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A knowledge of the effects of high
temperatures on the drying of alfalfa
is required in order to achieve rapid
and efficient forced drying. A con
siderable amount of investigation has
been reported in regard to drying
alfalfa at temperatures up to 200°F,
usually under field conditions. In this
study, alfalfa leaves were exposed to
heated air at temperatures up to
MOOT for given periods of time in
order to determine the rate of drying
under various conditions of time and
temperature. This information will
be useful in designing a compact, ef
ficient unit for drying alfalfa leaves.
Ultimately, this unit may be made
mobile.

Held stripping alfalfa leaves from
the stems and drying them with heated
air was reported by Whitney and Hall
(4). It was indicated that harvesting
only the leaves of alfalfa is feasible.

The objectives of this study were
to determine the effects of the follow
ing variables on the drying of alfalfa
leaves: (a) temperature, (b) exposure
time, (c) weight of leaves, and (d) the
interactions of the three preceding
factors.

Alfalfa in the early bloom stage of
maturity was field cut and brought
into the laboratory. Each test sample
consisted of five sets of trifoliates.
Since weight of leaves was one of the
variables being investigated, no at
tempt was made to pick leaves identi
cal in size; however, in order to mini
mize error, very small leaves were not
used. Three replications of each time-
temperature combination were made.

Heated air was provided by an ap
paratus consisting of an oxy-acetylene
welding torch inserted into an insul
ated 3-inch, extra strong steel pipe as

Figure I. Drying Apparatus.
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shown in figure 1. Metal screening was
fitted inside the mouth of the pipe to
protect the samples from the flames.
This apparatus provided ample heat,
abundant air circulation, and good
temperature control. The temperature
of the drying air was checked constant
ly by means of a thermocouple loca
ted in the area in which the samples
were held for drying. A stop watch
was used to determine the duration of

drying time.

Each group of five trifoliates,
shown in figure 2, was weighed to the

Figure 2. Cluster of Five Trifoliates.

Figure 3. Cluster of five Trifoliates impaled on
wire.

nearest tenth of a milligram before
being exposed to the heat. A cluster
of five trifoliates was impaled with a
thin wire as shown in figure 3. This
was accomplished by piercing one
leaflet of each trifoliate with the wire.
The wire was used to suspend and
rotate the leaves in the hot air stream.

After the heat treatment, a cooling
period of about 2 minutes at room
temperature was allowed and then the
leaves were reweighed. The amount of
moisture lost through heating was
thereby determined. A well-program
med succession of weighing, heating,
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and reweighing was important in
order to minimize and standardize loss
of moisture through air-drying.

A careful visual check was made of
the dried leaves to assure that they
were not charred. Limits for the maxi
mum exposure time at any given
temperature were established by
noting the tendency of the leaves to
char. In determining exposure limits
it was noted that charring usually
commenced on the periphery of the
leaf and progressed inward. The
samples were subjected to tempera
tures from 200°F to BOOT varied in
200°F increments and for predeter
mined intervals of time from 0.02
minutes to 3.00 minutes, depending
on the temperature.

Tire same samples of leaves that
were heat-treated were not used to
find the oven-dried weight of the
leaves since further drying and re-
weighing of such small samples could
lead to considerable error. Instead,
representative samples of leaves were
selected, weighed, oven-dried, and
their moisture content was determined
on a wet basis (1). The average initial
moisture content for the three replica
tions was 74.964 ± 0.588 percent wb
(95% confidence interval). This fig
ure was used to determine the oven-

dry weight of the leaves in the experi
ment. During the time this study was
being conducted, it was noted that
the temperature in the laboratory re
mained between 70°F and 75°F, and
the relative humidity varied between
50% and 65%.

A linear regression analysis of the
data was made to determine the effect
of time on moisture loss at the selected
temperatures. The data were then
analyzed by means of a stepwise mul
tiple regression analysis using a digi
tal computer to determine the effect
of time, temperature, weight of the
leaves, and the interaction of the
preceding three variables on the mois
ture loss.

The general model for the multiple
regression equation was:

Y = ao+a1X,+a2X,+a3X3-f-a4X12
+a5X^+a6X32+a7X,X2+ae X,X:i
-f-a9X2X3 i
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where,

ao = Constant

Y = Free moisture ratio (3)
Mo — Me

M - Me

Dry weight—Oven-dry weight
Wet weight —Oven-dry weight

X, = Temperature (°F)
X2 = Time (minutes)
X3 = Oven-dry weight of leaves

(grams, calculated)
Mo = Initial moisture content

(percent d.b.) at time X2
Me = Equilibrium moisture con

tent

RESULTS AND DISCUSSION

The oven-dry weight of the alfalfa
leaves was entered by the computer
as the first variable in the stepwise
multiple regression analysis. This vari
able was entered as a squared term
(X32) when the general model was
used; however, when the squared
terms were deleted from the model,
the linear term (X3) of this variable
was entered first. This indicates that,
of the three independent variables
entered, the oven-dry weight of the
leaves had the most important effect
on the drying rate. The average weight
of a set of five trifoliates used in this
study was 0.12639 ± 0.00401 grams
(95% confidence interval).

