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The rate of condensation of water on single aqueous solution drops in the transition regime is measured
with an electrodynamic balance. Observed characteristic relaxation times are compared with those predicted
theoretically to determine the thermal accommodation coefficient, which is found to be unity (consistent
with the accepted value in the literature). Due to the large heat of vaporization of water and the experimental
conditions used, the relaxation time is relatively insensitive to the water mass accommodation coefficient,
although the data would support a value close to unity. © 1986 Academic Press, Inc.

1. INTRODUCTION

There has long been a concern in aerosol
science with understanding heat and mass
transfer processes to single particles in the
noncontinuum regime. Several theoretical
treatments are available for transport to par-
ticles in the noncontinuum regime, in which
flux expressions are derived that predict trans-
port rates from the free molecule, through the
so-called transition regime, to the continuum
regime. The crux of these flux theories is their
dependence on the Knudsen number, Kn
= MR,, where A is an appropriately defined
mean free path and R, is the particle radius.
In addition, the heat and mass transfer pro-
cesses are characterized by the thermal and
mass accommodation coeflicients, ar and By,
respectively. The thermal accommodation
coefficient ot can be considered as the ratio
of the actual heat transfer flux to that predicted
if every molecule thermally accommodates at
the surface of the particle. The mass accom-
modation, or sticking, coefficient By is just the
fraction of molecules that strike the surface of
the particle that adhere to it. The object of the
present work is to measure the rate of con-

densation of water on single aqueous aerosol
particles in the transition regime so as to eval-
uate, if possible, the applicability of existing
transition regime flux theories as well as ther-
mal and mass accommodation coefficients.

In the present work water condensation
rates are measured on single (NH,),SO,
aqueous solution droplets suspended in an
electrodynamic balance, or quadrupole. The
medium surrounding the particles consists of
an air/water vapor or N,/water vapor mixture.
Two related studies have recently been pre-
sented. Arnold et al. (1) described similar ex-
periments on suspended aqueous solution
droplets in which the transport processes were
in the continuum regime. The present work
extends the experiments into the transition re-
gime. Richardson et al (2) have reported
measurements of growth rates of NaCl solu-
tion droplets in a background of water vapor.
The absence of noncondensing gas molecules
(i.e., O, and N,) enabled the use of self-dif-
fusion theory in analyzing mass transfer to the
droplets. The presence of noncondensing gas
molecules in the current system necessitates
the use of binary diffusion theory, in describing
the mass transport.

421

Journal of Colloid and Interface Science, Vol. 113, No. 2, October 1986

0021-9797/86 $3.00
Copyright © 1986 by Academic Press, Inc.
All rights of reproduction in any form reserved.



422

In Section 2, we describe the experimental
system and how particle growth rate measure-
ments were obtained. Section 3 is devoted to
a brief summary of applicable transition re-
gime theoretical results for heat and mass
transfer rates. Finally, we present in Section 4
the experimental data obtained and their in-
terpretation in light of the theory.

2. EXPERIMENTAL SYSTEM

2.1. The Electrodynamic Balance

The experiments described here were car-
ried out in an electrodynamic balance. As
shown in Fig. 1, the balance consists of two
hyperboloidal endcap electrodes between
which a dc potential is held, and a hyperbolic
torus to which an ac voltage is applied. The
use of this apparatus, as well as its historical
development, has been documented by Davis
(3). The dynamic behavior of a charged par-
ticle in the electric field inside the chamber
has been presented elsewhere (4-6), thus here
it will suffice to mention that a charged particle
can be stably levitated in the device by apply-
ing a dc voltage between the endcaps, V., such
that
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where ¢ and m are the particle charge and
mass, g is the gravitational constant, Z; is the
distance between the center of the chamber
and the endcaps (which equals 4.49 mm in
our case), and C is a geometric constant for
the hyperbolic geometry of Fig. 1. The value
of the geometric constant has been determined
theoretically by several authors (4, 5). Phillip
et al. obtained a value of 0.80 by computing
the internal field numerically. Davis ef al. (4)
evaluated C by obtaining an analytical solu-
tion to the approximaied field in the chamber
(by neglecting the presence of the ring elec-
trode). The theoretical value for C calculated
by Davis is 0.8768. In the theoretical studies
above, the effect of the ring or the effect of
holes in the ring electrode has been ignored;
thus, as Davis points out, the value of the geo-
metric constant must be determined experi-
mentally.

