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Organic aerosols comprise a rich mixture of compounds, many generated
via nonselective radical oxidation. This produces a plethora of products,
most unidentified, and mechanistic understanding has improved with
instrumentation. Recent advances include recognition that some peroxy
radicals undergo internal H-atom transfer reactions to produce highly
oxygenated molecules and recognition that gas-phase association reac-
tions can form higher molecular weight products capable of nucleation
under atmospheric conditions. Particles also range from molecular
clusters near 1 nm diameter containing a few molecules to coarse particles
above 1 pym containing 1 billion or more molecules. A mixture of organics
often drives growth of particles. We can describe this via detailed
thermodynamics, and we can also describe the physics driving mixing
between separate populations containing semi-volatile organics. Finally,
fully size-resolved particle microphysics enables detailed comparisons
between theory and observations in chamber experiments.

4.1. Introduction

Atmospheric fine particles have outsized effects on climate and

3

human health. A particle mass concentration of 1 ugm™ is a mass
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fraction of roughly 10 ppb, given that a standard cubic meter of air
weighs roughly 1 kg. Furthermore, if a typical molar mass of (organic)
constituents in the particle is 300 g/mole, the 10 ppb mass fraction
corresponds to a mole fraction of about 1 ppb in air. In spite of this
low concentration, particles represent a key uncertainty in climate
forcing! and leading to premature deaths of roughly 4 million people
worldwide each year.? The concentrated effect of being in a condensed
phase greatly amplifies the effects of fine particles; for health effects,
it focuses the dosage of toxicants on deposition sites in the lung, and
for climate, it forms objects with sufficient size to directly scatter
light and to influence the partial pressure of water during cloud
droplet formation and thus to act as cloud condensation nuclei.

A 100-nm diameter particle comprising organic compounds with
an average molar mass of 300 g/mole contains about 1.5 million
molecules if its overall density is 1400 kg/ m?3. Under most circum-
stances in the atmosphere, the average oxygen to carbon ratio (O:C)
of those compounds is roughly 0.8:1.34 Recent discoveries addressed
later in this article demonstrate that most of these molecules have
never been synthesized.’~7 The 100-nm particle probably contains
several hundred thousand individual organic species, meaning that
the most abundant species might constitute 100 or so of those
1.5 million molecules.?? Organic particles are thus a quintessentially
complex mixture; there is almost no chance that a given molecule
will encounter another copy of itself while in the condensed phase.

The great diversity of compounds in the condensed phase, com-
bined with the relative paucity of specifically identified molecules,
motivated us to define a physiochemical space combining volatility
(the tendency to be in the gas phase) with O:C (the degree of
oxygenation, or alternately the carbon oxidation state, OSc). This
is known as the volatility basis set (VBS), and it comes in two
essential forms: a one-dimensional VBS (1D-VBS) tracking only
volatility,'~!? and a two-dimensional VBS (2D-VBS) tracking both
volatility and oxidation.!3—17

The concept of the VBS is to provide a framework defined
by key properties (volatility and degree of oxidation — broadly
thermodynamics and chemistry) that can inform the evolution of
all compounds known and unknown within the framework, and thus
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the behavior and evolution of organic aerosols. By using volatility as
the principal independent variable, the VBS focuses on the behavior
of the organic material rather than the exact composition. However,
the composition is obviously of interest, known compounds can be
precisely located in the space, and the evolution of material from
one location in the space to another as a result of chemical reactions
can be informed by known chemical behavior, along with group-
additivity or structure—activity relationships.

The original formulations of the VBS focused on equilibrium
phase partitioning with respect to a bulk condensed phase (i.e.,
the bulk mass concentration of organic aerosol in an air volume,
pgm )13 Tn addition, chemical reactions have been described
for the most part as generational steps from one stable species to
the next, in the form of “oxidation kernels” transforming a species
from a reactant location (“bin”) in the space to a distribution of
product locations.!!:1%:17:18 These implementations did not address
particle dynamics (nucleation, size-dependent growth, etc.) nor did
they explicitly address radical branching chemistry other than to
allow the oxidation kernels to serve as normalized basis vectors that
could be mixed by, e.g., modeled or inferred RO2 branching chemistry
that might be called “low-NOz” or “high-NOz”.19-20 More recently,
we have begun to address particle microphysics for monodisperse
particle populations.!17-21—23

The standard VBS classifies organic compounds by their satura-
tion concentration, C°, in ugm~—2 and typically discretizes this space
in volatility bins that are decadally spaced in a logarithmic space (one
log,, unit) at a reference temperature (typically 300 K).!! These bins
(and their contents) then shift as temperature changes depending on
their enthalpy of vaporization (A H,), which is in turn a function
of (really the driver of) the volatility.?* For C°(300) = pugm™3, a
temperature change of 15-20 K will shift the bin by one decade.!324
For nonideal solutions, the activity coefficient can be incorporated
into the empirical volatility, which is then identified as C*.

We can also describe broad volatility classes based on behavior.
The volatile organic compounds (VOCs) are the vast majority (by
concentration) of organics in the atmosphere and reside almost
entirely in the gas phase (the exception being highly water-soluble
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compounds). Intermediate volatility organic compounds (IVOCs) are
much less volatile than VOCs, yet still reside largely in the gas
phase under ambient conditions. Semi-volatile organic compounds
(SVOCs) have significant mass fractions in both the gas and
condensed phases under ambient conditions. Low-volatility organic
compounds (LVOCs) reside largely in the condensed phase yet their
vapor pressure matters to their behavior — for example, with a small
fraction in the gas phase being subject to rapid oxidation chemistry'®
or suppressed condensation to the smallest particles due to the Kelvin
(surface tension) effect.?® Lastly, extremely low-volatility organic
compounds (ELVOCs) will stay on essentially any condensed-phase
surface they encounter, including the very smallest particles. We
may need to invoke one final category, ultra low-volatility organic
compounds (ULVOCs), which would be compounds that almost
always stick to each other and thus drive new-particle formation.

While we have presented volatility ranges for these classes,
generally spanning three to four decades in saturation concen-
tration,14:25:26 the definitions are more based on qualitative behavior.
For example, SVOCs should have a saturation concentration within
about one order of magnitude of the local organic aerosol concentra-
tion (Coa ), including temperature effects, so SVOCs in the planetary
boundary layer might be quite different from SVOCs in the upper
troposphere. Further, the putative ULVOCs would really depend
on typical saturation ratios, which in turn would be governed by a
balance of gas-phase production and condensational loss.?” However,
the shaded regions in most of the 2D-VBS figures below will show
the limits of the typical ranges.

4.2. The Volatility Basis Set

To improve the integration of the VBS with gas-phase chemical
oxidation mechanisms, we are developing a more explicit representa-
tion of radical branching chemistry. A specific motivation is to treat
autooxidation chemistry,%72%29 but in general, our objective is to
allow for more general radical propagation and termination and so
provide a more realistic underpinning to VBS oxidation mechanisms.
This has received most attention for oxidation of terpenes, and in this
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work we shall use the canonical system of a-pinene oxidation as the
model. There is strong evidence that while most of the oxidation
products from a-pinene oxidation follow the traditional oxidation
sequence, with ROs reacting largely with NO or HOs, or perhaps with
other ROj to form either radical (RO+RO+05) or molecular (ROH+
R=0 + O;) products,®® an important subset of the RO, engages in
unimolecular autooxidation,”?® and further, some of the RO, self-
reaction products consist of peroxide dimers (ROOR + O,).7%8

The previous incarnation of the VBS described formation of
products via a set of stoichiometric carbon-yield “kernels”, such as
yields, y, for a-pinene ozonolysis:

a-pinene + O3 — {y " —NO=} (4.1)

a-pinene + O3 — {yMigh—NOx} (4.2)

Where ¥, y'® N0 —1, and production at intermediate NO, was
given by {y} — B{yMHNO=} 4 (1 — B){y'* N0}, where § is
roughly the fraction of RO2 loss via ROy + NO (which can be
estimated based on VOC:NO;).!°

We shall now describe the same process as a reaction sequence
involving surrogate radical species:

a-pinene 4+ O3 — RO, (4.3)
— SVOC (4.4)
RO; + X — SVOC (4.5)
RO; — (Ox);RO, (4.6)
(02)1RO2 — (04)2RO, (4.7)
(02),RO, — (Oz)3RO, (4.8)
(Oz)nRO2 — LVOC (4.9)
(Oz)nRO2 + X — LVOC (4.10)
(02)nRO2 + (0Oz)nRO2 — ELVOC (4.11)

SVOC kﬁt oligomer (4.12)
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After the initiation Reaction 4.3 we include branching to molecular
products such as pinonic acid and pinonaldehyde via Reaction
4.4 (i.e., via Criegee Intermediate stabilization33?) and radical
propagation through an initial ROy (possibly several) via Reac-
tion 4.3. Subsequent reactions include radical termination and
propagation steps, which we shall discuss in more detail below;
however, the ansatz is that we can split this termination into three
broad categories: more or less “traditional” termination with first-
generation products containing one or two oxygenated functional
groups; autooxidation followed by the same traditional termination;
and, autooxidation followed by gas-phase association reactions (i.e.,
to ROOR). These processes are in competition and govern the
product volatility distribution. Autooxidation is thought to be
possible for only a (small) fraction of peroxy radicals®®; it adds
functional groups but still requires termination because it regenerates
the peroxy moiety. Termination via association will effectively double
the molecular weight of the products. The temperature dependence
of the competition is especially interesting because the competition
between autooxidation and termination pits a unimolecular process
against bimolecular processes, almost certainly with very different
activation energies.

Our goal is to represent the branching and termination processes
within the VBS to capture these effects. Figure 4.1 shows a nominal
carbon yield distribution from a-pinene ozonolysis separating the
three categories. Here the traditional chemistry occurs 90% of the
time, shown in green; termination to monomer products following
autooxidation occurs 7% of the time, shown in salmon red; and
termination to association products occurs 3% of the time, shown
in gray. Each distribution is individually normalized and so we can
easily account for the various subyields and add them.

It is very important to keep track of carbon yields (molar yield of
each species multiplied by nc/10 for the empirical formula CioHe)
so that we can be sure that our full distribution conserves carbon.
However, what we really need to know for VBS and microphysics
calculations is the total condensing mass concentration, and thus
mass yields, so the carbon yields need to be multiplied by the organic
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Fig. 4.1 One-dimensional representation of carbon yields from a-pinene + ozone
in three broad classes of products: semi-volatile “traditional” oxidation products
(green); low-volatility “autooxidation” produects (salmon); and extremely low-
volatility products from autooxidation followed by peroxy radical association

(gray).

mass to organic carbon ratio (OM:OC) for each species (or bin).
We scale the carbon yields in Fig. 4.1 by OM:OC (normalized to
the OM:OC for a-pinene) to give mass yields shown in Fig. 4.2. The
lower volatility products are somewhat enhanced because they are
heavier, and the total sum is well over 1.0.

The distributions in Figs. 4.1 and 4.2 combine insight from tra-
19,3435 with recent experiments
revealing the importance of autooxidation to SOA formation” as well

ditional SOA mass yield experiments

as new-particle formation and growth.?>?® It is not obvious that
a single product volatility distribution can simultaneously explain
these results,?® and so we anticipate the possibility that different
chemical conditions (and perhaps different microphysics in the form
of very different growth rates) may explain apparent contradictions
in the experimental results.
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Fig. 4.2 One-dimensional representation of mass yields for same distribution as
Fig. 4.1.

The 2D-VBS permits explicit calculation of OM:OC as well as
provides a framework to describe multiple generations of oxidation
where the specific chemical structures of the numerous products
are unknown. The VBS does not require any specific knowledge
about chemical structure, because the independent variables are
the properties required to carry out microphysical calculations and
compare with bulk observations (volatility and C:H:0). However,
many observations constrain the composition of species (i.e., nc, ng,
no) and also kernels for oxidation and aging can be informed by iso-
lines of constant composition (i.e., C1g). The 2D-VBS can be paired
with a simple composition—activity relationship relating volatility to
composition'® when there is a typical average composition of polar
moieties in oxidized molecules. The original version is based on the
assumption that oxidized organics in the atmosphere contain, on
average, equal numbers of -OH and =0 functional groups (including
acid groups, which are one of each) and that these have a log-linear
effect on volatility. In its simplest form, this can be reduced to a set
of pairwise interaction terms (bc and bo between nonpolar groups
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(~C-) and polar groups (-OH+ =0), along with a reference carbon
number, ng, for species with C° = 1pug m3:

log,o C° = (n& — nc)bc — nobo — 2 —=2 boo  (4.13)
nc + no

The cross term bco describes nonideality (the excess free energy)
favoring polar—polar interactions and accurately predicts e.g., the
volatility of diacids.36 The original values of the parameters are the
following:

the carbon—carbon interaction term (b =~ 0.475),
the oxygen—oxygen interaction term (bp =~ 2.3),
the carbon-oxygen nonideality (bco ~ —0.3), and

Ll

the carbon number of a 1 ugm™ alkane (nd =~ 25).

