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Abstract-The formation of aerosol particles from ammonia-water vapour system by homogeneous 
binary nucleation has been studied. Numerical simulations based on the standard classical nuclea- 
tion theory, self-consistent correction and the revised (original) classical nucleation theory are 
performed and they show that significant nucleation can occur in the boundary layer of an 
evaporating ammonia droplet in a humid atmosphere. The temperature of the ammonia droplet is 
below its boiling point. If the temperature of humid air is 40-50°C greater than the droplet 
temperature, significant droplet formation will occur. 

INTRODUCTION 

Considerable quantities of toxic and flammable gases are commonly used by many types of 
industrial installations. Many hazardous gases are stored and transported in bulk in liquid 
form, under pressure at atmospheric temperature or refrigerated at their boiling point (see 
e.g. Kukkonen, 1990). Serious hazard to the public may be caused in possible accidental 
releases of these substances. Reliable computational methods are therefore needed for 
estimating possible accidental release rates and the atmospheric dispersion of substances. 
Recently, Kukkonen er al. (1989) and Vesala and Kukkonen (1992) have studied the effect of 
aerosol dynamics (specially evaporation of ammonia droplets) on release rates. 

In our recent work (Barrett et al., 1992) we have studied aerosol formation in diffusive 
boundary layer, where large vapour supersaturations can arise. As a practical example, we 
examined formation of water droplets in the boundary layer of an evaporating ammonia 
droplet in the humid atmosphere. The flows of vapours and heat have earlier been studied 
quite extensively (Vesala, 1991). The surface temperature of a droplet is typically 70°C lower 
than the ambient temperature. In the situation considered water flows towards droplets and 
ammonia outwards. Since Barrett et al. (1992) studied only homogeneous homomolecular 
nucleation and we have a binary vapour system, we consider in the present study the binary 
homogeneous nucleation as a next step. 

In the present work we study homogeneous heteromolecular nucleation of NH, and 
water vapours using standard and revised classical nucleation theories in numerical simula- 
tions. Also the self-consistency correction to the classical theory is used. A comparison 
between the two theories is performed. One should notice that the classical nucleation 
theory has its limitations (macroscopic properties, capillarity approximation), which are 
not considered here. The purpose of this study is to examine in what conditions 
ammonia-water liquid aerosols can be generated at boundary layers of evaporating 
ammonia droplets by heteromolecular nucleation. 

BINARY NUCLEATION 

According to the general formula of statistical physics the probability of a fluctuation 
producing a condensation nucleus is proportional to exp(- AG*IkT), where AG* is the 
minimum work needed to form the nucleus, k is the Boltzmann constant and T is 
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temperature in Kelvins. The nucleation rate I can be predicted as 

- AG* 
I = C exp- 

kT ’ 

where C is a (mainly) kinetic factor. It can be shown (e.g. Reiss, 1950; Heist and Reiss, 1974) 
that in the three-dimensional space (n w, nA, AG), where ni denotes the number of molecules 
of species i in the cluster, there exists a saddle point which corresponds to the minimum 
height of the free energy barrier, or AC* = AG,, (sp is the saddle point). Once a cluster 
reaches the saddle point, nucleation takes place and the cluster can grow to a larger droplet. 
Hence, the radius and composition at this point (denoted by r*, nz, nt) are called critical or 
equilibrium values. The standard and the revised version of the classical theory give 
different saddle point compositions. 

