1120100051

11201000517

1044800051
1044800051
11044800051
1044800051
1044800051
1044800051
1044800951
1044800051
|

1124600051
1124600051
1124600051
1124600051
1124600051
1124600051
1124600051
1124600051

1077000051
1077000051
1077000051

1077000051 .

1077000051
1077000051
1077000051
1077000051

Tg
1133000048
1133000048
1133000048
1133000048
1133000048
1133000048
1133000048
1133000048

2108000048
2108000048
2108000048
2108000048
2108000048
2108000048
2108000048

2108000048

1144000048

1144000048
1144000048

1144000048

1144000048
1144000048
1144000048
1144000048

3126800048
3126800048

3126800048

3126800048
3126800048
3126800048
3126800048
3126800048

1133000048
1133000048
1133000048
1133000048
1133000048
1133000048
1133000048
1133000048

%

8175000052

1635000053
3270000053
6540000053
1308000054
1962000054
2943000054
3924000054

8175000052

1630000053
3270000053
6540000053
1308000054
1962000054

2943000054 -

3924000054

8175000052
1635000053
3270000053
6540000053
1308000054
1962000054
2943000054
3433500054

. 8175000052

1640000053
327000p053
6540000053
1308000054
1962000054
2943000054
3924000054

8175000052

1635000053
3270000053
6540000053
1308000054
1962000054
2943000054
3924000054

165

*10

4208000052
2104000052

©1052000052

5263000051
2628000051
1757000051
1166090051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052

11052000052
5263000051

2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051

1166000051
8784000050



kun
Mo

"1

9200000049
1220000050

1530000050
3060000050
©8250000050:

1530000051
2540000051

3450000051

2160000050

2780000050

3090000050°

7410000050

1850000051 -

4760000051

4

. 1540000050

3070000050
5230000050

1110000051
12610000051

4150000051
5530000051

" 6180000051 -

3070000050

6140000050
9210000050
1840000051
3410000051

5070000051
6600000051

7340000051

3120000051
4230000051

TABLE B-III (continued)

%2

6667000048
6667000048
6667000048
6667000048

6667000048

6667000048
6667000048

6667000048

1101000049
1101000049

1101000049

1101000049

1101000049 :

1101000049

71101000049

71101000049

1591000049
1591000049
1591000049
1591000049
1591000049 °

1591000049

. 1591000049

1591000049

1948000049

1948000049

1948000049

1948000049

1948000049

1948000049
1948000049
1948000049

‘5 o '

1117900051
1117900051

1117900051 -

1117900051

~1117900051

1117900051

1117900051 .

1117900051

1122000051

1122000051

1122000051

1122000051
1122000051
1122000051
1122000051

1122000051

1123700051
1123700051
1123700051

1123700051 -

1123700051
1123700051

1123700051

1123700051

:

1121200051

1121200051
1121200051
1121200051
1121200051
112120005]
1121200051

1121200051

13

- 1142000048

1142000048

1142000048

1142000048
1142000048
1142000048
1142000048
1142000048

9405000047

9405000047 .

9405000047
9405000047
9405000047

9405000047

9405000047
9405000047

1067000048

1067000048
1067000048
1067000048
1067000048
1067000048
1067000048
1067000048

1023000048
1023000048
1023000048
1023000048
1023000048
1023000048

11023000048

1023000048

‘ ‘4.

8180000052 .

1635000053
3270000053
6540000053
1308000054
1962000054

~ 2943000054
3924000054

9830000052

1970000053

. 3930000053

7870000053

1573000054 °

2360000054
3146000054
3540000054

1030000053 °
2050000053

4100000053

8200000053
1640000054

2461000054
3281000054

3691000054

1050000053
2090000053
4190000053
8370000053

1674000054 -

2511000054
3848000054
3767000054

166

%10

4208000052
2104000052
1052000052

5263000051

2628000051
1757000051

1166000051
. 8784000050 -

2805000052

1403000052

7013000051

3506000051
1757000051

1166000051
© 8784000050
7776000050

2805000052
1403000052

.7013000051

3506000051
1757000051
1166000051
8784000050
7776000050

’

