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Abstract—A rheoretical model has been developed to investigate possible mechanisms and parameters
which may influence the evaporation behavior of dry ammonium chloride and ammonium nitrate aerosols.
The model results compared well with the experimental observations available in the literature. Effects of
particle polydispersity, gas—particle interaction, flow pattern of the system, particle number concentration,
and accommodation coefficient on the evaporation of dry ammonium chloride and ammonium nitrate were
quantitatively determined. The particle size distribution has a significant effect on the overall evaporation
rate. A negligence of the size distribution and inappropriate use of the evaporation theory would lead to

departures from experimental observations.

Key word index: Ammonium chloride, ammonium nitrate, kinetic constraints, aerosol evaporation, poly-
dispersity, annular denuder, lognormal distribution.

NOMENCLATURE T, denuder outer radius
Ty particle radius

constant ( = 0.633 + 0. ()920 — 002203) S satpratlon .ratlo
constant (= 0.39 + 0.5¢, — 021402 + 002903) t residence time
particle diffusivity (= kBT/(162n2)‘§3 ) T absolute temperature
slip correction constant for diffusion U,  average gas velocity
(=3.3144(n/6)/%) v particle volume .
coagulation constant (continuum) ( = 2kg T/3p) Uy geometric average Paljtl‘:le volume
slip correction constant for coagulation m molar volume of particle
(= 1.257A(4n/3)!73) v, molecular volume of NH,A monomer

coagulation constant (free molecule) ( = 3/4n)"/6
x(6ksT/p,)"'?
cvaporatlon constant (free molecule) ( = (36m)!/3

axial distance

Greek letters

accommodation coefficient

o
vy (kg T/27m)" ) B collision frequency function

evaporation constant (continuum) ( = (48x%)"/3/3 £ coagulation coefficient for zero moment

Av, n(8ks T/mm)!/?) (1€ = 1/ + 1/E0)

concentration of the gaseous species i Epm = Bsbovg’® [e)(p(z5 In%g,) + 2exp(3In®oy)
particle diameter + exp(§In? ag)]

diffusion coefficient of the species i Ec=By{1+ exp(ln ;) + By/vi exp(3In? o,)
diffusion coefficient of monomer [1 + exp{2In?q,)]}

diffusion coefficient of particle ¢ coagulation coefficient for second moment
flow parameter term A/ = 1/Cem + 1/50)

evaporation rate 25

ratio of inner to outer radius in annular denuder =B bzv”Gexp(zln 05)[exPl( In® o;)
Boltzmann constant + 2exp(sln a,) + exp(s 33 99 L
equilibrium coastant {c = B5{l + exp(in’ 63 + Ba/vg" exp(—21n%0y)
mass of NH,A monomer (1 + exp( — 21n’ o)1}

gth moment of aerosol size distribution n evaporation coefficient for first moment
particle size distribution (1/n = 1/nem + 1/nc)

monomer concentration at saturation Hem = Béuzl3 exp(21n oy

particle number concentration fc = Bqv; g3‘exp( Inoy)

vapor pressure of NH,A monomer evaporation coefficient for second moment
vapor pressure of NH;A monomer in equilibrium (lje = 1/8m + 1/e0)

with the surface epm = BgvY/ exp(81n A

equilibrium partial pressure of species i &c = B,vl! 1 exp(3ln?ay)

radial position in the denuder A geometric standard deviation

initial particle radius Pp particle density
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A mean free path of gas molecules
u viscosity.

INTRODUCTION

Ammonium containing aerosols (NH4A) are com-
monly occurring components of atmospheric par-
ticles. The volatility of ammonium containing
aerosols, especially ammonium chloride (NH,Cl) and
ammonium nitrate (NH,NO,), has been the interest
of study of many atmospheric scientists (Richardson
and Hightower, 1987; Allen et al., 1989; Wexler and
Seinfeld, 1991, 1992). Ammonium chloride and am-
monium nitrate aerosols are formed from chemical
reactions of ammonia gas with hydrochloric and ni-
tric acids, respectively, in the atmosphere:

NHs(g) + HCI(g)T—‘NH:&Cl(S) 0
NH3(g) + HNO3(B):NH4NO3(S). 2)

