
Aerosol Formation in Reacting Gases: 
Theory and Application to the Anhydrous 
NH,-HCI System 

Aerosol formation in reacting gases is treated in terms of the gas-phase 
reaction, homogeneous nucleation of the reaction product, and particle growth by 
parallel mechanisms. In the absence of foreign nuclei, nucleation of the gas-phase 
reaction product is described by classical homogeneous theory with a nonequilib- 
rium correction factor included; particle growth by diffusion, surface reaction, 
and cluster scavenging are examined. The predicted contribution of the latter 
mechanism increases with increasing supersaturation ratio due to a shift in the 
distribution of cluster sizes in accordance with a Boltzmann-type steady-state 
distribution. Illustrative results predict a nucleation burst during which the 
formation of nucleating monomer by chemical reaction competes with the loss of 
monomer due to diffusion to the surface of the freshly formed particles. In 
addition, conditions under which cluster scavenging can dominate are shown. 

The particle-size spectra predicted using the theory are compared with ex- 
perimentally measured size spectra of NH4CI particles formed by the gas-phase 
reaction of NH3 and HCI. The size spectra were measured using an electrical 
aerosol size analyzer and an optical counter at the outlet of a continuous flow 
reactor after residence times ranging from 2 to 50 seconds. Reactant concen- 
trations of 2.1 x lo-’ to 4.1 x mol/m3 (0.5 to 10 ppm) were studied at 23 to 
26°C and near atmospheric pressure. The predicted size spectra showed good 
agreement with the experimental results. At reactant concentrations below 4.1 x 

moUm3, the predominant particle growth was apparently by diffusion of the 
monomer in the noncontinuum range. Based on analysis of other data, cluster 
scavenging became more significant at reactant concentrations greater than about 
8 x moUm3, and coagulation was not significantly important. Furthermore, 
these studies implied a microscopic surface free energy for NH&I of approxi- 
mately 0.051 N/m. 

SCOPE 

Aerosol formation via gas-phase chemical reaction is an im- 
portant industrial process, and it also occurs naturally in the 
atmosphere. This process is used industrially in the manufac- 
ture of semiconductor crystals, in controlling the pigment qual- 
ity of titanium dioxide, and in certain metallurgical processes, 
as well as being important in fogging in the agricultural and 
chemical industries. In the atmosphere, it results from the 
interaction of naturally occurring gases as well as pollutant 
vapors. 

In both industrial and atmospheric applications, the prereq- 
uisite to aerosol formation is that the reaction product in its 
solid or liquid form have a vapor pressure which is low enough 
to allow small particles pm) to be nucleated. If this is 
the case and if the supersaturation of some intermediate vapor 
can increase to a sufficient level, particles will be nucleated. 
These particles can then grow by deposition of the various 
gases and vapors on the particle surface by severaI different 
mechanisms. 

employed in this research to study these phenomena. It was 
selected because its end-product, NH,CI, has been identified in 
atmospheric aerosol samples (Cadle, 1972) and because its 

The aerosol forming reaction of NH3 and HCI has been.’ 
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stoichiometry simplifies any theoretical analysis. The re- 
actants, NH3 and HCl gases, are known to exist in the atmo- 
sphere. NH3 is present at a fairly constant but low background 
concentration due to bacterial activity of decaying organic 
material (Rasmussen et al., 1975). Coal combustion and the 
production and use of nitrogen-based fertilizers contribute to 
larger localized concentrations of NH3 (Robinson and Robbins, 
1970). In urban areas, NH3 concentrations may become rela- 
tively high (20-100 ppb, or 0.8-4 x moUm3) for short time 
periods, although even in those areas, many of the mea- 
surements are still less than 55 ppb (2 x lo-’ moVm3) (cf., Doyle 
et al., 1979). 

Indications are that the primary source of HCl is from 
pyrolysis of polyvinyl chloride in municipal incinerators. In 
fact, concentrations of HCI as high as 220 ppm (8.2 x 
mol/m3) have been measured near municipal incinerator in- 
stallations (Hirayama et al., 1968). In addition, HCI is a fugitive 
emission from hydrochloric acid manufacturing plants, and it 
has been suggested that HCI can be formed in-situ during the 
scavenging of NaCl sea-salt aerosols by acid rain droplets 
(Mohnen and Yue, 1974). Stratospheric HCI concentrations 
range from 0.25 to 1.0 ppb depending on altitude (Ackerman et 
al., 1976). 

Given the presence of NH3 and HCI in the atmosphere and 
the existence of NH4CI in the atmospheric aerosol mass, a 
reasonable postulate is that NH4CI aerosol can result from 
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reaction between NH3 and HCI gases. This study was aimed at  
assessing the validity of this postulate. However, before this 
assessment could be made, it was necessary to satisfy two 
primary objectives: (1) to quantify the rates of the gas-phase 

reaction, nucleation, and particle growth processes; and (2) to 
elucidate the particle growth mechanisms. The experimental 
results presented by Su (1979) have been used extensively in 
this study. 

SIGNIFICANCE AND CONCLUSIONS 

Models of aerosol formation in reacting gases may be applied 
to a number of systems of importance in industry and in the 
atmosphere. For example, the gas-phase reaction of TiCI4 and 
O2 produces Ti02 pigment whose particle size distribution 
must be centered around 40 pm in order to maintain optimum 
optical properties for the pigment. Systems of potential atmo- 
spheric importance include NH3-SOz, NH3-HCI, H,S-CI, 
NH3-H2S, NH3-C02, and H2S-S02. 

In this study a model of aerosol formation in such systems is 
proposed. The governing differential equations were solved 
using the Fowler- Warton (1967) numerical integration proce- 
dure. The aerosol formation process occurs by the following 
sequence of events: (1) The gas-phase reaction proceeds 
sufficiently far for the supersaturation ratio to exceed unity; (2) 
The nucleation occurs as a burst over a relatively short time 
period; (3) The nucleation process is quenched due to loss of the 
nucleating species from the gas phase by diffusion to the freshly 
formed aerosol; and (4) The particles continue to grow with no 
new particles formed. The results also predict that cluster 
scavenging as a particle growth mechanism is only significant 
during the nucleation burst and increases the particle size very 
rapidly. This growth mechanism is more important when 
supersaturation ratios can become large; thus, it is more im- 
portant for species with lower vapor pressures, assuming all 
other parameters are fixed. 

Experimental results indicate that particle growth in the 
NH,-HCI system is predominantly by diffusion of the monomer 

to the particle surface in the noncontinuum range in the 2.1 x 
moVm3 (0.5 to 10 ppm) concentration range. 

At higher reactant concentrations ( 5 8  x moI/m3), cluster 
scavenging can dominate with the clusters apparently obeying 
a steady-state Boltzmann-type distribution. Diffusional growth 
of NH,Cl particles smaller than 0.33 pm is adequatdy de- 
scribed by kinetic theory, with a continuum diffusivity of 0.14 
cm2/s being applicable to larger particles. Based on the fit of a 
surface reaction model, it is apparent that NH, and HCI are not 
readily accommodated on the particle surface, and the surface 
reaction model does not explain the results of Countess and 
Heicklen (1973) as well. The most generally applicable growth 
mechanism is a combination of diffusional growth with cluster 
scavenging, with the latter being negligible at low reactant 
concentrations ( 2 4  x mol/m3). Coagulation was not sig- 
nificantly important at reactant concentrations less than 2.45 x 

Freshly nucleated NH,CI particles, with a Kelvin diameter 
of approximately 0.0016 p m  corresponding to about 35 
molecules of NH.,CI, were found to exhibit a microscopic sur- 
face free energy of 0.051 N/m based on comparison of experi- 
mental and predicted particle size spectra. Three different 
theories of the surface free energies of solids were in approxi- 
mate agreement with this measurement. Twomey’s (1959) im- 
plied value of 0.13 N/m is considered suspect due to the effect of 
water vapor on those results. 

to 4.1 X 

mol/m3 and residence times up to 50 seconds. 

