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Fresh timothy grass was placed in a windrow structure in a drying chamber to measure the effect of eight variables
on the drying rate. Seven variables were controlled in the following ranges: air temperature (16.5—30.0°C), vapor
pressure deficit (1.08-1.70 kPa), wind speed (0.7-2.5 m/s), radiation (0-975 W/m2), conditioning (0-80 inden-
tations/m), soil water saturation(0-80%) and foragedensity(2000-10 000 kg dry matter/ha). An eighth uncontrolled
variable was initial moisture content; it ranged between 60 and 85% on a wet basis. Samples were weighed regularly
and dried during 22 h in a constant environment. A modified drying model was proposed to reduce a systematic
overestimation of early moisture contents. The drying rate was positively correlated with radiation and vapor pressure
deficit. It was negatively correlated with forage density (windrow thickness) and initial moisture content. The chamber
could be used to obtain a rapid assessment of new hay conditioning treatments.

On a reconstitue au laboratoire des andains de fleole fralchement coupee afin d'evaluer 1'importance de huit facteurs
sur le sechage du foin. On a fixe sept variables a Tinterieur des plages suivantes: la temperature de fair (16,5 a 30,0°C),
le deficit de pression de vapeur (1,08 a 1,70 kPa), le vent (0,7 a 2,5 m/s), le rayonnement (0 a 975 W/m2), le
conditionnement (0 a 80 pliures/m), le degrede saturation du sol en eau (0 a 80%)et la masse surfacique du fourrage
(2000 a 10 000 kg de matiere seche/ha). La huitieme variable, la teneuren eau initiale du fourrage, n'etait pas fixee
mais seulement mesuree; elle a varie entre 60 et 85% sur une base humide. Chaque echantillon etait pese regulierement
dans un environnement constant ou il a seche pendant 22 heures. On a modifie l'equation de sechage conventionalle
afin de reduire une erreur systematique de surestimation des teneurs en eau en debut de sechage. Le taux de sechage
etait correle positivement avec le rayonnement et le deficit de pression de vapeur. II etait correle negativement avec la
masse surfacique (ou 1'epaisseur des andains) et la teneur en eau initiale. Le montage experimental permet revaluation
rapide de nouveaux traitement pour conditionner le foin.

INTRODUCTION

The study of forage field drying has
three main purposes: (a) to predict drying
rates better, (b) to understand drying
mechanisms better and (c) possibly to
modify the factors that affect drying. Ac
curate drying models are useful for si
mulation studies to assess the long-term
performance of various harvest systems
(Savoie et al. 1985). A better under
standingof hay drying might also be help
ful in developing new hay conditioning
systems, either chemical (Rotz et al.
1984) or mechanical (Krutz et al. 1979).

A number of empirical models have
been proposed to predict the field drying
of forages at different locations such as
Nova Scotia (Hayhoe and Jackson 1974),
Ontario and Saskatchewan (Dyer and
Brown 1977), Indiana (Dale et al. 1978)
and Michigan (Savoie et al. 1982). These
models are often limited to a specific
region or a single crop; for example,
Lovering and Mclsaac (1981) had to mod
ify the Dyer-Brown model to use it in
Prince Edward Island.

To develop a more general forage
drying model, it is necessary to under
stand better the combined effect of three
groups of factors: the environment (air
temperature and humidity, wind, rain,

solar radiation and soil moisture), the crop
itself (species, maturity and yield) and
the treatments (chemical or mechanical).
Most studies have considered only a lim
ited number of factors at a time. For ex

ample, Shepherd (1965) noted a signifi
cant effect of wind speed on hay drying
when air speed was the main variable.
However, Savoie et al. (1982) found that
solar radiation and air temperature com
pletely overshadowed the wind effect in a
regression analysis based on 2 yr of field
observations of alfalfa drying. Rotz and
Chen (1985) hypothesized that all weather
variables, including wind velocity, follow
a diurnal pattern with a maximum nor
mally occurring in early afternoon. Wind
effects, therefore, may be masked in the
statistical model by solar and vapor pres
sure deficit effects. Another example is
given by Jones (1979) who found that
leafy vegetative grasses dried faster than
stemmy, mature grasses under controlled
conditions in a thin layer. In field condi
tions, Wilman and Owen (1982) did not
find such a drying advantage. Although
water seems to evaporate faster from sin
gle leaves than from single stems, stemmy
material creates naturally a looser, better
ventilated and faster drying windrow than
leafy material which tends to pack down.
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It is thus important to take into account the
numerous interactions observed in hay
drying.

