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Abstract-A multicomponent modal aerosol model suitable for two- and three-dimensional apphca- 
tions is introduced. Besides the moments of the size distribution, the model yields information on the 
time evolution of the mode-average particle composition. The model is applied to a laminar flow 
aerosol reactor (LFAR) problem, and the results are compared with the experiments by Nguyen et 
al. (1987) J. Colloid Interface Sci. 119,491-504 and with those of the previously published models. 
The influence of different model parameters is examined. The wall temperature profile is shown to be 
of crucial importance for LFAR simulations and experiments. For the classical nucleation rate as 
well as for the modified classical nucleation rate by Girshick et al. (1990) Aerosol Sci. Technol. 13, 
4655477, suitable correction factors, which give good agreement between simulation and experi- 
mental data over a wide range of experimental parameters are presented. 0 1997 Elsevier 
Science Ltd 

1. INTRODUCTION 

In aerosol science, there is a strong need for aerosol dynamic models that are sufficiently 
simple to be applied in complex two- and three-dimensional situations and still yield 
reliable information about the basic properties of the resulting aerosol size distributions. 
Examples for such situations are atmospheric modeling or simulations of spatially in- 
homogeneous aerosol reactors. The modal aerosol dynamics (MAD) modeling technique 
(Whitby, 1989; Whitby et al., 1991) is a method to calculate the dynamics of integral 
quantities of the size distribution with a small number of differential equations. In this 
technique, the size distribution is assumed to consist of distinct particle populations, called 
“modes”, which can be represented by analytical functions. Usually, the lognormal function 
is employed, because it has convenient mathematical properties, and the aerosol 
size distributions measured can often be very well approximated by sums of lognormal 
distributions. 

The original MAD technique does not incorporate information about particle composi- 
tion. Brock et al. (1988) have presented a unimodal two-component model using a density 
function that was lognormal in two independent variables. This technique yields a lot of 
information on particle composition, but looses much of the speed advantage of the modal 
technique because single integrals have to be replaced by double integrals. The computa- 
tional effort would increase exponentially if further chemical components were added. 

A simple multicomponent modal modeling technique is introduced in this paper. Apart 
from the size-distribution parameters, it also provides information about the average 
chemical composition in each mode. This method requires the solution of two equations 
plus one additional equation per chemical component in each mode. The increase of 
computational effort is moderate and linear in the number of components. Based on the 
theory presented in this paper, the Fortran code MADMAcS 1 (multicomponent aerosol 
dynamics modeling-modal approach system) has been developed. At present it is used in 
the framework of a 2-D solver algorithm for numerical heat transfer and fluid flow problems 
(Patankar, 1980). 
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As a test case, the model is used to simulate a 2-D problem that has been well examined 
experimentally: the laminar flow aerosol reactor (LFAR). The model results are compared 
with the measurements of homogeneous and heterogeneous nucleation in a LFAR present- 
ed by Nguyen et al. (1987). To our knowledge, two other models have been used to describe 
these measurements before: First, the model of Peshty et al. (1983) was employed in the 
original article of Nguyen et al.; this is a model without a priori assumptions on the form of 
the size distribution, but, on the other hand, constrained to laminar systems with negligible 
radial transport. Second, a unimodal, dimensionless lognormal model was presented by 
Phanse and Pratsinis (1989). The results of the three models are compared with each other 
and to the measured data. 

Recently, LFARs have been used again for nucleation studies (Anisimov et a/., 1994; 
Hlmeri et a/., 1995); improved and efficient modeling techniques for systems of this type are 
therefore highly desirable for the interpretation of the experimental results. 

2. THEORY 

2.1. Basics qf the modal aerosol dynamics modeling technique 

The main goal of aerosol dynamics modeling is to describe the dynamics of the density 
function of the size distribution. In this article, the size distribution is expressed in terms of 
particle mass m,; concentrations are always related to the mass of the surrounding gas. The 
density function n(m,) denotes the number of particles with particle mass between mp and 
mp + dm, per unit mass of gas, and its dimension is kg- 2. 