Previous studies of urban aerosols have shown that the forma- 
tion of new particles and their subsequent growth can be quite 
involved (cf., Heisler et al., 1973; Gartrell and Friedlander, 
1975; and Heisler and Friedlander, 1977), and the available 
results indicate that several growth mechanisms are important. 
For example, when Heisler e t  al. (1973) applied their theoretical 
analysis to the Pasadena aerosol, they concluded that a difFu- 
sional growth rate could be used to model the system. However, 
the results of Gartrell and Friedlander (1975) suggested growth 
rates proportional to particle diameter raised to the 2.3 to 2.7 
power. More recently, Heisler and Friedlander (1977) con- 
ducted experiments which reportedly confirmed their 1973 re- 
sult of growth rate being proportional to particle diameter. 
Regardless of which type of growth is correct, it is clear that 
further work I S  needed to completely understand the dynamics 
of aerosol formation and growth. A purpose of this paper is to 
facilitate a better mechanistic understanding of these processes. 

Many of the previous theoretical studies of the dynamic be- 
havior of aerosol-size distributions have considered specific 
limiting forms for the aerosol growth rate. In particular, 
Rainabhadran et al. (1976) developed analytical solutions to the 
stochastic equation describing the continuous-size spectrum of a 
system undergoing coagulation and growth by employing two 
limitingforms for the aerosol growth rate: (1) a rate independent 

of particle size, and (2) one proportional to particle volume. The 
latter form would be appropriate if the rate determining step for 
growth is a chemical reaction occurring throughout the volume 
of the particle. 

A common type of growth is that which is diffusion limiting. 
When the Knudsen number (Kn = 2A/D) is less than about 0.1, 
the diffusional growth rate can be predicted by classical diffusion 
theory and is proportional to particle diameter. Middleton and 
Brock (1976) numerically solved the governing equation for 
diffusional growth with the Kelvin and noncontinuuin effects 
incorporated, and encountered some computational difficulties. 
These difficulties apparently resulted from the use of noncon- 
tinuuin correction factors in the particle growth rate for particles 
below 1 pni in diameter. The present study employs an alterna- 
tive procedure that uses kinetic theory for particles below a 
diameter specified by the molecular diffusivity of the nucleating 
vapor. 

Recently, Gelbard and Seinfeld (1979) derived a general 
dynamic equation for aerosols which they successfully used to 
simulate the forination and growth of a HPSOI/HEO aerosol in a 
smog chamber. In principle, their equation may be made per- 
fectly general by including terms that describe all mechanisms 
affecting aerosol formation and growth. While that work does 
not specify the nucleation mechanism, the present study em- 
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Figure 1. Schematic description of physical model representing (a) gas 
phase reaction; (b) nucleation; and (c) particle growth via diffusion, sur- 

face reaction, and/or cluster scavenging. 

ploys homegeneous nucleation theory in conjunction with the 
various growth mechanisms, but the evaporation, coagulation, 
and sedimentation terms in Gelbard and Seinfeld's equation are 
neglected. These simplifications seem justified for the present 
case, and aspects of these simplifications will be discussed later. 

Many early experimental studies of the NH3-HCl reaction 
were directed at studying the formation of Liesegang rings of 
NH4Cl during countercurrent diffusion in small diameter tubes 
(Koenig, 1920; Hedges, 1929; Spotz and Hirschfelder, 1951; 
Johnston and Manno, 1952). The success of these early experi- 
ments led subsequent researchers to use the NH3-HCI reaction 
to produce NH&l aerosols for various types of aerosol ex- 
perimentation. For  example, Kunkel (1950) studied the 
dynamic behavior of the charge distribution in freshly generated 
NH4Cl aerosols. Langstroth et  al. (1947) studied visibility 
through NH,CI aerosol clouds, and DalIaValle e t  al. (1954) 
investigated the aggregation of NH,CI aerosol under the 
influence of electric fields. 

Twomey (1959) performed the first cloud chamber study, and 
later, Countess and Heicklen (1973) studied the NH3-HCl reac- 
tion in a flow reactor at room temperature and ambient pressure 
and reactant concentrations of 2.45 x mol/m3 each (60 
pprn). Their results will be discussed in more detail later. Fi- 
nally, Carabine et  al. (1971) investigated the aerosol formation 
due to the anhydrous reaction of 4.1 x 
mol/m3 (100 to300 ppm) of NH3 and HCl in NZ gas streams using 
alight scattering method. They obtained lo4 to 105particles/cm3 
having a number median diameter of 0.14 p m .  

We first develop the dynamic behavior of the gas-phase 
species concentrations. That will include discussion of the 
nucleation phenomena. Following that, the particulate-phase 
dynamics will be presented with discussions of the growth 
mechanisms and some general results for the gas-to-particle 

to 1.23 x 

conversion mechanism. Finally, experimental results on the 
anhydrous NH3-HCl system are presented. 

THEORY 

Gas-Phase Dynamics 

Consider two gases, A and B ,  reacting toform an intermediate 
vapor, AB(g) ,  which then nucleates particles, AB(s) ,  according 
to the following general scheme. 

k f  

k ,  
A ( g )  + B(g) @ W g )  + AB(s )  (1) 

Reaction Nucleation 

Figure 1 illustrates these processes. An alternate mechanism is 
the direct reaction and binary nucleation of A(g)  and B(g) .  That 
mechanism has been examined in some detail by Kiang et al. 
(1973), StaufTer and Kiang (1974), and Mirabel and Katz (1974). 

k f  

k ,  
+ B(g)  S A W )  (2) 

While applicable to a variety of cases, that mechanism appar- 
ently cannot explain the observed induction periods in many 
aerosol systems, and an alternate scheme is necessary. 

Returning to the scheme represented by Figure 1, the re- 
actant gases, A and B ,  can be lost to the particle surface by 
adsorption and surface reaction, in addition to being consumed 
by Reaction (I). Therefore, the conventional kinetic rate expres- 
sions, modified to include a term accounting for loss o f A ( g )  and 
B(g)  to the particle surface, are: 

(Loss to Surface) 
+ k,[AB(g)] - 1 of A(g )  and/or J (3) 

B(g)  
The first equality results from the stoichiometry of the reaction 
being one-to-one. Since the intermediate vapor can also be lost 
to the particle surface by condensation, an analogous equation 
holds, except that an additional term must be included to 
account for the loss of AB(g)  due  to nucleation. 

- [Loss of A B ( g ) }  - [ Loss via 
to surface nucleation 

In Eq. 4, the nucleation term takes the following form 

{Loss via Nucleation} = p 8 V C  (5) 

The nucleation rate, 8, is given by the classical homogeneous 
nucleation rate equation of Volmer and Weber (1926) modified 
by the non-equilibrium correction factor of Becker and Doring 
(1935). 