Controlled laboratory experiments can
be helpful in understanding and predicting
field drying as long as they attempt to
simulate as closely as possible the actual
windrow structure of hay and the drying
environment. Moreover controlled exper
iments have the advantage of allowing a
rapid examination of interactions during
drying.

The present study had three objectives.
The first was to develop a drying chamber
to simulate field conditions for drying for
age windrows. The second was to com
pare simple drying models to predict
drying rate of timothy hay over the entire
moisture range. The third was to correlate
the drying parameters with eight indepen
dent factors: air temperature, air humid
ity, air speed, radiation, soil water con
tent, mechanical conditioning, windrow
thickness and initial moisture content.

MATERIALS AND METHODS

Fresh timothy grass (Phleum pratense
'Climax') was used to reconstitute a wind
row in a controlled environment. Seven of

the factors stated earlier were controlled at

the levels indicated in Table I. The eighth
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TABLE I. SEVEN FACTORS AND THE LEVELS AT WHICH THEY WERE CONTROLLED IN
THE TIMOTHY HAY DRYING EXPERIMENT

Vapor Soil

Air pressure Wind Conditioning water Forage
Symbolic temperature deficit speed Radiation (indentations/ saturation density

level (°C) (kPa) (m/s) (cal/(cm2/min)) metre) (%) (kg DM/ha)

-a 16.5 1.08 0.7 0 0 0 2000

-1 20.9 1.28 1.3 0.45 26 26 4586

0 23.3 1.39 1.6 0.70 40 40 6000

1 25.6 1.50 1.9 0.95 54 54 7414

a 30.0 1.70 2.5 1.40 80 80 10000

250 W

plenum

conditioned
air

centrifugal
fan

Figure 1. Drying chamberwithan inside viewof forage windrow trays placed on topof the soil
pans.

factor, initial moisture content, could not
be controlled but was monitored. To re

duce the number of experiments required
to cover such a large number of combina
tions (57), a central composite design was
used (Box and Hunter 1957). It included a
1/2 factorial at symbolic levels of -1 and
+1, i.e. 64 (27_*)combinations, 14 axial
experiments where one factor was set ei
ther at level -a or level +a (a = 2.828)
while all other factors were set at sym
bolic level 0, and 22 central points (all
factors set at symbolic level 0).

A drying chamber made of wood was
built to carry four trays of forage placed in
a windrow pattern (Fig. 1). A side door
was equipped to remove each tray for
weighing. Weighing schedule was set at
0.0, 0.5, 1.0, 1.5, 2.0, 3.0,4.0, 5.0, 6.0,
10.0 and 22.0 h after the beginning.

Air was conditioned to specific dry
bulb and wet bulb temperatures, equiv
alent to a desired vapor pressure deficit,
by an Aminco-Aire conditioner (Ameri
can Instrument Co., Silver Spring, Md.).
The internal fan of the air conditioner pro
vided an airflow of 0.26 m3/s, and an
average air speed of 0.7 m/s above the

windrow. A centrifugal fan with a 2.2-kW
variable speed motor was added between
the conditioner and the drying chamber
to increase airflow above 1.0 m3/s, at av
erage air speed of 2.5 m/s above the for
age. A Chromalox CRL-4017 infrared,
1750 W, quartz tube radiant heater and
two General Electric 250 W infrared

brooder lamps set at each end of the quartz
tube provided the heat required for the
experiment. The lamps were set at about
900 mm above the forage. Heat was
adjusted by controlling voltage to the
lamps between 0 and 240 V. At max
imum voltage, a radiative power of 1.4
cal/(cm2/min) (975 W/m2) wasmeasured
at the level of the forage; such a radiative
power is similar to the maximum solar
radiation usually observed on a sunny day
at noon in the month of June in Eastern
Canada. Radiation was relatively uniform
lengthwise in the chamber and decreased
widthwise from the center to the sides. By
placing the four trays side by side length
wise, the radiation pattern for each tray
was homogeneous. As a point of com
parison, the maximum radiation resulted
in a panevaporation rateof 0.90 mm/h at

an airspeed of 0.7 m/s, and of 0.82 mm/h
at zero airspeed. Without illumination,
the ambient air, at 24°C and 35% relative
humidity, produced a pan evaporation rate
of 0.10 mm/h.