As shown in Fig. 1, the electrodes (made of
stainless steel) are positioned within a stainless
steel container. The electrical connections to
the electrodes are made through the bottom

qC =mg [1]
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FIG. 1. A schematic diagram showing the cross section of the electrodynamic balance system.
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plate, along the supporting legs of the elec-
trodes. The particle is illuminated with a HeNe
laser, the beam of which enters through the
bottom window of the container and runs ver-
tically through the chamber. The pressure in
the chamber is measured with a capacitative
manometer, and the temperature is monitored
by a thermistor. Additionally, the chamber is
held at a constant humidity through a con-
nection to a glass bulb containing a saturated
salt solution (NH,),PO, solution in the pres-
ent case).

In order to facilitate the continuous moni-
toring of the particle balancing voltage, we
have incorporated an automatic servo system
into the apparatus, the basic design of which
has been described by Arnold et al (8). As
shown in Fig. 1, the servo system functions by
reimaging the particle on the edge of a 45°
mirror. One photomultiplier tube is placed di-
rectly above the edge, while the other is posi-
tioned in the direction of the incident light.
The optics are adjusted so that when the par-
ticle is in the center of the chamber, its image
is split across the edge of the mirror. In this
fashion, small vertical displacements of the
particle result in different current outputs from
the two photomultiplier tubes. By feeding the
current output of the photomultiplier tubes
into a log-ratio amplifier, a correcting signal
to the balancing voltage is generated.

2.2. Particle Insertion and Sizing

Particles are introduced into the electro-
dynamic balance by first removing the topcap
(including the Brewster window), and then
positioning a droplet impulse jet over the top
electrode. In the jet (made by Uni Photon Sys-
tem, Inc., Model 1), a fluid displacement is
achieved by pulsing a piezoelectric crystal. The
purity of the drop is ensured by first flushing
the jet with purified water, and then backfilling
a minute quantity of salt solution through its
glass tip. The droplets are charged inductively
as they leave the jet and enter the chamber.

After a particle has been trapped, the cham-
ber is evacuated down to a pressure of about
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1 Torr in order to dry out the particle and
measure the balancing voltage needed to lev-
itate the dried particle. Once this voltage is
found, water vapor is bled into the chamber
by opening a valve connecting the chamber to
a saturated salt solution. At a particular water
vapor concentration the dry particle deli-
quesces. The final particle size is determined
by the relative humidity in the chamber which
is governed by the saturated salt solution. The
water content of the droplet is computed from
the relative voltages of the dry and the deli-
quesced particle. After the droplet size has sta-
bilized, either air or N, is bled slowly into the
chamber, raising the pressure to a desired level.

At this point the particle size (which is
needed in the subsequent rate calculations) is
determined either by its sedimentation rate,
or from its “spring-point™ potential (6). When
using the sedimentation method, the particle
initial balancing voltage, V5., is first changed
to a new value, V4. The ac field is then turned
off and the particle begins to move under the
combined influence of gravity and the electric
field. In this case a force balance on the particle
yields

C 67R
a Voff= T ok

" 27, C.

v [2]
where R, and v are the particle radius and ter-
minal velocity, C, is the Cunningham correc-
tion factor to Stokes drag, and p is the gas
viscosity. Since the particle charge to mass ra-
tio is known from the initial balancing voltage,
the radius R, can be found by straightforward
manipulation of Eq. [2], resulting in

NETE S
Rp B (zccppg I:Vgc - Voff] ) 3]

It should be pointed out that when using this
method, the particle was only allowed to fall
about 1 mm around the center of the chamber
where the field is relatively uniform. For par-
ticles under current investigation (10-20 um
in diameter), an offset of =~2% from the initial
voltage, resulted in fall times of 2-5 s. The
falling particles were observed through a cal-
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ibrated reticle of a 30X microscope, and timed
manually as they passed through a given dis-
tance on the reticle. With the balancing voltage
known to 0.1% and assuming that human re-
sponse time is ~ 100 ms, the uncertainty in
the velocity measurement is ~5%, while for
a 2% offset voltage, the uncertainty in the term
[V3/ (VS — Vo] is also 5%. Thus the uncer-
tainty in the radius evaluation at atmospheric
pressure (where C; ~ 1) is about 5% for a sin-
gle measurement.

