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LIST OF SYMBOLS 

A = percent moisture lost in air drying 

3, BT = dimensionless constants in diffusion equations 

b = sample regression coefficient 

c = concentration of diffusing substance at a point ia a 
solid, g 

= initial, uniform concentration, g./m.3 

cs = concentration at the bounding surface, g. /c 

= average concentration, g./om.3 

D = diffusion coefficient, cm. 2 /sec. 

D 
o 

= diffusion constant in Arrhenius equation, cr11. 
2 /sec. 

D m = diffusion coefficient of mass, cm. 
2 
/sec. 

D v = diffusion coefficient of volume, cm. 2 /sec. 

E = energy of activation, cal./mole 

f = function 

f, f," = first, second, derivatives of f 

Ho = hypothesis 

J = diffusion current (i.e., the specific rate of mass transfer), 
g./cm.2sec. 

= the slope of the plot, 71 mo vs 14- 

Kv = the slope of the plot, v vo vs 

mo = initial moisture content, dr1 basis, g.t7. 

= average initial moisture gain by capillary action, dry basis, 
gm./gm. 

- 
m = average moisture content, dry basis, g./g. 

rad = effective surface moisture content, dry basis, gm./gm. 

n = an integer 

R = universal gas constant, cal./mole, OK 



r rodlt::z a spi-mrc. 1ti tc ol=t as a sivorl 

solid, cm. 

= exposed surface area of a wheat kernel, cm.2 

- sonple standard error of regression coefficient 

ro. = special coordinates, cm. 

T = absolute temperature, °I": 

t = student. "t" distribution 

V = volume of a wheat kernel, cm.3 

initial volume content, div bosls, cm.3/cm. 

= overarm volume content, dry basis* cm.3/cm.3 

effective surface volume content dry basis, m. 

= initial volume of the wheat ornels 
1 r = f volume of wheat kernels at the end of absorption 

time ci.3 

iv 

weiEtlt of whet kez16ls t tbe cad 01' absorption time, 17;m. 

= percent moisture in air-dry semplo cs aetormined by oven drying 

Caresion coordinates, era. 

= tie, sec, or lours 

f = density of fluid, gip CM.- 

gr = sphorie.ty of shape factor 

e nercent total moist ure 

p = slope :f regression line 
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INTRODUCTION 

The problem of water penetration into wheat kernels is of 

much importance to the biochemical engineering and also milling 

industry. In the past thirty years, several investigations con- 

cerning the mode of water penetration into wheat kernels have been 

made. 

The types of investigations that have been conducted. may be 

classified into two groups. One of these has been the study of 

actual absorption rate in wheat kernels (quantitative study), (2), 

(14), (7), (3), (10), and (11). The other type of investigation 

was concerned with the mechanism of water penetration and the 

change of structure of wheat kernels during the water penetration 

(qualitative study), (2), (L4), (6), (3), (10), and (11). 

Jones (9) classified water absorption into three phases: 

(a) A rapid initial uptake period corresponding to the im- 

mediate seizure of water by the bran which is much more hygro- 

scopic than the endosperm. 

(b) A period during which moisture pick up decreases rapidly. 

(c) A period durinR which the moisture absorption is steady 

but slow. An almost linear relationship between moisture content 

and time can be shown for this period. 

Swanson's work (11) assured Jones' observation on a rapid 

initial uptake period, but indicated that perhaps, Jones' third 

stage of water penetration may not be steady. 

eraser and Haley (Li) listed a number of factors affecting 

moisture absorption by the wheat kernel. Increasing temperature 
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and time raise the absorption rate of water into all wheats. 

Wheat types are considered to be important. Soft wheats absorb 

moisture more rapidly than hard wheats. Previous treatments such 

as scouring, brushing or washing tends to increase the rate of 

moisture penetration. Kernel size is also found to be important. 

Large kernels absorb water less rapidly than small kernels. 

3ecker's investigation (2) was undertaken to obtain data on 

the absorption of water by wheat kernels fully immersed in liquid 

water. Ee tested the validity of the diffusion equation, and 

described the nature of water diffusion in the wheat kernel at the 

boundaries of the spectrum of ambient conditions, and thus defined 

the limits of the behavior to be expected. 

Grosh and Milner's studies of water penetration in wheat 

grains (6) revealed that cracks, radial and transverse to the 

crease, occur in hard vitreous endosperm in advance of water move- 

ment through the kernels. Peripheral absorption of water creates 

stresses between wet and dry portions which cause radial and trans- 

verse cracks that provide pathways for further penetration of water 

into endosperm. This cracking phenomenon is of no significance 

in mealy kernels and in long periods of immersion of kernels in 

water. It is possible that the wheat kernel can expand as a result 

of the cracks, which provide pathways for the penetration of water. 

Pence (10) indicated that the wheat kernel can expand due to the 

increase in moisture content. 

Up to this time, no report of work on the volume Fain of wheat 

kernels during the steeping process has been found in the litera- 

ture. The objects of the experiment were to determine the 



eelatiolship hetweea the VD1UM.f.; Lain and the weight oaln, to ae- 

,reloo the inteiral diffusion equation for the volume gain, to test 

the validities of the diffusion equation, 1 - M = 2/ 

derived by 3ecker (2), and the diffusion equation to be developed 

for toe volume gain, and to study the necanisLu of water penetra- 

tion Into wheat kereela. 

In order to develop the diffusion equation for the volume 

oein, tae uyooteesis was set up, from evidence foeed bd Grosh and 

niner (6) as previously neationed. it would be reasonable to 

assume that the cracks formed which provide pathwooe for the pene- 

trations of water are proportional to the volume expansion of the 

wheat kernel. if this is true, it ,Jtor be assumed that the volume 

increase of the wheat kernel corresponds eeaetly to the volume of 

water entering the wheat kernel through cracks. Accepting this 

hypothesis that the volume gain is identical with the weight gain 

during the steeping process, the diffusion equation for the volume 

gain can be developed. 

It was known that there may be two possible ways of diffusion 

of water Into the wheat kernel. One possible way of diffusion may 

e. that water doffuses into the wheat kernel through cracks. This 

nay correspond to heterooeneoas mechanieal. The other maN be that 

water uniforiely diffuses into tue wheat kernel tlerouehout the 

endoperm. This may correspond to a homogeneous mechanism. This 

mechanism would almost certainly be pronounced at EiFfter tempera- 

tures. 

The present study provides information which is the basis of 

the commercially important practice of tempering of wheat. Further 



Included is a study of the actual nochanism of water absorption 

b-.), the wLeat kernel. 

TLEOEY 

The object of this section is to formulate a Eeneral diffusion 

equation for the nonstationary state and to examine methods for the 

subsequent correlation of data. 

Derivation of a General Diffusion Equation (1). 

Consider the diffusion of a substance through au elemental 

volume, dx:dy:dz, arbitrarily located within a solid. Diffusive 

flow from thn ellrface X to the surface 7: + dx is caused by a 

difference between the thermodynanic potentials at their surfaces. 

When this is due to a difference in concentration, the proportion- 

ality between the diffusion current and the potential iTadient is 

conventionally expressed by first law of diffusion: 

(1) 
-ax 

were the proportionality factor Di the Fickian diffusion coeffic- 

ient, is, in the general case, a function of concentration, 

position, and direction. In the stationary state the conteutra-. 

tion at a given. point is invariant; hence the sum Jx + J + Jz is 

constant and 

D Oc + Zo + D -ac = constant x 757 (2) 

the nonstationary state, the diffusion current iz a func- 

tion of tile. We obtain the nonstatioAary stat a differential 
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Jiffusion equation in Cartesian coordinates: 

( D a ( D <) (De :29 
(3) 75-x x 7-7x -77 Y -TT 

The differential equations for a constant diffusion coeffic- 

ient are of the general form: 

D n C 
r ('4) 

where r is a coordinate whose a>es are eveT7where perpondicelar to 

the boundin surface and whose origin Is at the center of sytry, 
and n has the value of zero for planner symmetry, unit for axial 

symmetry, and two for spherical symmetry. 

