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ABSTRACT

Throughout this thesis, the phenomenon of radiation-induced particle size
change is studied both on a theoretical as well as experimental level. The thrust of
this study is aimed at using the size changes due to heat absorption to develop a
technique for obtaining the particle chemical composition.

The experiments here involve charged particles, generated with an impulse
jet, and trapped by the electric field of an electrodynamic balance. The particles
under study are all aqueous solutions of non-volatile salts, where upon heating a
partial evaporation of water occurs. The evaporation and subsequent condensation
processes are modeled in both the continuum and the transition regimes. The
models developed are tested and the agreement between theory and experimental
results is demonstrated. The models are also used to extract the values of the water,
thermal, and mass accommodation coefficients from the data. The results for the
thermal accommodation show that its value is near unity, however the corresponding
results for the mass accommodation are not conclusive.

A method is developed for obtaining the molecular composition of a single
suspended microparticle by Fourier transform infrared spectroscopy. The particle
is irradiated simultaneously by the infrared output from a Michelson interferometer
and the visible light from a dye laser. The laser is tuned to an edge of an optical
resonance of the particle while the IR beam is chopped. Through evaporation
and condensation the chopped IR beam causes a size modulation of the droplet,
which in turn induces a fluctuation in the laser light scattered from the particle.

The scattered light is detected at 90° with a photomultiplier, and the amplitude
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of the light fluctuation is measured with a lock-in amplifier. The lock-in signal
is then inverted by a discrete fast Fourier transform routine (FFT), to yield the

particle absorption spectrum. Spectra of (NH4)2SOy4 droplets at different solute

concentrations are presented.
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CHAPTER 1

INTRODUCTION



At the beginning of this work, roughly three years ago, the objective was to
perform spectroscopy on a single aerosol particle, and apply it to the study of a
chemically reactive system. The type of spectroscopy as well as the type of particle
or reaction was not well defined, and thus to a large extent the definition of the

project’s specific objectives and directions emerged as the work progressed.

The initial work involved studying the interaction of an intense laser beam with
aerosol particles consisting of aqueous solutions of nonvolatile salts. The laser beam
energy absorbed by the particle increases the particle’s temperature and causes
the partial evaporation of water from the particle. The evaporation process is
restrained by the increase in ionic strength inside the droplet. Of interest to us
was the transient process occurring within the droplet. By solving the coupled heat
and mass transfer equations numerically we plotted the transient evaporation and

condensation processes occurring within the particle. This work is summarized in

Chapter 2.

Following that initial work the first main decision made was to perform infrared
spectroscopy on a particle. This early choice set the framework for the rest of this
project. About that time Stephen Arnold lectured on campus about his technique
for obtaining the spectrum of a single particle. After Arnold found out about our
common interest in the topic, an agreement was reached to start a collaborative work
in the area of single particle spectroscopy. As a part of this collaboration I went
to New York for the summer of 1984 to work with Steve, assist him in his current
work, and learn the technique he has developed. During that summer I learned

the technique of single particle levitation and participated in the completion of an



experiment in which we developed and tested a model describing the evaporation

and condensation from a single droplet. This work is summarized in Chapter 3.

Since one of the objectives was to study reaction kinetics where the time to ob-
tain a spectrum must be short, we decided not to utilize Steve’s original technique
but instead to employ a Fourier transform method which potentially can have a
larger resolution and take a shorter time than Steve’s method. After returning to
Caltech from Brooklyn I immediately proceeded to design and build the levitation
system and vacuum enclosure. When planning the levitation electrodes I adapted
the design used in Steve’s apparatus. The electrodes are hyperbolic in shape and
consist of two identical endcap electrodes and a ring electrode. The internal sepa-

ration of the two endcaps is roughly 0.45 inch, while the internal diameter of the

ring is 0.5 inch.

The building of the chamber and electrodes was completed within two months
after my return to Caltech and by November the system was ready to trap particles.
In order to study the performance of the levitation apparatus we decided to extend
the continuum evaporation and condensation model, developed with Steve over the
previous summer, into the transition regime. In this project John Seinfeld did the
theoretical extension of the continuum model, while I carried out the experimental
part of the work. In addition to testing the apparatus, one of the goals of the
model extension was to get a value for the water thermal and mass accommoda-
tion coefficients. The theoretical developments as well as experimental results are

summarized in Chapter 4.

Throughout this project it was always necessary to determine the size of the
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particle under study. Usually we used the sedimentation method, where the aerody-
namic particle size is found by measuring the terminal velocity of a falling particle.
In this method one changes the DC voltage so that the particle is not balanced, then
turns the AC field off and observe the particle fall under the combined gravitational
and electric forces. By clocking the particle fall time through a known distance the
terminal velocity is found. When working with particles at low pressures (where
the drag is reduced), or with large particles ( 7 pm) the fall rate can become too
fast for a manual measurement of the terminal velocity. In order to improve the
precision with which the sizing is done, we developed an electronic technique for

obtaining the particle size. This technique is described in Chapter 5.

Chapters 6 and 7 are devoted to the development of the Fourier transform
infrared spectroscopy. The final method of performing the experiment was different
than what we had originally planned. Before summarizing the course undertaken
I would like to briefly describe the basis of the technique. In Fourier transform
technique the basic element is the interferometer, which in our case consists of a
broad band source, a beam splitter, and two mirrors. The light falls on the beam
splitter and each of the splitted beams is redirected towards a mirror. The mirrors
reflect the light back towards the beam splitter where upon meeting they undergo
constructive and destructive interference. By moving the position of one of the
mirrors, different wavelengths are destroyed and others are reconstructed. Thus
the spectrum of the output (combined) beam of the interferometer is changing as

the mirror position is changed.

In our experiment the particle is positioned at the focal point of the output
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infrared beam. As described in earlier chapters, the particle absorbs some of the
IR radiation and a partial evaporation of water occurs. The key problem in this

experiment becomes the measurement of the particle size change as a function of

the interferometer mirror position.

Originally we thought that the particle size change could be measured directly
by a continuous monitoring of the particle balancing voltage. To monitor the bal-
ancing voltage automatically, we implemented a servo system which corrected for
the change in the particle mass (due to evaporation) by an appropriate change in the
DC voltage levitating the particle. The servo system was based on a proportional
controller, however we found that the sensitivity of the servo was not sufficient for
following the small mass changes induced by the changing IR intensity. In order
to boost the sensitivity to small size changes in the particle, we decided to use the
scattered light from the particle as the indicator of the particle size change. Here
we rely on the resonance phenomenon (first predicted by Mie) in the scattered light
from the particle. This non-linear phenomenon offers a large optical amplification
for small size changes. Here again we first tried to obtain the spectrum by moving

the mirror continuously. We have found that the signal-to-noise was too low.

In an effort to raise the signal-to-noise ratio of the measurement we finally
decided to chop the IR radiation and phase-sensitively detect the scattered light
fluctuation. The last approach was successful, however, it lengthened the time
required to obtain the spectrum of a particle. The technique was applied to an
ammonium sulfate particle, and the spectrum of the particle was obtained. The

theory behind this method and the experimental results are summarized in Chap-
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ter 6, while the instrument is described in Chapter 7. Finally, in Chapter 8 the

conclusion of this work is presented.
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Laser heating of an aqueous aerosol particle

Gideon Sageev and John H. Seinfeld

Approximate analytical and full numerical solutions are obtained for the transient response of both a pure
water and solution droplets to both short- and long-time laser heating. The differences in the temperature
and size histories between pure water and solution droplets are elucidated. The validity of of the approxi-
mate analytical solution, extended from that of Armstrong |*Aerosol Heating and Vaporization by Pulsed
Light Bearns,” Appl. Opt. 23, 148 (1984)] in pure water droplets, is evaluated by comparison to solution of

the full governing equations.

L. Introduction

Heating an aerosol particle on irradiation with a laser
beam induces temperature gradients in the air sur-
rounding the particle that change the air’s index of re-
fraction in the vicinity of the particle. These changes
may cause the beam to diverge as it passes through the
medium. To estimate the magnitude of this phenom-
enon, called thermal blooming, the particle’s surface
temperature must be known.

The amount of energy a particle absorbs from the
incident light beam depends on the particle’s complex
index of refraction as well as on its optical size (where
the optical size x is given by x = 27r,/\, ry and X being
the particle radius and laser wavelength, respectively).
In this work, the beam wavelengths considered are
much larger than the particle radius; thus the energy
absorbed by the particle can be obtained from Rayleigh
theory.! As the optical size of the particle increases, the
absorption of energy by the particle may be enhanced
by structure resonance;2 however, in the present work,
this effect is neglected.

The particles considered here are homogeneous liquid
drops containing a solute. When the incident beam
first strikes a volatile particle (which is assumed to be
initially in equilibrium with its environment), all the
absorbed energy goes into raising the particle’s tem-
perature. Asthe particle’s temperature increases, the
solvent in the particle begins to vaporize, and, at the
same time, energy is lost from the particle by conduction
into the gas phase. The processes of mass and heat
transfer in the air surrounding the drop can be assumed

The authors are with California Institute of Technology, Depart-
ment of Chemical Engineering, Pasadena, California 91125.

Received 27 June 1984.

0003-6935/84/234368-07%$02.00/0.

© 1984 Optical Society of America.
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to be at a pseudo-steady state as long as the character-
istic times for changes in the temperature and concen-
tration profiles in the gas are much shorter than that for
the temperature of the drop. This is generally a good
assumption for the drops of interest here. The relative
amounts of energy dissipated by conduction and
evaporation depend strongly on the presence of solutes
in the drop. The effect of the solutes is to lower the
vapor pressure of the solvent in the drop, thereby low-
ering the vaporization rate from that in the absence of
solutes. As the vaporization continues, the solution
droplet shrinks and approaches a new steady state size
and temperature, at which point all the absorbed heat
is released by conduction.

In a pure droplet, on the other hand, the evaporation
rate is governed only by the effect of the droplet tem-
perature on its vapor pressure. Since solutes are absent,
the vaporization from the drop continues until the drop
disappears. Thus, in a pure droplet, a fraction of the
absorbed energy is always dissipated by vaporization.