(6) 
The physical properties, P,,, m ,  u ,,,, and u, are those for the 
freshly nucleated particle of A B ( s ) ,  while S is the supersatura- 
tion ratio of the intermediate vapor, AB(g) .  

s = PIP,, (7) 

The supersaturation ratio, S ,  is related to the critical diameter, 
D,, by the classical Kelvin-Gibbs relation. 
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Because of the nature of the nucleation process, various statis- 
tical mechanical approaches have been employed to derive rate 
expressions analogous to Eq. 6 (cf., Reiss, 1952; Band, 1955; 
Lothe and Pound, 1962). These approaches lead to a variety of 
correction factors for the translational and rotational contri- 
butions to the free energy of an embryo. However, these correc- 
tion factors are generally negligible at room temperature and 
low supersaturations (Burton, 1973). Thus, i n  most instances, 
the classical nucleation rate equation can be utilized without 
introducing much error. This conclusion is supported by the 
results of several experimental nucleation studies which show 
substantial agreement with the classical equations (cf., Flood, 
1934; Katz and Ostermier, 1967; Katz, 1970). 

The terms i n  Eqs. 3 and 4 which account for losses to the 
particle surface take the form: 

(9) 

The summation i n  Eq. 9 is over all particle sizes, s correspond- 
ing to the largest size interval. The particle growth rates, aVJat, 
depend on the growth mechanisms. 

Particulate-hose Dynamics 

Aerosol particles formed by reacting gases can grow by a 
number of mechanisms: (1) The intermediate vapor, AB(g), can 
diffuse to and condense on the particle surface; (2) One, or both, 
of the reactant gases, A(g) and B(g), may be adsorbed on the 
particle surface leading to a surface reaction, (3) The reactants 
may be absorbed into the particle leading to a reaction occurring 
throughout the volume of the particle; (4) Clusters of nucleating 
vapor molecules, [AB(g)],,, may be scavenged by the aerosol 
particles (Friedlander, 1978); and (5) The aerosol particles may 
coagulate to form larger particles. More than one of these mech- 
anisms can be operative in a given system, and they may not be 
completely effective; i.e., all of the collisions with the particle 
surface may not result in sticking. This effect can be taken into 
account by including an accommodation coefficient in the parti- 
cle growth equation. In the present studies, the accommodation 
coefficient is taken to be unity. 

D$fusional Growth. If the diffusion of the intermediate vapor 
to the particle surface is much slower than the gas phase reac- 
tion, the growth process is diffusion-controlled. Under such 
conditions the growth rate of the ith particle size is given by: 

where [AB(g)],, the concentration of intermediate vapor at the 
surface of a particle in the ith size interval, is given by the Kelvin 
relation. 

The term [AB(g)]" is the concentration -of intermediate vapor 
above a planar surface of the pure species. When the Knudsen 
number is less than about 0.1 (the partide diameter is greater 
than 20 times the mean free path of the surrounding gas), the 
diffusivity 3, can be  used. Below this size (-0.07 p m  for air at 
STP) kinetic theory should be used to calculate the impinge- 
ment rate of vapor molecules on a particle surface. This leads to 
an effective diffusivity corrected for noncontinuum effects 

which, upon substitution into Eq. 10, yields: 

Therefore, in the noncontinuum range diffusional growth rates 

are proportional to surface area, or V;13, while in the continuum 
range, diffusional growth rates are proportional to particle 
diameter, or Vf'3. 

Surface Reaction. If one of the reactant gases is adsorbed and 
if its rate of reaction with the other reactant i n  the gas phase is 
much less than the rates of diffusion of the gases to the particle 
surface, then the growth is reaction-controlled. In this case, the 
growth rate equation takes the form: 

where for this case k, denotes the surface reaction constant. 
Volume Reaction. Consider the case where A(g) and B(g) are 

absorbed into the particle. Ifcomponent B is present inside the 
particle in large excess, then the particle growth rate is given by: 

where [A(&)] is the Concentration of absorbed component A, 
assumed to be described by a linear equilibrium relationship. 

[A(g)l = %A(abs)l (16) 

Substitution of [A(&)] from Eq. 16 into Eq. 15 yields: 

These growth rates would be appropriate for liquid aerosol 
particles, or for porous solid aerosol particles in which the 
reactants could be  readily incorporated into the particle volume. 
For this latter case, the pore area would have to be much greater 
than the external surface area and would vary directly as the 
particle volume. 

Cluster Scauenging. Nucleation proceeds by the build-up of 
clusters of the intermediate vapor molecules. These clusters 
grow by the addition of intermediate vapor molecules and other 
clusters until they reach the critical size given by Eq. 8, at which 
point a nucleation event, in the classical sense, can take place. In 
addition to serving as the nucleation pathway, Friedlander 
(1978) has suggested that the clusters may be scavenged by 
stable aerosol particles that are larger than the critical size. The 
particle growth rate via this mechanism can be readily obtained. 
Let n,,, u,, and m, be the number concentration, velocity, and 
mass of a cluster containing g molecules (designated a g-mer). 
The flux of g-mers toward a particle is nou,, and the resulting 
increase in particle mass is n,zl,m,(rrD:). This particle growth 
rate receives contributions from clusters of all sizes, and the 
corresponding volumetric particle growth rate is: 

The summation covers scavengingfrom the monomer (g = 1) to 
the cluster that is one molecule short (g = gr - 1) of being a 
stable embryo that can grow. Furthermore, it can be  noted that 
the first term in the summation simply represents the contribu- 
tion from noncontinuum diffusional growth. 

The problem now becomes one of determining the cluster- 
size distribution. For many important gas-phase reactions, the 
cluster dynamics are sufficiently fast with respect to the gas 
phase chemical reaction that the cluster size distribution rapidly 
adjusts to the prevailing supersaturation ratio. In this manner, 
the cluster dynamics can be separated from the aerosol particle 
dynamics. Using this assumption and in the absence of any 
pre-existing aerosol surface, the number concentration of clus- 
ters, n,, has been shown to obey a Boltzmann-type distribution 
(Frenkel, 1946). 

IL, = n, exp(-AGJkT) (19) 

(20) 

AG,, is the free energy of formation of a g-mer given by: 

AGq = 4.rrr&~ - 4/3.rr<pRT In S 
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Figure 2. Cluster distribution for a typical system at various values of the 
supersaturation ratio. Note the increase in the number density of large 

clusters at high supersaturations. 

Using kinetic theory to describe the g-mer veIocity, up is: 

Eqs. 19 and 20 show that the cluster-size distribution, shown 
in Figure 2 for a special case, is a function of both g and S.  It is 
evident from Figure 2 that scavenging of large clusters can be 
significant only at larger supersaturation ratios. Frequently, 
only the monomer is present in significant concentration, and 
cluster scavenging is then just equivalent to diffusional growth. 