When using the “spring-point” method, the
ac trapping voltage is increased to the point at
which the particle becomes unstable and be-
gins to oscillate at half the driving frequency
(6). Instability diagrams for the hyperbolic ge-
ometry, which show the regions of stable and
unstable levitation, have been presented else-
where (4). In these diagrams, the instability
envelope is expressed as a function of the drag
and electric field parameters, kK and Q; where
k = (12aR,u)/(Conw) (for a sphere) and
0 = 8V*Xg)/(w*ZyV.C), in which VX is the
spring-point voltage and w is the driving fre-
quency (60 Hz in this case). As evident from
the equation above, the calculation of Q re-
quires knowledge of the cell constant C. The
value of C for our chamber was found exper-
imentally by placing PSL particles in the
chamber and measuring their size from the
fall rate and the spring-point method. Since
the radius obtained by the fall rate is indepen-
dent of C, we used results of that method to
calibrate the particle. Knowing the radius of
the particle, the value of C was varied until
the radii obtained by both methods were equal.
Our experimental value of C is 0.71, about
10% lower than the theoretical value. This re-
duction is also in agreement with data pre-
sented by Phillip (7) which were obtained in
an identical chamber. Thus by measuring
V¥, Q can be calculated and the radius is
found from the corresponding value of the
drag parameter. It should be mentioned that
this sizing technique has also been used by
Richardson et al. (2); however, in the case in
which the particles are solid crystals a shape
factor multiplying the Stokes drag is required.
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2.3. The Growth-Rate Measurement

Particle growth rates were measured by the
method of Arnold et al. (1). For completeness
a short description of the method is included
in what follows. Once the particle diameter is
determined, the particle size is decreased
slightly from its equilibrium value by heating
the droplet, and the rate at which it grows back
to its original size once the heating is termi-
nated is recorded. In the first step in the growth
rate measurement the automatic servo system
is turned on and the microscope eyepiece (Figs.
1 and 2) is replaced with a photomultiplier
tube. As is evident from Fig. 1, the photo-
multiplier tube is positioned so as to receive
the 90° scattered light from the particle. At
this point the shutter, shown in Fig. 2, is
opened for 1- 35 s, thereby exposing the par-
ticle to an IR heat source (consisting of a coiled
Nicrome wire). During the heating the particle
evaporates slightly and the change in size is
reflected by a change in the scattering signal
from the photomultiplier tube. The scattering
signal is recorded either on a storage scope or
on an X-Y recorder from which the particle
relaxation time may be determined.

Servo optics

Bleed valve

Shutter

Pressure gauge
IR source

|

ZnSe
window & lenses

Top elecirode

Thermistor

Viewing optics

Salt solution

FIG. 2. A schematic diagram of the top view of the elec-
trodynamic balance system.
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The relationship between the change in the
scattered light intensity S from the particle and
the change in its diameter is (1, 10)

é——S:
S

AR,

BRP

[4]

where 8 is a transfer function which can be-
come very large (>10°) near resonance. In
converting the scattering signal to growth rates
it is crucial that the value of § remains con-
stant. As long as 8 remains constant, the size
relaxation time constant is equal to the scat-
tered light relaxation time constant; thus an
exact knowledge of the value of § is not nec-
essary. To ensure a constant 8, we produce
only small size fluctuations by heating the
particle for a short period. Additionally, the
same particle is heated for several different
times to check that the relaxation rate remains
constant for different changes in the radius.
For each reported measurement the decay in
the scattered light fluctuation, following heat-
ing, was found to be exponential, which as
shown by Arnold et al. (1) is consistent with
a constant value for .