Consider diffusion in a solid of arbitrary shape. The initial 

and boundary conditions of interest are: 

C = C o 

C = Cs 

at =0 

at s = 0 and Q> 0 

(r) 

where s is a general coordinate whose origin is at the bounding 

surface and whose axes are everywhere perpendicular to the surface 

(in eq. 4, a = ro - r, where ro is the distance from the center of 

symmetry to the surface). 

We shall examine the leaeral form of solutions for a constant 

diffusion coefficient from the neighborhood of 9 = 0 to 9 = oo. 

The solution of eq. 4 for the case takes the form of the Gauss 

error integral: 

1- C= exp (-g2) d g (3) 



whIch c,lve the concentrot :7,on nri n funct:Ion of the distnnco from 

to aurfacc; where 

C 
and (7) 

To obtain the vorp c lectr -Lion in i finite solid as a 

function of time user. & 0, we tialA) 1:Iateria1 balance about the 

boadia surface: 

where l by 11411:'s f'rst 

9 
o C) V = )( JS 

= - 
0 

(Note that for a constant diffGzion coefficient J ap.,:roachcs 

constancy over the Eurrace az the tine approacben zero.) 

TEe cocentration gradient at the surface (44 4 is 

(3) 

(9) 

aal.ned by differentiatin6 eq. 6. Putting. 73C = a c and 

and noting the exp approaches uuity ac nd is 

nrT:)aa. sell, we find that 

oa substituting for j and Integra Inc, we obtCt.4 froll, eq. 

'NW 

-lie X-0, or 

(10) 

(U) 



whore 

c = 6 * X m sill 5; (12) 00 

This result provides a first approximation to a general solution, 

valid in the neighborhood of 9 n o, of the nonstationaru state 

differential diffusion equation, lots that the prescribed form of 

the solution for 9 = o Is 

(13) 

17.:so obtain a moro accurato a2proximation we 

can be represented, in the noirtiborhood t X = o, PM 

in X; w find, (Maclaurianis series)! 

f (X) = f (o) + Co) X V 4, fn -. , 7"4. (111) 

Equation (11) inmodiatolly r.4rf r (0) = 1 nocl f.0) - The 
yTt: 

hi'her derivatives, fn(o), etc., arn clenrl7 depen(lept o- mlid 

shape. However, since the series should converrre rapidly near 

71. o, tarns hifter than f (o) will. be neglected, giving for our 

final approximation 

c 1 2 x 
(15) 

f-Fr 

B. Fvaluation of C in the CAsc of Moisture Gain. 

Equation (15) was derived for a solid of constant Amonsiona. 

For such a solid, C is exact17 equal to M., there 

fn, ) , 

"1 4* nifl 
(16) 
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- 
m is the average moisture content at the given absorption time, ms 

is the effective surface moisture content, and mo is the initial 

moisture content. 

C. 'Ivaluation of 7 in the Case of Volume Gain. 

In most natural and synthetic polyoners, moisture adds its 

volume (as liquid water) to the volume of the solid. If the 

volume change in the wheat kernel during swelling corresponds 

e3:actly the volume of water entering the wheat kernel as stated in 

the hypothesis formulated in the introduction, by analogy, with 

the case of moisture gain, C should be exactly equal to V, where 

V - 
'V vo 

-v 
(17) 

v is the average volume content at the given absorption time, vs is 

the effective surface volume content, and vo is the initial mois- 

ture content. 

MATERIALS 

The wheat used in this study was the variety, Ponca. Samples 

were prepared with initial moisture contents ranging from 15.59 to 

52.35 percent dry basis. 

Ponca wheat has approximately the following, percentage com- 

position: 

Carbohydrates, mostly starch 69.0 

Carbohydrates, cellulose 2.6 

Protein 11.3 
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Fat 1.0 

Ash 1.7 

Water 14.5 

Steeping water was taken from the Manhattan City system. 

The analysis of water was reported as follows: 

Total hardness (parts of calcium carbonate per million) 76 

Non-carbonate hardness (parts of calcium carbonate per 

million) 45 

Total dissolved solids ( parts per million) 213 

pH 7.5 - 8.0 

METHODS 

The initial moisture content and the initial density of the 

wheat were carefully measured. Initial moisture content was 

determined by a two-stage air-oven method (14). For samples 

containing more than 13 percent moisture, loss of moisture incident 

to grinding is likely to be excessive, hence the following two- 

stage procedure was used: 

The first stage: Exact weight of sample was recorded, and the 

weighed sample in the container was placed in a warm, well 

ventilated place protected from dust, so that wheat would dry rea- 

sonably fast and reached an approximately air-dry condition in from 

14 to 16 hours. The sample was weighed and the percentage mois- 

ture lost in air drying, was calculated. 

The second stage: The air-dry sample was ground, and approxi- 

mately 3-4 g. of the well-nixed sample was weighed. The sample was 
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was placed in the oven at 130° C. (+ 30) for one hour. The sample 

was weighed soon after room temperature was attained. The flour 

residue as total solids and the loss in weight as moisture was 

reported. 

The percentage of total moisture in the original sample was 

calculated as follows: 

where 

(100 - A) y 
T. N. = A .4- 

100 

T. M. = percent total moisture 

A = percent moisture lost in air drying 

Y = percent moisture in air-dry sample as 
determined by oven drying 

(18) 

The pyenometer was used to measure the initial density of the 

wheat. In the study of water penetration into the wheat kernel, 

sphericity of the wheat kernel should be evaluated in order to 

apply diffusion equations for weight gains and volume gains. 

Evaluating sphericity of the wheat kernel, porosity of samples 

should be known. For the measurement porosity, the weighed sample 

was charged into a 2" - diameter glass column after the water tank 

was heated to the desired temperature by the automatic control 

heater (see Figure 1.). At the end of each given absorption time, 

the bed height and the volume of the sample were measured in order 

to calculate the porosity. 

The initial moisture pick-up by capillary action was studied 

at several temperature levels. 
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The absorption of water and the volume increase were simul- 

taneously studied as a function of time, temperature, and initial 

moisture content, In order to find the relation between the volume 

gain and the weight gain,. then to develop the diffusion equation 

for the volume gain, and to test the validities of the diffusion 

equations for the mass and the volume. 

Twenty gram-samples were placed in wire gauze baskets and 

immersed in a stirred water bath controlled within 0.50 7 of the 

set temperature. At the end of the Absorption period the samples 

were quickly removed from the water bath and superficially dried 

on a large filter raper (2). After surface water on fto wheat 

kornels was removed, the weight of the sanples was determined, and 

the moisture gain was calculated from the gain, in weight of the 

sample. 

For the measurement of volume of wheat kernels, The liquid 

displacement method was used. In order bo find a suitable liquid 

which is not absorbed by wheat kernels, several organic solvents 

such as toluene, benzene, and carbon tetra-chloride were tested. 

It was found. that toluene was the most seitable solvent which was 

not absorbed by wheat kernels within 15 minutes., hence toluene 

has been used to measure the voluna of the sample by liquid dis- 

placement method throughout experiment 

After the weight of the sample was measured at the end of each 

absorption time, the sample was charged into a burette which was 

already filled with exact known amount of toluene. The volumetric 

displacement of the toluence was taken as the volume of the sample. 
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Experiments were carried over a wide range of temperature 

from 3D° F to 179° F (26.67° C to 81.67° C), and absorption periods 

ranged from several minutes to seven hours. 

RESULTS 

All the pertinent data, both experimentally obtained and 

calculated, are assembled in Table 1 to Table 8 in the Appendix. 

They are also graphically presented in Figure 2 through Figure 17 

in the Appendix. 

ixperimental data on the weigut increase by surface capillary 

action at various temperature levels are tabulated in Table 1 and 

are also graphically presented in Figure 2, showing that the weight 

increase by surface capillary action is practically independent of 

the temperature variation. All the experimental data on weight 

and volume gains at each given absorption time are assembled in 

Table 2 and also are graphically presented in Figure 2 and Figure 

3. In Order to find out the relationship between moisture gains 

and volume gains, the product of density of fluid and volume gain 

as a function of moisture gain, and the product of density of fluid 

and volume gain as a function of moisture gain from which the 

initial moisture gain by capillary action was substracted, are 

plotted in Figures 4 and 5 which showing that exact linear re- 

lationship between the volume gain and the moisture gain. 

