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The Effect of Airflow Rate on Single Layer Drying
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ABSTRACT

The effect of air flow rates from 25 to 300 cfm/ft> on the drying rate of
macadamia nuts was investigated, In conducting the tests, a laboratory drier was
employed. A single-layer of macadamia nuts was dried with constant air temperature
of 120°F and humidity of 33 per cent. Samples of 90-95 fresh husked nuts with
initial moisture contents in the range from 15 to 24 per cent dry basis were used. The
lowest air flow rate used was 27 cfm/ft?, and the highest was 290 cfm/ft? in accord-
ance with the maximum capacity of the heater.

Samples were weighed at 2 hour intetvals for the first 12 hour period, and then
increased to 4 hours as the drying rate decreased. Drying rates were analysed by
plotting the moisture ratio against time on semi-logrithmic paper. It was found that
the logrithmic drying equation did not adequately represent the drying curves for
the full drying period, except for the straight line portion of the curves after drying
had continued for about 36 hours. Since all the straight line portion of the drying
curves when extended across the vertical axis nearly at the same point, which is 0.3
on the vertical axis. Therefore, a modified equation for this drying period can be
obtained as follows:

M -M
w0
o~ Ve

The equilibrium moisture content M, is 3.5 per cent, which was determined by
drying macadamia nuts under dynamic conditions of 120°F and 33 per cent
humidity until a constant moisture content was reached.

The drying rate constant K was then examined to see if it were an identifiable
function of air flow conditions. Such an analysis was made by plotting the K value
against air flow rate on logrithmic coordinates. The result shows that the drying rate
constant will approach a maximum value of 0.027 when the air flow rate is about
300 cfm/ft?. This implies that an increase in the air flow rate beyond this limit would
not increase the drying rate. It may be recommended as the highest air flow rate that
could be used for drying macadamia nuts in single layer with air temperature at
120°F.

A linear relationship between drying rate constant and air flow rate was observed
for the range from 50 to 200 cfm/ft?. The following equation can be developed for
this case:

K = 0.0062 v0-27

For predicting the single layer drying rate of macadamia nuts under air condi-
tions as follows: a) temperature at 120°F; b) relative humidity at 33 per cent; and c)
air flow rates in the range from 50 to 200 cfm/ft? the following equation may be
used for this purpose for the 36 to 72 hour period after the drying started:

M —35 0.27
T2 3600062 v0-2Tg
M, — 3.5
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INTRODUCTION

The macadamia nut was introduced into the Hawaiian Islands from Australia about
1885. It has since become an important orchard crop in the Islands, ranking second only
to coffee in acreage and value. The importance of the macadamia nuts in Hawaii’s
agricultural economy has increased greatly in recent years. There are several reasons
for the rise of macadamia nut production to a prominent position in the agriculture
of Hawaii. The tree thrives in the Island’s climate on a wide variety of soils. It can
be grown in many areas which, because of climate, soil types, location or topography,
are not suited to the culture of sugar cane, pineapples, bananas, papayas and other
important Island crops.

Processing of macadamia nuts was pioneered and developed by Moltzau and Rip-
perton.!! Briefly, macadamia nuts which have fallen on the ground are harvested and
then mechanically husked. The husked nuts are then dried and, when the moisture in
the kernels has been reduced to approximately 3-5 per cent, the nuts are cracked. After
an extensive separation and sorting operation, the kernels are further dried to approxi-
mately 1-1%2 per cent moisture and roasted in coconut oil. After roasting, excess oil is
removed, adhesive and salt are added, and the nuts are vacuum packed.

Most previous research on macadamia nuts in Hawaii has centered primarily around
problems associated with production practices and establishment of improved varieties.
During recent years, the problems of storage, processing and factors that may influence
the flavor and chemical composition of the nuts were investigated by many re-
searchers, 345812

Although forced air drying is commonly used by the Hawaiian macadamia industry,
very little research has been done on the drying behavior of the macadamia nuts with
heated air. The success of the mechanical drying operations requires more accurate
information on the general relation between the drying rate and those possible influenc-
ing factors. Such analysis by which the effects of changing conditions can be anticipated
is necessary before driers can be designed and operated with full knowledge of how they
will perform.

The objective of this study was to investigate the effect of air flow on the rate of
drying of macadamia nut. Other factors that may affect the drying rate, such as
temperature and humidity of the drying air, moisture content and physical properties of
the nut were not within the scope of this study.