The above description refers to situations in which
either a solvent/solute droplet or a pure solvent droplet
is continually heated with a laser. An alternative sit-
uation of practical interest is that in which a pulsed laser
is used and the particle is heated by the laser for only
a short period of time. When a pure solvent droplet is
subject to a short pulse of laser light, its temperature
increases initially before significant evaporation or
conduction into the gas phase can take place. Conse-
quently, in a short heating period, the particle can be
assumed not to shrink due to loss of material by evap-
oration., When the laser is turned off, the droplet is no
longer in equilibrium with its surroundings, and it be-
gins to cool by the combined effects of conduction and
vaporization. Eventually, the drop reaches a new
equilibrium size at which point its temperature returns
to that of its surroundings. The total amount of mass
lost is related to the total energy input into the drop.
When a solution drop is subject to a short-period laser



heating, its temperature also rises quickly before ap-
preciable conduction or evaporation can take place.
After the laser is turned off, the droplet returns to its
original temperature. However, eventually the droplet
also returns to its initial equilibrium size due to re-
plenishment of solvent from the vapor.

The aerosol temperature rise resulting from the
long-time heating of a pure water drop by a laser beam
was investigated numerically by Caledonia and Teare.?
More recently, Armstrong® obtained an analytical so-
lution to the heating of a pure water droplet by making
a number of assumptions. First, Armstrong assumed
that once the laser is turned on, even though conduction
and vaporization are occurring during the heating
process, the radius of the drop remains at its initial
value. Eventually, a steady state is reached where the
absorbed laser energy is balanced by energy losses due
to conduction and vaporization, still assuming the
particle retains its initial size. Once at steady state, the
particle temperature is assumed to stay constant
throughout the remaining heating period. The change
in radius of the drop is then approximated from the
solvent mass flux based on the steady state temperature
of the drop. The assumption of constant particle size
during the short heating times enables an analytical
solution to be obtained.

Both works cited above apply to the heating of a pure
water droplet. However, since atmospheric aerosols
must contain solutes to exist in equilibrium in an envi-
ronment where the relative humidity is <100%, it is
important to investigate the effect of the presence of
solutes on the aerosol heating process.

The main object of the present work is to obtain both
approximate analytical and full numerical solutions to
the transient response of both pure solvent and solution
droplets to both short- and long-time laser heating. We
will examine the differences between the temperature
rise in a solution and that in a pure droplet. Also, by
calculating the temperature rise by solving the full
governing equations numerically, we can evaluate the
validity of the approximate analytical solution.

In Sec. I, we develop the theory of heat and mass
transfer from a droplet subject to internal heating.
Section I11 is devoted to the thermodynamic data used
in calculation of the droplet temperature rise. In Sec.
1V, the analytical and numerical results based on a short
heating period are shown and discussed. Finally, in
Sec. V we present numerical results based on a long
heating period.

il. Theory

The equations governing the concentration and
temperature profiles surrounding a volatile particle that
contains an internal heating source are well known.® In
such a situation, when the Biot number in the drop-air
system is much smaller than unity, the drop tempera-
ture can be assumed to be constant. In doing so, the
overall energy balance over the drop is given by

a7 3
Cyg— - —|=LD ~ kg,
paCa o = Joux . [ a (ar’)r-r. ’:‘)r-ru]

where T and t are temperature and time; Y and D, are
the water mass fraction and diffusivity in the air; Joand
« are the incident beam intensity and bulk absorption
coefficient; Cq, kg, and L are the heat capacity, thermal
conductivity, and heat of vaporization; and pg and r, are
the drop density and radius. The subscripts s, a, and
d refer to conditions of the surface, air, and drop, re-
spectively.

On the right-hand side of Eq. (1), Joa is the heat
source. The first term inside the brackets is due to
mass transfer across the interface, while the second term
is due to heat conduction from the surface. Both of the
gradients (3Y/r),«,, and (6T/dr),=,, appearing in Eq.
(1) depend on the boundary conditions at the drop
surface and far away from the drop. When the un-
steady terms are neglected in the equations of mass and
heat transfer outside the drop, the mass and heat fluxes
from the drop surface are given by$

-D(Y) -J-—ln( Y) (2
rr-r, Ts 1"‘)

ColT, = T.)
(T) ICG T = Te) 3)

o)

where J is the mass flux, Y. and T are the water mass
fraction and temperature far away from the drop, and
Y, and T, are the analogous properties at the surface.

When Egs. (2) and (3) are substituted into Eq. (1) one
obtains?

dT _doa _ ML | . CAT-T.) @
dt  paCq  rypaCa [ (r,JCa) }
L|exp|——|~1
kq
For a solution droplet,
Y (T) = a, {TYYT), {5)

where @, is the water activity and Y?is the water mass
fraction resulting from the vapor pressure of pure water
at temperature T. Assuming that the vapor at the
surface is at equilibrium with the drop, Y%(T) can be
related to YO(7T'..) by using the Clausius-Clapeyron and
the Kelvin equations. The resulting expression is

LM, 1 (Zi"a
0 - ,
Y% T.) exp (T T )] exp Tr,) (6)

where M,, is the water molecular weight and R, T, and
o are the gas constant, the solution molar volume, and
the surface tension, respectively.

The water activity can be expressed in terms of the
solute molality m, the total number of ions the solute
molecule dissociates into v, and the molal osmotic
coefficient ¢ (Refs. 7 and 8):

Y&T) =

adT) =e [ ymM, ml )
w = exp |- . 4
P1™ o0 ¢

The osmotic coefficients is related to the solute activity
coefficient y by

1
¢(Ty=1+— fm md In|5(T]. (8)
m Jo

1 December 1984 / Vol. 23. No. 23 / APPLIED OPTICS 4369



Finally, the temperature dependence of v is obtained
from the Van't Hoff equation:”

2ty = BB
aT VP T TR
where H" and H; are the partial molal enthalpies of the
solute at infinite dilution and molality m, respectively.
By integration of Eq. (9) with respect to T, followed by
differentiation with respect to m and substitution into
Eq. (8), we obtain the following equation for the tem-
perature dependence of the osmotic coefficient:

i
R

where C; and C? are the the partial molal heat capacities
of the solute at molality m and at infinite dilution, re-
spectively. In Eq. (10), we assume that the partial
molal heat capacities remain constant with tempera-
ture. The solution of Eq. (10) requires osmotic coeffi-
cient data as well as thermodynamic data concerning
the partial molal enthalpy and heat capacity. Data on
¢(T) at Tw = 25°C for many salts can be found in a
comprehensive report by Hamer and Wu.? By ex-
pressing the partial molal quantities in power series,’
the integrals in Eq. (10) reduces to the following se-

9)

, 8 R, -RH° )] ,
—t—ll dm
am 2R (10
K2 (Z“ (&% )]

1
(M =Ty + |-~
AN

dm’

ries:
1 pm a4 [(H -HY
b=— — —ldm’'= Y A, n2 (11
mj; '"am'[ 2R ] Z ( +2)m )
1 pm 3 [(C-TY )
= — b = B n/?y (12
o m J; m am'[ 2R ] ,El ( +2 i :

where A, and B, are fitting parameters to experimental
data. Once Eq. (10) is solved, the water activity is
found by substitution into Eq. (7). Equation (2) can
now be rewritten as

(13)

where f(T) is given by

f(T)-x—YO(T.)exp{ﬁ—B ¢T.>+6(-l-——Tl~)
Ta

- l—+——-l —~—— 14)

Bl )l ; T-l ‘
and where

2Uo ymM, LM,

Awx——, B=xewm—m—, ((x—.
Rr, 1000 R

Since a numerical solution to Eq. (4) can be obtained
readily, an analytical solution is not an absolute ne-
cessity. The advantages of an analytical solution are
that it allows one to obtain an expression for the char-
acteristic time of the heating process and that it reveals
the major physical contributions leading to the pre-
dicted behavior. To solve Eq. (4) analytically, one must
first linearize Eq. (2) with respect to temperature; the
linearized result is then substituted into Eq. (4), and the
resulting expression is integrated. [Clearly Eqgs. (2) and
(4) are also functions of the radius; however. as shown

4370 APPLIED OPTICS / Vol. 23, No. 23 / 1 December 1984
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earlier ! for small values of the product (Ioar?), the ef-
fect of small variations in r; on the steady state tem-
perature is negligible.] Analogous to the development
of Armstrong, an expansion of Eq. (2) in a second-order
Taylor series of the dimensionless temperature X
[where X = (T — T=)/T.] yields for the mass flux

(15)

D,
J=— (X +¢X?),
where
Yo A+ Bé+

“(1—Y](- T. F) o ]

¢= [¢—4+86+C)
At - YT 2(—=A + Bb+ ()

Equation (15) is identical in form to Eq. (9) of
Armstrong,* except that in the latter equation the
constants A, B, §, and § do not appear, and the Y. term
does not include the effect of the water activity on the
vapor pressure. Additionally, the droplet density and
heat capacity in Eq. (15) are those of a solution, whereas
the corresponding properties in Ref. 4 apply to a pure
water droplet. In the limit of zero molality and negli-
gible Kelvin effect, the water activity coefficient ap-
proaches unity, and Eq. (15) reduces to that given by
Armstrong.

When the radius does not change appreciably during
the heating period, Eq. (15) can be substituted into Eq.
(4) (after nondimensionalizing the temperature). The
resulting expression is then integrated to yield the
droplet temperature as a function of time:4

2ora [l — expl—t/14)] ife <1,
L+ irn + (1 = hirp)lexp(=t/14)] ' 16)
11 X(tp) exp(=iyt)
Iy + X (tp)[1 = exp(=1,8)]
where t, is the heating period, X(t,) is the dimen-
sionless temperature at the end of the heating period,

and 7, is the characteristic time for the heating process.
The constants in Eq. (16) are given by

Xt} =

ift>¢,

lo = —2
PdCdT
D L )
PdCd" ’
3 (D, CoD, )
lo= e ) o i € |
paCar\ Te 2

Tho= (1 + 4loly)— 12

. Thermodynamic Data

In the evaluation of Eq. (16) we used activity coeffi-
cient data reported by Hamer and Wu® for NaCl at 298
K. The computation of the temperature dependence
of the activity coefficient requires data on the partial
molal enthalpy and heat capacity. This information
{used in Egs. (11) and (12)] was obtained by fitting
tabulated datal!® to a power series in terms of molality.
The following expressions were calculated for the rela-
tive apparent partial molal enthalpy and heat capacity
(valid in the range of 0.1 < m < 6.0):



Tabie . Summary of the Values of Various Physical Constants used in
the Calculation (at 298 K)

Symbol Value Units
Ta 298.15 K
Yo 2.0 X 10-2 Dimensionless
L 584.0 calg™!
Iya 10%, 108 Wem™3
Cq 0.25 calgm! K™!
D, 3.0x 104 gem~lsec™!
kg 6.2 X 10~ cal cm~!secm! K-!
M, 28.39 g mole~!
M, 58.45 g mole™!
M, 18.0 g mole~!
%u 0.997 gem™3

¢ 1.0 calg~1K!