In the modal technique, the size distribution is assumed to be the sum of distinct 
populations, each of which is called a “mode”. The density function of each mode is 
described by an analytical function, usually the lognormal function. The lognormal density 
function of mode j is characterized by its total number concentration Nj, geometric mean 
mass mgn, j and geometric standard deviation erg, i: 

%4,j(mp) = Nj 
d- 

2X mp In 
exp - 

(In mp - In mgn, j)2 

~g, j ( 1 21n2a,,j (1) 

The kth moment of the distribution of mode j is defined as 

s 

00 
Mk,j = mk,nLN.j(m,)dm, (2) 

0 

Note that M0.j = Nj is the total number concentration in modej and M,,j is the particle 
mass in mode j per unit mass of the gas. Mo,j, M,,j and M,,j are used in this article to 
calculate the size distribution dynamics: if the values of three arbitrary moments are known, 
the distribution parameters Nj, mgn,j and 0g.j may be derived therefrom. 

In aerosol dynamical processes, the particle size distribution changes due to various 
mechanisms, which are divided into external processes (particle transport by convection, 
diffusion, and external forces, e.g. sedimentation and thermophoresis) and internal pro- 
cesses (condensation, evaporation, homogeneous nucleation, and coagulation). The time 
evolution of the size distribution caused by internal as well as external processes is described 
by the general dynamics equation (GDE) for aerosols (see e.g. Friedlander, 1977). 

In the modal approach, the GDE is transformed into a differential equation for the 
moments (Whitby et al., 1991). The result is the moment dynamics equation (MDE), which, 
in the absence of coagulation and chemical reactions, has the following form: 

dP,Mk,j 
at 

= - V. (Ug + Ck,j) PgMk,j + V mkpD,(m,)p,Vn~~,jd% 

(3) 
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In this equation, ug denotes the gas velocity, pg the gas density, D, the particle diffusivity, 
and e,,j stands for the kth moment average of the external particle velocity cP over modej: 

1 m 
ck3j = Mk,j o - / cp(mp)mknLN,j(mp)dmp. (4) 

The particle diffusion coefficient D, as well as the particle velocity cP caused by an external 
force F can be expressed in terms of the friction coefficientf,: 

37t,~i d 
Dp=F, cp=;, fp=y, 

P P s 
(5) 

where 

C, = 1 + Kn(1.257 + 0.4e-‘.“K”) 

is the slip correction factor, d, the particle diameter, Kn the Knudsen number (mean free 
path of gas molecules divided by the particle radius), and ,LL~ the dynamic viscosity of the gas. 

If F is, e.g. the thermophoretic force, the respective velocity can be calculated according to 
Talbot et al. (1980): 

C ,h,p = k,,$ $, 
PP 

k,, = 
2.294 C, (k$k, + 2.2 Kn) 

(1 + 3.438 Kn).(l + 2k,/k, + 4.4 Kn) ’ 

where k, and k, denote the heat conductivities of gas and particle, respectively. 
For computational purposes, it is useful to write the diffusion term in equation (3) in the 

form V. (pgDk, jVibfk, j) with a suitable moment diffusion coefficient Dk,j. According to 
Whitby et al. (1991), Dk,j is calculated in the same way as ck,j in eqUatiOn (4). 

2.2. Chemical composition 

The modified modal modeling technique introduced in this article uses the same assump- 
tions for the size distribution as in Section 2.1. Composition is taken into account by 
splitting the first moment M,,j into the contributions Ml,i,j of the individual chemical 
components: M1,i.j denotes the total mass of species i contained in particles of mode j per 
unit mass of gas. Now the average mass fraction of component i in mode j can be defined as 

MI ij M1,i.j 
ti,j = z = ‘&j,f . 

l,bl 

The MDE (equation (3)) can be rewritten for the “split” moments Ml,i,j in an anologous 
fashion. It is important to note that convectional and external velocities as well as diffusion 
coefficients depend only on particle size, not on composition. Therefore, the corresponding 
terms in the governing equation for M I,i,j are identical to the first two terms on the 
right-hand side of equation (3). For the internal processes, on the other hand, the time 
evolution has to be considered for each component separately. The next subsection 
illustrates this for condensation and nucleation. 