THEORY OF SINGLE-LAYER DRYING

Drying in agricultural fields refers to the removal of moisture from a product,
usually to some predetermined moisture content. Present theories have firmly indicated
that the difference in vapor pressure between the product and the surrounding air is the
main driving force in the drying of hygroscopic materials. The adsorbed moisture in the
product exerts a moisture vapor pressure which varies with the moisture content and
temperature of the material and from material to material. The maisture content of the
product when it is in equilibrium with the surrounding air is called the equilibrium




moisture content. The equilibrium moisture content is useful to determine whether a
product will gain or lose moisture under a given set of temperature and relative humidity
conditions. The relative humidity of the air in moisture equilibrium with the product at
the particular temperature is known as the equilibrium relative humidity.

The relationship between the moisture content of a particular product and its
equilibrium relative humidity at the particular temperature can be expressed by the
following equation:’

1—(bg=e'<=T1"1fe1 1)
where

(Dg = equilibrium relative humidity, a decimal

T =absolute temperature, °R

M, = equilibrium moisture content, dry basis, per cent
c,n = constants varying with materials

By the definition of the relative humidity which is stated as the ratio of the actual
bressure of the water vapor in the air to the pressure if the air were saturated with
moisture at the same temperature. Thus, if @ were expressed in terms of vapor pressure
at the temperature of the material, the vapor pressure of the moisture in the material
could be determined by the following equation:

Pg = Psgfy @
where
P, = vapor pressure of moisture in the material, 1b per sq in
Psg = saturated vapor pressure at the temperature of material, Ib per sq in
Q)g = equilibrium relative humidity of the material at its temperature, per cent

Thus, if the moisture content and temperature of material are known, the vapor
pressure of the material moisture can be determined by the use of Eqns (1) and (2).

The vapor pressure of air surrounding material can be determined in the same
manner:

P, =Pg,0, 3)
where
P, = vapor pressure of the air, 1b per sq in
Psa = saturated vapor pressure at the temperature of the air, 1b per sq in
@, = relative humidity of the air, per cent’

The drying potential (P, — P,) for any condition where material is surrounded by an
air-vapor mixture may. be determined by substracting the result of Eqn (3) from Eqn
(2). When the resulting drying potential is positive, drying will take place. When the
drying potential is negative, wetting occurs at a rate usually slower than drying occur-
red. When the drying potential is zero, a state of equilibrium exists.

The drying potential affects the drying rate, or the flow of moisture from
the product in a drying process can be expressed as follows:

— 4 —
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where

= vapor pressure of material moisture, 1b per sq in
= vapor pressure of air, Ib per sq in
= constant varying with materials

If the temperature of the material and drying air is assumed equal, the Pg, equals
Psg’ and Eqn (4) can be written as follows:

dM _ '
6 = ~Ps@g— ) | (5)
A linear variation of moisture content with equilibrium relative humidity may be as-

sumed, then

AM=AQ . (6)
or
where
A = constant of proportionality
M = moisture content at time®
M, = equilibrium moisture content of material
Combining Eqns (5) and (7)
d
_E. = -CPSA(M —Me)

for a given set of drying conditions, c, pg, and A are all constants, let cPsA =K,
which is defined as the drying rate constant.

Then
dM
—— =-K(M - M
16 ( e)
and dM = dM -M,) -
therefore d(x : ;{E) = Kd®

. g 0 e 3 ., s 3
Integrating between limits of M, the initial moisture content, and M, the final
moisture content for any given set of air conditions,

M -M o
f M - M) )=—KJ e
MM, 0
M‘
(o]
M-
n — -
-y KO




or

MM ke ®)
Mo - Me

Egqn (8) expresses a relationship between moisture content and time during thin
layer drying or drying processes where each part of the material mass is contacted by air
of the same condition. There are no temperature or moisture gradients across the
layer. In deep layer drying, Eqn (8) does not hold true, because the upper layers are con-
tacted by air which has been humidified by prev1ous layers.

o
equivalent to the decimal part of the drying yet to be done at time 6.

The drying rate constant, K, changes with changes in temperature because of K =
cP A, in which Ps is the variable changing with temperature.

