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Abstract
This paper presents a model to describe the evaporationrgimydehavior of a single quiescent spherical bi-
component droplet containing evaporating liquid and digsb solid substance. Although, many models are
available in literature for droplet evaporation and drying appropriate model is available to study the liquid
evaporation of a polymer aqueous solution. The preseny stoiicerns the evaporation and drying of a droplet of
polymer (Polyvinylpyrrolidone - PVP) in the solvent watdihe water evaporation rate from the droplet is com-
puted using a modification of Abramzon and Sirignano’s cotive two-film model, and variable liquid and film
properties are considered. The effect of PVP presence aor yapssure of water is estimated by calculating the
activity coefficient of water using the UNIFAC-vdW-FV metthoThe system under consideration is governed by
the continuity (diffusion) and energy equations, whichsolved using a finite difference method. The simulation
results reveal that, as the water evaporates, the droplét b shrink and a concentration gradient develops inside
the droplet. During the shrinkage, the droplet is assumeatiotain spherical shape. When the solute (PVP) con-
centration further increases at the surface, the moleeukanglement of polymer commences and thereby starts a
solid layer formation on the surface. This solid surface para the further solvent evaporation causing the droplet
temperature to raise. The effect of drying conditions suchas velocity and temperature, and relative humidity
on evaporation and drying rate is also studied. It is coredittiat the present model effectively captures the initial
stages of single droplet drying.

Introduction

Spray drying is a primary process for manufacturing the pwavhere an atomized liquid feed is exposed
to hot gas to yield dried material. This is a unique technjgut@ch couples the concurrent processes of solvent
evaporation and particle formation involving mass and heaisfer. Although modeling of spray drying has been
subject of research for many years, none of the models atedpp a polymer-dissolved-in-water droplet because
of the unknown behavior, unavailability of experimentauks and complexity of the problem.

Single droplet evaporation and a drying concept are firsged by Charlesworth and Marshall [1] by exper-
imentally measuring the change in droplet mass using theatifh of a thin, long glass filament. This stu@y [1]
also classifies different stages of droplet evaporatioter_this experiment with some modifications is considered
in many studies. The work of Sano and KeBy [2] includes théndrpehavior of colloidal material into a hol-
low sphere by considering the migration of solid matter tagahe center of the droplet through the convection
measurement inside the droplet, which is a challenge torawrpat [3]. Most of the experiments concerning the
droplet evaporation and drying available in literature itber related to salt§][L] 41 5], milk powdefs [6, 7] or
some other colloidal mattefl[2] Bl [8, 9] and none deal wittyp@r solutions. Previously developed models as-
sume uniform temperature gradient within the droplet arglew the effect of solid formation on surfaél[8[4, 8].
The study of Nesic and VodniKk][3] presents kinetics of dropleporation to predict the drying characteristics of
a colloidal silica droplet, where the crust formation on sheface, which occurs in this configuration, is consid-
ered. The surface vapor concentration of evaporating sbisealculated using experimentally measured material
dependent factors, which are not available for polymertgms, where molecular entanglement leads to solid
layer formation. Nesic and Vodnik][3] use a more detailedcdpsion of various stages of droplet evaporation
and drying. Farid[[l7] shows that the droplet evaporation drying are controlled by thermal-diffusion rather
than mass-diffusion as assumed by most of the earlier st(@jg1,[4]. In Farid’s model]7], the droplet center
is always assumed to be at wet-bulb temperature until cdmptdvent evaporation. The time of crust formation
of a colloidal silica droplet is calculated using the eneogyance which does not account for solvent and solute
composition changes, and the evaporation rate is compsted simple relation without accounting the variation
in film and liquid properties. For droplets with initial sd$ inside, the population balance approach is recently
developed[IR] to model the nucleation and growth of suspésddids inside an ideal binary liquid droplet with
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an assumption that there exists some nuclei of suspended sutially, but this method cannot be applied in the
present case of droplet with polymers dissolved in water.

The aim of the present study is to develop a mathematical matiéch can be applied to predict the evap-
oration and drying characteristics of polymer in water detgp Prerequisites of the method are inclusion of the
solid layer formation at the polymer droplet surface andttreent of the liquid mixture as real through use of the
activity coefficient of the evaporating component.