Now we will examine the condition for the cluster-size distri- 
bution to be described by the prevailing supersaturation ratio. 
Eq. 19 is based on the hypothesis that the formation and 
breakup of clusters is in steady state, and i t  is only necessary to 

Growth Mechanism 

Diffusional Growth 
(Continuum Range) 

Diffusional Growth 
(Noncontinuum Range) 

Surface Reaction 

Cluster Scavenging 

Volume Reaction 

compare the formation rate of n, by chemical reaction with one 
of the cluster dynamics terms for order of magnitude consider- 
ations. Thus, by comparing the formation rate by reaction with 
the loss of monomer to form larger clusters, one obtains the 
condition: 

For a very conservative estimate, the inequality given by Eq. 22 
can be evaluated with n, corresponding to a supersaturation 
ratio on the order of unity. 

Generalization of Growth Equations. The growth rate ex- 
pressions, Eqs. 10, 13, 14, 17, and 18, have the same general 
form which may be written as: 

where the appropriate values of a and /3 may be obtained by 
inspection of the growth rate equations. The following values of 
P would apply: 113 for diffusional growth in the continuum 
range; 213 for diffusional growth in the noncontinuurn range, for 
surface reaction, or for cluster scavenging; and 1 for volume 
reaction. The corresponding values of CY are summarized in 
Table 1. 

If any two or more of the growth mechanisms operate simul- 
taneously and independently, then their growth rates may be  
summed to obtain the total particle growth; i.e., 

where the subscript j denotes the growth mechanism. With 
individual particle growth rates given by Eq. 24 and Table 1, we 
now examine how these growth rates impact the dynamic be- 
havior of the particulate number concentration in each size 
interval. 

Particle Size Distribution. The size distribution dynamics in a 
system of particles suspended in a quiescent gas and in the 
absence of coagulation may be described as follows for a con- 
tinuous distribution (Friedlander, 1977). 

Eq. 25 is approximate in that the quantitvdescribingdiffusion of 
the size spectrum in terms of V has been neglected. As Fried- 
lander (1977) states, the spectral diffusion term is relatively 
small for the growth of particles larger than those nucleating. It 
is, however, large for homogeneous nucleation, but its effects 
are included in the Volmer-Weber modified Becker-Doring 
equation. The dynamic behavior of the particulate number con- 
centration in each interval of a discrete distribution may also be 
modeled by a system of ordinary differential equations This is 
accomplished by subdividing the continuous distribution into a 

TABLE 1. VALUES OF a AND p FOR VARIOUS GROWTH MECHANISMS 

- ffvp av, 
- -  

a t  

a P 

113 

213 

213 

213 

1 
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Figure 3. Illustration of particle sizes to obtain the first-order rate con- 
stant, k , .  The particle of size V is in the i th interval, growing such that it 

will move from the i th to the (i + 1)th interval. 

set ot equations, each equation representing the particles in an 
individual class interval. 

Let V, be the volume corresponding to the class interval 
which contains the particle that is nucleated, and let n,  be  its 
particle number density. Thus, the first class interval contains 
particles ranging in size from V, to Vl + 6V. Considering only 
nucleation and growth, the dynamic behavior of the discrete 
ditribution can then be represented by the following system of 
equations. 

The terms in Eqs. 26 and 27 represent the particle inputs and 
losses to the various size intervals, and the ki denote the rate 
constants for movement of particles from one interval into the 
next. These rate constants depend on the interval, particle size, 
and the aj and pj. 

The derivation of Eq. 28 will now be considered. 
Consider a particle in the ith interval having volume V{ as 

shown in Figure 3.  O v e r a n e  period &,&particle will 
increase in  size to V: + (aV/at)i St ,  where (dV/dt), represents 
the average growth rate of particles between size V, and Viil .  

The fraction of particles leaving the ith interval due  to this 
growth is (6nJnJloSs. If Vj is chosen such that, over the time 
period at ,  a particle of that size just grows to V,+,, then the 
following relationship holds. 

- 
But, V,,, - Vi = (aV/dt), 6t ,  and letting 6t hecome very sniall, 
Eq. 28 can be rewritten as: 

from which we can identify k, as: 

~ 

Now (avidt); is simply, 

so that k,  becomes 

Growth due to Monomer 

\ -  

, Dimensionless Time 

Figure 4. Dimensionless particle growth rate for G = 102. The growth due 
to cluster scavenging is negligible compared to that due to diffusion of the 

monomer to the particle. 

in which the growth rate has the form given by Eq. 24. Carrying 
out the indicated integration yields Eq. 28 which shows that the 
ki are dependent on the size distribution discretization, as well 
as the operative growth mechanisms. 

Numerical experiments were performed which compared this 
discrete treatment with an analytical solution under certain 

Nucleation Period 

1 I 1 
0.01 0.02 0.03 0.04 0.05 

T, Dimensionless Time 

Figure 5. Dimensionless particle growth rate for = 101. Cluster scaveng- 
ing dominates during the short time interval corresponding to the nuclea- 
tion burst, while at other times, monomer diffusion to  the particle accounts 

for most of the growth. 
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r, Dimensionless Time 

Figure 6. Dimensionless nucleation rate as o function of dimensionless 
time showing the regions dominated by (a) gas phase reaction; (b) nuclea- 
tion; (c) quenching of the nucleation process; ond (d) particle growth. 

limiting conditions. Those numerical experiments were particu- 
larly severe tests for the discrete approximation due to a sharp 
peak in the distribution, but still showed excellent agreement 
between the continuous and discrete spectra for particle 
diameters below 0. I pm.  Above that size the agreement was still 
within that usually necessitated by experimental accuracy, and 
would be even better for distributions with less abrupt changes. 

Discussion of Theory 

The results of this theory can be conveniently generalized by 
using the following dimensionless variables. 

[AB(g)l dimensionless 
‘A’ = [ ~ o l o  - concentrations 

n,+ = o,,,n, - dimensionless particle number density 

7 

(T*=-- dimensionless surface free energy 

= k,[A(g)],t - dimensionless time 

UU:,? 

kT 

V 
olll 

V,+ = 2 - dimensionless particle volume 

- dimensionless nucleation rate h,, 
kJA(g)lo 

ki 
kf[A(g)Io 

N* = 

- dimensionless rate parameter k,* = 

- dimensionless kinetic velocity (kT/m)’IZ 
kr[A(g)Ioofi3 

K =  

[A(g)loRT - dimensionless nucleation 5. = Po potential parameter 

dimensionless reactant 
volume concentration 4 = [A(g)IoNo~,,l - 

r )  =-- [A(g)lo dimensionless specific volume 
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Figure 7. Schematic of experimental system 

With these definitions, the governing gas phase and particulate 
phase equations can be rewritten for the special case of [A],, = 
[B],,, k, = 0, and cluster scavenging growth as follows. 

(34) 

(37) 

Eqs. 34 through 38 were solved for the case of U* = 2, K = 
4 = lo-’, 7 = lo-*, g,. = Vf = 40, and G = 102and lo3. 

Some typical results are shown in Figures 4 and 5. Dimension- 
less growth rates, c~~/(k,[A(g)],o:,’~), are plotted as afunction of r 
for growth from the monomer and for growth from the clusters (2 
5 g 5 g, - 1). The sum of these curves would represent the total 
noncontinuum particle growth. In addition, the period of nucle- 
ation is shown. Obviously, the growth curves prior to the nucle- 
ation period only represent a potential growth rate and not an 
actual growth rate. 