In order to test the applicablities of diffusion equations for 

the moisture gain and for the volume 7ein as t function of the 

square root of absorption time are plotted in Figure 7 and Figure 9, 
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showing the linear relationships between the moisture gain and the 

square root of absorption time and between the volume gain and the 

square root of absorption time. Slopes of linear regression lines 

at each temperature level in Figures 7 and 9 were statistically 

evaluated and are listed in Table 3. 

Results on measurements of volume and surface area of a wheat 

kernel are assembled in Table 24. The eoisture gain as a function 

of initial moisture content at 151° F and 16° F, and the volume 

rain as a function of initial volume content at 153° p and 16° F 

uee plotted in Floures 9 and 10. These two figures indicate that 

the linear regressions on an effective surface moisture content 

of 0.765 gm./rm., and on an effective surface volume content 

of 1.05 cm 3,/cm.3 respectively. 

eneralized correlations of data for the eases of moisture 

gain and volume gain are tabulated in Table 5 and they are also 

graphically presented in FiE;ures 12 and 13, showinr, the high 

validity of diffusion equations for the mass and the volume. 

Diffusion coefficients of mass and volume were calculated 

from the sloped obtained from Figures 7 and 3, The csleulated 

diffusion coefficients of mass and volume are assembled in Table 6. 

They are also graphically illustrated as a function of the 

reciprocal of absolute temperature in Figure 14 through Figure 17. 

The diffusion constants, and the energies of activation in the 

Arrhenius relation for mass and volume obtained from Figure 14 

throu7h ?iguro 17 are assebled in Table 7. Statistical analyses 

of data on this study are summarized in Table 3. 
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DISCUSS:TO11 AND CONCLUSIO1 

The Helation Between the M stare Gain and the Volume Gain. 

As mentioned in the Introduction, one of the objects of this 

experiment was to find out whether there is a definite relatIon 

between the moisture and the volume gain. Grosh end iner 

()) indicated that cracks are initiated in wheat by the tempering 

process. The X-ray studies done by rush and Milner (6) confirraed 

the presence of transverse and radical primary cracks. Observa- 

tions of the concentration of moisture at the cracks In the early 

stases of wetinc and the section :ettIri of endosperm portions 

bounded by these cracks provide additional evidenee that these 

cracks are formed in the kernel as a result of temperinc. tlso 

their observations showed that water moves into the endosperm 

throut crecka, end after lona; period. of wetting or In mealy ker- 

nels, cracking phenomenon is of no sinificance. Cracks provide 

pathways for the penetration of water. Pence (10) stated. that; 

the wheat kernel can expand due to the increase in moisture content. 

If this evidence is true, there should be a. defThito relatioQ 

between the moisture rains nd. the volume rain and also it miFht be 

reasonable to assume that the volume gain was completely accounted 

for the mass of water enterins the wheat kernel. 

3y comparison of the two sets of curves in Figures 2 and 3, 

it aaspears that qualitatively the curves for weight and for volume 

are identical. This indictee that there is a definite linear 

relationship 1.etween weight changes and volume changes. 
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The product of ,luid donsity end volume change at the end of 

each absorption tiro as r function of wet7ht chan7e, for all 

temperature levels, is plotted in Figure 14. It '.7as been known 

that a very rapid Initial moisture 7ain in due to another phenomenon 

rather then slow diffusion into tho interior of the 7erael. 

Initial, moisture 7a1n by capillary action, 3.0 percent (wet basis), 

has been subtracted from the avera.:2e weight ain and then the 

Toroduct of fluid deesity and vela= change as a function of weight 

ntlen;l7o for all tomperaturc love's is shwa in Pi7gure 5. cont L'et 

for a few :points, :zest of th e data aro in close, sTr000at wIth the 

15 dereo-line which represents that the volue chencT7e is e77ectly 

equal to the weight chave. The few deviations from 145 degreo-line 

might have reselted from the fact that the craeltin7 phenomenon, 

which would incresee the volume of kernels, became or no signifie.. 

once at the hi'-her temperatures and the longer -periods of immersion. 

In order to confirm that the product of volume ohanee nnd 

water density is ideltical with the wei7,1t chri7e, all thn dea 

were statistically analyzed hi 7.,11.:7 '1.2?: 0, aute-:71stic nor . 

puting mechino (13). A.rst, the sample correlation coefficients, 

r of the line on Fines 14 and 5 were evaluated. The anr7le 
b* 

correletion coefficients rb of thn lines of Pleuras 1; and 5 were 

found to he 0.9995 and 1.9914 respectively, Those valuen hiehly 

s 7n1fied a perfect linear correletion between the trot change 

and the we-ht chan7e. '!oxt, the hypothesie that 6,- 1, whore g 

is the slope of the rc7rennion line, was tested a7ainst b where b 

is the sale re7ression coeffloient (slope) by usin7 formuls, 

t = :? (13). "t" Is the deviation of the eettested slope from 
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that of the population measured in terms of Sb es the unit, and Si, 

is the sample standard error of regression coefficient. The sample 

regression coefficients for lines in Figures 4 and 5 were found to 

be 0.9990 and 0.9980 respectively. By using the table of "t" - 

distribution in Snedeeor (13), the hypothesis, (3= 1 was accepted 

at 0.05 level and also 0.01 level. This test definitely indicates 

that the product of water density and volume change is identical 

with the weight change. The results of the statistical analyses 

arc summarized in Table B. 

This relation between the weight chance and the volume change 

will be useful in developing the imtegral diffusion equation for 

volume. 

Correlations of Data on the Weignt and Volume Gains 

As described in the section of theory, mathematical analysis 

(1) of the non-stationary state of diffusion in solids of arb- 

itrary shape shows that at times in the neighborhood of 0 = 0 and 

under the conditions 

m = mo at 6 = 0 

m = ms at the bounding surface at 400 

D m = constant 

the integral diffusion equation is of the general form (2) where 

(19) 

n = 1 - 245. xm +BX 

111 

m S 
ms me Xm = S/V 057:0 

(20) 
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= Initial moisture content, dr.; b3-----i71./m. 

11: averaf7e moisture content at a given 
absorption trmo basia------- ------ -grleAms 

= effective neiature content at bounding 
surface at Linos i:yeenr than zero, 
dry 

4 = absorption time.------------------------scoo 

V 

area of tooundia surfece----------- ----cm.' 

voluus of a wheat 

D. = diffusion coefficient of mass-----------en4 

D = dimensionless constant 

..ince it has been shown that the volume increase of the wheat 

hornol during a steeping process corresponds exactly to the volume 

of moisture entcrini; the wheet kernel, the Lion-stationary-state 

diffusion equatioa of solids for arbitrar shape, equation 1, may 

be p1it in the ett4;0 of volume chanze 

At the vicinity of 0 and under the conditions t- 

v VQLtZ0 
= v 

s 
ut t.ne bundinf::; surface, at 4 0 

Dv = consta(lt. 

The integral kAffusion ecivatio,: for the case of vino should be, 

by anclog:i, of the 6eneral form: 

7 20/rii X V 

al V 4. V 
V 

V 
s 

V 
o 

= S/V r170 



and 

and 

v0 = initial volume 

- 
v average volume 

Lion time, dry 

content, dry 

content at a given absorp... 
3...--.-- cm, 

19 

v 
s 

= effective volume content at the hounding 
surface at tines greater than zero, dry 1 

basis cm cm: 

Dv = diffusion coeffilient of volume ------ 

31 = dimensionless constant 

11 values of X and X equations 20 and 22 approxL .e to: 

1 'a$ lir 2/F X ( 2 3 ) 

or, in ter .a of the experimental varisUes, 

v v = K 0 v 

mo)S/Vi7E; 

and 

where 

and 

KM. nit 2/Frf 

acv 2/ -Fr (V5 - St/ ficr 

(210 

(25) 

(26) 

Therefore, if diffusion equations are applicable, at small values 

of Xw and Yv the noicture gain and velum: gain of a wheat kernel 



20 

during a steeping process should be aperoxinately proportional 

to the square root of the absorption time. Figures 7 and 3 show 

that such a relation was indeed. obeyed. The curves for the volume 

gain in Fire 3 extrapolate to zero volume gain at tine zero. 