Since In(MR) = -K©® the value of K may be determined by plotting experimental
data as In(MR) vs © on semi-logrithmic paper. The slope of the straight line is the drying
rate constant,

With regard to the drying of farm products, Eqn (8) implies that the rate of moisture
movement from product to air.is limited only by the rate at which moisture can diffuse
from the interior to the surface. Thus, the air flow rate through a layer of product must
not be a pertinent variable. It means that increase in air flow would not increase drying
rate. But additional limited studies have indicated that air velocity and temperature are
probably related to the drying rate,” thus N

K= OLVnPS i (9)

M —-M
The quantity—ﬁ-——Mi is called the moisture ratio (MR), which may be considered

where

V =air flow rate, cut ft per min per sq ft
P, = saturated water vapor pressure at the temperature of drying air, 1b per sq in
a,n = constants

The velocity exponent n in Eqn (9) is an indication of the relative effect of internal
diffusion as compared to surface resistance upon the drying rate. If n is 0.6, there is no
internal resistance to moisture movement, and resistance to vapor transfer at the surface
controls the drying rate. Small values of n indicate that the internal resistance to flow
controls the drying rate and that the surface resistance is minor.”

Eqns (8) and (9) when combined for constant temperature, humidity, and velocity

give

M -M, = e-aVnPSG (10)
M, - M,

DRYING OF MACADAMIA NUTS

Macadamia nuts fall from the tree when mature and are picked up by hand. During



the rainy season and peak ripening period, nuts are picked at intervals of one to three
weeks, while during dry period they may be left on ground for five to six weeks.

Mature nuts must be husked within a week after picking to prevent the nuts from
heating and spoiling.

Husked, unshelled nuts may be dried by unheated air, sun or heated air. They can
keep satisfactorily several months in dry storage, if they have been dried by unheated
air or sun to about 10 per cent moisture before storing.®

In Hawaii, heated air drying is commonly used. The drying process is adjusted in
accordance with facotry demands. There are considerable variations in the drying
procedure, for example, drying times may vary from days to weeks, drying tempera-
tures may differ as much as 40°F. Nuts are usually processed within two to three
months after harvesting. The first step is to dry the unshelled nuts until the moisture in
the kernels has been reduced to approximately 3-5 per cent before cracking. This is ac-
complished by placing the nuts in a forced draft of air at 120 to 150°F from 24 to 72
hours.® After the separating and sorting operations, the kernels are further dried to
approximately 1-1% per moisture for roasting.

Early in the drying process, relatively low temperatures appear to be economical,
while higher temperatures will hasten the final drying.!! For example, one company
dries its nuts with unheated air for two weeks and then dries for one week by using
110°F heated air. In another method, the nuts are dried for five days at 110°F and then
at 150°F for one day.

It has been found that the nuts dried at high temperatures often developed un-
desirable dark-brown centers when roasted. Prichavudhi and Yamamoto!? investigated
the effects of drying condition on the chemical composition and quality of macadamia
nuts. They dried nuts in forced draft ovens at temperatures ranging from ambient air to
160°F and found that undesirable high temperature effects were lessened by low tem-
perature initial drying at ambient or 100°F. They suggested that 125°F and 140°F
should be used only after the moisture of nuts is reduced to approximately 8 and 6 per
cent, respectively.

EXPERIMENTAL EQUIPMENT

The apparatus which was used for single layer drying is shown in Figures la and 1b.
The 3/4 hp fan is driven through a variable speed control which enables the air to be
supplied at various rates. The air flow in the conduit is measured by an orifice plate with
an inclined manometer indicating the rate of flow. The air is heated by electric resistance
elements when passing through the heater. The temperature sensor is located below the
drying chamber to facilitate temperature control. A thermometer is located near the
sensor to indicate the temperature. The screened bottom tray was so designed that it
could be easily removed and placed on a balance which is supported by a steel stand.
The drying tray has the same size as that of the inside diameter of the bin in order to
secure uniform air distribution. The upper surface of the bin is open to the atmosphere
but shielded from side draughts. The drying chamber was insulated with sponge-rubber
to minimize the heat losses from the wall.
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Figure 1a. Schematic Diagram of Single Layer Drying Equipment

Figure 1b. Picture of the Laboratory Drier

EXPERIMENTAL PROCEDURE
1. Material

The variety of macadamia nuts used in this study was Kakea 508 (Figure 2) which
were harvested from the Kona Branch Station, Hawaii Agricultural Experiment Station.