Allen et al. (1989) measured gaseous atmospheric
NH3, HCI, and HNOj; concentrations and compared
the concentration products of [HCI]J[NH;] and
[HNO3][NH;] with predictions of thermodynamic
equilibrium. Departures from equilibrium were re-
markably observed at low temperatures (<5°C) and
high humidities (> deliquescent points of NH4A aero-
sols). Pio et al. (1992) measured freshly emitted NHa,
HCI and HNOj; concentrations as well as NH,NO,
and NH4Cl aerosols in industrial and marine atmo-
spheres. They found that gas—particle equilibrium
conditions are not attained instantaneously in the
atmosphere. At temperatures lower than 15°C, it re-
quires at least several minutes for the equilibrium
between gaseous precursors and ammonium contain-
ing aerosols to be reached. Allen et al. (1989) and Pio
et al. (1992) attributed their observations at low-tem-
perature environment to kinetic constraints on attain-
ment of the system equilibrium.

On the other hand, Harrison et al. (1990) carried
out experiments on the evaporation rates of NH,Cl
and NH4NO; aerosols in an annular diffusion de-
nuder at room temperature (~20°C), and compared
the results with existing transport-limited theory. The
measured evaporation rates of NH4A aerosols were
significantly low as compared to the theoretical pre-
dictions. They also attributed the differences to an
unknown kinetic constraints to the achievement of the
system equilibrium. Based on the findings of Harrison
et al. (1990), Harrison and MacKenzie (1990) conduct-
ed a numerical simulation and considered four kinetic
mechanisms: monomer formation; adsorption of one
precursor species on the particle surface; bimolecular
surface reaction; and transport-limited particle
growth. It was concluded that no mechanisms emerge
as the rate-limiting process for all previous experi-
mental studies. Wexler and Seinfeld (1992) incorpor-
ated a concept of characteristic time to explain the
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data measured at the South Coast Air Basin of south-
ern California. They concluded that transport limita-
tions are a significant factor in the observed depar-
tures from equilibrium.

It seems that kinetic constraints on attainment of
the NH4A-HA-NH; system equilibrium have not
been well understood and established. Theoretical
studies on the evaporation of NH4A aerosols have
been restricted to chemical reaction and mass-trans-
fer-limited particle evaporation. However, the depar-
tures of experimental observations from existing
evaporation theory may also be attributed to other
factors such as particle polydispersity, gas—particie
interaction, flow pattern and uncertainty for the
equilibrium constants of NH4A aerosols. Therefore,
a comprehensive model considering the above mech-
anisms is needed to quantify kinetic constraints on
achievement of the gas—particle equilibrium.

This paper presents a mathematical model for sim-
ultaneous aerosol diffusion, evaporation and coagula-
tion in terms of the moments of the aerosol size
distribution over the entire particle size range. The
shape of the aerosol size distribution is approximated
by lognormal function. The model is then applied to
simulate experimental data of dry NH.Cl and
NH,4NOj; aerosol evaporation in an annular diffusion
denuder documented by Harrison et al. (1990). The
effects of various mechanisms on the evaporation of
dry NH,4A aerosols are investigated and quantitat-
ively determined.

THEORY

Evaporation of monodisperse particles

Since the evaporation behavior of aqueous aerosols
may be fundamentally different from that of dry aero-
sols, the present study focuses on the evaporation
process of dry NH4Cl and NH,NO; aerosols only.
For a transport-limited evaporation process in the
NH4A-HA-NH; system, the aerosol evaporation
rate is determined by the diffusion of a gaseous
molecule through the surrounding medium. The
evaporation/condensation rate for particle diameter,
d,, in the continuum regime (xd,> A, where o is the
accommodation coefficient and A is the mean free
path of gas molecules) is written as (Friedlander,
1977):

% - 27[Dmdpl)1(p1 - Pd) (3)
dt kT

where v is the volume of a particle, ¢t is the time
coordinate, Dy, and v, are the diffusion coefficient and
molecular volume of NH4A monomer, respectively,
p1 and p4 are the vapor pressures of NH4A monomer
in the bulk phase and in equilibrium with the surface,
kg is the Boltzmann constant, and T is the absolute
temperature in Kelvin.

While for a particle whose size is in the free molecu-
lar regime (ad, < 1), the evaporation/condensation
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rate is determined by bombardment of individual
molecules as

dv_andjvi(p1—pa)
dt ™ (2nmkgT)?

where m is the mass of NH4A monomer.