Mathematical Formulation

The problem under consideration is the evaporation andiggfian isolated single spherical droplet consisting
of a binary mixture of a liquid and a dissolved solid matew#h low or zero vapor pressure. The present section
presents the general mathematical formulation for an eedipg and drying droplet, but the primary focus is the
drying behavior of a PVP in water droplet.

The evaporation rate is calculated based on Abramzon aigh&iro’s modell[[T0] with modifications in order
to account for the resistance due to solid formation at tbeldt surface in evaporation rate as well as temperature
equations. During the evaporation and drying, the dropteiengoes four stages as explained by Nesic and Vod-
nik [B]. In the initial stage, the droplet temperature qljyathanges to an equilibrium temperature, which is most
often near to the wet bulb temperature for surrounding gashaimidity, with some solvent evaporation. In the
second stage, the droplet starts to shrink as solvent eagsoand solute mass fraction raises at the surface, this
leads to slight raise in the droplet temperature. The irsg@asolute mass fraction at the droplet surface hinders
the further evaporation rate as vapor pressure of the soatghe surface drops. The third stage of drying starts
when the solute mass fraction at the surface raises to ehthicegalue, which is most often equal to saturation
solubility of the solute in the solvent, where upon the cfasmhation starts for salts and colloidal material and in
the case of polymers, molecular entanglement and grador@are in concentration lead to solid layer formation
at the surface. In the latter case, the solid layer thickexdsdevelops into the droplet interior, and a rapid fall in
evaporation rate is observed. In this period, the heat peeetinto the liquid is used for heating the droplet im-
plying the droplet temperature to raise rapidly. Furtheirdy behavior of droplet depends on the vapor diffusivity
through the solid layer. In the final stage of drying, boilfioiowed by particle drying, eventually leading to dried
product formation, takes place. In this work, the dryingalyrics from the initial temperature change to molecular
entanglement causing solid layer formation is simulated.

The problem of evaporation and drying of single droplet camkll defined using the heat conduction and the
diffusion equations in spherical coordinates. The heatlootion equation, describing the conductive heat transfer
within the droplet, is written as

oI  ar1d /0T
o =l 5 @
whereT is the liquid temperaturey denotes the thermal diffusivity,is the radial coordinate, artdstands for time.
The above equation is solved with the following initial armibdary conditions. At =0, the droplet is at uniform
temperaturel” = Tp. At the droplet center; = 0, zero gradient condition prevails at any timg,/0r = 0.
The energy balance at the droplet surface is given throughdlindary condition

oT
b = h(Ts — Txo) 2)
atr = R, whereR denotes the droplet radius. In Efl (2), denotes droplet surface temperature, Zgdstands
for gas temperature in the bulk.

First, Equation[{ll) with initial and boundary condition givin Eq. [2) is solved using a finite difference
method to find the temperature gradients inside the dropies. observed that the droplet interior temperature
responds very quickly to the bulk gas temperature, and th@deature variation from the droplet surface to its
center is very small. Therefore, in the remaining simulaiainiform temperature within the droplet is assumed,
and the corresponding energy equation is given below, see{E2) and[[I3).

The diffusion equation for the substanci the droplet is formulated in terms of mass fractibp reads as,

dY;  Diap 0 [ ,0Y; .
ot =l (P =12 @)

where D1, is the binary diffusion coefficient in the liquid. In this eafioni = 1 denotes the solvent (water) and
1 = 2 denotes solute (PVP). Equatidn (3) is numerically solatdvery time and spatial location using a finite
difference method along with the proper initial and bougdzonditions. Initially, the droplet is a homogenous
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mixture,Y; = Y;o att = 0. At the droplet center; = 0, the regularity condition must be satisfied at any time,
9dY;/0r = 0. The boundary condition at the droplet surface must acclmurihe change in droplet size, and it is
written as,

i dR m;
Dyt —

or dt ' Ap “)

atr = R(t). Herem,; is the mass evaporation rate of substaheeross the droplet surfac®&(t) and A are
time dependent droplet radius and surface area, respgctarel p; is the liquid density.rn; is zero for non-
evaporating solute (PVP}),= 2. The diffusion Eq.[[B) gives the concentration profilesdesthe droplet. For
solving this equation, the evaporation rate from the ditogleface i;, is needed which appears in EQ. (4). This
rate of evaporation is determined based on Sherwood anafagjyramzon and Sirignano’s mod€&l]10], and in the
present study, it is used in the extended form for bi-compoliguid mixture developed by Breret al. [I1], as

