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The drying behaviour of a drop of polymer solution of the polyacrylonitrile-dimethylformamide system was
investigated in a wide range of drying air temperature (323-423K), initial drop volume (2-8/*1), and initial

concentration of solvent in a drop (5-18kg DMF/kg PAN). The theoretical calculation of the drying history of a
drop, based on the diffusion equation and the differential heat balance equation, using the experimental values of
activity and apparent mutual diffusion coefficient, represented the experimental values satisfactorily. The changes
of solvent content and temperature of a drop during drying were well correlated by the ratio (drying time)/(initial
radius of a drop)2, eliminating the effect of drop size. The shift in controlling step of the drying rate from surface
evaporation resistance controlling to internal diffusion resistance controlling is shownby means of changes in the
concentrations at the center and the surface of a drop.

Introduction

Drying behaviour of a drop containing dissolved
solid is regarded as a fundamental problem in spray
drying and has been reported by many investigators.
Liquids to be dried by spray driers are classified
roughly into three categories. The first are liquids
such as an inorganic aqueous solution in which the
solid phase appears in a drop in the later stage of
drying when the concentration of solid reaches the
saturation limit and a crust is formed in the final stage
of drying. Charlesworth and Marshall^ presented
equations to predict the times when the first solid
phase appears in a drop and when deposited solid
forms a crust. The second category includes a liquid
suspensions containing fine particles such as ceramics
and minerals which are entirely insoluble in the liquid.
As for the drying behaviour of a drop belonging to
this category, Ohtani and Miura3) investigated the
drying behaviour of a drop containing bentonite
particles and showed that the internal resistance of
mass transfer is almost negligible. The third are
emulsions and colloidal solutions such as a solution
containing various food materials or a polymer so-
lution. Whena drop of such a solution dries, the
internal resistance of mass transfer due to diffusion is
usually predominant. A skin is usually formed at the
surface after some drying time and wrinkles are
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formed on the surface in the final stage of drying due
to shrinkage of the drop. The drying behaviour of the
liquid was first analysed by Okazaki et al.,2) by
solving diffusion equations for the drying of
poly(vinyl alcohol) film. The authors presented an

analysis of the drying behaviour of a drop of skim-
milk aqueous solution, including the effect of inflation
of a drop in high-temperature air flow.4)

In this report, we also investigate the drying be-
haviour of a drop of polymer solution of the system
PAN (polyacrylonitrile)-DMF (dimethylformamide)
for wide ranges of drying conditions, at drying air
temperatures below the boiling point of the solvent.
1. Theoretical Equations

The authors4) reported a theoretical analysis of

drying of a drop of skim milk aqueous solution,
taking account of shrinkage due to solvent loss by
drying. The same analytical method is applied to the
drying of PAN-DMFsolution. The following is an
outline of the calculation equations.

On assuming a spherically-symmetrical concen-
tration distribution in a drop, a diffusion equation
taking account of bulk motion due to diffusion is
given by

dt +o)A+o>{ dr ) ~r2 fr{r DAB~d^) (1)
Initial and boundary conditions are:

t=0, R=R0, (oA=o)AO, T=T0 (2)
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-0. ^=0 ,3,

r=R(t) , F=kg(pAs-pA*) (4)

i lriw*,, (6)
*AJo^+co v;

It is assumed that the drop shrinks due to loss of

solvent by drying, maintaining a spherical shape. The
change of radius of the drop is calculated by Eq. (5).

Assuming uniform temperature in the drop, a heat
balance equation yields

dTJnR2 (hg(Ta- T)-F.!T) (?)
dt Ws (cB+cAw)

where

w=- *coAdr 8)

The heat-transfer coefficient and the mass-transfer
coefficient are calculated by the following equations
given by Toei and Okazaki.7)

Nu=2 +0.65Re1/2Pr1/3 (9)
Sh(^\ °'2=2+0.65Re1/2Sc1/3 (10)

The vapour pressure of solvent at the surface pAs in
Eq. (4) is calculated from the activity of the PAN-
DMFsystem, which was obtained by experiment for
the sorption equilibrium of a PAN-DMFfilm.6) The

dependency of activity on solvent concentration is
shown in Fig. 1. The activity was calculated by a

polynomial equation in the drying calculation. The

temperature change of the vapour pressure of pure
DMFpA° in the relation ofa(a>As) =pAs/pA° is given in

Table 1.