Both Richardson and Hightower (1987) and Har-
rison et al. (1990) conducted experiments on the size
change of NH4Cl and NH,NO; aerosols, and com-
pared with the predicted results of equations (3) and
(4). The evaporation rates of NH4Cl and NH,NO;
aerosols obtained from their experiments were much
slower than the theoretical predictions. Therefore,
they have to introduce a very low accommodation
coefficient in order to reconcile this divergence
without a rational explanation. This indicates that
equations (3) and (4) may be insufficient to predict
evaporation rates of NH,Cl and NH,NO, aerosols.

@

Evaporation of polydisperse particles in an annular
diffusion denuder

The evaporation equations (3) and (4) were simpli-
fied without considering other mechanisms such as
flow pattern, aerosol size distribution, and the
gas—particle interaction. A mathematical model can
be derived from the general dynamic equation (GDE)
that describes the change of particle size distribution
function. For NH,A particles undergoing diffusion,
evaporation, and coagulation in the size range v,
v+du, the steady-state GDE for an aerosol stream in
the annular diffusion denuder is (Friedlander, 1977)

on_13[ aDm7, &Gn)
Unflk, r)é? ror I:’ or :|+ dv

+1JDB(U, v—0)n(v)n(v—o)do
2Jo

_ f B(v, 5)n(o) ni5) di 5)

where U,, is the average gas velocity through the
denuder, f(k, r) is the flow parameter, k is the ratio of
inner to outer radius of the annular diffusion denuder,
r is the radial distance inside the denuder, n is the
particle size distribution function, z is the axial dis-
tance of diffusion denuder, D,, is the diffusion coeffi-
cient of particle, G is the evaporation rate, and f is the
collision frequency function of Brownian coagulation.
The first term on the right-hand side (RHS) accounts
for particle losses by Brownian diffusion. The second
RHS term accounts for the loss or gain of particles by
evaporation/condensation at rate G. The third and
fourth terms account for the gain and loss of particles
in the interval v, v+ dv by Brownian coagulation. The
fully developed flow parameter for an annular diffu-
sion denuder is (Bird et al., 1960)

[(1—k?)In(r/ro)+1In(1/k) (1 —r?/r})]
(1+kd)Inl/k—(1—k2)

where r, is the outer radius of an annular denuder.

Sl n=> ©)
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The evaporation of NH4A aerosols leads to the
release of two gases, NH, and HA. The axial diffusion
term can be neglected as compared to the radial
diffusion term since the coated denuder wall acts as
a perfect sink for the gas species. Therefore, the mass
balance equation of the gaseous species i inside the
annular diffusion denuder is

6C,~ Di 0 i 1 ®
Ua (k’ r)_=—_<r%_>_—j Gndv (7)

0z ror Vm Jo

where C; is the concentration of gaseous species
i i=NH, and HA), D; is the diffusion coefficient of
species i, and vn is the molar volume of the evaporat-
ing species. The first term on the RHS accounts for the
diffusional loss of species i onto the denuder wall. The
second RHS term accounts for the loss or gain of
species i by evaporation/condensation at rate G.

Many experimental results indicate that aerosol
size distributions are nearly lognormal or, more fre-
quently, aerosol size distributions are measured and
characterized using the parameters of a lognormal
function (Pratsinis, 1988). Therefore, combining the
method of moments with the lognormal distribution
has the advantage of simplicity while evaluating the
evolution of polydisperse aerosols. The gth moment of
an aerosol size distribution is (Friedlander, 1977)

Mq=fwv"n(v) dv 8)
0

while the size distribution function, n(v), for lognor-
mally distributed aerosols is defined as

_ N In%(v/vg) |1
) = 3/2zln asexP[ - 18In? ag]? )

The three parameters that completely describe a log-
normal size distribution are the total number concen-
tration, N, the geometric mean particle volume, o,,
and the geometric standard deviation based on par-
ticle radius, o,. The values of v; and ¢, can be ex-
pressed in terms of the first three moments as (Lee et
al., 1984)

M3
ng————Mg/zMé/z (10)
1 M
Inte, = §1n<M]:’4% 2). )

Thus, My, M, and M, completely describe the behav-
ior of the size distribution of a lognormally preserving
aerosol. The gth moment of the distribution can be
written in terms of the above parameters as

M, = Movlexp(4.5 4% In?o,). (12)