The standard classical model 

The Gibbs free energy of formation of a liquid cluster in a binary mixture of vapours can 
be given by the expression (e.g. Yue and Hamill, 1979) 

AG(n,,n,) = - nwkTln2 - n,kTln$ + 4nr2g, 
WI Al 

where r is the radius of the cluster and cr is the surface tension. For the special systems of 
water and ammonia vapours, W refers to water and A refers to ammonia. We have used the 
following quantities: A,, (pw/pw,) is the water activity in the gas phase, which corresponds 
to the saturation ratio of water in the homomolecular system; AAg (pA/pAs) the ammonia 
activity in the gas phase, which corresponds to the saturation ratio of ammonia in the 
homomolecular system; Awl (pw,sor/pws) the water activity in the liquid phase, and A,, 
(~~,~~,/p~~) the ammonia activity in the liquid phase. pw and PA are the respective partial 
pressures of water and ammonia vapour, p wS and pAs are the respective equilibrium vapour 
pressures of water and ammonia vapour over a flat surface of pure substance, and pi,sOl is the 
partial vapour pressure of species i over a flat surface of the solution. 

The radius Y is given by $cr3p = nwmw + nAmA, where p is the density of the solution, m, 
is the mass of a water molecule and mA is the mass of an ammonia molecule. 

The nucleation rate is (Stauffer, 1976) 

1 = RA,FZe-AG”k’, (3) 

where RAY is an average condensation rate and Z is the Zeldovich non-equilibrium factor 
(for details see Kulmala and Laaksonen, 1990). F is the total number of clusters including 
monomers and is given by 

F=NWO+NAO+~~NAW, (4) 
AA 

where NAO and NW0 are the numbers of single molecules of A and W present, and NAW is the 
number of clusters containing nA, n, molecules. 

The selfconsistency correction 

The self-consistency correction (see) to the standard classical theory has been adopted 
from Kulmala et al. (1992). The nucleation rate I can be calculated from equation (3). The 
Gibbs free energy at the saddle point is given as 

Here Ui is the partial molecular volume of molecule i, and X the mole fraction of ammonia. 
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In the case of the see-model, F represents the total number of monomers. Now we have 
exp( - AG/kT) = 1 for the monomers (LO) and (0, l), and therefore we have to make 
a correction to using the Kronecker delta (see Kulmala et al., 1992): 

F,,, = (1 - ~o,.~So.nw)N~o + (1 - 8o,n~bo,,w)Nwo, (6) 
which takes care of the fact that the number of monomer clusters cannot exceed the number 
of monomers. 

The revised classical model 

The revised classical model has mainly been adopted from Wilemski (see e.g. Wilemski, 
1987). 

The nucleation rate I can be calculated from equation (3). The Gibbs free energy at the 
saddle point is given as (within the framework of the capillarity approximation) 

AC* = $rr*%. (7) 

The critical radius r* and the mole fraction at the saddle point can be determined from the 
Gibbs-Thomson equations, where the surface tension derivative is eliminated 

kTln+! + F = 0. 

il 
(8) 

NUMERICAL CALCULATIONS AND THERMODYNAMIC DATA 

In order to calculate the nucleation rate using the standard classical model and scc- 
model, we first have to determine AC@,, n,, T) at the saddle point. We can construct a table 
of AC as a function of n, and n, and the “pass” in the AC “mountain” can be found by visual 
inspection or it can be calculated by a computer. 

The second partial derivatives of AC are needed to determine the Zeldovich factor (in the 
present work in the standard and see-model). They have been calculated with the following 
numerical equations (see e.g. Dahlquist and Bjorck, 1974; Kulmala et al., 1991) at the point 
%, nb. 

The nucleation rate given by the revised model can be calculated using equations (3), (10) 
and (11). The direction of growth is estimated to be 

tan$=X. (9) 

This approximation has been shown to give growth angles similar to those given by a more 
rigorous expression (e.g. Kulmala and Laaksonen, 1990). The Zeldovich non-equilibrium 
factor is taken to be 0.05, which has been shown to give a reasonable estimation for 2 (see 
e.g. Kulmala and Laaksonen, 1990). 

To be able to calculate AC from the classical models one needs values for densities, 
activities, and surface tensions as functions of temperature. 