Before placing the wet forage in the
drying chamber, the forage was condi
tioned with a rack and pinion type condi
tioner. It consisted of a 610-mm-diameter

wheel (pinion) around which 50-mm side
corner rods were welded over a width of

400 mm. A fixed base (rack) was made
of the same corner rods. The wheel,
weighing 179 kg, was rolled over the for
age to provide a crimping effect. Condi
tioning was quantified by the number of
indentations per unit length, and varied
between 0 and 80 indentations/metre.
Variation in the number of indentations

per unit length was achieved either by
rolling the wheel twice or by placing the
forage at an angle on the fixed base.

The thickness of the forage windrow
was quantified by the dry matter weight
per unit area. It was planned to vary be
tween 2000 and 10 000 kg dry matter/ha
to reflect actual variations in the field due

to differences in yield and shape of the
windrow (wide swathes versus narrow or
raked windrows). The actual dry matter
density was measured at the end of each
experiment from the oven-dry weight of
the whole sample on each tray dried at
103°C for 24 h.

The seventh factor was soil moisture

under the forage windrow. It varied be
tween 0 and 80% of the saturation line of

silica sand (particle diameter size approxi
mately 1.2 mm). A 500 x 300-mm alu
minum tray, 80 mm deep, was filled with
14 kg of sand. Water was added 24 h
before the start of the experiment to the
desired degree of saturation. Full satur
ation (100%) was achieved with 3.9 L of
water.

The preparation of an experiment con
sisted of adjusting the seven factors to the
desired level. Radiation was set by ad
justing the voltage of the lamps; wind-
speed was controlled by the variable
speed of the centrifugal fan; air tempera
ture and vapor pressure deficit were con
trolled by the air-conditioner. Radiation
and windspeed could be adjusted to within
5% of the desired level. Dry bulb and wet
bulb temperature of the incoming air were
adjusted to within 0.5°C. An appropriate
quantity of forage was conditioned as re
quired. It was put into a 25-mm-mesh
wire tray measuring 500 mm long x
300 mm wide x 50 mm high. The tray
was set on the wet sand inside the drying
chamber.

The forage used for the experiment was
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TABLE II. VALUES OF PARAMETERS ESTIMATED FOR THE THREE FORAGE DRYING
MODELS BASED ON THE 99 LABORATORY EXPERIMENTS

Model

(M - Me)/(M0 - Me)

Values of k

Avg. Max. Min.

Values of Mc Values of c

Avg. Max. Min. Avg. Max. Min.

exp(-kt)
exp(-&s)
exp(-&0879)

0.209 0.336
0.234 0.338

0.235 0.373

0.122

0.121

0.136

0.254

0.135
0.149

0.869

0.355
0.741

0.000

0.001

0.000

0.879

0.879
1.019 0.704

TABLE III. COMPARISON OF THE THREE DRYING MODELS ON THE BASIS OF R2
OBTAINED FROM THE 99 EXPERIMENTS

Drying model
Average

R2
Maximum

R2
Minimum

R2

M() - Me

M(1-Mc =eXpH° 0.995 1.000 0.979

M - Me

M,) - Mc
0.999 1.000 0.996

1 ~MJ =e»P(-fe"-™)M(, - Me
0.999 1.000 0.992

TABLE IV. NUMBER OF POSITIVE AND NEGATIVE RESIDUALS (CALCULATED MINUS
MEASURED MOISTURE CONTENT) AT THE 10 TIME INTERVALS FOR THE 99 DRYING

EXPERIMENTS AND TWO DRYING MODELS

Time of measurement (h)