However, the curves for the moisture gain (Fig. 7) did not extra- 

polate to zero moisture gain at time zero, but to an intercept, 

- 
ii. initial moisture gain by capillary action. The eeperimental 

data were analyzed otetisticalle to obtain the slopes, T.:111, 771,e, and 

the intercepts m1 of the liner regressien of the moisture gain 

and the volume gain en the square root of the absorption time. The 

results of slopes, Km and Kv of linear regression of the moisture 

rain and the volteree gain on the square root of the rbsoretion time 

are presented in Table 3. 

The Initial Moisture Gain, mi 

If the linear relation between the moisture gain and the 

square root of the absorption time indeed signifies obedience to 

Pick's law with a constant diffusion coefficient, then the oc- 

currence of the non-zero intercept ;11. would mean that there was a 

very rapid initial absorption of water which was due to another 

phenomenon rather than slow diffusion into the interior of the 

wheat kernel. The-nature of the phenomenon may be explained from 

the structure of the wheat kernel, for the outer most layer, the 

pericarp, Is highly porous and should quickly become saturated by 

capillary action (2). Jones (3) was the first to distinguish this 

aspect of liquid water absorption by wheat. Therefore, it appears. 

a 
that the intercept, mi was the amount of water required for 
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saturation of the pericap. The value of the average initial 

moisture gain by capillary action in these experiments was 0.0358 

gm./gm. (dry basis) for Ponca wheat whose initial moisture content 

was 0.1559 gm./gm. (dry basis) as shown in Table 1 and Figure 6. 

It was found through experiments that the initial moisture gain 

by capillary action was independent of temperature variation. 

Pence and Swanson's observations (11) confirmed that the initial 

stages of penetration of water are not affected by temperature 

chanee. (See Figure ( ) 

The Effective Surface Moisture Content, M., and The Effective 
Surface Volume Content; vs 

Equations 23 and 25 show that if the diffusion coefficient of 

the mass is independent of moisture content in the rang stedied, 

the product of the slope, km, in Figure 7 and the kernel volume-toe 

surface ratio V/S should be a linear function of the initial 

moisture content and should extrapolate to an interment, no = ms 

at Kinyi'l = 0, where ms is the effective noisture gain, r no 

should be a linear function of the initial moisture content end 

should extrapolate to an intercept mo = ma at n mo = 0. 

The moisture gains at 86° F and 158° F for fifteen minutes of 

absorption time were determined at a large number of mois- 

ture contents. :'inure 9 shows that the data fulfilled. the above 

expectation reasonably well, and indicated that the effective 

moisture content at the surface of a wheat kernel irenerzed in 

liquid water was approximately 0.7,55 r7sigm.. Bec7,-er (2) found 
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m 
s 

to be approximately 0.75 gm./gm. at 22° C (72° F) for a constant 

absorption time of fifteen minutes. 

In the case of the volume study* equations 214 and 26 also 

show that if the diffusion coefficient of volume is independent of 

volume content in the range studied, Kv V/S should be a linear 

function of the initial volume content and should extrapolate to 

an intercept vo = vs at K V/S = 0, where Vs is the volume gain, 

- 0, should be a linear function of the initial volume content 

and should extrapolate to an intercept vo = vs at v - ve = 0. 

The volume gain at 36° F and 153° F for a constant absorption 

time of fifteen minutes was also determined at a large number of 

initial volume contents. The initial volume content was expressed 

as the volume of water in the initial wheat per unit volume of dry 

wheat (cA/cm?). Figure 10 shows that the data well agreed above 

expectation, and indicates that the effective surface volume 

content of a wheat kernel imrclersed in liquid water was approximately 

1.05 cm?,/cm?. It may be worthwhile to point out that the ratio 

of the effective surface volume content to the effective surface 

moisture content, vs/Ms, should be identical with the ratio of the 

density of wheat to the density of water, ()wheat Experimental 
p H2v . 

heat values of v /th , and were 1.373 and 1.375 respectively. 
s s 

2 
These two values are practically identical. 

The Volume to the Surface Area Ratio, V/S 

The volume to surface area ratio was evaluated by using the 

V/ 
formula (1), V/S = rv/3, where /5. is the ratio of the surface 

area of a sphere of equal volume to the surface area of the solid, 
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Trr 
= -----X), and is a shape factor commonly known as the sphori 

city, and ry is the radius of a sphere with volume equal to that 

of the wheat kernel. It can be assumed that the sphericity ()A 

swelliee solid is constant, unless swelling is unusually enisoe 

tropic. Since the perosity is closely related to the sphericity, 

the porosity could be used as the sole determinine factor of 

sphericity. 

76xperiments were carried out at several temperature levels 

in order to determine the porosity by using, the pocked bed column 

(gee Pi7ure 1). The porosity of the bed for purpose of calculation 

was defined as the void apace between the particles, (not including 

any void spaces within the particles) divided by the total volume 

of the bed. The experimental values of porosity wore in the range 

0.31 to 0.02. Since there are several variables such as particle 

diameter, column diameter, particle size distribution, particle 

shape, and nethod of charging believed to influence the porosity 

in the bed, in no case could the results of porosity measurement 

be duplicated exactly. The study of porosity showed that porosity 

was practically independent of time and also temperature verlation, 

but at temperatures above 10° F there was a slight ency for 

the porosity to increase with increasing absorption time. The 

average value of the porosity, 0.45, was used to estimate particle 

sphericity from Figure 11 (3), assuming that the type of packing 

in the bed was "loose" packing. The estimated sphericity at a 

porosity of o.1 was approximately 0.91 from Figure 11. This 

value of the sphericity is exactly identical with that estimated 
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by Becker (1). Using this sphericity, 0.91 and riv estimated 

from know data for volume at the end of each absorption time, 

volume to surface area ratio was evaluated. The volume to the 

surface area ratio increased slightly with increasing absorption 

time. Rigorously speaking, therefore, the treatment of V/S as a 

constant would not be permitted* But the volume to the surface 

area ratio was treated as a constant in order to satisfy one of 

the assuritptions made in deriviag the diffusion equations. Turo 

different values of the constant V /S, the initial VA and the aver- 

age VA, were used in evaluating diffusion coefficients of mass 

and volume for the Arrhenius relation for the sake of checking the 

effect of V/ variation. Tho estimated initial VA was 0.0547 cm. 

The values of the average VA at each temperature level are pre- 

sented in Table 4. 

General Correlations of Data on the Weight and Volume Gains 

Figures 12 and 13 show general correlation of all the data on 

the moisture gain and the volume gain for temperatures in the range 

% F to 179° F, initial moisture content of 0.1559 gen. /em., dry 

basis., and initial volume content of 0.2242 cerLiCm.. The cor- 

relating parameters in the case of moistnre gala were calculatod' 

M M, ni 
from 1 - :7m3-- and Xm e 3/V V Dm9. Equation 23 can 

therefore, be used for practical prediction of the moisture gain. 

as a function of the independent variables. The correlating 

parameters in the case of volume gain were also calculated from 

- - v 
1 - V = ° and X v = S/V Ar7. Smi a ilarly, equation 2 cn be, 

v - vo 



therefore, used for practial prediction of the volume gain as a 

function of the independent variables. Figures 12 and 13 give a 

definite indication of the accuracy with which such predictions 

can be made. 

In order to test the validity of equation 23 for the mois- 

ture gain and equation 24 for the volume gain, all the data were 

also statistically analyzed using the IBM 650, automatic digital 

computer (13), First, the sample correlation coefficient, rb 

between dimensionless factors, 1 and Xrn, and the sample cor- 

relation coefficient, rb between dimensionless factors, 1 - V 

and X v w-oe evaluated. 
The sample correlation coefficients be- 

tween 1 - Iii and X and between 1 V and Xv were 0.997 respec- 

tively. Both values of the sample correlation coefficient sig- 

nified almost perfect linear correlation between them. Next, 

the hypothesis* (3= 2/[ , (slope of equations 23 and 24) was 

tested a7,ainst b, where b is the sample regression coefficient 

of Figure 12 or that of Figure 13, by using formula, t = 

(13). The sample regression coefficients evaluated for 

Figures 12 and 13 vere 1.1127 and 1.1225 respectively. By using 

the table of It" distribution in Snedecor (13), the hypothesis, 

= 2/0T or 1,1283 was accepted at 0.05 level and also 0.01 

level for both Figures 12 and 13. The tests of the hupothesis 

indicated high validity of equation 23 for the moisture gain and 

equation 24 for the volume gain. 