=Y 1 = [2rR;pp DShin(1 + Bay)), (5)

whereR; is volume equivalent partial radius of compongmtased on its corresponding volume fraction, computed
asR; = R(V;/V)'/3, 5; andD; are the density and mass diffusivity in the film, respectivehdSh is modified
Sherwood numbei3,, ; is the Spalding mass transfer number for componemhich is calculated a§ 10, 112]

Yvi,s - Y;,oo

M, 1 Y.,

(6)
Modified Sherwood and Nusselt numbers, which will appear liat the heat transfer rate equation, are expressed
as defined by Abramzon and Sirignahal[10],

Sh =2+ (Shy — 2)/Fy and Nu=2+ (Nug — 2)/Fr. @)

Nesic and Vodnik[[B] implemented a similar approach, buyttle not account for the volume fraction based
radius in the calculation of the evaporation rate, i.e.ptioradiusR is used instead aR; in computingri. Since

the solute vapor pressure is low or zero and the dropletigs@vaporation rate becomes very small, negligence
of the volume correction (using in the place ofRR;) may lead to an increased evaporation rate. In the present
situation, the summation in Eql(5) is only over componetetause PVP does not evaporate, but for the sake of
generality, the summation is kept in writing in EQL (5). Tivjgoration rate reduction due to solid layer resistance
is considered in Eq[14), and it can be expressed similargavthrk of Nesic and Vodnik]3] by,

>i[2wRipr DyShin(1 + Bar,)]
ShD; §
1 + 2D5f R—0

: (8)

m; =

whered is the solid layer thickness at the droplet surface &nds the diffusivity of vapor in solid layer, which

is most often larger than the convection-diffusion coedfntj i.e.,STlDf [3]. During the initial stagey is zero but
once the solid layer has developed on the droplet surfacéeits significant resistance to evaporation which is
evident from the second term in the denominator of Elg. (8% ditoplet temperature continuously changes due to
heat transfer from ambient gas to the binary liquid droged it is computed using the energy balance across the
droplet, which gives the net heat transferred into the atdidl], as

. C71)[/(1_'00 - Ts)

Q=[P (L), ©)

where By is the Spalding heat transfer numbé&rT) is the latent heat of vaporization of liquid at the droplet
surface temperatufE,. Here, the heat transfer numb&¥, is calculated using the following relation]10]

Br = (1+ By)? — 1, (10)

where the exponentis given as[[10],

¢=—2L — (12)
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The time evolution of droplet temperature is calculated by

de o QL
dt — mCp,,

(12)

Equation [IR) can be modified to account for the solid layemfation at the droplet surface, and it is written in
terms of the solid layer thicknesg,as

dT 1 nL(Ts .
Q) ) o
m URrg
PLE1+ 5 75

Similar to Eq. [8), the second term in denominator insidelitacket of Eq.[[13) denotes the resistance due to
solid formation at the droplet surface, and its effect beessignificant only when is non-zero. The difference
between heat transfer and mass transfer resistance isiehatio of diffusion coefficient®,2/D; is larger than
the ratiok, /ks [3]. The solid layer thicknes& is computed based on the solute mass balance inside theetiropl
similar to the work of Nesic and Vodnik][3], and it is given as

4 4
mo = gﬁplYg(thg)ngmf gﬁpl(R—é)g, (14)

wherem is the total droplet massn. is the total solute mass in the droplet aridis the mass fraction of solute
(PVP) in the liquid droplet of siz& — §. The first term in right hand side of Eq{14) is the mass of PVEhe
solution and combination of last two terms represents th B¥ss in solid layer. This equation can be solved to
getsd.