3. RESPONSE OF AN AQUEOUS DROP TO
HEATING AND COOLING

When describing the dynamic behavior of
a droplet, initially in equilibrium with its sur-
roundings, whose temperature is suddenly
perturbed, one must account for both heat and
mass transfer from the drop. In an earlier
work, Sageev and Seinfeld obtained both an-
alytical and numerical solutions for the tem-
perature and size of an evaporating drop under

1+ 38m(1 + Z;)*Kn/4(3 + 5Z;)
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the influence of an intense heat source (11).
Those solutions are not applicable here as we
are interested in the cooling period, after the
heat source is turned off. The description of
this process has been addressed by several au-
thors (1, 12-14), the most comprehensive
treatment of which is that of Wagner (12). The
theoretical development of Arnold ef al. (1)
can form the basis for extension of the theory
of particle growth into the transition regime.
We also have noted in the Introduction that
another goal of the present study is to obtain
estimates of the thermal accommodation coef-
ficient, oy, and the condensation coefficient,
Bwm for water. These coeflicients arise in the
correction terms describing the deviation of
the growth rate from that in the continuum
regime. As pointed out by Wagner (12), since
these correction terms become more dominant
as the Knudsen number Kn is increased, it is
best to work in either the free molecule or
transition regimes in order to obtain estimates
of the o and Bu.

The mass flux from a drop can be expressed
as

oC

Ju = SDMDg (E)
r=Rp

where C is the mass concentration of the dif-
fusing species, D, is the binary diffusion coef-
ficient of the diffusing species in the back-
ground gas, and ¢y is the noncontinuum cor-
rection to the mass flux. Various forms of ¢y
have appeared in the literature (3). For ex-
ample, by an approximate solution to the
Boltzmann equation, Sitarski and Nowa-
kowski (15) obtained the following expression
for oum:

(5]

PMT T 5L + Zy)

oL + Z)° [61

409 + 10Zy)

where Z;; is the ratio of the molecular weight
of the diffusing species to that of the back-
ground gas. We use the equation above to de-
scribe ¢y because in an earlier work by Davis

[(BM(I +2Z) 1
73 + 5Zy)

+— |Kn + 2
26M) n 8(3+sz,,-)Kn]

(16, 17), mass transfer data were modeled ac-
curately using the same expression.

It should be pointed out that when there
exist several vapor species in the system, the
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mean free path for thermal transport Ay differs
from that for mass transport Ay. The reason
for this difference is that heat conduction is
carried out by both the diffusing species and
the background gas, whereas mass transfer re-
sults from the transfer of the diffusing species
alone. Therefore we consider At to be the av-
erage distance between collisions in the gas
mixture, while Ay is taken as the distance the
diffusing species, in our case water molecules,
travel between collisions. In the present work
we will base the calculations of the Knudsen
number on Ar because, as will be shown in
the next section, due to the large heat of va-
porization of water the thermal correction ¢y
dominates the growth rate of the drop. The
computation of At was based on the average
properties of the gas mixture through the
equation (18)

7

Ar = - 7

T 0.499p¢ 7]

where ¢ is the average molecular velocity in

the gas.

Since heat conduction through the drop is
much faster than that through the gas, the Biot
number for the drop/gas system is much less
than unity. Under these circumstances the
temperature profile inside the drop can be
considered to be uniform and the energy bal-
ance on the drop is then given by

o Rodl_ O
P 3y 4

[e(5)., reenda) )

where Q, and I are the particle absorption
coefficient and the incident light intensity, re-
spectively, k is the gas thermal conductivity,
C, is the drop heat capacity, L is the water
latent heat of vaporization, and ¢r is the cor-
rection to the continuum Fourier heat flux to
account for noncontinuum conditions. The
correction above can be computed by assum-
ing that the inside of the thermal boundary
layer surrounding the drop heat transfer is de-
scribed by Knudsen flow, while outside the
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boundary layer heat transfer follows the con-
tinuum conduction equation. By matching
these two heat fluxes at the boundary layer the
following expression can be obtained for ¢t
(13):

— RD
or = R +4h [9]
where
k(2eMRT)'?
fp = SQTMRT) [10]

atP(C, + R/2)

where o is the thermal accommodation coef-
ficient, P and C, are the gas pressure and heat
capacity, respectively, and R is the gas con-
stant.