With these parameters, oxygenation dramatically decreases volatility
and, because “like attracts like”, this rate of decrease gets higher with
greater oxygenation (the carbon isolines curve over). Consequently,
a Cjp organic with O:C = 1 would have C° ~ 1075 ugm—3, in the
ELVOC range.!3

The original 2D-VBS composition-activity parameters predate
the discovery that autooxidation controls formation of highly oxy-
genated molecules (HOMs) by adding a succession of peroxide
functional groups (~OOH) to the carbon backbone.” HOMs are
operationally defined as organic compounds formed via gas-phase
peroxy radical autooxidation with six or more oxygen atoms. The
extra oxygen in the HOM peroxides does little to lower volatility,3”
and furthermore, the relatively flexible functional groups enhance
internal hydrogen bonding in the gas-phase monomer, which lowers
the energetic advantage of being in the condensed phase and
thus increases the saturation concentration.*®*® For both of these
reasons, the HOMs have much higher saturation concentrations
than the original VBS composition—activity relationship would
Suggest.23’38

Shown in Fig. 4.3(top) is a 2D-VBS composition space with
revised parameters giving contours that broadly agree with inferred
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Fig. 4.3 Two-dimensional VBS with (top) carbon number (black) and oxygen
number (green) isopleths and (bottom) molecular weight (red) and OM:0C
(eyan). The y-axis is shown for both the average oxidation state of carbon
(OSc=20:C—H:C) and approximate O:C. Carbon number isopleths are
relevant to oxidation of monoterpene (Cig) precursors, with predominant -OH
functionality at low O:C giving way to —OOH functionality at higher O:C.

volatilities in Trostl et al.?® Specifically, we use “HOM” parameters
for Eq. (4.13) of

1. a HOM oxygen—oxygen term (bp ~ 0.2), and
2. a HOM carbon—oxygen nonideality (bco =~ +0.9).

These terms are empirical, but they describe a situation where -OH
functionality dominates at low O:C (with some =0) but -OOH
dominates at higher O:C (again with some =0). The parameters
mean that added oxygen drops C° by two decades at O:C = 0 but this
falls off to just over one decade for O:C = 1. The positive nonideality
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would imply a negative excess free energy and thus negative activity
coeflicients in nonideal mixtures; this is almost certainly not physical
and so the parameters should not be used to calculate activity
coefficients.

The domain and range of Fig. 4.3 extend to lower C° and
higher O:C than earlier representations.'®!4 This is because the
ELVOC range is significant to new-particle formation and the
autooxidation process leads to higher degrees of oxygenation than
originally anticipated. It is also important to note that the effective
average oxidation state of carbon, OS¢ = 20:C — H:C? is empirically
defined as such (and remains usefully invariant upon dehydration of
molecules). The “extra” oxygens in the -OOH functional groups do
not oxidize carbon.

The net effect of the HOM parameters is that the carbon isopleths
curve sharply upward instead of somewhat downward as oxygenation
increases. The added functional groups are far less effective at
reducing volatility than suggested by the original parameters, and
thus HOMs are not necessarily ELVOCs. Figure 4.3 shows carbon
isopleths near Cyg and Csyp to emphasize that the Cig products from
monoterpene oxidation barely reach the ELVOC range even with
12 added oxygen atoms (though the range of volatility for probable
C10012H12,14,16 structures is likely to be wide). It is unlikely that
atmospheric processes would generate these LVOC products at a rate
sufficient to form supersaturations leading to nucleation, though they
could contribute to particle growth.?® However, the Cy, association
products (“dimers”) are much more likely candidates to participate
in nucleation.?®

As mentioned above, it is important to realize that composition
(nc,no,ny) is only a matter of interest in the 2D-VBS where the
independent variables are C° and O:C. This applies to the molecular
weight of species in the 2D space as well — the VBS tracks carbon
mass, and is less concerned with how many molecules comprise that
carbon. To emphasize that, Fig. 4.3 (bottom) shows the molecular
weight but also OM:OC in the 2D-VBS with the HOM parameters.
While the molecular weight changes dramatically in the lower left-
hand corner, OM:OC is (strictly in this case) only dependent on O:C.
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Fig. 44 Mass yields from o-pinene ozonolysis shown in Fig. 4.2 in the 2D-
VBS. Autooxidation produces a tail of highly oxygenated molecules (HOMs)
stretching to low volatility and hight O:C (red contours), while dimerization
reactions produce a parallel tail with lower volatility (gray contours).

In reality, H:C is not a perfect function of O:C, but H is so light that
this barely matters. Consequently, as long as we know carbon yields
and OM:OC, the VBS will reliably track condensible carbon and
organic mass.

With the 2D space in place, the mass yields from Trostl et al.
look something like those shown in Fig. 4.4. When these are added up
along the columns (all O:C at constant C°) they give the mass yields
shown in Fig. 4.2. This reveals the chemical organization behind
the observed products, and again the overall yields conserve carbon.
First, the majority of products resolve along “traditional” lines shown
with the green contours, via which ozonolysis generates products
with volatilities between one and six orders of magnitude lower than
the precursor (a-pinene) and with one to four added oxygens. These
are the SVOC products with green contours. Second, a tail toward
lower volatility and higher O:C is at least partly due to a small but
nontrivial fraction of products that have undergone autooxidation
to rapidly add significant oxygenated functionality with lowered
volatility.?6 These are the LVOC HOM monomer products with
reddish contours. Third, some products emerge with twice the carbon
number and high O:C that is however lower than the O:C on average
in the LVOC tail. These are the ELVOC dimer products with gray

contours.
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Fig. 4.5 Peroxy radicals important to o-pinene VBS products including an
autooxidation sequence. Autooxidation produces a sequence of progressively more
oxidized RO3 radicals that resolve into molecular products.

4.2.1. Mechanistic Representation

Qur objective is to set up a VBS framework that contains the
sensitivity to conditions (temperatures, coreactants, etc.) that will
influence condensible product yields in the real world. To do this,
we shall cast the RO5 radicals in Scheme 3 into the 2D-VBS. One
of the potential fates of each RO, is autooxidation to a more highly
oxygenated ROy, designated (O,),RO3, where the root RO5 can be
thought of as (O,)oRO5. We can assign the surrogate RO5 species a
nominal volatility, as shown in Fig. 4.5. This volatility is important
for three reasons. First, the termination to molecular products is
defined by a series of “kernels” anchored by the VBS properties of
the RO, (C° and O:C). Second, the ROy self-reactions may involve
clustering that influences the overall reaction, and the cluster lifetime
will be related to the RO> volatility. Third, typical ROy gas-phase
lifetimes range from 1 to 1000 s in the atmosphere, and the collision
frequency with particle surface area in the atmosphere ranges
between 10™2 and 1s71.39 These are often correlated, but nonetheless
there are many occasions where RO radicals will encounter particle
surfaces before reacting in the gas phase. This may be especially
true in smog-chamber experiments with highly elevated condensation
sinks. Consequently, heterogeneous reactions of ROs may well be

page 211
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important, and even if the radicals have relatively low intrinsic
reactivity, their volatility may contribute to their behavior.

Each nominal reaction in Reactions 4.3—4.11 represents dozens of
individual elementary reactions, including a number of terminating
reaction partners X = HO,;, RO,;, NO, NO,, OH, etc. For this
sequence, the terms SVOC, LVOC, and ELVOC in Reactions 4.3-4.11
refer to the three classes of products already presented (conven-
tional small hydrocarbon oxidation, autooxidation, and dimeriza-
tion). However, each of the termination processes involving either a
reaction partner X or unimolecular termination (as with Reaction
4.9) will form a distribution of products in the 2D-VBS with a
range of volatility and oxidation state. This is partly because a
single bimolecular reactive encounter may form multiple products,
and partly because each surrogate RO represents a group of similar
radicals. Each of these termination processes can be described by a
“kernel” giving a shift in volatility and oxidation state relative to a
reference point (in this case, the nominal location of the RO3 shown
in Fig. 4.5). In the original 2D-VBS description, the true kernels
describe changes to C° and no (the oxygen number) with the change
in O:C being given by the nominal carbon number in a given bin;
here we are using C;g precursors (monoterpenes) as an example and

ELVOC LVOC SVOC IVOC VOC
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Fig. 4.6 Oxidation kernels important to RO2 species. Propagation to RO radicals
resolves into products shown with green contours, and formation of peroxides
(ROOH) forms products shown with black contours. Finally, the ROz can undergo
autooxidation to produce a more highly oxidized ROz (magenta circle).
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a change dng = 1 corresponds to § O:C = 0.1, which happens to be
exactly the usual spacing of the 2D-VBS grid.

The framework presented here is just that — a framework
that may describe the essential features of autooxidation. Those
features are as follows. Some fraction of the a-pinene will resolve
to molecular products more or less immediately (possibly through
Criegee Intermediates) while the rest will form first-generation
peroxy radicals. Those peroxy radicals will probably all have broadly
similar rate constants and products for reactions with HO, and NO,30
but may have variable rate constants for reaction with each other as
well as unimolecular autooxidation.?® The RO, cross-reaction rate
constants might be described by the geometric mean approximation
put forward by Madronich.?° In general, those cross-reactions become
faster (with a lower activation energy) with the presence of electron-
withdrawing functional groups near the peroxy moiety and slower
(with a higher activation energy) with the presence of electron-
donating functional groups near the peroxy moiety. For example,
peroxy acyl radical self-reactions occur once in every 10 collisions
whereas tert-butyl peroxy radical self-reactions occur less than once
in every million collisions at room temperature.! The ROy cross-
reactions also favor radical products (RO + RO + O5) when they are
faster.41:42

At least for the moment, we are also assuming that formation
of alkoxy radicals (RO) is a quasi-termination step, with resolution
either to molecular products with the same carbon number (function-
alization) or decomposition to smaller products (fragmentation).?3
Also, NO will react to form nitrates at a 25% yield with most of
the rest of the RO following a fragmentation pathway. It is also
likely that an important fraction of the (O;), ROy are peroxy acyl
radicals, in which case NO; will react to form peroxyacetyl nitrates
(PANS). There is evidence in Ehn et al.” that upward of 1 ppbv of NO
is required to strongly suppress autooxidation, suggesting a 5-10 s
lifetime near 290 K. However, there is strong evidence in Frege et al.?
that the extent of autooxidation is temperature dependent and
evidence that the (O;), RO2 do terminate via bimolecular reactions.
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4.3. Condensation Dynamics

One major reason to define the VBS oxidation kernels is to
calculate the production rate of condensible organic compounds
for equilibrium conditions, such as formation of secondary organic
aerosol (SOA). However, the dynamics of aerosol condensation and
evaporation are crucial to both new-particle formation and growth®4
and also to growth of freshly emitted nanoparticles,? controlling the
probability that any nanoparticle will survive to a climate-relevant
size (50-100 nm diameter).*> Particles affect climate directly via
light scattering once their circumference becomes similar to the
wavelength of visible light (400600 nm) and indirectly as cloud
condensation nuclei (CCN) once they contain a sufficient number
of moles of solute for Raoult’s law to overcome the surface tension
of a nucleating water droplet.!

Finally, organic aerosol properties are generally determined in
experimental reactors — either chambers or flow reactors — and
the relatively short timescales intrinsic to those chambers, compared
to typical timescales encountered in the environment, means that
consideration of aerosol dynamics is important. Before we turn to
the overall dynamics governing a full aerosol size distribution, we
shall first discuss condensation and evaporation in depth.

4.3.1. Problem Setup

We are interested in how chemical and physical processes change
the concentration of organic aerosol, Cps, measured in pgm™>.
These processes include production (or loss), emission (or removal
by dilution), changes in temperature, changes in humidity, and
possibly others. However, even for highly controlled experiments,
measurements to constrain these processes are often indirect. Most
commonly, SOA production is inferred based on the observed loss
of a precursor, ACprec, and production of SOA, ACoa, which in
turn is based on observed changes in either particle volume, particle
diameter, or the organic to seed mass ratio (O:S) of seed particles.
We shall consider a chemical species, 7, with some total con-
centration, C°', in suspension in all phases (vapor, v; suspended
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particulate, s; aqueous liquid, [). Here the “species” will refer to an
ensemble of compounds with similar volatility and perhaps oxidation
state in a 1D- or 2D-VBS. We will designate different reservoirs
with a superscript, and so the species, i, will have phase-specific
concentrations C?, C?, C!, with C¥ = C? + C# + C!. For the
most part in this discussion, we shall neglect the aqueous phase
and focus on the vapor and particulate phases. We also shall keep
in mind that there may be several suspended particulate phases,
even within individual particles. Here any unique particles will be
designated with a second subscript, p; these could be particles of
a different size within a distribution, or particles with a different
inorganic core. Absent the second subscript, we are referring to the
ensemble, ie., Cf = Zp Cip- The same nomenclature would apply
to different “droplets” for aqueous particles, i.e., Cg 4- The potential
distribution of a species within an individual pari,:ic]e (in distinct
phases or in different locations for very viscous particles with low
internal diffusivity) is a separate and important issue.6—52

The problem of organic aerosol is fundamentally the problem
of the relative abundance of species 7 in these different phases —
both at equilibrium and dynamically, out of equilibrium — when
equilibration timescales are not fast. A complication is that all
experiments are conducted in containers — teflon, glass, or metal
chambers or glass or metal flow reactors — and those containers
have walls. This introduces several new reservoirs: the near-wall
region (the base of the boundary layer), w; vapors adsorbed on the
wall, a; particles deposited on the wall, d; and for permeable walls
vapors absorbed in the near-surface layer of the (teflon) wall, ¢; and,
potentially, vapors that have permeated more deeply into the walls, p.
For a mass balance we should consider the total mass in each reservoir
for a chamber with volume V' and surface area S (and thus volume to
surface—area ratio V:8): M%t = MY+ M+ M'+ MY + M*+ M4 +
M+ MP. Concentrations in this work refer to mass per unit chamber
volume, C' = M/V, typically in pgm—3; most of the mass terms
associated with the experiment walls are more naturally expressed as
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a surface-area concentration, i.e., ugm~2, and so V:S (m®/m*=m)
will often appear in expressions for those concentrations (or fluxes).

The microphysics is in large part governed by the fluxes between
the various reservoirs, ®, which we shall designate with a dual super-
script. For example, the net flux from the vapor to the (ensemble)
suspended-particle phase for species i is ®;"°. When referring to a
flux per unit chamber volume, we shall use the capital, ®, while
when referring to a flux per unit condensed-phase surface area we
shall use the lower-case, ¢. The sign convention will be a positive
flux being from the reservoir expressed by the first superscript to
the second, so in this case, a positive flux from the vapor phase to
the suspended-particle phase is net condensation (particle growth),
while a negative flux would be net evaporation (particle shrinkage).
These again will be expressed as a mass flux per unit volume of
air, or ugm2s~!. Furthermore, both in the atmosphere and in
many chamber experiments, an hour is a more natural unit of time,
as experiments often occur over several hours and changes in the
atmosphere most often scale over hours (e.g., particle growth rates
are often given in nm h™!). We shall thus often quote fluxes and rates
using 1 h as the unit of time.