2.3. Internal processes 

2.3.1. Condensation and evaporation. The rate of condensation of species i is given by 
(Friedlander, 1977) 

+ 
dt m, 

= 271Dm, i dp isv, eq, i ~g f(Kn) (Si - E), 

In this equation, D,,,i denotes the molecular diffusivity of species i, <“,i the vapor mass 
fraction of species i in the gas phase and cv,eq,i the equilibrium vapor mass fraction over 
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a flat surface,f(Kn) the transition function (in our simulations, the formula of Fuchs and 
Sutugin (1971) was applied), Si = Sv,i/tv,eq,i the saturation ratio, cP the particle’s surface 
tension, and u,, i the molecular volume. The equilibrium term E reflects the influence of the 
Kelvin effect. Formula (8) assumes that the influence of heat transport by latent heat on the 
growth process can be neglected. 

Once the growth rates of the individual species are known, the total growth rate is given 
by dm,/dt = Ci(dm,,i/dt). The time derivatives of the moments due to condensation are 
then readily evaluated as 

2.3.2. Homogeneous nucleation. In the model presented here, only homogeneous nuclea- 
tion of one component (denoted by species 1) is taken into account. Nucleation theories 
predict the formation of nuclei of the critical size dt = (40iv,. ,)/(kBT In S,) at a certain rate 
J. When dx and J are known, the time derivatives of the moments can be expressed as 
follows: 

(10’4 

It is well known that the discrepancies between different homogeneous nucleation theories 
are enormous; their results may differ up to a factor 10” (Springer, 1978). In our model, the 
classical expressions by Frenkel and Becker-Doring and the modified classical nucleation 
rate by Girshick et al. (1990) have been employed. Frenkel’s expression for the classical rate 
is (Frenkel, 1955) 

(11) 

The nucleation rate according to Becker and Dbring (1935) is 

JBD = (cF-~‘~ JF~, (12) 

where g* denotes the number of molecules in the critical nucleus. The modified “kinetic” 
nucleation rate according to Girshick et al. (1990) is related to Frenkel’s expression by the 
equation 

JGi =$.exp(T’ ). JFr. (13) 

2.4. Numerical procedure 

In order to describe the dynamics of an aerosol reactor, the heat and momentum 
transport equations in the flow field must be solved simultaneously with the MDE for the 
moments of all modes and the mass conservation equation for the condensable substances: 

ap,5, i 
1 = 

at 
- V U&&v, i + V. (PgDm, ivtv, i) - 1 

j (apg2~i)cond,““c ) (14) 

where the last term represents gas-to-particle mass transport. 
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For the solution of this problem, the SIMPLER algorithm (Patankar, 1980) for numer- 
ical heat transfer and fluid flow problems is used. The algorithm has been extended to 
account for particle transport by external forces (Stratmann and Whitby, 1989). It solves 
systems of equations of the general form 

K = 1, . . . , V . (15) 

&, K = 1, . . . , v are the “independent variables” of the problem, cK, IK and (SinJK denote the 
related generalized external velocities, diffusivities and internal source terms, respectively. 
Since the underlying geometry in the problems treated in this article is axisymmetric, the 
calculations are performed on a 2-D grid with cylindrical coordinates Y and z for the radial 
and axial direction. 

The gas flow was assumed to be compressible in the sense that the thermodynamic 
properties of the gas are temperature dependent. As latent-heat release may be neglected for 
Dibutylphtalate (Barrett and Fissan, 1989) it is possible to solve the equations for convec- 
tion and heat transfer separately and use the result as input for the aerosol dynamics 
problem. 

During the calculations, many integrals like those in equation (4) or equation (9) have to 
be evaluated. A Gauss-Hermite integration procedure is used for this purpose, profiting 
from the fact that these integrals can be written as integrals over a normal distribution 
function. This procedure is very accurate as long as the integrands can be “well-approxim- 
ated by polynomials” of In mp (Press et al., 1992). 