(o] -23.8 cal mole~! K-1
o 72.0 dyn cm™!

¢ Subscripts u and 2 refer to the solvent (water) and solute, re-
spectively.

@, = ¢y — Y = 458.95m1/2 — 688.09m + 241.4Tm3"?

— 39.339m 2 + 4.3245m%2 ~ 0.0449m?, a7
Pcp~ $E, = 10.291mV2 — 3.6538m + 13.121m?3/2
- 10.638m? + 3.5304m 52 - 0.4282m?%, (18)

where &5 and ®Y are the apparent partial molal en-
thalpy at molality m and at infinite dilution, respec-
tively. [The terms in Eq. (18) have analogous meaning.]
The units of Egs. (17) and (18) are (cal mole™!) and (cal
mole~! K~1), respectively.

The relative partial molal enthalpy and heat capacity
are then calculated from?®

b,

H-Hl=¢ ~m—.

19)
am (

A similar expression yields the value of the relative
partial molal heat capacity. The heat capacity of the
solution is given by®

Cp = n.CL + nade,, (20)

where n,. and n; refer to the number of moles of solvent
(water) and the solute, respectively, and C{ is the molar
heat capacity of pure water. Results from Eq. (20)
agree well with the heat capacity data reported by
Bromley et al.1!

The density of a salt solution is given by®

c
1000

where c is the solute concentration (in moles liter~1), $y
is the solution apparent molal volume, and oY is the
density of pure solvent. Data for Eq. (21) were taken
from Ref. 8.

IV. Short-Time Heating of an NaCl Droplet

In this section we calculate the droplet temperature
rise resulting from short-time laser heating of an
aqueous NaCl droplet. The parameters used in the
calculations are given in Table 1. During short-time
heating the evaporation rate is assumed to be slow
enough that the drop’s radius and concentration do not
change significantly. To compare the drop temperature

pa = pY + (M2 = ®vod), (21)

11

rise computed here with that given in the literature, we
consider conditions similar to those used by other au-
thors.34

In general, the water content of an aerosol particle
depends on both the surrounding relative humidity and
the solutes it contains. In the limit of low water vapor
pressure (at temperature much lower than the boiling
point), the water activity in the drop is approximately
equal to the relative humidity (RH). Thus in the case
of high RH (e.g., in clouds), the effect of solutes is ex-
pected to be minimal. However, at lower RH, or when
the heating causes a significant increase in solute con-
centration, one expects the solute to have an increasing
effect on the vaporization rate and temperature rise in
the drop. Equation (16) was evaluated for the case of
a water drop containing various molalities of sodium
chloride. In all cases considered, the salt concentration
was low enough that the drop was below the saturation
point. (For NaCl the saturation point is reported® to
be m =~ 6.1 at 298 K.)

The temperature rise as a function of the dimen-
sionless heating time predicted by Eq. (16) is shown in
Figs.1and 2. The main difference between Figs. 1 and
2 is in the magnitude of the heating Ipa. Based on
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Fig. 1. Temperature rise in a droplet vs dimensionless time at 1, =

5 usec; r, = 0.25,0.5,1.0, 2.0 um, and Joa = 10° W cm—3,
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Fig. 2. Temperature rise in a droplet vs dimensionless time at {, =
5 usec; r, = 0.10,0.20, 0.40 um, and Joa = 108 W em ™3,
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Fig. 3. Contribution of various parameters to the difference between

the maximum temperature rise in a solution and that in a pure
drop.

index of refraction data in Querry et al.,1? the magni-
tude of « for an NaCl solution (irradiated by a laser
having a wavelength of 9.09 um) ranges from a = 595
cm™! for 1-M solution to «« = 650 cm™~! for 5-M solution
(where M is the molar concentration). Thus J; was
chosen to make Joa = 108 and o = 10° to simulate the
heating caused by high and moderate beam intensi-
ties.

As seen from Figs. 1 and 2, the main effect of the so-
lute is to increase the drop temperature rise above that
which a pure droplet experiences. In all cases shown
in Figs. 1 and 2 the maximum difference between the
temperature rise of a solution and that in a pure drop
is ~10%, a difference that increases with increasing salt
concentration. As will be shown shortly, this deviation
can be explained in terms of the differences among the
densities, the heat capacities, and the vapor pressures
of a solution and pure water droplet.

The deviations between the temperature rise in a
solution droplet and that in a pure drop, shown in Figs.
1 and 2, are controlled by different parameters de-
pending on the radius and concentration of the drop.
To examine the effects of the vapor pressure Y, the
partial molal quantities (C, and H.), the solution density
and heat capacity (pg and Cy), and the Kelvin correc-
tion term, we define the quantity n as
- T - TO

T+~ TO
where TC and T* are the maximum temperatures
achieved in a pure water drop and in a solution, re-
spectively, while T* is the maximum temperature cal-
culated by including only one of the parameters above
in the equation for the temperature rise in a pure
droplet. The parameters py and C; were lumped to-
gether because they appear together in Eq. (4).

The values of 7 at various radii and molalities are
shown in Fig. 3. It is evident that for large drops the
difference between the density and heat capacity of a
solution droplet and those of a pure droplet is respon-
sible for the extra temperature rise of the solution. This

n X 100%, (22}
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effect occurs because the second term on the right-hand
side of Eq. (4) is proportional to 1/r2, 20 as r, increases
the second term becomes less significant relative to the
first term. In a NaCl solution the product of the density
and heat capacity is smaller than the corresponding
product in a pure drop; thus when the first term in Eq.
(4) dominates (i.e., at large radii), the larger temperature
rise in a solution is expected.

It is also apparent that the contribution of the solute
partial molal enthalpy to the drop temperature rise is
at most 1.0%. The effect of the partial molal heat ca-
pacity was <0.1%; therefore, it was omitted from Fig.
3. These results show that neglecting the partial molal
terms in Eq. (14) does not lead to a serious error in the
calculated temperature rise of the drop.

At the small radii in Fig. 3 the solution vapor pressure
is responsible for the increased temperature rise. This
pattern occurs because the interaction of solute mole-
cules with the solvent lowers the vapor pressure of the
solution. Since the initial vapor pressure over the drop
is lower, the change in the vapor pressure during heating
is lower. Because the mass flux from the drop is pro-
portional to the change in the vapor pressure (to a
first-order approximation), a solution droplet will
evaporate less than a pure droplet for the same energy
input. As aresult of the smaller evaporation, the effi-
ciency of evaporative cooling in a solution is lowered.
The heat not dissipated by evaporation must then be
removed by conduction; thus the drop’s temperature
must increase to raise the conduction driving force.

At very small radii (i.e., r; < 0.1 um) the Kelvin effect
is expected to control the temperature rise in the drop.
However, at these small radii the mean free path of the
air molecules becomes comparable with the drop’s ra-
dius; thus the solution presented here does not apply in
that regime.

It should be pointed out that even in the case of a pure
droplet the results presented here are slightly different
from those reported by Armstrong,* because some of the
parameters (mainly L and Y°) were chosen differently.
We used data on the heat of vaporization at the ambient
temperature rather than at 373 K. We also used a dif-
ferent value of Y° because at the value used earlier* (Y°
was 0.0138 at T., = 296 K), the relative humidity was
~78%. However, for a pure water droplet to exist in
equilibrium (at 298 K), the relative humidity must be
100% at which point Y° = 0.020.

Clearly, as the energy input (/oa) increases for a given
drop size, the effects of the large temperature rise in the
drop become increasingly important. To evaluate the
validity of the analytical solution, we solved the full si-
multaneous heat and mass transfer equations numeri-
cally. A comparison of the analytical and numerical
solutions for a 0.8-um drop isshown in Fig. 4. Itisev-
ident from Fig. 4 that the discrepancy between the nu-
merical and analytical solutions increases as the ra-
diation intensity is increased. The top curve in Fig. 4
reveals that large deviations between the analytical and
numerical solutions occur when Joar? = 0.64 W cm™1.
At Joae = 107 the deviations occur mainly during the
cooling period (at t, > 1.0). It was pointed out by
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Fig. 4. Discrepancy between the analytical and numerical solutions

for the short-time heating of a droplet of m = 3.0 and r = 0.8 um.

Armstrong* that the analytical solution for a pure
droplet is valid when the magnitude of the product Joar?
is < 0.5. The results of Fig. 4 indicate that the devia-
tions in a solution begin to occur at a smaller value of the
product above.

The differences between the heating of a solution and
a pure droplet become more pronounced as the heating
period increases. In the next section the temperature
and radius changes a solution droplet undergoes when
heated for a long time period will be discussed.

V. Long-Time Heating of a NaCl Droplet

When a droplet is heated for an extended time period,
its radius and molality change with time. As will be
shown shortly, the drop pseudo-steady state tempera-
ture also changes with time. The initial increase in the
drop temperature increases the surface vapor pressure
of the drop, thereby inducing a net mass flux from the
drop which lowers the drop’s water activity. This
process continues until a new equilibrium state, deter-
mined by Eq. (5), is reached. Hence, during long-time
heating, the analytical solution developed earlier is no
longer valid. To evaluate the temperature and radius
of the drop, the following relation between the mass flux
from the drop and the drop radius is used:

1, 23)
ot pg

The temperature changes for various salt concen-
trations and heating rates were obtained by solving Eqs.
(4) and (23) numerically, results of which are shown in
Fig. 5. The quantity 74 used in the nondimensional-
ization of the temperature corresponds to the time
constant for vaporization of a pure water droplet; it is
given by*

3pgL(k, + T)
T4 * ToaT" , (24)

where

o L2DM, YO
R(1-Y9HTZ

13

The parameter 74 was chosen to scale the heating time
to facilitate the comparison of the long-time heating of
a solution droplet with that of a pure droplet.