Multiplying equation (5) by v?dv on both sides, and
integrating over all particle size and using the lognor-
mal distribution function as an approximation of the
entire size spectrum, the evolution of the three aerosol
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moments and the mass balance equations for the two
gaseous species along the denuder are written as

oMo By 0| 0
Ua flk,r) _(‘}z_o = TIE[VE,(M— 13+ BzM—2/3):| ~EM3
(13)
oM, By 0| 0
Unf k) = —'.—15["5(1\’12/3 + BzM1/3):|
+1(S — YMo (14)
oMy By 0| 0
Usfth, )2 = %E[VE(MS/S + BzM4/3)J
+20M1 + 26(S — DM, (15)

Unflk, 1) = — ar

0Cnws _ Dy 0 ( 3Comy
0z r or

) — L Mo(s — 1)
UM
(16)

Uaf(k, 1)

6Cua _ Dua 2 ( 3Com,
oz v or or

) — T Mys—1)
Um
17

where Mo, M, and M, represent the total particle
number concentration, total particle volume, and sec-
ond volume moment, respectively, B, and B, are the
particle diffusivity constant and the slip correlation
constant for diffusion, £ and { denote the coagulation
coefficients for zero and second moments, n and ¢ are
the evaporation/condensation coefficients for the first
and second moments, and S is the system saturation
ratio. The parameters of £, {, n and & were derived for
particles in the free molecular and continuum regimes,
respectively. A harmonic average of the two regimes is
then employed for the entire particle size range. The
detailed derivations of B, B», £, {,  and & can be seen
in Kim and Pratsinis (1988) and Pratsinis (1988), and
their definitions are listed in the Nomenclature.

The initial conditions for equations (13)—(17) are
obtained from the experimental inlet conditions of
Harrison et al. (1990). Assuming that the NH,A aero-
sol streams generated from an atomizer are free of
gases at the inlet of the denuder, the initial conditions
are

at z=0, My=N, M;=Npuexp(d.5In’ay),
M2=NiU§iexp(181n20'gi),
Cha=Cny, =0 (18)

where subscript i represents the inlet condition of the
annular denuder system.

The boundary conditions for particles with the as-
sumption of no resuspension once they arrive at both
inner and outer denuder walls are

atr=kr,andr=r,, Mo=M;=M,=0 (19)

while the boundary conditions for gaseous species
iare C; = 0 for a perfect sink wall coated with absorb-
ing material and 6C;/d0r = 0 for an inert wall.
Equations (13)—(17) along with the appropriate in-
itial and boundary conditions form a set of coupled
partial differential equations (PDE) that describes the
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behavior of dry NH,A aerosols and associated gases
in an annular diffusion denuder. Using an explicit
finite-difference scheme at P radial points across the
denuder, the five PDEs are transformed to 5 x P ordi-
nary differential equations (ODE). These ODEs are
then solved by a stiff ordinary differential equation
solver, DIVPAG (IMSL, 1987). The cup mixing aver-
age (X ,,) of the moments and gaseous concentrations
instde the denuder at any location z is calculated by

_Je X2 U f(r)rdr
- fuo Uaofr)rdr
where X = Mo, Ml, Mz, CNH3’ CHCI’ and CHN03~

Xa(2) (20)

RESULTS AND DISCUSSION

Model beriﬁcation

The present model was first investigated under lim-
iting conditions where analytical solutions were avail-
able for pure particle diffusion, pure particle evapor-
ation/condensation, pure particle coagulation and
pure gas diffusion. The numerical solutions for pure
gas diffusion and pure particle diffusion were in excel-
lent agreement with the Gormley—Kennedy solution
(Gormley and Kennedy, 1949). The evaporation rates
of monodisperse aerosols in the continuum and free
molecular regimes were validated by equations (3) and
(4), respectively. The pure particle coagulation for
a monodisperse aerosol was also verified by compar-
ing the simulated number concentration with Hinds
(1982, figure 12.1). The model results for polydisperse
aerosols were confirmed with the geometric standard
deviation, o,, asymptotically approaching 1.35 and
1.32 for pure particle coagulation in the free molecular
and continuum regimes, respectively (Lee et al., 1984),
and unity when only condensation was considered
(Pratsinis, 1988). In addition, possible numerical arti-
facts were further minimized by letting o, close to 1,
and compared the model prediction to those obtained
analytically with a monodisperse distribution.