3. SIMULATED EXPERIMENTS 

In the article of Nguyen et al. (1987), extensive measurements on LFARs are compiled. 
The authors present two slightly differing LFAR setups called system A and system B. 
System B incorporates an improved saturator and a seed aerosol preparation system and 
provides better temperature control; we will therefore focus on the results of this setup. 
Figure 1 shows the schematic setup of the experiment. A gas flow carrying vapor of 
a condensable substance-here, dibutylphtalate (DBP)-is conducted into a vertical tube 
which is heated to a constant temperature in its upper part and cooled in its lower part (the 
condenser). If heat conduction is faster than vapor diffusion, the rapid temperature drop 
leads to high supersaturations in the tube center. At sufficiently high superstaturations, 
particles are formed by homogeneous nucleation and start growing by condensation. The 
resulting aerosol is sampled and measured at the end of the tube. As an extension of this 
setup, a seed aerosol may be added to the carrier gas in order to examine heterogeneous 
nucleation. 

The carrier gas in system B is dry air. The seed aerosol consists of sodium chloride 
particles; it is made monodisperse by means of a differential mobility analyzer (DMA). The 
saturator temperature T,,, is equal to the temperature Tin of the hot part of the tube. The 
residence time of the flow in the tube is short enough that, in the simulation, coagulation 
can be neglected for particle concentrations below lo6 cm- 3. As a further simplification to 
the model, the sodium chloride particles may be considered inert under the given condi- 
tions; therefore gas-to-particle conversion needs to be considered for the dibutylphtalate 
component only, and mixing inside the droplets may be neglected. 

In our simulations, a unimodal approach was used for the homogeneous nucleation 
experiments and a bimodal model with two chemical components for the heterogeneous 
case. The multicomponent model prevented evaporation of the seed particles in the 
calculation and made the algorithm thereby more exact and, in particular, more stable. 
Table 1 shows the correspondences of the independent variables in the model with the 
general terms in the equation system (15). At the tube inlet, the boundary conditions are as 
follows: a laminar profile for the gas velocity; T = Ti,; cV,DBP = iJV,DBP, ,,(Ti,); and the size 
distribution moments are set to 0 for the nucleation mode and to those of the seed aerosol 
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Fig. 1. Schematic setup of the LFAR of Nguyen et al. (1987) (system B). DBP--dibutylphtalate; 
DMA--differential mobility analyzer. 

Table 1. Correspondences of the physical variables and the general terms of equation (15) 

k AVT 

iG AVT 
(u&J: k&c, 0 

” 
c, .DBP (u,): PrRll,“lW 

M 1,DRP.j (Ul,,L h,)” PA,, 

M l.N.J h,,)r Q1.J 0 
MkJ k=0,2 (u,,,), PpDk.j 

Note: cp is the specific heat capacity of the gas. AVT - additional viscosity terms. II~,~ stands 
for ug + Q j. Indices: DBP for dibutylphtalate, N for NaCl, c/n for the internal processes 
condensatibn and nucleation. 

for the other mode. The boundary condition for the temperature at the tube wall is 
discussed in Section 4.3.2; the vapor concentration at the wall is set to the equilibrium 
concentration at the wall temperature. All other variables are set to 0 at the tube wall. 

Problems involving nucleation require high axial grid resolutions. In the calculations 
presented here, irregular grids with 400- 1000 axial and 20-60 radial grid points have been 
used, leading to a maximal spatial resolution of 0.2 mm (axial) resp. 0.05 mm (radial) in the 
nucleation zone. 

The physico-chemical properties of dibutylphtalate were taken from the article of 
Nguyen et al. and those of the other substances from standard textbooks. 

4. RESULTS 

4.1. Reference case 

In this section, measured data and simulations will be presented for a fixed set of 
experimental and modeling parameters that will be called the “reference case”. For the 
selected experimental parameters (condenser temperature T, = 22°C and gas flux 
Q = 0.5 1 min- ‘), a large amount of measurement data is presented in Nguyen et al. (1987), 
including a wall-temperature profile for the inlet temperature Ti, = 99°C. This wall-tem- 
perature profile was used as wall boundary condition for the simulations, assuming that the 
relative wall-temperature profile (T, - T,)/( Ti, - T,) does not change if Tin is varied. The 
nucleation rate by Girshick et al. was employed; it was corrected with a constant factor 
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C”UC = 10-3. Correction factors of this kind are widely used because of the high uncertain- 
ties in the absolute values of nucleation rates. Figure 2 shows the simulation results and the 
experimental data for the homogeneous nucleation experiment. The number concentration 
of particles at the outlet pgNout (by convention, all figures show volume-based concentra- 
tions ppN instead of the mass-based concentrations N used in the calculations) is plotted 
against the saturator temperature T,,, that determines the mass concentration of dibutyl- 
phtalate vapor in the system. The deviations between measurement and simulation are less 
than 20% for saturator temperatures between 90 and 100°C. 