For G = lo2, the growth from dimers and larger clusters 
represents a very minor amount of the growth, and its maximum 
influence is more than four orders of magnitude less than that of 
the monomer. This results from the supersaturation ratio never 
becoming very large for this system (S never exceeded IOduring 
the simulation). For E; = lo3, the maximum growth rate due to 
cluster scavenging exceeded that due to monomer scavenging 
by a factor of approximately 3. However, this influence is only 
present during the nucleation period when the supersaturation 
ratio is largest. For this case, the supersaturation ratio exceeded 
14. After the nucleation period, only growth from monomer 
scavenging is important. 

In Figure 6, the dimensionless nucleation rate, $*, is plotted 
as afunction of r for  these two cases. Both simulations show that 
the nucleation occurs as a burst of relativeIy short duration. For 
the larger value of G, this burst is much narrower, and the 
nucleation rate is considerably higher. This is expected since the 
potential for gas-to-particle conversion is much greater, and the 
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in the nucleation zone. 

larger number of- particles that are formed provide a much 
greater surface area that acts as a sink for the monomer and 
clusters in the gas phase. Figure 6 shows that this gas-to-particle 
conversion process can be subdivided into four phases: (1) The 
gas phase reaction forms the A B ( g ) ,  which will eventually nu- 
cleate; (2) The supersaturation builds to a point that substantial 
nucleation occurs; (3) The now available particles provide area 
for the nucleation burst to be quenched via loss of AB(g)  to the 
surface; and (4) Particle growth continues by deposition of 
monomer on the particle surface. 

EXPERIMENTAL 

The major components of the experimental system are shown in 
Figure 7. Only a brief description will be presented here; a detailed 
description can be found in Su (1979). Ultrahigh purity N, gas (1) 
(greater than 99.999%) was dried in aliquid N2 bath (4). When the effect 
of water vapor was studied, the NZ gas was bubbled through distilled- 
deionized water (5), and the liquid N, bath was omitted. The N, flow was 
then split and combined separately with the two reactant gas streams: 
nominally 4.1 X 
mol/m3 (100 ppm) in HCI in N, (3). The concentrations of NH, and HCI 
in every gas cylinder employed in this research were measured prior to 
their use. The two reactant streams were filtered through Matheson 
Model 6184-T4 absolute filters removing any foreign nuclei larger than 
0.003 Fm prior to entering the reactor. The effectiveness of this filtration 
was periodically verified by checking for particles in the individual gas 
streams with a condensation nuclei counter and other particle sizing 
instruments. 

The reactor inlet was fitted with a Plexiglas mixing head (6) designed 
to provide quick and efficient mixing. The reactor (7) was 7.6 cm ID X 
1.47 m long and made of glass. Flow in the reactor was laminar with 
residence times of 2 to 50 seconds, corresponding to Reynolds numbers 
of 100 to 300. A movable sampling head (8) allowed the residence time to 
be varied at a fixed flowrate. Thermocouples were fixed on the mixing 

mol/m3 (100 ppm) of NH, in N, (2) and 4.1 X 

I o 7 1 j  Su's Experlmentol 
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I o5 
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Figure 9. Porticle size distribution for o run in which the sample wos taken 
beyond the nucleation zone. 

and sampling heads, and no significant temperature difference between 
these points was detected during the individual runs. 

Samples were taken along the streamlines corresponding to the aver- 
age flow velocity or average residence time. The particle-size distri- 
butions of the resulting NH,CI aerosol clouds were measured at sys- 
tematically varied reactant concentrations and residence times, primar- 
ily using a Thermo-Systems Model 3030 Electrical Aerosol Size 
Analyzer (10) over the range of 0.003 to 1.0 gm and a Royco Model 225 
Optical Counter (9) covering the range of 0.5 to 5.0 pm.  Cascade 
impactor separation and optical microscopy were also periodically used 
for particle-size analysis. 

All runs were conducted at room temperature (23 to 26°C) and essen- 
tially ambient pressure (0.97 to 1.07 atm). Reactant concentrations were 
systematically varied from about 2.1 x to 4.1 x lo-* mol/mS (0.5 to 
10 ppm). Forty-five different sets of conditions were studied. The ex- 
perimental results are discussed in detail by Su (1979). 

RESULTS AND DISCUSSION 

Summary of Experimental Results 

The experimental results can be  generally summarized as 
follows: 

(1) At a fixed residence time, increasing the reactant concen- 
trations generally led to an increase in the total number concen- 
tration of NH,CI particles and a shift in the size distribution 
toward larger particles. 

(2) Increasing the residence time beyond some minimum 
value at fixed reactant concentrations did not alter the total 
number concentration, but did shift the distribution toward 
larger particles. 

(3) There was an induction period prior to any detectable 
formation of particles larger than 0.003 p m .  

Density and morphology analyses of the particles were also 
done (Hazrati and Peters, 1980). Transmission electron mi- 
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The sample was taken beyond the nucleation zone. 

crographs showed the particles to be quite porous and generally 
cubical in shape. Analysis of the electron micrographs in combi- 
nation with cascade impactor measurements indicated a particle 
density of approximately 150 kg/m3. This low density is, as yet, 
unexplained and the analysis that follows uses the commonly 
reported density for NH,CI crystals. 

Comparison of Predicted and Measured Particle-Size Spectra 

The various theoretical concepts presented previously should 
be capable of explaining the above results. In Figures 8 to 11, 
several representative predicted and experimental particle-size 
spectra are compared. The results showed good agreement 
between the experimental data and three theoretical growth 
models: Model 1 (noncontinuum diffusional growth), Model 2 
(noncontinuum diffusional growth with cluster scavenging), and 
Model 3 (continuum diffusional growth with surface reaction). 
Since Models 1 and 2 predicted virtually identical particle-size 
spectra, the scavenging of clusters [i.e., dimer up to (gr - 1) 
met-] was apparently not important under the conditions of the 
experiments. This is probably due  to the fact that the computed 
supersaturation ratio never became sufficiently large to produce 
a significant number density of clusters. Since the computed 
supersaturation ratio was never much larger than 10 under Su's 
experimental conditions, the number concentration of clusters 
was about four orders of magnitude below that of the monomer, 
thereby explaining the agreement between the particle size 
distributions predicted in the absence and presence of cluster 
scavenging. 
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Figure 1 1. Particle size distribution for two runs showing the reproducibil- 
ity of the data. The samples were taken beyond the nucleation zone. 

In addition to the quantitative agreement between the ex- 
perimental and theoretical particle-size distributions, the ex- 
perimentally observed trends are also reproduced by these 
models. For example, upon comparison of the spectra, one 
observes a rather dramatic increase in the total particle number 
concentration when the reactant concentrations are increased 
from approximately 2.9 x lo-* mol/m3 to 4 .1  x mol/m3 at a 
fixed residence time of about 18 seconds. It was also observed 
that upon increasing the residence time from 8.8 to 17.7 to 32.6 

R I 
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Figure 12. Total particle number concentration increase with residence 
time. This shows the induction period prior to particle formation and the 
time beyond which new particles are not formed. Nucleation occurs from 6 

seconds to about 20 seconds. 
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seconds, at fixed reactant concentrations of about 4.1 x 
inol/in3, the total nuniber concentration was not altered, but the 
distribution shifted toward larger particles with the peaks in the 
distributions occurring at 0.065, 0.084, and 0.10 pin, respec- 
tively. 