The density of ammonia-water mixture experimental data (Landoldt-Bornstein, 1960) 
was correlated by. 

pr = pA,x2 + p&l - X)2 + a,X(l - X) + b,, (10) 

where pli is the density of pure substance. The form of the correlation is purely artificial and 
the parameters up and b, are fitted. They were found to be 

up = 1686 kgmm3, b, = 11 kgmV3 (11) 

using the following correlation for the density of ammonia: 

pA, = 1065 kgm-3 - 1.613 kg(mw3 K-‘) T, (12) 

where the temperature value T is given in degrees Kelvin. Expression is based on the 
experimental data (CRC Handbook, 1985). The density of pure water is calculated using the 
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correlation given by Kell (1975): 

pw, = (999.83952 + 16.945176T, - 7.9870401 x 10--3T,2 

- 46.170461 x 10-‘7’; + 105.56302 x 10-9T: 

- 280.54253 x 10m1’T,5)/(1 + 16.879850x 10e3T,) kgmm3 (13) 

where a temperature value T, is given in degrees Celsius. The above correlation is presented 
in its original form, although it is much more accurate than needed in this study. 

The relative error of the mixture density is 3% at the temperature interval from 0 to 60°C. 
However, in the model calculations the value of the mixture density is needed even at the 
temperature - 70°C. At these temperatures there are no experimental data for the mixture 
density. For the density of pure water the value at the temperature - 30°C is used also at 
the lower temperatures, because the correlation equation (Kell, 1975) does not extrapolate 
well below -30°C. Although very low droplet temperatures are considered, no ice 
formation exists in conditions treated in this study according to the phase diagram (see 
Landolt-Barnstein, 1960). 

Partial vapour pressures above the surface of an ammonia solution are computed from 
the equation (see e.g. Reid et al., 1987) 

pi,sol = CxiPi.* (14) 

The saturation vapour pressure of pure ammonia (in Pascals) is based on the data given by 
Macriss et al. (1964): 

pAs = exp(58.0671 - 3967.8923/T - 5.6983 In T + O.O05T), (15) 

and the saturation vapour pressure for pure water (in Pascals) is (see Preining et (II., 1981) 

pws = exp(77.34 - 7235/T - 8.2 In T + 0.005711 T). (16) 

Note that the activity coefficients are below unity. The activity coefficients (ri) used are 
given by Vesala and Kukkonen (1992). 

The expression for the surface tension (in N/m) is based on the data given by Land- 
olt-Bernstein (1960) 

o = (125.693 - 0.1874393 + (161.601 - 0.764628T)X, + ( - 198.813 

+ 0.724249T)X;) x 10 - 3. 

Here X, is the mass fraction of ammonia in the droplet. 

(17) 

RESULTS AND DISCUSSION 

The significance of droplet formation in the boundary layer of an evaporating ammonia 
droplet was simulated. The ambient relative humidity was lOO%, and the ambient ammonia 
concentration was 0. The maximum temperature of stored ammonia was its boiling point at 
1 atm. First, we compare different nucleation model to obtain numerically simple enough 
but still physically reliable model. Secondly, we used that model to estimate droplet 
formation in the diffusive boundary layer of an evaporating ammonia droplet. 

Nucleation rates and nucleation onsets 

The binary homogeneous nucleation of water-ammonia vapour system was simulated at 
different gas temperatures (223.15,233.15 and 243.15 K). According to Vesala (199 1) and the 
present simulations, these temperatures are typical in the boundary layers of an evaporating 
ammonia droplet. Water vapour gas-phase activity varied from 0.05 to 25. The ammonia 
gas-phase activity varied from 0.01 to 5. In the simulations we used the standard, the revised 
and the see model of binary homogeneous nucleation. 

