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NOMENCLATURE

Instantaneocus molsture conteni, lb., of watsr per b, of seed,
Initizal moisture content of grain, 1lb, of water pef 1b. of seed,
Equilibrium moisture content of grain, 1lb. of water per 1b, of sesd.
Moisture ratio,

Observed vapor pressure at RH relative humldity, inches of
Rercury.

Vapor pressure at saturatlon for the tempsrature under consideration,
inches of mercury.

Tnitial temperature of grain, absolute temperature °R,
Temperatuze under consideration, absolute temperature °R,
Total depth of grain in the silo, ft.

Depth from the bolticm, £1.

Kinematic viscosity of water vapor, ftg rer hour,

Time, hours,



INTROTUCTION

It is a2 well known fact that grain.changes its moisture
content during storage, and that the change implies eltner gaining
or losing moisture depending on the environmental conditions, teaperaturs
and relative humidity, under which grain is stored.

In countries located within the troplc zone, like mine,
Colombia, that variation of moisture is a real problem because it
always ends up with the gaining of moisture by grain. Crain always
follows thai pattern bscause of the high temperatures and high relative
humidities, Temperature is usually around 100° F and relative numiciiy
is above 70% in most of the places wheve we built ouxr grain elevators,
Those conditlizaz are rather constant throughout the ﬁhcle yearJ

when we receive cur grain, we havé te dry it beleow 1730
molsture content in order to keep it safe for a certain peried of time,
and when w2 learn that the temperature inside the silo i: iuacreasing,
we take our graln out and dry 1t again, We do not know how often we
will have to dry our grain or what its molsiure is at dlfferent levels |
after some perind of time. We do need sometvhing to tell us hew that
variation in moistuve content of grain In a concrete sllo takes place,

In a concrete silo the original moisture content of grain
ona be changed when water vapor goes throuzn the cenecrete walls or
when grain 1s in ceontact with the alr of the envivormeatal coaditions,

In order to know the moisture countent rariation of grain when



1t i1s exposed to the environmental conditicns the solution of a
mathematical equatlon is proposed, However, the equation cannot
be solved without the development of an equipment designed for
that purpose,

This research was planned to develop the egquipument and

to present some data related to concrete permeability,



REVIEW OF LITERATURE

Sun-Won Park, et al, (1) found that in order of importance
the factors influencing the adsorption rate of water vapor by yesilow
corn samples of 20 gr, in weight were relative humidity, initial
molisture content, and temperature, and they stated thatg

aJ At a constant relative humidity, the adsorption
rate lncreased with alr temperature,

b) AL a constant temveraturs, the adsorption rate
increased with relative numnidity,

¢) The adsorption rate increased when both relative
humidity and temrverature increased, tut was not
in the erder of partial pressure of water vaopor
in the air.

d) At constant temperature and relative humidity,

adsorption rate of water vapor increased rapldly
when moisture content decreased,

As they salds "Alihough the adsorpiloun lsotherus of graiu
have %een studied extonsively. the adserption klnetles of water vapor
by grain have not been well explored,™

Tris is the only published papesr on water vapor absorpilon
by giraln, However, the data found in it cannot be used for a big
maas of grain stored in a slleo, as it will be shoun later on,

Fundamental concepts of ccncrete
permeability

For any condltien under wnich water passes througn a glven
material, a gereral sgquatlon may be written between the forces acving
and tne resuliting flow, 3Such an equation tokes inte account the fact
that the amount of flew of fliuids throuszh any permeable medium Is a

functicn of three vaviablesr (1) the inhersnt proverty ot the



material to resist flow, (2) the area subject to permeability, and
(3) the force tending to produce flow,
The amount of water vapor that goes through concrets is

defined,as was done by Barre (2), by the following equation
Q-K'A'&P' t (1)
i

where Q = amount of water vapor in 1b,

K = water vapor permeability coefficient for concretle
under consideration in in, per hour,

4 = area exposed to water vapor in inz.

IP = difference in vanor pressucss or force tending te
produce flow in lb, per in®,

t = time of exposure in hour,

A = thickness under consideraticn in in,

Samarai (3) concluded that the amount of water vapor is
greatly reduced with longer moist curing perioeds, Using a 28-day
curlng period instead of a 7-day period the moisture tighiness of
concrate was reduced to cne-half. He also studled the effect of
the aggregmtes on the permeability of concrete contalning them,
Limesione, quartzite and gravel were studied, Concrete containing
gravel showed the highest gain of moisture and the one centaining
quartzlte had the lowest gain,

Other workers (2, 4, 5, 6) indlecated that water vapor
permeability Is affected by the following factors:

a) It is increased by relative humidies above 75%,

b) Specimens of different mixes do vary water vapor permeability,

e} It is decxreased with age.



d) It is decreased with NaCl at a concentration of 1,5%.

e} It is increased wiih a decrease in maximum particle
size of agprezae,

£) It is increased with an increase in the water-cement
ratio,

Because of so many factors involved in water vapor permeability
for concrete, it is very difficult to state a cefinite value for the
coefficlent "K", Akroyd, T. N. ¥. (7) has suggested a value between
1.418 x 10"5 and 1,418 x 1077 in, per hour, which makes concrete

relatively impernmeable, but yet not impervious,.