As seen from Fig. 5, the temperature rise in a solution
is quite different from the constant steady state tem-
perature predicted by the analytical solution. This
behavior results from the combination of two opposing
effects. The first effect on the temperature rise is due
to the decrease in the drop radius as a result of evapo-
ration. Equation (16) shows that the temperature rise
is proportional to 7,; however, 74 is proportional to the
drop radius. Therefore, as the drop radius decreases
due to evaporation the magnitude of the temperature
rise the drop undergoes is expected to decrease as well.
The decrease in the temperature during the heating
period is also in agreement with results of Caledonia and
Teare.?
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Fig. 5. Temperature rise vs dimensionless heating time for long-time
heating of a droplet of initial radius ro = 1.0 um, 14 = 0.9435 sec (at
Toa = 10° W cm~3), and 74 = 0.009435 sec {at Joa = 10" W cmn™3).
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Fig. 6. Dimensionless radius vs dimensionless heating time for r¢
= 1.0 um, and 74 = 0.9435 sec (at Joa = 10°W cm™3).
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The second effect on the drop temperature results
from the decrease in the vaporization rate from the drop
as it approaches a new equilibrium state. Since at
equilibrium the net evaporation from the drop is zero,
all the heat absorbed by the drop must be dissipated by
conduction. The temperature of the drop must,
therefore, increase to allow the larger conduction of heat
away from the drop.

The two effects above oppose each other, thereby
giving rise to the maximum observed in Fig. 5. The
vaporization rate effect dominates when the changes in
the radius are small and during the initial stage of the
heating period. The effect of the decrease in radius
begins to dominate only after sufficiently long heating
times. The radius effect is less significant for the more
concentrated drops simply because these drops undergo
a smaller change in radius.

The variation of the drop radius with heating time,
shown in Fig. 6, describes the approach of the droplet
to its new equilibrium state. Also included in Fig. 6 is
the radius change in a pure water droplet calculated
from the analytical solution of Armstrong.* The radius
of the pure droplet decreases continuously, and the
process is eventually governed by the Kelvin effect.

As evident from Fig. 6 the dimensionless pure droplet
evaporation time constant 74 is larger than the corre-
sponding time constant in a solution droplet. Addi-
tionally, for a given heating rate and drop size, the time
required for the solution droplet to reach a new equi-
librium size decreases as its salt concentration increases.
This occurs because in the more concentrated drops less
water needs to evaporate to lower the water activity to
the point where a new equilibrium state is established.
The smaller fractional change of radius in the more
concentrated drops is also clearly demonstrated in Fig.
6.

VI. Conclusions

The laser-induced heating of both a pure water
droplet and one containing various concentrations of
NaCl has been determined both for short and long
heating periods. For the case of short heating times,
in which the drop radius does not change appreciably,
an analytical solution for the drop temperature rise has

14

been developed. This solution is an extension to

Armstrong’s! analytical solution to the temperature rise
in a pure water droplet.

The full governing equations to the heating process
were also solved numerically for the case of long heating
periods. It was shown that the temperature and radial
changes in the drop are strongly influenced by the in-
cident beam intensity and the salt concentration in the
drop.

The calculations here were done in terms of the pa-
rameter Io. In a more general solution, the explicit
concentration dependence of the bulk absorption
coefficient a would be included.
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Aerosol particle molecular spectroscopy

S. Amold, E. K. Murphy, and G. Sageev

The molecular spectroscopy of a solution particle by structure resonance modulation spectroscopy is dis-
cussed (S. Arnold and A. B. Pluchino, “Infrared Spectrum of a Single Aerosol Particle by Photothermal
Modulation of Structure Resonances,” Appl. Opt. 21, 4194 (1982); S. Arnold et al., “Molecular Spectroscopy
of a Single Aerosol Particle,” Opt. Lett. 9, 4 (1984)). Analytical equations are derived for time dependence
of the particle radius as it interacts with a low intensity IR source (<20 mW/cm2). This formalism is found
to be in good agreement with pulsed experiments. Working equations for the spectroscopy are derived for
both constant and periodic IR excitation.

I. Introduction

Recently a means for obtaining the IR absorption
spectrum of a single aerosol particle was disclosed. This
spectroscopy,'2 based on the IR modulation of visible
structure resonances, opens a new window for following
the molecular nature of a solution particle in the pres-
ence of radiation and various gases. A clear application
of structure resonance modulation spectroscopy
(SRMS)?is in elucidating the role of gaseous reactants
in the acidification of an aerosol droplet. In addition,
since SRMS depends on radiation-induced evaporation
from the droplet, the spectroscopy may be used in un-
derstanding local processes involved in the propagation
of IR radiation through an aerosol.

In what follows we (a) briefly review the SRMS
technique, (b) disclose a simple model for explaining the
modulation of structure resonances, and (c) show that
this model gives good agreement with our present ex-
perimental data.

Il.  Structure Resonance Modulation Spectroscopy

SRMS? utilizes the narrow morphological resonances
of a single micron sized particle as seen in the visible as
a caliper for measuring the size change of the particle
in the presence of IR radiation. This technique enables
one to obtain a quantitative broadband IR absorption

S. Arnold and E. K. Murphy are with Polytechnic Institute of New
York, Physics Department, Brooklyn, New York 11201. The other
author is with California Institute of Technology, Department of
Chemical Engineering, Pasadena, California 91125.
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spectrum of the particle!-2 and to follow temporal effects
associated with this absorption. Thus the SRMS ap-
proach is distinct from experiments on a polydispersed
cloud of submicron particles, because in such a sample
the structure resonance caliper is not available and
polydispersivity keeps one from understanding the
detailed interaction of the IR radiation with a single
particle.! Nonetheless for a solution droplet the
manner in which particle size is changed in the presence
of IR radiation was first proposed to understand ex-
perimental observations on a polydispersed submicron
aerosol.? Thus Campillo et al.® have shown that the
heat imparted to an aerosol cloud by a CO; laser beam
may be used to modulate the visible scattered light
produced by a collinear beam from a He-Ne laser. The
visible scattered light was modulated apparently be-
cause of the local photothermally induced change in
particle size. When IR radiation is absorbed by a small
solution drop in equilibrium with water vapor, the
droplet evaporates slightly; it shrinks in size. The
evaporation is caused by the increase in vapor pressure
at the surface of the drop as its temperature increases.
The new smaller size is stable as long as the radiation
is continuous.2 The mechanism for this phenomenon
may be understood for an ideal solution in terms of
Raoult’s law. Simply stated, the vapor pressure of
water at the surface of such a solution is the vapor
pressure of pure water Py times the mole fraction of
water in the solution X,,. When a drop is heated, the
vapor pressure Py increases; a flux of vapor is emitted
into the external medium, and the drop shrinks. Since
this shrinkage causes a decrease in the mole fraction of
water within the particle, the vapor pressure at the
surface of the drop begins to fall. Eventually the par-
ticle reaches a vapor pressure equal to the external en-
vironment and stabilizes in size.

In the work on a cloud of polydispersed particles,3 the
size-dependent structure associated with the scattered
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Fig. 1. Back scattered intensity vs particle size for an incident

wavelength of 5346 A. The refractive index is 1.331.

light was neglected, and consequently interpretation of
the scattered light intensity was incomplete. This
limits the degree to which one can obtain accurate ab-
sorption data. In addition the high intensities needed
(>1 W/em?) in this case limit the spectral range over
which measurements can be made. In SRMS these
limitations are overcome by using the properties of
structure resonances. The chief advantages of this
method are a full accounting for size related effects and
a reduction in the IR intensity requirements by more
than 3 orders of magnitude.! This latter advantage
makes possible the use of simple broadband light
sources (e.g., Globar) from which a continuous spectrum
of the particle may be obtained.?

For the weak intensity produced by a monochroma-
tized incandescent IR source (~10-cm~! bandwidth),
the size change of a particle 5 um in diameter may be
smaller than 1 A. However, this size change is easily
detected by utilizing the properties of the particle’s
structure resonances. To do this the narrowband ra-
diation from a tunable dye laser is positioned at the
low-wavelength side of a structure resonance of the
particle. This resonance, detected through visible
scattered light,* is a natural electromagnetic mode of
the particle.® It can be shown! that a fractional change
in particle radius da/a leads precisely to the same.
change in resonant wavelength 6A,/\,. Thus a given
resonance is shifted to shorter wavelength as the particle
shrinks. If the incident radiation is positioned at the
short-wavelength side of a resonance, a reduction in
particle size will lead to an increase in scattered light.
Figure 1 shows a Mie calculation of the backscattered
light S at 5346 A from a particle with a refractive index
of 1.331 in the size range from 2.4920 to 2.5010 um.
This structure resonance is clear. On the verticle time
axis we suppose that the size is made to oscillate har-
monically. As a result the scattered light will oscillate
as shown on the horizontal time axis. The transfer
parameter describing the scattered light change with
size is 3 = (a/S) - (3S/3a). This transfer parameter B8
is obtained by measuring the excitation spectrum of the
scattered light near the wavelength of the dye laser.
Due to the pronounced nature of these resonances, the
excitation spectrum is virtually a function of optical size
(2ra/A\) near resonance, and as a consequence the
wavelength transfer function [i.e. (A//S) - (3S/9A,)] is
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Fig.2. SRMS spectrum taken on a single solution drop of (NH,)2S0,
about 10 um in diameter.

essentially equal to —3. Thus the excitation spectrum
provides us with a direct measure of 3; it calibrates the
SRMS technique. The value of 3 at the point of the
harmonic disturbance in the backscattering spectrum
in Fig. 1is —2500. Resonances may also be seen at other
scattering angles. In the original work on SRMS by
Arnold et al.? the scattered light was observed normal
to the incident light. For this experiment a value for
3 of —4300 was measured. For such a value a —0.1-
change in radius out of 2.5 um (4 ppm) leads to a 1.2%
change in scattered light. With periodically modulated
IR, a fluctuation in scattered light of ~1% is easily de-
tected.