The presence of polymer with water inside the droplet leadson-ideal liquid behavior, which must be ac-
counted for in calculating the vapor pressure of water adtioplet surface. In this work, the liquid mixture is
treated as real by determining the influence of individuahponents on each other through their activity coeffi-
cients. The activity coefficient of water is computed using UNIFAC-van der Waals-Free Volume method also
known as UNIFAC-vdW-FV methodT1.3].

Before implementation of this advanced method into theanirdroplet code, it has been verified by comparing
it with the well known UNIFAC method[14]; results from thesgo methods are compared with experimental
results from Striolo and Prausnilz_]15]. Molecular projesrtdata such as van der Waals volume and radii for
PVP polymer are taken frorh [IL6,117], and the other properégaired in the UNIFAC-vdW-FV method are taken
from [18]. In Fig[d, the weight based water activity is shaatmemperatures of 7& (left) and 94.8C (right). For
this purpose, water activity,,,, computed from UNIFAC-vdW-FV method is converted to thewdist coefficient,

vi,1 = 1, using water weight fractiony;, and its mole fractiong, ;, whereL refers to the liquid, through the
relation given as
Gy W5

=2 (13)
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Figure 1. Numerical and experimentdl[15] results of water activityRVP/water solution at 7& (left) and
94.5°C (right)
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It is observed that the UNIFAC-vdW-FV method improves thelBAC method results, and the UNIFAC-vdW-
FV method results in profiles which are in excellent agreegméth the experimental dat&iL5]. Therefore, the
UNIFAC-vdW-FV method will be used in the remainder of thedstu

In the present formulation, the activity coefficient,7 = 1, is needed for the calculation of Spalding’s mass
transfer numberB,, 1, c.f. Eq. [®), in which the mass fractiol; , of the evaporating component appears; this
mass fraction is calculated through the mole fraction; = 1, of the evaporating component water, in terms of
the activity coefficienty;, which is written as,

Ty = pVPL:’)/imLJ, 1= 1, (16)
wherep.p 1 is the vapor pressure of pure water @dgl is the total mixture pressure, which is equal to the ambient
gas pressure; in the present study it equals the atmosytessure.

Results and Discussion

The numerical simulations are carried out by solving EQl. (@), and [IB) simultaneously using a finite
difference method. Grid independency of the computatisnhEme has been assured. Simulations are carried
out with different surrounding gas temperatures, gas Wglaand relative humidity to investigate their effect on
drying characteristics. The droplet is assumed to be spddeturing the entire evaporation and drying processes.
The thermal properties of PVP are taken framl [19], viscoaityl diffusivity of PVP in water are taken from]20],
and the remaining other properties are taken frionh [18]. Tifiesibn coefficientD, is not available in literature,
therefore, based ofl[3], it is assumed toQkﬁEDf, and similarly the unknown thermal conductiviky,, is taken
as10 k,. The physical and thermal properties in the film are caleudlait the reference composition using the
1/3 rule [Z1]. The maximum solubility of PVP is not available itefature, and it is assumed to be 30 g in 100 ml
water following Bihler[[ZR], which corresponds to a PVP niaastion of about 0.235.

