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Introduction

The design and operation of buildings for the drying and
smoking of rubber has attracted considerable attention in the last
few years. Several smoke-houses which shew improvements in
the case of handling the rubber, reductions in the time required
to dry it, and a minimised risk of lire, have been designed. These
advances have been largely empirical, and it was deemed advisable
to carry out investigations into the fundamental mechanism
involved, before attempting to study the effect of minor alterations
in the technique of preparing and smoking sheet rubber.

(A) THEORY OF DRYING

The practice of drying varies widely according to the material
which is being treated, but there are certain fundamental con-
siderations which are applicable to all drying problems.

If a very wet solid is exposed to air, it immediately commences
to lose water by evaporation. The rate at which this occurs
depends upon the condition of the surrounding air, and the surface
area exposed. While the surface remains completely wet the rate
at which water is removed is independent of the moisture content
of the solid. Thus, if the external conditions are maintained
constant, drying' proceeds ai a constant rate, and while this per-
sists the temperature of the solid surface will be the wet-bulb
temperature of the air. This "constant rate period" as it is called
continues until dry patches are formed on the surface. At this point,
which is termed the " critical water content," the drying enters a
so-called "falling rate period." This, in turn, may be divided into
two portions. The first is the "zone of unsaturated surface drying/'
in which the external atmospheric conditions are still an important
factor, but are modified by the consideration that, as drying
proceeds the area of effective wet surface diminishes. The second
portion of the falling rate period is the zone in which internal

• liquid diffusion takes control. At this stage the nature of the
material being dried is of major importance, and the condition of
the surrounding air has little or no effect. The rate-of-drying
curve is thus divided into at least three portions, each controlled
by different sets of variables.
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These are:-—

(i) The Constant Rate Period
This, as was stated above, obtains while the surface remains

uniformly wet. The rate remains constant only if certain "drying-
conditions" are maintained constant. A study of these will indicate
the method for obtaining the best rate during this phase of the
drying. Evaporation from the free liquid surface at the wet sur-
face of a solid is analogous to that which occurs at ;m air-liquid
interface whenever the vapour pressure in the air is below that
of the liquid, at the temperature of the surface, and is due to
this difference. The evaporation of the liquid abstracts heat
from the system.

The first objective, if a high drying rate is required, must be
to establish the maximum possible vapour pressure difference
between the surface of the wet body, and the air in contact with it.
Here a further factor is introduced. The layer of air in contact
with the surface soon becomes saturated with moisture, and
evaporation is therefore limited by the rate at which the moisture
can diffuse through this layer. This in turn depends upon the
thickness of the layer, which may readily be reduced by increasing
the air velocity across the surface.

The partial pressure of water vapour in the air must be as far
below the saturation pressure as possible. The ratio between
these two values is expressed as the percentage relative humidity.
As the capacity of air for carrying water vapour increases very
rapidly with increase of temperature, this provides a very simple
method of reducing the relative humidity. For example, air con-
taining .02 Ib. water vapour per Ib. of dry air (a normal figure for
Malaya) is saturated at approximately 76°IH' and if cooled below
this point will deposit dew; whereas this same mixture raised to
130<: ]' has a relative humidity of about 22 per cent, and will absorb
nearly 400 per cent more water before condensation occurs. Thus
for rapid evaporation, not only must the air velocity be high, but the
relative humidity must Fie low. These conditions may be achieved
by using a constant stream of fresh air at high temperature. The
surface area must also be as large as possible. Finally, since the
process absorbs heat, a continuous supply of heat must be main-
tained in order to prevent the temperature of the whole system
from falling.

(ii) Zone of Unsaturatcd Surface Drying
The zone of unsaturated surface drying- constitutes the first

portion of the falling- rate period. Tt commences when dry patches
begin to occur on the surface, and continues until the rate of
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diffusion becomes the controlling factor. The rate of drying at
this stage is also controlled by evaporation. The variables affect-
ing this rate are therefore the same as those given above, except
that in this case the wet surface area is diminishing as the drying
proceeds. During this phase the area of wet surface, and conse-
quently ihe drying rate, usually decrease in approximately direct
proportion with the moisture content of the solid.

(Hi) Period Controlled 'by the Rale of Internal Liquid Diffusion

The rate of diffusion of moisture from the interior to the sur-
face of a wet slab decreases with the water content of the material.
A second "critical point" therefore occurs when the rate of diffusion
can no longer keep pace with the rate of evaporation from the sur-
face. When the moisture content is below this critical value the
rate of diffusion controls the rate of drying. The diffusion of liquids
through solids follows closely laws governing' the diffusion of heat.
The rate of drying under these conditions may therefore be express-
ed as a Fourier series, based on the general equation11*

rlM _ , < P M
df - k d s s "

where M is the free moisture content i.e. the total moisture minus
the equilibrium moisture

T is the time
s is the thickness of the material
k is the diffusion factor.