Noting that the temperature and concen-
tration fields in the gas phase are established
much more quickly than the mass relaxation
(1, 11) allows one to approximate the system
as if in quasi-steady state. Equations [5] and
[8] reduce to

dR,

(C~ Co)
po = —puDy

p

[11]
and

Q_aI= k(Ts_Tw)

(G —Cy)
4 o1 R, B —

14

[12]

where C; and C,, are the vapor mass concen-
trations at the surface and far away from the
drop, respectively.

Utilizing Raoult’s Law and the Van’t Hoff
factor i to relate the vapor concentration over
the surface of the salt solution to that of pure
water gives

Co=1[1— i1 - X)IC° [13]

where X,, is the water mole fraction, and C°
is the pure water concentration (on a mass
basis).

The variation in water vapor concentration,
C,, with temperature is related to the temper-
ature variation through the Clausius—Clapey-
ron equation:

(L)

C?° RT T [14]
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By considering only small changes in the ra-
dius we let R,(f) = Ry + €(f) where € < Ryp.
Finally, substitution of Equations [12]-[14]
into Equation [11] yields the following
expression describing the growth rate of the
particle:

d
i = —a'l — e [15]
where ' and v’ are
Z a
o= —2— ‘P—M% [16]
1+ 2z | FT
T
, _ 3D,COX(1 — Xuom
ool 1+ 22 12)
T
JZ
+ Q 7]
4p,,(1 +?MLZ) et
T
with
DL [LM :|
= 1 —il - X)| == —1]. [1
Z == =i = X)| T~ 1| (18]

It should be noted that v’ reduces to that
of Arnold et al. (1) in the continuum regime
(i.e., for ¢y = @y = 1.0). Just as in that work,
the second term in the equation for v’ may be
neglected in comparison with the first term
for the intensities used in this experiment.

At the low intensities used in the experiment
the second term in Equation [17] (involving
Q. and I) is much smaller than the first term
and can therefore be neglected. The relaxation
rate of the particle radius is given by v, and
its inverse is the characteristic relaxation time
1 of the particle. The ratio of the relaxation
time to that in the continuum regime 7. is
obtained directly from Equation [17] as

1+ ™M1z
T T

U+ LDew [19]

4. RESULTS AND DISCUSSION

The experimental relaxation times divided
by the times predicted by the continuum the-
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FiG. 3. Experimental relaxation times divided by the
calculated theoretical time in the continuum regime, as a
function of the Knudsen number. The solid line is the
theoretically predicted ratio assuming oy and By = 1.0.

ory are shown in Fig. 3. We also show the
ratio of the theoretical noncontinuum relax-
ation time divided by the theoretical contin-
uum time as expressed by Equation [19]. In
the theoretical line both ar and By were as-
sumed to be unity. The proximity of the ex-
perimentally measured relaxation times and
those predicted theoretically indicates that the
experimental behavior matches the theoretical
prediction quite well over the entire range un-
der study. A summary of the conditions and
the results of the experiments is shown in Ta-
ble I. The differences in droplet composition
seen in Table I are caused by small variations
in the relative temperature of the chamber and
the humidification bulb. It should be pointed
out that we have attempted to obtain data at
higher Knudsen numbers; however, at those
conditions the scattered light signal became
noisy due to oscillation of the droplet, there-
fore those data were not analyzed.

To probe the sensitivity of these results to
changes in the thermal accommodation and
condensation coefficients, we first consider the
value of the product (LZ) in the denominator
of Equation [19]. Under the experimental
conditions shown in Table I, Z ranged from
0.15 t0 0.015 g/cal while L is on the order of
580 cal/g. Since both «7 and £y appear to be
of order unity in our case, the condition (¢y/

Journal of Colloid and Interface Science, Vol. 113, No. 2, October 1986



428

SAGEEV ET AL.