The nucleation onset activities at different temperatures given by the three nucleation 
models are compared in Fig. 1. The lines represent a constant nucleation rate 1 O6 cm 3 s- ’ 
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(a) T=223.15 K, nucleation rate IO” /s cm3 
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(c) T=243.15 K, nucleation rate 1 O6 /s cm3 
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Fig. 1. The onset activities at nucleation rate of lo6 cm- 3 s- I for water-ammonia system cal- 
culated by the revised, standard and see models for binary homogeneous nucleation. T is 223.15 K 

(a), 233.15 K (b) and 243.15 K (c). 
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at three different temperatures 223.15, 233.15 and 243.15 K. The revised model needs 
significantly higher ammonia activities at the same water activity when compared to the 
other two models. The difference between the models will decrease, when water activity 
decreases. However, the curve is smooth and unphysical behaviour, which the revised model 
predicts for some systems (for example, water-alcohol systems) (see e.g. Wilemski, 1987; 
Laaksonen et a!., 1993) does not appear. This enables us to use (as a next step) the revised 
theory in the model, where aerosol dynamics in the boundary layer is simulated. There are 

Table 1. Nucleation rates I (cmm3 s- ‘) as a function of temperature (T) and gas-phase 
activities AAg for ammonia and A,, for water. The critical radius (r*), the critical energy 

barrier (AG/kT) and corresponding mole fraction X 

X AG/kT I (cmm3sm’) 

233.15 0.30 1 0.110 x 10-s 
233.15 0.30 2 0.833 x 10.’ 
233.15 0.30 3 0.724 x lO-9 
233.15 0.30 4 0.661 x 1o-9 
233.15 0.30 5 0.619 x lO-9 
233.15 0.30 6 0.588 x 10m9 
233.15 0.30 7 0.563 x 1O-9 
233.15 0.30 8 0.544 x 10-g 
233.15 0.30 9 0.527 x lO-9 
233.15 0.30 10 0.513 x lo-9 
233.15 0.30 11 0.501 x 10-g 
233.15 0.30 12 0.491 x 10-g 
233.15 0.30 13 0.481 x lO-9 
233.15 0.30 14 0.473 x 1om9 
233.15 0.30 15 0.465 x lo- 9 
233.15 0.30 16 0.458 x 1O-9 
233.15 0.30 17 0.452 x IO- 9 
233.15 0.30 18 0.446 x 10m9 
233.15 0.30 19 0.441 x 10-g 
233.15 0.30 20 0.436 x 1O-9 
233.15 0.30 21 0.431 x 10-y 
233.15 0.30 22 0.427 x lo- 9 
233.15 0.30 23 0.423 x lO-9 
233.15 0.30 24 0.419 x 10-g 
233.15 0.30 25 0.415 x lo-9 

0.338 0.116x lo3 
0.294 0.676 x 10’ 
0.269 0.516 x lo2 
0.253 0.433 x lo2 
0.240 0.381 x lo2 
0.230 0.345 x lo2 
0.222 0.318 x lo2 
0.215 0.297 x lo2 
0.209 0.280 x lo2 
0.204 0.266 x lo2 
0.199 0.254 x 10’ 
0.194 0.244 x lo2 
0.190 0.235 x lo2 
0.187 0.227 x 10’ 
0.183 0.220 x 102 
0.180 0.214 x 10’ 
0.177 0.208 x 10’ 
0.174 0.203 x IO* 
0.172 0.198 x 10’ 
0.169 0.194 x 102 
0.167 0.190 x lo2 
0.165 0.186 x 102 
0.163 0.183 x lo2 
0.160 3.180 x lo2 
0.159 0.177 x 102 

0.469 x lo-= 
0.153 x 1om4 
0.194 x 103 
0.101 x 10’ 
0.226 x 10’ 
0.101 x 10” 
0.174 x lOI2 
0.163 x lOI3 
0.100 x 1or4 
0.454 x 1or4 
0.164 x lOr5 
0.497 x lo’s 
0.131 x 10’6 
0.309 x 1Ol6 
0.666 x 10’” 
0.133 x 10” 
0.249 x 10” 
0.441 x 10” 
0.746 x 10” 
0.121 x 10’8 
0.190 x 10’8 
0.288 x 1018 
0.425 x 10’s 
0.612 x 10’s 
0.863 x lOr8 