To obtain an SRMS spectrum we irradiate a levitated
microparticle with a temporally chopped IR source and
phase sensitively detect the corresponding fluctuation
in the visible scattered light.? The IR radiation is
provided by a Globar followed by a monochromator
(bandwidth ~10 cm™~!). The visible source is a dye laser
(bandwidth ~0.3 A) with its radiation tuned to a
wavelength in the region of a structure resonance (a
wavelength which optimizes the transfer parameter 3).
The resulting SRMS spectrum is a record of the
fluctution in visible scattered light vs IR wavelength.

An example of an SRMS spectrum of an (NH).SO,
drop is shown in Fig. 2. This drop, which was nearly
saturated, was 10 um in diameter. Although the
characteristic molecular resonances are broadened by
saturation effects due to large particle size in compari-
son with the absorption depth of the light, the individ-
ual vibrational lines for H,0, NH{, and SO7 are evident.
To understand both the amplitude and shape of this
spectrum one must investigate the physical processes
involved. In what follows, we review our current un-
derstanding of SRMS, point out its limitations, present
a comprehensive model for the spectroscopy, and supply
an experimental test of this model.

In earlier work,! we gave an equation relating the
fractional change in scattered light 6S,/S produced by
constant IR radiation and measured after the new size
equilibrium is reached:

BS:(X2)/S - F.ﬁ()\z)Qa()\x)I(M). (1)

where A\; and ), are the infrared (excitation) and visible
{probe) wavelengths, Q, is the particle absorption ef-

1 April 1985 / Vol. 24, No. 7 / APPLIED OPTICS 1049
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ficiency, and [ is the infrared intensity. With knowl-
edge of the function F,, Eq. (1) forms the basis for the
measurement of @, at a constant IR intensity.? The
form of F, given in Refs. 1 and 2 applied to the case of
a dilute nonelectrolytic solution and is expected to be
a crude approximation when applied to concentrated
electrolytic solutions. Qur first major goal is to arrive
at a more realistic form for the factor F,.

The static approach to SRMS as described by Eq. (1)
is difficult to use in obtaining continuous IR spectra due
to the weak intensities available from continuous IR
sources. Toimprove the SNR, it is necessary to use a
modulated excitation source and phase sensitively de-
tect the scattered light fluctuations. Consequently, Eq.
{1) must be replaced with a dynamical form. Although
the dynamical equations governing the coupling be-
tween a heated droplet and its vapor field are generally
nonlinear, experimental evidence indicates that for the
weak intensities used in SRMS ((20 mW/cm?)), a
simple analytical form can be obtained. Arnold et al.2
have shown experimentally that the amplitude of the
scattered light modulation 65,3 is directly proportional
to 3(\q) - Q(A;) - I1 (A1), where I is the amplitude of the
first harmonic of the IR intensity, and 5 is the average
scattered light. Thus we define a new factor F,
through

35,(0)/5 = F 30)Qa (A (Ay). (43}

In the next section we will provide a physical basis for
Eqgs. (1) and (2) and obtain expressions for F, and F.,.

M. Model

The equations describing the detailed coupling be-
tween a heated drop and the associated hydrodynamic
modes of external gas and vapor are in general nonlin-
ear.® Due to this inherent nonlinearity, we lean on
experimental evidence in developing a model for the
interaction of such a drop with weak radiation. Figure
3 shows a typical oscillogram of the visible light scat-
tered from a particle of (NH,),SO4 5 um in diameter in
the presence of radiation from a Nernst glower. The
particle was held in equilibrium at room temperature
above a saturated solution of KCl. Addition of N, gas
brought the total pressure to 1 atm. The concentration
of (NH);SO, in the drop was 38% by mass. Although
the IR intensity is square wave modulated at 20 Hz one
can readily see that the scattered light signal is trian-
gularin form. This different form is not due to a vari-
ation in 3 with size. It is rather the result of a phase
boundary relaxation process with a characteristic time
which is longer than 1/40 sec, a rate smaller than 40
sec™l,

The rates usually associated with establishing steady
state in vapor and thermal transport, 8, and 3;, are

3D - K, )

a? ‘ pCea?

where D is the diffusion constant for water vapor
through air, and K, p, and C, are the thermal conduc-
tivity, density, and specific heat of the gas, and a is the
particle radius. For a particle 5 um in diameter in air
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Fig. 3. Oscillogram of both scattered light modulation (above) and

incident IR intensity (below) from a (NH,)-SO, particle 5 um in di-

ameter. The frequency of the incident visible light was positioned
on the low-wavelength side of a structure resonance.

at atmospheric pressure and room temperature, each
of these rates is of the order of 10" sec™!. Since the
phase boundary relaxation rate estimate from Fig. 3 is
<40 sec™! we will assume that the phenomena described
in the previous section may be analyzed with the tem-
perature and vapor fields in steady state. In addition,
since the temperature increase over ambient is
<10-2°C, hydrodynamic influences on heat and mass
transport are expected to be negligible.” With these
reasonable assumptions, the temperature and vapor
fields will obey Laplace’s equation’

V=TT =0 (3)

outside the particle. The radiative power absorbed by
the particle P, is lost through thermal conduction into
the ambient gas and through evaporative losses in which

each gram lost carries away the appropriate latent heat
L:

Py = — $(K,ST + LDTC) - fids. (4

In Eq. (4) the integration is carried out over the surface
of the particle. The power absorbed is given properly
by Mie theory.? In this theory the power absorbed by
the particle is an absorption efficiency Q, times the
power incident on the particle’s geometrical cross sec-
tion:

P, = Q,ra?l. (5)

Energy absorbed is conducted quickly within the par-
ticle so that even though the distribution of internal
heat sources is anisotropic,? this anisotropy almost
completely vanishes. Consequently we will assume a
condition of spherical symmetry. Combining the as-
sumption of steady state [Eq. (3)] with that of spherical
symmetry produces vapor and temperature fields:

C(r)-(C'~C')a+C. (T.—T.)a+
4 r

T(r) = T.. (6
respectively, where C, and T, are the vapor density and
temperature at the particle’s surface, and C. and T, are
the same quantities far from the particle. Strictly
speaking, Eq. (6) should be modified to include the ef-
fects of the finite mean free path. In the present case,
however, the mean free path is much smaller than the

particle size, and the gas is consequently treated as
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continuous; mean free path effects are neglected. In
what follows (C, - C») and (T, — T) will alternatively
be referred to as 6C and 8T, respectively.

Since the solution will be electrolytic in the present
case, the water vapor concentration at the surface is
arrived at by utilizing Raoult’s law and the van't Hoff
factor.!® Thus

C, =1 -i(1 = X,)|Cp, n

where X, is the mole fraction of water in the drop, Cy

is the vapor concentration above pure water, and i is the
van't Hoff factor. Typical perturbations in particle
radius for SRMS are small enough (<1 part in 103) to
allow the analysis of the change in vapor pressure to be
carried out to first order in da/a. A corresponding ap-
proximation will be made for temperature; the analysis
will be carried out to first order in 67/T. On this basis
the change in C, due to changes in both X, and C,, is

8C, = iCp8X, + (1 = i(1 — X,)}5C,. (8)

The change in C,, is obtained by combining the Claus-
ius-Clapeyron equation and the ideal gas law. To first
orderin 6T/T,

LM T
RT 1) T’ ®
where M is the molecular weight of the vapor, and R is
the universal gas constant. The change in X, is ob-
tained from the change in radius of the particle under
the assumption of constant particle density to first order
in da/a:

6C=C(

5X, = el Xo) b2 (10)
fw a
where f, is the mass fraction of water.
Overall 6C, may be expressed in terms of size and
temperature changes by combining Egs. (8), (9), and
(10),

5C, = ¢, {2Xull = Xu) b0

X,) ba
1-i(l~ -—-1
- + 1-i1 =X ( AT ) ;,_}

(1

Ultimately we are after the manner in which the radius

shrinks with time. A useful relationship for deter-

mining this comes from considering the mass loss of the
drop. Simply speaking,

1”1 =~ DVCrua-ds 12
On evaluating Eq. (12), using Eqgs. (6), we obtain

—ppad = D&C,, (13)

where pp, the particle density, is assumed to remain
constant. Recall that experimentally we are looking at
a change in radius of <1 partin 10, Consequently, the
radius will be considered to be a sum of a constant part
ao and a time varying part ¢(t). Combining Eqgs. (13)
and (11) we obtain
] - B L = ALEE S
'] oo {1 =il = X, RT 1 P + i -
(14)

This simple linear first-order differential equation [Eq.

(14)] is almost our equation of x'not.ion. Howeyer, we
must express 0T in terms of the incident intensity and
other relevant physical quantities. To do this we return

to Eq. (4). Evaluating Eq. (4) [using Egs. (5) and (6)]
we obtain
Qa
T K,(4 Ia ~ LD&C.) . (15)

Substituting for 6C, in Eq. (15) from Eq. (11), we ob-
tain

amnzhE‘.[Qgﬁ 3iLDC, x 3LDC X, (1 = X,,) c}
4

(16)
where
DC, LM
2 ——t - - —_— - .
zZ KT [1=i(1 - X, (RT 1)
Finally, by combining Eq. (16) with Eq. (14) we obtain

a linearized equation for the motion of the phase
boundary:

é= —al — e, (17)
where
( z ) Qa
a= —
LZ + 1] 4pp
.3DCy X (1-X,) + QulZ . 18)
ppaofw LZ+1 4ao0,(LZ + 1)

For the intensities normally used in SRMS the second
term in Eq. (18) is much smaller than the first and may
be neglected. For example, in the first experiments by
Arnold et al.? one calculates that the first term in Eq.
(18) is more than 100,000 times the second term. Thus
the relaxation rate v in our model is, to within a good
approximation, independent of the absorbed energy.
This is distinct from the case of pure water (i.e., 1 — X,
= (), where the relaxation rate is directly proportional
to the absorbed energy, and any imbalance in temper-
ature leads to complete evaporation.!! It isinteresting

to compare y with the vapor relaxation rate 8,. Using
Eqgs. (1) and (18) we find
icp) X.(1-X,)
-3, ] s —— 19
v=8 (ppfw LZ+1 (19

Since the ratio of the density of water vapor to the
density of liquid water, C,/pp, near room temperature
is 1075, one immediately can see the large effect which
evaporation has on the relative magnitude of v and §,.
The factor X, (1 — X, )/[LZ(L) + 1] further lowers v
with respect to 8,. For the condmons for which the
scattered light fluctuations were recorded in Fig. 3 we
calculate ¥ to be 11.6 sec™!. Consequently the phase
boundary would take 86 msec to relax, which is consis-
tent with the lower limit estimated from Fig. 3. In what
follows we will attempt to test Eq. (19) in a more
quantitative fashion.