The model is then applied to simulate the experi-
mental data of dry NH,Cl and NH,NO; aerosol
evaporation in an annular diffusion denuder
documented by Harrison er al. (1990). Their experi-
mental conditions are summarized as: the denuder
was 100 cm long with an inner diameter of 3.7 cm and
outside diameter of 4 cm which provided a value of
k equal to 0.925. The inner tube was coated with 5%
methanolic solution of citric acid or phosphorous acid
for collecting NH,, whilst the outside tube was coated
with 5% NaOH in methanol for HCI collection and
a suspension of MgO powder in methanol for HNO,
collection. The coating length was 88 cm, the first
12 cm of the denuder was left uncoated to establish
a laminar fully developed air flow. Since the flow rate
through the denuder was less than 100 mlmin~?, the
Reynolds number is well within the laminar flow
regime. The experimental system was operated at
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20+ 2°C. Ammonium chloride and ammonium ni-
trate aerosol streams were generated by a TSI atom-
izer (Model 9302). The initial geometric mean radius
and geometric standard deviation were 0.53 yum and
1.67 for NH,Cl aerosols, and 0.46 um and 1.6 for
NH,NO, aerosols, respectively.

The initial number concentrations of NH,Cl and
NH,NO; particles in the aerosol streams were not
reported in the study of Harrison et al. (1990). How-
ever, according to Agarwal and Johnson (1981), the
typical range of particle number concentration gener-
ated from an atomizer of TSI Model 9302 should lie
between 10* and 107 cm 3. Therefore, initial particle
number concentration was selected as 10° cm ™3 in the
simulation. The accommodation coefficient « was set
to unity (Raes et al., 1990). These two parameters are
uncertain in the numerical simulation and will be
examined in the sensitivity analysis. The diffusivities
of NH;, HNO; and HCI used in the model were equal
to 0.227, 0.118 (Winiwarter, 1989) and 0.1167 cm?s™!
(Reid et al., 1988), respectively.

The equilibrium constant of NH,Cl particles with
the two associated gases, NH; and HCI, was taken
from Pio and Harrison (1987):

2.13204 x 10*

In{(K,)=2.2358InT— +65.4375

—8.167x1073T+4.644x 1077 T2

—1.105x 10-103 (21)
while the equilibrium constant of NH,NO; particles
with the two associated gases, NH; and HNO,, were
taken from Stelson and Seinfeld (1982):

24,220 T
1 =846 — 2 _61lnf—
n(K,) =846 — — 611n(298) 22)

or from Mozurkewich (1993):

24,084
In(K,) = 118.87 — ——’;)78— —6.025InT.

(23)

The NH,A monomer concentration in the bulk
phase can be written as p, =S X pg, where p, is com-
monly expressed as py=pfn, + Pfia =2K}/? (Harrison
and MacKenzie, 1990), and superscript e denotes the
state of equilibrium. The system saturation ratio S is
defined as (Kodas et al., 1986)

S:= CNH;; CHA .

X 24

P

When the value of saturation ratio is unity, the system
is in an external state of equilibrium. The driving force
of the evaporation process of NH A aerosols is deter-
mined by (1—S).

Figures 1 and 2 show measured and simulated
results on the change of particle radius of dry NH,Cl
and NH,NO; aerosols in the annular diffusion de-
nuder, respectively. It is seen that the simulated results
agree well with the experimental data.
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Fig. 1. Measured and simulated results on the change
of particle radius of dry ammonium chloride aerosols in
an annular denuder.
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Fig. 2. Measured and simulated results on the change of

particle radius of dry ammonium nitrate aerosols in an

annular denuder. (Dashed line) K, =11.58 ppb? (Mozur-

kewich, 1993), (solid line) K,=7.7 ppb® (Stelson and
Seinfeld, 1982).

Table 1 lists regression equations of the rate of
particle radius change (dr,/dt) for the experimental
data of Harrison et al. (1990) as well as for numerical
data of the present model. The regression equations of
the experimental data were obtained directly from
Harrison et al. (1990). The rate equations from the
present model were obtained by a linear regression of
200 points of numerical data. The correlation coeffi-
cients were 0.9999 for both NH,Cl and NH,NO;
aerosol evaporation in the annular diffusion denuder.
This indicates that dr,/dt obtained from the model
simulation is approximately constant with respect to
the residence time in the case of study. As shown in
Table 1, the values of dr,/dt calculated from the
present model for NH,NO, particle evaporation are
higher than that obtained by Harrison et al. (1990),
whether values of K, were obtained from either Stel-
son and Seinfeld (1982) or Mozurkewich (1993). How-
ever, the regression result of Harrison et al. (1990)
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Table 1. Regression equations of particle radius change for the experimental data of
Harrison et al. (1990) and numerical results of the present model*