T(K) Aa A, r* b-4 X AGJkT I (cmm3sm’) 

233.15 0.60 1 0.917 x.10-9 0.375 
233.15 0.60 2 0.733 x 10-s 0.327 
233.15 0.60 3 0.652 x 1O-9 0.301 
233.15 0.60 4 0.604 x lo- 9 0.284 
233.15 0.60 5 0.570 x 10-g 0.270 
233.15 0.60 6 0.545 x 1o-9 0.260 
233.15 0.60 7 0.525 x 1O-9 0.251 
233.15 0.60 8 0.509 x 10-q 0.244 
233.15 0.60 9 0.495 x lo-” 0.237 
233.15 0.60 10 0.483 x 1O-9 0.232 
233.15 0.60 11 0.473 x 10-y 0.227 
233.15 0.60 12 0.464 x 10m9 0.222 
233.15 0.60 13 0.456 x lo-’ 0.218 
233.15 0.60 14 0.449 x 10-g 0.214 
233.15 0.60 15 0.443 x 10-y 0.210 
233.15 0.60 16 0.437 x 1o-9 0.207 
233.15 0.60 17 0.431 x 10-g 0.204 
233.15 0.60 18 0.426 x 10m9 0.201 
233.15 0.60 19 0.421 x 10m9 0.198 
233.15 0.60 20 0.417 x 10-g 0.196 
233.15 0.60 21 0.413 x 10-q 0.193 
233.15 0.60 22 0.409 x 10-g 0.191 
233.15 0.60 23 0.405 x 10-g 0.189 
233.15 0.60 24 0,402 x lo-’ 0.187 
233.15 0.60 25 0.399 x 1o-9 0.185 

0.788 x lo* 
0.516 x 10’ 
0.413 x lo2 
0.357 x lo2 
0.320 x lo2 
0.294 x 10’ 
0.273 x 10’ 
0.258 x 10’ 
0.244 x 10’ 
0.234 x 10’ 
0.224 x 10’ 
0.216 x lo2 
0.209 x 10’ 
0.203 x lo* 
0.197 x lo2 
0.192 x 10’ 
0.188 x lo2 
0.183 x 10’ 
0.179 x 102 
0.176 x 10’ 
0.173 x lo2 
0.170 x lo2 
0.167 x lo2 
0.164 x IO* 
0.161 x lo2 

0.217 x 1O-9 
0.277 x lo3 
0.114 x 10s 
0.428 x 10” 
0.212 x 10’2 
0.355 x 10’3 
0.308 x lOI4 
0.172 x 10” 
0.710 x 10’5 
0.234 x 1016 
0.653 x lOI6 
0.159 x IO” 
0.350 x IO” 
0.705 x IO” 
0.132 x 10” 
0.234 x 10’s 
0.393 x 10’” 
0.633 x 10” 
0.983 x 10’s 
0.148 x lOI9 
0.215 x 10” 
0.307 x 10’9 
0.427 x 10” 
0.582 x 1019 
0.779 x 10” 
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three reasons to use the revised model: (i) it is thermodynamically consistent (see Wilemski, 
1987); (ii) it is the numerically easiest one; and (iii) it gives a conservative estimate on 
nucleation onset, since it gives smaller nucleation rates than other models. 

Results of calculations using the revised theory in Table 1 show that the physical 
diameter of critical clusters is about 1 nm. When the nucleation rate is about 1 cm-3s-’ 
(which is the so called critical (onset) nucleation rate for nucleation experiments in thermal 
diffusion chambers), the mole fraction of ammonia molecules varies from 0.1 to 0.4. The 
critical energy barrier at the saddle point depends on gas-phase activities and temperature. 
However, it is 50-60 kT for the onset nucleation rate. 