IV. Experimental

Here we describe the experimental setup and proce-
dure used in measuring the relaxation rate y. The ex-
perimental value of ¥ obtained here is a direct test of the
theoretical development in the previous section.

1 Aprit 1985 / Vol. 24, No. 7 / APPLIED OPTICS 1051
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Fig. 4. Experimental setup for transient light scattering mea-

surements.

The particle is electrically suspended within a sealed
chamber by use of an electrodynamic trap.!? This trap
is optically servo controlled!d so that the particle is
maintained at the center of the chamber, and its mass
is directly monitored. A sample particle was prepared
by injecting a dilute solution droplet of ammonium
sulfate from an impulse jet into the chamber. Once the
drop was trapped, the chamber was evacuated down to
a pressure of 1 Torr, at which point the particle con-
sisted of solid ammonium sulfate.

After the evacuation, water vapor was bled into the
chamber from a tube attached to the vacuum manifold.
The relative humidity in the chamber was maintained
at a constant level by utilizing a saturated salt solution
as the source of water vapor. Since the relative hu-
midity in the chamber exceeded the deliquescence point
of (NH,),S0y, the particle absorbed water. The deli-
quescence point was observed optically by the gradual
appearance of well-defined Mie patterns in the far field.
Additionally, the increase in weight of the particle was
observed by the increase in balancing voltage. At size
equilibrium, the mass fraction of water in the particle
was obtained from the levitating voltage before and
after the addition of the vapor. At this point Ny was
bled into the chamber so that the experiment was run
at a total pressure of 200 Torr. The pressure was raised
to decrease the mean free path of the gas molecules so
that heat and mass transport processes would be in the
realm of low Knudsen numbers, the continuum regime,
consistent with our proposed model. After the desired
pressure was reached, the positions of a few structure
resonances were detected in the frequency spectrum of
Mie scattering* at 90°. From the measured positions
of these resonances, which were found to be stable
(consistent with vapor pressure equilibrium), the size
of the particle was determined.> At this point the
sample was irradiated with a square pulse of broadband
radiation from a Nernst glower (Fig. 4). The pulse was
generated for a specific time by utilizing an electrome-
chanical shutter with opening and closing times of 1
msec.
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Fig. 5. Light scattering transient from a solution particle of
(NH,),80, with a radius of 6.2 um and a water mole fraction of 0.89
+ 0.01. The lower trace shows the measured IR pulse.

For short heating periods and fast relaxation rates the
response of the particle to the heat pulse was obtained
from the change in the scattered light. In this case, the
dye laser was tuned to the low side of a structure reso-
nance where a small fluctuation in the particle size
causes a large fluctuation in the scattered light. For
longer heating periods and relaxation rates the particle
response was observed directly from the changes in the
balancing voltage. In all cases, the response of the
particle was recorded on a digital oscilloscope. Data
from such a recording are shown in Fig. 5. As one can
see, the particle relaxed back to its original size once the
heat source is turned off.

For the data shown in Fig. 5, the particle size as
measured from the position of structure resonances’ was
6.2 um. The mole fraction of water in this particle was
measured to be 0.89 + 0.01, consistent with complete
saturation at 25°C.14 From the ambient temperature
and associated thermodynamic constants in Eq. (18),
we calculate a relaxation rate of 173 msec in good
agreement with the measured value of 160 + 20 msec
taken from the logarithmic fit shown in Fig. 6. The
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Fig. 6. Scattered light vs time after IR intensity is turned off. The
solid lines are theoretical predictions based on Eq, (19). The pressure
of Ny gas plus vapor was 200 Torr.
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solid lines in Fig. 6 are theoretical predictions based on
Eq. {17). From the other experiment in Fig. 6 we ob-
serve that a larger particle containing more water has
a smaller relaxation rate, consistent with theory.

V. Discussion

Based on the good agreement between our model and
the experimental results shown in Fig. 6, we use the
equations developed earlier to calculate the new func-
tionality of the factor F in Eq. (1). For constant exci-
tation, ¢ = 0, Eq. (17) gives the particle size change at
equilibrium as

la

Ee ™= (20
Y

Recalling that 6S/S = B¢/aq, one can substitute Eqgs.

(18) and (20) into Eq. (1) and obtain the following ex-
pression for F,:

- Zaof.

12DC,iX, (1 = X,)
It should be pointed out that Eq. (21) reduces to the
earlier expression presented in Refs. 1 and 2 in the limit
of dilute nonelectrolytic solutions.

For a periodically modulated excitation source, at
angular frequency w, the factor F in general will depend
on w. If we suppose a harmonic excitation I = I,
exp(Jwt), the corresponding size fluctuation is
Cﬁ%expum + ¢, (22)
where ¢ = tan~!(—w/¥). In practice the quantity I, is
the first Fourier coefficient of the modulated intensity
(e.g., Iy = 21, /7 for a square wave, where I,, is the
maximum intensity). Thus in terms of the amplitude
of the first harmonic of the scattering signal (as detected
by a phase sensitive detector), we find the value of F,
to be

(21

]

o(t) = —

z
dap0p Wi+ YOVALZ 4 1)

From Eq. (23) one sees the large effect of the modulation
frequency w on the function F,, and, therefore, on the
scattering light fluctuation. For large particles, where
Y may be <1 sec™!, one must go to extremely slow
modulations [linear frequency < (27)~! Hz] to optimize
the signal. Fortunately, for aerosol size particles near
deliquescence, more manageable values for v are ob-
tained.

F = (23)

VL. Conclusions

In the foregoing, we have presented a simple model
for understanding the kinetics of the processes accom-
panying the structure resonance modulation of a solu-
tion droplet. Our experiments indicate that the model
contains most of the essential features which are in-
volved. Our assumptions are specific in applying to the
case of low intensity and low Knudsen number. The
sensitivity of the relaxation rate to size suggests that our
model will prove useful in determining the degree of
polydispersivity in experiments on the temporal be-
havior of the photothermal modulation signal from

aerosols.3 Certainly as one reduces ambient pressure
further, the importance of finite mean free path will
complicate further our model. Wagner'5 has exten-
sively investigated evaporation and condensation in
quasi-thermal-equilibrium and finds that the efficiency
for water sticking enters both transfer processes as the
Knudsen number increases. On this basis one may
expect that phase boundary relaxation measurements
made in the large Knudsen number regime may be used
to investigate water sticking. Such an investigation is
currently under way in our laboratory.
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ABSTRACT

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.
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1. INTRODUCTION

There has long been a concern in aerosol science with understanding
heat and mass transfer processes to single particles in the non-
continuum regime. Several theoretical treatments are available for tran-
sport to particles in the non-continuum regime, in which flux expressions
are derived that predict transport 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 processes are
characterized by the thermal and mass accommodation coefficients,
ot and By, respectively. The thermal accommodation coeficient at can be
considered as the ratio of the actual heat transfer flux to that predicted
if every molecule thermally accommmodates at the surface of the particle.
The mass accommodation, or sticking, coefficient Sy 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 condensation of
water on single aqueous aerosol particles in the transition regime so as to
evaluate, if possible, the applicability of existing transition regime flux

theories as well as thermal and mass accommodation coefficients.

In the present work water condensation rates are measured on single
(NH4)2S04 aqueous solution droplets suspended in an electrodynamic bal-
ance, or quadrupole. The medium surrounding the particles consists of
an air/water vapor or Np/water vapor mixture. Two related studies have
recently been presented. Arnold et al*) described similar experiments on
suspended aqueous solution droplets in which the transport processes

were in the continuum regime. The present work extends the experiments
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into the transition regime. Richardson et al® have reported measure-
ments of growth rates of NaCl solution droplets in a background of water
vapor. The absence of non-condensing gas molecules (i.e., Oz and N; )
enabled the use of self-diffusion theory in analyzing mass transfer to the
droplets. The presence of non-condensing gas molecules in the current
system necessitates the use of binary diffusion theory, in describing the

mass transport.

In section 2 we describe the experimental system and how particle
growth rate measurements were obtained. Section 3 is devoted to a brief
summary of applicable transition regime theoretical results for heat and
mass transfer rates. Finally, we present in Section 4 the experimental

data obtained and their interpretation in light of the theory.
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2. EXPERIMENTAL SYSTEM
2.1 The Electrodynamic Balance

The experiments described here were carried out in an electro-
dynamic balance. As shown in Figure 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® . The dynamic behavior of a charged particle in the electric field
inside the chamber has been presented elsewhere*58) | thus here it will
suffice to mention that a charged particle can be stably levitated in the

device by applying a DC voltage between the endcaps, V4. , such that

Vdc -
qczzo’mg [1]

where q 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 con-
stant for the hyperbolic geometry of Figure 1. The value of the geometric
constant has been determined theoretically by several authors*®). Phil-
lip et al obtained a value of 0.80 by computing the internal field numeri-
cally. Davis et al® evaluated C by obtaining an analytical solution to the
approximated field in the chamber (by neglecting the presence of the ring
electrode). The theortical 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 geometric constant must be determined experimentally.

As shown in Figure 1, the electrodes (made of stainless steel), are
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positioned within a stainless steel container. The electrical connections
to the electrodes are made through the bottom plate, along the support-
ing legs of the electrodes. The particle is illuminated with a HeNe laser the
beam which enters through the bottom window of the container and runs
vertically 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 connection to a glass bulb containing a saturated salt solution,

( (NH,)2PO, solution in the present case).

