JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 18, No. 1, January—March 2004

Kinetic Model for Simulation of Aerosol Droplets
in High-Temperature Environments
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A Kkinetic flow model to determine the behavior of aerosol droplets injected into a high-temperature gas environ-
ment is presented. Droplet heating, desolvation, coalescence, and transport are considered. The desolvation rate
of droplets is calculated with a continuum heat transfer and a mass-loss model that uses the Fuks correction to
account for Kinetic effects. Droplet transport is modeled with the Cunningham slip flow correction factor applied
to Stokes’s law. The direct simulation Monte Carlo method is used to model droplet—-droplet collisions, with the
collision outcome determined with the use of the Ashgriz—Poo coalescence model. The developed computational
tool is applied to the simulation of droplet evolution in a spatially uniform background gas and that of an argon
inductively coupled plasma (ICP). We find that consideration of transitional regime effects reduces the desolvation
rate and the droplet drag. In addition, the simulation shows that droplet coalescence leads to a significant increase
in the penetration depth of the aerosol even into a high-temperature ICP environment.

Nomenclature

transfer number

drag coefficient

heat capacity at constant pressure
relative collision velocity
diffusion coefficient
droplet diameter
molecular diameter

drag force

heat transfer coefficient
width of overlapping region of colliding droplets
Knudsen number

thermal conductivity
Boltzmann’s constant
latent heat of vaporization
mass flux

mass

number density

pressure

heat flux

Reynolds number
temperature

relative velocity

Weber number
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mass fraction
accommodation coefficient
adiabatic constant, 1.67
droplet size ratio

thickness of limiting sphere
viscosity

mean free path

mean molecular spacing
density

surface tension

= impact parameter
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Subscripts

ambient gas

boiling

continuum

droplet

evaporation

gas surrounding the droplet
mass

reference

droplet surface

thermal

vapor

within limiting sphere
constant parameter for heat transfer calculation
= environment far from droplet
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1. Introduction

HE behavior of droplets in a spray is of interest in diverse fields

such as analytical chemistry, investigation of space plumes,
and the design of internal combustion engines. For example, sam-
ple introduction in inductively coupled plasma (ICP) spectrometry
typically utilizes a fine spray of dilute aqueous analyte. Several pro-
cesses occur as a spray propagates through an environment, such
as droplet heating or cooling due to gas—droplet temperature differ-
ence, evaporation, and coalescence due to droplet—droplet collisions,
and droplet transport through the gaseous medium. Each of these
processes, as well as any effects due to an increase in the droplet
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Knudsen number, must be represented in a comprehensive spray
model. Thus, a computer simulation is needed to address these is-
sues. The model developed in this work assumes that the droplets
do not change the background gas flow properties.

A key parameter in the modeling of aerosol droplets is the local
droplet Knudsen number, given by

Kn=2x,/d &)

where A, is the mean free path of the ambient gas, argon, and d
is the diameter of the droplet. The Knudsen number increases as
the droplet evaporates or as the temperature of the gaseous medium
at a specific pressure increases, leading to a larger mean free path.
In this case, corrections are necessary to the continuum heat and
mass transfer equations, as well as the drag force exerted by exter-
nal gas flows. The necessary modifications are discussed later and
implemented in the model.

Several models have been developed to determine evaporation and
transport of droplets in the high-temperature environments charac-
teristic of spectroscopic devices.!> However, our approach is unique
due to the inclusion of two important effects.’~¢ First, the change
to the desolvation rate and the drag coefficient due to the droplet
Knudsen number is included, allowing the model to be extended to
higher temperatures. Second, the coalescence of liquid drops subse-
quent to a collision is considered and modeled at a kinetic level. As
discussed in the following sections, these effects greatly influence
the spatial distribution of droplets in a high-temperature, two-phase
flow.

The purpose of this paper is to present the details of the two-phase
flow modeling and computational tool that we have developed. The
goal of the effort has been to create a model suitable for describing
the flow behavior of an entire system of gas and droplets, not just
the gas flow about a single droplet. To provide a flow methodology
sufficiently general to incorporate kinetic effects, a direct simulation
Monte Carlo (DSMC) approach is used. The DSMC technique has
been applied successfully to model rarefied gas flows’; however, in
this application it is used to simulate the droplet behavior. Because
this application deviates significantly from the usual practice, the
range of applicability is examined in the following section. A droplet
transport method must be selected because the gas and droplets are
not stagnant. In Sec. III we consider a statistical and a deterministic
approach, the selection of a particle drag model, and the validation of
the proposed droplet transport model. We then discuss the destruc-
tion and creation processes of water droplets in a high-temperature
gas. Droplet loss, discussed in Sec. 1V, arises primarily due to the
evaporation of the solvent. This is accomplished via the two sep-
arate but closely related processes of heat transfer and mass loss.
Energy (heat) transfer from the background gas to the droplet leads
to droplet heating. A continuum model is implemented in the DSMC
simulations to calculate heat transfer. A model for the second of the
evaporation processes, mass loss or desolvation, that accounts for ki-
netic effects is presented. Droplet loss in a high-temperature gas can
be reduced through the process of coalescence as discussed in Sec. V.
Finally, in Sec. VI we present modeling predictions of particle spatial
distributions for initially constant-sized droplets in a background gas
at a constant temperature, as well as predictions of a direct-injection
high-efficiency nebulizer (DIHEN)? particle spray distribution in an
argon ICP. Atmospheric-pressure argon ICP is a useful desolvation—
vaporization—atomization—excitation—ionization source for atomic
emission and mass spectrometries.”!® The sample solution is most
commonly introduced into an ICP via a dilute aqueous spray
and, in terms of the device efficiency, the droplet desolvation is
the most important process. Numerical modeling can lead to a
better understanding of the amount of detectable analyte in the
nebulizer spray and also assist in nebulizer (and spray chamber)
design.