The mutual diffusion coefficient of the PAN-DMF
system measured experimentally by a desorptionmethod of the PAN-DMF films and a micro-

interferometric method6) were used in the drying
calculation by the following equations for a con-

centration and a temperature considered in the drop.
f 28.0+177.5<xu

where
£=1.38x10VT°-523 for co^>0.0435

(12)
E=l.12x lO4 for 0)^^0.0435
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     Fig. 1. Activity of PAN-DMF system.

The mutual diffusion coefficient of this system shows
an extreme concentration dependency as shown in

Fig. 2. The activation energy E also shows the con-
centration dependency and is approximately pre-

sented by Eq. (12).
 The calculated solvent content values based on the
mutual diffusion coefficient by Eqs. (ll) and (12)
overestimate the experimental values in the later

drying stage, especially in the drying condition of high
air temperature, as shown later.

 A modification of the mutual diffusion coefficient
was considered for the effect of the temperature by the

following equation.

     D'AB=DABexv(-66\IT+2A5)   (13)

where DAB is the diffusion coefficient given by Eqs.
(ll) and (12) and DAB is the corrected diffusion
coefficient for the drying of a drop. Equation (13) was
obtained by comparison of the integral average dif-
fusion coefficient DAB calculated by Eqs. (1 1) and (12)
with DAB obtained directly by applying the drying rate
equation5) to the falling-rate period of the present

drying data in which the approximate constancy of
coAi ~ coA0 and coAs ~ coA* were maintained. The drying
rate equations,5) derived by solving the diffusion
equation based on the assumption of similar con-

centration distribution in a drop, are as follows.

         COAi-COAv (DAv-OJa  COai-Cl)
                                             *
       Rt    Ro   Rt -{- R0

    KY R-S{, i (OamV
 R-t-:-7f {i +-i)   (i5)

 R° W/      (16)

  * (Pa8-Pa*)/Pa°      (17)

      o>as - Va*

R( and Ro are the internal resistance and the external
resistance for drying rate, respectively. The integral

average diffusion coefficient DAB is defined by



Table 1. Physical properties of the system PAN-DMF6)

Density
p/=950kg/m3, pB°=1180kg/m3

Vapour pressure of DMF
f /I 1 \ T}

^=2.878xlO4exp< -7.818xlO3 -7.333In--\ [Pa]
FA I \T 383.0/ 383.OJ

Latent heat of vaporization of DMF
XT=6.61 x 105+(72.6+4.69T)(Ta-273.0)-cA(T-273.0) [J/kg]

Specific heat^=2.78xlO3J/kgK, cB=1.51xl03 [J/kgK]

Fig. 2. Mutual diffusion coefficient of PAN-DMFsystem.

Dab=--^-- [^DAB(ojA)dcoA (18)
Eqs. (14)-(17) are based on the assumption of spheri-
cal shrinkage of a drop during drying. In the actual
drying, a drop shows an almost spherical shape in the
initial stage of drying, but in the later stage the
shrinkage due to solvent loss deforms the drop con-
siderably, causing wrinkles in the pliant skin of the
drop. This deformation would cause in practice a
smaller diffusional distance of the drop in the later
stage of drying than that calculated on the assump-
tion of spherical shrinkage of the drop. Then DABby
Eq. (1 3) would include the above morphological effect
and is considered as the apparent diffusion coefficient
for the drying of a drop.
For details of the numerical calculation used here,
refer to the previous paper.40
2. Experimental

The changes in weight and temperature of a drop
during drying were measured by the method proposed
by Charlesworth and Marshall.1* The experimental
apparatus and the procedures were the sameas in the
previous report.4)
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The liquid used to form a drop was prepared from
TANand DMF. The polymer of PANwas an
acrylonitrile-vinyl acetate copolymer containing
7wt%vinyl acetate with a mass average molecular
weight of ca. 130,000.

The physical properties of PAN and DMF are
listed in Table 1.

The experiments were arranged for drying con-
ditions that allowed investigation of the effects of the
drying air temperature, the initial concentration of the
liquid and the initial volume of a drop. The drying air
temperature was changed between 323-423 K. Drying
whenthe drying air temperature is higher than the
boiling point of DMF(426K) shows some com-
plicated behaviour, and is reported separately else-
where. The initial concentration was set at the three
levels of coAO=0.S5, 0.90 and 0.95kg DMF/kg. The
initial volumes ofa drop were set at Vo=2, 4 and 8 [A.
The velocity of the drying air stream to a drop was
normally kept at a constant value of 1.1 m/s. As for
the experiments to investigate the effect of the drop
volume, the air velocity was set at 0.87, 1.1 and
1.4m/s corresponding to the initial drop volume of 8,
4 and 2 /d, respectively, in order to examine analogous
drying behaviour4) for a constant Reynolds number
based on the initial diameter of the drop. In all the

experiments, the vapour pressure of the solvent in the
drying air stream was zero.