WATER VAPOR MOVEMENT THROUGH
A CONCRETE SILO
According to Milo S. Ketchum {8) and to the United States
Department of the Interior (§) the concrete walls of a silo must be
designed to meet the following specifications;
| a) One part of cement,

b) Two parts of sand., When it is dried, it should
pass through a screen naving 4" in diameter,

¢} Four parts of agzregate broken to pass a 1F inch
ring, and when it is dried, it should not rass a
screen having §" in diameter,

d) The water-cement ratio by weizht has tc be C.55 T 0,02,

Based upon thoss data and assuming a concrete silo 1s 80
feet ir height, 23 feet in interior dianmeter, and 7 inches in thicknass,
Table 1 was prepared,

The temperature and relative humidity of the environmental
conditions was assumed to be 89Y F and 737 fesPectively. Values for
moisture content change of rough rice, yellow corn, sorghum and hard
red winter wheat weie calculated for a two-month perlod.

The temperature inside the silo, ?7° F, was assumed to be
constant during that periocd of time, Because of that-fact vhen molse
ture content of grain inereased, the relative humidity inside the =ile
had to increase, too., Increments in relative hunidlty were interpolated
from Table 2,

It was very difficult to find the exact water-vapor permsabllity
coefficlents for a 0.55 water-cement ratio by weight., So that, they

were interpolated too,
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Table 2, Adsorbed moisture in eguilibrium with air,

£
of various humidities at room temperature‘lf

(Approximately 77° F)

swoisture content (w. o) Ln sercent

Relative humidities (percent) 15 30 bs 60 75 90 100

Corn 6,4 8.4 10,5 12,9 14,8 19,1 23.8
Rough rice 5.6 7.9 9.8 11,8 W0 17,6 =

Sorghum 6.4 8,6 10,5 12,0 15,2 18,8 21.9
Wheat, hard red winter 6.4 8.5 10,5 12,5 14,6 20,1 25,3

(1) Extracted from Agricultural Englneers Yearbook., 1971,

Three different values for the coefficlent of permeability,
from three different sources, were used in the solution of the equation

number 1,

The eapacity of the silo was determined assuming the apparent
density for roush rice, yellow corn, sorghum, and bard red winter wheat,
was W, 45, 42, 48 pounds per cubic foot, respectively. Values

extracted from Feed Manufacturing Technology (10),



DIMENSIONAL ANALYSIS

As 1t was indicated before, grain does change its moisture
eontent when it is exposed to an environmental condition, It is
well known that grain stored in places, where iemperature and rela-
tive humidity are high, adsordb molsture much faster than when it is
stored under lower condltlons, |

when we talk about the change in molsture content of grain
in a concrete silo, there are many variables that have to be taken
into account, Those variahles that were considered pertinent in this
study are listed in Table 3,

They were considered to be the most important. However,
there are others that can affect the moisture of grain, Among them
we have the diameter of the silec, the specific heat of grain, the
coefficient of conduction, the velocity of filling, the density of
grain and gas, the particle diameter and the thermal diffusivity.

One way to combine all the pertinent factors into a mathematical
egquation is to use the experimental data to develop such an equation,
This method is known as Dimensional Analysls. One such method of
development commonly used‘is the Buckingham Pi groups method (12).

The Buckingham Pi groups method 1s hased on the fact that the
number of dimensionless and independent quantitles that can be used
to express a relationship between the variables, is equal to the
difference between the total number of quantlties involved and the
number of dimensions in which those quantitles may be measured. This

equation may be written as:

S=ne=- b
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Table 3, Pertinent variables for molsture
content chanze,

o

Wt

No. Symbol _bascription iinits Nimensions”
H o= He
1 MR Holsture ratio = =gz e i
M = Instantaneous 1b., watexr
moisture content 1ib, seed ———
Mo = Initial molisture 1lb, water
content lb, seed -
Me = Equilibrium : 1b, water
meisturs content 1b, seed -
2 Pe Obsexrved vapor pressure l'b./ft2 rL*
3 Pat Vapor pressure at saturation 1b./ft2 FL =2
4 To Initial temperature of grain %r T
5 Tat Temperature under consideration  °R 7
8 h Total depth of grain ft,. L
7 x Depth from the bottom : ft. L
8 4 Kinematic viscosity ftz/hr. Lze-l

ikF'‘.l.nrii;.a.mem'.;:J. dinensions selected were length, tizﬁe, temperature
and force (L, 6, T, F) .



where 8 = the number of P1 terus
n = the total number of gquantities lnvolved
b = the nunber of basic dimensions involved
The P1 terms must be dimensionless and independent,
A general relationship indicating the dependence of MR to other

variables, may be written ass
MR = f(Po, Pat, To, Tat, h, %,_¢ , @) (2)