In order to facilitate the continuous monitoring 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®  As shown in Figure 1, the servo system functions by re-imaging the
particle on the edge of a 45° mirror. One photomultiplier tube is placed
directly above the edge, while the other is positioned in the direction of
the incident light. The optics are adjusted so that when the particle is in
the center of the chamber, its image is split across the edge of the mir-
ror. 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 electrodynamic balance by first
removing the top cap (including the Brewster window), and then position-
ing a droplet impulse jet over the top electode. In the jet ( made by Uni

Photon System, Inc., model 1), a fluid displacement is achieved by pulsing
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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 chamber is evacuated down to
a pressure of about 1 torr in order to dry out the particle and measure
the balancing voltage needed to levitate the dried particle. Once this vol-
tage is found, water vapor is bled into the the chamber by opening a valve
connecting the chamber to a saturated salt solution. At a particular
water vapor concentration the dry particle deliquesces. 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 deliquesced
particle. After the droplet size has stabilized, 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® . When using the sedimentation method, the
particle initial balancing voltage, V§. . is first changed to a new value, Von .
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:

_9C y _S57hKu
mg 27 Voﬂ Cc v [2]

0

where R, and v are the particle radius and terminal velocity, C; is the
Cuhmngham correction factor to Stokes drag, and u is the gas viscosity.

Since the particle charge to mass ratio is known from the initial



29

balancing voltage, the radius R, can be found by straightforward manipu-

lation of equation [2] resulting in:

R, = ( 9uv [ Ve

1/2 3
ZCCpPg Vgc-voﬂ]) [ ]

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 particles under current investigation (
10-20 microns in diameter), an offset of = 2% from the initial voltage,
resulted in fall times of 2-5 seconds. The falling particles were observed
through a calibrated reticle of a 30 x microscope, and timed manually as
they passed through a given distance on the reticle. With the balancing
voltage known to 0.1% and asuming that human response time is & 100

msec, the uncertainty in the velocity measurment is ® 57:, while for a 2%

Vi .
————1] is also 5%. Thus
V&: - Voﬂ

the uncertainty in the radius evaluation at atmospheric pressure (where

offset voltage, the uncertainty in the term |

Ce ™1 )is about 5% for a single measurement.

When using the "spring-point” method, the AC trapping voltage is
increased to the point at which the particle becomes unstable and begins
to oscillate at half the driving frequency!®. Instability diagrams for the
hyperbolic geometry, which show the regions of stable and unstable levi-
tation, have been presented elsewhere®® . In these diagrams, the instabil-

ity envelope is expressed as a function of the drag and electric field
— — 12n

parameters, k and Q ; where k=—-(-:—-a-RPai (for a sphere), and
C

BV. g
W Z, v, C

ing frequency, ( 60 Hz in this case). As evident from the equation above,

Q=

in which V. is the spring-point voltage and w is the driv-
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the calculation of Q requires knowledge of the cell constant C. The value
of C for our chamber was found experimentally 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
independent 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 reduction is also
in agreement with data presented by Phillip!” which were obtained in an
identical chamber. Thus by measuring Vs.. 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®); however in the case in which the particles are solid

crystals a shape factor multiplying the Stokes drag is required.
2.3 The Growth-Rate Measurement

Particle growth rates were measured by the method of Arnold et al®),
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 ter-
minated is recorded. In the first step in the growth rate measurement
the automatic servo systern is turned on and the rmicroscope eyepiece
(Figs. 1 & 2) is replaced with a photomultiplier tube. As is evident from
Figure 1, the photomultiplier tube is positioned so as to receive the 90°
scattered light from the particle. At this point the shutter, shown in Fig-
ure 2, is opened for 1/4 - 1/32 second, thereby exposing the particie to

an IR heat source (consisting of a coiled Nicrome wire). During the
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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.

The relationship between the change in the scattered light intensity

S from the particle and the change in its diameter is{*1®

AS _ A
L-pr [2]

where f is a transfer function which can become very large ( > 10%) near
resonance. In converting the scattering signal to growth rates it is crucial
that the value of § remains constant. As long as § remains constant, the
size relaxation time constant is equal to the scattered light relaxation
time constant; thus an exact knowledge of the value of § is not nesecary.
To ensure a constant 8, we produce only small size fluctuations by heat-
ing 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® is con-

sistent with a constant value for 8.
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3. RESPONSE OF AN AQUEOUS DROP TO HEATING AND COOLING

When describing the dynamic behavior of a droplet, initially in equili-
brium with its surroundings, 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 analytical and numerical
solutions for the temperature and size of an evaporating drop under the
influence of an intense heat source(!!). Those solutions are not applicable
here as we are interested in the cooling period, after the heat source is
turned ofl. The description of this process has been addressed by several
authors(11218.149) the most comprehensive treatment of which is that of
Wagner(!?). The theoretical development Arnold et all"? 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 coefficient,
ar, and the condensation coefficient, By for water. These coefficients arise
in the correction terms describing the deviation of the growth rate from
that in the continuum regime. As pointed out by Wagner(’z). 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 at and By.

The mass flux from « drop can be expressed as

Jﬂ = ¢N Dg (%‘S’)r:RP [5]

where C ic the mass concentration of the diffusing species, D; is the
binary diffusion coefficient of the diffusing species in the background gas,
and gy is the non-continuum correction to the mass flux. Various forms

of ¢u have appeared in the literature!®. For example, by an approximate
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solution to the Boltzmann equation, Sitarski and Nowakowski(!®) obtained

the following expression for ¢y,

1+384(1+%;)°Kn/4(3+52;)

N~
1+

157 (1+2;)% . Bull+27) 1 9(1+12)?
a(8+102) | m(3+52) ' 2E Kt 5B sy ]

(6]

where Z; is the ratio of the molecular weight of the diffusing species to
that of the background gas. We use the equation above to describe ¢x
because in an earlier work by Davis{!®1?), mass transfer data was modeled

accurately using the same expression.

It should be pointed out that when there exist several vapor species
in the system the mean free path for thermal transport Ar 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 back-
ground gas, whereas mass transfer results from the transfer of the
diflusing species alone. Therefore we consider At to be the average dis-
tance between collisions in the gas mixture, while Ay is taken as the dis-
tance the diffusing species, in our case water molecules, travel between
collisions. In the present work we will base the calculations of the Knud-
sen number on At because, as will be shown in the next section, due to the
large heat of vaporization of water the thermal correction ¢t dominates
the growth rate of the drop. The computation of At was based on the

average properties of the gas mixture through the equation'®,

O (7]
0499p¢C
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where T 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 balance on the

drop is then given by,

b, Bl &l

4 [¢Tk("'—)r-Rp + ¢HLD (ar)r-Rp] [B]

where Q, and ] are the particle absorption coefficient and the incident
light intensity respectively, k is the gas thermal conductivity, C; is the
drop heat capacity, L is the water latent heat of vaporization, , and ¢r is
the correction to the continuum Fourier heat flux to account for non-
continuum conditions. The correction above can be computed by assum-
ing that inside the thermal boundary layer surrounding the drop heat
transfer is described by Knudsen flow, while outside the boundary layer
heat transfer follows the continuum conduction equation. By matching
these two heat fluxes at the boundary layer the following expression can

be obtained for g9,

rPr—EL— (9]

Ry +1r

where

_k(2nMRT)V?
= P (C, +R/2) [10]

where at is the thermal accommodation coefficient, P and C, are the gas

pressure and heat capacity, respectively, and R is the gas constant.

Noting that the temperature and concentration fields in the gas

phase are established much more quickly than the mass relaxation!'!"
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allows one to approximate the system as if in quasi-steady state. Equa-

tions [5] and [8] reduce to:

pp%%r;=-¢upg§%u [11]
and
Q;I =gr k (L-T.) T’};T') + ¢y LD, (G-C) c,;pc-) [12]

where C, and C. are the vapor mass concentrations at the surface and

far away from the drop, respectively.

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

gives,
Co=[1~-i(1-Xs)]C° [13]
where X, is the water mole fraction, and C° is the pure water concentra-

tion (on a mass basis).

The variation in water vapor concentration, C, with temperature is
related to the temperature variation through the Clausius-Clapeyron

equation:

dce
CO

-

- M d
=(g7 -1 7T [14]

By considering only small changes in the radius we let Ry(t) = Ry, + £(t)
where ¢ « Ry, Finally substitution of equations [12], [13], and [14] into
equation [11] yields the following expression describing the growth rate of

the particle,
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(15]
where a' and ¥ are,
o= (—2Z ﬁ!.z‘i [16]
14 By g ¥T 5P
#T
0 —
N N T
p,,R,,,,"’f.(1+-‘;T—LZ) 4pp(1+—¢;—LZ)
with
D, C°
Z= 5 [1-i(1-X)][ Bo-1] [18]

kT T

It should be noted that 7' reduces to that of Arnold et al!) in the
continuum regime (i.e, for gy = ¢r = 1.0 ). Just as in that work, the
second term in the equation for ¥ 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 1) is much smaller than the first term and
can therefore be neglected. The relaxation rate of the particle radius is
given by 7', and its inverse is the charateristic relaxation time 7 of the
particle. The ratio of the relaxation time to that in the continuum regime
Tc is obtained directly from equation [17] as

1+ %417
T $T

7o (1+LZ2)va (18]

1. RESULTS AND DISCUSSION

The experimental relaxation times divided by the times predicted by

the continuum theory are shown in Figure 3. We also show the ratio of the
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theoretical non-continuum relaxation time divided by the theoretical con-
tinuum time as expressed by equation [19]. In the theoretical line both
ar and By were assumed to be unity. The proximity of the experimentally
measured relaxation times and those predicted theoretically indicates
that the experimental behavior matches the theoretical prediction quite
well over the entire range under study. A summary of the conditions and
the results of the experiments is shown in Table 1. The differences in dro-
plet composition seen in Table 1 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, therefore that data were

not analyzed.