NH,NO,

NH,C1

Experimental results
Model results

r,=040—0.0027¢
+r,=0.45—-0.0044 ¢

r,=0.54—0.0063
r, = 0.52-0.0048 ¢

1r,=0.45-0.0054¢

*The units in r, = r; — (dr,/dt)t are minute for t and pm for r, and r;. The regression
equations of our numerical data are not valid for residence times longer than experimental

residence times of Harrison et al. (1990).

+Simulation of the equilibrium constant obtained from Stelson and Seinfeld (1982).
1 Simulation of the equilibrium constant obtained from Mozurkewich (1993).

indicated an initial particle radius of 0.40 um, which is
higher than that of their experimentally measured
value, 0.46 um. Therefore, if the regression were made
by an initial radius of 0.46 um instead of 0.4 um, better
agreement of dr,/dt would be obtained. A similar
comparison for the regression equations of NH,CI
particle evaporation can also be made from Table
1 between experimental data and model simulation.

Limiting mechanisms for the NH,A evaporation pro-
cess

Harrison and MacKenzie (1990) indicated that the
departure of experimental data of Harrison et al
(1990) from the evaporation theory {equations (3) and
(4)) requires at least a 49-fold inaccuracy in one of the
parameters, D,,, v, and py. The diffusivities of NH,Cl
and NH,NO; vapors were estimated as (Pratsinis,
1988)

_ A8k T/mm)'?
_—3———.

The corresponding values of D, for NH,Cl and
NH,NO; vapors are 7.38x 1072 and 6.03x 1072
cm?s™!, respectively. These data were one-third of
those used in Harrison et al. (1990). Values of v, and
pa of NH,4Cl monomers used in the model were in
accord with those of Harrison and MacKenzie (1990)
and Harrison et al. (1990). Different values of p, for
NH_,NO; monomers were obtained from equilibrium
constants documented by Stelson and Seinfeld (1982)
and Mozurkewich (1993), and their effects are shown
in Fig. 2. Values of these two py were also about the
same order of magnitude as that of Harrison et al.
(1990). Therefore, it appears that there are other
mechanisms or factors than the three parameters
which influence the evaporation process of dry
NH,Cl and NH,NO; aerosols.

An investigation of other mechanisms incorporated
in the present model is illustrated in Figs 3 and 4 for
NH,CI and NH,NO, particle evaporation, respect-
ively. Several hypotheses were considered and in-
dicated in number in Figs 3 and 4 as follows.

D, (25)

(i) Evaporation of monodisperse aerosols by diffu-
sion process in the continuum regime (equation
(3)) was incorporated with p, =0.

0
(i)
[
=
2 y—\
4
o~ 6
%]
< (ii
T 8|
>
o
-0 - (i U]
12—
141~
H | 1 | 1
0 6 12 18 24 30 36
(a) Residence Time (MIN})

Particie Gecmetric Mean Radius{(um)

0 i 1 1 I 1 1
0 6 12 18 24 30 36

Residence Time (MIN)

(b)

Fig. 3. Simulated results of hypotheses (i}{(vi) for am-

monium chloride aerosols in an annular denuder: (a)

the rate of change of particle radius; (b) the change of
particle radius.

(ii) Evaporation of monodisperse aerosols by mo-
lecular bombardment in the free molecular re-
gime (equation (4)) was incorporated with p; = 0.

(iif) A harmonic average of hypothesis (i) and (ii) was
incorporated over the entire particle size range
(Pratsinis, 1988).

(iv) In addition to hypothesis (iii), the GDEs (equa-
tions (13)—(15)) with a lognormally distributed
function were incorporated with initial geometric
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v)__(vi)
_ (iv)

(i)

drpidt (A s)

(i) 0

! 1 L i 1
o 6 12 18 24 30 36

(a) Residence Time (MIN)

o
w

Particle Geometric Mean Radius (um)
o
~

o

(b) Residence Time (MIN)

Fig. 4. Simulated results of hypotheses (i)—(vi) for am-

monium nitrate aerosols in an annular denuder: (a) the

rate of change of particle radius; (b) the change of
particle radius.

standard deviations of 1.67 and 1.6 for NH,Cl
and NH,NO; aerosols, respectively, and a uni-
form velocity profile (f(k, r)=1).