The value of the diffusion factor (k) is determined by the
permeability of the particular substance being dried, and by the
temperature at which the drying is carried out. The time required
for drying may be reduced by increasing the temperature, or by so
modifying the material that it is more permeable to water. Either
of these expedients will increase the value of the diffusion factor
(k). It can also be shewn<2> from the theoretical equation that the
drying time is proportional to the thickness squared.

(B) APPLICATION TO RUBBER OF THE THEORY
OF DRYING

It will be seen from the foregoing that for rapid drying the
sheet rubber should be as thin, and porous as possible, high
temperatures should be used throughout and, in the early stageSj
high air velocity should be advantageous. There are obviously
practical limitations to the application of these conditions. Unduly
hig-h temperatures will damage the sheet by blistering. If the sheet
is machined too thin, the cost of machining, the space required in
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the smoke-house, and the difficulties in handling are all increased.
Finally, to use high air velocities, and at the same time to maintain
an adequately high temperature, would necessitate a large expendi-
ture on smoke-house fuel, unless some mechanical system for Lhc
recirculation of air were used. The first object of our experiments
was therefore to determine at what stage diffusion became the
controlling factor in the rate of drying, since prior to this the
velocity and humidity of the air are important factors, whereas
afterwards the sheet thickness becomes of major importance.

Van Harpent'*) found for certain rubber samples, that the total
drying time for each was proportional to the square of its thickness.
From the foregoing it will be seen thai this implies tha t the whole
drying period is controlled by the rate of diffusion, and that the
initial constant rate period during which ventilation is the important
factor occupies a negligible proportion of the total time.

Experimental

A few rough preliminary trials soon indicated that the last
traces of water were difficult to remove from rubber. Thus, if
small samples of rubber were used, extremely accurate weighing
was necessary, to follow the drying in the later stages. Such
weighings could not be carried out. rapidly, since it was first:
necessary to cool the sample, and the delay so caused made the time
and temperature records inaccurate.

To overcome these objections an attempt was made to con-
struct a recording weighing machine, which could be placed in the
drying cabinet. Sufficient accuracy could not be achieved by this
device, and it had the further objection that the number of samples
which could be handled simultaneously was limited by the number
of machines.

It was therefore decided to use full-sized pan sheets, which
could be weighed very rapidly to the nearest 0.1 gm. on a decimal
balance. T t was soon found that the use of a marking roll
introduced variability owing to the different depth of impression
made on sheets of different thicknesses.

As a result of these preliminary trials the following procedure
was adopted. Latex was coagulated in pans each holding one
gallon of liquid containing 15 per cent of dry rubber. The
coagulum was machined next morning to the required thicknesses
through rolls with calibrated adjusting screws, two sheets being
rolled at each setting. After varying periods of soaking and
dripping, the sheets were dried in a thermostatically-controlled,
electricallv-heatcd drying cupboard. The temperature and humidity
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of the air inside were recorded automatically, and the sheets were
removed and weighed at intervals until dry. Dryness was assumed
when there were no longer any opaque patches in the sheet.

Owing to the intermittent method of weighing, the actual point
at which the rubber became drv could not be determined very

j

accurately. Overnight an interval of 18 hours elapsed between
weighings. The rate of drying was however very slow during the
final stages and the curve of percentage moisture plotted against
time was very flat and approximated closely to a straight line.
It was also frequently found that there were small inequalities in
the sheet and that very small wet patches sometimes persisted for
a considerable time after the rest of the sheet was dry. Therefore,
although drying was continued until complete transparency was
achieved, and this was regarded as the dry weight, the end point
of the drying was taken to be the point at which the rubber con-
tained 0.1 per cent moisture and the drying time was obtained by
extrapolation or interpolation to this point, from the few weighings
taken on each sheet immediately before dryness was perceived,
This procedure largely eliminated the errors due to very small wet
patches, and to the possibility that complete transparency was not
noted until a few hours after it had occurred.

Since the heating load was heavy and no relay was available
the thermostatic control was rather insensitive and the temperature
and humidity charts obtained were similar to those shewn in Fig. 1.
The average temperature and humidity ruling throughout each
experiment was obtained by summinig all the points of inflexion
and calculating the mean.

For each experiment, curves of moisture-content against time
were plotted, and in each case the lower portion was replotted on
a magnified moisture-content scale. A typical example is shewn in
Pigs. 2 and 3. As was predicted, the first portion of the curve was
very steep and practically straight, but by the time that 10 per cent
moisture-content was reached, diffusion appeared to have become
the controlling factor, and this figure was therefore taken as the
second critical moisture-content. A careful study of all the curves
indicated that this was a good average value. It was immediately
obvious from the curves that this diffusion portion of the drying-
occupied the greater part of the total time involved.
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FIGURE 4
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To confirm the view that the drying from 10 per cent moisture
was controlled by diffusion, the logarithm of the time taken to dry
from 10 per cent to 0.1 per cent moisture-content was plotted
against the logarithm of the thickness, as shewn in Fig. 4. In each
case the curve approximated closely to a straight line of gradient
2. The gradients for all experiments were determined and appear
in Table 1, together with an analysis of the probable error.
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Experiment

No.