0.5 1.0 1.5 2.0 3.0 4.0 5.0 6.0 10.0 22.0

Model exp(-A:/)
+ residuals 97 94 96 98 74 9 6 5 10 95
- residuals 2 5 3 1 25 90 93 94 89 4

Model exp(-*/°-87g)
+ residuals 59 52 51 40 40 35 41 53 48 51
- residuals 40 47 48 59 59 64 58 46 51 48

TABLE V. LINEAR CORRELATION BE
TWEEN THE DEPENDENT VARIABLES IN
EQ. 3 (c = 0.879) AND THE EIGHT INDEPEN

DENT VARIABLES

Independent variables k Me

Dry bulb temperature -0.0892 -0.1623
Vapor pressure deficit 0.3605 0.1464
Wind speed 0.0266 0.2214
Radiation 0.5420 -0.1195
Conditioning -0.0542 -0.1855
Soil water content -0.0636 -0.0188
Forage density -0.4687 -0.0488
Initial moisture content -0.5723 0.3923

field-grown timothy hay from an estab
lished stand at Deschambault, Quebec. It
was cut at four different dates: 13 June,
27 June, 11 July and 25 July 1983, during
the first growth cycle. Moisture content
decreased with maturity from a high of
85% at the first date of cut to a low of 60%

at the last date of cut. Forage from each
cut was used for approximately one-
quarter of the trials determined at random.
The freshly mowed forage was stored in
sealed plastic bags at 2°C for up to 12 d
before being used in the drying chamber.
Bags were brought out from the refrig
erator 16 h before the onset of a trial so
the forage would warm up to ambient
temperature.

DRYING MODEL

The decreasing rate drying model sug
gested by Hall (1957) is still widely used

in the literature to predict hay drying rate
(see for example Rotz and Sprott (1984)).

dM

d/
-k(M - Me) (1)

where M is the moisture content on a dry
basis (g H20/g DM), Me is the equi
librium moisture content, t is time (h) and
k is the drying constant (h_l). The solu
tion of Eq. 1 is obtained after defining a
boundary condition, namely M = M0
(initial moisture content) at t = 0.

M - Me

Mo - Me
= exp (-kt) (2)

A limited number of studies (Bakker-
Arkema et al. 1962) have attempted to
correlate equilibrium moisture content of
a thin layer of hay with air temperature
and relative humidity. The results are not
always consistent, however, with field
observations, especially with thick wind
rows subjected to varying climatic condi
tions. Rotz and Sprott (1984) for example
neglected equilibrium moisture content
(Me = 0) when they calculated the drying
constant k. The error is minimal for mois

ture contents above 1 g water/g DM, but
becomes important when moisture con
tent approaches the real equilibrium mois
ture content, as shown by Pitt (1984). In
such a case, it is necessary to estimate Me.

In Eq. 2 there are two parameters to be
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estimated, k and Afe. A parameter estima
tion algorithm for nonlinear models (Box
procedure in Kuester and Mize (1973))
was used to estimate the parameters by
minimizing the sum of the errors (esti
mated minus observed moisture content)
squared from the 10 observations of mois
ture content versus time for each drying
experiment.

RESULTS AND DISCUSSION
The original design required 100 dis

tinct drying experiments. One of these
could not be done because the minimum

axial temperature (16.5°C) was difficult to
control at the central vapor pressure defi
cit point of 1.39 kPa. All other 99 experi
ments were carried at the specified levels
for the 22-h drying period.

The statistical analyses revealed that
Eq. 2 was biased, systematically under
estimating early drying rates and overesti
mating later drying rates. For this reason,
the following empirical model was also
considered in the analysis:

M - Me
— = exp(-ktc) (3)

Mo - Me

Parameters were estimated for Eqs. 2
and 3 and a special case of Eq. 3 with
c = 0.879. The range of parameters esti
mated for the 99 trials is given in Tables
II and III. The accuracy of prediction is
very good in all cases (average R2 ^
0.995). The unknown parameter c in the
second model was fixed at the average
value in the third model to reduce the
number of parameters from three to two.
There was practically no reduction in the
accuracy of the prediction (average
R2 = 0.999).