Figure 3 shows the dependence of pgN,,, on the seed aerosol concentration psN, (for 
consistency with Nguyen et al., psN, is the number concentration of seed particles at the 
tube outlet) in the reference case for heterogeneous nucleation. The experimental para- 
meters and the nucleation rate are the same as in the homogeneous case. The inlet 
temperature Ti, = T,,, is 99°C. The diameter of the seed particles is 43.3 nm. Figure 3 also 
contains the simulation results presented by Nguyen et al. as well as those calculated by 
Phanse and Pratsinis (1989) using their dimensionless unimodal lognormal model. 

All curves in Fig. 3 show the same principal behaviour: for low seed aerosol concentra- 
tions, p,N,,, is close to its value pgNhom for homogeneous nucleation (in this case the 
experimental value for pgNhom is 1.05 x lo5 cme3). When the seed concentration is in- 
creased, vapor is scavenged by the seed particles, leading to a decrease of the number of 
nucleated particles for psN, 2 5 x lo4 cmm3, nucleation is completely suppressed and 
N,,, = N,. However, the experimentally observed suppression of nucleation at intermediate 
seed aerosol concentrations is less pronounced than the simulations predict (see Section 
5.2). The simulation results of the model presented here and those from Nguyen et ~2. (1987) 
are in astonishing agreement in view of the fact that the modeling technique by Peshty et al. 
(1983) is entirely different from the modal technique. 

lo7 “.‘I’ ‘.I’. .‘..““.. 
o o + o o Experiment 

106 - Simulation a 

8.5 90 95 100 105 110 
Tsat [“Cl 

Fig. 2. Results for the “reference case” for homogeneous nucleation. Number concentration of 
particles at the tube outlet ppN,,, versus saturator temperature T,,,. 

103 
lo3 lo4 105 106 

pgNs km”1 

Fig. 3. Dependence of ~~~~~~ on the seed aerosol concentration ppN, in the “reference case” for 
heterogeneous nucleation. 
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Before proceeding in our analysis, we will now give a 
provide some insight into the dynamics of the system. 

4.2. Model output 

survey of the model output and 

Figure 4 shows two-dimensional profiles of important variables of the system for 
heterogeneous nucleation with P&V, = lo4 cme3 in the reference case. 

The upper part of the figure shows the thermodynamic variables temperature (T), vapor 
mass concentration (p,<,) and saturation ratio (S). z = 0 has been set to the axial position at 
which the wall temperature has dropped to its cooling zone value T,. The vapor concentra- 
tion decreases rapidly close to the tube wall (r = 5 mm) because of condensation to the wall. 
This causes the saturation ratio S in this region to stay below 200, whereas it rises to values 
greater than 600 in the tube center. At this high supersaturation, nucleation becomes 
significant. Comparison with the lower left plot in the figure shows the increase of the 
particle number concentration pgMo in this “nucleation zone”, which extends about 50 mm 
in the axial direction and 1.5 mm in the radial direction. Before the onset of nucleation, the 
number concentration equals the seed aerosol concentration psN,. 

T[“Cl 

300 

p, M, [ 1 O3 cme3] 

0 1 2 3 4 

r [mm1 

P, 5, [ 1@9g/cm31 

p, M, [ 10-9g/cm3] 

012345 

r [mm1 

d,[wl 

- -100 
012345 

r [mm1 

Fig. 4. Two-dimensional profiles of important thermodynamic and aerosol dynamic variables in the 
flow tube for experiment B. 
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The figure in the center bottom shows the aerosol mass concentration pgM1. A compari- 
son with the vapor concentration profile in the plot above illustrates the transfer of 
dibutylphtalate from the vapor to the particles and its depressing effect on nucleation: In the 
nucleation zone, the particle mass concentration is about 100 mg rnm3. This is the amount of 
vapor that has condensed to the seed particles before the onset of nucleation. In the absence 
of seed aerosol, the vapor concentration in this part of the tube would be approximately 
100 mgmm3 higher, leading to a much higher supersaturation and, consequently, a higher 
nucleation rate. 