Ammonia clearly enhances the nucleation rate, when compared with homomolecular 
water nucleation (see Fig. 2). The needed water gas-phase activity for significant nucleation 
decreases from 10 to about 5 when the ammonia activity increases from 0 to 0.3. As an 
overall result we can see that a small rise in NH3 or water gas-phase activity increases the 
nucleation rate considerably throughout the whole range of simulations. 

Nucleation in the boundary layer 

Nucleation rates in the boundary layer are simulated using the revised nucleation theory, 
and are calculated as a function of radial position. Temperatures and vapour concentra- 
tions are estimated using hyperbolic zeroth-order temperature and vapour profiles (see e.g. 
Seinfeld, 1986). An example of our simulations is presented in Fig. 3. The nucleation rate 
has a peak near the distance 1.2 radius from the centre of an evaporating droplet. The water 
saturation has its maximum near the same place as the nucleation rate. The temperature 
increases slightly and ammonia saturation decreases as a function of radial distance. 

The radius of the evaporating ammonia droplet is around 100 pm. Using Fig. 3 it is 
possible to estimate the volume, where the nucleation can occur. This volume is ca 
lo-r2 m3. To estimate if nucleation is significant or not the time for nucleation event has to 
be estimated. 

As the nucleated droplets grow, the water and ammonia gas-phase activities fall until the 
nucleation rate becomes negligible. The time for this to happen is termed the cutoff time t, 
and can be estimated using a similar procedure to that used in the unary case by Barrett and 
Clement (1991). The extension of their treatment to the binary case is outlined in the 
appendix. One significant difference is that, due to the much larger binary nucleation rates, 
droplets do not grow out of the free molecular growth regime before nucleation is cutoff. 

T=233.15 K 
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Fig. 2. The nucleation rate in water-ammonia system as a function of water activity calculated by 
the revised model for binary homogeneous nucleation. T is 233.15 K. 
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Fig. 3. Nucleation rate (in units 10” cm - 3 s- ‘), temperature divided by the droplet temperature 
and gas-phase activities of water and ammonia as a function of radial distance. The droplet 
temperature is 233.15 K and the ambient temperature 283.15 K. The ambient relative humidity 
is 100%. The ambient ammonia concentration is 0. The mole fraction of water at the droplet 

surface is 0. 

1 .o 1.1 1.2 1.3 1.4 1.5 
Radial distance (r/R) 

Once t, is known, the total number of droplets nucleated perm3 at position r in the 
boundary layer can be found from N(r) = It,. In Fig. 4, the number nucleated per micro- 
meter of boundary layer, i.e. 47rr2N(r) x 10m6, is shown. The area under this curve gives the 
total number of droplets nucleated throughout the boundary layer (about 22,000 when the 
ambient temperature is 283.15 K). The maximum number nucleated per m3 in the boundary 
layer (i.e. the value of N, where dN/dr = 0) for various ambient temperatures is shown in 
Fig. 5. Also shown is the corresponding cutoff time t,. 

These results span the ambient temperature region where mixed droplets would really 
nucleate, grow and emerge from the boundary layer around a large (100 pm) ammonia 
drop. Droplet motion would arise from the combination of thermophoresis, directed 
towards the ammonia drop, and diffusiophoresis from the ammonia current away from the 
drop and a much smaller (factor 10-100) water vapour current towards the drop. According 
to our previous estimates (Barrett et al., 1992), the diffusiophoretic velocity would be larger, 
although the thermophoretic velocity would be comparable at a low temperature (- 6O”C), 
and the net outward droplet velocity would range from about 0.095 m s-l at T, = - 40°C 
to 0.027 m s-i at T, = - .5O”C, the corresponding transit times for nucleating droplets to 
emerge from a 20 pm wide growth zone would be 0.2 and 0.75 ms, respectively. At the lower 
temperatures shown in Fig. 5, their growth would fail to cut off nucleation, a failure 
reinforced by diffusion of the two vapours which would tend to maintain original water and 
ammonia activities. 