We shall further consider production (or emission) of compound
i, P;; as with the other fluxes this is net production (production
— loss) and can also include net emissions (i.e., emission — dilution
loss of vapors and particles). The net production can occur in any
phase, so Pf°*" = PY + P + ---. When we represent an ensemble
of binned species, e.g., within the VBS, we can make a distinction
between transformation within the VBS, T} ;, which constitutes loss
of species 7 and production of species j, and production or loss “out
of” the VBS.141%17 Here we shall mostly focus on the microphysics
and dynamics rather than chemical transformations, usually for a
single species (or bin); so, for the most part, we shall not discuss
these transformation or “aging” reactions.

Production often results from oxidation (loss) of a volatile precur-
sor, Lprec, such as the a-pinene oxidation discussed above. Because
we will relate precursor chemical loss to aerosol production, we do
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not lump terms into net production but specify them individually:

dCprec

gt = —Lprec + (P prec 1+ Eprec = Dprec); P =y Lprec (4'14)

where y; is the yield of species 7. On a molar or carbon basis, for all
products ) . y; = 1, but often many product species are unknown and
many observations constrain total mass. We thus typically consider
mass yields with ), y; > 1; where possible (e.g., in the 2D-VBS)
we track carbon, where ) ;yci=1, but this also requires that
we know or can calculate (OM:OC);. The terms in parentheses in
Eq. (4.14) are often assumed to be negligible during experiments;
then the observed change in precursor concentration (dCprec/dt or
ACprec) can be tied directly to production of the condensible species.
However, this is not always valid; an especially vexing case is when
the precursor is itself semi-volatile with a significant mass burden
either in the suspended particles or the (teflon) chamber walls (an
example is the first-generation a-pinene product pinanediol).33~5% In
that case, chemical depletion in the gas phase can be counterbalanced
by evaporation to the gas phase from those condensed phases.

We are often interested in the fraction, f, of the production in
Eq. (4.14) that ends up in the condensed phase. This can be applied
to individual product molecules, f;, and also to the overall process,
fprec- In the latter case, this is the aerosol mass yield of the process.
In concept, the aerosol mass yield is straightforward:

yix{ — A(/WS/AO]Jrec (4.15)

However, this is also close to meaningless. The aerosol mass
yield is a consequence of both thermodynamics (the equilibrium
phase partitioning of organics in a complex mixture) and potentially
dynamics (the fraction of products in the condensed phase at any
given time regardless of their equilibrium propensity). Consequently,
it is far more informative and useful to determine the yields of specific
species (or groups of them) and then calculate the mass yields. Here
our focus is on the dynamics of that process.
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Fig. 4.7 Terms associated with an organic aerosol suspension with an organic
species (1) in both vapor-phase (v) and suspended-phase (s) reservoirs (concentra-
tions C} and C7), along with net production terms (P;), expressions for activity in
each phase (a7, af), and the net condensation flux from the vapor to the suspended
phase (@;ﬁ;]. The particle population with total suspended number concentration
N; consists of a seed (red) and the organic species (light green) in a mixture with
other organics (dark green) with the indicated activity coefficient ~y; p. A nominal
boundary layer with a scale length of one particle radius is indicated with a dashed
circle; this is the scale length for any gas-phase concentration gradients near the
particle.

4.3.2. Condensation and Aerosol Suspensions

We shall begin our discussion with an ideal aerosol suspension,
depicted in Fig. 4.7. In this example, we shall consider only a vapor
and a suspended-particle phase, with no walls or wall losses and
no particle coagulation. While this imaginary wall-free world forms
the basis of our intuition, we again emphasize that wall losses of
vapors and particles can be very important in the real wall-filled
world, 22:56—59

In this ideal system, there are n; different organic species or sur-
rogates (bins) and n,, different particle populations. The suspended-
particle number concentration of population p is N and the mass
concentration of an inorganic seed in that population is C:eed,p- In
many organic aerosol experiments, the seed consists of ammonium
sulfate. The differential equations representing the system (with
terms defined in the caption to Fig. 4.7) are

dcy/dt =Py —> " &}
p
dC;,/dt = P, + @71 (4.16)
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Thus, the total suspended concentrations are
Ci=2_Clp G =D Cuawap N'=3 N
P P P
Coap=)_ Cip Con=) Ci=) Coap (417)
i i P

In this formulation, the individual suspended-particle diameter dj,

surface area s¥, and volume v3, as well as the total surface area

P’ P
Sp=s; N; and volume V; = wv; N, are all derived quantities
depending on mass loading and density (in practice, we almost always
assume a constant organic density p;p = porg and seldom consider

varying density in the organic mixture, i.e., the p dependence):

1 C:eedp Cf;p 5/ 6 vy
Ay e R, Wapnt, . I d“?:\/—” 418
& Nj;g l Pseed zi: Pi.p = ™ ( )

60,61 or a moving sectional®?

This is the basis for a monodisperse
algorithm. It is not practical for simulation of particle size dis-
tributions where any of mixing, nucleation, or coagulation are
important (discussed below), but it is much more straightforward
than either sectional or modal formulations and thus better suited
for consideration of the fundamental physics and chemistry. However,
Eq. (4.17) and the following are readily formulated in terms of
distributions (i.e., ny® = dN*/dlog,yd,).®® In this section, we shall
consider a monodisperse population N; (the exception being mixing
experiments with two particle populations), and so we shall focus on
the net condensation alone for a wide range of condensible organic
saturation concentrations. For the full aerosol microphysics presented
in Section 4.4, we shall implement a moving sectional algorithm based
on this same formulation as part of an operator splitting treatment.

4.3.2.1. Vapor-particle Flux

The net condensation flux @f’; of a trace species with vapor
concentration C} and saturation concentration C} to a suspen-
sion of identical particles p with number concentration N; and



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 Qin x 6in FA b3181-ch04

220 N. M. Donahue, W. Chuang & M. Schervish

diameter dp is

1

32
oip =Ny (?f Ut ) QipCipBip [CF —af,C7]  (419)

4 -
' '
S— '] U, 8
8! Y
1, i
Cip P i,p

There are four elements to this equation: the suspended-particle
number concentration (Ng, the number of particles per unit volume,
e.g., m~3); a particle-vapor collision cross section (0;, = 7 (d, +
d;)? /4, with units of area, e.g., m?); an effective deposition speed of

!

vapors at the surface (s;,, = @ip Cip Bip, with units of length/time,
e.g., ms !); and a condensation driving force (Fip = C7 —ai,C7,
with units of concentration, e.g., ugm™).

The commonly used units for these terms can be confusing. First,
particles are classified by their diameter (not radius). Second, it
is conventional to describe aerosols by a mass concentration in a
(standard) cubic meter of air, ugm™3. This is because the standard
method of measurement is to weigh a filter after drawing a known
volume through it. Further, we often have a tighter constraint on the
total mass of, e.g., organics than their molar concentration, as the
molecular weights of unknown species are not known. Finally, particle
number concentrations (along with the concentrations of gas-phase
species) are typically reported in number per cm? of dry air.

We shall discuss the final three terms of Eq. (4.19) in order.

4.3.2.1.1. Cross Section

Collisions are described by a cross section and a speed, as shown
in Fig. 4.8. In many ways, there are three limiting regimes for
particle growth: a “collisional regime” in which both the particle
and the interacting molecule are of comparable size and mass, a
“kinetic regime” in which there is no gas-phase diffusion limitation
to molecule—particle collisions yet the molecules are small and light
compared to the particles, and a “continuum regime” in which
diffusion to the particle surface is rate limiting. In the collisional
regime, the collision cross section is the appropriate metric of a
collision probability. At the hard-sphere limit for neutral species,

page 220
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Fig. 4.8 Terms important to collisions between molecules and particles. A
molecule with effective hard-sphere diameter d; and mass m; strikes a particle with
a volume equivalent diameter d, and mass m, with a hard-sphere cross section
m(dy + d;)?/4 at a speed ¢; , defined by a reduced mass p; p = mimyp/(mi +my).

this is given by 0y = 7 (dp + d;)?/4. The presence of the molecular
effective diameter, d;, in the expression is notable and important.
More generally, o;p can be influenced by charge interactions (i.e.,
charge—charge, charge—dipole, dipole-dipole, etc.), especially for
very small particles. Other than the like-charge repulsion, these
interactions generally enhance the cross section, but here we shall
consider only the hard-sphere limit.

The appropriate value of d; is not obvious, as indicated in Fig. 4.8.
One common choice is the diameter associated with the bulk specific

volume of the pure substance?3%4:

= § —?TT (4.20)
T

A second choice is the physical hard-sphere size of the molecule.
The definition of d; ought to extend to monomer collisions forming
dimers — the first step in particle nucleation. The equilibrium
separation of molecules in a liquid is necessarily larger than the Van
der Waals minimum in the pairwise interaction potential, and while
a collision between two molecules at this distance will certainly result
in significant deflection and thus be germane to the angular collisional
cross section, it may or may not result in capture. Thus, while
interactions at this distance could be described as collisions, the mass
accommodation coefficient a;; would be much less than 1.0. In fact,
in the collisional limit, the mass accommodation coefficient has no
separate meaning; it is merely a scaling factor relating some effective
target size to the actual target size for capture (condensation). In
this context, an appropriate choice for d; would be one that keeps

page 221
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the value of a;, roughly constant as a function of particle size, d,,.
The appropriate interaction (capture) distance will also likely depend
on the effective number of atoms (degrees of freedom) in the two
colliding objects; as for small objects, the collision will be at the low-
pressure limit, but for larger objects with more degrees of freedom,
the interaction will likely be at the high-pressure limit.

One difference between particle microphysics formulations and
typical derivations of the kinetic theory of gases is that it is
conventional to consider vapor condensation to particles in terms
of the particle surface area alone (rather than a cross section), with
8 __

surface area, s,

vapors are light and small (effectively point sized), and the particles

Tl'dg. There is often an implicit assumption that the

are heavy and large (effectively stationary) so that the interaction
can be described in terms of the speed of the vapor molecule and the
surface area of the particle alone. One objective here is to present a
formulation that cleanly covers the full range of vapor and particle
sizes important to the atmosphere, especially for the case of new-
particle formation where “particles” are molecular clusters at or near
the “critical cluster” free-energy maximum for nucleation.

We can recast Eq. (4.19) in terms of particle surface area by
factoring out a “molecular size enhancement”, €;,, to relate the
(circular) cross section to the (spherical) surface area, given by

sz,,p . (dp + df_.;)2

" &

€ip=4 (4.21)
Given that monomers are typically smaller than 1nm in physical
size (d;j < 1nm), once particles reach 10nm or so, the collision
enhancement makes a difference of less than 10% to the flux. The
factor of (1/4) is also conventionally associated with the “normal
speed” of gas-surface collisions, ¢;p/ 4.%3 Thus, when converting from
a (circular) cross section to a spherical surface area, Eq. (4.19)
becomes
E,

sy = Nyeils o= (ap oy BBy (2)
where d)f,’;’ is the mass flux per unit surface area of the suspended-
particle population p.
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Fig. 4.9 Deposition speed for species to a particle surface vs. diameter. Two
representative species are 63 amu nitric acid with an effective collisional diameter
of 0.4 nm (blue) and 250 amu organic molecules with an effective collisional
diameter of 0.8 nm (green). The solid curves are for a mass accommodation
coefficient of o = 1, the dashed curve is for organies with a = 0.1. Collisions to
very small particles (the collision regime) are faster than the simple molecular
collision speed (the kinetic regime), while collisions to larger particles are limited
by gas-phase diffusion (the continuum regime), but the influence of nonunit o
diminishes.

4.3.2.1.2. Deposition Speed

The deposition speed is the speed with which gases collide with and
are taken up by (or evaporate from) the particles. Figure 4.9 shows
values for nitric acid and a typical condensible organic vapor over a
wide particle size range and also illustrates the three limiting regimes.
In these equations, a;y is the accommodation coefficient of species
i1 on the particles p, and ¢;p is the center-of-mass collision speed of
species i with the particle:

Cip = /8 RT/(mpip). (4.23)
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Note that for collisions between vapors and ultrafine particles, the
mean relative speed is somewhat higher than just the mean molecular
speed because the appropriate mass is the reduced mass of the
condensing molecule and the particle:

mg My
e 4.24
Hip mi + my ( )
Just as with the cross section, it is conventional to consider the speed
of the molecule over a static particle. To extract this, we can express
the center-of-mass velocity in terms of the molecular speed and a

speed enhancement factor

i =V8RT/(mmy); eip=1/(mi+mp)/my. (4.25)

If we include both “enhancements” associated with the finite size
and mass of the molecule sticking to a unit particle surface area, the
deposition speed is

Big—{Emgtin Fen) sin. - Gkin _ Qip % (4.26)

Where sﬁ‘m is the deposition speed in the kinetic regime when
collisions between the gas and particle are rate limiting, but the gas
molecule is small and light compared to the particle.

With increasing particle diameter, diffusion from the bulk gas
phase to the particle surface begins to limit the collision frequency
and the microphysics enters the transition regime, and ultimately the
continuum regime where gas-phase diffusion to the particle surface
is fully rate-limiting. In the continuum regime, the deposition speed

(flux per unit surface area and unit condensation driving force) is®

Sgont 3 Q-D‘?:,ﬂ.'i'f“
G

Because the kinetic deposition speed is independent of diameter and

(4.27)

the continuum deposition speed is inversely dependent on diameter,
these two limiting values will intersect at some critical diameter dgit
2 D; gir Ci_ it 8D air

=Qip—; dT= 4.28
t.p 4 P ai,p ecz ( )

gt g

l::in .
LI crit
dp




November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 225

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 225

We can define a modified Knudsen number based on the critical
crossover diameter:

8 Dz' air

Kp=—""—+

" @ pCidyp

For a simple resistor model, the diffusion limitation would be
1/(1+ 1/K,,) but more generally

(4.29)

sip = (€ip€ip) Sﬁdn (%) Uip (4.30)
Ve

We illustrate this critical diameter for both nitric acid and an organic

vapor in Fig. 4.9 by plotting both asymptotes as dashed lines.