(v) In addition to hypothesis (iv), a fully developed
flow pattern (equation (6)) in an annular diffusion
denuder was incorporated.

(vi) In addition to hypothesis (v), values of p, were
not zero. Instead, they were obtained from the
mass balance equations of gaseous species (equa-
tions (16) and (17)).

Note that the simulation results shown previously
in Figs 1 and 2 were obtained from hypothesis (vi)
which was considered as a complete model. Figures 3a
and 4a show the rate of change of particle radius
(dr,/dt) and Figs 3b and 4b show the change of
particle radius, r,, with respect to residence time for
NH,Cl and NH,NO; aerosols in an annular denuder,
respectively. As can be seen, values of —dr,/dt are
maximum and constant when hypothesis (ii) was con-
sidered at a small residence time. Therefore, both
NH,Cl and NH,NO; particles evaporated com-
pletely in a short time (~ 10 min). On the other hand,
when hypothesis (i) was considered, values of —dr,/dt

AE 29-3-B
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were small at the beginning, and then increased rap-
idly as particles continued the evaporation process. As
particles become very small, values of —dr,/dt ap-
poached infinity where hypothesis (i) was actually not
valid. The time required for complete evaporation of
NH,4Cl and NH,NO; particles with initial radii of
0.53 and 0.46 ym are 24.9 and 27.4 min, respectively,
for hypothesis (i) to be applied. These values are
longer than those estimated by Harrison and Mac-
Kenzie (1990) and Harrison et al. (1990) (8.7 and
5.3 min for NH,4Cl and NH,NO; aerosols, respective-
ly) using the same theory. The difference was at-
tributed to different values of D,, employed.

Since the initial radii of NH,Cl and NH,NO, par-
ticles in the experiment of Harrison et al. (1990) fall in
the transition regime (0.1 < A/r, <10), hypothesis (jii)
should be more appropriate to explain the experi-
mental data. It was clearly indicated in Figs 3a and 4a
that values of —dr,/dt predicted from hypothesis (i)
are smaller than those predicted from hypotheses (i)
and (ii). It is also seen that as the residence time was
short (which represents larger particles as shown in
Figs 3b and 4b), values of dr,/dt obtained from hy-
pothesis (iii) approached to that obtained from hy-
pothesis (i). As the residence time was long (small
particles), values of dr,/dt obtained from hypothesis
(iii) approached to that obtained from hypothesis (ii).
They were identical at the instant that particles evap-
orated completely.

Another important result obtained from Figs 3 and
4 is that particle polydispersity plays a very important
role on the overall evaporation rate. This was demon-
strated from hypothesis (iv) where aerosols with a log-
normal size distribution were assumed. The particle
evaporation rates were remarkably retarded as com-
pared to hypothesis (iii). Values of dr,/dt obtained
from hypothesis (iv) were approximately constant
with respect to residence time.

On the other hand, results from hypotheses (v) and
(vi) did not show significant departures from hypothe-
sis (iv). This indicates that the effects of flow pattern
(f(k, r)) and vapor pressure in the bulk phase, p,, on
the rate of change of particle radius are negligible in
the case of study.

In the present study it was assumed that dry NH,Cl
and NH,NO, aerosols were in an internal state of
equilibria and values of p, could be estimated from
the thermodynamic equilibrium constants. Therefore,
although the assumption of zero inlet gas concentra-
tions was made in the numerical simulation, the
NH,Cl and NH4NO; aerosols evaporate and release
gases immediately after entering the denuder in order
to approach their internal equilibrium values. As a re-
sult, there will be minimum effect whether the inlet gas
concentrations were zero or at their maximum equi-
librium concentrations. However, departures from the
external equilibria occur due to diffusional absorption
of gas species to the denuder wall. The departures
from external equilibrium were estimated by the
saturation ratio as shown in Fig. 5 for evaporation of
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Fig. 5. Variations of saturation ratio with respect
to residence time for ammonium chloride and am-
monium nitrate aerosols in an annular denuder.