2805000052
1403000052
7013000051
3506000051
1757000051
1166000051

. 8784000050
~7776000050



Run
No

i1

[N
N

TABLE B-1IV

VALUES OF DIMENSIONLESS GOUPS, MINIATURE BIN TYPE

1
3060000050
4990000050

7760000050

1163000051

1716000051

2213000051
2822000051

1140000050
2250000050
3910000050
6680000050
1195000051
1693000051
2413000051

- 3000000049

8500000049
1680000050
3340000050
8040000050
1357000051
2104000051

5720000049~

8580000049
1430000050~
1430000050~
2000000050
6870000050
1370000051
1970000051

2770000049~

5540000050~
8300000050~
8300000050~
2770000050

- 8300000050
1490000051

2160000051

%2

4454000048
4454000048
4454000048
4454000048

4454000048 °

4454000048
4454000048

4609000048

4609000048
4609000048
4609000048
4609000048
4609000048
4609000048

4338000048
4338000048
4338000048
4338000048
4338000048
4338000048
4338000048

3803000048
3803000048
3803000048
3803000048
3803000048
3803000048
3803000048
3803000048

4597000048

4597000048
4597000048
4597000048
4597000048
4597000048
4597000048
4597000048

Xs
9964000050
9964000050
9964000050
9964000050
9964000050
9964000050
9964000050

1040000051
1040000051
1040000051
1040000051
1040000051
1040000051
1040000051

1079100051
1079100051
1079100051
1079100051

11079100051

1079100051

1079100051

1117900051
1117900051
1117900051
1117900051
1117900051
1117900051
1117900051
1117900051

1117900051
1117900051
1117900051
1117900051
1117900051
1117900051
1117900051
1117900051

%6
1060000048
1060000048
1060000048
1060000048
1060000048
1060000048
1060000048

1051000048
1051000048
1051000048
1051000048
1051000048
1051000048
1051000048

1030000048
1030000048
1030000048
1030000048
1030000048
1030000048
1030000048

3480000047
3480000047
3480000047
3480000047
3480000047
3480000047
3480000047
3480000047

5987000047
5987000047
5987000047
5987000047
5987000047
5987000047
5987000047
5987000047

X
8375000052
1675000053

3350000053
6700000053

1340000054

2010000054
3015000054

8375000052
1675000053
3350000053
6700000053
1340000054
2010000054
3015000054

'§375000052
1675000053
3350000053
6700000053

1340000054

2010000054
3015000054

8510000052
1700000053
3400000053
6810000053
1362000054
2042000054
3064000054
4085000054

8380000052
1680000053
3350000053
6700000053
1340000054
2010000054
3015000054
40200000%4

167

II

%10

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051

42080000652
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000551

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050



Run
No
15

26

27

by
[

23

ﬂl.

. 3000000049~

6000000049~
8000000049~
600000004 9=
4600000050

8100000050
11660000051

2310000051

00 51
2826000049~
1130000050~

©. 8500000049~

3110060050
7300000050
1440000051

.20600000651

00 51

28500000649~
5700000049~
5700000049~
2850000050
7700000050
1460000051
2080000051

2800000049~

5700000049~

1130000050~

8500000049~
3110000050,

7060000050 .
1380000051
1980000051

00 51
2900000049~
1130000050~
1410000050~

-1670000050

6980000050
1424000051
2123000051

TABLE B~IV (continued)

T

4326000048
4326000048
4326000048
4326000048
4326000048
4326000048

4326000048
4326000048

4091000048
4091000048
4091000048
4091000048
4391000048
4091000048
4091000048
4091000048

4151000048

4151000048

4151000048
4151000048
4151000048
4151000048
4101000048
4151000048

4350000048

4350000048
4350000048
4350000048

4350000048
4350000048

4350000048
4350000048

4431000048

4491000048
4451000048
4491000048
4491000048
4491000048
4491000048
4491000048

5
1120100051
1120100051
1120100051
1120100051

1120100051

1120100051
1120100051

1120100051 °

1117500051

1117900051
1117900051
1117900051
1117900051
1117906051
1117900051
1117900051

1119000051
1119000051
1119000051
111%000091
1119000051
1119000051
1119000051
1119000051

1117900051
1117900051
1117900051
1117900051
1117900051
1117900051
1117900051

1117900051

1140600051
1140600051
1140600051
1140600051

1140600051 -

1140600051
1140600051
1140600051

RT3

1090000048
1090000048
1690000048
1090000048
1090000048
1090000048
1090000048
1090000048