The nuts were husked at the Station and shipped by air freight to Honolulu. When
the nuts arrived at the laboratory, they were stored in a constant temperature room
maintained at 72°F and humidity at 70 per cent. Before each drying run was conducted,
the test samples were put into a tightly closed glass container and then taken out of the
storage room to allow the nuts to reach the atmospheric temperature.

2. Measurements
A. Weight change



After the temperature of the drying air was stabilized,
the test samples were placed in the drying tray and the
tray in turn into the airstreams in the drying chamber.
The total weight of the tray and test samples was deter-
mined periodically with a balance with an accuracy of
0.1 g. This operation could be cairied out rapidly and it
was considered such brief interruptions did not interfere
with the drying process. The fan was shut off when each
weighing was made. During the first 12 hoursa weighing
was made every two hours. This time interval was in-
creased to four hours as the drying rate decreased.

B. Moisture content

Moisture content determinations were carried out by
the vacuum oven method. Samples of 8 nuts were dried
in steel containers. The samples were placed in the oven
at 212°F and maintained at 25 in Hg of vacuum for 24
hours. The containers were weighed immediately after
cooling. All moisture content data are given on a dry
basis.

C. Air flow rate

Air flow rates were measured by an orifice plate with
D and D/2 flange taps leading off to a Dwyer inclined
vertical manometer gauge. The calculation of approxi-
mate weight flow rate was based on the equation:?

Figure 2. Kakea 508 Qy =359 CFd?+/ hy, fi : an
where
Q,, = weight rate of flow, 1b per hr
C = coefficient of discharge
‘ 1
F = velocity of approach factor = S , in which
~B
B = ratio of orifice diameter to pipe diameter
d = diameter of orifice, in
hy, = differential pressure head, in of water
hy, = hg X v, in which he = manometer reading, in, and
v = specific gravity of manometer fluid

fi = specific weight of air at inlet, Ib per cu ft

When air flow rate is expressed in terms of cu ft per min per sq ft, the following

equation may be used:



1

V= X = 1
Qw 60xAx fo (12)
where
V = air flow rate in cfm per sq ft
A = area of floor, sq ft
fo = specific weight of air at drying temperature, 1b per sq ft
D. Humidity

Relative humidity of the drying air was recorded by a Honeywell circular chart
recorder. Its humidity sensor is mounted underneath the drying chamber and connected
to the recorder which gives a direct reading in terms of percent relative humidity.

EXPERIMENTAL RESULTS

A series of single layer drying tests were carried out to investigate the effect of air
flow on drying rate of macadamia nuts. Drying air temperature was kept at 120°F for all
runs and air flow rates varied between 27 and 290 cfm/ft? within the capacity of the
drier. Samples of 90-95 nuts, weighing about 700-760 grams, with initial moisture
content ranging from 15 to 24 per cent dry basis were dried. No attempt was made to
control the relative humidity, it was 33 per cent and varied very little during the drying
tests.

Drying curves for samples of macadamia nuts in a single layer with five different air
flow rates are illustrated in Figure 3 as plotting reduction of moisture content against
drying time. It was noted that macadamia nuts with initial moisture content within the
range tested dried rapidly when drying started and more than half of the moisture was
removed during the first ten hours. All the drying curves approach the equilibrium
boundary condition at long drying periods. As far as drying time is concerned, the
initial drying period can be considered minor due to its short duration when comparing
to the final drying period. Since the drying tests started at different initial conditions,
it is difficult to evaluate the effect of air flow rate on the drying rate of macadamia nut
from Figure 3.

The drying rates were determined by plotting the moisture ratio against drying time
on semi-logirthmic paper. The moisture ratio is a dimensionless parameter, the variation
of initial moisture content is then considered to be eliminated. In figure 4, it is obvious
that the simple exponential drying equation did not adequately represent the experi-
mental results over the full drying period. The straight line portion of the drying curves,
however, may be expressed by the equation as used by Henderson: ¢

M —M,

e _ o KO ~ (13)
M, -M,

Where C is the intercept at the vertical axis. It should be noted that the drying rate
curves at all air flow rates across the vertical axis nearly at the same point, which is
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0.3 on the vertical axis. Therefore, Eqn (14) may be obtained for the 36 to 72 hour
period after the drying started as follows:

M -M
—_— K8 .
M, M, 03e (14)

for drying of macadamia nuts with air temperature at 120°F and air flow rate up to 300
cfm/ft2, ' '

The values of the moisture ratio at particular times in Egqn (13) depend on the
equilibrium moisture content Me' This value has been experimentally determined by
drying samples at specified air conditions until a constant weight was reached. The ex-
perimentally obtained value of 3.5 per cent was then employed as a boundary condition
for drying unshelled macadamia nuts with temperature at 120°F and relative humidity
at 33 per cent.