The right figure at the bottom shows a profile of the volume mean diameter dv (the 
diameter corresponding to the mean particle volume of the total aerosol distribution). The 
seed particles grow very quickly from their initial size of 43.3 nm to about 2 pm. The mean 
particle size decreases in the nucleation zone because the nucleated particles are small. The 
largest mean particle size is found at a radial distance of cu. 3 mm from the centerline. 

Figure 5 visualizes the resulting mixing-cup average size distribution 

R 

(pgd((lln5P)) = ’ 

p,(dNld(ln d,)) II. Wu& dr 
0 

R 

s 
27r(u,),r dr 

0 

(16) 

at different downstream locations for the same operating conditions as in Fig. 4. The size 
distribution remains bimodal throughout the tube, because the amount of vapor does not 
suffice to let the nucleated particles grow to the same size as the seed particles. 

4.3. Injuence of various model assumptions 

In this section we will examine the sensitivity of the model to different assumptions that 
deviate from those described in Section 4.1. 

Figure 6 summarizes the effect of some simplifying assumptions on the results of the 
simulation for heterogeneous nucleation. As in Fig. 3, the dependence of pBN,,, on pgN, is 
plotted in the figure. Neglect of thermophoresis and diffusion (dashed line) turns out to have 
almost no effect on the model results; the same holds for the Kelvin effect (dash-dotted line). 

( pg dN / d (In dJ ) [cms3] 

500 

400 

I 
0.1 I 

d,[wnl 

Fig. 5. Evolution of the mixing-cup averaged size distribution. The distributions are plotted logar- 
ithmically and truncated to a lower bound of 0.1 crnm3. 
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If the bimodal model is replaced by a unimodal one (dotted line), a deviation can be seen for 
those seed aerosol concentrations at which both modes (seed aerosol and nucleated 
particles) contribute significantly to the total number of particles. As expected, the devi- 
ations become small for very high and very low seed aerosol concentrations, at which the 
number concentration in one of the modes is very small compared with the other one. 

4.3.1. Nucleation rate. Figure 7 shows the dependence of psN,,, on pgN, for different 
nucleation rate expressions. Under the given conditions, the classical nucleation rates are 
about seven orders of magnitude lower than the nucleation rate according to Girshick et al. 
(1990). Thus, the correction factors c,,, have to be adjusted for each nucleation rate 
expression to yield the correct number of nucleated particles in the case of homogeneous 
nucleation. If this is done, the functions pgN,,,(pgN,) for heterogeneous nucleation are 
practically identical to the reference case for both classical nucleation rates. This is not 
a trivial result, because the three nucleation rate expressions, apart from giving different 
absolute values, also have a different dependence on saturation ratio and temperature. 

4.3.2. Wall temperature projile. The temperature field inside the tube determines the 
supersaturation and, thereby, nucleation and condensation rates. It is therefore crucial for 
the simulation to apply correct boundary conditions for the temperature field. 

In this paper, different wall temperature profiles were used: (a) the measured profile, as 
taken from Nguyen et ul., interpolated with cubic splines (also used in the reference case); (b) 
an idealized stepwise profile; (c) the linearly interpolated profile as used in Phanse and 
Pratsinis (1989). These profiles are illustrated in the left panel of Fig. 8 for Ti, = 99°C 
T,,, = 22°C and Q = 0.5 1 min- ‘. In the right part of the figure, the centerline temperatures 

106 I 

-; lo5 

Y 

B 
2 104 

103 
1 0: 

.-,..r.:l-;i 
,,,,, -“ggyj 

3 lo4 105 106 
pgNs [cd 

Fig. 6. The “reference case” simulation for heterogeneous nucleation compared with some simplified 
calculations. 