The models also predicted an induction period prior to nucle- 
ation as observed by Su. Because of its relative simplicity, 
Model 1 was selected for further simulations of a set of runs in 
which the residence time was systematically varied at fixed 
reactant concentrations of about 2.5 x inol/in3 each, with 
the sainpies taken i n  the nucleation zone. The results are shown 
in Figure 12. The residence times plotted in Figure 12 have 
been corrected from those of Su (1979) to take into account the 
additional residence time in the sanipling tube. The predicted 
curve shows quite good agreement with the experimental data. 
The variation of total particle concentration with reactant cow 
centrations is shown in Figure 13. 

Dota of Countess ond Heicklen (1973) 

The data of Countess and Heicklen (1973) were also analyzed, 
but this was complicated by the configuration of their reactor 
and other features of their experimental apparatus and proce- 
dure. Since the reactants were not introduced uniformly over 
the entire cross section, the concentrations and the product of 
the concentrations ([NH,] [HCl]) would not be expected to be 
uniform which is assumed in the calculation model. Although 
Countess and Heicklen reported the reactant concentrations as 
2.45 x tnol/in3 each, the effective concentrations would 
probably be considerably less than 2.45 x mol/in3 due to 
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Figure 14. Comparison of the theoretical calculations with the data of 
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Figure 15. Comparison of the theoretical calculations with the data of 

Countess and Heicklen (1 973) for the particle size distribution. 
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Figure 16. Effect of including coagulation in the model calculations on the 
predicted particle size distribution. 

this configuration. A value of 1.0 X lo-, mol/m3 was found to be 
reasonable based on the induction time necessary for particles to 
be observed. 

The nucleation rate is quite sensitive to the surface free 
energy, and some adjustment of the value of this parameter was 
necessary to satisfy the results of Countess and Heicklen. How- 
ever, a variation of only about 6% was required, and such a 
variation is well within the accuracy expected from nucleation 
experiments and homogeneous nucleation theory. These com- 
parisons are illustrated in Figure 14 for surface free energies of 
0.054 and 0.055 N/m which shows that the total number density 
data of Countess and Heicklen were bracketed using these 
values. 

The predicted particle size spectra using a surface free energy 
of 0.054 N/m are compared with the Countess and Heicklen data 
in Figure 15. Their experimental data showed a greater number 
of large particles than the theoretical predictions. This shift of 
the experimental data toward the larger particles could possibly 
be due  to one or more of the following experimental conditions 
not considered in the theoretical calculations: (1) subsequent 
growth of the particles after deposition on the electrostatic 
precipitator grid; (2) deposition of water vapor or other foreign 
vapors or particles after sampling and before electron mi- 
croscopy; (3) sublimation or expansion of particles under the 
electron beam; (4) the presence of traces of water vapor (cold 
trap was maintained at -6O”C, corresponding to 1.4 x 
mol/m3 H,O (34 ppm)); (5) errors in sampling caused by develop- 
ing concentrations profiles or inefficient mixing; and/or (6) 
coagulation. 

Effect of Coagulation 

The effect of coagulation on the results was evaluated by 
approximately accounting for coagulation in the growth rate 
equations. The rate of coagulation is given by: 

.lI 

(39) __-_  dnJ - “2’ K,,,hn,,,nk - nj Kjknh 
dt 2 k = ,  h =  1 

( , l ,+h=,l  

where K j h  is the Brownian coagulation coefficient for binary 
collisions between particles in the j and k size intervals. As a 
consequence of mass or volume conservation, the discretization 
in Eq. 39 is such that the intervals are of equal volume (i.e., V, + 
V, = V,, V, + V, = V,, etc.). In the present system, V.tf/V,, or 
M ,  is about lo9. Obviously, 10’ size intervals are prohibitive. 
Therefore, to eliminate this constraint, only the second term on 
the right hand side of Eq. 39, which does not require equal 
volume interval discretization, was considered. 

Computer simulations using this modification were carried 
out at the maximum reactant concentrations experimentally 
studied (maximum effect of coagulation), 4.1 x mol/m3, and 
for two residence times. Figure 16 shows the predicted effect of 
coagulation on the size distribution. It can be readily seen that 
the effect of coagulation on the size distribution was very small. 
Therefore, using the present experimental apparatus, it would 
be impossible to investigate the importance of coagulation in 
these studies. The present findings correspond-to the maximum 
effect of coagulation in our system (highest reactant concen- 
trations, longest residence time, and only loss terms included), 
i.e., maximum distortion of the distribution. Nevertheless, the 
theoretical results are rather conclusive that coagulation was 
unimportant for the particle number densities and residence 
times investigated. Furthermore, the very small differences 
calculated by the computer model could be due to an alteration 
in the integration step size necessitated by the inclusion of the 
additional coagulation terms. 

We now turn to a justification of the assertion that the inclu- 
sion of onlv the loss term of Eq. 39 corresponds to maximum 
distortion of the distribution due to coagulation. Virtually, all of 
the particles were between lo-’ and 1 p m  in diameter, and the 
smallest sized particle was on the order of pm. Therefore, 
(10-2/10-3)3, or 1000, collisions of the smallest particle would be 
required to form a 0.01 p m  particle. This large number of 
collisions is unlikely within a time span of 35 seconds. Similarly, 
collisions of the smallest particles with intermediate sized parti- 
cles result only in the loss of the smaller ones (loss term) and d o  
not move the already large particle out of its size interval, so 
formation terms due to small and intermediate sized particles 
are safely neglected. In comparing the model results with and 
without coagulation, no movement of particles into the two 
largest size intervals, which remained devoid of particles, was 
observed. This is further evidence that collisions of large parti- 
cles with other large particles is not important. This fact was also 
confirmed experimentally when there was no decrease in the 
total number of particles observed after the nucleation period. 
The many large particles can, however, act as sinks for the 
smaller ones, and this was accounted for in the loss terms by 
summing over all particles of the same size or larger (i.e., 
summing Eq. 39 from k = j to k = M ) .  

Estimate of System Parameters 

Based on both the production rate of NH,Cl(s) and the con- 
sumption rate of NH3(g) and HCl(g) as measured by infrared 
spectrophotometry, Countess and Heicklen (1973) estimated 
the forward gas phase rate constant, kf, to be 11.4 m3/(mol . s). 
Using an equilibrium constant calculated from the standard free 
energies of formation in conjunction with Countess and 
Heicklen’s estimate of the forward rate constant, the reaction 
can be shown to be essentially irreversible, i .e.,  k ,  0. There- 
fore, with all three models, the forward rate constant, kf, was 
taken to be  11.4 m3/(mol . s) with the reverse rate constant, k,, 
set equal to zero. 

Above some cutoff diameter, all three models employed a 
continuum diffusivity, 3, in place of the effective diffusivity for 
smaller particles, D,, which was based on kinetic theory. The 
continuum value was calculated from the correlation of Fuller et 
al. (1966). This yielded 0.14 cm2/s for the diffusivity. Equating 
this value to the effective dgusivity, the cutoff diameter was 
found to be 0.33 pm.  Therefore, i n  the theoretical models, 
kinetic theory (or noncontinuum diffusional theory) was em- 
ployed for particles below 0.33 p m  in diameter, and the calcu- 
lated continuum diffusivity was used for growth of larger parti- 
cles. 

