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Thin-layer rewetting data are presented for wheat straw and heads for temperatures from 5°C to 35°C and relative
humidities from 35to 90%. Equations to predict the rates of thin-layer rewetting were developed and fitted to theex
perimental data with R2 values of0.996 for wheat straw and 0.992 forheads. Five equilibrium moisture content models
were fitted to the experimental data for wheat heads. The maximum R2 (0.995) was obtained using the Chung-Pfost
Model.

INTRODUCTION

In many parts of the world, where ex
tensive mechanized farming is practiced,
cereal crops are cut and threshed in one
operation, i.e., combined from the stand
ing crop. To store the freshly harvested
grain without deterioration or mechanical
drying the standing crop must be uni
formly mature and dry with no green
weeds or early frost damage.

Many research workers (Goss 1929;
Hardy 1929;Jones 1929; Schwantes 1929)
suggested that a swather be used to over
come the limitations of straight combin
ing. In western Canada and northern
U.S.A., crops are cut and swathed or
windrowed at an early stage of maturity
and then threshed with a combine when the
swath has dried sufficiently. The advan
tages of using a swather are: (1) the crop
can be cut at an early stage of maturity;
(2) shattering losses caused by rain, hail
and wind can be less in the swath than in
ripe standing grain; and (3) green weeds
can dry in the swathand are less of a prob
lem when picked up dry and threshed in
the combine. Usually, the grain dries to a
safe storage limit in the swath, therefore,
the fossil fuel energy used for forced
drying can be eliminated by using the
swathing system.

Agriculture crops are harvested under
varying weather conditions. The timeli
ness and effectiveness of harvesting sys
tems are dependent on the interaction be
tween weather and the moisture in the
grain and swath. An ability to mathemat
ically relate the changes in kernel and
straw moisture to corresponding weather
conditions would be a valuable asset in
analyzingharvesting systems (Stewart and
Lie vers 1978; Briick and van Elderen
1969; Briick 1967). To understand and
simulate the rewetting of swathed crops,
the rate of rewetting of the swathed crop

and equilibrium moisture contents must be
related to their environment.

In this project, thin-layerrewettingdata
for wheat straw and heads were obtained
in the temperaturerange of 5-35°C and the
relativehumidity rangeof 35-90%. Equa
tions to predict the rates of thin-layer re
wetting were developed from the experi
mental data. Equilibrium moisture content
data were also obtained for wheat heads.
Available equilibrium moisture content
models for cereal grains (Brooker et al.
1974) were fitted to the experimental data
for wheat heads to determine which model
best fits the data.

MATERIAL AND METHODS

Temperature and Relative Humidity
Controlled Cabinets

Samples of wheat straw and heads were
exposed to constant temperature and rel
ative humidity conditions in four wooden
cabinets (Fig. 1). Each wooden cabinet
was about 1150 mm high and 340 mm
square. The cabinet walls were made va
por-proof by lining them with polyethyl
ene sheeting. A wire-mesh shelf for the
sample containers was fastened into the
cabinet about 455 mm above the bottom
of the cabinet. A small ventilating fan
(about 80 W) was used to circulate air
through the wooden cabinet.

To maintaina constanttemperature, the
wooden cabinets were placed inside an
environmental chamber (Model WHL3-
610M, Crelab Variable Temperature and
Humidity Environmental Cabinet, Climatic
Research Equipment Ltd., Winnipeg,
Man.)

Saturated salt solutions (potassium sul
phate, sodium chloride, sodium bromide
and magnesium chloride) were used to
maintain the relative humidities inside the
wooden cabinets. To ensure that a salt so
lution remained saturated, about 100%
more salt was added than the predicted
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amount needed (Hodgeman 1960). During
the experimental period the saturation of
the salt solution was maintained by re
moving excess solution from the cabinets
with an overflow tube and then adding
back semisolid salt formed by boiling off
the water.

Measurement of Variables
The moisture contents of wheat straw

and chaff were determined on a wet-mass
basis using a standard method for forages
(American Society of Agricultural Engi
neering 1978). Dry bulb temperatures
were sensed in the wooden cabinets with

two thermocouples (copperconstantan,
0.127 mm diameter) connected to a digital
indicator (Model 590 TC Type T, reada
bility 0.1°C, United Systems Corporation,
Dayton, Ohio). Dew point temperatures
were measured with a digital humidity
analyzer (Model 911 dew-all2, with read
ability of 0.1°C, EG and E Environmental
Equipment, Waltham, Mass.).

To measure the mass of samples inside
the wooden cabinet four strain gauges
were mounted on a cantilever beam lo
cated above the wooden cabinet (Fig. 1).
The strain in the cantilever beam was re
corded with a strain gauge indicator
(Model HW-1D, Strain Sert Company).
The device was calibrated with known
masses and the relation between strain and
mass was calculated using linear least-
square curve fitting.

A hole about 30 mm in diameter was
drilled in the top of the wooden cabinet and
a hook was suspended through the hole
from the cantilever beam. Then, masses
of the samples couldbe determined at any
time without removing them from the cab
inet. Except during mass determination,
the hole in the cabinet was closed with
waterproof tape. A plastic glove inside the
cabinet (Fig. 1) was used to handle the cal-



Figure 1. Test cabinets. A, open wooden cabinet; B, closed wooden cabinet. 1, flexible return
air tube; 2, cantileverbeam; 3, calibrationmasses;4, plastichandglove;5A, wheat
head sample container, 5B, wheat straw sample container; 6, fan; 7, airdeflector;
8, salt solution container; 9, salt adding tube; 10, jar to collect overflow salt so
lution; 11, strain gauge indicator; 12, glass window; 13, port holes for measuring
relative humidity.

ibration masses and samples inside the
closed wooden cabinet during weighing.