NH,Cl and NH,NO; aerosols in the annular de-
nuder. The saturation ratio was maximum upon en-
tering the denuder, but decreased rapidly due to diffu-
sional adsorption to the denuder wall. Since diffusion
denuder acts as a perfect sink for the adsorbing gases,
the deposition rates of gaseous species are infinitely
large and therefore the system saturation ratios are
quite low. The decrease of the saturation ratio as an
increase of the residence time also indicated that the
diffusion rate of gaseous species to the denuder wall is
faster than the evaporation rate.

Sensitivity analysis

As indicated previously, the NH4Cl and NH,NO,
particle number concentrations were not reported by
Harrison et al. (1990). Since the particle number con-
centration influences both the rates of evaporation
and coagulation, it would also influence the change of
NHA particle radius. Figure 6 shows a sensitivity
analysis of varying particle number concentration on
the change of particle radius of dry NH,Cl aerosols in
the denuder. As can be seen, for particles whose num-
ber concentrations were in the range of 10*-10° cm ™3,
the effect of number concentration on the particle
evaporation was negligible. However, as the particle
number concentration was increased, the particle
radius change slowed down due to a retardation of
particle evaporation rate and an increase of particle
coagulation rate. If the particle number concentration
was higher than 10° cm 3, the NH,Cl particle radius
was increased with an increase of residence time. This
is obviously not the case of the experimental observa-
tion of Harrison et al. (1990). Similar results can be
drawn for NH,NO; aerosol evaporation. Therefore,
it may be concluded that particle number concen-
tration in the experiments of Harrison et al. (1990)
was in a relatively low range (10*-10° cm™~3) where
Brownian coagulation effect is negligible.

The other uncertainty in the numerical simulation
is that the accommodation coefficient may not be
unity. A sensitivity analysis was performed in order to
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tration was 10* cm ™3 in all simulations.

explore the effect of varying accommodation coeffi-
cient on the change of particle radius of dry NH,Cl
aerosols in the denuder. This was done using the
lowest possible number concentration of 10*cm™3 in
the simulation. This number concentration was se-
lected as it resulted in the fastest evaporation rate as
shown in Fig. 6, and the evaporation rate could be
retarded by lowering the accommodation coefficient.
Results of a sensitivity analysis of varying accom-
modation coefficient are shown in Fig. 7. As can be
seen, if the experiments of Harrison et al. (1990) were
done under particle number concentration of
10* cm ™3, then the accommodation coefficient may
be in the range 0.1-1. This is about an order of
magnitude larger than that estimated by Wexler and
Seinfeld (1990), who assumed a range of 0.02-0.1 in
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their calculations. This may be attributed to a negli-
gence of particle polydispersity in their study. On the
other hand, if the experimental particle number con-
centration was around 10° ¢cm ™3, the accommodation
coefficient should be close to unity.

CONCLUSIONS

In this study a mathematical model has been de-
veloped to investigate possible mechanisms and para-
meters that lead to discrepancies of the experimental
observations from existing theories of aerosol evapor-
ation in the literature. The performance of the model
was validated by comparing its predictions with
known solutions at certain limiting cases and then
was successfully applied to simulate the experimental
data of Harrison et al. (1990) in an annular diffusion
denuder at a temperature of around 20°C. The trans-
port-limited particle evaporation theory should be
a valid assumption for the case of dry NH,Cl and
NH,NO; aerosols. However, it requires a modifica-
tion for particles whose sizes fall in the transition
regime. In addition, a negligence of particle polydis-
persity in the theoretical investigation would also lead
to a significant deviation from the experimental obser-
vation. Therefore, only if the effect of size distribution
is considered, a quantification of kinetic constraints
on the evaporation behavior would become possible.

The present study demonstrated that the approach
of evaporation process to gas—solid particle equilib-
rium is transport-limited at higher ambient temper-
atures. Wexler and Seinfeld (1992) also hypothesized
a transport-limited particle evaporation process in
their study. However, it is believed by the authors of
the present study that chemical reaction limitation is
also possible under cold weather conditions due to the
fact that chemical reaction rate decreases as temper-
ature decreases. This may explain the observations of
Allen et al. (1989) that disequilibrium effects were
significant at temperatures below 5°C, while the meas-
ured data were in a better agreement with the ther-
modynamic predictions at temperatures above 5°C.
Unfortunately, limited data are available on the
chemical kinetics of NH,A-NH;-HA system. There-
fore, a quantification of whether the approach to
gas-solid particle equilibrium at low temeprature
conditions is transport-limited or chemical-reaction-
limited is not possible at the present time.
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