II. Justification for the Use of DSMC

The motion and collisions of droplets are calculated with the
DSMC method, a kinetic approach to the modeling of rarefied
gas flows’ that has also been successfully applied to modeling of
flows in the near-continuum regime. The numerical scope of this

research, however, differs from conventional applications of the
DSMC method. The DSMC method is chosen because droplets ex-
hibit particle behavior. It also offers accurate solutions for the spa-
tially nonuniform master Leontovich equation for the N -particle dis-
tribution function in multidimensional flows. Under the conditions
of molecular chaos, the Boltzmann equation may be derived'! from
the master kinetic equation for an N-particle system. The DSMC
method may therefore be regarded as a statistical method for solving
the Boltzmann equation.

The use of the DSMC method to model rarefied and even contin-
uum flows is motivated by the validity of the Boltzmann equation for
gas pressures up to several atmospheres. However, its applicability
to the simulation of collisions and transport of micron-sized parti-
cles must be substantiated separately. The validity of the Boltzmann
equation is related to the main assumptions that are made in the
derivation. The principal restrictions are the requirement of a dilute
gas/binary collisions and the molecular chaos hypothesis.

The assumption of a dilute gas implies’ that only a very small
proportion of space is occupied by the particles, and each particle
for the most part of its trajectory is moving outside the range of
influence of other particles. The first condition means that

d<p (@)

where d is the particle diameter and  is the mean spacing between
particles related to the gas density n as

p=1/n

When collisions between only two particles are the dominant pro-
cess, the second condition characterizes the binary collision regime.
In terms of collision times, the binary collision/dilute particle as-
sumption maybe written as

ty L 1, 3)

where t,; is the mean duration of a collision, and ¢. the mean collision
time, which is, by definition, the mean time between the successive
collisions suffered by any specific particle.

There are two possible collision processes that must be considered
for the aerosol model in terms of the dilute particle conditions (2)
and (3). The first type is related to the collisions between water
droplets and background argon atoms, and the second is for the
droplet—droplet collisions. Argon—argon particle collisions are not
modeled because argon is assumed to be a background gas whose
velocities do not change.

For argon—droplet collisions, the diameter of an argon atom is
negligibly small compared to that of a droplet. Therefore, the rele-
vant value for d is that of the droplet diameter. For a droplet num-
ber density® on the order of or less than 4 x 10'3 droplets/m?, the
droplet diameter should be much less than the interdroplet spacing
of u =30 pm to satisfy Eq. (2).

Letus examine now the validity of the binary collision assumption
for argon—droplet collisions. The collision duration may be evalu-
ated roughly as the ratio of the argon diameter to the average relative
collision velocity ¢ between argon and droplets:

—12
Iy = dargon/crel ~ 10 s

The mean collision time for a single 10-um droplet surrounded by
argon at 1 atm may be calculated using a hard sphere approximation,

t. = 1/md*nece ~ 1077 5 4)

where d in this case is the average droplet—argon diameter,
(daropier + dargon) /2 for a relative collisional velocity ¢y of 10 m/s. It
is therefore clear that the mean collision time #, is much smaller than
the duration of a collision, and Eq. (3) for this type of interaction is
not satisfied.

Similar to the preceding discussion of droplet—argon collisions,
Eq. (2) is satisfied for droplet—droplet collisions. The binary colli-
sion requirement is also verified as follows. Our molecular dynamics
calculations (to be discussed in Sec. V) also suggest that the mean
collision time of two droplets is on the order of 1077 s. The mean
collision time may be evaluated using Eq. (4), and at the conditions
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typical for the present work (10-um droplets, the droplet number
density of 4 x 10" particles/m?, and a relative droplet velocity of
10 m/s) itis about 1077 s. This is much larger than the mean collision
duration of 1077 s, thus proving the validity of the binary collisions
assumption, Eq. (3).

No correlation exists between the precollisional velocities of
two colliding droplets because the successive collisions of a sin-
gle droplet are widely separated relative to the droplet spacing;'?
that is, the molecular chaos hypothesis is fulfilled. In addition, the
distribution function used in the Boltzmann equation is assumed not
to vary significantly over a distance equal to the droplet diameter
or in a time comparable to the duration of a collision. This assump-
tion is valid considering the time and space scales of the aerosol
flow. (The droplet diameter is on the order of microns, and the flow
changes on the scale of millimeters.)

In sum, one can state that the Boltzmann equation (and therefore
the DSMC method) is applicable to treat droplet—droplet collisions,
but does not rigorously satisfy the argon—droplet collisional criteria
of Eq. (3). The error in using Eq. (3) is not known a priori and
will be discussed in the next section. The statistical modeling in
low-density environments (SMILE) computational tool,'* based on
the DSMC method, is used for all simulations and is extended to
simulate droplet behavior. Several features (such as species and
spatial weights and different grids for collisions and sampling of
macroparameters) of the code improve the accuracy and efficiency
of the simulation.'?

I11.