13
14
IS
ISA
18B
20
22
23
24
25A
25B
26A
26 B
27A
27B
28A
28B
29A
29B
31A
31B
32A
32B

TOTAL

MEAN
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TABLE

Gradient

1.49
2,06
2.33
2.04
2.18
2.12
1.91
2.00
2.09
2.33
2.04
2.08
2.28
2.13
1.87
1.85
1.82
1.89
2,22
2.00
1.76
2.50
2.30

47.29

2.056

I

Difference from
mean

.58
.01
.26
.03
.11
.05
.16
.00
.02
.26
.03
.01
.21
.06
.20
.22
.25
.18
,15
.07
.31
.43
.23

Difference5

.336
—

.067

.001

.012

.003

.026
—
—

.067

.001
—

.044

.004

.040

.048

.063

.032

.023

.005

.096

.184

.053

1.105

Standard Deviation - « / .„ . '____. . = n
» 22

Probable Error : 0 224V_^±l = 0.047

Since a straight line of gradient 2 is obtained by plotting
logarithms of the .general parabolic equation y = kx2, it is seen that
the results agree closely with the theoretical deduction, that when
diffusion is the controlling factor the time required to dry a material
through any given moisture-range is proportional to the square of
the thickness. This agreement confirms the conclusion that diffu-
sion is the controlling factor in the drying of rubber below 10 per
cent moisture-content.
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The differential equation for diffusion quoted earlier may be
expanded into the following series for the slab, according- to
Newman (loc. cit).

c ~rL- „ U j
u .9 ' 25

where the following notation is used:—

k is the diffusivity constant expressed as pounds per hour
flowing" across one square fool when the concentration-
gradient is one pound per cubic foot per toot length in
the direction of flow. It has absolute dimensions of
square feet per hour.

& is the time in hours
a is half the thickness of the slab in feet
w is the final average liquid concentration in Ib. per cubic

foot
C-t is the equilibrium liquid concentration in the same units
C'0 is the initial uniform liquid concentration in the same

units.
f-*

The term -.,-— ̂  is therefore a numerical ratio and is indeperid-
C 0 — u !

ent of the units used, provided they are consistent for the three
terms. In the present case the moisture-contents are expressed as
percentages 011 the dry weight of rubber. This ratio may be

k &denoted by "E." A table of values for the term -„ for variousJ a*
values of 1C has also been published by Newman (loc. cif.)

Sherwood*4* has pointed out that the above analysis is based on
the assumption of a uniform distribution of moisture across the
thickness of the slab or sheet, at the beginning of the diffusion
period. Unless drying is started exactly at the critical point the
assumption of uniform moisture distribution cannot be valid. I t is
fu r the r suggested by Sherwood thai if the constant rate drying
period is sufficiently long, a parabolic moisture-distribution is set
up across the sheet, and he derives equations for this case. The
same author also draws attention to' a limiting case, which occurs
when the initial drying is very rapid, and there is not time in the
short constant rate period for a parabolic moisture-distribution tc
be reached before the surface concentration of moisture is reduced
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to zero, and the i olio wing series is given as the equation for this
case : —

96
}\2 I

625

]'V in this equation corresponds to the value denoted previously by
K. U is the ratio uf the frec-water-eontent at time 0 to the free-
water-eontent at the critical point.

Sherwood (lac. cit.) has calculated values of E1 for various
i, a

values uf v ,, and these results are reproduced in table 11 A.
ii~

Further values obtained by the writer are given in table 11 B.
TABLE 11 A

i .15 i._
0

l- .02
.05
.10
.15
.20
.30
.50

1.0

E1

I 1.0
.951
.880
.775
.(£4
.605
.473

: .290
! .086

TABLE II B

--
".60"

.65
.70
75

..SO
.90
.95

1.05
1.10
1.15
1.20
] .30
1.40
1.50

1
i E'

T "" -224"
.198
.175
.154
.137
.106
.094
.073S
.0640

: .0576
.0505
.0396
.0310

: .0143
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Sher\vood<5) has also suggested the use of a special graph paper
with a uniform abscissa scale, but having the ordinate scale adjusted
Lo force the above theoretical equation into a straight line. This
technique is extremely helpful since experimental values for K1 caa
be plotted directly against 9 or against #/a2 and in both cases the
results should fall on straight lines. Rapid comparison is thus
possible between the theoretical derivation and the observed values,
and the value of the diffusivity constant (k) is easily determined.