0 0 Q 0 0 Experiment _ 
- Reference cake : 
--- No external forces : 
- -. - No Kelvin effect 

Unimodal 

lo4 lo5 106 
pgNs [cm-‘1 

Fig. 7. Comparison of the “reference case” simulation for heterogeneous nucleation with simula- 
tions using the nucleation rates by Frenkel and Becker-Daring in combination with adequate 

correction factors that are indicated in the figure. 
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resulting from these assumptions are shown and compared with the measured and cal- 
culated centerline profiles from Nguyen et al. (1987). The centerline profile calculated from 
assumption (a) agrees well with the calculated profile from Nguyen et al. (deviation < 1°C). 
The authors claim that the latter curve and the measured centerline profile agree “within 
experimental error”. As can bee seen in Fig. 8, both the linear and the stepwise wall 
temperature profile produce a poorer agreement to the centerline measurements than the 
interpolated one. Nevertheless, the “experimental error” may apply equally well to the wall 
temperatures as to those at the centerline, and the wall boundary condition must be 
regarded as an approximation. 

The stepwise and linear profiles can be thought of as extreme cases giving an upper 
bound to the possible errors due to erroneous boundary conditions at the wall in the 
simulation. The results of simulations with different wall temperature profiles are shown in 
Fig. 9. Girshick’s nucleation rate with c,,, = 10e3 was employed in all cases. The stepwise 
profile results in a much higher particle production than the measured one, whereas the 
linear profile leads to lower particle numbers. Particle production increases in general if the 
wall temperature profile becomes steeper, because the saturation ratio rises faster, leaving 
less time for the vapor to condense to the walls or seed particles before the onset of 
nucleation. 

It is obvious from Fig. 9 that LFAR models are very sensitive to the choice of the wall 
temperature profile in the transition zone. The method of using a linear or stepwise 
approximation, which has been applied frequently in the literature, leads to deviations of 
particle numbers up to an order of magnitude. The same sensitivity to changes in the wall 
temperature profile should be expected in LFAR experiments. Experimentalists should take 
great care to provide stable and exactly measured profiles for such setups. 

120.” ““‘.“‘.‘.I 120 
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- a) Interpolated - 100 
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b 
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Fig. 8. Axial profiles of the wall temperature T, (left) and corresponding centerline temperature 
T,, (right). 

Experiment i 
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--- b) Stepwe 

lo3 I 
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a . 
103 IO4 10s 106 

pgNs [cm”1 

Fig. 9. Comparison of the “reference case” simulation for heterogeneous nucleation with similar 
calculations using the stepwise and linear wall temperature profile, respectively. 
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Fig. 10. 

70 80 90 100 110 120 
Tsat [“Cl 

Homogeneous nucleation experiments for system B from Nguyen et ul. (1987) for 
gas flow rates Q and wall temperatures T, and the respective simulation results. 

70 80 90 100 110 120 

Tsat [“‘I 

Fig. 11. As in Fig. 10, but with Frenkel’s nucleation rate. 

different 

4.4. Variation qf the experimental parameters 

As a further test of the performance of the model, its results were compared with 
experimental data for different values of the condenser wall temperature T, and the flow 
rate Q. Figure 10 presents all homogeneous nucleation measurements presented by Nguyen 
et al. for system B. The agreement is of course the best for Q = 0.5 1 min- ’ and T, = 22°C 
because the correction factor c,,, = 10e3 has been adjusted to fit this curve. Nevertheless, 
the agreement for the other parameter values is also satisfying. 

Surprisingly, the overall agreement between simulation and experiment becomes even 
better if Frenkel’s nucleation rate is employed with the suitable correction factor c,,, = lo4 
(see Section 4.3.1). These results are shown in Fig. 11. 

It should be highlighted that good agreement between measurement and calculation is 
obtained using the same factor for all parameter values. In earlier publications, on the 
contrary, the correction factors used to vary by several orders of magnitude for different sets 
of experimental parameters (e.g. Nguyen et ul., 1987). 

5. DISCUSSION 

5.1. Nucleation correction factors 

As stated in Section 4.3.1, a correction factor of lo4 was used for Frenkel’s nucleation 
rate. This is a much lower value than the one obtained by Nguyen et al. (1987) with Peshty’s 
model: Their curve in Fig. 2 was calculated with c,,, = 2.5 x 106. Unfortunately, Peshty’s 
model and especially the calculations presented in the paper of Nguyen et al. are not 
documented in sufficient detail to examine the reason for this deviation. The nucleation 
factors (called enhancement factors) in their paper vary between 4 x lo4 and 6 x 10’ for 
simulations at different operating conditions. 
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Phanse and Pratsinis (1989) have obtained cnuc = lo6 with a linear temperature profile 
and the nucleation rate of Becker-Doring. This is consistent with our results: If our model is 
run with the same assumptions, the same optimal value for the correction factor is obtained. 