The droplet transport process can strongly influence the droplet
heat and mass transfer rates due to background gas gradients in tem-
peratures and velocities. Droplet spatial and velocity distributions in
the flowfield will depend on droplet size, droplet-background-gas
relative velocity, and the temperature-sensitive coefficient of vis-
cosity of the background gas. In Sec. VI, where results of the flow
modeling are discussed, it will be seen that droplet distributions may
be different due to these three properties with regions of droplets
accumulation or spreading observed. For these reasons, it is impor-
tant to establish the accuracy of the droplet transport model and its
region of applicability for the flow conditions under consideration.
First, we consider the trajectory modeling of 10-um-sized droplets
injected into a background gas of argon at a constant temperature
of 2000 K and 1 atm pressure, moving with only an axial velocity
for an axisymmetric geometry. Note that the properties of the back-
ground argon atoms, such as position and velocity, do not change in
the simulation. Although this is a highly simplified flow condition
we can determine the accuracy of the proposed transport model with
an analytic result. We then use single-sphere DSMC calculations to
choose the best model for the drag force of micron-sized droplets
in the two-phase flow.

Transport Process

A. Comparison of Statistical and Deterministic Transport Methods

To simulate the droplet transport, we consider a model based on
the DSMC procedure, denoted as a kinetic model, and a determin-
istic model based on Newton’s equation of motion of the droplet.
In the kinetic method, the DSMC technique is used to calculate the
cell-averaged forces on the droplet due to argon collisions. Because
the aerosol droplets are injected into a 1-atm background gas, the
collisions between background atoms and droplets do not rigorously
satisfy the rarefied gas assumption, as discussed in Sec. II. We do not
know a priori how large the error may be in using a kinetic model;
however, it can be estimated by comparison of the DSMC solution
with the simple, analytic (Newtonian) result.

The DSMC calculation was performed using a computational
domain of 0.03 x 0.004 m?> with 300 x 40 cells. With the use of
both radial weighting factors and a species weighting factor for the
droplet particles, about 2,225,580 argon gas particles and 15,000
droplets were modeled to simulate the transport process. The radial
weighting factors for axisymmetric flows are discussed in Ref. 11.
The species weights imply the use of different real-to-simulated
molecule ratios, Fy.y,, for different gas species. In the calculations
discussed in this subsection, species weights were used in the statis-
tical transport model due to the large difference between the argon
and droplet densities. The number density of argon is on the order
of 3 x 10** particle/m® and the number density of water droplets at
the inflow boundary is 4.12 x 10'3 particle/m?. Values of 0.6 x 10!2
and 0.6 x 10" were therefore taken for the argon and droplet Fp,,
respectively. To decrease the number of argon—droplet collisions and
increase the efficiency of these collisions (i.e., momentum transfer
in a single collision), collision weights were also used in the DSMC
transport calculations. The use of these weights implies the applica-
tion of a scale factor to increase the momentum transfer per collision
and proportionally decrease the collision frequency between argon
and droplets. Different collision weights were assumed in these cal-
culations depending on the size of the droplets, with the general rule
of having a virtual argon mass of about 0.1% of the droplet mass.?
Several different values for the collision weights were tried and it
was found that the results remained the same, while the computa-
tional efficiency improved significantly. Monosized droplets with
10-pum diameter have an average initial velocity of 10 m/s in the
axial direction and the background argon atoms have a fixed aver-
age velocity of 500 m/s, a pressure of 1 atm, and a temperature of
2000 K. A time step of 1 x 1077 s was used to ensure that the droplet
displacement per time step was less than one cell size. Results were
sampled at the 5000th time step. Solutions were also obtained with
a finer grid and larger numbers of samples to ensure that the result
were accurate and grid independent.

Figure 1 shows a comparison of the kinetic solution compared
with a simple differential equation of the droplet motion. Two ana-
lytic droplet model calculations were performed for the latter case.
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Fig. 1 Comparison of DSMC particle transport calculations with analytic expressions (curves labeled Bird and Cunningham) for 10-xm droplets
into a background gas of 1 atm, temperature of 2000 K, and a fixed, average velocity of 500 m/s.
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In the first one, the drag force is obtained by integrating the mo-
mentum flux given by Bird” assuming diffuse reflection, and in the
second calculation a coefficient of drag given by Cunningham is
used.!* When the Cunningham drag coefficient is used, the droplet
travels 9.52 cm to reach 90% of its final velocity. In contrast to the
analytic solutions, the kinetic DSMC solution is obtained by aver-
aging the droplet velocity in each cell. The expression for the drag
coefficient derived from the momentum flux given by Bird (Ref. 7,
p. 82) corresponds to free-molecular conditions, whereas that of
Cunningham'* corresponds to that of slip flow. We will show that
the latter case is closer to the conditions of interest. It can be seen
from the figure that the kinetic model is in good agreement with
the free-molecular analytic result, but in poor agreement with the
analytic result that uses the correct coefficient of drag (of Cunning-
ham). This discrepancy may be understood as follows. The DSMC
procedure models a collision between gas and droplet particles in
a cell assuming that collisions are independent of other collisions
and that there are no gradients in the cell. Hence, the forces on
the droplet calculated with the kinetic DSMC model and the free-
molecular analytic model should be the same. The disagreement
with the analytic slip-flow drag coefficient is due to gradients of
background-gas properties in the vicinity of the droplet that are be-
ing ignored in these DSMC calculations. Decreasing cell size in the
vicinity of each droplet to resolve these gradients in a full simulation
would be impractical. We can see from Fig. 1 that the error in using
a kinetic model is unacceptably too large. Hence, the droplets will
be transported in a deterministic manner using a selected coefficient
of drag, to be discussed.