The values of the drying rate constant K, i.e. the slope of the straight line portion of
the drying curves, can be calculated after the moisture ratio values at any two points on
the straight line have been determined. Values of K for five different air flow rates
tested are given in Table 1. '

Table 1. Drying Rate Constants

Air flow rate, V. Drying rate constant, K
cfm/fi? hr!
217 0.0160
49 0.0177
115 ‘ 0.0244
206 . 0.0262
290 0.0268

Consequently, the following equations may be written to express the drying rate of
macadamia nuts with the five different air flow rates which were tested.
For V =27 cfm/ft2:

M -M
ST M, 03e (15)
For V =49 cfm/ft%
M —M ‘
e =3¢ 001770 (16)
Mo - Me
For V =115 cfm/ft%:
M M 3002240 17
Mo - Me

For V =206 cfm/ft%:



diameter and the velocity was ft3sec™ft™ of cross-sectional area of the chamber. Note
that air rate of 27 cfm/ft? can probably be considered laminar, with air rates of 115 cfm/
ft> and above being turbulent. Air rate of 49 cfm/ft> may be considered as transient
flow. If Reynolds number of 4000 is accepted as turl;ulent," the velocity in this case is
53 cfm/ft? for turbulent flow. It was noted in Figure 6 that the K value holds a straight
line relation for turbulent flows ranging from 50 to 200 cfm/ft? and will have approxi-
mately 0.027 as its limiting value while air flow rate is about 300 cfm/ft2.

In applying Eqn (9) to this case, the following equation may be obtained to express
the linear relation between the drying rate constant of macadamia nut and air flow rate
ranging from 50 to 200 cfm/ft? with air temperature at 120°F:

K = 0.0062 v0-27 (20)

Therefore, the resultant equation for drying macadamia nuts in single layers with air
conditions as follows:

Temperature: 120°F

Relative humidity: 33 per cent

Flow rate: 50 — 200 ft3/min-ft2

Table 2. Reynolds Numbers

Air flow rate, V Reynolds number, Re*
cfm/ft?

27 2,033

49 3,690
115 8,661
206 15:515
290 21,841

DV

*Re == D= diameter of pipe = 0.8541 ft,v= kinematic
viscosity of air at 120°F =1.89 x 10™ ft?/sec.
may be written for the 36 to 72 hour beriod after drying started:
_M__._B.'_S. =0.3 6-0.0062 V0'27 <) 21)
M,-35 :

" DISCUSSION OF RESULTS

1. The equilibrium moisture content of solid materials is usually considered to be
dependent upon the temperature and humidity of the surrounding air as well as the
particular material considered. In order to solve the exponential drying equations (8) or
(13), the initial condition and the boundary conditions of the drying product have to be

— 13 —
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Figure 8. Variation of Drying Time with Airflow Rate

— 14 —

20

T o
T 0
i s
TR T
H H x r. i s
0 }1-4 Wi
e (@ B
i S f i
et i 1 4o tH i HHEH H
5% HH it i =] —rHCH B
! i (] b+t
_ =
i ﬁ 3 8 sl e
222 i1 @] i agas HEH) HHH H
88! H ] aaa HH
i 1% £ _* = £ HH H
e T w 2 2 it
e el ] H H HH ]
H HH i a M tH
= ]
0 -y =1 H
H < = HH 58 ar {2snualFinsasadd juavnsi
- b 2
111t 41 e d H H 144
o Hir
338 e . m R i
BH +~ -t ,A HH
i o0 ..m H HH HHAHH H
g8 8 3 St
HH =] HH 2ar RaRas 1
5= > =
itk 2 < BRI EER A
FH =aanzen sy a - 1
HH H 5] T S THH it H
H — i
HH B8 a3 o
2 HH (st
s a ] NaShe
H i m SAPAEE
< H
-~ ﬂnw L AR A AR R e e
o tH gan H gasas
(=] D e U HrHY H
- . TR PR (B o HHIH
e~ T T HH
H HH L p
B 2 2 3 2 ? 3
segaen! e HH .-
i o i
%5 & &8 =2 = +*© ==« Iy ‘owr) SutAxg

