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INTRODUCTION

In a previous paper?, we studied the drying-rate equations based on the drying-shell
models and the calculation methods of the rate parameters in the rate equations. In
present paver, we took up the study of the drying of the water-absorbing sponges which
are imagined fiver-foods. The imagined fiver-foods are simple samples which have no
shrinkage of surface. The drying experiments of the water-absorbing sponges were
performed for the sphere, the long-cylinder and the infinite-slab. The rate parameters
in the dryingrate equations were determined for the drying of the water-absorbing

sponges using a non-linear least square method.

EXPERIMENTAL METHODS AND RESULTS

1. Samples

As the samples of the imagined fiber-foods, the water absorbing sponges were used,
those are assumed to the simple models which have no shrinkage of surface. The sponges
are used for breaking out the cushions of chairs, and constitute polyurethane which has
continuous pores. The diameters of the pores are 0.3 ~ 0.8 mm, and the thickness of
the boundary tissues is about 0.1 mm.

The samples of the sponges were used as the shapes of the sphere, the long-cylinder
and the infinite-slab. The water was absorbed in the sponges at a reduced pressure,
and the falling water on the surface of the sponges was wiped with a filter paper. The



18 K. KuBota, R. HiroTA, K. SuzUuki and H. HosAkA

samples are shown in Table 1.

Table 1. Experimental conditions

R Dry- and Wet-bulb Air velocity
Diameter and .
Run Shapes Length (cm) temperatures u(cm/min) and
' mtn fem 14°C) 1w(°C) Direction

1 sphere 1.58 X 1.58 X 1.58 40 29 3480 horiz. to axis
2 long-cylinder 0.64 X 0.64 X 3.51 " 31 " "

3 infinite-slab 0.42X 1,93 X 3.89 " 30 " "

4 " " " 30.5 3480 vert. to axis

2. Experimental apparatus and methods

Fig. 1 illustrates the flow sheet of the experimental apparatus used in the drying
experiments. The cylindrical dryer is made from a steel tube of 10.5 ¢cm L.D. and 40 cm
in length. The upper part of the dryer is uncovered, and set up the balance. The
lower part is attached to the dispersion plate which can disappeared the air flow distribu-
tion.

Fig.l. Flow sheet of the experimental

apparatus.
1 sample 6 gear pump
2 balance 7 orifice flow meter
3 cylindrical dryer 8 dry-bulb thermometer
4 bhumidity controler 9 wet-bulb "
5 blower 10 electric heater

The humidity of the flowing out air from the blower is controled by the humidity
controler which has the electric heater. At the upper part of the controler the heated
water is sprayd. The water is circulated by the gear pump.

The humidity of the air is controled by the electric heater in the controler, and
the temperature of the humidity controled air is controled by the electric heater in
front of the dryer. The temperature and humidity of the air are controled automatically
by two transistor relays based on the dry- and wet-bulb temperatures in the dryer. The
velocity of the air is measured using the orifice flow meter.

3. Experimental results

Table 1 illustrates the experimental conditions. Air velocity is 3480 cm/min and
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the dry- and wet-bulb temperatures are 40 and about 30°C, respectively. The relations
of weight of drying materials w(g) vs. drying time 6 (min) were measured. The weights
of the equilibrium states wg(g) were considered as being the values that kept the balance
unchanged for more than 60 min. The weights of the completely drying states wq(g)
were decided as being the values that dryed the equilibrium materials for 2 hrs at 105°C
in another dryer.

The relations of w(g) vs. 6(min) for each sample are shown in Figs. 4 and 5,
respectively. The values are shown with the 5 points averages of the original experimental

values.