The critical diameter and Knudsen number are related to the
mean free path. The concept of a concentration gradient is mean-
ingless on a length scale less than the mean free path. Further, any
concentration gradients near a particle will vanish over a length scale
proportional to the particle radius, so when the particle radius is
much smaller than the mean free path, it is impossible to sustain
a concentration gradient over a particle or to have any diffusion
limitations in the gas phase; vapors simply collide randomly with
the very small particles.

It is common for aerosol microphysics to be presented for large
particles in the bulk regime and then corrected for K,, = 1; here
however, we use the kinetic regime as the “base” case and consider
the onset of diffusion limitations in a laminar boundary layer around
the particles as a limitation to mass transfer.®* In Eq. (4.26), the
term U;, = U(Ky,) is a transition-regime “broadening” correction
to the simple Hinshelwood-like resistor expression in Eq. (4.30),%° so
the speed, s;,, is adjusted for uptake, diffusion, and finite size and
mass of the colliding species, i:

(Km +1) (0.75 ajp Ky + 1)

U., — ; 4.31
P Km (0.75tip K +140.28304p) + 1 (431)

The accommodation coefficient and the transition-regime correction
are connected, as the correction represents the emergence of gas-
phase concentration gradients near the particle. For very small
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particles (Ky, > 1), there can be no gradients; for very large particles
(K < 1), the gas concentration at the particle surface can be near
zero even if e < 1. It is convenient to distinguish molecules striking
particles from molecules sticking to (accommodating into) particles.
Thus, we define a collision speed ¢; ;, = s; p (@, = 1) and an effective
mass accommodation coefficient

o — %ipHm (0-750ip Kmn +1+0.283) + 1
P Km (0.750aip Km +1+0.2830a4p) +1°

(4.32)

This is the fraction of molecules diffusing toward the particle surface
(e.g., passing the imaginary demarcation surface one particle radius
above the particle indicated in Fig. 4.7) that wind up accommodated
into the particle. When o;, = 0.1 and K,,, = 0.01,0:;,p ~ 0.9. The
idea that the net flux can be diffusion limited by a diffusive boundary
layer even when the accommodation coeflicient is quite small is well
known for diffusion to walls in chambers.?2:57:66

It is important to establish proper scaling for the transition-
regime correction (critical diameter) for different species, pressures,
and temperatures. Even if we do not know specific diffusion con-
stants, we can constrain how they differ from a reference value. The

Chapman-—Enskog expression for diffusion is®”

3 (kaT)*?
2V Bftsair D B iy )

Diffusivity depends on the reduced mass, p;air, Which for most

Di,air - (4’33}

but not all species of interest (exceptions being water vapor and
ammonia) will be very nearly the average mass of air. The term Q'
is a collision integral normalized by the hard-sphere collision cross
section, ?Tdiajr /4. Again, for larger molecules this will be dominated
by the size of the molecule, but the size of air molecules will rarely
vanish. These two terms are directly analogous to the enhancements
for collisions between molecules and extremely small particles in
Egs. 4.21 and 4.25.

For condensation of organics, the properties of the diffusing
molecule will, in general, not be well known, and so it is best to scale
relative to a reference compound. If we further consider a reference
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compound with diffusivity, Dref, air, at reference temperature, Tj
(generally 300 K), and pressure, pg (generally 1 atm = 101325 Pa):

(1,1)
) TR (e (2)3/2 Po  [Href, air (dref, m‘r)2 Qref, air
i,air ref, air T P e di,air Q,(l’l}

i,air
(4.34)

The effective collisional diameter of air is dy;; ~ 0.26 nm given the
observed self-diffusivity of air, Dy, = 2.02 x 107> m?s~!. Note that
the spherical equivalent diameter of air based on bulk density given
by Eq. (4.20) is 0.47 nm, and the contribution of air to the mobility
diameter of particles is 0.3 nm.%® At least for diffusivity, we can
postulate a relationship between the bulk effective diameter and the
collisional diameter using a scaling factor, 4:

rry—
di“_dc‘iﬁﬂ; § =~
T pPi

Whether or not § = 2/3 as suggested here, as long as it is relatively

(4.35)

SR

constant for the reference and target species then the overall scaling

holds:
Myef Mair 2}(3
D; ir == Dref. ai (E)m Po Mref (Mi + Mair) [ res T pair
e p \| mi(mres + mair) % £ T;::

(4.36)

where the density of (liquid) air is pu, =~ 874 kgm™3. The
temperature exponent, m, is in practice between 1.5 and 2.0 due
to the temperature dependence of the collision integral, . In many
cases, m ~ 1.7.57 For organics typically associated with oxidation
of monoterpenes and other relatively large VOCs, diffusivities of
polycyclic aromatic hydrocarbons provide a relatively well-studied
reference pool.":ig We suggest a reference diffusivity Dref, air >~ 6.6 X
107 m?2s™ 1, with Myef ~ 200gmole ™! and pres ~ 1.2 x 103 kgm3.
The critical particle diameter where the kinetic and continuum limit-
ing deposition speeds meet for this reference species is dgrit =296 nm,

whereas for molecular oxygen (Do,, air ~ 17.6 x 107) it is 316 nm.
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Note that the corresponding mean free paths by the conventional
definition are 111 and 118 nm.

For relatively large and massive constituents (compared with
air), the dominant effect of increasing mass will be on the cross
section, with D oc m~2/3. Most notably, diffusivity will not scale
like m~1/2, as the reduced mass of the collisions will be totally
determined by the mass of air molecules. For different systems,
as the mass increases, the characteristic distance will scale with
d;m oc By 0 m~2/3/m~1/2 x m~1/6, The bottom line is that
the critical diameter (mean free path, Knudsen number, etc.) will be a
very weak function of mass for condensing vapors, as the comparison
between the reference polycyclic aromatic hydrocarbon (PAH) and
molecular oxygen shows. However, as pressure and temperature
change (especially pressure), the value will change significantly. It
is very important to realize that the “mean free path” in these
formulations is a parameter that helps form a dimensionless Knudsen
number that in turn helps with an asymptotic flux matching for the
transition between the kinetic and continuum regimes — it is not a
physical mean free path but only a phenomenological one, and the
correct value is related in this case to the bulk diffusivity. In addition,
provided that the majority of the aerosol surface area is found on
particles smaller than a few 100 nm under most conditions, the
influence of the diffusion coefficients will be very small, and instead
exactly known kinetic properties (mass and speed) will dominate.

Ultimately we can express the deposition speed as a simple
molecular normal speed modified by a series of correction terms.
The term (e;p €;p @ip Bip) represents all corrections to the simple
deposition speed expected for a molecule with mean normal speed,
¢i/4, with respect to a unit particle surface area, which defines the
traditional “kinetic limit”.6®> The two enhancement terms increase
the effective speed for very small particles, while the Fuchs term
represents flux limitations and thus decreases the effective speed
for larger (transition and continuum regime) particles. As Fig. 4.9
shows, there is a range for 10 < d, < 100 nm where the “traditional”
kinetic formulation holds to within about 20%, but really the curves
are almost never horizontal; however, the diffusion constant has a
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modest effect on the collision speed over most of the range relevant
to particle growth and the condensation sink.

4.3.2.1.3. Condensation Driving Force

With the particle surface area and vapor deposition speed defined,
the final element of the condensation flux is the thermodynamic driv-
ing force. A second way to write Eq. (4.19) for the net condensation
flux is in terms of the effective accommodation coefficient and the
collision frequency of molecules with suspended particles,

0, = o, Vip CTLST — afyl. (4.37)

where the term in brackets is the excess saturation ratio, Sf ;" XS The
condensation driving force F;;f is

BR[O~ O] =GP 8 (4.38)

where the excess saturation ratio is the fundamental activity dif-
ference between the two phases. The saturation ratio (gas-phase
activity) is S7 = C7/CP. The term aj, is the condensed-phase
activity of species i at the surface of the particle. If the particle
is well mixed and large enough to be effectively flat, this can be
expressed in terms of the bulk particle composition (in the dominant
:,p = Xip7ip), where X;, = Cj,/C; is the mass
fraction and +; , is the mass-based activity coeflicient in the organic

organic phase), (a’

condensed phase. Even if species i is surface active, its surface activity
must equal its bulk activity at equilibrium (though the surface
concentration may be greatly enhanced).

For small, curved particles, the activity,
ai, =a’, Kip, (4.39)

includes the Kelvin term. The Kelvin term Kj p scales with a “Kelvin
diameter” for decadal change, dx10:

Ao — 10(@x10/dp) sdi10 = logyg(e) (4o M) /(RT p). (4.40)

For a surface tension ¢ = 0.03Nm™! and a molar weight of
300gmole™ ! at 300K, di10 ~ 4.5nm. In the important special case



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 230

230 N. M. Donahue, W. Chuang & M. Schervish

of Kohler theory for activation of cloud droplets, the Kelvin term is
critically important even for large (1-10pm)) water droplets, but
this is only true because the relevant critical supersaturations of
water vapor are SX5 < 1%; for organic mixtures where volatility c?
varies over orders of magnitude, the Kelvin term only significantly

influences the smallest particles (d, < 10nm). For those particles,
;,p
condensation. For dii9 = 4.5nm volatility over 4.5nm diameter

a, > 1, and so a large supersaturation is required to drive
spheres increases by one order of magnitude compared to a flat
surface, volatility over 2.25nm diameter spheres increases by two
orders of magnitude, and volatility over 1.1 nm diameter spheres
increases by three orders of magnitude. A 300gmole™! monomer
with a bulk density of 1400 kg m 3, has a nominal spherical diameter
of 0.9nm, while a dimer has a diameter of 1.1nm. This is why
supersaturations of order 10,000 can be required for homogeneous
nucleation of organic vapors.

When we examine the behavior of the ensemble such as the
VBS, it is useful to consider the cumulative concentration of all
constituents below a reference saturation concentration and the
associated effective saturation ratio’®:

c7<C?
C:,sum _ Z C}J; Sfff = C;J,Sum/cgn (4.41)
)

This is valid and useful so long as the compounds form a reasonably
ideal solution. It is not much different from lumping compounds with
identical volatilities.

Two limitations or approximations deserve special mention for
the smallest particles. First, this is a bulk representation, and to the
extent that the representation is extended down to small molecular
clusters, it will eventually be inaccurate. Formally, the Kelvin
term K p(dp) could subsume most of the noncontinuum factors via
an empirical form that deviated from the simple exponential of
Eq. (4.40). Second, we must emphasize that the condensation driving
force depends on the surface activity. This may differ from the bulk
activity, especially if the growth rate of the particle exceeds the
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diffusion rate within the particle (i.e., for glassy particles) and thus
generates an inhomogeneous particle.“6=52 However, the condensed-
phase activity only matters when the gas-phase activity is small;
in cases where the steady-state gas-phase activity is much greater
than 1.0 the condensed-phase activity only matters for tiny particles
with d, < 10nm and otherwise condensation will be essentially
irreversible, regardless of the condensed-phase properties.

4.3.2.2. Limiting Cases and Important Parameters

There are several important limiting cases as well as alternative
groupings of the gas-particle flux Eq. (4.19).

4.3.2.2.1. Growth Rates

The deposition speed can be converted into a rate of diameter change
per unit condensation driving force (i.e., given a driving force of
1 pgm™3)?7;

S = P iy (4.42)
If the speed and density are in MKS units, ms™! and kgm™3,
and if the concentration units (condensation driving force) are in
pgm—2, then this unscaled expression will be in units of nm s=!
(nms~!/gm~3). Multiplying by 3600sh~! will give nmh~!, which
is a standard unit for growth rates. Given the condensation driving
force for each component, F;j;f we can then calculate the individual
component and total growth rate

Ry, =sip ig Ry = Z R, (4.43)
T
If we know the driving force, we can predict the growth rate, but
conversely, if we know the growth rate we know the condensation
driving force; we can thus use an observed growth rate to constrain
the gas-phase concentration of condensible species. As an example we
can consider a species with a molar weight of M; ~ 350 gmole™! and
reasonably low volatility (C? < 0.01 ugm~3) at 278 K, for which ¢; ~

130ms~ L. For a typical organic density of 1.4g em ™3 = 1400kg m 3,
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the monomer of this species has an effective physical diameter
d;=0.92nm (a mobility diameter near 1.2nm). It is reasonable to
use the growth rate at 10 nm as a reference, because the traditional
kinetic regime limit is closest to valid there.?? Here both the Kelvin
term and the collision enhancement will be small, yet diffusion limita-
tions will be slight. To the extent that the condensing species at 10 nm
have similar molar weights and densities, we can use R, to estimate
the condensation driving force relatively free of the Kelvin term:

Fy" = R/si: ~ Rf/198(pgm ™) (4.44)

More generally, the growth rate at a given diameter gives a direct
estimate of the effective gas-phase concentration of condensible
vapors (their concentration if they were nonvolatile). If the sinks
are known, this constrains the production rate; if a precursor loss

rate is known, this in turn constrains the yields.?326

4.3.2.2.2. Collision Frequency and Condensation Sink

It is useful to know how often molecules collide with the surface of
particles in population p. Given the collision speed c; p, the collision
frequency of the vapors with suspended particles p is

Vip = (?ng) Ny cip- (4.45)

This is the frequency with which species i collides with the particle
population p. The total frequency with all particles is v} = Ep uf_p.

The time constant for collisions is thus 7;* = 1/v/¢.