As previously stated, this analysis depends on the assumption
that drying proceeds very rapidly In the period controlled by
evaporation, and that the surface is dry by the time that the critical
point is reached. Rubber approximates closely to ihese conditions.
The high rate of drying of sheet in the early stages is shewn in
Fig. 2, and it is common knowledge that the surface of wet rubber
is dry to the touch after a very short period of drying. The results
were therefore set out using this method and compared with
Sherwood's theoretical equation.

Curves shewing the total moisture content at various limes
during the drying had already been plotted as shewn in Figs. 2 and 3.
For the earlier experiments each curve represented the mean results
from two sheets of rubber, both machined at the same settings, from
the same latex. Whereas in the later ones the results for each sheet
were plotted separately, and each batch of sheets was divided into
two series of identical sheets, (A) and (B), which were submitted
to slightly different soaking and dripping treatments before being
dried together. From each curve the time taken for the moisture
content to fall from 10 per cent to certain arbitrary levels was taken
and a table prepared of this time divided by the thickness squared.
An example is given in Table III. This provided the necessary data
for plotting E1 against 0/a2 according to the method outlined above.
This example was typical of the whole series of experiments. The
values of 0/a2 for each value of E7 in each experiment were reason-
ably constant and were averaged as shewn in the table. Values of
this variable for thin sheets and for all sheets at high values of E\
were those most liable to error since the time intervals were short.

Table IV shews the mean values of 0/a3 determined as in the
above example, for the whole series of experiments involving- the
drying of approximately 250 sheets. The average temperature in
the drying cabinet is also given for each test. The results are
arranged in ascending order of temperatures.
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TAJ5LE J V

Expt.
No,

1J
14
15

. 18 A
I 18 B
1 20

31 A
31 B
19
32 A
32 B
22
24
23
26 A
2615

\ 25 A
I 25 B
! 27 A
; 27 B

28 A
28 B
29 A
29B

Temp.
°F

117.0
117.7
121.fi
122.8
122,8
129.0
129.5
129.5
130.5
131.5
131.5
132.3
132.3
134,8
138.4
138.4
138,8
138.8
140.0
140.0
144.6
144.6
150.6
150.6

'.8

0.78
1.22
0.62
0.31
0.94
0.66
0.54
0.38
0.84
0.44
0.41
0.63
0.58
0.45
0.60
0.43
0.44
0.25
0,60
0.5D
0.20
0.23
0.45
0.20

.6"

2.46
3.35
2.38
1.22
2.60
2.30
1.65
1.47
2.89
1.17
1.29
2.05
1.85
1.22
1.74
115
1.32
0.86
1.62
1.44
0.70
0.65
1.45
0.48

.5

4.47
_„

4.07
2.72
3.99
3.%
2.55
2.42
4,67
2.23
1.95
3.17
2.75
2.03
2.58
1.99
2.01
1.69
2.56
2.17
1.06
1,08
2.12
0.92

.4

7.38
7.44
6.48
4.47
6.06
6.46
3.82
3.81
6.80
3.62
3.41
4.62
4,03
3,04
3.75
3.12
3.07
2.44
3.76
3.27
1.87
1.75
3.11
1.56

Values
.3

11.41
11.88
9.65
6.S8
8.50
9.30
5.50
5.63
9.32
5.00
4.98
6.46
5.61
4.36
5.09
4.46
4.30
.3.91
5.20
4.66
2.99
2.62
4.22
2.29

for li1

.2

16.73
17.16
13.23
9.70

11.50
12.73
7.84
8.08

12.47
7.22
7.26
9.33
7.61
6.22
6.94
6.59
5.90
5.78
7.19
6.37
4.45
4.00
6.10
3.76

.1

21.85
25.47
18.50
13.66
15,63
16.96
9.59

It . 83
17.02
9.86

10.45
13.34
10.59
8.74
9.36
9.40
8.69
8.30
9.90
8.82
6.57
5.94
8.58
6.17

.05

29.21
33.52
24.36
18.54
18.44
20.34
13.31
14.46
20.99
12.31
12.85
16.49
12.33
10.74
11.76
11.78
10.99
10.17
12.21
10.86
8.16
7,51

10.42
8.14

.03

33.08
39.75
28.72
20,97
19,68
22.53 :
14.65
1 5 99 i
23.05
13.89 !
14.71
18.37
13.71
12.18
13.28
13.00
12.39 !

11.36 i
13.89 !
11.799.05 ;
8.37 !