1547000048
1547000048
1547000048
1547000048
1547000048
1547000048
1547000048
1547000048

1996000048
1996000048
1996000048
1996000048
1996000048
1996000048
1996000048
1996000048

3058000048

- 3058000048
- 3058000048

3058000048
3058000048
3058000048
3058000048

3058000048

1047000048
1047000048
1047000048
1047000048
1047000048
1047000048
1047000048
1047000048

%
8500000052
1700000053
3400000053
6800000053
1360000054
2040000054
3015000054
4080000054

8580000052
1720000053
3430000053
6860000053
1372000054
2058000054
3087000054
4116000054

8480000052
1700000053
3390000053
67800000553
1356000054
2034000054
3051000054
4068000054

8480000052
1700000053
3390000053
6780000053
1356000054
2034000054
3051000054
4068000054

8365000052
1673000053
3346000053
6692000053
1338400054
2007600054
3011400054
4015200054

168

"0

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

4208000052
2104000052
1052000052
5263000051

..2628000051

1757000051

1166000051
8784000050

4208000052
2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050



Run

No -

16

17

.18

19

. xl

00 . 51
00 51

- 3000000049

2710000050
1150000051
1990000051
3100000051

4130000051

6020000049
1200000050
2710000050
6620000050
1780000051
2860000051
3940000051
4430000051

17906000050

3870000050
6550000050
1310000051
2800000051
4260000051
5630000051
6250000051

2980000050

5650000050

9520000050
1820000051
3510000051
5090000051
6550000051

7200000051

TABLE B-1V (continued)

%2
7981000048

7981000048,
7981000048

7981000048
7981000048
7981000048
7581000048

7981000048 .

1195000049

1195000049
1195000049
1195000049

1195000049 -

1195000049

1195000049°

1195000049

1617000049

1617000049
1617000049

©1617000049

1617000049
1617000049
1617000049
1617000049

1946000049
1946000049

1946000049

1946000049

1946000049 .

1946000049
1946000049
}946000049

3
1113400051
1113400051
1113400051
1113400051
1113400051
1113400051
1113400051

1113400051

1122000051
1122000051
1122000051
1122000051
1122000051
1122000051
1122000051

1122000051

1121600051

1121600051
1121600051
1121600051
1121600051
1121600951
1121600351
1121600

1126300051
1126300051
1126300051

1126300051 -

1126300051
1126300051
1126300051
1126300051

51

- ng
1067000048
1067000048

1067000048

1067000048
1067000048
1067000048
1067000048
1067000048

1199000048
1199000048
1199000048
1199000047
1199000048
1199000048
1199000048

1199000048

9437000047
9437000047
9437000047
9437000047

9437000047 .

9437000047
9437000047
9437000047

1036000048

. 1036000048

1036000048
1036000048
1036000048
1036000048
1036000048

1036000048

%%
8430000052
1690000053
3370000053
6740000053
1348000054
2022000054
3033000054
4044000054

9080000052
1820000053
3630000053
2770000053
1453000054

2180000054

2906000054
3270000054

8790000052
1960000053
3920000053
7830000053
1566000054
2343000054
3132000054
3524000054

1030000053
2070000053

4140000053

8270000053
1655000054
2482000054
3310000054
3723000054

169

™10

' 4208000052

2104000052
1052000052
5263000051
2628000051
1757000051
1166000051
8784000050

2805000052
1403000052
7013000051
3506000051
1757000051
1166000051
8784000050
7776000050

2805000052

1403000052
7013000051

~3506000051

1757000051

1166000051

8784000050
7776000050

2805000052
1403000052
7013000051
3506000051
1757000051
1166000051
8784000050
7776000050



- Run
No

- 30

29

Type

VALUES OF DIMENSIONLESS GROUPS, MINIATURE BIN TYPE.

o
8300000049
1110000050

©.1660000050

Bin

3320000050
7200000050

1160000051
1740000051

2110000050
"4220000050
8730000050
1720000051

3490000051
5000000051
6270000051
6840000051

VALUES

an

4320000048

4320000048
4320000048

© 4320000048

4320000048
4320000048
4320000048

2184000049
2184000049
2184000049
2184000049
2184000049
2184000049
2184000049

2184000049

TABLE B-V

s
1077000051

1077000051

1077000051
1077000051
1077000051
1077000051
1077000051

1125300051

1125300051

1125300051

1125300051
1125300051
1125300051
1125300051
1125300051

%6
1009200048
1009200048
1009200048
1009200048
1009200048
1009200048
1009200048

1134000048
1134000048
1134000048
1134000048
1134000048
1134000048
1134000048
1134000048