B. Determination of the Coefficient of Drag
by Single-Sphere Calculations

As mentioned earlier, in the full simulation of the two-phase flow
system it is not computationally feasible to use a grid that permits
the modeling of the flow about each individual, moving droplet. For
this reason, a phenomenological model that captures the important
physical properties as a function of droplet Reynolds and Knudsen
numbers is sought. DSMC simulations of the gas flow past a single
sphere were performed to determine the most accurate analytic ex-
pression for the drag force in the slip-flow regime. The single-sphere
DSMC simulations consist of a stationary, 1-pum-diam diffusely re-
flecting sphere in the center of an 8 x 8 um? axisymmetric domain
with a 5 m/s gas flow (U) of atomic mass, 14 g/mole. The droplet
surface and the gas temperatures were assumed to be 300 K. The
gas number density was varied to study Knudsen numbers of 0.1,
0.3, and 0.5. The force exerted against the sphere due to the gas
flow was calculated to determine the drag coefficient. Each simu-
lation was performed for 350,000 time steps, where each time step
was 8 x 107!!' s, and used approximately 3 x 10° gas particles. The
solutions were determined to be converged with respect to the size
of the computational domain by comparison with a larger one of
24 x 24 um?. The very low velocities of the three flow cases con-
sidered (Table 1) make it difficult to obtain solutions of the highest
accuracy.

To assess the accuracy of the DSMC calculations, a single-sphere
DSMC calculation at Kn =10, 000 for Re =1.2 x 10~® was com-
pared with an analytic expression'® for the coefficient of drag in
the free-molecular regime. Using the total drag coefficient for a dif-
fuse reflecting sphere of Ref. 15 for a speed ratio s = 8.376 x 1073,
where

s =U/~2RT

Table 1 Predicted drag coefficients based on the single-sphere
DSMC simulations and Stokes law with the Cunningham
slip-flow correction®

DSMC Cunningham
Kn Re simulation correction
0.1 0.1213 184.2 158.0
0.3 0.0404 314.5 331.0
0.5 0.02426 406.4 414.0

the coefficient of drag in the free-molecular limit is 500.3. The cor-
responding DSMC single-sphere calculation gives a value within
0.8% of this value, an indication of the minimum error in the
DSMC single-sphere calculations. The actual error in the transi-
tional Knudsen number DSMC calculations, based on a value of
three times the root-mean-square deviation of the computed drag
coefficient, is 6% for a Knudsen number of 0.1 and 4% for the two
other Knudsen number cases. The DSMC calculations are there-
fore sufficiently accurate for the selection of a semi-empirical drag
model.

The drag coefficients predicted by DSMC and other methods'4~'3
are presented in Fig. 2 and Table 1. For the relatively low Kn =0.1
case (Fig. 2a), the deviation of the coefficient of drag among the six
techniques is small and in this case the Stokes model best agrees with
the DSMC calculation. Figures 2b and 2c show that for the more
rarefied flows (Kn=0.3 and 0.5), the difference between the slip-
flow correction models is increased. Because the goal is to choose
a phenomenological model that can be used in the full spray simu-
lation, we do not expect perfect agreement between exact (DSMC)
and a single semi-empirical model. The DSMC results (Figs. 2b
and 2c and Table 1) indicate that the Cunningham correction best
predicts the drag force on a sphere for the range of conditions in
the two-phase flows considered here. Using the slip-flow correction
suggested by Cunningham,'*!? the applicability of Stokes’s law can
be extended and is expressed as follows:

P 3nn,vd
T+ (Xy/d){2.514 4 0.800 exp[—0.55(d /1,) ]}

(&)

At low Knudsen numbers, the denominator approaches 1, thus
restoring the original form of Stokes’s law, which is accurate in
the continuum gas limit.

IV. Heat and Mass Transfer Process

The energy transfer from a high-temperature environment to the
droplet is proportional to the difference between the environment
temperature T, and the surface temperature of the droplet, T;.2*?!
Whereas this transfer causes a steady increase in 7, water vapor lost
through desolvation (mass transfer) can fully or partially counteract
droplet heating due to evaporative cooling.?? Energy transfer to the
droplet is given by

Q=ndH(Tx - T)) (6)

where Q is the heat flux and H is the heat transfer coefficient.
Evaporative cooling is proportional to the surface area of the
droplet, or the amount of water vapor lost via evaporation:

Q. = 2d(ky/cp )L ta(1 + B) %)

where k, is the thermal conductivity of the gas surrounding the
droplet, ¢, is the heat capacity, L is the latent heat of vaporization,
and B is the transfer number. The heat gain [Eq. (6)] is proportional
to the difference in the gas and droplet temperatures, unlike heat loss
[Eq. (7)]. Therefore, the heat transfer rate decreases with increasing
droplet temperature. The droplet temperature reaches a steady-state
value (the wet-bulb temperature) lower than the boiling temperature
of water Tj,.

The mass transfer is calculated concurrently with droplet heating.
Again, the mass flux of the droplet is described by a continuum
method.?02!:

M =2md(k/c,), (n(1 + B) ®)

where B is either the mass transfer number B, or the heat transfer
number Br:

BM = sz/(l - Yv,s) (9)
Br =¢py(Too — Ty)/L (10
The mass fraction of vapor at the droplet surface, Y, , is given by

Yv,s = [] + (poo/Pv.s - 1)(ma/mv)]7l (ll)



126

280 r
240 f
200 |

160 |

BENSON ET AL.

Stokes
= = = = Cunninghan
———————— Tsien
< Philips
— Larin

B SMILE Prediction

120 L
0.05

a)

600
500 |

400 -

Drag Coefficient

300 |

1
0.25

200 L
0.02

b)

800

™

700

T

600

500

400

300

LB e e e

200 —

o
o
ok
)S]

0.04

Reynolds Number

c)

Fig. 2 Drag coefficient comparisons as a function of Reynolds number, calculated using different slip-flow correction models and the DSMC technique:

Kn =a) 0.1, b) 0.3, and c) 0.5.