Actual nucleation rates would not have a significant effect on the boundary layer until 
they produced about 1 droplet ms-’ which, for a thickness, AR of about 20 pm at 
R = lop4 m, corresponds to a nucleation rate of 

I= 4Z~~~R=4x10L4m-3s-1. (18) 

In spite of the large uncertainties in the calculations, the results shown in Fig. 5 suggest that 
large numbers of droplets would appear as the ambient temperature rises a few degrees 
above 10°C. 

A full description of droplet nucleation, subsequent motion and growth, and their 
coupling to the ammonia and water vapour currents has not been attempted here because 
of its complexity, although we hope to pursue the subject in future. A steady state could be 
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Fig. 4. Variation of number nucleated per nm in boundary layer, 4nN x 10m6, with radial distance 
r(rm) at the ambient temperatures 283.15 and 278.15 K. Other conditions are as in Fig. 3. 
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25 

Ambient temperature (“C) 

Fig. 5. Variation of the maximum number of droplets nucleated perm3 in the boundary layer 
with ambient temperature (in “C). The droplet temperature is 233.15 K. Also shown is the cutoff 

time, t, in ms. 

reached if droplet motion removes droplets faster than nucleation is cut off by vapour 
depletion, as calculated here. Droplet coagulation is not likely to be important in the 
physical processes involved because its longer timescale, given for the dominant Brownian 
coagulation of equal-sized droplets by 

where p is the gas viscosity. With gas viscosities for air in the range 
1.5-1.6 x lo-’ kg (m s- ‘) for T = -20 to -40°C ?B is practically independent of temper- 
ature over the range, and, for the maximum value of N = 1Ol5 rnV3s-r shown in Fig. 5, 
only reaches its lowest value of rB = 3.6 s, much longer than the estimated boundary layer 
transit times of < 0.1 s. 

The actual nucleation rate depends on the droplet temperature, ambient temperature, 
ambient humidity and the mole fractions at the droplet surface. Table 2 summarizes the 
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Table 2. Nucleation in the boundary layer 

T. (K) 7-m (K) rlR A,,,,, A,,,,, T.V.-~ 1-x 

239.25 253.15 - _ _ 
239.25 273.15 1.28 1.89 0.54 246.66 0.40 x lo5 
239.25 293.15 1.23 4.86 0.50 249.33 0.10 x 1or5 

238.15 253.15 _ _ _ _ 
238.15 273.15 1.28 2.05 0.54 245.81 1.9 x 105 
238.15 293.15 1.23 5.29 0.49 248.43 0.21 x lOI 

233.15 253.15 1.37 1.03 0.55 238.55 0.15 x 10-s 
233.15 273.15 1.25 2.90 0.53 241.15 0.10 x lo9 
233.15 293.15 1.22 7.65 0.47 243.97 0.34 x lOI 

223.15 253.15 1.28 2.08 0.54 229.97 0.84 x 10’ 
223.15 273.15 1.22 6.44 0.49 232.17 0.12 x lOl3 
223.15 293.15 1.20 17.31 0.43 234.82 0.26 x 10” 

213.15 253.15 1.23 4.91 0.51 220.63 0.22 x 10s 
213.15 273.15 1.20 15.94 0.45 223.15 0.70 x lOI5 
213.15 293.15 1.19 42.75 0.38 225.92 0.52 x lOI9 

203.15 253.15 1.20 13.47 0.47 211.48 0.32 x lOI2 
203.15 273.15 1.18 44.58 0.41 213.83 0.50 x 10” 
203.15 293.15 1.18 116.96 0.33 216.88 0.40 x 1020 

T. and T, are the droplet temperature and the ambient temperature, 
respectively. Ambient relative humidity is 100%. The ambient ammonia 
concentration is 0. The ammonia mole fraction at the surface is 1. r/R is the 
radial position divided by the droplet radius. I,., is the maximum nuclea- 
tion rate (cm -3s-‘) in the boundary layer. Ai,,,== are the corresponding 
gas-phase acttvtttes. TN,,,, is the corresponding temperature. 

results of our simulations. The droplet temperature varies from the boiling point of 
ammonia to -70°C. If the mole fraction of ammonia at the surface of the evaporating 
droplet is 1, a temperature difference of about 40°C (ambient relative humidity 100%) is 
needed to obtain significant nucleation. We have also considered the case, when the 
ammonia mole fraction is 0.1. Then the temperature difference needed is near 50°C. 

