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INTRODUCTION

Drying cereal grains has become an
essential operation in the modern practice
of harvesting and processing agricultural
crops. In view of the importance of this
development, the establishment of design
requirements for drying systems on a
rational basis is imperative. A better
knowledge of the drying parameters in a
thin bed should permit improved under
standing of the deep-bed drying opera
tion.

This study has been designed to
determine the effects of air temperature,
relative humidity, and air flow rate upon
the dynamic equilibrium moisture con
tent, the drying rate constant, and the
diffusion coefficient of wheat grain.

The drying experiments were con
ducted using temperatures between 60UF
(15.6°C) and 120°F (48.9°C) with rela
tive humidities between 25 and 80% and

air flow rates between 5 and 120 feet per
minute (fpm) (1.5 and 36.5 meters per
minute).

The wheat grain had an original
moisture content of 29% dry basis, and
had not been re-wetted.

THEORY

It has been observed by several
workers (2, 14, 16, 19, 21) that small
grains exposed in thin layers dry accord
ing to the equation:

4M =_ K(M - Me) (Da

A table of nomenclature defining the
various symbols appears at the end of the
paper (Table VI).
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Integrating and applying the boundary
conditions,

9 = 0, M = Mo

e = e, m = u$

results in

M0 - ME _K0
= ae

Mo- Me
(2)

The above equation is based on the
assumption that the moisture movement
is by diffusion and all the resistance to
mass transfer is considered to be at the

outer surface of the kernel.

Assuming that the diffusional resis
tance is uniformly distributed throughout
the grain kernel and that the kernel is a
sphere of homogeneous material with a
uniform initial moisture content, drying
results have been expressed as follows (3,
4,5,15,18).

M0 - Mg 66 £— •" — e

ME it2 «=1 nM0

1 VK0
(3)

For large values of time, 9, the higher
terms of equation 3 are negligible and the
equation reduces to

M0 - ME _ 6 e-Kd
M0 - ME it2

which is comparable with equation 2.

(4)

The dynamic equilibrium moisture
content (Me) in equations 1 to 4 is a
characteristic of the material and is a

function of the state conditions of the

drying air (10, 12).

Henderson (11) developed an empiri
cal relationship describing the equilibrium
moisture content under static conditions.

RH=<TC™E (5)

The equilibrium moisture contents
found under drying conditions (i.e.,
dynamic) are lower than the static values.
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Equation 2 can also be written as:

lnMR = lna-K0 (6)

When In MR is plotted against time 6,
the slope of the line represents the drying
rate constant (K). It was shown by Crank
(8) that the drying rate constant is related
to the effective duffusion coefficient and

effective kernel radius by the equation:

K = D-

r\
(7)

Since moisture is assumed to be

contained in small grain as adsorbed
moisture, the energy required to desorb
the moisture can be considered analogous
to the energy of a chemical reaction, and
an equation of the Arrhenius type
would apply. Henderson and Pabis (12)
established the following relationship and
found it to be satisfactory for the data of
Allen (2) and Simmonds et al. (19) in
addition to their own work.

K=6e
t + 460

(8)

The temperature in the above equation
refers to the temperature of the grain but
Henderson and Pabis (13), Allen (2), and
Boyce (6) have indicated that the
temperature difference between the air
and grain becomes insignificant after 1 or
2 h of drying. Because of the simplicity
of measuring air temperature rather than
grain temperature, air temperatures have
been used in these studies.

As the drying rate constant and the
diffusion coefficient are related by a
constant

_nf

for a given size and shape of material, the
effect of temperature on the diffusion
coefficient may also be represented by an
equation similar to equation 8 except for
the constants:

D=D0e E/RT (9)

18



MATERIALS AND METHODS

A sketch of the dryer is shown in
Figure 1. In this apparatus it is possible to
control air temperatures from 45°F (7°C)
to 200°F (93°C), relative humidities from
20 to 85% and air velocities from 5 to
1,000 fpm (1.5 to 36.5 meters per
minute). The wet and dry bulb sensors
are placed in the "bypass" stream where
the higher air velocity should produce
more accurate measurements.

Wheat grain of the Park variety grown
in the Peace River area of British

Columbia was used. The intial moisture
content was 29% dry basis. The wheat
grain was stored in plastic bags at 32°F
(0°C) for several months. Some of the
damaged kernels showed mold growth.
Before testing, the sample was cleaned
and only sound whole kernels were used
in the subsequent tests. Prior to drying
about 1 lb (454 g) was sealed in a
polyethylene bag and stored at room
temperature for 10-12 h to equilibrate
with room temperature. No attempt was
made to alter the moisture content, and it
was assumed that the moisture was
uniformly distributed throughout the
sample. Moisture determinations were
made on 10-g samples of wheat ground to
pass 20-mesh and dried to constant
weight in a vacuum oven at 203-212°F
(95-100°C)(l).