Finally, it should be noted that the applicability of equa- 

tions 23 and 24 over the entire range of experimentation is 

partly due to the prior assumption of their validity male to 
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define the basis for treatnont of the data. Therefore, because 

the analyses wore prejudiced in their favor* equations 23 end 24 

should be reFjarded as imperfect* though highly ecpedient, approx.. 

'mations to general solutions. 

The Diffusion Coefficient of Mass, D and the Diffusion 
Coefficient of Volume*-Dv 

The diffusion coefficient of mass, De is given directly by 

equations 23 and 25, once theKeffective sui,face moisture content 

Is known ( D m = MO 
ViS 3 )2 

Me 
)4, The difrusion coeMee 

lent of volume D v 
cam be evaluated by equations 214 and 25* after 

fi 
thR off 

' 

Live surface volume content is known Olfir = (77. 7" 

v 
o 

), The diffusion coefficient of mass Dm and the diffusion 

coefficient of volume D v were calculated 
by using the initial V/S 

and the average V/S as mentioned in a previous section. Figures 

114, 15, 16, and 17 she diffusion coefficients ceicalated from the 

present data as a function of the reciprocal of the absolute tem. 

perature. The values of diffusion coefficient* which covered a 

wide range of temperature, gave for the energy of activaA.on in 
_ E 

the Arrhenius relatien D z Doe -rm. where E is the energy of lac. 

tivation, R is the universal as constant, and T is the absolute 

temperature. The constants Do, and the slopes (EA) of the linear 

regression lines of the Arrhenius relation for mass and volume 

were estimated by the method of least squares. The values of the 

energy of activation found were 13.012 K. cal. /Mole for Dm based 

on the initial V /S, on 114.216 I. Cal,/mole for Dm based on the 

average WS, 11,313 K. cal./Mole for Dv based on the average V /S. 

It can be seen that the linear regression lines in Figure 114 
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and Figure 16 give poor correlations by the Arrhenius relation. 

and Dv at higher temerature deviate remarkably from the linear 

re7ression lines obtained by the method of least squares. Careful 

inspections of Figures 16 and 11 indicate that the plots of the 

Arrhenius relation show the definite curvature. However, the data 

from these non-linear relationships in Figures 14 and 16 were divided 

into two parts, and each of these part was treated separately 

using the method of least squares. The results obtained were two 

strait lines on each plot which were in close agreement with the 

Arrhenius relation. 

As mentioned previously in discussion the V/S ratio, two dif- 

ferent values of the constant V/S, the initial V/S and the average 

V/S, were used in evaluating diffusion coefficients of mass and 

volume for the Arrhenius relation, for the sake of checking the - 

effect of V/S variation. Each of Figures 14. through 17 gives two 

distinct plots, one based on the initial V/S, and the other based 

on the average V/S. It is difficult to determine which plot gives 

the better Arrhenius relation since statistically the slopes are 

very nearly the same for each plot, and by careful inspection the 

scatter of points for each plot appears to be nearly identical. 

The values of the activation energies for the diffusion coef- 

ficients of the mass and volume based on the initial V/S and the 

average V/S are presented in Table 6. The activation energy at 

temperatures above 1500 F was almost twice as much as the activa- 

tion energy at temperatures below 1500 for both the volume and mass 

diffusion. It may be worthwhile to point out that two linear 

regression lines of the Arrhenius relation in Figure 13 and Figure 
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15 intercept cach other at the temperature of 150° 

and. Pearson (5) stated. that the occurance of two linear 

regression lines of the Arrhenius relation can result if there 

are two colapetinn ilechanesms or reactions with different activation 

energies and is often observed where the saree reaction may occur 

both Loeloceneously and heterogeneously. The homogeneous mechanism 

usally has a hic;her activation energy and so it is favored at high 

te.Ileeratures, whereas the heterogeneous mechanism predominates at 

lower temperatures. 

It has been known that the eelatinization of starch occurs at 

the vicinity of 150° Z. exact Lelatinization temoerate_ee is 

characteristic of the variety of starch, and also depends on the pH 

of water (9). i'ue to the gelatinization, the wheat kernel became 

softer, the water penetraLien might be more uniform throughout the 

wheat kernel. At tomporatuies above 1500 ' water might directly 

penetrate into the wheat icernel through endosperm rather than 

through creeks. Therefore, it is quite possible that at ter 

above 1500 f the homogeneous mechanism would follow after 

the heterogeneous mechanism would proceed in steeping of the wheat 

kernel. It may be noteworthj that two linear lines of the 

Arrhenius relation will be very useful to evaluate the r'elatiniza- 

tion tene:lerature. 
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TABLES 

Table 1. Weight increase by surface capillary action. 

Temp. 
0 
F. 

ao 

85 

90 

100 

11.0 

119 

wo 

gm. 

% increase 

(wet basis) 

5 increase 

(dry basis) 

20.00 
20.00 

20.57 
20.53 

2.8 
2,6 

3.294 
3.063 

20.00 20.57 2.80 3.2914 
20.00 20.57 2,80 3.2914 

20.00 20,65 3.14 3.756 
20.00 20.65 3.114 3.756 

20.00 
20.00 

20.57 
20.65 

2.30 
3.14 

392914 
3.756 

20.00 20.57 2,80 
20.00 20.70 3.38 

20.00 20.65 3.114 3.756 
20.00 20.75 3.61 

Average 20.62 3.00 3.583 
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Table 2. r perimental data on welElit and volume gains. 

: Temp. s Time 

No. 
oe. 

: min. : grave 

V 
f 

an.3 

v 

cruAl .3 

1 30 0 20.00 0.1559 14,76 0.2242 

5 20.89 0.2074 15.71 0.3054 

10 21.47 0.2409 16.30 00.3518 

20 21.65 0.2513 16.50 0.3684 

30 21.87 0.260 16.70 0.3850 

45 22.30 0.2888 17.15 0.4223 

6o 22.38 0.2935 16.80 0.3933 

120 24.37 0.4034 19.0 0.5757 

240 24.99 0.4443 19.5 0.6172 

300 25.18 0.4553 19.7 0.6338 

420 26.05 0.5055 20.6 0.7084 

2 30 0 20.00 0.1559 14.76 0.2242 

5 20.89 0.2074 15.71 0.3054 

10 21.47 0.2409 16.30 0.3518 

20 21.65 0.2513 16.25 0.3684 

30 21.57 0.2640 16.70 0.3850 

45 22.30 0.2888 17.15 0L223 

60 22.38 0.2935 16,50 0.3682 

180 25.46 0.4715 19.10 0.5340 

240 25.94 0.14992 19.60 0.6;?55 

300 26.30 0.5200 19.90 04M 420 27.28 0.5766 20.90 
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Table 2. (oont'd) 

Run 

No. 

4 

6 

Wee 

t Temp. t Time 

t min. grama gnegm. c: 

wwr4rWwOPPMAKVKWMN4........**,0*rWOWWFPMWW.Mwp. 

100 0 20,00 0.1559 14.76 0.2242 

15 21,90 0.2657 16.70 0.3850 

30 22.40 0.2946 17.20 0.4596 

60 23.30 0,3466 18.20 0.5094 

90 24.20 0.3986 19.00 0.5757 

120 25.53 0.4755 20.00 0.6587 

180 26.50 0.5316 29.00 0.7333 

240 27.23 0.5737 21.00 0.7914 

360 28.16 0.6275 22.60 0.87143 

116 0 20.00 0.1559 114.76 0.22142 

5 21.60 0.2494 16.37 0.3576 

10 22,20 0.2831 17.00 0.11100 

20 22.9 0.3264 17.75 0.4721 

30 23.20 0.3408 18.00 0.4928 

45 23.90 0.3819 19.70 0.5509 

60 25.17 0,4547 19.80 0.61421 

120 27.47 0.5876 21.70 0.7997 

180 28,31 0.6362 22.60 0.3743 

240 29,80 0.6645 23.10 0.9158 

360 30.20 0.714514 24.90 1.0650 
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Table 2, coatfd) 

No. 

