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basis ang the variables

(xn - 0'3)
°xp (- 2.8482+ 00377y .. 0.1154h)

fj;;ir;;f:b‘ﬁffk}zfmzfon caleulation was carrieq oy
2 01, Which shovwed that the PURRINgG costs redyced progressively
educing aiy velocity, The optitum bed depth was ten inches,

INTRODUCTION

I, on the basis of this

L e. most commop type of artificial Cocoa drer in the
";Cﬁigr Iegion is the packed bed drjer. This is a very simple piece
@gfﬂzg ment in which the drying compartment consists of
Silin or rectangular vessel, with g perforated plate at the
aﬂg&t “Which the bed of beans is placed, Air from a fap s
LCLe :

Rditorthe: drying chamber angd blown up through the perforated



plate and bed of beaus. The air is heated in some way, e.g.
electrically, between the fan and the drying chamber.

Now, although this is a standard technique there is liftle
available information on its use as a cocoa drier, and no relationships
have yet been reported for the rate of drying of cocoa in this type of
equipment. The object of this work was to derive a relationship
between the rate of drying and the various variables. This

relationship could be used

(2) To predict the required drying time under given conditions
(b) To optimise the operating conditions for minimum running
cost ; : '

1t is possible to apply & theoretical approach to the problem of
heat and mass transfer in a static packed bed, -which can be
satisfactorily solved by compufer techniques. Unfortunately,
however, in the case of cocoa drying, there is the practical necessity
of manually turning the beans over duzing the first few hours of
drying, because of the tendency of the beans to stick together. This
renders the assumption of a static nacked bed inapplicable. Since the -
only other theoretical approach possible would be to assume perfect
miXing, an empirical approach to the problem was necessary. The
approach used was to carry out a series of drying tests on suitable’
equipment, these being used to find the required relationship by
curve fitting and regression analysis. :

APPARATUS

The drier used in the experiments consisted of a 12 long, 6
diameter QVF glass section, through which heated air was passed__'-.:
The air was distributed over the section by a mild steel perforated
plate containing 0.073 inch diameter holes and of 8% open aea. The
beans to be dried were placed in a wire mesh basket, suitably:
constructed to {it very closely to the walls of the QVE section, and
which could be easily removed for weighing during drying, .

The air was supplied to the drer from a centrifugal fan,
 through a 2-inch nominal bore pipe. The pipe was expanded.mtq.ﬁf‘éj
drier by use of a cone piece of about 60° angle. A gate valve on;:tii'%i
output side of the fan controlled the air flow rate. The air Wis;

heated by an in-line electrical heater supplemented by heating?_téﬁé%




furrounding the delivery pipe, the temperature being controlled with

air flow rate was measured with an orifice plate in the
de ne, the calibration being in accordance with British
fgfﬁgndards BS 1042. Air temperatures were measyred Just under the

;:b,:%d and just above the bed with mercury in glass thermometers,

ﬁé‘na triple beam balance, and returning to the bed, This operation
s complete in a few seconds and the accuracy of the balance wag
,g;"ﬁ’l gms. The humidity of the inlet air was measured using wet and
bulb thermometers, and the outlet air by using g ‘Humeter’
strument consisting of a suitably impregnated plastic probe,
Gether with its associated measuring circuit, which gave an
indicated output In- the range 0 - 100% relative humidity, The




Because of the size of the bean it is likely that the drying
operates mainly with a diffusion mechanism, thus making low air
flow rates more applicable. The range of superficial air velocities
investigated was 8 ft/min to I8 ft/min, these values being of the
order of those used in previous reported work/>® on artificial cocoa
drying. :

The normal bed depth is just a few inches, so the range of bed
depths investigated was 2 inches to 10 inches.

EXPERIMENTAL RESULTS

The results were plotted as characteristic drying curves, which
are plots of moisture content, dry basis, X, against time ©. A
typical plot is given in Figure 1. Also shown in Figure 1 are the plots
of exit air temperature and humidity against time, for the same
experiment. An examination of these curves showed that they could
be split up in each case into two separate sections. The first section
was linear, indicating a constant rate of drying, the second section
however was one of falling rate drying. The cross-over point between
sections was found in each case to occur at a moisture content X; =
0.3. When plotted on a semi logarithmic basis however, the second -
section became linear as shown by typical curves in Figure 2. ¥

In the first period, the constant rate of drying (dX/de), was a-
function of both air velocity and bed depth as shown in Table Iz
Regression analysis was supplied to these results and the following
equation was found between the rate of drying, air velocity and bed:
depth in this period. :

1111111.“': ln(_g_qu -2.8482.4'0.0277 -0.]15411 --(1)

Thus for the first period, the time of drying may be obtained from
5= o h

1 5. e (T (2).
my T
In the second period of drying however, the slope of the semi
logarithmic plot,§ _:Ii]g o Was independent of both air flow r.

and temperature, the value of the slope being found to be 0.07

%

0.003 over the rangeof variables examined. L
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Bed Depth 10 inches =

X

® Bed Depth b inches
® Bed Depth 3 inches
5 Bed Depth 2 inches
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FIGURE NO, 2. SEMILOGARITHMIC DRYING CURVES