For the surface reaction model (Model 3), the adsorption- 
surface reaction rate constant, k , K ,  was treated as a lumped 
parameter, and the “best fit” value was found to be 1.0 x lo3 
m4/(mol . s). This is a factor of 100 below the upper limit calcu- 
lated from kinetic theory assuming that every collision is effec- 
tive, which implies significant non-accommodation at the parti- 
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TABLE 2. RESULTS OF SOME THEOFUES ON THE SURFACE FREE 
ENERGY OF SOLIDS 

I 
2 

U, U 
Theory (Niin) @“in) Reference 

- -  

Born and Stern 0.115 0.082 Born and Stern (1919) 

1 
4 6  

hlcLachan (1957) and McLachan and Jones 0.0297 0.028 ,ones (1971) 

Parach or * 0.124 0.086 knand‘et al: (1970) 
Mean 0.0896 0.065 - 

’ U s r s  Sugden’s atomic and structural parachor values for C1 and N with the recom- 
mendation of Quayle for H in HN bonds (see Quayle. 1953). 
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Figure 17. Predicted nucleation rate showing the burst of particle formo- 
tion for one set of experimental conditions. 

cle surface. This very low degree of accommodation seems 
unlikely, and for this reason, the applicability of the surface 
reaction model should be questioned. 

If the liquid drop model can be used to calculate the nuclea- 
tion rate from homogeneous nucleation theory, the “best fit” 
value of the effective surface free energy was found to be approx- 
imately 0.051 N/m. There appears to be no previous direct 
experimental measurement of the surface free energy of solid 
NH,Cl. Twomey (1959) indirectly implied a value of 0.13 N/m 
based on nucleation rate data measured using a condensation 

nuclei monitor at roughly3W% relative humidity. However, Su 
(1979) observed marked suppression of the nucleation rate in the 
NH3-HCl system at relative humidities between 16 and 70%. 
Consequently, Twomey’s value of the surface free energy does 
not appear to be applicable to an anhydrous system. 

In the absence of experimental data, the surface free energy 
can also be estimated from several different theories. For crys- 
talline solids, Born and Stern (1919) derived: 

(40) 
P u, = 4.03 8 
M 

McLachan (1957) and Jones (1971) suggested an empirical corre- 
lation, 

where AHsr is the heat of sublimation in ergdmol; N o  is Avogad- 
ro’s number; and u,,, is the molecular volume at the melting point 
in cm3. Finally, the surface free energy of solids may be esti- 
mated by analogy with the parachor relations for liquids (Anand 
et  al., 1970), 

u, - - 10-3 (+)4 

in which P = parachor of NHICl = {N} + 4{H} + {Cl} where {N}, 
{H}, {Cl} are elemental contributions to the parachor. 

Upon substitution of the required physical properties of 
NH,Cl(s), Eqs. 40,41, and 42 may be used to estimate valuesfor 
the macroscopic surface free energy. However, these values of 
ux, the macroscopic surface free energy, must be  corrected for 
size effects in order to obtain the microscopic values, u, 
(Shcherbakov, 1966); i.e., 

(43) 

where Dr is the critical diameter given by the Kelvin relation. 
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Figure 18. Particle growth rate for the noncontinuum diffusion, cluster 
scavenging, and surface reaction models for one set of experimental 

conditions. 
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The values of u and uI predicted by these various theories are 
summarized in Table 2 .  There is a 24% difference between the 
mean microscopic value, 0.065 N/m, given in Table 2 and the 
value of this study, 0.051 N/m. In light of the 43% average 
difference among the three correlations, the present value 
seems reasonable. Furthermore, computed nucleation rates are 
extremely sensitive to relatively small changes in u. For exam- 
ple, at a supersaturation ratio of 10, increasing v from 0.051 to 
0.065 N/m decreased the nucleation rate by nearly 10 orders of 
magnitude. 

induction Period for Particle Formation 

Application of the theory over the range of Su’s experimental 
conditions revealed that the conversion of NH3 and HCI is less 
than about 5%, so that [NH,] and [HCI] can be considered 
roughly constant with respect to time. However, the concentra- 
tion of the nucleating vapor [NH,Cl(g)] varied substantially with 
time. This fact can be used to quantify the induction period in 
this system, Applying the homogeneous nucleation rate equa- 
tion, it can be shown for this system that acritical nucleation rate 
of 1 cm-3 . s-l was not achieved until the supersaturation ratio 
attained avalue of about 6.7, corresponding to [NH,Cl(g)] = 7.2 
x mol/m3. From the behavior of the nucleating vapor the 
induction period is found to be about 4 seconds. 

In actuality, the induction period is a function of reactant 
concentrations. The approximate dependency is given by the 
integrated kinetic rate expression with surface loss and nuclea- 
tion terms neglected, and with [NH,Cl(g)] set equal to 7.2 x 
lo-‘ 1nol/m3. After rearranging, this becomes: 

The induction periods predicted by Eq. 44 agree well with those 
predicted by the theory over the range of reactant concen- 
trations studied. 

Nucleation Rate 

The dynamic behavior of the nucleation rate, shown in Figure 
17, closely follows the behavior of the concentration of the 
nucleatingvapor. This shows the nucleation burst in this system 
which resulted from the competition among (a) the formation of 
monomer from the gas phase reaction, (b) loss of monomer to 
cluster growth and subsequent nucleation, and (c) loss of 
monomer to the newly formed particle surfaces. Inspection of 
the nucleation rate equation reveals that the pre-exponential 
term was the dominant factor in establishing the relationship 
between the nucleation rate and the nucleating vapor concen- 
tration. Therefore, the nucleation rate varies roughly as the 
square of the supersaturation ratio or nucleating vapor concen- 
tration; i.e., N a S 2  or Na[NH,Cl(g)]’. Su (1979) presented a 
nucleation rate curve similar to Figure 17, obtained by numeri- 
cally differentiating a plot of total particulate number concentra- 
tion versus time. Such numerical differentiation requires ex- 
tremely accurate measurements of the number Concentration. 
In light of this restriction, his plot showed only reasonable 
agreement with Figure 17. 

Comparison of Growth Rates 

One of the most distinguishing features of each of the three 
growth models is the growth curve, dV/dt vs. time, plotted for 
an arbitrary particle size, say 0.01 pin. Such a graph was ob- 
tained as follows: 

(1) For Model (1) and Model (2) at low supersaturation ratios 
such that cluster scavenging is unimportant, and neglecting 
“H,Cl(g)li: 

= 0. 014S[NH,Cl(g)]V2‘3(m3/s) (45) 

( 2 )  For Model (3): 

= 0. 169[NH3(g)] [HCl(g)]V2’3(m3/s) (46) 

For the chosen experimental run, [NH,] = 3.9 X lo-* mol/ni3, 
[HCl] = 4.1 X lo-* mol/m3, and [NH,Cl(g)] was calculated as a 
function of time. Therefore, for Models 1 and 2, (aV/dat),,.,,,.,,, = 
9.4 X [NH,Cl(g)] 1n3/s; and for Model 3, (dV/at),,.,,,,,,, = 
1.76 x m3/s which is constant. These growth rates are 
plotted in Figure 18, which indicates that the average growth 
rate due to noncontinuurn diffusional growth is several times 
greater than that due to surface reaction. However, at later 
times the noncontinuum diffusional growth is less than that for 
the surface reaction model. Figure 18 shows that with the diffu- 
sional growth model (and similarly with the cluster scavenging 
under appropriate conditions) much of the growth occurs during 
the nucleation burst, afeature which leads to a relatively narrow 
particle-size distribution. 
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= gas-phase reactant species 
= concentration of reactant A absorbed in a liquid 