About 1/2 lb (245 g) of wheat (five to
six kernels deep) on a 10-mesh Tyler sieve
were placed on the drier. The tray was
removed from the drier at 1/2, 1, or 2 h
intervals, depending upon the drying
conditions (Table 1) and quickly weighed
to an accuracy of 0.01 g (2.2 X 10~5 lb).

The relative humidity of the air was
calculated from the wet and dry bulb
thermometer readings, using the method
of Brooker (7). A Hygrodynamic Model
15-4050E recorder was found to be
within ±2% of the calculated values. Air

flow rates were obtained by adjusting the
slot width on the orifice plates. A
Flowtronic Model 55-B1 hot wire
anemometer was used to measure the
velocity profile, and a mean velocity
calculated from 20 readings. The maxi
mum deviation from the mean was found »-

to be less than 5%.

RESULTS AND DISCUSSION

A computer program was developed to
compute the moisture content at any
time (% dry basis), the moisture ratio, the
average dynamic equilibrium content (Me
% dry basis), and the relative humidity
from the wet bulb and dry bulb
temperatures.
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During the first 3 or 4 h of drying, the
process was transient in nature. After the
initial transient period had passed, it was
found that dM/d0 varied linearly with
moisture content. This relationship was
found to hold for all samples tested.
Therefore, according to equation 1, the
slope of dM/d0 versus M must be equal to
K while the intercept is K Me. As all
points fitted a single straight line, then K
and Me must be constant for each set of
drying conditions. Values of K and Me
were calculated using equation 1.

A second value of Me was calculated
from the moisture contents at equal time
intervals throughout the drying period
(neglecting the initial transient). When
equal time intervals are used, equation 2
can be rearranged and solved for Me. The
values of Me obtained by these two
methods agreed very well (Table II). The
greatest difference was 0.6% whereas the
average difference was near 0.2%.

The range and mean values of dynamic
Me were plotted against the relative
humidity of the drying air (Figure 2).
Except for two values, the mean dynamic
equilibrium moisture contents fell on the
"smoothed" curves. Data points read
from the smoothed curves were plotted
in Figure 3, and used to calculated c and
n in equation 5. The slope of the
isotherms in Figure 3 are related to n and
do not vary greatly. However, the value
of c decreases substantially as the
temperature decreases (Table III).

The dynamic Me values read from the
smoothed curves were plotted using the
method of Othmer (17, 20). From these

plots the ratio of the latent heat of water
in the wheat grain to the latent heat of
free water was calculated to be 1.88 at
6%; 1.70 at 8%; and 1.55 at 10%. These
values confirm those reported by Hall (9).

Simmonds et al. (19) reported the
dynamic Me of wheat to be 12.8% at
80°F (26.7°C), 79% relative humidity,
and 32 fpm (9 m/min) air flow. This
value is comparable to 12.7% found at 80
± 2°F (26.7 ± 1.1°C), 76 ± 2% humidity,
and 20 fpm (6.1 m/min) air flow in this
study.

At temperatures below 100°F(37.8°C)
there appeared to be a trend for the Me
to increase slightly (2-3%) as the air flow

TABLE I TEMPERATURES AND RELA
TIVE HUMIDITIES USED FOR
DRYING WHEAT

Drying air

Relative

Drying Temperature humidity
set1* (°F) (%)

A 120±1.0 78±2.0

B 120±1.5 50±2.0

C 122±1.0 25±2.0

D 101±1.0 72±2.0

E 100±1.5 50±1.5

F 100±1.0 26±1.5

G 81±2.0 75±2.0

H 81±2.0 50±1.5

I 80±2.0 37±2.0

J 60±1.0 75±1.5

K 60±1.0 61±2.0

Four drying ruris at air velocities of 5, 20,
80, or 120 fpm were made for each drying
set.

Tray Drying Chamber

Thin Layer or

Deep Bed

Drying Chamber

Sample

Heating Coil Csteam)

n

Pot Hole Drying Chamber

Al—•4^Dry Bulb Sensoi
Wet Bulb Sensor

Damper

—-v

Fan
Cooling Coil

Air Flow Path

ji

Figure 1. Sketch of the dryer.
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TABLE II EXAMPLES OF THE COMPUTED RESULTS FOR THE DRYING OF WHEAT GRAIN AT SEVERAL TEMPERATURES, RELATIVE
HUMIDITIES, AND AIR FLOW RATES

Drying air Me (% dry basis) Coefficients for drying eq.1"

Test Temp RH Flow Eq. 1 Eq. 2 K

r2
DX106
(ft2/h)

no. (°F) (%) (fpm) % % a (h"1) d.f.