TABLE B-VI

A
8280000052
1660000053
3310000053
6620000053
1324000054
1986000054
2979000054

1010000053
2020000053
4040000053
8080000053
1616000054
2425000054
3233000054
3637000054

170

ITI

™10

4208000052
2104000052
1052000052

5263000051
2628000051
1757000051
1166000051

2805000052
1403000052
7013000051
3506000051
1757000051
1166000051
8784000050
7776000050

OF DIMENSIONLESS GROUPS, TWO-FOOT DIAMETER BINS

31

)

5

Ty

™10

I1

P LN -

111

VWA

WP W N

1740000051
9300000050

1700000051

3740000051
5700000051

1160000051
1090000051
1710000051
3540000051
5500000051

1030000051
9000000049
1590000051

3370000051

4920000051

1305000048
1345000048
1380000048
1464000048

1432000048

1443000048
1485000048

.1528000048

1613000048
1585000048

1564000048
1590000048

1631000048 .

1732000048
1700000048

9660000050
9350000050
9520000050
9570000050
9780000050

1000000051
9680000050
9860000050
9940000050
1017000051

1041000051

1007000051

1026000051
1035000051
1058000051

6080000053
1796000054

4020000054

8462000054

. 1819000055

6370000053
1939000054
4598000054
9126000054
2069500055

6370000053
1912000054
4418000054
9207000054

12025500055

1959800052
6530000051
2830000051

/1066000051

5900000050

1959800052
6530000051
2830000051
1066000051
5900000050

1959800052
6530000051
2830000051
1066000051

5900000050



Bin
- Type

Bin

Iype
II

Bin
Type

111

- Tide :

Run of Run

PWN O S W

PN+ O

- Noa Hours

0.0
420
8e1

36eb
T642

Total 1249

© 0.0
4e0
8.1

3646
7642

Total 1249

0.0
440
8‘1
3646
T6e2

MOISTURE CONTENT OF GRAIN SORGHUM IN- TWO=-FOQT

1

- l4e3
13.0
ile5
10a2

119

14.7
1340
11le6
10+6
12«1

lée4
13.0
11e7

" 1044
12.3

Total 1249

2
1445
1249
lleéd

9«8
1le2

1402

"13.3
..11e8

10«5
11«8

1440
13.5
12.2
10e4
11l.8

TABLE B-VII

Positio n’ ia bin

3

1446
13.9
1243
10e2
1le4

1443
1440
1249

1361

11le8

l4el.

14.0
134
11le5
1243

4 5
l4e3 143
14e7 1445
1348 1345
128 1547
1266 1242
14e7 1349
148 lbeok

_ 138 1346 _
1249 129
128 1248
14e5 1461
lbeb lboh
13e9 1344
10e6 1le4 .

1361 1362

-6

C14eT

1443
l4a1
1261
121

‘I4e3
1443

1347

1244
12.6

14.0
l4e5
13.9
1261
131

7
1541

14,49,

1446

1245 .
125

1445

T lbeb
1345

113

1246

1446
1349
127
10.8
11le6

14e3

lbed.
146l

1244
1245

1440

l4e2
1340

1163

120

1440
1349
1248
11e3
1165

.9

‘1445

1443
i3+6
1le7

-1242

léel -

1465
1362
1le4
11e9

1403
l4e1
1343

12.2
1240

DIAMETER BINS, % WET

10
1445
1442
13.1
1lel
121

14e2
1404
1346
1246
1247

1446
136
13.2
1346

Bin

cAvg
14651

l4a11"

13.20

-11485

12.07

Avg through Run 3

BASIS

’7A£r

" Flow
. Rate

cfm/ £t3

3438
2298
2498
3.30

Total avg 316

14429
14413
13.07
11.70
12431

Avg through Run 3
‘Total avg 394

14403
13409
11439
12645

Avg through Run 3

3«78
3694
4e(2
4402

14423 |

3694
4e02
4410
4018

Total avg 4 .06

Tenp’
F

844
80
T7e
65
7862
706l

84 .
80s
T7e
65
7842
7001

84 e
80s
T7e
65
T8e2
7041

Relative
Humidity
k3

28
27
38e
39
"3540.°
375

28e -
27
38
39
3540
3745

23-
27»
38ﬁ
39
3540
3745

141



Bin .