5.2. Deviations from the experimental results 

As shown in the previous section, the predicted number concentrations of our model 
agree reasonably well with the experimental data of Nguyen et al. However, in some 
instances the agreement is poor: (1) Figures 10 and 11 show that in our model the number 
concentration levels off at high inlet temperatures, an effect that cannot be seen in the 
experimental data; (2) the depressing effect of the seed aerosol on nucleation is overpredic- 
ted (see Fig. 3). 

It is important to note that these shortcomings are not particular to our model, but have 
also been observed by Nguyen et al. and Phanse and Pratsinis. Since Peshty’s model is 
general with respect to the size distribution, the deviations can probably not be attributed 
to the modal modeling technique. 

In the following, we will consider the case of heterogeneous nucleation. If experimental 
errors can be excluded (which is highly probable, since the deviations between theory and 
experiment amount to a factor of 3), some of the model parameters must be erroneous. The 
only parameter examined in Section 4.3 with a considerable influence on the results was the 
wall-temperature profile. The depression of nucleation by the seed aerosol is in fact slightly 
lower when a steeper wall temperature profile (e.g. the stepwise profile of Section 4.3.2) is 
employed. However, this effect is not strong enough to explain the observed deviations. 

Since the homogeneous nucleation results are very good in the parameter range of the 
heterogeneous nucleation experiment, and the choice of the nucleation rate has almost no 
influence on the simulation outcome (cf. Fig. 7), it is unlikely that the problem could be 
solved by employing a different nucleation rate. A simple reasoning suggests that the seed 
aerosol effect is due to condensation, and the reason for the deviations may therefore be that 
the loss of vapor through condensation is overestimated. This could have several causes, e.g. 
inaccurate assumptions about the vapor pressure or diffusivity of dibutylphtalate. A simple 
numerical investigation was carried out by introducing a constant “condensation correction 
factor” c,,,d to equation (8) and adjusting c,,, such that the correct results are obtained for 
homogeneous nucleation. Fig. 12 shows the results obtained with cCond = 0.4 and 
C ““E = 5 x 1O-4 using Girshick’s nucleation rate expression. The simulation results match 
the measurement data very well in this case. However, the overall agreement for homogene- 
ous nucleation under different operating conditions deteriorates with respect to the refer- 
ence case simulation. An unequivocal correction factor for condensation cannot be derived 
from the data at hand, nor is it possible to give a satisfactory physical interpretation of this 
correction. Nevertheless, a future discussion of this topic might be fruitful. 

10’ 10’ 10” 106 
~gNs [cm-‘1 

Fig. 12. Simulation of the heterogeneous nucleation experiment with an “condensation correction 
factor” c,,,~ = 0.4 compared to the experimental data and the reference case simulation. 
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6. SUMMARY 

The MADMAcS 1 code provides a bimodal lognormal multicomponent aerosol model 
that calculates the mode-average particle composition. It is sufficiently general and fast to 
be applied in a variety of two- and three-dimensional problems. As a first application, the 
model has been tested for a laminar flow aerosol reactor setup. Comparison with experi- 
mental data shows satisfying agreement over a wide range of experimental parameters with 
the same nucleation rate expression. 

If suitable correction factors are applied, the classical nucleation rates given by Frenkel 
and Becker-Diiring and the modified classical nucleation theory by Girshick et al. (1990) 
match the data equally well. A discrimination between different nucleation theories can 
therefore only be expected from an experiment of this type if the measurements are carried 
out at a high variety of operating conditions. Furthermore, the temperature profiles at the 
tube wall must be determined very carefully in order to facilitate a reasonable comparison 
between simulations and experimental data. 

For heterogeneous nucleation, the simulation results show the same deviations from 
experimental data as previously published model calculations. It is suggested that this may 
be due to an overestimation of the rate of vapor condensation to the seed aerosol. 

Acknowledgements-Figures 4 and 5 were prepared with the public domain graphics software GMT from the 
university of Hawaii (Wessel and Smith, 1991). 
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