Equation (2) may be written as:
¢ R (20)°2 ()3 (10)™ (1a8)5 () (%7 (4 ) ()7 w2
| (3)
MR forms a Pl group by itself because it is dimensionless,
and it will be designated in the sane way, IR,

The corresponding dimensional equation is:

oe)%2 (1722 3% (™ (%5 (0% @7 W (0) 0 - 0

(&)
From which four auxiliary equations may be writtens
Fy Cr+Cy= 0 : (5)
Lt -20,-2C3+ Cg+ Cp+ g =0 (6)
Tt Cy+Cg=0 (7
9t =Cg + Cg = 0 (8)

Since four equations are available for solving the eight
unknowns, arbitrary values must be assigned to four of the unknowns, Let
Coy G6' Cu, 08 be the unknowns chosen,

The determinant of the coefflcients of the remaining terms

(03, 05, Coe cg) is:
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1l 0 0 0

-2 0 1 0
m o),

0 ] 0 0

0 0 0 1

Since this is not =squal to zern, the resulting equations are
independent and the selecticn is valid,

Values are assigned (arbitrarily) as followss C, = 1,
Cu = 06 = CB = 0, These values are substituted into equaticns (5),
(6), (7), and (8), giving C3 e -1, O, = 37 Q= O,

5 9
From this and equation (3), dropping C =

My= _Po_
Pat
which is dimensionless,
From the Pl Theorsm s = n - b, it ls seen that a total of
five P1 terms must be determined., Another term may be found by selecting
a different combination of arbitrary values for the selected exponents,

for example, 06 = 1, 02 w Gu = 08 a O, These values are substituted

into equations (5), (6), (7), and (8), giving Cp= =1y Gy = Cg = Cg = O

Hence
73=_h
X

Similarly, two more independent Pl terms are developed LY
letting Cu, and Cq in turn, equal unity, with the other selected exponents

equal to zero,
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o, = To
4 Tat
A
Y, - 8
3 2
X

The Pl group determined by the moisture ratio dimensicnless group isi

. = MR = M = Me
Mo = Me

A general solutlon may therefore be written as

- ' ™~
g w By, T Ty, B3 (9)
or |
MR=f [P0 s h , _To , =¥ 9) (10}
Fat x Tat x2

The equation derived from this reiationship can be
; O c c ; G
MR = C ( Po)l _h Z TO_)B { —t 9‘\“‘ (11)
Pat X Tat l x?. /’

To determine the equation, the constant C and the exponents Cl....Cu

must be found, _

That can be done by holding all the independent groups involved
in the function except one constant, and varying that one to establish
a relationship between it and ﬂ”l. This procedure is repeated for
each of the Pi terms in turn, and the resuliing relailonshlp betwsen ﬂ”l
and the other individual P1 terms combined to give a general relationship,.
By plotting this relationship on log paper, a linear regression curve

can be found, 7The slope of the line would give the exponent,
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In order.torsolve the equation (11) four different tests have
to be made, That cannot be done 1f we do not have an eguipment designed
to meet those requirements, By means of that equipment we have to be
able to

a) Control relative humidity, which is _Po . 1pp
Pat

b) Control temperature

c) Take samples at different points along the height of the
gimulated bin

d) Keep temperature and relative humidity constant for a
determined number of days, so that, samples can bte taken
during that pericd of tinme,
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EQUIPHKENT

The equipnent for measuring wetting of stored grain is shown
in Plates I and II, It was intended to be as simple as posslble,

The equipment was an arrangement whereby grain could be
stored in four insulated plastic pipes, 6* in diameter x 72" in length
x 1/8" in thickness, Several small plastic pipes, 1" in diameter
x 6" in length x 1/8" in thickness, were inserted to the former pipes
in order that zamples of grain could be taken. Flber glass was used
aa insulator materlal. Its thickness was 2% inches, The upper ends
of the four pipes were connected to a wooden box while the lower ends
weré on the floor.

¥ithin the wooden box a heat source, three sixty-watt light
bulds, was installed to heat 2ir on top of grain., Light bulbs were used
as a h=at sourcs because the volume of alr to be wafmed was not large,
and the required teaperaturs was not high, Temperature was controlled
by means of a bulb thermostat. The bulb sensitive indicator of temperaturs
ﬁas protected by a sheet of aluminum foil to avelid the actlon of radiant
heat, On the lower right end of the box a metallic pan was belted to
the woodsn box., The pan was installed teo heat water in by means of
another heat source that was set right below the water pan, The heat
gource was composed of three sixty~watt light bulbs, Light bulbs were
used as a hsat source hecause the vclume of water to be warmed was
not large, and ihe required temperature was not high,

Temperature to warm water was controlled by means of ancthex
buldb thermoctat with its bulb sensitive indicator of temperature

immersed in the upper portion of watser,
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Two dry bulb thermometers, one wet bulb thermometer and one
hygrometey were set in the woodsn box o read temperature and rela-
tive humidlte,