“Type

Bin -

Type

Bin.
Type
1

3 Time
Run . of Run
No Hours
0 -0.0
1 3+0

1A

2 60
2A :
3 118
-4 2402
44

5. ' bae4 .-
S5A '

Total 99«4

[ 0.0
1 30
aA )
2 T 640
2A

3. . 1le8
4 24e2
4 A

5 544
5A

Total 994
[¥] 0.0
1 : 30
‘1A

2 . - 6e0
| 2A

3 S 1le8
4 24e2
4A )

5 C 5444
54 .

Total 99

MOISTURE CONTENT

127

131

1246

1Ze1

- J2e

Se5

1067

1040

113

1443
1343

135
12.4
S 1le3-

948

1140 .
. 10e1
10s1

1440
1348
13e4

128
1143

" Ge2
10e5
99

1061

128

13«7

1le3

9e7

945

13.7
13+8

11e9

100

14e5

1545

120

1049

101

107

135
l4e4

1240
10e5

98

1443

1406

1343
1120

1043

14e6
1548

1443 .

13e1

137
1402
145
1446
1446
1440

. 129
"1le5

TABLE B-VIII

OF WHEAT IN TWO-FOOT DIAMETER BINS, % WET BASIS

sition 4im bim.

S5

138
1348

145
138

1lel

1le6: -

:l4g5
1%e6

l4e2
15,0
15«0
d4ed
13e2

11.%
12+ 2

1&e 9
149

15e5

153

1543
1580,
132

1267
1240

145
1340

1540

ldad .

“12e1

1448 .

1542 .

14.9

12T

145

6

1349
1564

1443

12.6

1045

14.45

1640

149

1369,

"1le7

14eb

161

1543

1443

1246

7

1049

1442

1547

i4e0 -

11.8

1064

1467

1549

iJO.B

1346
154

1aet .
1248 -

136 lbel

1048

147

1346
14e7

l4e4
1341

1069

1542

c1lb4e2 -

v1500f

14‘0
1240

11045

15;2
1446

- 1640

1107

. 11ls1

9

‘1448

138

13.9

l4e1
123

-10e5

1540
T4e1

14el

© 1443 .

1246

*10e6

1544
l4ab

1504

15«2

1362,

1le4

10

1469

13.8
143
1249
1443
137
118
1045

949

Se9

1541
143
l4e7
13«2
1540
1448

"l4.e5

1340
1le8
1le8

15«4

©11

138

1544

lle4
141

1042

l4s6. - .

150"

146
152
155
1544

1445

1443
130

12

1346

14e6

151
11e0

1le7

< AdT

“Bin . -

Flow
Rate

Avg  -cfm/ft3

. 14480

13452
14012

13455
12400

10045
- Total avg.

15610

14026
14431

13+85

12447

1094

Total avg

15433

14459
15627

14418
1285

11.65

Total avg

3462

3438

3430

3e54

3647

3454

3954

3454

3430

338

3e46

Ambient Air

Temp
F

84e
804

B4 e
84

87

8544

B4
80

B4
84

87e

8544

84e
80Q

‘Bée.
84

87s

B5¢4

Relative
Humidity
%
39.
37.
37
37.
39 -

3862

39,
37w

37,
37«

39

3842

39
37

376
37

39{'