3. Experimental Results and Discussion
Typical data of drying history, shown in Fig. 3,
were measured at a set of drying conditions of Ta=
373K, ua=1.1 m/s, coAO=0.9kg DMF/kg (w0=9.0kg
DMF/kg PAN) and V0=4fil The data are used as a
standard in the following figures for comparison to
determine the effects of the drying air temperature,
the initial concentration and the initial drop volume.
The calculated changes of solvent content w and

temperature T, based on DABgiven by Eqs. (ll) and
(12), are shown in Fig. 3. The calculated w deviates on
the larger side of the experimental values, especially in
the later stage of drying. On the other hand, the

calculated changes of w and T based on the corrected
diffusion coefficient DABby Eq. (13) are satisfactorily
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Fig. 3. Sample data of drying history ofa drop.

in agreement with the experimental values, as shown
in Fig. 3.

The calculated changes of COAinside a drop, based
on DABfor the data ofFig. 3, are shown in Fig. 4, at
the dimensionless radii of r/R=0 (coAi), 0.8, 0.98 and

1.0 (coAs), respectively. It is noted that the con-

centration gradients inside a drop are very steep near
the surface through the whole drying time, cor-
responding to the rapid decrease of diffusion coef-

ficient in the lower solvent concentration, as shown in
Fig. 2. The activity falls rapidly in the earlier stage of

drying, corresponding to the rapid fall of coAs.No
constant-rate period, which may be defined as the
drying rate of a~ 1, exists even in the initial stage of

drying, in this data. The ratio of the internal re-
sistance and the total resistance in the drying rate

RiKRv+R^, calculated with the changes of coAi and
coAs by Eq. (14), is shown in Fig. 4. The ratio increases
rapidly and the internal resistance controls the drying

rate entirely after the drying time 80s. It is pointed
out that there is a period between £=40 and 120s in
this data in which the approximate constancies of
(oAi^o)AO and co^s^o^*=0 are maintained. In this
period, the integral average diffusion coefficient de-

fined by Eq. (18) depends only on the temperature of
the drop.
3.1 The effect of drying air temperature

The changes of w during drying for the various
drying air temperatures are shown in Fig. 5 and the
corresponding changes of T are shown in Fig. 6. In

these data, the initial concentration coAO=0.9, the
initial volume of a drop Vo=4jA and the air velocity
ua= 1. 1 m/s were kept constant. The calculated values
of w and T under these drying conditions based on
DABare also presented in Figs. 5 and 6, respectively.
Agreement between the calculated values based on
DABand the observed ones are satisfactory for the

various drying air temperatures while the calculated
values of w based on DABdeviate on the larger side
from the experimental ones, as shown in Fig. 5.

The characteristic drying curves corresponding to
Figs. 5 and 6 are shown in Fig. 7, in which the
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Fig. 4. Changes ofcda inside a drop, activity of surface anc
controlling step during drying.

Fig. 5. Changes of solvent content and effect of drying air
temperature.

Fig. 6. Changes of drop temperature and effect of drying
air temperature.

observed values of the drying rates were obtained by
differentiation of the polynomial equations obtained
by the application of the least-square method to the
observed relations of wvs. t. The drying rate curves
calculated with D'AB, shown in Fig. 7 by slender lines,
are in agreement with the observed curves shown by
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Fig. 7. Characteristic drying curves and effect of drying air
temperature.

bold lines. In Fig. 7, point A denotes the point of
RJiRo+RJ=0.5 and point B, Ui/(l?0+1^=0.99.

The manner of the shift of the controlling step
according to drying air temperature can be read
distinctively on the traces of both points A and B, as
shown in Fig. 7. The higher the drying air tempera-
ture, the larger the value of w at which the transition
to internal resistance controlling occurs.
3.2 The effect of initial concentration

The effect of initial concentration of a drop on
drying behaviour is shown in Figs. 8 and 9 for the
changes of w and T, respectively. The three cases of
co^0=0.85, 0.9 and 0.95 are compared in which Ta=
373K, Mfl= l.l m/s and V0=4jA were held constant.
The calculated values of w based on both DABand
DABare also shown respectively in Fig. 8. The values
of w based on DABare in agreement with the experi-
mental values while the values based on DABare
considerably higher. The corresponding changes of

temperature calculated by DABare shown in Fig. 9
and are in agreement with the observed changes of T.