In order to increase the area of vaporization a piece of heavy
material, canvas, was hung up from the upper part of the wooden tox,
The lower end of the plece of canvas was in the water of the watexr pan,

Tuo +" pieces of cement asbestos board were set, cne below
the other above the heat source in omder to prevent wood fxom belng
burned,

The wooden box with all the implements attached to 1t was
supported on iwo metallic sirips zitached to the ceiling of the floor,

All the details can be seen on Plates I and II,
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FROCETURE

After the equipment was assembled and set in place, it was
declded to store some grain in the plastic pipes and study how the
moisture content changed with time at a fixea temperature and relae-
tive humidity,

Four different kinds of grain, rough rice, yellow corn,
sorghum and hard red winter wheat were drisd below 10% moisture
content,

Rough rice was dried from 10.6% to 9.69% moisture (w,b),
at 110,7° F; yellow corn from 16,53 to 9.405% at 130.8% 7} sorshum
from 16% to 9,875% moisture (w.b) at 123° F; and wheat from 10,63
to 9.87% moisture (w.b) at 140° F, The drying temperatures were
within the limits recommended by the Feed Manufacturing Technolegy (10)
for commercial ﬁilling purpose, | ‘

After the grain was dried, one buéhel of each was stored
in piastic sacks and kept in a metallic drum to prevent its moisture
content change.

Before £illing the plastic pipes with grain, the equip-
ment was put through a two day test. Temperature sbove grain was set
at 89° F, and water temperature at 36° F, Temperature and relative
humidity were read constantly during that period. At no time did the
temperzture above the grain drop below 83% r or rise above 89° F,

The relative humidity was between 73 and 74%, This was considered to
be an adequate test run of the equipment, and proof that the two bulb
thermestats would maintain the temperatures at the required 89° ¥ and

86° F respectively,
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After the equipnent was tested, the four grains were stored
in the four plastic pipes. It was planned that the test run would
be for a perlod of 20 days during which samples of all grains at seven
different points for each graln would be taken and tested for moisture
content changé. It was hoped that after that period of time an appre-
clable change in molsture would be detected, It must be emphasized
that no information was avallable that indicated how long & time
would be required for a perceptible change to be established, The
temperature and relative humidity were 88° - 89° F and 73% - 74%
respectively during the 20 day period.

' It was planned that at the same time that the samples were
taken the graln temperature would be read at all different pelnts,
However, that could not be done, and grain temperatures were read
after the #%h day test,

The tixe intervals in getiing samples for the molsture
test weres

a) 12 hours between samples for the first 10 days

b) a final sample after the 20th day.

Temperatures of the grain were read with a thermocouple
indicator

a) every 24 hours between the 5th and 10th day

b) a final reading after the 20th day,

The initial moisture content and the moisture of all the
samples during the 20 day period were determined in an air-oven by

drying for two hours at 130° G, which is a standard method.
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RESULTS AND DISCUSSION

Figures 3, 4, 5, and 6 show the effect of a temperature of
88-89° F and a relative humidity of 73-74% on adsorption of water in
rough rice, yellow corn, sorghum, hard red winter wheat with time,
BEach figure shows the moisture content (w.b) variation of each one of
those grains at seven different points for a twenty day period,

The four figures were pletted using the values in Tables
4, 5, 6, and 7 which were the moisture content of each grain on the
bottom, at 1 foot, 2, 3, 4, and 5 feet fromthe bottom and on the top
of the grain in the plastic pipe for the 20 days,

Tables 8, 9, 10, and 11 show the grain temperature variation
on the 5th, 6th, 7th, 8th, 9th, 10th, and the 20th day on the bettom,
at 1 foot, 2, 3, 4, and 5 feet from the bottom and on the top of the
simulated bin for each grain,

From the limited amount of data taken in this investigation
;t does not sesm possible to draw extensive conclusions, However,
the data in general shows that the experiment as now constructed will
operate as intended, and that further expsrimentation will improve
the accuracy of the data obtained,

It can be easily seen that the molsture content of all grains
did change during the test peried., All of them increased in molsture
during the first days, but after that, the increase was very small
and in some cases there was a decrease, The reason for that was the
change in grain temperature,

A grain temperature increase ls produced only when certaln

amount of heat is added to the grain. However, the addltion of heat



22

0z

"udad p24ojs uj sBuEyd JLIIUOCI 2UniSIOKW - 24nbi4

w1109 ™

=7 T L e e e ns e m e e -
||.|I|...||..I|r

W1071;0g o4} wod) |

w0100 o4y wWod) g

WIGNCq 2yl Wodj €

WGIS] o4} wol) g

Wic110q o4y wod) G

sfep outjy
[o 1 e <] 4 [
I i 1 ) |
v6
86
2
o
n
€
"
o
c ol .m.
o
—o0L
-
—4 Ot

%SL HY 468 2L
NYOD




23

2314 P2JO}S U] BBUBYD JUBIUCD DINISIOW - 22nBI

sAep’‘awi}

0z . A . oi] g 9 v z

Wo1rog

"Wwoj10q o4y Woaf §

WOTIeq 847 wod) g

GIGI70q 24y Wod) £

‘Wo310q 2y wodj

YeEL=H Y de68=1
"301d

v'6

«©
(@]