11.54 •
9.13

These values were then plotted on the specially constructed
graph paper, suggested by Sherwood, on which the theoretical
relationship between E1 and k0/aa gives a straight line. Any devia-
tions must be due either to variations in the diffusion factor (k)
during the drying, or to errors in the experimental determination of
the term 0/a2. Of the two measurements involved here, namely
the time, and the thickness, the former is more liable to error since
it was obtained by interpolation from the original curves.
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Fig'. 5 shews a number of the results from Table IV, plotted by
this method. Fig. 6 is an enlargement of the upper portion of the
same curves. It will be observed that, considered over the whole
range of values of E1, from 1.0 to 0.03 the lines are reasonably
straight, hence the assumption that the surface of the rubber sheet
is already dry at the critical moisture content of 10 per cent is not
very far from the truth. Fig. 6 however shews that the top portion
of the lines are concave upwards. This deviation from the straight
line is small, but consistent, and is therefore likely to be due to
variations in the value of the diffusion constant (k) rather than to
experimental errors. As the drying progresses the curves tend to
be slightly convex upwards. These deviations indicate that the
diffusion rate at first falls off and then, when the rubber is nearly
dry the rate rises slightly again. It is probable that the first
decrease is due to the shrinkage of rubber during drying. The same
phenomenon has been observed in ihe case of clay'4*. The later rise
is not well marked and may be illusory. One possible explanation,
however, is that although the air temperature remained constant
throughout, when the rubber was approaching dryness the heat lost
through the evaporation of the diffused moisture would decrease,
and the small amount of radiation from the shielded heating
elements may then have been sufficient to raise the sheet tempera-
ture a little above that of the surrounding air.

The value for the diffusivity factor (k) is determined by
dividing the value of k 0/a- from Table II A or II B for any given
value of E1, b\ the figure for #/a2 for the same value of E1 from
Table IV. This was done for values of E1 corresponding to 6 per
cent, 3 per cent and 1 per cent moisture content, and the results
are shewn in Table V.

(ii) Effect of External Condition on Diffusion Constant

It will be observed from Tables IV and V that the value of the
diffusion constant (k) increases fairly regularly and rapidly with
rise of temperature, for any particular value of E'. The deviations
from this regularity arc at least partially explicable by the
variation in

(a) ventilation conditions
and (b) draining periods at air temperature from experi-

ment to experiment.

(a) Ventilation conditions

I t is seen that the values of the diffusion constant (k) increased
gradually with- increase of temperature but over that portion of
the range where natural ventilation was used, the values of (k) wrere
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consistently slightly higher than would have been expected from
those obtained in the experiments using forced draught. This
cannot be due to any humidity difference, since the forced draught
system merely withdrew air from the top of the cabinet and returned
it to the bottom, at such a rate that the air was completely circulated
once every three minutes, with approximately 7 per cent rejected
at each circulation. For the tests in which the blower was not
employed, ventilators were arranged to change the air once every
40 minutes. The same amount of air was thus admitted to the
cabinet in either case. Throughout the experiments it was found
that after the first two or three hours, the moisture content of the
air in the drying chamber was almost exactly that of the surround-
ing atmosphere. The relatively higher values of the diffusion
factor (k) obtained when using natural ventilation may have been
due to one or both of two factors. First, although the heaters were
shielded by asbestos board, a certain amount of radiation 011 to the
sheet may have occurred. This would tend lo raise ihe sheet tem-
perature above that of the air from which the temperature records
were derived. A higher air velocity in these circumstances would
minimise possible differences between the temperature of the sheet
and that of the air. Evidence in support of this theory is provided
by the finding that when forced draught was used, higher drying
temperatures could be employed with less risk of damage to the
sheet by blistering. The second possibility is that a dry impervious
skin may have been formed on the surface of the sheet rubber
during drying. A high air velocity would tend to increase this
effect.

0>) Draining) periods at air iemj>erature

Another variable in the drying conditions was the period for
which the sHeet was hung in the air before being transferred to
the heated cupboard. For purposes of calculation this period was
regarded as part of the drying time. The results quoted in Table V
shew that for high values of E1 the value of (k) was usually higher
for those sheets placed in the hot chamber immediately after
soaking. As drying proceeded, and E1 diminished, this difference
practically disappeared. Further evidence for the effect of the
draining period on the value of (k) was derived from the results of
experiment 19 which appear in Table VT.

Here two of the sheets were left out in the air for the first 22
hours of the drying time and the moisture content was reduced to
just over 5 per cent., whereas similar sheets which had been drained
for shorter periods before being placed in the drying cupboard
reached 3 per cent moisture in the same time. Yet the total time
taken to dry these two sheets was if anything slightly less than
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that required by those sheets which had spent almost the whole
period at a higher temperature. Thus the value of the diffusion
constant (k) for sheets dried for the first 22 hours in air must Have
been higher than that for those drained for shorter periods.
Although it is dangerous to draw conclusions from such limited
evidence, this is an indication that the speed of the .early part of
the drying affects (k) thus supporting the view that a dry surface
film, which hinders further drying, may be formed on the rubber.
This is a well-known phenomenon with other materials and is
usually termed surface checking. Although Table V indicates that
ventilation and draining conditions do have an effect on the value
of [he diffusion constant (k) it also indicates that the effect of these
variables is not sufficiently great for them to be of major import-
ance in practice.