Set A

111 119.5 78.0 120 4.5 4.5 a.468 0.454 5 0.99 0.733

112 119.5 78.0 80 7.3 7.2 0.422 0.398 5 0.99 0.678

113 119.0 79.0 20 7.8 7.6 0.313 0.333 5 0.98 0.567

114 120.0 78.5 5 7.9 7.6 0.388 0.293 5 0.99 0.500

SetE

221 101.0 50.0 120 7.1 6.9 0.579 0.306 5 0.99 0.521

222 101.0 50.0 80 7.3 7.2 0.616 0.294 5 0.99 0.501

223 100.5 50.0 20 8.1 7.9 0.627 0.276 5 0.99 0.470

224 101.0 50.0 5 8.8 8.5 0.616 0.235 5 0.99 0.400

Set I
331 81.5 37.5 120 6.1 5.9 0.563 0.210 5 0.99 0.358

332 81.0 37.0 80 6.5 6.2 0.733 0.242 5 0.99 0.412

333 80.5 37.5 20 8.9 8.8 0.769 9.167 5 0.99 0.285

334 80.0 38.0 5 9.5 9.4 0.833 0.174 5 0.99 0.296

t MR=<kTK0;4<0<9.

TABLE III CALCULATED VALUES OF c
AND n (EQUATION 5) FOR
THE DYNAMIC EQUILIBRIUM
MOISTURE CONTENT OF

WHEAT

n c

120°F 2.50 1.71 X 10~5
100 2.79 3.51 X 10~6
80 2.74 2.62 X 10~6
60 2.80 1.60 X 10~6

Henderson (ll)1* 3.03 5.59 X 10~7

* Static equilibrium moisture constants for
wheat.

rate decreased. However, when all the
data were analyzed, no statistical relation
ship could be established between the air
flow rate and dynamic Me.

The values of dynamic Me, read from
the smoothed curves in Figure 2, yield a
series of straight lines when plotted
against the temperature of the drying air
(Figure 4).

Drying Rate Equations

Regression analyses based on equation
2 were carried out on the data obtained

after the transient conditions had passed.
Some of the results obtained for the

drying rate constant K(h_1), are shown
in Table II, and the mean values are
shown in Figure 5. The coefficient of
determination for the drying equation for
each run showed that 36 runs had r2 =

r2 = 0.98, and 3 runs0.99, 5 runs had
had r2 = 0.96.

No systematic relationship could be
established between the drying rate
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Figure 2. The effects of relative humidity
of the drying air on the range and
mean values of dynamic equili
brium moisture content of wheat

at 121 ± 2°F; 101 ± 1.5°F; 81 ±
l°F;and60±0.5°F.

constants, the relative humidity or flow
rate of the drying air. Therefore, the
drying rate constants were averaged for
each drying temperature. The range and
mean values thus obtained are shown in
Figure 5, and the lines a, b, and c have
been fitted to these data.

The Effect of Air Temperature on Drying
Rate Constant

A linear regression of the logarithm of
drying rate constant on the reciprocal of
the absolute temperature (Figure 5)
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Figure 3. The effects of relative humidity
of the drying air on the values of
the dynamic equilibrium moisture
content of wheat as read from the
curves in Figure 2.

resulted in a coefficient of determination
(r2) of 0.83 for line a (P < 0.01). An
interesting fit is obtained in Figure 5
when two lines, b and c, are used to
replace line a. Although the number of
data are too small to assure that two lines
are involved, it is interesting to note in
Table IV that the constants for line c are
very close to those reported by Hender
son and Pabis (12).

Effect of Air Temperature on Diffusion
Coefficient

The diffusion coefficient, the factor
governing the mechanism of the internal
movement of the moisture within a grain,
is related to the drying constant by a
constant factor

equation 7.
n - rk as described in
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TABLE IV COMPUTED VALUES OF CON

STANTS b AND d IN EQUA
TION 8 AND THOSE PRESENT

ED BY HENDERSON AND

PABIS

&GT1) d(°R) r2

Computed line a 9,231 5,858 0.83

Computed line b 290 3,904 0.99

Computed line c 2.4 X 108 11,240 NA*
Henderson and

Pabis (12) 107 9,364 0.9

NA, data not available.