; Time : 

min, 2 grams : gm. co. r cm. On. 

12 120 0 20.00 04.1559 14.76 0,2212 

15 22.70 0.7119 17.50 0,1513 

30 23.40 0.25214 18.20 0.5094 

45 24.10 0,2929 18.90 0.5674 

60 24.80 0.4333 19.60 0.6255 

120 26.30 0.5200 21.10 0.7479 

130 28.26 0.6333 22.50 0366o 

240 28.71 0.6593 23,00 0.9075 

360 29.90 0.7280 24.20 0.0070 

15 130 0 20.00 0.1559 14.76 0.22142 

5 21,95 0.2686 16.78 00916 

10 22.40 0.2946 17.27 0.023 

20 23.2*' 0 426 18.10 0.5011 

30 23.90 00813 18.75 0.5550 

45 24.68 00:264 19.55 0.6213 

60 25.60 04./195 20.45 0.6960 

120 27.80 0.6067 22.50 o,660 

130 29.05 0.6739 2).70 0"55 

240 3041 0.7338 24.60 0.001 

300 31.00 0.7916 25.60 1.1231 

360 31.30 0.8378 26,50 1.1977 

420 32,65 0.8869 27.30 1.26141 



Table 2. (oontld) 

Run 

No, 

T :Time s 

s 

o 
F. min 03141 

V 
1' 

am.3 

$ 

13 140 0 20.00 0.1559 14.76 0.2242 

5 21.90 3.2659 16.80 0.3933 

10 22.48 0.2992 17.40 0.4431 

20 23.40 0.3524 18.32 0.5193 

30 24.27 0,4027 19.25 0.5965 

45 25.17 0.4547 20.15 0.6711 

60 26.15 0.5113 21.00 0.7416 

120 28.45 0.6634 23.28 0.9307 

180 30.05 0.7367 24.80 1.0567 

240 31.50 0.8205 26.20 1.1728 

360 33.93 0.9609 28.60 1.3719 

19 110 0 20.00 0.1559 14.76 0.2242 

21.90 0.2659 16.80 0.3933 

10 22.48 0.2992 17.40 0.4431 

20 23.40 0.3524 18.32 0.5193 

30 24.27 0.4027 19.25 0.5965 

45 25.17 0.4547 20.15 0.6711 

60 27.10 0.5662 21.75 0.8038 

120 29.90 0.7280 24.35 1.0194 

180 31.80 0.8378 26.00 1.1563 

240 33.10 0.9130 27.20 1.2553 

360 33.00 0.9534 28.20 1.3387 
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Table 2. (eonttd) 

Pun 

No. 

: Temp. 

o 
F. 

: Time : Wf 

mtn. : grams 717.gm40 em. 3 : 

16 150 0 20.00 0.1559 114.76 0.2242 

5 22.38 0.2935 17.20 0.4265 

10 23.23 0.31425 19.10 0.5011 

20 24.20 0.3916 19.05 0.5799 

30 25.51 0.4714 20.45 0.6960 

45 26.71 0.5431 21.52 0.7147 

60 27.80 0.6061 22.45 0.1619 

120 30.20 0.7454 24.15 1.0609 

180 31.90 0.3436 26.50 1.1977 

240 34.10 0.9707 28.60 1.3718 

300 35,77 1.0673 30.35 1.5170 

360 36.63 1.1170 30.90 1.5626 

420 37.30 1.1557 31.50 1.6124 

153 0 20.00 0.1559 14.76 0.2242 

5 22.60 0.3062 17.40 0L431 

10 23.60 0.3640 13.43 0,5295 

20 24.35 0.4362 19.70 0.6339 

30 26.35 0.5229 21.20 0.7512 

45 27.30 0.5778 22.15 0.9370 

60 21.70 0.6537 23.25 0.922 

120 32.35 0.1683 26.95 1.2267 
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Tablo 2. (cont' d) 

Run 

q041, 

: Temp. 

°F. 

: Time : 

: min. : grams : Fp.egmI 

vr 

em.3 

V 

14 153 130 35.50 1.0516 30.00 1.4-80 

240 36.30 1.1263 31.32 1.5974 

300 33.85 1.2453 32.98 1.7351 

360 141.03 1.3712 34.90 109143 

420 141,85 1.4136 35.'35 1.9731 

17 170 0 20.00 0.1559 14.76 0,2242 

5 22.30 0.2377 17.75 0.4721 

15 25.20 0.4564 20.10 0.6517 

30 20,10 0,6240 22,60 0.5743 

45 29.70 0.7165 24.30 1.0153 

C)0 31.05 0.7945 25.60 1.1231 

120 36.45 1.1065 30.90 1,5626 

130 40,70 1.3520 34.95 1.8985 

240 43.25 1.4990 37.45 2.1051 

300 46.70 1.6993 141.15 2.14126 

/420 49.90 10840 1414.50 2.6905 

15 179 0 20.00 0.1559 14.76 0.2242 

23.30 0,3466 13.10 0.5011 

15 26.30 0,5200 21.00 0,7416 

30 29.00 0.6760 23.80 0.9733 

45 30.80 0.7500 25.30 1.0982 



Table 2. (contfd) 

run : Temp. Time : vi v 

.....111* 

: °F. : min. : grams : gm.gm. om. 3 om.3/ora.3 

179 60 32.90 0.3956 27.30 1.241 

120 40.00 1.3117 34.00 1.1197 

130 46.15 1.6671 39.35 2.26311 

240 50.00 1.1396 143.20 2.5126 

300 54.10 2.1265 147.40 2.9309 

350 55.33 2.1959 49.0 3.1300 
10.11110. 
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'ble 3. Slopes of 1inea ratresaion lines for , m0 vs.- and 
vv AV$ IIF 

Run No. Temp. 

F. 

klj103 * 

g.h.see. 

0 

1 80 2.050 157 

2 80 2.269 13 

9 35 2.411 4.245 

8 90 2.626 4.359 

4 100 3.086 4.826 

6 116 h.160 6.319 

12 120 027 6.077 

15 130 4,664 7.113 

13 140 5.367 8.236 

19 140 5,829 8.673 

16 150 6 «596 9.684 

14 158 8.054 11.570 

17 170 10.920 15.6110 

18 179 13.690 19.02 

slope of linear re_Tes ion line for m m 

gle the slops on line for v v 
o 
vs.-114- 



Table 4. Results on measurements of volume and surface area of a wheat kernel. 

Run No, t Temp. t Time t 

: min. a 

Vp 

cm.3 

r v 
cm, 

IT 

cm. 

1* 80 0- 0.02464 0.1803 

5 0.02628 0,1842 

10 0.02721 0.1863 

20 0,02755 0.1872 

30 0.02787 0.1880 

45 0.02863 0.1398 

60 0.02805 0.1888 

120 0.03172 0.1961 

240 0.03255 0.1831 

360 0.03289 0.1988 

420 0.03439 0.2018 

2 
x 

80 0 0.02464 0.1303 

5 0.02628 0.1343 

10 0.02721 0.18)3 

* The average V = 0.05761 cm. 

0.0547 

0.0559 

0.0565 

0.0568 

0.070 

0.0576 

0.0572 

0 40595 

0.0601 

0.0603 

0.0612 

o547 
0.0559 

0,0565 

The average V = 0 

V 
'2 om 2 

cm.-' 

18.282 0.4505 

17,889 0.4701 

17.699 0.4816 

17.605 0.4850 

17.543 0.4889 

17.361 0.4970 

17.482 0.4904 

16.806 0.5331 

16.638 0.5416 

16.583 0.5454 

16.339 0.5619 

13.282 0.4505 

17.389 0,4101 

17.699 0.4816 

.0579 cm. 



Table h. (Cont'd.) 
wwww,0000..00.010000........0 04.4.000W 

P.* n Temp. 

op 

71roe V 

cm,3 

ry 

CM* cm. 