(c) Effect of Compression during Rolling

There is one further point on which the results offer certain
evidence. It may be expected that the increased rolling necessary
to produce a thinner sheet would reduce the porosity of the rubber
sufficiently to produce an adverse effect on the diffusivity factor (k).
This would produce a deviation from the theoretical relationship
that drying time is directly proportional to the square of the thick-
ness. A study of the values of 0/a2 for the whole range of
experiments, indicated that this ratio did tend, to increase slightly
as .the sheet thickness diminished. The detailed example which
forms Table III is typical. The effect was small, however, and was
far outweighed by the reduction in time secured by producing thin
sheet.

(d) Effect of Surface Area of Sheet

It will be observed that none of the foregoing deductions take
into consideration the area of the sheet. This omission is justifi-
able since the thickness of the sheet was so small in comparison
with its other dimensions that no error was involved in neglecting
the edge effects and regarding the behaviour as similar to that of
a sheet of infinite area.

(c) Kf/ect of Relative Humidity of Air

The effect of the relative humidity of the air has also not been
taken into account in calculating the results. As was pointed out
earlier, this cannot affect the rate of drying so long as it is
sufficiently low to permit moisture to evaporate faster than it can
diffuse to the surface. Since the rate of diffusion has been shewn
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to control the rate of drying over the major portion of the total
time required, the relative humidity of the air did not affect the
calculations.

(iii) Summary

Summarising- at this stage, it may be said that the greater
portion of the time taken to dry normal sheet rubber is occupied in
drying beyond a 10 per cent moisture content, and lhat the rate
at which this drying occurs is controlled by the rate of diffusion.
The two principal means by which drying time can be reduced are
by increasing the temperature ami reducing the thickness of the
sheet. There are indications that surface checking occurs but the
experiments so far carriecl out give no clue as to its severity. The
available evidence hidicates either that effect Is so small as to be
unimportant in practice, or the phenomenon is so pronounced that
simple practical measures, such as drying slowly at atmospheric
temperatures for the iirst few hours, which should alleviate the
trouble, have little effect. It is hoped thai further experimental
work will be possible to decide the extent of this surface checking.
It is feared, however, that even if it is found to be important, the
only method likely to expedite the drying will be humidity control
irrespective of temperature, which would probably prove impractic-
able for an estate factory. In this connection it should be borne in
mind that the relative humidity of the atmosphere is very high in
rubber-growing countries, and that the sheet is normally dripped
for a few hours at atmospheric temperature before it is transferred
to the smoke-house, where the temperature is raised gradually.
Thus sheet rubber is in practice dried slowly and at high humidity
in. the early stages. Further improvements on these lines are
therefore unlikely.

CONSTANT RATB PKRIOD
Attention up to this stage has been directed mainly to the

diffusion-controlled portion of the drying. As was pointed out in
reference to Fig. 2, the evaporation-controlled period during wvhich
the rubber dried down to 10 per cent moisture-content occupied
a small proportion of the total time. Actually the thickest sheets
in the experiment plotted in Fig. 2 were 0.21 inch thick and
contained initially 67 per cent of free moisture. Their total,drying
time was 115 hours, but the moisture content had fallen below 10
per cent in less than eight hours. The thinnest sbeuts in the same
series were 0.092 inch thick and bad an initial moisture content of
about 21 per cent and a drying time of 25 hours. Here the
moisture-content reached 10 per cent in less than l^ hours.
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Further confirmation may be obtained from Table VI. The
conditions controlling the constant-rate phase of the drying were
stated in the preliminary discussion, and have been well established
by the work of Hinchley and Himus,(6J and others. Since they are
independent of the nature of the material being dried, except in so
far as it may be hygroscopic, and since the technique used in this
work did not permit of the measurement of drying over short
intervals of time, it is not proposed to offer any experimental results
for this evaporation-controlled period. It may be mentioned,
however, that all the graphs of moisture-content against time were
nearly straight over this region, as they should be according to the
theory.

ZONE OF UNSATUKATICD SUR^ACI; DKYING
Mention of the initial portion of the falling rate period, which

is referred to in the preliminary discussion as the "zone of
unsaturated surface drying" has also been omitted from the ex-
perimental analyses. It occurs between the first and second critical
moisture contents. At first sight there appears to be no reason for
the existence of this period under the conditions of this experiment,
since a uniform smooth surface was exposed and there was thus
no cause to expect one portion of the surface to be dry before the
remainder. In contradiction! to this it must be pointed out that the
rubber was hung over bars and drainage of the surface film of
water towards the lower edges would therefore occur, causing the
film to be thicker at these points.