The characteristic drying curves for the data of
Figs. 8 and 9 are shown in Fig. 10. For the case of
co^0 =0.95, the calculated drying rate curve based on
DABshows a rather flat maximumdrying rate after
the preheating stage, which reflects some external
resistance controlling state in the earlier stage of
drying. But in the curves for the initially more con-
centrated liquids ofcoAO = 0.9 and 0.85, the state of the
internal resistance controlling comes earlier after the
preheating stage.

3.3 The effect of initial volume of a drop
From the theoretical point of view, the authors4)
118

Fig. 8. Changes of solvent content and effect of initial
concentration.

Fig. 9. Changes of drop temperature and effect of initial
concentration.

Fig. 10. Characteristic drying curves and effect of initial
concentration.

have proposed conditions of similarity for drying of a
drop of various sizes. According to this concept, the
drying behaviour can be represented similarly by the
variable of t/Ro2 when the Reynolds numbers based
on the initial drop diameter are the same. The three
cases of initial drop volume of2, 4 and 8 [A were tested
experimentally. The air velocities were set at 0.87, 1.1
and 1.4m/s, respectively, so that the Reynolds num-
bers based on the initial diameter 2R$ were kept
constant (Reo=91.6-95.2). These data are shown in
Figs. ll and 12 for w and T, respectively, using the
variable tlR^. As shown in Figs. ll and 12, the use of
this variable is quite satisfactory and the changes of w
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Fig. ll. Changes of solvent content and effect of initial
volume of a drop.

Fig. 12. Changes of drop temperature and effect of initial
drop volume.

and T for drops of three different initial radii can be
represented by a single relation for both w and T,
respectively. The calculated curves of w and T based
on D 'AB are in agreement with the experimental data.
Conclusion

The drying behaviour of a drop of PAN-DMF
solution was investigated for various drying con-
ditions. The calculated changes of the solvent content
and the temperature of a drop using a corrected
apparent diffusion coefficient are in agreement with
the experimental results. The changes of solvent con-
tent and temperature are well correlated by the term
of (drying time)/(initial radius of a drop)2, eliminating
the effect of drop size. The shift of the controlling step
of the drying rate from external resistance controlling
to internal resistance controlling is shown by means of
the changes of concentration at the center and the
surface of a drop under various drying conditions.
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Nomenclature
a = Activity =pA/pA° [-]
cA = specific heat of solvent [Jkg^ K"1]
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cB = specific heat of polymer [Jkg iK *]
DAB = mutual diffusion coefficient [n^ s"1]
DAB = corrected value of DAB by Eq. (13) [m2 s"1]
E = activation energy of DAB [Jmol^ K"1]
F = drying rate [kgm~2 s~1]

/ = factor by Eq. (17) [-]
hg = heat transfer coefficient [Wm"2 K"1]
KY = ratio of radial average mass flux inside

a drop and surface mass flux [-]
kg = mass transfer coefficient [kgm"2 s~1 Pa"1]
Nu = Nusselt number [-]
P = total pressure of drying air [Pa]
Pr = Prandtl number of drying air [-]
pA = vapour pressure of solvent [Pa]
pA° = vapour pressure of pure solvent [Pa]
Pa* = vapour pressure of solvent in drying air [Pa]
pBm = logarithmic mean of (P-pA) in boundary

film [Pa]

R = radius ofa drop or gas constant
[mj or lJmol^K-1]

Re = Reynolds number 2Rà"ujva [-]

Ri = internal resistance for drying rate [n^ skg"1]
Ro = external resistance for drying rate [m2 s kg-1]
r = radial distance in a drop [m]
Sc = Schmidt number of solvent vapour in drying

air [_]
Sh = Sherwood number [-]
T = temperature of a drop [K]
Ta = temperature of drying air [K]

t - drying time [s]
ua = velocity of drying air [ms"1]
Vo = initial volume of a drop [m3]
Ws - mass of polymer in a drop [kg]
w = average solvent content in a drop

[kg solvent (kg polymer)"1]

& = penetration depth of concentration change
in a drop [m]

hT = latent heat of vaporization [J kg"1]
va = kinematic viscosity of drying air [m2 s-1]
Pa = density of solvent [kgm"3]
pB° = density of polymer [kgm"3]
COA = mass fraction of solvent [kg solvent -kg"1]
<& = Pa°I(Pb° -Pa0) [-]

(Subscripts )
/ = refers to center ofa drop
0 = refers to initial state
s - refers to surface of a drop
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