The suspended condensation sink, & ,,.q = Zp a;,p v, gives the

actual time constant for exchange of vapors between particles and

the gas phase. The condensation sink determines the fundamental

v,8
Tieq =
1/kZ, when condensation is the main loss of vapors and the change
171,72

equilibration timescale between the gas and particle phases,

in particle volume during equilibration is sma

Of all parameters one should track in aerosol experiments, the
collision frequency and the condensation sink are among the most
important. Further, while it is common to report a “condensation
sink,” given an observed aerosol size distribution,3? this is usually

page 232



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 233

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 233

based on an assumed (unity) mass accommodation coeflicient.
Because the mass accommodation coefficient is not in general well
known, the collision frequency for a standard vapor with a known
mass and size (often sulfuric acid) is a more robust and precisely
defined quantity to report.

4.3.2.2.3. Evaporation Timescale

A second important timescale is for evaporation of species ¢ from
an individual particle.” Here we shall consider the case where either
the species under consideration is a trace constituent or other factors
prevent significant diameter change (i.e., exchange of isotopomers).
For the evaporation timescale, we take the limit where the gas-
phase concentration remains identically zero (i.e., there is a strong
sink such as a vacuum, a sorbent, or other particles denuding
the system of vapors). The mass of 7 in an individual particle is
Xippivyg = Xip pi%dg while the evaporation flux from that particle
is ?ng SipKipXip C;:p, SO

pidyp Pi dp 1
T = = 4.46
PR 6sip Kip Cip 6%y eipcipBipKip Cf) S

Here we have factored the expression into three terms: a prefactor,
a term that depends on the particle diameter, and the inverse of
the saturation concentration. We show the end result in Fig. 4.10
for a succession of saturation concentrations; the bottom line is that
it will take about 1h to drain all of the 1 ugm ™ material out of
a 300 nm particle if the diffusion timescales within that particle are
less than 1h.

4.3.2.2.4. Diffusion Timescale
The third timescale is for diffusion within particles,!
Typ = d2/(47° Dyp) (4.47)

where D; 5 is the diffusion coefficient of compound ¢ in particle p. The
diffusion timescale will control whether particles reach an internal
equilibrium and thus whether the surface activity of species 1 is equal
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Fig. 4.10 Characteristic evaporation timescales (in hours) for organics vs.
particle diameter dy for a series of volatilities (C°). We use the four volatilities
plotted with colored curves shown in the legend for a “gap” VBS later on.
Organics with C° = 1 pgm™2 in a 300-nm particle will evaporate in approximately
1h if mass accommodation is perfect and diffusion within the particle is more
rapid than 1h. For d, < 10nm, evaporation accelerates dramatically due to the
Kelvin term and increased evaporation velocity and lifetimes plunge. These are
timescales for evaporation of a trace constituent from a particle with constant
dp, in which case they give a first-order (exponential) timescale. For pure
particles, evaporation is pseudo zeroth order because it accelerates as particles
shrink.

to its bulk activity. Because 100 nm? = 1071% cm?, for dp = 100nm
and D;p = 10" ecm?s™ !, 7, = 25005 (40 min). This is roughly the
timescale above which diffusion limitations are likely to be important
in ambient particles, where most timescales are measured in hours.
However, experiments conducted on much shorter timescales can be
vulnerable to (or sensitive to) diffusion limitations with much higher
diffusion constants.?°
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4.3.2.2.5. Overall Timescales

These timescales are very different from each other. The diffusion
timescale will serve as a limitation for evaporation and/or exchange
if Tip 2 Tovap. A complex mixture will come into a steady state with
respect to particle diameter change with timescale 7¢onqg, which is
independent of volatility and often rapid, and yet complete removal
of species i from the particles depends on C° and can be very slow.
However, if diffusion within the particle is slow, this equilibration
timescale will be between the gas phase and the particle surface,
and the ultimate equilibration timescale will again be determined by
diffusion.

These timescales are often confused with each other. The evapo-
ration timescale is not the equilibration timescale, and experiments
designed to measure evaporation reveal little about equilibration,
though they are highly informative in their own right. Further,
whenever there is a net condensation flux, there must be an activity
difference between the surface and the bulk of a particle; the question
is how large it will be and that will depend on the condensed-phase

diffusivity. 4647

4.3.2.2.6. Collision Frequencies on Particles

In some cases, it is important to know how often vapors collide with
a given particle. Specifically, the collision frequency of vapors to a
particle surface will govern whether the particle growth is uniform
or relatively stochastic. This frequency is

u::;,f = (m dg} sip (C7 /mi). (4.48)
We show this in Fig. 4.11 for vapor concentrations ranging from
Ingm™ to 1 ugm ™3, which would drive growth rates between 0.225
and 225nmh~! in the kinetic regime. Particles larger than 100 nm
are struck tens to thousands of times per second by (condensible)
gas-phase molecules, but near 1nm, small clusters are struck only
once every 100s if the growth rates are near ambient values (C} =~
0.01 ugm~3) and roughly once per second at growth rates more
commonly found in smog-chamber experiments.
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Fig. 4.11 Collision frequencies of vapors to particles as a function of particle
diameter for different vapor concentrations C". This is the frequency with which
a condensible vapor at concentration C" strikes a particle of diameter d,. For
C? =0.01 ugm ™2 (dark green dashed curve), where the kinetic growth rate is of
order 2.25 nmh ™}, condensible vapors will strike a 1 nm diameter particle roughly
once every 100s.

Condensation growth is almost always modeled as a continuum
process, so that the flux (;5::’; will be uniform to all particles and
thus the entire population will grow at the same rate. However, at
the lowest concentrations and growth rates, for the smallest particles,
where the collision frequency is well under 1 Hz, this assumption may
begin to break down. Instead, some fraction of particles at a given
size may experience collisions in a given time step, causing them to
grow in a process more akin to coagulation.

4.3.2.3. Egquilibrium Solution

At equilibrium, the condensation driving force in Eq. (4.38) is zero.
The mass fraction in population p is X;p = C;,/Cp. If we define
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Cg‘p = 7ipC; and a Kelvin adjusted volatility as Ct-*’ = K;Cj,
then aj p ="V Kip Xip="pKip Cfp/ Cp- The equilibrium condition
is C} —a;,,C; =0 and

Ci = CiKipip Cip/Cp = Cip C:!/C; (L0
This gives
Cr e =G [ (4.50)

If the mass fraction of semi-volatiles is the same in all particles, then
X; = Cf/C§, and so Eq. (4.49) holds for the bulk. In this case, the

bulk fraction of species 7 in the suspended-particle phase, f7, is

1

8
= v oo (451)
This is the foundation for organic aerosol calculations assuming equi-
librium partitioning.'*3* More generally, the equilibrium condition
is that the activity of species i is the same in all phases and particles
(a5, = af). For very small particles, the Kelvin term will ensure that
more volatile species have a lower mass fraction and thus the same
overall activity as larger particles unaffected by curvature.

4.3.2.3.1. Steady-state Solutions

Organic aerosol production, P;, (or loss) is inherently not an
equilibrium process, but many terms will reach a steady state in
different situations. Here we shall consider only net production in
the vapor phase, P’. There are two relevant limits: one where con-
densation to suspended particles controls the vapor concentrations
on a timescale given by the condensation sink (o v}), and one where
losses, k; (i.e., wall losses) control those vapor concentrations. We
are interested in the steady-state saturation ratio S;° and excess
saturation ratio .5'1?( &,

When losses control the steady state, the steady-state saturation
ratio will be a simple balance between production and loss: 5° =
(P;/C7) /ki. If the suspended particles control the steady state, then

it will involve a near balance between condensation and evaporation
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and the excess saturation ratio will be in steady state. A fraction of
P; will go to vapors and a fraction to the particles — this fraction
will be approximately f;.

B} = ff P = ol uf CP[Si —af| = o uf C3 S/ (452)

i,p-i
SIS = fr ofF (4.53)

53 is a key diagnostic for organic condensation. If 57° > 1, then
the condensation will be essentially “nonvolatile” (a p Will have no
influence on the condensation), while if 5° < 1 then the condensation

will be “semi-volatile”. Finally, if SEXS < 1, then species 7 cannot be
8

i p cannot grow larger than

an important driver of condensation, as a
S; during net gas-phase production.

4.3.3. Idealized Experiments

With the condensational dynamics laid out, we shall now turn
our attention to a few idealized experiments to consider how
condensation dynamics influence those experiments. The objective
of almost any experiment involving SOA is to determine either the
yields of various products, as in Eq. 4.14 or 4.15, or something
about the physical characteristics of SOA that reasonably represents
SOA found in the atmosphere. Experiments almost always involve
a container of some sort (a chamber, a flowtube, etc.), but our
conception of the experiment is often formed without considering
that container, and also with some sort of notionally monodisperse
aerosol in mind. Here we explore a few idealized experiments where
there are no containers (and specifically no container walls), where
mixing is homogeneous and for the most part instantaneous, for a
mono-disperse population of relatively large particles.

4.3.3.1. SOA Formation and Subsequent Dilution

We shall first consider an idealized experiment with constant pro-
duction of SOA, followed by a short relaxation period and then an
instantaneous, large dilution step. The concept of this experiment is
to perturb the aerosol equilibrium first via condensation driven by
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net production, allow equilibration, and then perturb the equilibrium
again via dilution and subsequent evaporation. The reason for this
simulation is that for two decades, SOA formation experiments have
been interpreted in the context of equilibrium partitioning theory,
starting with the pioneering work of Odum.?* The key feature
explained in that work was that experimental SOA mass yields
(Y =Coa/ACprec) are routinely observed to increase with increasing
Coa, which is consistent with equilibrium partitioning theory as
presented in Eq. (4.51).

In addition to the features common to typical SOA formation
experiments, we shall add two other steps. We shall assume that
the production can be stopped instantaneously, and we shall let
the particles rest for 20 min after production stops. Finally, we
shall impose instantaneous dilution by a factor of 100 and consider
subsequent evaporation over a period of 100 min. To distinguish
the SOA production from dilution phases, we shall set ¢ = 0 at
the dilution step, so SOA production occurs at negative time and
relaxation following the dilution step occurs at positive time.

For several reasons, when SOA mass production and not particle
nucleation is the topic, it is useful to conduct experiments with
seed particles, which are ideally completely noninteracting targets
for condensation. Here we shall consider as a base case (“high seed”)
monodisperse seed particles with a suspended collision frequency
ug, sl 251 min~!, which is readily achieved with roughly 16,000 cm—3
of 100 nm diameter seed particles (about 15ugm™ of ammonium
sulfate). For sensitivity calculation, we shall also consider a case (“low

1

seed”) with 10 times less seed aerosol and thus k7 ; = 0.1min™".

We shall assume that a = 1 for the sake of this illustration, but there
is a good deal of evidence that in general 0.1 < a < 1.71,72.74,75

The simplified model system we shall consider here consists of an
oxidation reaction making four products with equal yields (y; = 0.25
each) that form an ideal solution. The reaction will proceed at a rate
Lprec =1pug m~3
mation experiments. Ultimately, at equilibrium, there will be about
46 pgm— of SOA, with dp ~ 180nm and v; ~ 2.5min in the high-

seed case and dp = 350nm and v; ~ 0.7 min in the low-seed case.

min~!, for 80 min, which is not atypical of SOA for-
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Fig. 412 Product distribution and equilibrium partitioning for an idealized
experiment with organic products distributed evenly in four volatility bins,
separated by a factor of 100 in volatility. Conditions shown are for an equilibrium
with 10 ugm™2 of secondary organic aerosol (SOA). The condensed phase is
indicated with shades of green and the vapor phase with shades of gray, as shown.

It is instructive for the four species to form a “gap” VBS with
C° = {0.01,1,100, 10000 } ug m~3, which we depict in Fig. 4.12 along
with the expected equilibrium partitioning at the end of the produc-
tion phase, where Cop = 46 ugm—2, with a total concentration for
each species of 20 ug m—3 and a production rate of P =0.25ug mi e
min~!. In Fig. 4.12, we represent different volatilities with different
color saturation. The least volatile species are the darkest, and the
condensed phase is shown with greens while the vapor phase is shown
with grays. We shall maintain this scheme throughout.

One of many useful timescales to consider in experimental design
is the “saturation timescale,” or how long it takes a given species to
build up to a saturation ratio of 1. Under the conditions described
here, the least volatile bin will saturate in At = C;/P; = 0.01/0.25 =
0.04 min =2.5s, meaning that its behavior will be essentially non-
volatile throughout the experiment. The second species will be
saturated in 4 min, the third will have some partitioning into the
condensed phase, and the fourth will have only a minimal condensed-
phase fraction, serving almost as a passive tracer. It is also worth
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noting that for the low-volatility product in this example, with

3 min~!, it will take approximately 1 min to build up

P; = 1pgm™
S?S’SS; this confirms that the equilibration timescale for the system
is u® = 1/(cf v°).

We shall assume that condensation to the suspended seeds begins
rapidly. The purpose of the noninteracting seed is for condensation
(formation of a condensed phase) to begin immediately once the least
volatile species reaches saturation, without requiring any significant
supersaturation; this is in contrast to nucleation experiments, where
a large supersaturation (S > 1000) can be required to initiate
condensation at a rate sufficient to measure in either the laboratory
or the atmosphere.

In Fig. 4.13, we show results of a numerical simulation of
Eq. (4.16) for both the gas and particulate phases in terms of both
mass concentration and activity (saturation ratio or mass fraction).
In these figures the y-axis is split, with the left-hand axis applying
before dilution (¢ < 0) and the right-hand axis, scaled by the
dilution factor of 100, applying after dilution (¢ > 0). The behavior
of individual species (with different volatilities) is quite revealing,
and the corresponding measurements (even for “volatility tracers”)
would be extremely useful. The recent application of high-sensitivity
chemical ionization mass spectrometry has demonstrated the power
of gas-phase and condensed-phase composition measurements.?7:5%:76
Measurements of the transient vapor concentrations, C}, can be a key
diagnostic in SOA experiments, including for vapor wall losses®® and
also by forcing stepwise changes in seed condensation sinks.”