3Be2

14}



TABLE B-IX

TEMPERATURE OF GRAIN SORGHUM IN TWO-FOOT DIAMETER BINS, F

“Rein CL e n LY position “in bAn ol g " Bin

: E L T S ) & 5 6 ki 8 $ 10 . . cAvg
Bin D S . 15 - TTe - Bls  -TBe = BOa - - B2e ~ T7e TBe B2+ - 85 ' 79465
- Type "1 83 83 79s T3¢ Tle Tle 75 Tle 7l 70 o TaeT
I 2 8le 824 800 T2 70 694 T2 70 Tie T2 . L 1369
3 - T1la Tae T6e Tle 73 754 70a T7e 15« ~ 18+ T | T4e0
-4 LT TBe ~ Te T6e 76 ‘760 v 15 T4e TS, 5 T6e . L 7640
‘Bin - O D B0e .B2e - Tbu 78s . Ble B2e . B2e 83, 85 808
Type. 1 B2e 82e T7e: 15 . 724 Tle 754 - T4e 13 12a. 7523
XX 20 .. BDa " 80w Tbe . T0e 69 69 - The - The 12e 69 73e3
3 72e 1 13 175« Tie T3 754 70 12 73 . T16e R ) 730
el TTe 7758 154  16e 15+ 154 154 The = 15« - TTe o T5e4
Bin . O 77 60w . B2 T7e 76 Ble 83 824 83e 84 ’ T 807
Type 1 8ls T6e TZe T3 T2 T4 754 734 11l 78« ’ Tae7
Il 2. 8le .  BDs 75 Tle .69 68 T6e The 70 69 7363
3 70 T1e T3 68 71la T3 70e T3¢ - The 75 o 71e8 -
4

75 T3 T4 e 754 76 T6e 754 T4 75« T6e 74.9

€LT



Bin

Type

Bin

Type
II

Type
111

TABLE B-X

TEMPERATURE OF WHEAT IN TWO-FOOT DIAMETER BINS, F

i

8le.

72.

79

71e
92
BZe
B6e
854
85,

BOa
T3¢ .
Tle

70e
89"
Ble

- B4

B4e
Béde

80«
12«

17 -
67s

89

B82e

86e

. B4

86

',“2 E

.82

80

G2

£H2e

86

© 78

15 .

869
Ble

B84 e

S
_BDa

17

88.
82.

B854

" Tée

T4e

83.

79

B3,

T5e -
T2

82w .

7§.

B3

4

78.

73«
T2
68
8Ze
T7e
84e
83
86e

o 17

136

T2
68"

19
T3e
85

‘B2e

854

T6e
T3
T2

66e

77‘
73.
Bbe
B8l

B4e

5
17

Tle

79.
75

’ 83e

78a

Tl

77
ED

8le

7.

T1le

N
. @

7

80

.6 -

TBe -
T1a.

764

71«

81le

78 °

71

75-

12

80

"Positiond -ia
: ST

76«

73a

8le

" 160

844

174
73

800 -
6.

824

Glae
79

82s.

80
. 784

Cbiw

8

~87e .

T7e

" 72

79
77‘

83e

84
T6e -

724"

83e

“8la .
T6e

734

Ele

79.;

82.

87
77

Tle-

" 80e

T7

83

‘B0

75

STl

-804

T7e

834 .

8le
17

70

78

75

10

86
77'
75
R
71le
80
79
84 e
83.
83

;649

TTe

15
~10e
T0e

7 7v.
-
854
8le

| Bhe

80
79
15
T2«
70

Se

cTle

83

B0

83e

11

79.

13«

87+

T7e.

84 .

:lnin

Avg
8743

" T78a5

7308

6343

781

28348

 !‘8“.6
'77-3

7248

8049
76e1

8243

B0e7
7763

7245

7549
7640

81.7

7.1



RUN
~ NO.

6

(S IR S TRy S

OBSERVED AND PREDICTED VALUES, BIN TYPE I

OBSERVED

Miniature bin

2290000050+
3720000050+
5720000050+
8860000050+
1342000051+

1713000051+

- 2284000051+

" Two-foot

2740000051+
2160000051+
1771000051+
1800000051+
2100000051+
2060000051+
1900000051+
1251000051+
1832000051+
2123000051+
2270000051+
3450000051+
4230000051+
4760000051+

4150000051+

5530000051+
6180000051+
3410000051+
5070000051+
6600000051+
7340000051+
diameter bins
1740000051+
9300000050+
1700000051+
3740000051+
5700000051+

TABLE B-XI

PREDICTED

24634970050+

3806237050+
5924565050+
9162653050+
1401681051+
1787105651+
2257708251+
2657284551+
2454873451+
1840510151+
2078421151+
2342068751+
2380282051+
2338724751+

1285666051+

2045438451+
2266476951+
2044567851+
3300967051+
3417428051+
4020759051+
3947325051+
5428694051+
6033973051+
3599230051+
5440285051+
6836707051+
7414937051+