The Clausius—Clapeyron equation is used to obtain p, ; in Eq. (11).%
During the heating period, evaporation is mass transfer limited, ne-
cessitating the use of By, in Eq. (8). As the droplet approaches its
boiling point, the value of B, surpasses that of Br, making the
evaporation heat transfer limited and necessitating use of the latter
parameter instead.?! Properties of the gas surrounding the droplet
(such as ¢, , and k,) are calculated at a reference temperature and
mass fraction given by the one-third rule®*>:

T.=T,+(ITx—T)/3 12

Yv,r = Yu,s + (Yv,oc - YU,J‘)/3 (13)

The preceding analysis yields a droplet desolvation rate that follows
the d” law,>' which states that the square of the diameter of an
evaporating particle is linear with time; that is, the mass loss is
proportional to the surface area of the droplet.

The droplet mass transfer model requires a correction as the
gas mean free path approaches the droplet diameter. The model of
Young?® was considered, but a serious limitation is the requirement
of small temperature gradients from the gas to the droplet. Instead

the corrected mass flux given in the work of Fuks?”-?® was used:

M = M.[D/dv,a +d/(d +28)]! (14)
where M, is the mass flux of the droplet under continuum conditions
[Eq. (8)], v, is the mean velocity of a vapor molecule escaping from
the droplet surface, and D is the diffusion coefficient, given by

D = 3w the(1 4+ my/my,) 15)
Substitution of Eq. (15) into Eq. (14) shows that the correction is a
function of the droplet Knudsen number,

M = M [BrKn/8a)(1 +m,/m,) +d/(d +28)]" (16)
where a collisionless boundary of thickness § surrounding the
droplet is defined in the work of Filippov and Rosner.?’ Figure 3
shows the magnitude of this correction due to Fuks?® as a function
of Kn for a droplet-to-gas temperature ratio, 75/ T, = 10. The cor-
rected mass transfer converges with the continuum solution (dashed
line) at low values of Kn as expected. The mass flux correction
is small in the limit of the continuum regime; however, as the
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Knudsen number increases, this correction becomes increasingly
important.

Using Egs. (8-16), we can compare the continuum (solid) and
corrected-continuum (dashed) evaporation models. Figure 4 illus-
trates the correlation between diameter and evaporation time of a
droplet with an initial diameter of 10 wm in 3000 and 7000 K en-
vironments. Note that for both continuum and corrected-continuum
models, evaporation is slow until the droplet has reached its wet-bulb
temperature. In the continuum model, the d? law is obeyed when the
droplet reaches its wet-bulb temperature. Figure 4 also illustrates the
change in the d? curve when the mass flux correction (dashed line)
is utilized. The deviation from the linear d* behavior is noticeable
for a gas temperature of 3000 K and is even larger for 7000 K.

V. Coalescence Process

Droplet—droplet collisions lead to one of three outcomes: coales-
cence, stretching separation, or reflexive separation.’*=** In stretch-
ing separation, the region of overlap between two colliding droplets
is small; thus, the droplets initially merge and subsequently separate

Fuks Correction

0.25
Droplet Knudsen Number

Fig. 3 Ratio of M./M indicating the importance of the Fuks correction
as a function of droplet Kn. The dashed line indicates the uncorrected
continuum solution.
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as the remaining body of the droplets move in opposite directions.
In reflexive separation, strong internal flows that lead to separation
are generated due to high velocities.

The outcome of each collision is dictated by three factors: droplet
size ratio (A, the diameter of the smaller droplet divided by that of
the larger droplet), collisional Weber number (We, the ratio of the
relative collisional kinetic energy to droplet surface energy), and
impact parameter () , the normalized distance of closest approach of
the centers of undisturbed droplet trajectories).*> The Weber number
is given by

an

where d; is the diameter of the smaller droplet, v is the droplet—
droplet relative velocity, and o, is the liquid surface tension. A
semi-empirical model, wherein analytic relationships are derived for
the reflexive separation—coalescence and the stretching separation—
coalescence boundaries as a function of Weber number and impact
parameter, is discussed in Ref 33.

Figure 5 shows the predictions of Ashgriz and Poo* obtained for
a droplet size ratio of 1.0. Note that stretching separation is primar-
ily found at high impact parameters, whereas reflexive separation
dominates at high Weber numbers and low impact parameters. In
addition, the coalescence regime increases in size relative to the sep-
aration regimes as the droplet size ratio is decreased; that is, droplets
are more likely to coalesce if their sizes are unequal.

Two possible limitations exist regarding the use of the Ashgriz
and Poo** model. First, the model was derived and tested for droplets
of millimeter size; thus, its applicability to smaller droplets is not
directly known. Second, temperature dependencies of the separa-
tion regimes are not addressed in the model, an important issue for
droplets in high-temperature gases.

A series of molecular dynamics (MD) simulations was performed
to determine the effects of small droplet sizes and variable droplet
temperatures on the coalescence model.** Collisions of two nano-
sized droplets each containing 2500 molecules at various impact
parameters and Weber numbers were simulated using the compu-
tational tool of Micci et al.>> We assume that the physics of the
collisions between nano-sized and micron-sized particles are simi-
lar. Simulations were run for Weber numbers of 10, 15, 20, 25, and

We = pqd; Uz/Ud
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Fig. 5 Regimes of coalescence and separation based on the Ashgriz—
Poo model for a droplet size ratio of 1.0. Open circles represent stretching
separation and closed circles represent coalescence as determined with
MD simulations (adapted from Ref. 6 with permission).