To probe the sensitivity of these results to changes in the thermal
accommodation and condensation coeflicients, we first consider the value
of the product (LZ) in the denominator of equation [19]. Under the
experimental conditions shown in Table 1, Z ranged from 0.15 to 0.015

g/cal while Lis on the order of 580 cal/g. Since both ar and By appear to
be of order unity in our case, the condition -:lL Z > 1 holds. looking
T

back at equations [17] and [19], one immediately sees that, due to the
large heat of condensation of water, the relaxation rate 7' is more or less
independent of the non-continuum correction factor ¢y. Since gy con-
tains the water condensation coefficient By, the relaxation rate is there-
fore largely independent of the water condensation coefficient. Thus
under these conditions 7/ 7. ¥ ¢1”}, and the ratio of the relaxation times

equals the thermal non-continuum correction factor.
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In Figure 4 we show the theoretical relaxation time divided by the
continuum relaxation time as a function of Kn for a thermal accommoda-
tion coefficient ar = 1.0 and water vapor condensation coefficient of 8y =
1.0 and 0.1. The results in Figure 4 indicate that it is not possible to
determine conclusively the value of Sy from our data. The closeness of Sy
= 1.0 and 0.1 curves was to be expected from our discussion above. In Fig-
ure 5 we show the theoretical relaxation time divided by the continuum
time as a function of Kn for a water vapor condensation coefficient Sy =
1.0 and thermal accommodation coefficient ar = 1.0, 0.8, and 0.5. As
expected the relaxation time is more sensitive to the value of ar than to
the value of fy. Moreover, the experimentally determined 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 -:—"-LZ < 1 must hold. This condition
T

can be achieved by repeating the experiments at a higher Knudsen
number. Assuming 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.
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5. CONCLUSIONS

We have reported the results of an experimental 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 um and 20 um were charged and levitated in an electro-
dynamic balance of quadrupole design, briefly heated from an IR radia-
tion source to induce water evaporation, and then followed by light
scattering as they relaxed back to their original equilibrium size. Knud-
sen numbers were varied between 0.23 and 0.0057 by controlling the total

pressure in the system between 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 relaxa-
tion times in the transition regime we wished to assess the ability to infer
values of the thermal and mass accommodation coefficients, ar and £y.

respectively, from such relaxation growth experiments.

We have found that the dependence of the measured relaxation times
on Knudsen number is well represented by the available theories of heat
and mass transfer in the continuum regime. Because of the large latent
heat of vaporization of water, the growth process is controlled more by
the heat transfer process than by mass transfer of water molecules to the
drop. Consequently it was not possible to infer a value of By from the
data, although the data suggest that a valu~ of fy close to unity would not
be an inconsistent interpretation. The data do afford a determination of

ar. and it wa: [ound that the data clearly support a value of ar = 1. This
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experimental determination supports the commonly made assumption

that the thermal accommodation coefficient for aerosol particles is unity.
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Table 1. A summary of the experimental conditions during various runs.

No. Pressure | Xw Temp. | Diameter Kn Relaxation
(mm) (C) (microns) time (msec)

1 21.86 0.91 23.70 136 0.239 600

2 34.9 0.91 24.31 128 0.172 280

3 43.7 0.89 25.01 118 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

7 121.5 091 24.06 18.8 0.035 610

B8 203.9 0.90 24.25 18.8 0.021 575

9 736.1 0.90 23.25 193 0.0057 735
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FIGURE CAPTIONS

Figure 1. A schematic diagram showing the cross section of the

electrodynamic balance system.

Figure 2. A schematic diagram of the top view of the

electrodynamic balance system.

Figure 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 ag and fy = 1.0.

Figure 4. The effect of the value of the mass condensation

coefficient on the relaxation time, for a; = 1.0.

Figure 5. The effect of the value of the thermal accommodation

coefficient on the relaxation time, for By = 1.0.
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Figure 2. A schematic diagram of the top view of the

electrodynamic balance system.
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PARTICLE SIZING IN THE ELECTRODYNAMIC BALANCE
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ABSTRACT

We report here a new technique for sizing particles in the electrodynamic bal-
ance. In this technique, the trajectory of a falling particle is followed with a pho-
tomultiplier tube. Particle velocities are measured by placing a mask between
the particle and the detector. The masked region in the particle trajectory is
roughly 0.6 mm wide. Output from the PMT is sampled every milisecond by a
A/D converter and stored in a computer. Flight times of several hundred mil-
iseconds are measured and the size is then computed from the particle's termi-
nal velocity. With a modification of the mask, the technique is used to verify
the uniformity of the electric field through which the particle is falling. In the
present work we use the technique to determine size of polystyrene latex micro-
spheres having nominal diameters of 10 and 20 microns. The technique can be
used on any size particle, independent of its charge to mass ratio, and provides

the size information in a short time.
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1. INTRODUCTION

The electrodynamic balance is an instrument in which single micron-
sized particles can be levitated and studied. The historical development of
the electrodynamic balance, as well as the behavior of charged particles
in its electric field, has been documented by several authors{'®). This
device has found application in many research areas such as photoemis-
sion from single particles®, energy transfer in single droplets®, particle
laser heating®, condensation rates(?™®, and aerosol spectroscopy®. In
some cases the analysis of the experimental data obtained from the elec-
trodynamic balance requires an estimate of the particle size. Numerous
sizing techniques have been used in the past, for example the sedimenta-
tion method, the matching of scattered light from the particle to that
predicted by Mie theory, the "spring-point” method!® and the electron

stepping technique(!!).

Among the sizing methods sedimentation is probably the oldest.
The sedimentation method requires measurement of the terminal velocity
of a moving particle, from which the particle radius can be calculated.
This technique has the advantage that it is independent of both the elec-
tric field and the particle's charge. However, for particles on the order of
10 microns and falling distances of order one millimeter, (typical values
in the present work), the uncertainty in the fall time becomes large when
measured manually. This shortcoming was the impetus for the develop-
ment of a new technique in which the particle trajectory is followed elec-
tronically. This technique, which is reported here, reduces the uncer-
tainty of the fall time measurement from that carried out manually and
thus provides an accurate and reproducible sizing method for particles in

the electrodynamic balance.
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2. EXPERIMENTAL SYSTEM

A detailed description of the electrodynamic balance has been pro-
vided earlier(®. During an experiment, a charged particle is levitated
between a set of hyperbolic electrodes, the schematic diagram of which is
shown in Figure 1. There are two endcap electrodes between which a DC
potential is held, as well as a ring electrode to which an AC voltage is
applied. The DC potential across the endcaps balances the particle against
gravity, while the AC voltage on the ring provides for the focusing of the
particle towards the center of the chamber. The particle is illuminated by
a HeNe laser beam that traverses the chamber vertically through holes
drilled into the center of the endcap electrodes. As shown, the 90° scat-
tered light from the particle is observed through holes in the ring elec-

trode.

At the geometric center of the device there is no AC field. Therefore
when the electric force produced by the DC field just balances the gravita-
tional force on the particle, the center of the chamber becomes a stable
equilibrium point for the particle. Stated differently, whenever a bal-
anced particle drifts away from the center it "feels” a net force towards

the center of the chamber. For a balanced particle in the apparatus,

Vdc _
qczzo—mg [1]

where q 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 con-
stant for the hyperbolic geometry of Figure 1. The theoretical value of C
has been evaluated both numerically!? and analytically!!®. The numeri-

cal result was found to be 0.8, however the calculation did not take into
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account the holes in the ring electrode. The analytical solution neglected
the presence of the ring electrode and yielded a value for C which is ® 10%
larger than the numerical result. Since the holes in the electrodes distort
the field somewhat{!®) from that in their absence, it is necessary to deter-

mine C experimentally.

We have determined the value of cell constant® by first measuring
the size of PSL particles wifh the spring-peint method(*® using the
theoretical cell constant of 0.8 . We then manually measured the fall rate
of the same particles and evaluated their size, as described below,
independent of the value of C. Knowing the size of the particles, the value
of C was varied until the sizes obtained by both methods were equal. The
experimental value of C is 0.71, about 10% lower than the theoretical

value.

When using the sedimentation method, the particle initial balancing
voltage, V§. . is first changed to a new value, V. . 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 parti-
cle yields®:

Vi

_¢ Suv
Rp"'( [Vgc"vtic

2Ccppg

De (2]

where R, and v are the particle radius and terminal velocity, C; is the
Cunningham correction factor to Stokes drag, and u is the gas viscosity.
It should be pointed out that when using this method the particle is only
allowed to fall about | mm around the center of the chamber where the

field is relatively uniform.

It can be shown that the time constant for a falling particle to reach
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terminal velocity is m/ Cq4, where Cq4 is the drag coefficient. Using Stoke's
law to compute C4, a 20 micron polystyrene latex sphere has a time con-
stant of ® 1 millisecond. In the present study all particles were allowed to
fall 100-200 milliseconds prior to measuring their velocity, thereby

ensuring that the terminal velocity was reached.

The method by which the particle motion is detected is shown in Fig-
ure 2. In the first step the particle is brought into the focus of a 45x
microscope. The microscope eyepiece contains a reticle on which a 0.918
mm wide strip of opaque material is placed. The strip was formed by pho-
tolithography where a precoated glass plate was first illuminated by UV
light and then treated by a negative photoresist solution. The edges of the
mask were observed under a microscope and found to have less than 1
micron fluctuations. The particle fall distance, masked by this strip, was
calibrated by focusing the microscope on a reticle scale, having 0.01 mm
divisions. Thus when a particle is focused on the mask, the distance it

travels crossing the mask is known.

As shown in Figure 2, the time it takes the particle to cross the mask
is measured by placing a photomultiplier tube behind the eyepiece and
recording the scattered light signal from the particle. The photomulti-
plier tube we used is an RCA 4818 operated at about 750 volts. The scat-
tered light signal was first preamplified and then fed into a 16-bit A/D
converter (Burr Brown ADC76KG). The A/D converter was triggered to
convert every miillisecond and its parallel output was latched and stored

directly into the memory of a Zenith Z-120 computer.

The computation of the velocity from the time measurement relies

on the assumption that the field is uniform near the center of the



57

chamber. Clearly , if the field is not uniform, the particle velocity will not
remain constant as the particle falls. In order to determine the unifor-
mity of the field, a second mask was prepared, consisting of two thin
strips of aluminum (0.297 mm wide), separated by a 0.297 mm gap. Like
the previous mask, this mask was prepar