TABLE I
A Summary of the Experimental Conditions during Various Runs

Pressure Temp. Diameter Relaxation

No. (mm) Xo °C) {um) Kn time (ms)
1 21.6 0.91 23.70 13.6 0.239 600
2 349 0.91 24.31 12.6 0.172 280
3 43.7 0.89 25.01 11.8 0.150 230
4 514 0.88 25.92 11.7 0.132 155
5 48.8 0.92 23.85 19.3 0.079 930
6 79.9 0.92 23.85 19.3 0.052 900
7 121.5 0.91 24.06 18.8 0.035 610
8 203.9 0.90 24.25 18.8 0.021 575
9 736.1 0.90 23.25 19.3 0.0057 735

¢1)LZ > 1 holds. Looking back at Equations
[17] and [19], one immediately sees that, due
to the large heat of condensation of water, the
relaxation rate v’ is more or less independent
of the noncontinuum correction factor ¢u.
Since ¢\ contains the water condensation
coeflicient By, the relaxation rate is therefore
largely independent of the water condensation
coefficient. Thus under these conditions /7,
~ ¢7!, and the ratio of the relaxation times
equals the thermal noncontinuum correction
factor.

In Fig. 4, we show the theoretical relaxation
time divided by the continuum relaxation time
as a function of Kn for a thermal accommo-
dation coefficient oy = 1.0 and water vapor
condensation coefficient of 8y = 1.0 and 0.1.
The results in Fig. 4 indicate that it is not pos-

2.4

22 =

0.001 0.01 o1 1.0
KNUDSEN NUMBER

FI1G. 4. The effect of the value of the mass condensation
coefficient on the relaxation time, for ar = 1.0.
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sible to determine conclusively the value of
Bwm from our data. The closeness of By = 1.0
and 0.1 curves was to be expected from our
discussion above. In Fig. 5, we show the theo-
retical relaxation time divided by the contin-
uum time as a function of Kn for a water vapor
condensation coefficient By = 1.0 and thermal
accommodation coeflicient oy = 1.0, 0.8, and
0.5. As expected the relaxation time is more
sensitive to the value of ot than to the value
of Bum. Moreover, the experimentally deter-
mined relaxation rates indicate that the value
of the thermal accommodation coefficient is
indeed close to unity.

In order to obtain a better estimate of the
sticking coefficients for water in this system,
the condition (¢m/¢1)LZ < 1 must hold. This
condition can be achieved by repeating the

0.001 eXe]] o1 1.0
KNUDSEN NUMBER

FIG. 5. The effect of the value of the thermal accom-

modation coefficient on the relaxation time, for 8y = 1.0.
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experiments at a higher Knudsen number.
Assuming that we work at a pressure of 25
Torr, a temperature of 25°C and a value of Z
of about 0.05 g/cal implies that we need to
achieve a Knudsen number of order 10.

5. CONCLUSIONS

We have reported the results of an experi-
mental study of the growth of single aqueous
solution droplets in the transition regime of
heat and mass transfer. In the experiments
(NH,),SO, droplets of diameter between 10
and 20 um were charged and levitated in an
electrodynamic balance of quadrupole design,
briefly heated from an IR radiation source to
induce water evaporation, and then followed
by light scattering as they relaxed back to their
original equilibrium size. Knudsen numbers
were varied between 0.23 and 0.0057 by con-
trolling the total pressure in the system be-
tween 21.6 and 736.1 mm Hg.

The object of the experiments was twofold.
First, it was desired to evaluate the extent of
agreement between the measured relaxation
times and those predicted by transition regime
heat and mass transfer theories. Second, by
comparison of the measured and predicted re-
laxation times in the transition regime, we
wished to assess the ability to infer values of
the thermal and mass accommodation coef-
ficients, a1 and By, respectively, from such
relaxation growth experiments,

We have found that the dependence of the
measured relaxation times on Knudsen num-
ber is well represented by the available theories
of heat and mass transfer in the continuum
regime. Because of the large latent heat of va-
porization of water, the growth process is con-
trolled more by the heat transfer process than
by mass transfer of water molecules to the
drop. Consequently, it was not possible to infer
avalue of By from the data, although the data
suggest that a value of 8y close to unity would
not be an inconsistent interpretation. The data
do afford a determination of «ay, and it was
found that the data clearly support a value of
a1 = 1. This experimental determination sup-
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ports the commonly made assumption that
the thermal accommodation coefficient for
aerosol particles is unity.
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