30; droplet temperatures of 300, 320, 340, and 360 K; and impact pa-
rameters of 0.5, 0.6, and 0.7. We have used a Lennard—Jones (12,6)
potential with a well depth of 761.7 K and zero potential point at
0.274 nm, calculated from the critical temperature of water.*® Re-
sults of MD simulation are shown in the inset of Fig. 5, where open
circles represent a simulation outcome of stretching separation and
closed circles represent coalescence.

The MD simulations were able to resolve collisions within the
separation regime consistent with the predictions of the Ashgriz
and Poo model.** In addition, the boundary between separation
and coalescence was unchanged over the range of droplet tempera-
tures (298-373 K) studied. Thus, the coalescence model of Ashgriz
and Poo® is implemented in the DSMC aerosol simulation with no
modification.

The implementation of the coalescence procedure in the DSMC
modeling consists of two parts: droplet-pair selection and evaluation
of the droplet collision outcome. The droplets were considered to
be spherically symmetric rigid spheres in the procedure of droplet—
droplet collisions, and the hard-sphere model was used to calculate
the collision frequency. The majorant frequency scheme was used
to model the collision procedure, with actual collisions selected
based on the droplet relative collision velocity and the hard-sphere
total collision cross section.!! The change of the hard-sphere col-
lision cross section due to droplet evaporation or coalescence was
accounted for in the simulations. If a droplet pair is selected for a
collision, the outcome is then calculated based on the coalescence
probability calculated for the given pair. A coalescence outcome is
determined using the Ashgriz and Poo®® model as discussed earlier.
The collisional Weber number and droplet size ratio are calculated
from the droplet diameters and the relative droplet—droplet velocity,
while the impact parameter is stochastically determined using the
inverse-cumulative method.” Upon coalescence, one of the droplets
is removed from the simulation domain and the mass of the other
droplet is increased accordingly. The droplet diameter is recalcu-
lated from the new droplet mass. In addition, the temperature of
the new droplet is determined from the thermal masses of the two
initial droplets. Assuming conservation of momentum, the axial and
radial velocities of the new droplet are recalculated. If the collision
leads to separation, the droplets are preserved with new calculated
velocities. Mass transfer from one droplet to the next is negligi-
ble because the time interval between coalescence and separation
is short for micrometer-sized droplets. The range of coalescence
probability values predicted by the model of Ashgriz and Poo is
between 0.2 and 1 for the cases considered here. The reflexive sepa-
ration process is fully resolved in the DSMC simulations, although

it is unlikely due to the low kinetic energies of collision for the
conditions of interest.

VI. Results and Discussion

We now present results of two general classes of simulation. First
we consider the hypothetical case of a spatially uniform background-
gas temperature with initial particle conditions of a single diameter
and a particle velocity distribution corresponding to that of a DIHEN
device (bottom two portions of Fig. 6). The background gas is as-
sumed to be stagnant and the pressure is 1 atm. The second case
that will be examined is that of a spatially variable background-gas
temperature and velocity corresponding to the ICP with the particle
diameter, number flux, and velocity distributions shown in Fig. 6.
For both cases, the axisymmetric SMILE computational tool was
used in the simulations.

The DSMC simulation domain typically consists of 12,000 cells
and extends 50 mm axially and 9 mm radially. The droplets are
introduced from the left boundary into the simulation domain with
a jet of radius 0.75 mm, and an average steady state of 75,000
droplets are simulated for a minimum of 100,000 time steps. A time
step of 1077=107® s was used, with the smaller value used in the
simulation of 1-pum droplets.

Figures 7 and 8 show the predicted number and mass density,
respectively, of a spray of monosized 10-um droplets in a uniform
2000-K background gas. The figures show the predictions of the
full model (top portions of Figs. 7 and 8), and results without co-
alescence (middle portions of Figs. 7 and 8) and without the use
of mass transfer corrections (bottom portions of Figs. 7 and 8). For
the last case (bottom portions of Figs. 7 and 8), the removal of the
Fuks corrections means that the continuum model for droplet evap-
oration is assumed; however, particle coalescence is also included.
When coalescence is included in the simulation, the number den-
sity of droplets decreases rapidly from the droplet injection point,
indicating that coalescence is an important loss process.

The figures show that the inclusion of coalescence is important to
the final number and mass density of droplets, allowing the aerosol
to penetrate the simulation domain to a distance four to five times
greater than when coalescence is not included. The middle por-
tions of Figs. 7 and 8 show that when coalescence is ignored the
droplets are stopped by the stagnant background gas and a region
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Fig. 6 DIHEN initial droplet sizes and velocities assumed in the cal-
culations. (Data are taken from the phase-Doppler particle analyzer
measurements of McLean et al.} with permission.)
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Fig. 7 Normalized number density of aerosol for a monosize distribution of 10-.m droplets in a 2000-K gas. Top figure indicates inclusion of heating,
desolvation, transport, and coalescence, with all rarefied gas effects included. The middle figure neglects the effects of coalescence, while the bottom
figure assumes continuum evaporation models and coalescence. Top and bottom figures are normalized to 4.0 X 10'3 droplets/m>; middle figure is

normalized to 4.0 x 10 droplets/m?.

Radial Position, mm

Axial Position. mm

Fig. 8 Normalized mass density of aerosol for a monosize distribution of 10-zm droplets in a 2000-K gas. The top simulation includes droplet
heating, desolvation, transport, and coalescence, with all rarefied gas effects. The middle simulation plot neglects the effects of coalescence, while the
bottom simulation plot assumes continuum evaporation models and coalescence. Top and bottom figures are normalized to 180 kg/m?; middle figure

is normalized to 75 kg/m>.

of droplet “accumulation” is formed. For the conditions of initially
sized 10-pm droplets at 2000 K, the inclusion of the Fuks correction
does not change the spatial distribution of the aerosols in the flow.
These results are due to the relatively large initial size of the aerosol
droplets.