S 

grad, cm,2 

10 20, 0.02755 0.1872 0.0518 17.605 0.14850 

30 0 027'1 0.1880 0.0570 17.543 0.4989 

45 0.02963 0.1895 0.0572 17.02 0.0014 

60 0.02755 0.1872 0.0568 17.605 0.1050 

1'30 0.03189 0.1970 0.0598 16.722 0.5313 

240 0.03272 0.1995 0.0602 16.611 0.5435 

300 0.03322 0.1996 0.0605 13.529 0.501 

420 0.y 3499 0.2027 D 0615 16.260 0.5673 

9* 85 0 

wwwwWwwwl. .0.11111. 

0.02464 0.1903 

-0101...1111.4+..0.01.11010. 

0.0547 19.2f12 0.14505 

0.32650 0.1351 0.0561 17.825 0.141214 

10 0.02737 0.1170 0.067 17.636 0.14327 

20 0.02771 0.1873 0.0570 17.51;3 0.4961 

30 0.02805 0.1385 0.0572 17.4f12 0.49o4 

1. Se aThreWNM71-5.55777 

The average V = 0.05943 
- 

CM. 

iTEe average V 0 



Table 4. (cont'd) 

15 45 0.02871 0.1899 0.0576 17.361 0.4994 

60 0.02954 0.1917 0.0531 17.211 0.5034 

120 0.01054 0.1939 0,0518 17.006 0.53.94 

180 0.03405 0.2012 0.0610 16.393 2 

240 0.03539 0.2051 0.0622 16.077 0.5690 

ormoviowoomrt..tals 

0 0.02464 0.1803 0.0547 18.282 0.4505 

5 0.02684 0.1359 0.0564 17.730 0,4759 

10 0.1361 0.1368 0.0567 17.636 0.4313 

20 0.1885 0.1385 0.0572 17.482 04,4844 

30 0,1390 0.1390 0.0573 17.452 0.49'19 

45 0.1907 0.1907 0.0578 17.301 0.5010 

0 0.1921 0.1921 0.0583 17.152 0.5098 

120 0.1970 0.1970 0.0598 16.722 0.5326 

ass 

6571-6747737-TairaveRrie V-;-6716313-0m.--47t 3 0 



able 41. 

ax 

11.1M11.0.00.5.1.1442.11410011... 

14+ 

180- 0.2011 0.2011 0.0610 16,393 0.5583 

' 2130 0.2027 0 ,22027 0,0615 16.260 0.5673 

360 0.2070 0.2070 0.0628 15.923 0.5901 

0 0,02464 0.0547 18.232 0,4505 

15 0,02785 0.1881 0.0511 17.513 0.4993 

30 0.02871 0,1900 0.0576 17.361 0.4984 

60 0.03033 0.1934 0.0537 17.035 0.5175 

90 0,03172 0.1961 0.0595 16.806 0.5331 

120 0.03339 0,1998 0.0606 16.501 0.5510 

240 0.03606 0.2049 0.0622 15.077 0.5797 

360 0.03773 3.2049 0622 077 0.6066 

0 0.02464 0.14303 0.0547 18.282 0.4505 

5 0.02733 0.1370 0.0567 17.636 0.1e20 

10 0.02138 0.1892 0.0574 17./421 0.4941, 

0.0 cam. The. av 

verage cm. x Tbe average 

0.0 
0.06045 cm, The average V 

0.0563 cam, 

0.05943 cm. 



Table 1. (oonttd) 

Run No Temp. 

op rain 

$ ry 

Cm. 

V 

CM. 
= 

3 

om. 
2 

20- 0.02963 0.11919 0.0532 17.094 0.5091 

30 0.03005 0.1929 0.0595 17.094 0.5137 

45 0.03122 0.1952 0.0592 16.891 0.5273 

60 0.03305 0.1991 0.0604 16.556 0.51472 

120 0.03623 0.2053 0.0623 16.051 0.5815 

180 0.03773 0.2082 0.0632 15.822 0.5970 

240 0.03856 0.2097 0.0636 15.723 0.6063 

360 0.04157 0.2150 0.0652 15.337 0.6376 

0 0.02464 0.1803 0.0547 18.282 0.4505 

15 0.02921 0.1911 0.0580 17.241 0.5036 

30 0.03038 0.1937 0.5088 17.006 0.5166 

45 0.03155 0.1961 0.0595 16.3o6 0.5302 

60 0.03273 0.1984 0.0602 16.611 (45435 

* The average = 0.0599 cm. x The average 

x The average 0 06045 cm,. * The sierage 

V 0.06045 cm. + 

0.0615 cm. 

The average = 0.05943 cm. 
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Tab140 4. (00nt,d) 

Kirbffiralitor 

mear...wer, 

waval1.0.011* 

130 

1120 

0.04274 

0.041424 

0.014557 

0.2171 

0.2191 

0,2217 

0,0659 

0 66' 

0672 

15.174 

15.037 

14.880 

0.6485 

0.6652 

0,6781 
.110.0..0011110.00,1410.0.00140.00111. 

13x 140 0.2464 0.103 0.0547 2 0.4505 

5 0.02805 0.1885 0.0572 17.482 0.4904 

10 0.02905 0.1909 0.0579 17.271 0.5017 

20 0,03051 0.1941 0.0589 16.977 0.5192 

30 0.03214 0,1971 000598 16.722 0.5374 

45 0.03364 0.2004 0.0608 16.447 0.5533 

60 0.03506 0.2030 0.0616 16.233 0.5691 

120 0.03886 0,,.2101 0.0:/37 15.69'1 0.6100 

180 0.04140 0.2148 0.0652 15.337 0.6350 

240 4374 0.2189 0.0664 15.060 0.6587 

avorame 

x The average V 0.0604 

=4 e eve 

CV24 * aver e V 
nr 

m 0,0615 en4 
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Table 5. Generalized correletiona of data, uthc tpr1 re 
lctions for the diffusion coefficients on moisture pin 
and volume, gains. 

...11111......maily. awe 

0.05164 

907304 

4611,641rne. 

14- T'lan : lamp. 

00 

So 0.0253 

o.o3o9 

0.09n3 

0.1545 

3.0613 

o o909 

00.0330 0.17146 O.1215 

0.1 07 D.2.2650 0 ."..i.q14,7 0,1574 

0 .1.5914 0.15500 0.2333 0.1927 

0.1671 0.17190 0.239!1 0.2226 

0.3557 0.25300 0.14,256 9,91W1 

00551 103578 0111(759 "L1451 

°14327 0.4002 0,060 0,497, 

0,5152 0.4735 0.5363 0.5190 

90 0.0259 0.0::271 0.0913 0,0625 

0,0309 904305 9,1545 3.01311 

0.9079 0,1143 n.1746 1.1251 

o,117 o.1400 0.19!4t 0,1532 

0.1594 0.171/1 1.12333 0.1976 

0.1671 )4910 0,27,93 0.2166 

0.11593 9.3429 9.435 0.3752 

0.5048 0.1960 0,4859 0-033 

9.5319 i)./0427 0.5161 0.044 

0.6319 0.5238 0.6164 0,732 
WW*M.W.mornmom ..****001. 
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Table 5. (cont'd) 
......111.60011Mrow 

Run '.To. '2ep. 

017, 

.AY 

1.. 1-V 

2 0 0. 676 (.;.-(0 9 
; :).1123 

O.-10h 4.8609 O. f: 1279 0.9581 

15 130 0.1262 

or. *M.A. 

0,1175 0.2027 0,1322 

01ic,19 0.1652 0.2519 0.1169 

3.2;477 G.2:350 13353 0,2643 

0.3112 0.278 0,4000 0.3238 

0.3 0052) (4430 0,396E 

0.1:112 0 r;713 0,14573 

0.6313 0.5757 0.7119 0,6475 

0.7999 0.7051 0,3976 0.7930 

0.8399 0.8141 0.9179 

0.980 0.9102 1.0190 1.0235 

1.0607 0.9'4)71 1,179 1.1215 

101413 1.0770 1.2590 1.21124 

1 140 0,1.352 0,20).:; ),1530 

0.176.5 %).1912 0.2650 0.216h 

O .2639 0.270)4 0.3573 1.3031 

0.3464 0.3312 0.450 j.1749 

"3417 3.05E, 0.5411 0.4591 

3.524'( ..4C)4 0,263 3.5301 
awaympto. : 4.0***11,14.11.01....**. 
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ris'Jlc 5. (canted) 

No. Towp. 