In Fig.[A, the mass and temperature profiles inside the drapéeshown. Here the droplet initial radius is
200 um, initial temperature of 20, and the surrounding nitrogen gas is flowing with a velooityl m/s at
a temperature of 7&. It is assumed that there is zero relative humidity, anddifoplet is homogenous with
initial PVP mass fraction of 0.1, see FIg. 3. Figlite 2 revéiads during the initial stage, there is no significant
raise in droplet temperature, and total droplet mass rexidige to continuous evaporation. After about 6.5 s, the
droplet temperature suddenly raises indicating that the Eyer formation on the droplet surface has started, and
evaporation slows down due to the resistance built by thid $myer. FigurdB shows the profiles of PVP mass
fraction inside the droplet at different times. Initialtiie PVP mass fraction is assumed uniform inside the droplet,
and then the droplet size reduces and there is a developi@WBoconcentration profile inside the droplet, which
can be seen at later times. This profile builds up with time r@adhes a saturation level of PVP in water at the
droplet surface after about 6.5 s, which is visible in ElgwBgre the PVP mass fraction at the droplet surface at
7 s has reached the assumed saturation value of 0.235.
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Figurel3 gives a comparison of total droplet mass and drepiéace temperature for two different gas tem-
peratures of 60 and 7E. It can clearly be seen that, the higher the gas tempertterguicker the time taken to
see molecular entanglements and to form a solid layer tacesfluther evaporation. In case of &0 it takes more
than 9 s for the droplet temperature to increase, wherea®thesponding value for 7& is about 6.5 s. Similarly,
the reduction rate in total droplet mass slows down. Fiflsbdws the development of PVP mass fraction inside
the droplet for 60C, which can be compared with the situation fof €sshown in FiglB. The mass fraction of
PVP at the droplet center reaches 0.15 in 8 s fdiB0as temperature, whereas for @5 it reaches about 0.18
in the same time, because the higher gas temperature yaetps [driving force for heat transfer, c.f. EJS. (9) and
(@), into the liquid causing faster evaporation. In [Epth& effect of gas velocity on drying rates is displayed
for two different gas velocities of 1 and 2 m/s. It can obsdrifeat the droplet size reduces more quickly in the
case of higher gas velocity: the larger droplet Reynoldstmemc.f. Eq.[(B), causes a higher loss of evaporating
component in the droplet as gas velocity increases. Afterestime, the decrease in droplet size retards because
of the solid layer formation as observed in Hiy. 4. Solid tdgemation occurs at around 7 s for 1 m/s conforming
with Fig.[, and in 4.5 s for 2 m/s (not shown). Hence, the é¢ftédgas velocity on droplet drying characteristics
is very significant.

The influence of relative humidity of 5% in the surrounding ga droplet evaporation and drying is shown in
Fig.[ for 75 C gas temperature flowing at 1 m/s. The times of 4 s (blue liard)8 s (red lines) are displayed.
The no humidity condition (solid lines) is also shown for poase of comparison. The PVP mass fraction is lower
for higher relative humidity, whereas the water mass foaci higher due to the smaller driving force for the mass
transfer, see E(.X6), delaying water evaporation. Theuwiffces between no humidity and 5% humidity situations
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build up with time: at 4 s, the droplet interior is hardly affed, and humidity starts influencing the outer region
inside the droplet. At a later timé, = 8 s, the differences are large in the droplet core, and theyeduced
towards the droplet surface, where the saturation sotylislireached.

The study shows the UNIFAC-vdW-FV method to greatly imprthesresults of the UNIFAC method. Droplet
humidity, and both gas velocity and temperature stronglcafVP/water droplet drying characteristics. A more
detailed knowledge of saturation solubility and the diiffitg of vapor through the solid layers as well as its thermal
conductivity is desirable, and experiments are stronggpoaraged to gain these data.

Summary and Conclusions

In this study, a model to describe the evaporation and drgfrige polymer PVP in water is developed. The
system under consideration is governed by the continuitfu&ion) and energy equations. The evaporation rate of
water from the droplet at a given time is calculated using difimation of Abramzon and Sirignano’s modgl[10],
which includes the volume fraction based droplet radiug Hiid resistance from solid layer. The temperature
inside the droplet is assumed to be uniform, and the chandmplet temperature due to heat penetration through
the droplet surface from the surrounding gas is calculati¢a similar modifications used for mass evaporation
rate, and resistance from the solid layer is formulatea¥aiihg Nesic and Vodnik]3]. The liquid mixture is treated
as real with the activity coefficient calculation using theproved UNIFAC-vdW-FV method.

The results show that both the gas temperature and velaity $ignificant influence on the evaporation and
drying characteristics of PVP in water droplet. PVP in wateaporation and drying have similar behavior for
droplet mass and temperature evolution with time comparedhter material such as silica gel [3]. However, the
crust building in silica gel is not present here, and molacehtanglement and solid layer formation occur for
the PVP in water droplet studied here. The relative humidifys a major role in the mass fraction gradients
and the results are analogues to the previous results ohiteail. [LT] for the droplet evaporation of two liquid
components.

The present model lacks experimental information of séittmaolubility and the diffusivity of vapor through
the solid layers as well as its thermal conductivity, themlees were estimated in the present study. Experiments
are strongly encouraged to gain these data.
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