Table 1 shows the multiple regres
sion equations for the data. The

step-by-step introduction of the vari
ables is shown along with the cor
responding F and R2 (4) values. This
stepwise buildup of the equations is
presented here to illustrate the change
in coefficients that accompanies the
introduction of added variables.

Only those equations which were
significant and had an R2 value at
least one percent higher than the pre
ceding equation were considered..
This rule has been adopted by some
statisticians. The addition of variables

beyond the above stated amount gen
erally results in an overall increase
of variance which more than offsets

the increase in R2. Examination of

the final R2 in table I shows that it is

relatively high and that it was ob
tained in four steps.

Linear regression equations were
also developed. Equations showing
moisture ratio vs. time at each temper
ature level were derived. The equa
tions and their respective r2 (2)
values are shown in table II.

From the practical point of view
the important controllable variables
in predicting a given drying rate are
time and temperature. Certainly, it
would be both difficult and imprac
tical to control leaf size. Hence, a
plot of the equations, as shown in
figure 4, gives one an opportunity to
predict at a glance the general drying
rate of alfalfa leaves for any given

TABLE I. MULTIPLE REGRESSION EQUATIONS (Stepwise Analysis)

Step F R2 Equation
1 14.43 .1330 Y = 0.03747 + 3.909X3
2 3.111 .1611 Y = 0.01515 + 4.612X3 — 0.0007611X1X3
3 7.095 .2212 Y = 0.09540 + 5.012X3 — 0.0004894X,X2 — 0.001560X!X3
4 354.0 .8407 Y = 0.6016 + 1.042X2 + 3.005X3 — 0.005884X^2 — 0.001467X!X3

where, X, =: Temperature (°F)
X2 = Time (minutes)
X3 = Leaf weight (grams)

TABLE II. LINEAR REGRESSION EQUATIONS DESCRIBING THE EFFECT
OF EXPOSURE TIME ON THE FREE MOISTURE RATIO OF ALFALFA

LEAVES AT VARIOUS TEMPERATURE LEVELS
Temp FMR - Exposure Time

op

200

400

600

800

1000

1200

1400

r2 = coefficient of determination; n = number of tests

Relationship r2 n

Y = 0.943 — 0.136 X 0.835 15

Y = 0.940 — 1.385 X 0.723 18

Y = 0.878 — 2.558 X 0.844 21

Y = 0.923 — 5.156 X 0.793 15

Y = 0.843 — 5.564 X 0.649 9

Y = 0.817 — 7.384 X 0.487 9

Y - 0.867 —11.917 X 0.851 6

squared terms have been deleted from
the general model because they failed
to improve the coefficient of deter
mination o£ the final equation. The

time and temperature.
Examination of figure 4 also shows

that the drying rate increases very
rapidly as the temperature exceeds
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TIMt - MINUTES

Figure 4. Free moisture ratio vs. time at various
temperature levels for alfalfa leaves.

400°F. The exposure time at these
temperatures is reduced, and less
moisture is removed from the leaves
before burning occurs.

CONCLUSIONS

For drying purposes alfalfa leaves
can be exposed to air temperatures as
high as 1400°F for limited periods of
time. Although very rapid partial
drying was achieved at the highest
temperature, the temperature must
be lowered, perhaps to 400°F, for final
drying; otherwise the leaves will burn
or char before a safe moisture level

for storage could be achieved. The
exposure time safe for ultra - high
temperature drying is in the order of
0.02 to 0.03 minute.

Leaf weight seems to be a very
important variable in predicting the
drying rate of alfalfa leaves. Tempera
ture appears to be the second impor
tant factor. Hence, to predict accur
ately the amount of moisture that will
be removed from a leaf at a given
temperature and time interval one
must know the oven-dry weight of the
leaf.

The amount of moisture lost by
alfalfa leaves subjected to tempera
tures between 200°F and 1400°F can
be predicted with considerable ac
curacy through the use of multiple
regression equations that consider the
effects of time, temperature, weight of
leaves, and the cross-products of the
three preceding variables. However,
for most engineering work the graphs
showing time vs. drying relationships
at a given temperature would be suf
ficient for an estimate of the drying
rate of alfalfa leaves.

size that this was a limited study, and
that more work must be done in

order to obtain a complete picture of
high temperature drying of alfalfa
leaves. A detailed study, including
such variables as leaf thickness, ini
tial moisture content, and maturity of
crop, should be conducted.

continued on page 56
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