DETERMINATIONS OF RATE PARAMETERS AND DISCUSSIONS

1. Methods of determinations of rate parameters

The calculation methods of the rate parameters in the drying-rate equations were
described in detail for the sphere, the long-cylinder and the infinite-slab in the former
paper?. Then we described briefly the calculation methods of the rate parameters

hpy(cm?®-void/cm? - min) and kp(cm?®-void/cm-min) for the spherical materials at con-

stant surface.

drg/de = —ﬁ/(4ﬂrczph) 1) -
] = 4"’7Ro2 (cg — Cg)/(( l/hm) + ((Ro—rc)/((rc/Ro)km))) 2)
where, pp = (Wo— we)/Vo 3)

The experimental data are given as the relations of the weight of materials w(g) vs.
drying time 6(min). The radius of undrying-core re(cm) is obtained from w using the
following equations.
Xw = (Wo—w)/[(wo—we) . 4
re (1-X'"’R, (5)
To the standard deviations o(cm) for r¢ is minimized, we substituted Eq. (2) into
Eq. (1), and integrated numerically 6 = 0> 0;rc = Ro~>7¢ using a Runge-Kutta-Gill

method.
The equations of a non-linear least square method are shown as the following simul-

taneous equations.

(A+2AD)s = vg (6)
The notations in Eq. (6) are the same as in the former paper?. The weighting factor A
is given 1.0 as the initial value, and is reduced to half for every iteration. The step size v
is given 1.0 as the initial value for every iteration, and when the value of the standard
deviation o decreases not less than the former iteration results, it is reduced by half

until it decreases.
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The initial values of the rate parameters sy, and ky, were given the values obtained
from the integrated equations which were illustrated in the former paper" assuming
the gas-film or shell diffusion controlling.

hm = ph(Ro’—rc*)/(3Ro* (cs— cg)f)

= phRoXyw/(3(cg— cg)0) (7
km = ph(Ro>+ 2r — 3Rorc*)/(6R o(cs— cg)t)

= phRo* (1 = 3(1 = X))+ 21 — Xy ))/(6(cs— c)0) (8)

The initial values of A, used the values at the smallest 6, and those of kp, used the
values at the largest 8. The values of Cg and cg (g-H,O0/cm?®-void) were obtained from fol-
lowing equations.

H[((2.24 X 10°%) (H/18 + 1/29)) (9)
Hy/((2.24 X 1072) (Hy/18 + 1/29)) (10)

‘g

Cs

The values of Xy, w, W and dW/d9 compared to the observed values respectively,
were calculated from r; and dr./df using the following equations.

Xy = 1— (ro/Ro) (11
wo= woll — X)) +weXy (12)
W = (w—wg)lwy (13)

dW/de = (3(1 — X) > (wo— we) (R ow))dr/do (14)

2. Calculated results and discussions

Table 2 illustrates the calculated results of the rate parameters hp, and kp, of
the water-absorbing sponges for the sphere, the long-cylinder and the infinite-slab. The
FACOM 230-60 digital computer in the Computation Center of Nagoya University was
used for the calculations. The relations of the rate parameters Ay, and kp, obtained
from the integrated equations vs. the drying time 6 are shown in Fig. 2. The rate
parameters Ay, and Ky, at the larger and smaller § respectively, are not desirable as
shown in Fig. 2. In Table 2, the initial values of the rate parameters hp, and kpy, are
those calculated results at the smallest and largest 8 respectively.

Table 2. Rate parameters ho (cm3-void/cm2.min) and

ki (cm3-void/cm.min) and standard deviations 0 (—)

Run Initial values Number of Calculated values
hm km g interation Am km g
1 39.7 12.8 0.1472 11 52.6 45.6 0.00614
2 42.3 4.17 0.0585 13 57.0 9.32 0.00352
3 43.5 2.79 0.0494 12 78.3 4.98 0.00707
4 48.9 4.41 0.0419 15 68.2 12.8 0.00142
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Fig.2. Relations of rate parameters
hm and km, vs. drying time 6.

In Table 2, the calculated values of the rate parameters iy, and kpy, are the values
obtained from a non-linear least square method assuming the gas-film and shell diffusion
controllings. The relations of the rate parameters #p, and kp, and the standard deviation
o vs. the number of iteration k for the sphere are shown as an example in Fig. 3. The

calculated results to compared with the observed values are illustrated by the solid lines

in Figs. 4 and 5.

The broken lines illustrate the results for the initial values.
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Fig. 3. Relations of rate parameters hp,km
and standard deviation VS.
number of iteration k,

From
Figs. 3~ 5, the best values of the rate
parameters Ay, and kp, obtained from
the integrated equations do not satisfy
The

insufficiency is due to the interrelation

the whole relation of w vs. 6.

of the rate parameters Ay, and k. The
simulate calculation of a non-linear least
square method using a electronic com-
puter is necessary.