CONCLUSIONS 

The binary homogeneous nucleation in NH,-water system will take place more easily 
than homomolecular water nucleation. The results obtained from the different classical 
nucleation models differ clearly from each other. However, the unphysical behaviour, 
which is typical for revised nucleation theory for some systems, does not occur for 
water-ammonia system. This shows that the NH3-water system behaves similarly to 
water-acid (e.g. sulphuric acid, nitric acid) systems. 

In the view of our results we predict that water-ammonia nucleation is very probable in 
the boundary layer of evaporating ammonia droplet and that nucleated droplets would 
emerge from the boundary layer. The temperature difference needed for significant nuclea- 
tion is ca 40-50°C if the ambient relative humidity is 100%. This is the condition which 
can be reached during accidental releases of pressurised ammonia. The question whether 
the homogeneous nucleation plays any relevant role in overall dynamics of those releases 
remains to be quantified in the future. 
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APPENDIX: CALCULATION OF CUTOFF TIME 

The mass flux of water vapour condensing on a single droplet of radius R (assuming that the mass fractions of 
water and ammonia in the growing droplets remain constant) is (from Kulmala et al., 1993) 

47@ Fw = 4nR$(l - X,)p, = RT 
o 

with 

where K is the thermal conductivity of the vapour-gas mixture and Mi, L;, Ei are the molecular mass, latent heat, 
and mean molecular speed of species i. RG is the general gas constant. 

Our main assumption is that the gas-phase activities (and therefore also the nucleation rate I) remain constant 
up to t, and then fall instantaneously by amounts AAA,, AAws which reduces I by a factor e. Then equation (Al) 
can be integrated to give 

R(t) = 
f~w~w~ws(Av~ - Aw,)t 

(1 - X&,(1 + 0) (A3) 

Since the nucleation rate is assumed to be constant, the water condensation rate per unit volume is 

rhw = $zR3(t)p,(l - X,)1. (A4) 
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Using equation (A3) into equation (A4) and integrating gives the total mass of water condensed per unit volume 
in time t, as 

To relate the change in gas-phase activity AAws to Am, it is necessary to consider the energy and liquid-vapour 
mass balance equations for the mixture. The procedure is essentially identical to that used in the unary case 
(Barrett and Clement, 1991) and the result is 

bm _ AwrpXh~ 
w 

PCP ’ 
W) 

where pcP is the heat capacity of the mixture (taken to be that of pure air) and p;Y, denotes the temperature 
derivative of the equilibrium water vapour density, p,,,.. The term proportional to Am, arises because the latent 
heat of ammonia condensation affects the mixture temperature. 

Since the mass fractions in the droplets are assumed constant, it follows that (1 - X,)Am, = X,Amw. Using 
this and substituting equation (A5) into equation (A6) gives AAws = - Iwtf, where 

3 
(A7) 

The same procedure for the ammonia component gives AA,, = - L,t‘J, where I, is given by equation (A7) with 
the subscripts A and W interchanged. 

Finally, the changes in Aws and A*, require to reduce the nucleation rate by a factor e satisfy 

aln I 
-AAWs + ~$-LA,, = - 1, 
a‘-lwg AS 

and therefore 

-lP ~ = 
E 

[ 

i, alnl+l E 

w aAwg AaAAg I 

(‘48) 

(A9) 

In numerical calculations, the derivatives in equation (A9) were determined by finite differencing. 