Selection of Working Ranges of Tem
perature and Relative Humidity

In Manitoba, harvesting of wheat usu
ally begins in mid-August and continues
until mid-October. To select the working
rangesof temperature and relative humid
ity, the maximum and minimum temper
atures and relative humidities measured at
the Winnipeg International Airport during
August, September and October 1978
were used as a guide. Four temperatures,
5°C, 15°C, 25°C and 35°C and four rela
tive humidities, about 35%, 50%, 70%
and 90%, were selected as working tem
peratures and relative humidities.

Test Samples and Experimental
Procedure

The wheat crop used in this study was
Glenlea utility wheat (Triticum aestivum,
L.) obtained from the University of

Manitoba Experimental Station at Glen
lea, Manitoba. The cut crop was stored
over winter in an unheated shed.

The wheat heads were separated from
the straw and the straw was cut into lengths
of about 150 mm. The test samples of
straw and heads were dried at 35°C for 33

h and then placed in polyethylenebags and
stored at about -15°C. Before each test

was begun about 350 g of straw and 400
g of heads were allowed to come to room
temperature in a polyethylene bag.

In each wooden cabinet two replicates
of wheat straw (about 40 g each) and wheat
heads (about 45 g each) in aluminum wire
baskets were exposed to a constant tem
perature and relative humidity. The masses
of samples inside the cabinets were meas
ured every 12 h. The samples were taken
out when no increase in mass was ob
served. The moisture contents of kernels,
straw and chaff were measured. The dry
mass of each test sample was calculated by
using the measured final moisture contents

and the mass ratios of kernel and chaff in

each test sample. The rate of rewetting of
each test sample was computed by assum
ing that during the experiment the dry
mass of each test sample remained
constant.

Fitting Equations to Data
A nonlinear least-squares regression

program called NONLINWOOD (Wood
1979) was used to fit the thin-layer rewet
ting models and the equilibrium moisture
content models to the experimental data.
The program estimates the coefficients of
a nonlinear equation having more than one
independent variable.

RESULTS AND DISCUSSION

Thin-Layer Rewetting
The following thin-layer rewetting

equations for wheat straw (Eq. 1) and
wheat heads (Eq. 2) were developed from
the experimental data (Figs. 2 and 3):
wheat straw

M = (Mo- Me) exp (-K^) + Me (1)

where

Kt = exp (-4.17255 + 0.46503 In (D + 0.12563
Mo)

N = 1.34374 - 6.47561 x 10"3 RH

wheat heads

M = (Mo - Me) exp (-K28N') + Me (2)

where

K2 = exp (-5.06459 + 0.436285 In(T) + 0.048861
Mo)

N' = 1.51817 - 5.58018 x 10"3 RH

Where

M = moisture content at time 6 (h)
(% wet basis)

Mo = initial moisture content (% wet

basis)
Me = equilibrium moisture content (%

wet basis)
RH = relative humidity (%)
T = temperature (°C)

The R2 values for Eq. 1 and Eq. 2 were
0.996 and 0.992, respectively.

These equations are of the form pro
posed by Page (1949) for drying shelled
corn and used by Misra and Brooker
(1980) in developing equations for drying
and rewetting shelled corn. Misra and
Brooker regard K as representing the ef
fect of external conditions; i.e., tempera
ture and initial moisture content. They re
gard N as representing the effect of
internal changes in the rewetting mass due
to the manner in which the external con

ditions are imposed. Misra and Brooker
(1980) and this study express N as a func-
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Figure 2. Theoretical rewetting curves (solid lines) and measured data points for wheat straw exposed to a constant
environment.
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Figure 3. Theoretical rewetting curves (solid lines) and measured data points for wheat heads exposed to aconstant
environment.

CANADIAN AGRICULTURAL ENGINEERING,VOL. 24, NO. 1, SUMMER 1982
13



tion of relative humidity. Both studies ex
press AT as a function of temperature and
initial moisture content.

Equilibrium Moisture Content
The rate of rewetting (Eqs. 1 and 2) is

dependent on equilibrium moisture-rela
tive humidity data for wheat straw and
heads. An equilibrium moisture content
model for wheat straw was reported earlier
(Duggal and Muir 1981).

Five equilibrium moisture content
models (Henderson 1952;Thompson 1972;
Day and Nelson 1965; Chung and Pfost
1967; Chen and Clayton 1971) were fitted
to the experimental data of the wheat heads
and the maximum coefficient of determi

nation (R2= 0.995) was obtained by using
the equation of Chung and Pfost (1967):

1

0.1492EMC =

Where

R

EMC

H

b[
-R (T + 141696) In

(H)

]
(3)

5.5256 x 106

= universal gas constant =8.31
x lO^J-K^-kmor1)

= equilibrium moisture content
(% dry basis)

= relative humidity, decimal

To match Eq. 3 with the data presented
in the figures, the calculated EMC must be
coverted from a dry basis to a wet basis
moisture content.

CONCLUSIONS

Based on the results for wheat exposed
to temperatures ranging from 5 to 35°C
and relative humidities ranging from about
35 to 92% the following conclusions were
drawn.
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1. Equations to predict the rates of thin-
layer rewetting of wheat straw (Eq. 1) and
heads (Eq. 2) were developed. Independ
ent variables are the temperature and rel
ative humidity of the air and the equilib
rium moisture content.

2. The thin-layer rewetting equations fit
the experimental data with coefficients of
determination^/?2) of 0.996 for wheat
straw and 0.992 for heads.

3. Five equilibrium moisture content
models (Henderson 1952; Thompson 1972;
Day and Nelson 1965; Chung and Pfost
1967; Chen and Clayton 1971) were fitted
to the experimental data for wheat heads.
The maximum R2 (0.995) was obtained
using the Chung and Pfost (1967) model.
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