TEMPERATURE (°F)

Figure 4. The effects of temperature and
relative humidity of the drying air
upon the values of the dynamic
equilibrium moisture content of
wheat as read from Figure 2.

The average effective diameter of
wheat kernels was computed from the
volume of 100 sound kernels, considering
the volume of each kernel equivalent to a
sphere, and was found to be 8.2 X 10~~3
ft (0.25 cm). The diffusion coefficients
were calculated from the values of the

drying rate constant using equation 7 and
are shown in Figure 5.

The intercept and slope of the
regression line for diffusion coefficient
gives the values of the constants D0 and
E/R, respectively, in equation 9. The
constants have been computed by regres
sion analysis and are shown in Table V.

CONCLUSIONS

In this study the effects of drying
parameters for wheat grain on the
dynamic equilibrium moisture content,
the drying rate constant, and the
diffusion coefficient in thin layers was
investigated. The results of this work
support the following conclusions:

1.
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The dynamic equilibrium moisture
contents were calculated using equa
tions 1 and 2. The initial transient
drying conditions were not included
in these calculations. The values for
dynamic Me found by both equa
tions agreed very well, and fitted a

TABLE V COMPUTED VALUES OF CONSTANTS D0, E/R AND E FROM EQUATION 9

Line
Do

(ft2/h)
e/r
(°R)

e

(Kcal/mole)

a

b

c

d*

-2

4
2.1X10

5.5 X 10

167

48

1,980

6,005
3,950

10,800
9,700

13,650

6.6

4.4

11.9

10.7

15.1

0.83

0.98

NA

* Becker and Sallans (4) for wheat (d) above 10% (e) below 10% moisture content.

TABLE VI NOMENCLATURE176 120 80 60
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Figure 5. The Arrhenius plot of the varia
tion of the diffusion coefficient

and drying rate constant with the
reciprocal of the absolute temper
ature: Line a, data for four
temperatures (r2 = 0.83); Line b,
data at 120, 100 and 80°F; Line
c, data at 80 and 60°F; Line d,
data of Becker and Sallans (4) for
wheat above 10% moisture; Line
e, data of Becker and Sallans (4)
for wheat below 10% moisture.

sigmoidal isotherm in all but two
cases. The dynamic Me increased
with the relative humidity of the
drying air, but did not follow
Henderson's equation except when
considered as an isotherm.

2. Although there appeared to be a
trend at temperatures below 100°F
(37.8°C) for Me to increase as the air
velocity decreased, the effect of air
flow rate on the dynamic Me could
not be proven.

3. At a given relative humidity the
dynamic Me decreased arithmetically
as the air temperature increased.

4. The drying rate constant and diffu
sion coefficient were found to
increase with increasing air tempera
ture in accordance with the
Arrhenius equation. Neither the
relative humidity nor the flow rate of

D Diffusion coefficient (ft per
h)

Do
2

Constant (ft per h)

E Arrhenius energy of activation
(Kcal per g mole)

K Drying-rate constant (h-1)
M Moisture content (% dry basis)

Mo, Me, m# Moisture content (% dry basis)
at time zero, at dynamic
equilibrium, and at time 0,
respectively

MR
. M0 - Mr

Moisture ratio ,
Mo-Me

(a decimal)

R Universal gas constant (1.987
cal per (g mole°K))

T Absolute temperature (°R)

a, c, n Constants (dimensionless)

b, d Constants (h-1 and °R, res
pectively)

r Coefficient of determination

RH Relative humidity, (a decimal)

rfc Radius of the kernel equi
valent to a sphere (ft)

t Temperature (° Fahrenheit)

9 Time (hours)

the drying air could be related to
either the drying rate constant or the
diffusion coefficient.

SUMMARY

Thin layers of Park variety wheat
were dried at a number of tempera
tures, relative humidities, and air
velocities.

The dynamic equilibrium moisture
contents, the drying rate constants, and
diffusion coefficients were calculated for

each drying run. The dynamic equilibri
um moisture content increased as the

relative humidity of the drying air
increased. In all but two cases the

moisture isotherms fitted sigmoid curves
of the type proposed by Henderson (11)
for static conditions. However, Hender-
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son's equation did not account for the
effects of temperature on the dynamic
equilibrium moisture content.

The drying rate constant and the
diffusion coefficient increased with in

creasing air temperature in accordance
with the Arrhenius equation.

Neither the dynamic equilibrium mois
ture content nor the drying rate constant
were found to be related to the air flow
rate.
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