When it is remembered that in this zone the rate of drying is
still controlled by the rate of evaporation, which has already been
shewn to be very much larger than the rate of diffusion, it will be
apparent that the effect of this period on the total drying time must
be small. Further, there is no extraneous factor apart from those
already considered in relation to the constant-rate period which can
affect the drying rate in this zone, and there is thus little to be
gained from a study of it. Owing to the intermittent weighing
method adopted during these tests, it was found impossible in
practice to locate the first critical point, and the zone of unsaturated
surface drying-; since the slight difference in rate which it could be
expected to cause, from that of the constant rate period, was within
the limits of experimental error. It was therefore regarded as part
of the constant-rate evaporation-controlled period.

Comparison of Results with those Previously
Published < 3 >

Although the evaporation-controlled period was short it was
not negligible, and should be sufficient to produce an appreciable
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deviation from the relationship stated by Van Harpen (loc. cit.),
namely, that the total drying- Lime is proportional to the square of
the thickness. To check this, the logarithm of the time required
to dry from the initial moisture content to 0.1 per cent moisture
content was plotted against the logarithm of the thickness in a
manner similar to that used for Fig-. 4. Once again the lines were
straight and the gradient was almost exactly 2. The actual results
are given in Table VI1, which is comparable with Table 1, except
that in this case those experiments which were previously divided
into A and B portions are here treated as one.

TABLE VII

Tola! Time versus Thickness Squared

Kxpt. No.

13
14
15
18
20
22
23
24
25
26
27
28
29
31
32

TOTA

MEA>

Gradient

1.57
1.90
2.13
2.25
2.0H
1.75
] .96
1.89
1.92
2.18
2.08
2.02
1.89
1.68
2.38

1, 29.68

1.98

Difference from
mean

0.41
0.08
0.15
0.27
0.10
0.23
0.02
O.C9
0.06
0.20
0.10
0.04
0.09
0.30
0.40

Difference"

0.168
0.006
0.025
0.073
0.010
0.053
0.000
0-008
0.004
0.040
0.010
0.002
0.008
0.090
0.160

0.657

Standard Deviation = —-.'i'- = V 0.0470 = 0.217
14

Probable Error Ll!?Jl' = 0,050
.15
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It has thus been shewn that the total drying time, and the time
to dry from 10 per cent moisture content are both proportional to
the square of the thickness, Also it was stated that the rate of
drying from the initial moisture content down to 10 per cent
moisture was constant and independent of the thickness. These
facts can be reconciled only if the initial moisture content minus
10 per cent is proportional to the square of the thickness.

The experimental results were examined to test this conclusion.
I t was found to be approximately correct as is shewn in Table VJ1I.

TABLE V1I1

Experiment PD 23

Initial Mois-
ture Minus

10 per
cent. =1 M

56.9S

48.07

31.72

24.41

20.69

12.60

10.94

1

Thickness
Inches = d

0.211

0.185

0.158

0.150

0.126

0.102

0.092

M -3

— x 10
<r

1.28

1.41

1,27

1.09

1.30

1.21

1.29

Mean 1.26

Number of
Machinings

3

3

4

4

S

s
3

The results from a number of other experiments selected at
random were closely similar. It was found, however, that for thin
sheets which had been passed many times through the machine
there was a deviation from the mean. Experiment 13 of which
details arc given in Table IX was the one in which fhc highest
number of passes through the machines was used, and affords the
best illustration of this finding.

It will be seen that the ratio between the initial moisture
content minus 10 per cent, and the square of the thickness is only
approximately constant but a high order of accuracy is not
necessary Lo explain the evident relationship between Van Harpen's
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findings, and the deductions in this paper, since, in any case, the
time taken for the initial, evaporation-controlled portion of the
drying is small, in comparison with the total time required.

r
Initial Mois-
ture Minus

10 per
cent. ~ M

74.6

55.2

47.5

39,7

• M.2

44.1

23.8

16.1

X.O

6.1

TABLE
Expcrimen

Thickness
Inches — fl

0.250

0.214

0.195

(1.1%

0.195

i f . 175

0.150

0.133

• 0.116

0.109

IX.

t 13

U
d2x10-a

1.1Q

1.21)

1.25

1.04

1.11

US

1.07

0.91

0.59

0.52

Number of
Machining*

2

3

4

5

6

7

8

9

10

11

Conclusions

The relationship stated by Van Harpen that the total time
required to dry sheet rubber is proportional to the square of the
thickness has been shewn to be an accurate working; rule, although
it did not at first sight appear to accord with general drying theory.
By far the greater proportion of the t ime in drying rubber is con-
trolled by diffusion, and approximate values of the diffusivity
constant are given. A high order of accuracy is not claimed, since
the critical moisture-content was difficult to determine, and
although 10 per cent appeared a good average value it may have
varied slightly for different experiments and even for different
samples in the same test run. The two main methods by which
drying time can be reduced are:—-

(i) the production of thinner sheet
(ii) the use of higher temperatures.
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There is an initial period of the drying during which the rate
is controlled by the rate of evaporation. Here the time may be
reduced by increasing the air velocity. There is little advantage
to be gained in this way, firstly since the initial period represents a
small proportion of the total time, and secondly because there is
some evidence that surface checking occurs. This effect is increas-
ed by rapid drying in the early stages and it has an adverse effect
upon the diffusion rate. The effect of various marking patterns
on the drying time is another important aspect which remains to be
investigated.