During the SOA production phase (—100 < ¢ < —20 min), the
gas-phase concentrations (Fig. 4.13a) of the relatively low-volatility
products rise quickly to a roughly constant value and then stabilize
or even decline slightly, whereas the gas-phase concentrations of
the more volatile products rise steadily to much higher values
(as a reminder, the production rates are all identical). Conversely,
the condensed-phase concentrations (Fig. 4.13b) all show a similar
functional form, with a nearly linear rate of increase, but the
condensed-phase concentrations of the more volatile products lie well
below those of the less volatile products. During the very earliest
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Fig. 4.13 Model simulation of an idealized SOA experiment assuming an initial
seed condensation sink of 1 min~!. Total production is 1 ugm ™2 min~! from ¢ =
—100 to —20 min, according to the basis set in Fig. 4.12, and the curve shade
indicates volatility, with darker shades being less volatile as indicated in that
figure as well. At £ = 0 min, indicated by a dashed vertical line, the system is
diluted by a factor of 100. The left-hand y-axis applies to predilution conditions
(negative time) while the right-hand y-axis applies to postdilution conditions
(positive time). The left-hand panels show concentration while the right-hand
panels show activity (saturation ratios for the gas phase, mass fractions for the
particulate phase). The top panels show the gas phase, while the bottom panels
show the particulate phase. The thin red curves within the shaded green curves
indicate the ammonium sulfate (red) seed particles.

period of the experiment, the condensed-phase concentration of the
C° = 1 pgm™ species lags that of the C° = 0.01 g m ™ species by
a small amount, though it is unlikely that such a small and transient
difference could be observed.

The activities in Fig. 4.13c and Fig. 4.13d complete the story. The
gas-phase saturation ratio of the C° = 0.01 ugm™2 species quickly
reaches a value of roughly 30 and then slowly relaxes back toward 10
as the production period continues. It is thus significantly super-
saturated throughout, though well below a typical critical value
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for significant nucleation — this is thus an example of a “well-
designed” seed experiment that suppresses nucleation and forces all
condensation to preexisting seed particles. The gas-phase saturation
ratio of the C° = 1 ugm™2 species also quickly reaches a constant
value; but in this case, it is just under one, suggesting something
closer to equilibrium behavior. In contrast, the gas-phase saturation
ratios of the two more volatile constituents rise steadily throughout
the experiment but stay well below one.

The particle-phase mass fractions (activities) in Fig. 4.13d also
separate the two low-volatility products from the other two. The
two low-volatility products quickly converge to mass fractions near
0.5 (they are produced at the same rate and dominate the particle
composition), though the early transient is again evident. In contrast,
the two more volatile species remain trace constituents with steadily
rising mass fractions, though the C° = 100 ug m™— species eventually
constitutes about 10% of the particle composition. The gas-phase
and particle-phase activities of these two volatile species are nearly
identical throughout the production period, showing that they both
remain in equilibrium.

The 20-min relaxation period for —20 < ¢t < Omin is unre-
markable from the point of view of the particle composition — the
concentrations and activities simply stop rising. However, the gas-
phase behavior is highly informative. After production stops, the
concentrations of the two low-volatility products drop significantly,
while the more volatile products barely register any change. Because
production is driven in the gas phase in this simulation, that phase
is most sensitive to dynamical delays. Further, it is the species with
high steady-state saturation ratios that respond most dramatically to
the sudden stop in production. Because the low-volatility vapors are
in a steady state but far from equilibrium, their concentrations drop
notably when production ceases, consistent with Eq. (4.53). This
is most evident for the species with C° = 0.01 ugm~—3, whose gas-
phase concentration drops by almost a factor of 100 when production
ceases. The concentration falls to about 0.004 ugm > because the
condensed-phase mass fraction is about 0.4. On the other hand,
the vapor concentration of the species with C° = 1pugm™ also
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reaches a steady state during production but the concentration drops
only modestly at ¢ = —20min when production stops. The two
more volatile species build up in the vapor phase and simply stop
accumulating after production stops.

The change in gas-phase concentration through a rapid drop
in the production rate is a very strong diagnostic of the volatility
behavior of different species, in theory directly revealing the steady-
state saturation ratio during the production phase; for OH photo-
oxidation, this is straightforward — one simply turns off the lights.
It is worth noting that this can also be used to measure the
equilibration timescale of the system. If the collision frequency of
the vapors with particles is known and if particle-phase diffusion
limits (or slow chemistry) are not a factor, this then constrains the
mass accommodation coefficient. In our simulation, @ = 1 and the
condensation sink is high, so the relaxation is almost instantaneous.

The benefits of dilution are also evident in Fig. 4.13, especially
considering the most volatile species as a passive tracer; the gas-
phase concentration of that product drops by exactly the dilution
factor (100) and so because the y-axis scales change by the same
factor the concentration curve in Fig. 4.13a forms a horizontal
line. After dilution, the two species with intermediate volatility
evaporate, nearly matching the tracer concentration, while the
concentration of the least volatile species slowly rises to near its
saturation value (C° = 0.01 ugm™2). The gas-phase concentrations
of the two low-volatility products rise relatively slowly, whereas the
C° = 100 ugm~3 product jumps (flashes) to its steady value almost
immediately. In Fig. 4.13, the y-axis shifts by a factor of 100 across
the dilution step at ¢ = 0 in all cases except the condensed-phase
activity (mass fraction), where the scale does not change across the
dilution step. Consequently, the postdilution activities in Figs. 4.13c
and 4.13d can be compared directly, and it is evident that the
activities in the two phases converge after the dilution step — almost
instantly for the two more volatile products and more slowly for the
less volatile products.

This final element demonstrates the difference between equilibra-
tion and evaporation timescales; the evaporation timescale for the
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species with C° = 0.01 ugm—3

is roughly 100h, yet it equilibrates
along with the species with C° = 1pgm™2 in roughly 1h. The
behaviors are not identical because both the aerosol surface area
and composition are changing as the particles shrink, but they are
very similar. Modern chemical ionization mass spectrometers have
the sensitivity required to observe this behavior; C' = 0.01 ugm=—2 is
roughly 1 pptv.”

Until very recently, the full behavior of these systems has been
deduced from limited observations: precursor loss (ACprec) and some
measure of total organic aerosol production (ACoa).1%?477 What we
actually observe is aerosol growth. We observe this in three ways:
growth of the integrated particle volume (mass); diameter growth;
and growth in the organic aerosol to seed ratio, OA : S = C§, /CS 4.

dvs T odd
—PYS — NS P = N8 % _d2 P
p P POA dr p POA 2 P gt
total volume growth rate individual particle growth rate
d(0A : 8)
= Tp X Gseed,p (4.54)
—_——

bulk organic to seed ratio

This condensation almost never consists of a single compound (thus
®,° and not @E’;), but in the idealized world of a monodisperse
aerosol (a single value of p, especially with a passive seed) in
theory, the net condensation to suspended particles should be readily
observable. Furthermore, though the three measures are nominally
equivalent, especially in this idealized example, they have very
different sensitivities to external influences such as wall losses and
can also be measured with different instruments. The total particle
volume change is most directly measured with a scanning mobility
particle sizer (SMPS), especially for a relatively broad particle size
distribution; alternatively, the total particle mass can be measured
with an aerosol mass spectrometer (AMS), a centrifugal particle mass
analyzer (CPMA), or even a filter sample (OC:EC). The particle
diameter change can again be measured with an SMPS, especially
when the particle distribution is close to monodisperse, but as a
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Fig. 4.14 Model simulation of an idealized SOA experiment assuming an
initial seed condensation sink of ~1 min~! (red) and ~0.1 min~! (blue). Total
production is 1 pgm™2 min~! from ¢ = —100 to —20 min, according to the basis
set in Fig. 4.12. At £ = 0 min, the system is diluted by a factor of 100. (a)
Particle diameters vs. time for the two seed concentrations — the lower number
of blue seeds grow more. (b) Organic aerosol to seed mass ratio vs. time for the
two cases — the lower number of blue seeds gain more mass. (c¢) Stack plot of
all organic concentrations vs. time for the high-seed case with Coa = 47ugm™°
at maximum. Greens are condensed phase, grays are vapors. Darker shades are
lower volatility as shown in Fig. 4.12. The left-hand y-axis applies for £ < 0, the
right-hand y-axis for ¢ > 0 after dilution. (d) Traditional mass-yield “Odum”
plot. Dynamic yields are solid curves while the equilibrium yields are the dashed
curve.

differential (change in modal size, etc.) as opposed to an integral
(total volume) quantity. Finally, the organic to seed mass ratio can be
measured by an AMS without needing to know the particle collection
efficiency.™

We show the reduced data quantities from the numerical simula-
tion for this idealized experiment in Fig. 4.14, again with four panels.
The first three panels show the three different quantities used to
constrain the SOA mass flux and yields, while the final panel shows
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the associated dynamic and equilibrium mass yields. In Fig. 4.14, we
plot results for the base-case (“high seed”) model with a thick red
curve (for nominal ammonium-sulfate seeds) and the results for the
low-seed model with a thinner blue curve (for nominal ammonium
nitrate seeds).

Figure 4.14a shows the simulated particle diameter and Fig. 4.14b
shows the simulated OA:seed as a function of time. The y-axis in each
case is logarithmic and the scale remains constant across the dilution
step at ¢ = 0 because both quantities are intrinsic to the particles.
The dynamics are clearly evident, especially after the dilution step
at t = 0 (where the equilibrium change is instantaneous). For both
of these quantities, the low-seed (blue) case shows a larger change
because with fewer particles the same total mass flux is concentrated
on a smaller number of particles (by a factor of 10); consequently,
OA:seed rises to a ten-fold higher value and the diameter change is
2.15 times larger for the high-seed (red) case. A major advantage of
OA:seed is that this ratio can be measured with high precision using
an AMS.™ By measuring the concentration ratio on otherwise similar
particles, the measurement also avoids complications associated
with the particle collection efficiency (bounce), which can compli-
cate absolute concentration measurements (especially in chamber
experiments).”®80 This is why in Eq. (4.54) we separate measurement
of OA:seed from a potentially independent determination of sseed,p'
Another challenge for unspeciated measurement of the total diameter
or volume change (measurements that do not separate organics from
seeds) is that the measurement is intrinsically a difference; in this
case the change from 100 nm. This would seem to put value on the
low-seed case, where the diameter change (or even the OA:seed) is
larger.

In Fig. 4.14c we show the total aerosol mass for the high-seed
case alone, with the contributions from each bin plotted according
to the VBS color scheme introduced in Fig. 4.12. Here the particle-
and gas-phase compositions plotted in Fig. 4.13 are stacked to show
the total concentrations in each phase on a linear scale; a thin white
curve separates the particulate from the vapor phase. In this case we
again employ the split y-axis with the post dilution left-hand axis
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applying after the dilution stage at ¢ = 0. This is because the total
suspended mass is an extrinsic quantity. After the dilution stage,
the C° = 100 ug m—3 product flashes from the particles immediately,
while the C° = 1 ugm™2 product evaporates over the course of about
an hour.

Fig. 4.14d shows a logarithmic “Odum” plot of observed
“dynamic” mass yield Fpq = Cpa/ACprec vs. the organic aerosol
concentration, Coa.'?81%2 The dynamic yield curves start in the
lower left, with low mass yields and low total aerosol, and progress
diagonally to the upper right. We also show equilibrium mass yields
from Eq. (4.51) with a dashed curve based on the instantaneous
total product concentration. The dynamic yields significantly lag
the equilibrium yield. In the “high-seed” case, the dynamic and
equilibrium values converge at roughly Cos ~ 10pgm™; in the
“low-seed” case, convergence occurs at Coa ~ 30 ugm 2. The high-
seed convergence occurs after roughly 20 min in the simulated
experiment, and for the next hour the system rises in roughly
equilibrium toward a final yield of almost 0.6. In the low-seed
case, convergence occurs much later, after almost an hour of SOA
production, and the final relaxation toward equilibrium only occurs
after the production halts, producing a small hitch in the dark
green curve at the very highest values. The range between the two
dynamic curves represents a typical range of seed condensation sinks
in chamber experiments; the space between them as well as the space
between any dynamic curve and the dashed equilibrium curve is
due to an excess saturation of condensible organic vapors that will
condense but are still in the gas phase at any given time (with a
given measured amount of precursor consumption) simply because
they have not had time to encounter a particle.

The dynamic yield curve in Fig. 4.14a shows the dilution step
as a discontinuity. The factor of 100 dilution is evident in a sudden
drop of Cpa from 46 to 0.046 ug m—2. The remaining particles are
out of equilibrium and relax back to the dashed equilibrium curve
over the next hour, leaving a nearly vertical trace; this is the opposite
case to the delayed condensation. It is a useful check of the dynamical
and equilibrium numerics that the two solutions ultimately converge.
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Fig. 4.15 Particle condensation sinks in an idealized SOA production experi-
ment. Vapors are produced from —100 min < ¢ < —20 min and there is a stepwise
%100 dilution at £ = 0.

It is also interesting that the low- and high-seed cases overlap, though
in the low-seed case the condensation sink is so low that the system
does not quite reach equilibrium even after 100 min.

We show the condensation sinks for the high- and low-seed cases
in Fig. 4.15. The two cases are initially separated by a factor of
10 at about 0.1 and 1 per minute, but as condensation causes the
particle surface area to increase, the condensation sinks also increase.
Because the fewer particles in the low-seed case grow more, the
values of the condensation sink in the two cases converge somewhat
during production. After dilution, the high-seed condensation sink
drops to 0.02 min~! and organics with C° = 100ugm— (and an
evaporation timescale of 0.5 min) flash from particles rapidly, while

3 organics reequilibrate with a 50-min timescale driven

C°=1pugm™
by the condensation sink. If the condensed-phase concentration of a
species, C; or indeed the partitioning C; /(C; 4 C}') were measured
unambiguously, this dynamic behavior after a dilution step would be
very informative.