Figure 9 shows the ratio of the droplet number density calculated
without coalescence to the number density calculated with coales-
cence. Results are shown for 10-um droplets in 300-, 1000-, and

2000-K gases. Because coalescence causes a reduction in number
density, the number density calculated without coalescence is higher
at the inflow boundary. However, the droplets soon come to an ac-
cumulation region (see the middle portions of Figs. 7 and 8), which
is represented by maxima in the number density ratio curves, and
subsequently evaporate. At further axial depths, the droplet number
density with coalescence may exceed that calculated without coales-
cence, as can be seen in the slight rise of the 2000-K curve for axial
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Fig. 9 Ratio of droplet number density along the axial direction for
10-,0m droplets without and with coalescence for different background-
gas temperatures.

distances greater than approximately 1.4 mm. As the gas tempera-
ture becomes lower, the coefficient of viscosity decreases thereby
decreasing the drag force so that droplets can proceed through the
simulation domain to greater axial depths. The lower background-
gas temperatures also increase the length of droplet evaporation
time, thus causing the number density ratio to be much higher.

The effect of gas temperature on the mass density of 10-um
droplets can be further illustrated by Fig. 10 for the full model.
Figure 10 shows mass density contour plots and trends along the
axial axis for 10-um droplets at background-gas temperatures of
300, 1000, and 2000 K. At 300 K, a droplet accumulation region
exists at a depth between 10 and 15 mm into the simulation domain.
An increase in temperature causes the accumulation region to ap-
pear at increased axial depths despite the higher desolvation rate.
The mass density increases at a higher rate at increased gas temper-
atures, as illustrated in the bottom portion of Fig. 10, because of a
stronger drag force resulting from a higher gas viscosity.

To illustrate the effect of droplet size, Fig. 11 presents the nor-
malized mass density and Fig. 12 the normalized number density
of 1-um droplets in a 1000-K gas. All curves in Fig. 11 are nor-
malized to 0.017 kg/m?, while the curves in Fig. 12 are normalized
to 1.0 x 10'5 droplets/m>. Again, the top field in each figure repre-
sents results obtained with the full aerosol model, the middle field
neglects the effects of coalescence, and the bottom field neglects
the Fuks mass transfer correction. All evaporation occurs within a
very short distance of the droplet injection point. Note that a region
of droplet accumulation exists just beyond 0.01 mm into the sim-
ulation. The drag force causes rapid deceleration for small droplet
sizes, prohibiting further penetration into the simulation domain.

As can be seen by the top and center contours of both plots, co-
alescence has a negligible effect on the droplet number and mass
densities of 1-um droplets moving in a static, background gas at
1000 K. The collision cross section of 1-pum droplets is sufficiently
small such that coalescence events are rare even in the droplet ac-
cumulation region. However, the Fuks correction extends the time
that droplets remain in the simulation, causing an increase in the
droplet number density. The maximum droplet mass density, when
the Fuks correction is not utilized, is approximately half of the max-
imum droplet number density when it is used. In addition, note
that the accumulation region lies further into the simulation domain
when the Fuks correction is used. Because the droplets maintain a
larger size for longer periods of time, Stokes’s law has a lesser effect
on the droplets, allowing a slight increase in droplet penetration.

Figures 13 and 14 represent the mass density (normalized to
0.08 kg/m?®) and the number density (normalized to 5.0 x 10'
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Fig. 10 Mass density contour plots of 10-«m droplets at background-
gas temperatures of 300, 1000, and 2000 K. The normalization factors for
the three contour plots are 50.0, 120.0, and 180.0 kg/m? for temperatures
of 300, 1000, and 2000 K, respectively. The bottom figure shows the
mass density along the axial axis for the three different background-gas
temperatures.

droplets/m?), respectively, of 1-pum droplets in a 2000-K gas. Again,
the top field represents results obtained using the full aerosol model,
the center field neglects the effects of droplet coalescence, and the
bottom field neglects the Fuks mass transfer correction. As was noted
previously, coalescence has a negligible effect on the behavior of
1-pum droplets due to their small collision cross sections. In addi-
tion, the Fuks mass transfer correction is much more influential than
in the 1000-K-gas case, causing a reduction in the maximum mass
density by approximately a factor of 3. Note that droplet penetration
into the simulation domain is reduced compared to 1-pm droplets in
a 1000-K gas. The gas viscosity increases with temperature, caus-
ing drag to have a greater influence on the droplet velocity. Thus,
droplets in a 2000-K gas move more slowly and do not progress into
the simulation domain to as great an extent. While the Cunningham
slip-flow correction factor partially counteracts this trend due to the
higher mean free path of the 2000-K gas, the axial position of the
0.1 mass density contour is reduced by approximately 30%.