1449427251+
1862305351+
2358877351+
3057194751+
4461761251+

DIFF/PRED

5953666849~
2265676049~
3452827349~
3303115449~
4257816249~

4146682849~

1164534949+

3112783049+

1201175650~
3776675849~
1339579850~
1033567950~
1345563350~
1875914350~
2696345749~
1043484950~
6330393249~
1102591050+
4514828549+
2377729750+
1838560850+
5134489849+
1866121049+
2420080449+
5257513449~
6806353049~
3462295549~
1010622249~

2004742350+
5006189450~
2793181750~
2233437450+
2775224350+

175

STANDARD
ERROR
OF

ESTIMATE
FOR

MINIATURE
BIN
DATA
= 0.29



RUN
NO,

20

21

22
24

25

15
26
27
28

23
16

17
N

19

BN =

CESERVED AND PREDICTED VALUES, BIN TYPE II

OBSERVED

Miniature bin

3060000050+
4990000050+
7760000050+
1163000051+
1716000051+
2213000051+
2822000051+
1693000051+
2413000051+
2104000051+
1970000051+
2160000051+
2310000051+
2060000051+
2080000051+
1380000051+

© 1980000051+

2123000051+
3100000051+
4130000051+
3940000051+
4430000051+
2800000051+
4260000051+

5630000051+

6250000051+
1820000051+
3510000051+
5090000051+
6550000051+

7200000051+
Two-foot diameter bin -

1160000051+
1090000051+
1710000051+
3540000051+
5500000051+

TABLE B-X1I

PREDICTED
4051980050+
5286590050+
7549450050+
1141239051+
1767919051+
2287362051+
2938520051+
1721148051+
2612700051+
2035604051+

2332917251+

2556353051+
2493027051+
2475705151+
2429822751+
1375409051+
2519770051+
2151084051+
2567526051+
3852560051+

3356191051+

3881933051+
2443254051+
3991700051+
5236319051+
5772796051+
1975981051+
4019181051+

5541171051+

6790625051+
7328882051+

8721587050+

2181703851+

3169331551+
4244431851+
5808042151+

DIFF/PRED

2448136550~
5610232749~
2788944949+

1906787349+ -

2936729649~
3250993949~
3965261449~
1635420149~
7643434049~
3359985549+
1555636950~
1550462750~
7341557149~
1679138250~

1439704650~ -

3337916248+
2142140050~
1305574349~
2073879750+
7201445349+
1739498750+
1411840450+
1460126550+
6721447049+
7518277649+
8266427649+
7893851249~

1266877550~

8142159849~
3543488349~
1758549349~

3300331750+
5003904750~
4604540450~
1659661050~
5303716749~

176

STANDARD
ERROR
OF

ESTIMATE

FOR
MINIATURE
BIN

DATA

- = 0,328



177

" TABLE B-XIII
OBSERVED AND PREDICTED VALUES, BIN TYPE III

RUN
NO. :
Miniature bin o ’
29 3490000051 3442916051 1367561749 ~ STANDARD
5000000051 5172816051 3340849549~ '~ ERROR OF
6270000051 6275677051 9046036047~ ESTIMATE FOR

6840000051 6681996051 2364622849 MINIATURE
30 1160000051 1026821051 1297003150 - BIN DATA
1740000051 1940522051 1033340550~ - 9.17

.Two=foot diameter bin
1030000051 7055163050~ 2459923751~

1
2 9000000049 2193938851 9589778950~
3 1590000051 3049221151 4785553650~
4 3370000051 3639508951 7405089749~
5 6270000051 6275677051 9046036047~
TABLE B-XIV
& INCREMENTS FOR EACH RUN OF THE MINIATURE BINS
BIN TYPE I 5 BIN TYPE II
RUN | RUN
NOQ ‘ NOo
1 2,139 : 15 2,174
2 2,034 . 16 1,623
3 1,628 17 1,244
4 1,106 18 707
5 694 , 19 304
6 0 _ 20 -64
7 900 21 712
8 1, 530 ; - 22 1,431
9 2,772 - 23 2,522
10 2,426 | 24 2,200
11 2,350 SR 25 2,101
12 2,339 26 2,163
13 2,351 N 27 2,176
14 2,507 ‘ E 28 2,132
' BIN TYPE III
29 866

30 1,368
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