The dynamics are most evident in Fig. 4.16, where we show the
excess saturation ratios (S:’: }f;XS) in Eq. (4.37), including a Kelvin

term with dkio = 4.5nm). The least volatile species are out of
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Fig. 4.16 Vapor excess saturation ratios in an idealized SOA production
experiment. Vapors are produced from —100 min < ¢ < —20min and there is
a stepwise x 100 dilution at ¢ = 0. The y-axis is split between a linear range
(—1 < 87,7 <1 and a logarithmic range (S; ;" > 1).

equilibrium whenever there is a significant perturbation, with a
sometimes very high excess saturation during production and a
more modest negative excess saturation after dilution. When the
excess saturation is greater than 1 the condensation is effectively
“nonvolatile” because the condensed-phase activity has no influence

over the dynamics, while when the excess saturation is near 0 the
3

3

condensation is fully “semi-volatile” as with the C° = 100 ugm™
constituent. Because the condensation sink is of order 0.01 min—
after the dilution step, the least volatile C° = 0.01 ugm™3 species
remains significantly out of equilibrium for the entire 100 min,
whereas the more volatile species relax according to their evaporation
timescales (this includes a very brief period of disequilibrium for
the C° = 100 ug m ™2 species, which has an evaporation timescale of
roughly 10s under these conditions and effectively flashes off of the
particles).

This species with C° = 100 g m~2 reveals the physics underlying
the rising yields described by Odum et al.?* In the model system
we are simulating here, the semi-volatile species is never a major



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 251

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 251

constituent of the particles, but it does eventually contribute 10%
of the particle composition at the end of the production phase (at
t = —20min). However, it can only do this when the saturation ratio
rises sufficiently, as seen in Fig. 4.13c, though its excess saturation
ratio never deviates significantly from zero (it is always effectively in
equilibrium). Because of the high volatility, this takes a long time and
consequently later on during the simulated experiment the aerosol
mass yields rise. This is why mass yields increase as the total aerosol
mass also increases; any element of an experiment that interferes with
this vapor buildup (e.g., irreversible wall loss®" %) will thus short-
circuit the contribution of semi-volatile species to the condensed
phase.

All in all, this simulation shows that even an idealized SOA
formation experiment deviates significantly from equilibrium behav-
ior for a long time, taking between 30 and 60 min to approach a
nominal equilibrium state. This alone would lead to significant under-
estimation of SOA mass yields during “dynamic yield” experiments,
as has been shown in comprehensive simulations as well.?6 However,
complementary measurements of gas-phase concentrations would
significantly augment the experiments, provided the instruments had
a sufficiently fast time response.?® Measurements of the condensed-
phase composition, or the concentration ratios between the gas and
condensed phases, would also enhance the experiments.

4.3.3.2. Organic Aerosol Mizring

A second type of experiment we have developed to probe the
volatility of organic aerosol mixtures is to form two separate aerosol
suspensions (p = 1 and p = 2), often on different identifiable seed
types. We form the organic aerosol either from chemically distinct
precursors or materials (systems with easily separated mass spectra)
or from isotopomers of the same precursor (i.e., H- and D-substituted
precursors, or 2C- and '3C-substituted precursors). These experi-
ments rely on quantitative single-particle mass spectrometry, such as
with light-scattering single-particle AMS (LSSP AMS)33:# or event
triggering AMS,®® where the original population (often based on
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Fig. 4.17 Fluxes between two suspended-particle populations (p = 1,2) and
the vapor phase during a particle mixing experiment. The populations are
distinguished by different seeds (red and magenta) and are coated with organics
that may have different isotopic composition (green and blue). Species z will have
a single gas-phase activity aj = C} /C} and consequently the activities in the two
populations aj ; and a3 ; will relax toward an equilibrium with aj ; = aj = a3 ;.

the seed signature) can be determined for each particle and then
individual particle mass spectra can be averaged within time windows
to improve signal to noise.

Following the combination of two populations, the vapors around
them will establish a steady-state saturation ratio, governed by a
flux balance between the two populations illustrated in Fig. 4.17,
on a timescale equal to roughly the sum of the two suspended

condensation sinks: 'I’E,’f = —'I)::’;. Consequently
f,cond[Cf - a:,l C??] - g,cond [CEU - af,g G‘I?]
@it J ai, + kS a;
e M e (4.55)
Ci kl,cond + kQ,mnd

This is the condensation-sink weighted average of the activities; it
is easily understood for a case where the two condensation sinks are
the same and the populations start isotopically pure, so a; [t =0)=
a:,’f : af,Q(t = 0) = 0. The vapor saturation ratio will drop to 0.5 - a:,’f
and stay there while the activities in the two condensed phases relax
toward that value in equal measure over time.

The simplest form of mixing experiments are those in which
the composition and concentrations of the two populations are
initially identical, either through injection of a preformulated mixture
or identical production of SOA. In that case a constant-pressure
injection of one population into the other (either by withdrawing
a small amount of the initial population or by expanding the overall
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volume) will not perturb the overall equilibrium between the total
concentration of the vapor and condensed phases. Entropy, however,
will still drive mixing.

Here we shall model that case, where two otherwise identical
populations are composed of isotopologues of each other. Specifically,
we shall model the “gap” VBS discussed above, in which we imagine
two SOA populations are grown in separate chambers just as before,
but using isotopically distinct precursors. In this case, it is self-
evident that all isotopologues should progress toward an equilibrium
ratio in each particle equal to the relative suspended volumes (mass
concentrations) of the two labeled populations. For example, if equal
volumes are intermingled (say 5m? containing 40 ugm—2 from each
population), then each particle will ultimately contain equal fractions
of each labeled constituent, while if volumes are intermingled with
a 99:01 ratio (say 100 L containing 40 ugm~3 of “probe” aerosol
added to 9.9m3 containing 40 ugm—2 of “chamber” aerosol), then
the “chamber” (major) particles should contain 1% of the minor
population, and the “probe” (minor) particles should contain 99% of
the major population. It is also evident that the relevant timescale
for this equilibration should be a function of the evaporation, the
condensation, and the diffusion timescales; the intermixing cannot
occur until a constituent evaporates fully from a particle, but it also
cannot occur until the resulting vapor finds and diffuses into other
particles. Very volatile compounds have high gas-phase concentra-
tions and are largely unaffected by the particle phase. They will
thus equilibrate with the evaporation timescale provided they can
diffuse into particles. Conversely, very low-volatility compounds have
high condensed-phase fractions and even though their evaporation
timescales are long, only a small portion needs to evaporate for the
system to equilibrate (again provided they can diffuse out of or into
particles). In this case, the condensation sink defines the equilibration
timescale.

In Fig. 4.18, we show theoretical concentrations for an idealized
mixing experiment in which equal mass concentrations (40 ug m—2) of
the same SOA system are intermingled. In this case, one population
is prepared with an isotopic label (i.e., 13C).8386 This simulates the
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Fig. 4.18 Idealized SOA mixing experiment. Total production is 1 pgm™2 h™?
from ¢ = —100 to —20 min, split evenly between C'+ = {0.01, 1,100, 10*}ygm—2
for two different sets of isotopomers. At { = Omin, the two populations are
interchanged with a 50:50 proportion. (a) Stack plot of all organics. Greens
are condensed phase, blues are condensed phase of isotopically labeled species
(after mixing), grays are vapors. Condensed organics are colored for only one
seed population (originally green) for clarity; the population of the originally
blue “isotopomers” are kept white for clarity. They are a mirror image of the
green population. Darker shades are lower volatility. (b) Zoomed plot for 1 min
before and 10 min after mixing.
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single-particle mixing experiments we have been conducting, 333587
We grow one SOA population on 50 nm seed particles and one on
200 nm seed particles to include the effect of differing condensation
sinks as well as a slight influence from the Kelvin term due to
the different final particle diameters. At ¢ = 0 min, we simulate
a 50:50 interchange of these two populations (suspended particles
and vapors). We dilute each population by a factor of two and then
combine them. The compounds initially on population p = 1 (red
seeds) are shown in shades of green, while the isotopologues initially
on population p = 2 (blue seeds) are shown in shades of turqouise.
After the intermingling at ¢t = 0, we show first the condensed-phase
species on population 1, Cf, 1, Which start as all green but gradually
become progressively half turquoise, and second the condensed-phase
species on population 2. We separate the two populations with a
thin white curve. We show the gas-phase concentrations of each
volatility class with the same shade of gray, so that, e.g., the most
volatile (lightest gray) constituent, with C} = 20 ugm™2 just before
intermingling consists of two isotopically labeled constituents, each
with C} = 10 ugm™3 just afterwards. The top panel shows a full
1000 min simulation and the lower panel zooms into —10 < ¢ <
10 min. The difference in particle sizes causes the slight perturbation
in the semi-volatile vapors (medium gray) visible in the zoomed
panel, and the small effect of the Kelvin term causes the larger
(p = 1) population to grow slowly at the expense of the smaller
population.

During the mixing simulation, there is almost no change in
diameter for either seed population (1 and 2), as the system is
in equilibrium with respect to net condensation other than the
Kelvin difference, even while the isotopomers mix via gas-phase
exchange. The initial (pre-intermingling) SOA concentration is
Coaa =~ 45ug m 3. After ¢t = 0, each population maintains a mass
Coay =~ 22.5ug m™3, so the total SOA remains the same. The gas-
phase activity of every species quickly drops to half its premingling
value at t = 0 and remains there (i.e., the equilibrium activity as
the system has been diluted by a factor of two without changing the
overall organic mass).
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Fig. 4.19 Vapor excess saturation ratios in an idealized SOA mixing experiment.
Vapors are produced from —100 min < ¢ < —20 min and there is a 50:50 mixture
at t = 0 with two populations identified by the thin red and blue curves within
the curve representing each organic species. The y-axis is split between a linear
range (—1 < 5], < 1 and a logarithmic range (S}, > 1). The lower panel
zoom in on the time interval around the mixing event (—1 < ¢ < 10 min).

In Fig. 4.19, we show the excess saturations for this mixing
experiment, with the full time range in the top panel and a zoomed
range below. For ¢ < 0, we show only the chamber population, and
the values are identical to the case discussed earlier. After 50:50
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intermingling, the two populations are driven out of equilibrium
symmetrically: the particles find themselves with a surfeit of their
“own” isotopologue and a deficit of the opposing isotopologue, and so
the excess saturations are offset symmetrically from SX5 = 0. These
values relax toward zero according to the evaporation timescales.
In addition, the different condensation sinks cause a short-term
excursion visible in the zoomed panel, with the (blue) particles with
the higher condensation sink absorbing (or evaporating) semi-volatile
constituents more rapidly. Finally, there is a very slight asymmetry
due to the Kelvin term.

The timescales probed by the mixing experiments are thus the
evaporation timescales we show in Fig. 4.10. The C° = 100 ugm—>
species exchanges in less than 1 min, the C° = 1pugm™> species
in about half an hour, and the C° = 0.0l pugm ™ species takes
more than 1 day. This is completely consistent with, e.g., the slow
but steady exchange of squalane isotopomers described by Robinson
et al.8® Specifically, the species with C° = 1ugm™2 will have an
evaporation timescale of roughly 0.5 h from nearly 150 nm diameter
particles, while the species with C° = 100 ugm™2 will have an
evaporation timescale of only 15s. Finally, the least volatile species
with C° = 0.01 ugm™3 has a timescale of 30h and has only begun
to exchange at the end of the 1000 min simulation. Thus, without
diffusion limitations within particles, these mixing experiments
conducted in typical chambers will be able to classify species into
three broad categories: low-volatility species with C? < 0.1 ugm™2
will show almost no exchange during these mixing experiments; semi-
volatile species with C}7 ~ 1pug m~3 will exchange on timescales
ranging from a fraction of an hour to several hours; relatively volatile
species with C7 2 10 ug m~3 will exchange “instantaneously” on a
timescale limited by the mixing time and condensation sink of the
experiment. Fortunately (because the experimental timescale is near
the atmospherically relevant timescale), this is exactly the separation
that is most useful for atmospheric applications.

In Fig. 4.20, we show the composition of the two populations,
displaying only the mass fraction of the “foreign” isotopologues,
along with the composition of the chamber particles for ¢ < 0. Thus
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Fig. 4.20 Idealized SOA mixing experiment. Total production is 1 ggm™2h™?
from t = —100 to —20 min, split evenly between C* = {0.01, 1, 100; 10*}
pgm™2 for two different sets of isotopomers. At ¢ = 0 min, the two populations
are interchanged with a 50:50 proportion. (a) Stack plot of all organics. Greens
are condensed phase, blues are condensed phase of isotopically labeled species
(after mixing), grays are vapors. Condensed organics are colored for only one
seed population (originally green) for clarity; the population of the originally
blue “isotopomers” are kept white for clarity. They are a mirror image of the
green population. Darker shades are lower volatility. (b) Zoomed plot for 1 min
before and 10 min after mixing.
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the “chamber” particles gradually gain turquoise “probe” vapors
while the “probe” particles gradually gain green “chamber” vapors
over time. This is the same form of display we use for single-particle
mass spectrometer data.’48588 This emphasizes the three timescales
driven by different volatility: nearly instantaneous uptake of volatile
species, gradual exchange of semi-volatile species, and very slow
exchange of low-volatility species.

4.4. Particle Microphysics

With the condensation dynamics described from the point of view
of (moving) particle populations, we now need to consider the full
set of microphysical constraints on a distribution of particles. As
with many transport problems, the moving, Lagrangian, description
following the growth of particles is more natural for a single, isolated
system but a fixed, Eulerian, description is more suited to mixing
between volumes as well as systems with sources such as nucleation
or particle emission. Consequently, we shall now describe particle
microphysics for fixed size distributions, again focusing on a very
wide range of sizes in order to connect new-particle formation as
well as a full range of particle growth and loss.