90l

Yo ! ('Q'M) DJNISION




2

..E:auuom PaJIC}s uy PhUBYD ju2iuod 2unjsiopw -G sanbiy

‘sAep 'aw]

oz o : o @ 9 oy z

, " T 1 — f

GIOJ} |

w0310 oy} Wolj g

TIO136q 24y WO} ¢

L6116q o4 Wodj b
"TG1I0q o4t Wod) G

hEL=HY "H.6824
WAHONOS . : i

v'6

9
24

vLt

U {GM) AUNIS IO




25

oc

sAep‘awl]

0i

jeaym padoys Ul 20UBYD JU21UO0D 2INISIOW -9 24nBIY

LE0}164G

2uy woay ||

WIS110q

24} uiCd}. g

Tulolloq

oUy Wolf g

‘woljoq

34T Wo i) p

"wIo130g

253 wod) g
doy

YeEL=H'Y ' .68+ 1
LVIHM MHH

©
o}

96

N
o
.

90!

5;. MY 24NLS o




26

Table 4, Variation of moisture content of roush
rice at different depths from the bottom
for 20 days.
Initial noisture content 9.69% (w.b)
time ;olsture {(w.D) in percent

(days) 5% 4 ft 3IfE 2 ft 174

TOP FROM THE BOTTOM BOTTOM
0.5 9,81 9.99 9,635 9,68 9.84 9,665 9.705
1 9.955 9,815 9,91 9.73 9.52 9.825 10,07
1.5 10,155  9.645  9.765 10,075  9.65 10,10 9.92
2 10.25 9.955 9.95 9945 9,965 9.77 9.53
2.5 10,345 10,06 9.9% 9,865 9,845 .70 9.715
3 10,305 9,92 9.83 10,055 9.505 9.96 9.76
3.5 10,24 9,975 9.955 9,93 10,01 10,035 9,885
4 10,315 10,125 10,015 9,965 10,055 9.8k 9.95
4.5 10,455 10,185 10,135 10,385 10,43 10,41 10,085
5 10.41 10,06 10,12 10.33 10,075 10,17 9.96
55 10,39 9.865 10,065 10,22 10,16 9,865 9,98
6 10,205 10,125 9.97 10,05 9.995 10,05 9.77
6.5 10.20 10.005 9,915 10,055 9,985 9,905 9,87
7 10,22 9,685 10,065 10,065  10.23 10,14 9.955
7.5 10,22 9.675 10,00 10.21 10.23 10.15 9.68
8 10,15 9.855 10,10 9.81 10,045 10,00 10,04
8.5 9.96 9.605 9.725 9.585 9.63 9.535 9¢515
9 9.70 9.84 10,02 9.615  10.00 9.88 9,455
9.5 9.755 9.635 10,04 S77 9.91 9.76 9.725
10 9,84 9.705  10.265 9.695 10,045 10,125  10.015
20 9.795 9,90 10,005 10,13 10,01 9.815 9.90




Table 5.

Variation of moisture content of yellow

corn at different depths irom the bottom
for 20 days,

Initial molsture content 9,405% (w,b)

2?7

(:;;:) 5 £t Tk %“%2” R 1t

TOP FROM THE BOTTO®M BOTTOM
0,5  9.76 9.845 9,62 9466 9,60 9471 9.65
1 10,055 9,775  9.80 9.9 9.7 9.835  9.72
1,5 10,125 9.84 9. 645 9.575 9.67 9.73 94535
2 10,365 9,605  9.685 9 45 9.695 9.535 9425
2.5 10,245  9.795 9,945  9.89 10,005  9.875 9,755
3 10,16 9.92 9.73 9.95 9845 9,94 9460
3.5 10,195  9.87 9,785 94725  9.935  9.855  9.79
b 10,095  9.74 9.735  9.785 9735  9.70 9,915
4,5 10.505  10.055  9.97  10.085  9.63 9.79 9,925
5 10,355  9.72 10,065 9.795 9.685 9,735  9.69
5.5 10,455 9,795 10,005  9.945 10,06 9.885 9,80
6 10,085  9.95 9,93 9.865  9.83 9.785  9.765
6.5 10,125  9.665  9.795  9.66 9,57 9.865  9.595
7 10,155  9.485  9.815 9,54 9459 9.99 9,47
7.5 10,215  9.655  9.645  9.525 9,635  9.79 9.6k
8 10.415 9 56 9.57 9,665 9.375 9,71 9,585
8.5 10,54 9.69 9,41 a6l 9,58 9,575 9.45
9 1047 9.505  9.685  9.695  9.65 9.5 9,475
9.5 10,395 9,895  9.83 9.83 9,87 9,925 9.5
10 10,385  9.60 9,795  9.745 9,745 9,745 9,64
20 T A5 9. 565 9.70 9.665 9.67 9,605 9.585
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Table 6, Variation of moisture content of sorghum
at different depihs frum the bottom for