Practical Applications
The production of thin sheet and I he use of high temperatures

have been stressed as the two main methods available for reducing
the time required to dry sheet rubber. There arc obvious limita-
tions lo the extent to which either can be applied in practice.

( i l S'keet Thickness

Attempts to produce extremely thin sheet lead to a number of
difficulties, some of which are listed below.

(a) The width of the dry sheet should be limited to 19 inches
for easy packing, and if very thin sheet is lo be produced without
exceeding this width, the depth of latex used in the coagulating
tanks may need to be restricted.

(b) The production of very thin sheet imposes added work on
ihe sheeting battery. The output per hour is decreased, partly due
lo the increase in area required per pound of rubber and par t ly lo
the increased slip which occurs between the rubber and the rolls.
All piay must be eliminated from the rolls and bearings. Unless
the number of pairs of rolls is increased in proportion to the
reduction of thickness required, a greater squeezing effect must be
obtained from each pair, and under these conditions difficulty may
be experienced in making the rubber enter the nip. I t may even
be found that the thickness required is beyond the powers of the
battery, in which case it becomes necessary to reduce the dry
rubbei content at which the latex is coagulated. This in turn
necessitates the provision of a larger number of coagulating tanks
for the same crop,

(c) Very thin sheets are limp and difficult to handle. They
tear easily and are liable to stick together when piled or when
hanging in the smoke-house. They also require increased smoke-
house space per unit weight of rubber.

Modern sheeting batteries have proved capable of producing
satisfactory sheet 0.10 inch thick from coagulum prepared from
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latex containing 1.5 pounds of rubber per gallon, in standard tanks.
This represents the practical limit, beyond which the above
difficulties become important. It should be emphasised that a batch
of rubber is not dry until the thickest portion of the thickest sheet
is dry. Uniformity of thickness is therefore of vital importance,
and in practice there is frequently more scope for reduction of the
total drying time by attempts to eliminate thick patches and odd
thick sheets in the'batch, than there is in attempting to reduce tho
average thickness of the whole crop.

(ii) Temperature

The maximum temperature which can be used is limited by the
danger of forming blisters on the sheet. It has been found that tfie
safe maximum increases as drying proceeds, and it is therefore de-
sirable to increase the temperature gradually during drying. In a
separate paper elsewhere in this Journal will be found a description
of two forms of a successful modern smoke house, together with
notes which have been compiled from experience on the operation
of this type. It will be observed that a four-days drying period is
recommended and that the temperature is increased gradually from
10CPF to 140°F. Higher temperatures have been used but these
leave a very small margin of safety.

(iii) Drying Tmie

Although four days is the recommended period, there is little
difficulty in drying sheet 0.10 inch vhick in three days in l.he
"Subur" smoke-house if desired, and there are special patented
dryers capable of drying thin sheet rubber in 48 hours. In the
smoke-house, however, two processes are in operation, for while
being dried, the rubber absorbs certain ingredients from the wood
smoke, and becomes coloured. Some users prefer a well-smoked
sheet to one which is very pale in colour. The smoke not only
acts as a disinfectant which renders the rubber somewhat less liable
to mould attack, but it also appears to improve the ageing pro-
perties of the rubber after vulcanisation*7'. If rubber is dried too
rapidly, difficulty may be experienced in producing sheet sufficiently
dark in colour to meet with the approval of certain manufacturers.
It has been found in practice, however, that rubber absorbs very
little smoke when it is nearly dry. This is the reason for the
recommendation of a four days' drying period, with comparatively
low temperatures for the first 48 hours. It is also a further argu-
ment against attempts to carry ihe reduction of thickness to
extremes.
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It therefore appears unlikely that there will be any radical

change in the method of drying- rubber so long as smoked sheet, oi
the type now produced almost universally, remains the main form
in which rubber is exported. It is considered that there is still
room for minor improvements in the design and thermal efficiency
of smoke-houses, and possibly for some small reduction in the time
required to dry and smoke the rubber, but it is feared that the
automatic machine which can convert the wet rolled coagulum into
dry smoked sheet in a few hours, will remain unrealised.
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