Thus

d In X :
= 007 = 2
( @ ), " m, (3)
- and the time of drying'in thig period may be obtained from
8. = 1 lnXp : 4

“This niow gives a-basis for determining the total fime of dzying. If the
end of the first period occurs at a mois cure content X = 0.2 and the

final moisture content re: bired is X5 = 0.064 (6% wet basis) then
ihe total drying time may be given by:- :

— F

U S Bt Y. L an e
exp(-2.8482 + 0.0277¥, - 0.1154h)

| Reference to Figure 1 shows that the exit air temperature and
shumidity remained constant over most of the first period. It is
{worthwhile noting that these values of temperature 33°C and
éﬁunﬁdity 0.027 Ib water per 1b dry air did not vary significantly
from experiment to experiment, and are close to saturation
conditions. In the second ‘period the air temperature rose and the
»‘Thunudﬂy dropped gradually until they began to approach the inlet
iconditions. :
In spite of the turning of the beans, a stratication of bean
Anoisture contents was. noticed. In order to determine the effect of
ithis on the final distribution of moisture contents, an experiment
was. carried out whereby samples were taken periodically for
mmoisture content analysis, from the following locations in the bed.

() At the top of the bed
() In the centre of the bed
Gu) " At the bottom of the bed

The results are shown in Figure 2, where it is seen that the
layer dried off to X = 0.1in 15 hours whereas the top layer
d 27 hours to reach the same moisture content. By the time
) layer had reached X = Q.1 the bottom layer had almost
“an equilibrivm  moisture confent at X = 006, The
tion of moisture contents was quite large to start with, but
E;‘?Hl‘-!ﬁﬁi'@dnsiderably in the later stages.




OFTIMISATION OF RUNNING CONDITIONS

Equation 5 provided the basis from which an optmusatlon
calculation was made. This was carried out by determining the total
amount of energy, designated Q> Tequired by the process, to yield
one pound of beans, of mmsture content, X = 0 064, over a range of.'
air velocities and bed depths.

The energy input fo the system was considered to be the
of the following three components each of which was on the same
unit basis as Q- '

%

Energy required to increase the temperature of the aui
from ambient conditions (80°F assumed) to 135°F

iy

Energy required to overcome pressure losses in the
supply ducting between the fan and the drymg
chamber - q5. This calculation was based on: théi
assumption that the supply ducting used in: t[{e'l
experiments was typical. .

Energy associated with the pressure drop across ﬂfé?l
bed of beans in the drier - q5. The relationship bethBEIff
the pressure drop across the plate and bed of beans aF‘ifd
the variables (bed depth and air velocity) was c:-btamed :

expe.nmentally

The relationship from which gp was calculated was

T T Ytagt g - - B

= A O + CAPQ. 6 + CWG 07 @)

W MW AW

where @ 1 Was obtained using Equation (5)

10



The value g, was calculated for a series of air velocities ranging fronr.
5 ft/min to 30 ft/min and bed depths from 5 to 30 inches. These
resubts are shown in Figure 4 where it is seen. that the énergy

' requirement reduced continuously with reducing air velocity. The
optimuim bed depth was of the order of 10 inches.

" DISCUSSION

. The splitting up of a drying curve into two sections, the first
showing a constant rate of drying, and the second one a falling rate,
is in. accordance with normal drying theory. Usually, however. the
 constant rate period is associated with evaporation from a saturated
surface at its wet bulb temperature. In these experiments, however, a
‘distinct stratification shows up as. given in Figure 3, where the
-}}iioisture content is a function of the bed depth, at any time during
the cycle. Visual examination of the bed showed that the bean
_éislgqface in the bottom layer became visibly dry, i.e. less than
‘saturated, after less than an hour of operation. At the top of the
‘bed, however, the beans look saturated for most of the first period.
Thus the normal explanation of the constant rate period was not
gahd It was noticed that the outlet air temperature began to rise just
fore the end of the constant rate period. This indicates that most
‘the temperature changes in the bed had already taken place and
the top layer was beginning to heat up. It is thus likely that the
i1 ’ffng process is controlled by the rate of heat transfer to the beans
e first period, this accounting for the fact that the rate of drying
a function of the air flow rate. In this first period different
s are at different stages of the drying process and the fact that a
fant rate shows up probably has no physical significance. In the
d period the bean surface looks dry throughout the bed, thus
Tocess is probably diffusion controlled, as confirmed by the
of effect of the bed depth and air velocity. The form of the

equation found to fit the results in this period was similar to that
f0tind by investigators® on the packed bed drying of other materials,
e resultant Equation 5 can be used to predict the drying
5311 ifor any particular combination of the variables. There is only
%ﬁﬁf rted.set of results against which its 'validity can be checked,
%N;l; ence to Table 2 shows that Equation 5 gives results which

[==]
&
Pl b

te’ favourably with those reported. Thus the relationship

11



may be assumed to be valid, and can be used in two ways:-

(i) To determine the drying- conditions necessary f or a
particular quantity of beans to be dried in a given time.

() To optimise the operating conditions for minimum ruining

cost.