In Table IV, the analysis of residuals
shows that the first model (exp(-A*))
overestimated the moisture content during
the first 3 h of drying, underestimated
moisture content between 4 and 10 h of
drying and overestimated the final mois
ture content. The other drying model con
sidered (exp(-fo0879)) provided a more
balanced set of residuals for all time inter

vals. The latter was retained to correlate

drying parameters with the eight indepen
dent factors.

Parameter k was highly and positively
correlated with radiation and vapor pres
sure deficit (Table V). It was highly and
negatively correlated with forage density
(windrow thickness) and initial moisture
content. Since initial moisture content of
timothy is negatively correlated with ma
turity (Savoie et al. 1984), mature timothy
had a higher drying rate than immature
timothy under the same environment. The
four other factors were poorly correlated
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withk. As expected, wind speed was posi
tively correlated and soil water content
was negatively correlated. Unexpectedly
dry bulb temperature and conditioning
werenegatively correlatedwith k. The ef
fect of air temperature might have been
masked by the microclimate created by
radiation and heat accumulation within
the windrow. The crimper conditioner
used was not effective in increasing the
drying rate. It might even have had a
deleterious effect by compacting the for
age and reducing air flow through the
windrow.

Generally, equilibrium moisture con
tent is a function only of ambient tempera
ture and humidity, and the physical char
acteristics of the material. The single most
important factorexplaining Me was initial
moisture content. As it increased, Me in
creased; as timothy became more mature,
Me decreased. Bakker-Arkema et al.
(1962) found a similar trend with alfalfa.
As expected Me was negatively correlated
with air temperature and vapor pressure
deficit. Other correlations were relatively
low and sometimes difficult to explain
physically.

A regression model was developed
between k and the eight independent
factors. It explained 88.3% of the sum of
squares about the mean of k. When used
in Eq. 3, the model predicted very accu
ratelythe moisture contentover timefrom
the 99 laboratory experiments {R1 =
0.991). However, when compared with
field drying data (Savoie et al. 1984), the
model tended to overestimate the drying
rate. Faster laboratory drying might partly
be explained by the presence of residual
energy from the heat source, unmeasured
as direct radiation but available for drying
in the chamber.

The central composite design (CCD)
was efficient to combine several factors at
several levels for simultaneous analysis
(seven factors at five levels in the present
case). It put in perspective the relative
importance of each in explaining the
drying rate. However, the precision of
prediction with the CCD is uniform only
in the range of symbolic values of factors
between -1 and +1 in Table I; it de
creases for values up to —a and +a.
Since actual field drying covers a much
wider range of environmental conditions
than those between levels -1 and +1, the
CCD is less efficient than a factorial de
sign to consider extreme conditions.

It will be necessary to reduce the num
ber of factors evaluated in future drying
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experiments. One useful simplification
mightbe to integrateall the environmental
factors (air temperature, vapor pressure
deficit, wind speed, solar radiation) into a
single factor such as pan evaporation as
suggested by Pitt (1984). However, under
such an hypothesis, moisture content loss
would have to be the same for the same
accumulated evaporation, independently
of evaporation source and of time.
Dimensional analysis could also be used
to reduce the number of experimental
factors.

The drying chamber proposed in the
present study can be used to simulate
field drying conditions. It allows the ex
perimenter to assess quickly differences
between treatments, species and maturi
ties. Complementary field and laboratory
studies are necessary if we are to develop
a general forage fielddryingmodel, appli
cable to a wide range of conditions.

CONCLUSIONS

The following conclusions were drawn
from this study:

(1) A drying chamber was built to
simulate drying of forage windrows in
the field. The chamber can be used to
assess quickly the efficiency of new con
ditioning treatments under various cli
matic conditions.

(2) The conventional drying curve
(exp(-A*)) systematically overestimated
early moisture contents (during the first
3 h) and underestimated later moisture
contents (up to 10 h). A modified drying
curve (exp(-fcf0879)) provided more bal
anced residuals.

(3) Radiation and vapor pressure defi
cit were highly and positively corre
lated with k of the modified drying curve;
windrow thickness and initial moisture
content were negatively correlated. Ma
ture timothy dried faster than immature
timothy in the same environment.
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