Fig. 6 shows the relations of the
moisture content W(g-H,0/g-D.M.), the
radius of undrying-core r; (cm), the
drying-ratio X\ (—) and the drying-rate
dW/d6 (g-H,O/min- g-D.M.) vs. the drying
time 6. In the relations of w, W, r; and
X except dW/d9, vs. 6, the calculated
results agree with the experimental

results. The reason of insufficiency for
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Fig.4. Relations of weight of drying materials w
vs. drying time 6.
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Fig. 5. Relations of weight of drying materials w
vs. drying time 6.

the relation of dW/do vs. 0 is due to the inaccuracy of the differentiation of the ex-
perimental data. If the standard deviations ¢ for dr./dd or dW/d6 are minimized, the
relation of dW/dg vs. 6 agrees well, but not to the original relation of w vs. 6.

The relations of dW/d9 vs. W are shown in Figs. 7~ 10. The results for the cal-
culated and initial values are illustrated by the heavy solid and broken lines. The thin
solid lines show the results for some fixed values of the rate parameters. In Figs. 7 ~ 10,
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Fig. 6. Relations of moisture content W, radius of undrying-core r.,
drying-rate dW/d@ and drying-ratio Xy vs. drying time 6.

the results for the sphere are satisfactory, but the results for the long-cylinder and the
infinite-slab are less satisfactory. The heavy chain lines in Figs. 8 ~ 10 illustrate the
results of the rate parameters obtained from the sphere shown in Fig. 7.
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Fig. 7. Relations of drying-rate dW/d6 vs. moisture
content W.
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Fig. 9. Relations of drying-rate dW/d6 vs. moisture
content W,

The observed results for the long-cylinder and the infinite-slab are smaller than
the calculated results. The reason is that the pore diameters of sponges used in this study
were relatively large, and the water cores of the long-cylinder and the infinite-slab were
transformed into the cores of the ellipsoids and the disks. The observed surfaces of the
long-cylinder and the infinite-slab are smaller than the theoretical surfaces of the shell-
models, and decrease with the increase of §. When the pore diameters of samples are
not as small as in this paper, the results show that the sphere must be used.

The molecular diffusion coefficient of water vapor in air can be obtained from the
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Fig. 10. Relations of drying-rate dW/d® vs, moisture
content W,

following equation.?

kg = 0.0427% %2 (1M, + M) [(Te/Pi ' + (TP ) (15)

where, T : absolute temperature (°K), T : critical temperature (°K),
P. : critical pressure (atm), M : molecular weight (—)

The value of kp, obtained from Eq. (15) is 17.7 cm?/min at 35°C. The value of kp, in
this study for the sphere in Table 2 is larger than the values obtained from Eq. (15).
If the rate parameter kpy in this study isn’t a merely experimental parameter but a dif-
fusion coefficient, then a small quantity of water leaks out by capillary action.

If heat-transfer controlling steps are assumed, the rate parameters of the gas-film
and shell heat-transfers Ap (cal/cm?-min-°C) and kp (cal/cm-min-°C) are calculated

by the following equations? using the values of hy, and kp.
hh hm(AH) (cg— cg)/(tg— 19 (16)
kh km(AH) (cs—cg)/(tg— ts) (17)
If the values of &y, and ky, for the sphere in Table 2 are substituted into Eqgs. (16) and

(17), we obtain A, = 8.72 X 1072 cal/cm?-min-°C and kp =7.56 X 1072 cal/cm- min-°C.
The rate parameter of hp can be obtained from the following equation® and so

il

on.
Nu = 2+0.65Re"*Pr'l (18)
where, Nu : Nusselt number (-), Re: Reynolds number (—),
Pr : Prandtl number (—)
The value of h}, obtained from Eq. (18) is 4.14 X 10-2 cal/cm? - min- °C for the sphere in

Table 2 at 35°C. The value of A} in this study is larger than the value obtained from
Eq. (18). The reason is due to the diminution of the gas-film of sponges as compared
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with other smooth materials and so on.