To demonstrate the applicability of the aforementioned model to
a more complex system, the resultant spatial distribution of particle
sizes and mass density from a liquid aerosol ejected from a DIHEN®
into an Ar ICP is simulated. The nebulizer chosen for this study is
the DIHEN, a micronebulizer for applications in which sample is
limited, expensive, or toxic.® The DIHEN is typically operated at a
gas flow and a solution uptake rate of 0.2 liter/min and 85 wl/min,
respectively, leading to a Sauter mean diameter (the droplet volume-
to-surface-area ratio) of 10.11 m.® The specific initial droplet size
distribution used in these simulations is given in Fig. 6. Argon tem-
peratures, number densities, and velocities are generated by the
high-frequency induction plasma (HiFI) code.’”-3® The HiFI code
solves the Navier—Stokes equations with the SIMPLER algorithm
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Fig. 12 Normalized number density contour plots (normalized to 1.0 x 10'* droplets/m?) of 1-pm droplets at a background-gas temperature of
1000 K. The top figure indicates inclusion of heating, desolvation, transport, and coalescence, with all rarefied gas effects included; The middle figure
neglects the effects of coalescence; and the bottom figure assumes continuum evaporation models and coalescence.
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Fig. 14 Normalized number density contour plots (normalized to 5.0 x 10'* droplets/m>) of 1-zm droplets at a background-gas temperature of
2000 K. The top figure indicates inclusion of heating, desolvation, transport, and coalescence, with all rarefied gas effects included; the middle figure
neglects the effects of coalescence; and the bottom figure assumes the use of the continuum evaporation models and coalescence.
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to determine key fundamental properties of the ICP. Predicted gas
temperatures range from 3000 K along the axial channel and in out-
lying regions to greater than 10,000 K in the hottest portions of the
plasma.’’ The temperature contours predicted for a 1500-W Ar ICP
by the HiFI code are shown in Fig. 15.

The numerical parameters for the nebulizer simulations are as
follows. The radius enclosed by the simulation is 4.0 mm from the
center of the plasma and extends to a depth of 3.0 cm within the
plasma. Although HiFI predicts temperatures and number densi-
ties for a plasma approximately 5 cm long with a radius of 1 cm,
all droplet evaporation occurs within the smaller computational do-
main and, thus, any extension of the simulation beyond that point is
unnecessary. Other numerical parameters such as the computational
grid and time step are similar to those used in the earlier results.

Radial Position, cm

Axial position, cm

Fig. 15 Temperature contours typical of the Ar ICP, as predicted in
this work with the HiFI code. Argon gas temperatures can reach 10,000
K in the induction region of the plasma and remain at 3000-5000 K
within the center and outlying regions. The plasma is assumed to be
axisymmetric, with the symmetry axis at y = 0. Droplets are injected
from the bottom left of the figure.

Radial Positon, mm

Fig. 16 Predictions of DIHEN droplet mass density contours. The top
figure indicates inclusion of heating, desolvation, transport, and coales-
cence, with all rarefied gas effects included; the middle figure neglects
the effects of coalescence; and the bottom figure assumes the use of the
continuum evaporation model and coalescence throughout the simula-
tion. The top and bottom figure contours are normalized by 12 kg/m?,
and the middle set of contours is normalized by 8 kg/m3.

The computed spatial distribution of DIHEN droplet mass density
inan Ar ICPis shown in Fig. 16. As in earlier figures, simulations are
shown for the full model (top), calculations that neglect coalescence
(middle), and a model that assumes the use of continuum evapora-
tion and coalescence (bottom). Note that the aerosol distribution is
stretched along the axial channel due to lower gas temperatures and
higher gas velocities. Again, note that the computational domain is
smaller than the full HiFI domain shown in Fig. 15. The simulation
shown in the top portion of Fig. 16 indicates that 10% by mass of
the aerosol (defined as the sum of the masses of all droplets within
the simulation) is present at distances up to 19.0 mm from the be-
ginning of the plasma. Results without coalescence (middle portion
of Fig. 16), suggest that the boundary of the 10% of aerosol mass
lies 11.0 mm into the simulation domain.? Similar trends among the
three models were also observed for the 1% droplet mass contours.
Thus, the inclusion of coalescence in the simulation significantly
increases the effective lifetime of the droplets in the plasma. Note
also that the Fuks mass transfer correction primarily impacts small
droplets. Thus, it significantly changes the number density but has
relatively little influence on the final mass density of aerosol.

VII. Conclusions

A computer model has been constructed to determine the spatial
distribution of liquid aerosols in high-temperature gas environments.
The model is based on a DSMC particle-simulation technique that
enables the inclusion of important droplet rarefaction effects; yet,
it is sufficiently general such that the entire two-phase flow system
can be simulated. Due to finite Knudsen number correction factors
applied to the mass transfer and transport portions of the code, the
model is valid at high gas temperatures, low gas pressures, or for
small droplets, offering a wide range of conditions for which the
model is applicable.

Different modeling options were considered for the key four as-
pects of the computational tool: droplet heating, desolvation, trans-
port, and coalescence. The results showed that the Fuks corrections
should be used to model droplet heating and desolvation. Compar-
ison of exact single-sphere DSMC simulations of the drag force
against a sphere with different analytic slip-flow models shows that
the Cunningham correction applied to the Stokes law gives the best
model for droplet transport. The Ashgriz—Poo model for droplet co-
alescence, one of the most important of the processes, was chosen
based on comparisons with fundamental MD simulations. These
comparisons showed that the outcome of droplet—droplet collisions
does not appear to have a temperature dependence over the range
tested. The four aforementioned selections represent the baseline
model recommended for the two-phase flow conditions considered
here.

The computational tool was applied to two general classes of
simulation results. A spatially uniform background-gas tempera-
ture with a particle velocity distribution and a spatially variable
background-gas distribution corresponding to that of an ICP were
considered. The key results for the uniform background gas are as
follows. As droplet size increases, the coalescence process increases
in importance. For 1-um particles in a background gas of tempera-
tures in the 1000-2000-K range, the Knudsen number is sufficiently
large that the use of the continuum evaporation model leads to in-
correct droplet evaporation rates. The simulation was also applied
to the case of nebulizer droplets from a DIHEN introduced into an
ICP. It was found that inclusion of both coalescence and noncontin-
uum gas effects is also crucial to the modeling of this more complex
spray system.
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