When the equation is used to determine the &rying'cuxl_ditionsg
ike drving time and bed depth would be given, and an air velocity!
caloulated. It should be noted that if the calculated air velocity i
relatively high, > 10 ft/min for examyple, the possibility exist:
reducing the costs by reducing the air flow rate in the second periods

Great care should be taken in the use of high air velocities, sm-z-.f:i1

quick drying in the initial stages can give rise to unacceptably
:‘_T'g

wrinkled beans. . i
- The optimisation showed that 2 progressive reduction in'‘the

Y

air flow rate resulted in reduced running costs, hence the ope:r_a:t:i;}égf
air velocity should be as low as can be conveniently operated; The
et

optimum bed depth was ten inches. Unfortunately this is probably

little too high for practical operation because of the difficu t)f;}o
turning. Thus the depth of bed should be as deep as canﬁl}%ﬁ
conveniently operated. Shelton® attempted to find the regid ﬁé
minimum running cost based on a factorial experimental desif y ‘].‘:.h}*:i
results predicted agree reasonably well with Shelton’s work,"btf%%@
did not investigate the region below an air velocity of 10 ft/min; i%

One advantage of the necessity of turning the beans is H&}}i‘”ﬂ%

can have some mixing effect, thus reducing the final bean t ﬁfé‘zf’n:?jﬁ

moisture distribution and possible reducing the overall drym e
The use of a slow moving mechanical mixing device in the
neriod may be worthwhile considering for use with pack bed

Reocycling the air is used n 2 number of drying operati
this case, however, reférencs 1o Figurs 1 shows that the ai
the bed was almost saturated at a temperature very littlezat oyes
ambient, for half the drying time. Thus, recycling does no '
offer any advantages in this case. !

T, the optimisation calculation it was found that i
fais uperation, igpiesented only a small fraction {(~2%) OF;
cost. Henee the cost of heating the air up is of piime importanee;a
consideration should always be given to the use of cheafy;

e

L2
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]
sources. One possibility is a combined electrical (or gas fired) and
© solar air ‘heater system, where the solar air heater is used during
sunny days, and the other energy source for the rest of the drying
time.

CONCLUSIONS

1. There are two separate sections in the characteristic packed
bed drying curve for cocoa beans:

()  An initial constant rate period, where this rate is a
function of both bed depth and air velocity,

@) A falling rate period where a semilogarithmic drying
curve shows a constant slope irrespective of bed depth
and air velocity.

2. The equation derived to calculate the total drying time for
given operating variables compares favourably with
reported drying curves in the literature.

3. Optimisation of the variables for minimum running cost
showed that such driers should be operated with as low an
air velocity and as deep a bed (but not exceeding 10 inches)
as can be conveniently operated.

15
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TABLE I

Values of (gX/ d8); as a function of Bed Depth and Superficial

Air Velocity

Velocity ft/min
8.12 9.15 10.5 12.0 179

2 - 0.058 . - -
Bed 3 - 0.049 0.057 0.062 0.068
Depth 4 0.045 0.047 0.049 0.053 0.059
Inches 5 - 0.040 0.041 0.043 0.050 -

7 - 0.032 0.036 0.043

10 | - 0.024 : :

Comparison Between Predicted Drying Times and the Exper imental

Times found by ShEItDng

Time Predicted by Shelton’s Results |
Air Velocity | Bed Depth | Equation 5y, in hs. .
fifmmin inches T=1359F | T=1309F | T=1400F
10 6 40.5 s 38
30 - 6 32.6 30.5
10 10 512 70 42.5
- 30 10 38.8 . 28

17




Nomenclature

C

@

W

Energy conversation factor -
0.001285

Air flow rate
Bed depth

Change in enthalpy when air is
heated from 80°F to 1359F

Slope of drying curve in constant rate
period

Slope of semi logarithmic drying
curve in bed of beans

Total amount of energy required by
the process to yield 11b of beans at X
= 0.064

Energy required to increase the air
temperature from 80°F to 135°F per
1 1b dried beans at X = 0.064

Energy required to overcome the

pressure drép in the drier per 1 b
dried beans at X = 0.064

Energy required to overcome pressure
losses in supply ducting per 1 1b
dried beans at X = 0.064 ;
Volumetric air flow rate

Superficial air velocity in drier

Wt. of dried beans

Energy losses in ductwork per 1b air

Pressure drop ~ through ‘distribution
plate and bed of beans

18

BTU/ft 1bf
Ib/hr

inches

Btu/lb

BTU/Ib
dried beans

BTU/Ib -
dirjed beans:

BTU/1b. .,
dried beans

dried be

ft/min.

Ib driedbEais

.

~';".“aﬁiﬁ§

fit Thgflh

b/



Moistuze content dry basis
Initial moisture content - dry basis

Moisture content at crossover point
between periods - dry basis

Final moisture content - dry basis
Time

Length of time in constant rate
period

Length of time in falling rate period
Total drying time

Fan efficiency

19

Ib moisture/lh
Iy bean

1Ib moisture/lb
dry bean
1o moisture/lb
dry bean

ib moisture/lh

dry bean
hrs

hrs
hrs