= gas-phase concentration of reactant A 
= gas-phase concentration of nucleating vapor AB 
= gas-phase concentration of nucleating vapor AB at 

the surface of a particle in the ith size interval 
= gas-phase concentration of nucleating vapor AB 

corresponding to the vapor pressure of the nu- 
cleated species 

aerosol particle 

= nucleated particulate AB 
= gas-phase reactant species 
= gas-phase concentration of reactant B 
= critical diameter or diameter of smallest stable 

particle predicted by the Kelvin relation 
= diameter of particle in  the ith size interval 
= continuum and effective difhsivities of nucleating 

= free energy of formation of a cluster containing g 

= linear equilibrium constant for the reactant gas, 

= heat of sublimation of NH4Cl, erg/mol 
= gas-phase concentration of HCl 
= Boltzmann’s constant, 1.38 X J/K; or volume 

= forward and reverse gas-phase reaction rate con- 

= surface reaction rate constant 
= first-order rate constant for movement of particles 

from ith size interval into (i + 1)th size interval 
= dimensionless rate parameter, ki/ (kr[A(g)IA 
= adsorption equilibrium constants for adsorption of 

= Brownian coagulation coefficient for collisions be- 

= molecular mass of nucleated species 
= mass of a cluster containing g molecules 
= molecular weight of species 
= particulate number density; or number concentra- 

= dimensionless particle number density, o,,,ni 

vapor in gas 

molecules of AB 

A(g), absorbed in a liquid aerosol particle 

reaction rate constant 

stants 

A and/or B on particle surface 

tween particles in the j and k size intervals 

tion of particles in ith size interval 
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n, = molecular number density, or number  concentra- 
tion, corresponding to vapor pressure of nucleated 
species 

= number  density, or number  concentration, of 
monomer AB(g) and g-mer, (AB(g)), 

= number  of particles per unit  volume in a size 
interval of A log D 

n,, riff 

An 

fi = nucleation rate 
fi* 
No 
[NH,] 
[NH,Cl(g)] = gas-phase concentration of NH,Cl(g) 
P 

P” 

R 
rff 

S 
6 

t = t ime 
T = absolute temperature 
Uff 

V,, V, 

v, v, 
vt 
011, 

= dimensionless nucleation rate, 8u,,,/(k,[A(g)ln) 
= Avogadro’s number,  6.02 x loz3 mol-’ 
= gas-phase concentration of NH3 

= partial pressure of nucleating vapor; or parachor of 

= vapor pressure over a flat surface of pure nu- 

= ideal gas constant, 8.314 J/(mol*K) 
= radius of a cluster containing g molecules 
= supersaturation ratio of nucleating vapor, P/ Po 
= dimensionless nucleation potential parameter,  

NH&l 

cleated species 

rA(g)loRT/P” 

= kinetic velocity of a cluster containingg molecules 
= critical volume or volume of smallest stable parti- 

= volume of particle; or volume of particle in the  i th 

= dimensionless particle volume, V,/u,, ,  
= molecular volume of nucleated species 

cle predicted by Kelvin equation 

size interval 

Greek Letters 

= coefficient in particle growth rate equations 
= exponent in particle growth rate equations 
= dimensionless specific volume, [A(g)],/p 
= dimensionless kinetic velocity, 

(kT/d”*/  (kdA(g)lou,?3) 
f A B  = dimensionless concentration of A, B, and AB(g) 

= molar density of AB(s) or NH,Cl(s) 
= mass density of AB(s) o r  NH,Cl(s) 
= microscopic surface free energy of freshly nu- 

cleated AB(s) or NH,Cl(s) particles 
U X  

U* 

4 

= macroscopic surface free energy of NH,Cl(s) 
= dimensionless surface free energy, u $ / ~ /  ( k T )  
= dimensionless reactant volume concentration, 

“ ~ ~ 1 0 ~ ” ~ ~ ~ ~  

kr[A(g)lnt 
7 = residence t ime in reactor; or dimensionless time, 

Ti,,,/ = induction t ime prior to particle formation 

Subscripts 

g 
g,. 
i, j ,  k, 7 n  
.i = growth mechanism 
M 
0 = initial concentration 

= number  of molecules in a cluster 
= number  of molecules in a cluster of critical size 
= size interval 

= largest size interval for coagulation 

9 = largest size interval for particle growth 
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A Perturbed Hard-Sphere, Corresponding 
States Model for Liquid Metal Solutions 

M. E. PAULAlTlS 

Molecular thermodynamics is used to develop a new model for the prediction of 
the thermodynamic properties of liquid metal mixtures. It combines correspond- 
ing states theory with a perturbed hard sphere model to predict successfully, 
without adjustable parameters, a variety of mixture properties from pure compo- 
nent properties for simple eutectic mixtures. 

and 
C. A. ECKERT 

Deportment of Chemical Engineering 
University of Illinois, Urbono, IL 61801 

SCOPE 

The use of liquid metals as solvents for chemical processes is 
becoming increasingly’important, making it essential to have a 
valid and useful method for the prediction of the ther- 
modynamic properties of liquid metal solutions. Previous re- 
search had applied modern statistical mechanical methods to 
pure liquid metals and separate work had successfully used 
corresponding states theory for pure liquid metal properties. 
The goal of this work was to combine the theory of correspond- 

ing states with a perturbed hard-sphere representation of the 
liquid to correlate and predict both pure component and mix- 
ture properties for liquid metal solutions. Currently, the state 
of the art in molecular thermodynamics permits excellent de- 
sign methods for typical organic reactions and separation pro- 
cesses; such a method as proposed here, if successful, would 
extend the same advantages to high-temperature, liquid metal 
solvent processes. 

CONCLUSIONS AND SIGNIFICANCE 

A statistical mechanical description of the liquid state is 
combined with the practical empiricism of classical ther- 
modynamics to give a workable theory for the thermodynamic 
behavior of liquid metal mixtures. The resulting model is of 
practical value for thermodynamic calculations in metallurgi- 
cal processes involving liquid metals and liquid metal mixtures. 
In this formulation, a three-parameter theory of correspond- 
ing states, based an hard-sphere perturbation theory, isused to 

Correspondence concerning this paper should be addressed to C. A. Eckert. M. E. 
Paulaitis is with the Department of Chemical Engineering, University of Delaware, 
Newark, DE. 

0001-1541-81-4507-0418-$2.00. 0 The American Institute of Chemical Engineers. 
1981. 

ing states, based on hard-sphere perturbation theory, is used to 
correlate the thermodynamic properties of pure liquid metals; 
the resulting expressions are extended to the prediction of 
thermodynamic properties of multicomponent liquid metal 
mixtures. The extension to solution behavior for mixtures is 
accomplished without the use of adjustable parameters. 

The model is also used to predict quantitatively solid-liquid 
equilibria and liquid-liquid partial miscibility for binary metal 
mixtures. The treatment is applicable to multicomponent sys- 
tems exhibiting either positive or negative deviations from 
ideal solution behavior, including partial miscibility, but is not 
applicable to mixtures exhibiting intermetallic compound for- 
mation. 
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