The rate parameters of kp for the water vapor and water can be obtained from
the following equations®-%), respectively.

For water vapor;

kp = wlep + 2.58/M) (19)

where, u : viscosity (g/cm-min), cp: specific heat (cal/g:-°C),
M : molecular weight (-)

For water;
kp = 0.0842(1 +2.81 X 1073 (¢ — 20)) (20)
where, ¢t : temperature (°C)

The values of kp for water vapor and water obtained from Egs. (19) and (20) are 3.05 X
107 and 8.77 X 1072 cal/cm-min-°C at 35°C, respectively. The value of Ay, in this study
is close to the latter value, and larger than the former value. These results show that
most shell heat-transfer occurs at the solid and moving water by capillary action.

In above discussions, the driving force in the drying-rate equations assumed (cg—
cg) and (tg—tg), but can assume another driving force too. The temperature transition
of the undrying-core surface #((°C) was not considered in this paper. Then, the rate
parameters Ay, kmy, Ap and kp in this paper are merely experimental parameters, but
can be adopted satisfactorily for the design of various drying apparatuses.

RESULTS

The rate parameters in the drying-rate equations of the water-absorbing sponges
which are considered as imagined fiber-foods, were determined for the sphere, the long-
cylinder and the infinite-slab using a non-linear least square method.

The relations of the weight of material w(g) vs. the drying time 6 (min) which are
calculated from the rate parameters hy, and kp, obtained independently from the
integrated equations did not agree with the observed values. The reason is the inter-
relation of the rate parameters. Simulate calculations of the rate parameters using a
non-linear least square method were necessary.

The pore diameters of the sponges used in this study were not small and the water
cores of the long-cylinder and the infinite-slab were transformed into ellipsoids and the
disks. The calculated results for the long-cylinder and the infinite-slab did not agree
with the observed values, but in the case of the sphere the results agreed. The rate
parameters in this paper are merely experimental ones, but can be adopted satisfactorily
for the design of various drying apparatuses.
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SUMMARY

In a previous paper, we studied the drying-rate equations based on the drying-
shell models and the calculation methods of the rate parameters in the rate equations.
In present paper, the rate parameters of the water-absorbing sponges which are considered
as imagined fiber-foods, were determined for the sphere, the long-cylinder and the
infinite-slab using a non-linear least square method. The imagined fiver-foods are simple
samples which have no shrinkage of surface.

The calculated values using the rate parameters obtained independently from the
integrated equations did not agree with the observed values. Simulate calculations of
the rate parameters using a non-linear least square method were necessary.

The pore diameters of the sponges used in this study were not small and the water
cores of the long-cylinder and the infinite-slab were transformed into ellipsoids and the
disks. The calculated results for the long-cylinder and the infinite-slab did not agree
with the observed values, but in the case of the sphere the results agreed. The rafe
parameters in this paper are merely experimental ones, but can be adopted satisfactorily

for the design of various drying apparatuses.

NOTATIONS
Cg and c¢g : moisture concentrations of gas-film and undrying-core surfaces (g-H,0O/
cm? -void)
H and Hy : humidity and saturated humidity (g-H,O/g-D.A.)
AH - latent heat of vaporization (cal/g-H,0)

hm and hp @ rate parameters of gas-film diffusion (cm®-void/cm? - min) and heat trans-
fer (cal/cm?-min-°C)

km and kp @ rate parameters of shell diffusion (cm?®-void/cm-min) and heat transfer
(cal/cm-min-°C)

R : radius of sphere (cm), ® : dryingrate (g-H,0/min)

rc and xc : radius and half-thickness of undrying-core of sphere, long-cylinder or
infinite-slab (cm)

tg and tg : dry-bulb and undrying-core surface temperature 0

V, W, w and Xy, : volume, moisture content, weight and drying-ratio of drying materials
(cm?), (g-H,0/g-D.M.), (g) and (-)

dw/de . drying-rate (g-H,O/min-g-D.M.), 6 : drying time (min)
Ph - water concentration of vaporization (g-H,0/cm?)
Subscripts;

o, ¢ and d : initial, equilibrium and completely drying states
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