20 days.
Initial moisture content 9,.875%5 (w.b)
time voisture (W.0) 1n percent
(days) 5 ft 4 ft 3£t . 2 ft 114
TOP FROM THE BOTTOH BOTTOM
0.5 9.915 9.925 9.895 9.925 9.9 9.82 9.81
1 10,11 9.90 10,06 10,11 10,01 9.955 9.765

1.5 10.235 9.795 9.815 10,065 9,845 10,09 10,01

2 10,57 9.805 9935 9.99 9.90 9.875 9.715
2.5 10,985 10,02 9.97 10.11 10,165 9.89 9,96
3 10,405 - 9.925 9.985  10.045 . 10,09 9,90 9.775

3¢5 10,505 9,815 10,025 10,00 9.94 9.955 G4
b 10, 74 9.89 10,11 10.05 9.985 9.97 9.85
4,5 10,88 10,15 10,125 10,175 10,245 10,115 9,99
5 10,71 9.885 10,105 10,15  10.27 10,32 9.93
5,5 10,695 10,005 10,125 10,19 10,11 10,185 9,98
6 10,78 9.89 9.91 10,075 9.995 10,035 9.805
6.5  11.005 9.96 10.035 9.975  10.07 9.955 9.885
7 10, 5% 9.75 9.925 10,035 9.90 9.845 9.81
75 10,485 9.68 9.6U5 9.965 9.75 9.615 9.84

8 11,20 9,63 9.98 9.905 9.85 9.92 9.77
8.5 10,185 9.805 9474 9.64 9,685 9.76 9.62
9 10,61 94555 9.60 9.83 9.85 9.85 9.745
9.5 10,615 .72 9.815 9.92 10,14 9.97 9.645
10 10.49 9.90 9.925 9.975 9.88 9.87 9,785

20 10.755 9.97 9,82 9,77 9.91 9,765 9.51
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Table 7, Varlatiop of molisture centent of hard
red winter wheat ait different depths
from the tottom for 20 days.

Initial moisture content 9.87% (w.b)

time Holsture (w.Dp) in percent
(days) 5 ft L £t 314 2 ft 1t
TOP FROM THE BOTTOM BOTTOM

0.5  9.69 9.575 94575 94695 9,685 9,705  9.675
1 10,185  9.78 . 9.735  9.78 9.725  9.81 9.77
1.5 10,555 9,62 9,585 9.70 9.695 9.68 9. 64
2 10,555  9.73 9,68 9,715 9,795  9.575  9.73
2,5 10,075  9.84 9.65 9.875  9.985  9.845 9,86
3 10,48 9,55 9,67 9.705  9.775  9.82 9.65
3.5 10,565  9.62 9. 56 94735 9,905  9.755  9.695
b 10,035 9,645 9,715 94925 9.875 9.685 9.71
4,5 10,205  9.69 9.705  9.77 9.915  9.95 9.86
5 10,315 9.775  9.685  10.01 9.805  9.93 9. 745
55 10,385  9.84 9.655 10,03 9.885  9.845 9,78
6 10.47 9.825 9.72 9.96 9.895 9.79 9.835
6.5 10,075  9.845  9.795  9.83 9.93 9.915 9,60
7 10,45 9.695 9,52 9.61  9.67 9.8 9.67.
7.5 10,22 9,59 9.67 9.665 9,805 9,695 9,59
8 10.15 9,41 9.595 9.715 9,50 9.575 9.60
8.5 10,01 9,645 9,48 9.72 9.77 9.585  9.45

9 9.92 9505 9,52 9.675 9.555 9.81 9.825
9.5 10,015 9,73 9,425 9.965 9.985 9.845 9,915
10 9.985 9o 644 9.485 9.775 9,695 9,815 9,665