61 

mges...10411.0.1.10 

V 

Orl 

17 170 .91V 1.65/1 7..7/19 

2.1!:62 1.9'356 2.27111 !.1137 

2.474 2.1305 2.650 2.2513 

2. TTA 2,5203 2.986 2.4637 

179 0.k:543 ,:).1141,9 0,1153 0,3513 

0.39 0.6255 0.120 

0 t9.51 0.9077 0.1655 

1.0513 1.060 

1.2591 1.224 

1.6137 1.6395 1.91121 1.7311 

/.6840 40.0.40.0.4004011. 2./1693 2.1220 

2.3:r33 P.n55n 2,1431 

3.177 73n 3.2175 2.7983 

3029O 2.9263 3.5136 2.993 
"el..101 -.0.1.0.11010. AY*. ...F. .AM .141.04.4* 
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Table 6. union coefficients of mass and volume. 

Run 

No. 

: Temp. 

()F. 

: DraN108* 

/ cm/.sec. 

8+ Dm2X10' 

cm:/sec. 

1 80 2.660 2.972 

2 80 3.258 3.51 

9 
or 
id> 3.679 14.129 

90 4.366 4.994 

4 100 6.027 7.0958 

6 116 10.949 13.153 

120 10.266 12.539 

15 130 13.772 17.283 

13 14CJ 13.233 22.911 

19 140 21.511 27.253 

16 150 27.542 37.239 

14 158 41.010 53.060 

17 170 75.447 114.522 

3,. 179 113.614 139.333 

3* 
Dv1X1°' 

c4/sec. 

8+ 
D '2- X10 

cm./sec. 

4.117 4.597 

3.901 4.368 

6.205 6.962 

6.543 7.480 

3.020 9.4372 

13.749 16.508 

12.716 15.531 

17.422 22.058 

23.353 29.338 

25.898 32.818 

32.296 43.666 

46.226 65.309 

34.254 127.871 

124.523 17)9.346 

*Dml and pvl based on the 

+D and D v2 based on the average m2 O. 
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Table 7. The diffusion constants, and the energies of 
activation in Arrhenius relation for mass and lolume. 

The rerwe of 
temperature 

+414.0111.10 

In the case of mass 

D o 
cm. 

2 
/ sec. : 

7] 

K.cal./xio1e 

3elow 150°F* 4. 11.231 

Above 150°F* 2.50 X 107 21.615 

Ilelow 150°10: 21 12.041) 

Above 150°14 1.405 X 10') 21.1;4 

V * Based on the initial - 

+ 3asad on the avolae 

111M./.. *Mar* .........14.111111010 

In the erne of volume 

Do E 

cm.2 / sec. K.cal./mole 

*/*/. 
1.03 10.129 

3.42 X 10'' 20.200 

4.93 10.976 

1.96 f. 10 22.720 



Tab Sun of ate 1 analysis of data. 

. 

Correlation be- Correlation be- t ion be. Correlation be. 

Correlation tween (v 42W twoen ef1-4 v 4 adjusteJ WIWI I- 14- 4 X m t11100)3 1-- V ..f X 
Y 

ANN 

Sample regess- s 

ion coefficients .9993 .9985 1.1127 
b 

Sample standard 
error of mgress- 1.032677 0.002-9 i ),G13S7 0.107637 
ion coefficients 

Sb 
. _ 

Sample carrel*. 
tion coefficients 9995 .99914 .9900 .9370 

rb - __-_-_, 

Hypotheois 
(3z' 1 

6 _a 
Ho Tr fff 

10.10a .......r. ....I* 

Calculated 
et° -0.2391 -0.5176 1122 -0.7660 

b-(3 

tb 

-n 10 0b . 10 a 7 ci 0.05 lov + at 05 1 

(13) at 0,01 level 7 at 0,01 level+2.617 at 0.01 level+2 617 at 0.0 ..-.... 

Decleon o eccept Rcpt accept Ho0 1 eccept roOr accept Fo:?=24 
Ho at 0,05 and al. at 0.05 and al. 0.05 and oleo at 0.05 end also 

so 0.01 levels so 0,01 levels 0.01 levels at 3.01 levels 
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Fig. 4 The product of density of fluid and volume gain as a function of 
moisture gain, showing exact linear relation between volume gain 
and moisture gain. 
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Fig. 5 The volume gain as a function of the moisture gain from which 
initial moisture gain by capillary action was subtracted, showing 
exact linear relation between the volume gain and the moisture gain. 
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Fig. 9 The moisture gain as a function of initial moisture 
content at 158 °F and 86 F, showing the linear 
regreusion on an effective surface moisture content 
of 0.765 gm./gm. 
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Fig. 13 Generalized correlation of the data, using empirical relation for 

the diffusion coefficient on volume gain. 
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The purposes of the experiment were to determine the relation- 

ship between the volume gain and the weight gain during the steeping 

of wheat, to develop the intejzTal diffusion equation for tha volume 

gain, to test the validity of tl-,e ciffusion eqeation for the weight 

gain derived by Jecker (2), teed to study the mechanism of water 

penetration into wheat kernels. There was a very rapid initial 

moisture ain. by capillary action which. waa not controlled by the 

diffusion model. The average initial moisture gain due to capillary 

action was 0.0359 j' basis, and WAS independent of tem- 

perature variations. 

The effective moisture content at the surface of an immersed 

wheat kernel was 0.765 gm./Fm. Subseqoent absorption was described 

b the diffusion equation. 

1 - A - 3/V i Dmi4 

where 1 - T7 is the relative moisture gain, Vlj is the surface to 

volume eatio, and Dm is the diffusion coefficient of mass. The 

averae:e diffusion coefficient of mass was given by the Arrhenius 

relation, 

!4.65e1-31 at temperatures below 150°n' based on the D 
e7,1 el initial V/S 

D ml = 2.50x10-2ls645 at temperatures above 150°F 

or 

D = 21e- 12)066 at temperatures below 150°P based on the 
m2 1:A averaEe V/S -t, 

= 1.05x107e41( --4112e , at temperatures above 150°7 
ET 

The activation energy at temperatures above 1500 P was almost 

twice as much as the activation energy at temperature below :LA° F. 



The hypothesis that the volume in was identical with the 

wei47ht gain was accepted. at 0.05 level and 0.01 level. This hypo-. 

thesta Indicated that the volume zeta exactly corresponded to the 

volume of the moisture rained IA the wheat kernel duria7 the steep- 

in7 proccec. Lased on this fac',; and j analoy, the interril dif- 

fusion equation for the volume jt n was newly developed. The dif- 

ruson equation for the volume gain wes 

a 
1 . V 2 

iTF 

where 1 V is the relative volne rain, and 1;v. is the Ciffusion 

coefficient of volume. Tho effective surfoco volume content was 

1.05 c4'0. 

The average diffusion coefficient of volume was riven by the 

Arrhenius relation. 

D = vl 

D 
vl 

= 

Dv2 * 

D 
v2 ' 

1.061e-12/2/A at temperatures below 150°7 
rT 

30142x10 6 e"?.01t490, at temperatures above l00 
)i.93 e1°476 at temperatures below 150°P 

1.96x10 e-22272P at tempartures a,love 150°r 
RT 

based on the 
initial VA 

based on the 
initial V S 

The activation nersy for at temperatures above 150° 7 was 

also twice as much as the activation energl at temperatures below 

150° F. The studies of the Arrhenius relation for Dm and Dv indi- 

cated the occurrance of two different iwohnnisols the steep- 

in4 process above and below the .clati:l.ization to.,.erature, which 

is approximately 150° Fs The ajaorptiva of liquTid water by ..he 

wheat kernel probably proceeds 5y a iloteroceneou3 :sehanism. below 

150° E and by a homogeneous nlachnnisA. at temperuturos above 1500 Fe 
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The statimical test shwed thit the velidtt7 of the diffusion 
- 

ectlintions, 1 - M = S/V11-F7i, nnd 1 - V = 42=- /V Dv9, 
VTr 

were ver7 hi-h, 