QP ‘9% ‘TULYUOD AINISIOW



_1‘1_”_11:‘{_9 - 0.3 002620 (18)

o e
For V =290 cfm/ft2:

M — M, 3.0.02680 (19)

Mo - Me
That the drying rate constant is related to air flow rate was illustrated in Figure S,
which is a plot of K against V for all the tests. The value of the drying constant is
obviously influenced by the magnitude of air flow. As shown in Figure 5, it appears that
K increases as air rate increases and approaches a maximum value when air rate reaches

about 300 cfm/ft%. It implies that an increase in the air flow rate beyond this limit
would not increase the drying rate,

0.026

’/
0.024 f J

0.022

0.020 ; HHHH : : i i

Drying rate constant, hr™!

0.018 st HEsHERH i |

4
0.016 ]

] il e
0 100 200

Airflow rate, cfm/ft?

300

Figure 5. Effect of Airflow Rate on Drying Rate Constant

Further, these empirical values of the drying constant were examined by plotting
them against V on logrithmic coordinates to see if they were an identifiable function of
air flow conditions. An attempt was also made to investigate the relation between drying
rate constant and Reynolds number. The results of such a calculation are given in Table
2 for five air rates. The diameter as used in Reynolds number was the drying chamber
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Figure 6, Full-logrithmic Plot of Drying Rate Constant against Airflow Rate -

known. The choice of the boundary conditions affects not only the shape of the theoretical
drying plot but also the calculated value of the drying rate constant of the drying product.
Many researchers applied the static moisture equilibrium for solving the equation but
found that the theoretical and experimental curves did not coincide over the full drying
period. Jones!®loriginated the idea of a dynamic moisture equilibrium. He postulated that
during the falling drying period the surface moisture concentration of a hygroscopic
product remain a value above the static equilibrium moisture content as long as the “more
loosely’” held water has not been removed. Simmons et al*® accepting Jones’ hypothesis,
speculated that the static and dynamic moisture equilibrium of a biological product are
different because of the living nature of such a product. However, Allen! suggested that
the concept of a dynamic moisture equilibrium appealed to many researchers because it
offered the possibility of obtaining a straight line relationship when the moisture ratio
was plotted against time.

The equilibrium moisture content of macadamia nut was determined under dynamic
conditions by drying samples in heated airstreams. When two successive weighings show
the same moisture content, it is assumed that equilibrium is reached. It should be noted
that ‘“‘constant weight’ really proves only that .the change in weight, if any, was less
than could be detected with the balance that was used. Whether further change in
weight is underway can only be observed directly by continued drying for periods that
may be considered impractical.

2. Tt is assumed that there may have béen some error in measuring the initial
moisture and consequently ‘in the estimate of the initial dry weight for each test. Basic
methods of measuring moisture content may not be entirely satisfactory, since they
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depend on the assumption that all the moisture, and nothing but moisture, is driven off.
This is doubtful in drying of macadamia nuts at high temperatures becaue of a) ex-
tremely slow rates of drying as dryness is approached, and b) the possibility of simul-
taneous loss of other materials, such as oil component in the kernel, which may result
in an inaccurate value of moisture content.

In handling the data, the observed weight at each successive reading was used in
studying the rate of drying. '

3. In conducting the drying tests the samples were stored in a constant temperature
room until the test was conducted. It is assumed that a) samples in each test have same
initial moisture content, and b) samples were stored long enough so that the moisture
content is uniform throughout the kernel. If it had not been, then the drying rate,
particularly during the initial drying period, would undoubtedly be different.

4. The variation of size and shape of the nut might have some effects on the basic
drying characteristic of the individual nut, but it was outside the range included in this
study.