20 9-925 9.?65 90?2 9081 9:?8 ql885 9- 555
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Table 8, Temperature of sorzhum at different
depths from the hottom,
Tnitial temnerature 73° ¥
Temperature “F
day , 5 ft L £t 3 £t 2 % 1l Tt
TOP FROM THE BOTTOM BOTTOM
5th 86.5 78.5 77 77:5 79 80,5 83.5
6th 86 82 795 9 79 80,5 87
7th 87 85 83 82,5 82,5 83.5 G0
8th 87 84.5 84 B4 84 86 90
9th 85,5 82 79 7845 78.5 80,5 85
10th 85,5 775 76 76 Vi 79 62
20th 85,5 77 77 77 775 79 84
Table 9, Temperature of rough rice at different
depths from the bottom.
Initial temverature 73° F
Temperature “F
day 5% 4 £t Y 2 ft 1 ft
TOP FROM THE BOTTOM BOTTOM
5th 82,5 78 77 7645 77 78 83.5
6th 84,5 80.5 78,5 78.5 79 80 87
7th 87 83.5 82,5 82.5 82,5  B4,0 91
8th 87 85 84,5 84,5 84,5 86 30
9th 80 77 77 77 79 80.5 85
10th 80,5 77 75:.5 75 75 76.5 82
20th 80 7745 77? 77 79 84.5
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"Table 10. Temperature of hard red winter wheat
at different depths from the bottom,
Tnitlal temmerature 74° ¥
Temperature ¢
day 5 £t 4 £t 3 £t 2 ft 1 ft
TOP FROM THE BEOTTOMNM BOTTOM
Sth 81 77 76.5 7645 7645 78 82.5
6th 85 80 78.5 78 78 79.5 84,5
7th 86,5 83 82 81 81 83 88.5
8th 87 85 83.5 83.5 835 85 90
9th 80 72 78 78 79 81 84
10th 79 77 755 75.5 77 775 8l.5
20th 80 7645 7645 77 77 79 84
Table 11, Temperature of yellow corn at different
depths from the bottom,
Initinl ‘emperature 72° .
Temperature °F
day 5 ft b ft 3 £t 2 £t 11t
TOP "ROM THE BOTTOM BOTTOM
S5th B4 77 7645 7645 77 79 81
6th  87.5 83 79 79 79 80 85
7th 88 84, 5 83 82.5 82,5 82,5 87
8th &8 86 85 84 83 84 87
9th 86,5 81 785 78.5 78.5 78.5 82
10th 83 79 77 75.5 755 76 79
20th  85.5 79 775 i 77 78.5 815
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makes grain lose water resuliting in a decrease In moisture content
of the grain itself,

As an example, let us see what happens to rough rice, hard
red winter wheat and yellow corn when temperature increases from 70°
to 80% F and from 80° to 90° ¥,

The amount of heat added to any materlal giving a ralse in

temperature isi

q =CH (T, ~ T)
where q = heat added, BTU
C = specific heat, ETU/Lh, OF
W = welght, 1b,
T = temperature, °F
The heat added to grain divided by the heat of vaporization
of grain gives us the amount of water removed from gi'ain, That is true
because the heat of vaporization is BTU/lb.' of water,
Robayo, V, F, (13) found that the specific heat of rough
rice and itz heat of vaporization are
C = 0,265 + 0,0107 M‘H
H = (1094 ~ 0.57T) (1 + 1.67e~20-062Mp,
whexre C = specific heat, ETU/1b, °F

M, = moisture content, wet basis

W
H = heat of vaporization, ETU/1b, of water
T = temperature, °F

I-ID = moisture content, dry tasis

Thompson and Foster {14) found the followlng specific heat
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and heat of vaporization for corm,
C = 0.35 + 0,0085 My
H o= (1094 = 0,577) (1 + 3567 025MD)
Kazarian and Hall (15) found that the specifie heat of wheat
is
C = 0,301 + 0,00733M,
The following heat of vaporization for wheat at 80° F and 90° F
was found extrapolating values given by Thompson and Shedd (16):
Hgp = 1283.36
Hgg = 1275.25
Table iZ shows the amount-of water released by rough rice,
corn and wheat when iemperatures increase from 70° to 80 F and from

80° to 90° F, Heats added to grain, specific heats, heats of vaporization

and amount of molsture given by grain are also shown,
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So that, the temperature factor is very important, and it
is responsible for the small increase or decrease in moisture content
of the grains under test,.

Although the temperature affected ?he moisture content of
the grains, it can be seen on Figures 3, 4, 5, and 6 that the highest
moisture was found always on the top of the grain stored in the
simulated bins, To a certain extent, that was o be expecied because
grain was first exposed to the environmental conditions at that
particular point.

From the same figures we see that molsture does change along
the depth of the stored grain, It is not constant at different depths
from the bottom. That is the reason because the equation found by
Park, et al. (1) could not be used for this work, the depth factor
was not considered by then, However, they found that the 1ncrgase in
molsture for corn was very small, between 2 and 4% of its original
weight for a 12 hour period. Similar values were found in this work,.

The highest increases in temperature were found on the top
and on the bottom of the bins., That is the reason because the moisture
content on the top was not higher and the moisture on the bottom was the
lowast one, most of the time,

It is quite possible that the increase in temperature on the
bottom of the four bins was due to the lack of more insulation,

It looks like the four grains do not respond in the same
way to a definite environmental condition hecause wheat was the most
strong and sorchum the least one, However; more tests are needed,

Studying the data presented before, in the water vapor movement
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through a concrete silo section, it can be easily seen that the amount

of water-vapor adsorbed by grain 1s tco small to wet grain to the extent
of endangering the grain quality during storage when special care has

been taken in the concrete production, However, the molsture content

of grain can be increased, real fast, in more than 2% (initial moisture

4+ 2%) when that is not true. That increase can be done with a water-vapor

premeabllity coefficient higher than 3,53 x 10'5 ft./hr.



CONCLUSIONS

1, The equiprent, as develcpsd and described operates
satisfactorily, though some modifications may be desirable as the
investigation continues,

2, Data from the investigatlon is not suffielent to war-
rant a definite conclusion on the amount of watex moved through
stored grain, The definite, though small, molsturs change seens to
indicate that grain becomes wet on the top of the bin faster than in
any other place,

3, The effect of grain temperature increace is too important
1o be left without further investigation,

4, The proposed equation can be solved with the equipnent,

5, Having a good quality concrete makes the possibllities

of wetting stsred zrain through the concrete walls of the silo’almost

none,
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APPENDIX A

Example for a typical determination of molsture content

increase in rcugh rice due to water-vapor mevement through concrete,

Assuming thats
The environmental conditions are 89° ¥ and 73% r. h,
The grain conditions are 77° F and 9.69% m. c.

The silo is 80 ft., high, 23 ft. I, D. and 7 in, in thickness,

From Table 2 for 77° F, 9.69% m.c and rough rice the relative

hmd.ity 15 u“ol /e

By using the psychrometric chart
for 77° F and 4L, 13% re h P = 0,4126 in-Hg,

for 89% F and 79% r. h P = 1,0059 in-Hg,

Area of the silo exposed to water-vapor

A= DA h= De24,17 ¢ 80

A = 6074,60 £t.2

Solving equation 1
QueKease AP 7?‘—

where K= 3,53 x 1077 £4,/hr,

A = 6074,60 ft.2

PAY;

1.0053 - 0,4126 = 0,5933 in-Hg,

L]

0,5933 x 70,73 = 41,964 b, /ft.°
4 = 7/12 £t. = 0,5833 ft.
t = 60 days = 60 x 24 hr,



42

Q= 3253 X 1077 x £074,60 x 41,964 x 60 x 24
Ue5033

Q = 22580 1b, of water
Amount of grain in silo = volume x density

--—-E.-—?‘Dz-‘h'yl'

P x 23° + 80+ W
Fx 2y

m 1130092 1b,
It m.c = 9,69% and the amount of grain is 1130092 1lb., the anount of
water will be 109505 1ib,

So then, the new moisture content {w.b) will be

109505 + 22580
M - ==
w.b * 130057 7 22500 = O+

M = 11,46%

We b

Example for determination of water removed from 1 1b, of rough
Flce when temperature increased from 70° to 80° F, 1t, the initial
nolsture of grain was 10% (w.b)
Q= CWAT
where W= 1 1b,
AT =80 70 =10°F
C = 0,265 + 0,0107 M,

0,265 = 0,0107 x 10

- oc 372

Then Q= 0,372 x 1 x 10 = 3,72 BTU

Amourit of water (1b,) = _%_

i
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where H = heat of vaporization at 80°

- (109% = 0.577) (1 + 1.67e~20:062 Mp)

100My = 100 x 10 = 11,11
100 - My 160 = 10

He= (1094 - 0,57 x 80) (1 + 1.6?e-20'062 X 0.1111)

= 1236,8897 BTU/1b, water

Amount of water removed = 1,72 = 0,0030075 1b.
1236.889?

Removing 0,0030075 1b, of water the new moisture content will be

M= 10 - 0.,3307 = 9,702217%
1 - 0,003007

which means a decrease of

M = 10 - 9,7022 = 0,2978%
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In a concrete silo, grain can change its moisture content
uhen it is exposed to the environmental conditlions, or when water
vapor goes through the concrete walls,

Some of the variables that were considered pertinent in the
study of moisture content of grain when expo;ed to the environmental

conditions were combined into a mathematlcal equation

01 ,C ; G £y, \C
MR = C f’_lic’__\. /_f.x_}z -[ To 53 .._Lﬁ._.@._\'u

(Rt \x ) Nt/ (T

To determine the equation,; the coenstant C and the exponents
Cl....cu must be found. That can be done by holdlng all the independent
groups involved in the function except one constant, and varying that
one to establish a relationship between it and MR, This procedure is
repeated for each of the groups in turn, and the resulting relation-
ghip between MR and the other individual groups comtined to glve a
general relationshio, |

An equipment was developed to make the solution of the equation
possible, and 1t was tested with four different kinds of grain, rough
rice, yellow corn, sorghum arnd hard red winter wheat, for a 20 day period.

Besides the development of the equipment some data related
to concrete permeability is also presented in thls paper,

In the light of this investigatlon, it can be said:

1. The equipment, as developed and described, operates
gatisfactorily, ihough some mocifications may be desirable asz the
investigation contlnues,

2. The definite, though small; moisture charge seems to

indicate that grain becomes wet on the top of the bin faster than in



any other places,

3. The effect of grain temperature increase is too important
to be left without further investigation,

4, ‘The proposed equaticn can be solved using the equipment,

5 Having a good quallty concrete makes the possibilities of
wetting stored grain through the concrete walls of the silo almost

none.,