5. In Figure 4, it is very evident that the moisture decreases rapidly after the start of
drying, and Eqn (8) failed to describe the relation. The following explanation, as il-
lustrated by Hukil and Schmidt,” might account for the existence of this phenomenon:

At the start of drying, a moisture gradient is established within the kernel. Early in
the drying period the gradient extends inward from the surface only a short distance,
and points near the center of the kernel have not lost any moisture at all. As drying con-
tinues, the inner end of the gradient moves closer to the center of the kernel. At any
time during this period there is a point on the radius of the kernel, outward from which
the moisture is changing and inward from which the moisture content is
still at its initial level. Finally, the inner end of the gradient reaches the center of the
"kernel and from that time on the moisture content continues to drop at all points within
the kernel. The period during which the inner end of the gradient is advancing toward
the center of the kernel might be interpreted as the initial drying period. The latter
period, after the advancing of the gradient no longer influences the drying rate, might
be interpreted as the final drying period. In other words, during the final drying period
the flow of moisture at any point in the kernel is proportional to the moisture gradient
at that point, and then Eqn (13) represents the relation. ‘

6. In Figure 4, the straight line portion of the drying curves follows the equation:

MR = Ce'Ke. This equation contains the three adjustable constants Me, K and Mo.
Therefore, if M, and K are known, the drying rates may be compared by comparing the
values of the constant M. Let M,,, M; represent the experimental values of initial
moisture content and the moisture at any time @ during the process of drying, and M,,,
M, represent the standarized initial moisture content and the moisture at the same time,
respectively. Using Eqn (13), the following equations may be written:

M, — M, (22)
—F——= =R(K,0)
Mo — M,

— 17 —



M, —M,
=2~ % - RK,0) 23)
Mo, — M,

with M, K and © the same in equations (22) and (23), then

Mg, — M
M,=M; - M) ——¢€ +M
2 =0 =M T, e 24

With My, M, M,,, and My, known, M, at any specified time can be computed. Then
a set of drying curves with the same initial moisture content for five different air flow
rates can be established. For example, Figure 7 shows the drying curves for standardized
initial moisture content of 20 per cent.

As mentioned previously, the macadamia nuts are usually dried to 3-5 per cent
moisture in the kernel before cracking. Let the time required to dry macadamia nuts at
differen'_c air flow rates from an initial moisture content, Mo, to the same end point, say
Spercent,be ®=0,,0,,..... O;, the relation between drying time and air flow rate is
then shown in Figure 8 for different initial moisture contents ranging from 18 to 26 per
cent.

This relationship was further examined by plotting the drying time against air flow
rate on logrithmic coordinates to see if it were an identifiable function of air flow
conditions. Such a plot is given in Figure 9 for macadamia nuts with initial moisture
content in the range from 18 to 26 per cent. An approximate straight line relationship
can be observed for the air flow rates in the range of 50-300 cfm/ft2. Therefore, the
following equation can be suggeéted to estimate the drying time required to dry the
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Figure 9. Full-logrithmic Plot of Drying Time against Airflow Rate



macadamia nuts with initial moisture contents in the range from 18 to 26 per cent to
the final moisture content of 5 per cent with air temperature at 120°F and relative
humidity at 33 per cent.

e =180 vm 25)

As shown in Table 3, it should be noted that m changes with the initial moisture
content of macadamia nuts.

Table 3. Values of m for Various Initial Moisture Contents

Initial moisture content

%, d.b. m
18 0.279
20 0.265
22 0.244
24 0.237
26 0.223

CONCLUSIONS

From the results of experimental work on drying of macadamia nuts in single layers,
it has been found that the drying rate was affected by the air flow rates in the range
from 25 to 300 cfm/ft2. It is indicated that the internal resistance to moisture move-
ment controls the drying rate and the surface resistance to vapor transfer can be con-
sidered minor during the final drying period.

The logrithmic drying equation, Eqn (8), did not adequately represent the single
layer drying rate of macadamia nuts over the full drying period. However, a modified
exponential equation, Eqn (14), was found to express the straight line portion of the
drying curve for the 36 to 72 hr period after the drying started.

Based upon the results of experimental work carried out on single layer drying of
macadamia nuts, an analysis was made which produced an approximate equation, Eqn
(20), for evaluating the drying rate constant within the range of turbulent flows. The
results also showed that drying rate in the laminar flow range needs further investi-
gations.

Finally, combined Eqns (14) and (20), the resultant empirical equation was obtained
as Eqn (21) for drying macadamia nutsin single layers with air temperature at 120°F and
air flow rates in the range from 50 to 200 cfm/ft2.
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