At each stage of this presentation, we are simplifying the
representation of organic compounds and increasing the complexity
of the microphysics. Initially, we described a full 2D-VBS in a
chemical mechanism, then we considered only net condensation to
a single particle population using a 4-bin 1D-VBS, and now we shall
consider a full particle size distribution with only a single organic
and two inorganic constituents.

4.4.1. Geometric Definitions

4.4.1.1. Monodisperse Particles

A particle in population p, shown in Fig. 4.21, will contain a total
mass m,, distributed among several constituents i according to mass
fractions f;p. The particle may contain more than one condensed
phase h with individual masses m‘;? densities pg', and constituent
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Fig. 4.21 Size, mass, and volume definitions for a particle with two condensed
phases (organic, h = o, and seed, h = s).

mass fractions f;fp. In most cases, there will be either one or two
phases represented, but two represents the typical experimental
situation in which a condensation seed is used to help track the
evolution of particles. In the atmosphere, fine particles are thought
to commonly contain at least a fairly hydrophobic (organic) and a
hydrophilic (aqueous) phase, and larger particles may have a mineral
or refractory phase(s).

Each phase will have a volume ’US’

h
Up:ZUS’:Z%; mp:ng’. (4.56)
h h p h

== mg i pg for a total volume

There are many possible size parameters but we shall use the
spherical equivalent diameter in Eq. (4.18). This size parameter may
change with time, given by a growth rate g, = dd, /dt:

h
146 1 dop 146 1 dmb,
g ™23 dt 3 frvgfe'%:zi:dtpg

h

1,/6 1 1| dm?p mz’pdpg)
L Lpfl L s L 2. B . (457)
3 TI',Ug/3 Eh:p;"z:( dt P dt

Aside from the vexing issue of potential changes to the phase density

p;,”, assuming that the net mass flux to the particle p, given by
dmg /dt, is driven at any given time by net condensation into only
a single phase. If we know the net flux per unit particle surface area
(,b;", then dmg b = qﬁg sp. The term s, is the individual particle
surface area, which given a shape factor g is related to the spherical

page 260
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equivalent particle surface area by:
Sy =illy ‘?l'dg = g, /7 (6vp)%/3. (4.58)

All told, this means the growth rate is related to the flux per unit
surface area by:

(,bh’
W=20p ), - (4.59)
r Pr

From this, we can relate the rate of change of the particle diameter
(size parameter) to the net condensation flux to the particle. This
growth rate and net condensation flux, along with the integrated net
condensation flux (total mass growth) of the entire particle ensemble,
are generally the most important quantity to be derived from organic
aerosol experiments.

An important caveat is that so far we are representing the flux to
(and from) the particle surface and implicitly assuming rapid mass
transport within the particle — including between phases. Fluxes
are driven by activity gradients and so we are implicitly representing
the surface activity with the mass fractions f;" and assuming for the
time being that surface and bulk activities within all of the phases
equilibrate rapidly compared with other changes in the population.

4.4.1.2. Polydisperse Particles

The flux considerations describe how the size of an individual particle
changes in a Lagrangian frame of reference following the particle
population, but in general, we observe a distribution of particles at
fixed sizes and the evolution of that distribution in an Eulerian sense,
with the size parameter d, as an independent variable.

Given the infinite number of potential populations, we can repre-
sent particles as an ensemble of populations p that are each internally
mixed, each containing some number concentration N, as shown
in Fig. 4.22. If the properties vary smoothly, this would constitute
a continuous number size distribution of particles integrating to
number N per unit volume (# cm™3),

dN dN

nn
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Fig. 4.22 Sectional representation of particle size distribution n}; in logio dp
coordinates, including growth rate.

separated by some spacing dd,, or d log, dp,. Because of the enormous
dynamic range of particle sizes, we almost always use the logarithmic
distribution, as depicted in Fig. 4.22. In a logarithmic distribution,
the bin p + 1 is larger than the bin p by a factor:

dp1 = dp x 10°108104p (4.61)

There are several options to numerically representing the discretized
distribution in a sectional algorithm, including allowing the sections
to move (dp will grow and shrink with the particle) and treating
several moments (number, mass, etc.). For various reasons, we shall
consider a succession of monomodal populations at discrete values of
log,q dp separated by even intervals of §log;qdp, using the index p.
Formally, the number of particles in each bin is:

logo dp+30logyg dp

N — / . nf dlogq d,. (4.62)
logigdp—30logypdp

In a single moment algorithm, we can either assume that n}; is

constant across the interval or that a single mode exists at the center

(this is our assumption). In either case,

Np = nyy élogdp. (4.63)

and we can represent the bin in a numerical scheme by either the
total number N, or the distribution nj.

However, these are not equivalent. The total volume in the
section is

6

o [log0dptz6logigdp 3 ,
] ny d,, dlogyg dy,. (4.64)
1

og1o dp—3dlogyq dp



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 263

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 263

While for the central monodisperse case, this is exactly V,, = (7/6) dg?
it is larger for the constant case.

4.4.1.3. Redistributing Particles

When particles grow at a growth rate g, for a time interval dt, they
will move by Ad, = gpdt. However, our sectional distribution is
based on a log;, coordinate and so both the distribution, nj;, and
the growth rate must be represented with that ordinate:

. d].OglO dp . ]_ iddp i gp
~dt  In(10)d, dt In(10)d,’

(4]

9p

(4.65)

and the growth will be by an amount Alog;,d, = gp 6t. In words,
the fractional growth of very small particles for a given linear growth
rate is very much larger than that of larger particles.

As depicted in Fig. 4.22, growth by Alog;,d, will sweep out an
area 0Np = —njy , Alogyo dp, acting as a sink of particles from the
bin. The number fraction of the total particles lost to the larger bin
will be fp+ = Alogigdp/dlog g dp. This loss in turn will be a source of
particles to the neighboring bin +nj; ., = 6Np/dlogy dp, which by
definition will conserve the total particle number. However, growth is
driven by a flux of mass, which depends on dg; if we simply redistribute
the particle number to a larger bin, this will not conserve mass.

This is an instance of a more general occurrence for sectional
representations, where some number of new particles N, appears at
some size dpn between two designated sizes dp— and dpy. To pre-
serve the sectional representation, the particles must be distributed
between the two sizes, and almost without fail, the proper approach is
to conserve mass. In this case, using a monodisperse representation,
the “new” particles are the entire number IV,,, which have grown by
an amount Alog,,d, as shown in Fig. 4.22. Some fraction x,; will
move (grow) to the larger bin, while the remainder x,— = 1 — xp+
will move to (remain in) the smaller bin. To conserve mass (volume),
the redistribution is given by the cube of the diameters:

B, —dd B -1

Xp+ = =
By A T

(4.66)
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Fig. 4.23 Number distribution njy; for a lognormal size distribution centered at
100 nm spherical equivalent diameter.

For a single-moment algorithm such as we are using, this redistribu-

tion causes numerical diffusion.3?

4.4.2. Particle Size Distributions

To illustrate conditions typical of smog-chamber experiments, we
shall consider a lognormal distribution of particles shown in Fig. 4.23:

(logyg dp — logyg d;;nax)2
2log2,0 '

ny = A exp (— (4.67)
with A = 10000, o = 1.8, and the number mode dp™* = 100nm. The
integral is N = /2w A log,y0 = 6399 cm—2, which agrees with the
numerical integral as shown in the figure. It is important to be able
to visually integrate these distributions. The reason for the dlog,q d,
in the abscissa is for the visual area of the distributions plotted in
semilog x space to be proportional to the integral property — total
number in this case. Peaks are roughly triangular, with area A4 =
1/2b x h. The height h is the peak, so h = 10000. The base is the
rough basal width, in decades, extending the roughly linear sides of
the peak function down to the baseline, so b ~ 1.1 in this case. Thus



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 265

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 265

the integral is roughly A ~ 5500 # cm™3. This usually gets within
about 10% or so.

Our size parameter is a volume equivalent diameter rooted in
particle mass and so we can convert the number size distribution to
a volume and then a mass distribution, shown in Fig. 4.24 for this
simple lognormal number distribution

ng = %dg ng;. (4.68)

One caveat in the conversion is that it is conventional to report
aerosol number concentrations in # per cm?, but most other aerosol
quantities are reported per m3. The easiest way to report the volume

3m~3; for a density of p = lgem™3, this

concentration is pcm
converts directly to ug m—3. Here, we show a mass distribution nyy =
pny for a constant density of p=1.77Tg cm ™2, typical of ammonium
sulfate seeds. Note that d, is the physical (spherical equivalent)
diameter of the particles, and so the mobility diameter dpep will
depend on the density, the shape factor g, and also collisional
interaction factors for small particles that add approximately 0.3 nm
to the mobility size for neutral particles.

We also want to know the surface-area distribution:
ng = mgpdng, (4.69)

but once again we need to be careful about the desired units. In this
case, we are interested in surface area because things bump into that
surface area at some speed, typically in ms™!, and if we know the
surface area per unit volume in m?m™2, then multiplying by that
speed will give us the collision frequency of molecules with surface
area, s 1. The surface-area distribution for the fairly broad number
size distribution we are using as an example case is shown in Fig. 4.25.
Whereas the peak (mode) of the mass and volume distributions were
at roughly 300 nm (for the number distribution peaked at 100 nm)

the surface-area distribution peaks at about 200 nm.

4.4.2.1. Sectional Numerical Representation

For examples in this work, we shall implement a high-resolution
single-moment sectional algorithm illustrated in Fig. 4.22, with
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Fig. 4.24 Volume distribution, n{,, (top) and mass distribution, n3; (bottom) for
a lognormal number size distribution of 1.77 gem ™2 particles centered at 100 nm.
Mass is shown for three constituents, ammonium sulfate (M;, red), ammonium
nitrate (Maz, blue), and organics (Ms, green), in this case for pure ammonium
sulfate. For this broad distribution, the volume and mass modes are shifted to
nearly 300 nm.

discrete values of spherical equivalent diameter log,qd, separated
by dlogigdp = 0.01. We shall consider a wide range containing 401
bins with 0.3 < d, < 3000nm, i.e., 0.5 < logig(dp/nm) < 3.5.
The smallest “particles” in this distribution are almost certainly free
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Fig. 4.25 Surface-area distribution for a lognormal number size distribution of
particles centered at 100 nm. For this broad distribution, the surface-area mode
is shifted to roughly 200 nm.

molecules and almost any real distribution will be broader than the
bin width; however, it is very useful to extrapolate microphysics to
the gas-kinetic limit, and it is equally useful to resolve any properties
of the distribution. For chamber box modeling including 401 variables
(or a multiple of this) is not excessive.

We represent the particle distribution with several arrays. First,
we have the volume equivalent diameters, d; we also used the
subscript p as the index of this array, which can be extended generally
to indicating a specific particle population, so an element of d is d,,.
Corresponding arrays of the diameter squared and cubed along with
the particle volume are d2 = d."2, d3 = d."3, and v = (7/6)d3,
where . is the “pointwise power” array operator.

Often the sections will be spaced by some even interval 4 log;,d
but in general, the spacing need not be even, and if we represent
the distribution with a moving sectional algorithm including many
monodisperse populations, the spacing will certainly not be even.
If the spacing is not even, the intervals will also be an array,
with dlog;gd = (At(logigd) + A~ (logipd))/2. In this notation,
the finite difference Atz = x,41 — o while A2 = z, — x,—1 so
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(At (logygd) + A~ (logypd))/2 = (Tn+1 — Tn—1)/2 is the symmetrical
average distance between neighboring bins. By extrapolation, we also
assume 6 log;gd; = dlog;gds and dlog gde = dlog g de—1, where x,
is the end element of the array.

We represent the actual number of particles in the distribution
with the integral number in each section, INp. This is to most
effectively accommodate moving sectional representations where the
interval spacing varies in time. The number distribution is thus
nQy = IN./dlogyg d, where we are using the ./ operator to indicate
point-by-point element division. We also represent the composition
of each particle by the volume fraction of each constituent, f;,, so

Vipi— fg,p(ﬂ/ﬁ'}dg and m; , = piv; p.

4.4.3. Integral Quantities and Instrument Functions

We often want to obtain integral quantities from these distributions
(the distributions are formed the way they are so that semilog curves
showing them have visual areas that we can interpret) but in general,
these integrals are bounded by some minimum and maximum size,
either for practical reasons (i.e., PMy 5 refers to mass below 2.5 pm
diameter) or instrumental reasons (i.e., instrument transmission
intervals).

We will use the substitution x = d, when we use a subscript to
designate size — i.e., J; is the particle formation rate at size z nm,
as in J3. In this context, the total number N, above some cutoff size

dp,min ].S:

+o00
Nz = [ ny dlog;q dp. (4.70)
d.

‘p,min

In practice, the total number measured above the cutoff size is

+o00
Ny = / c(dyp; dpmin) N3y dlogg dp, (4.71)
0

including a cut function that is in theory given by c(dp) = 0,dp <
dpmin;c(dp) = 1,dp > dpmin but for all practical instruments
exhibits a transition (often presumably sigmoidal) from 0 to 1 over



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 269

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 269

some range. The “cut size” is the 50% transmission diameter. In
addition, given transfer lines and the presence of cyclones, etc., real
instruments either intentionally or accidentally have some high-size
threshold function as well at dpmax (e.g., 1nm, 2.5nm, etc.). The
shape of the cutoff/transfer function can be critical to interpreting
instrument responses for very small particles during new-particle
formation experiments.

We are also interested in numerous other integral parameters
of the distribution related to production and loss, often of number,
which in general, we can represent as a size-dependent parame-
ter z(dp):

+o0
G = / ng 2(dp) dlog,g dp = Z,. (4.72)

'p,min

The integral property Z, is the average over the number size
distribution of the parameter z(dp).

4.4.4. Dynamaical Evolution of the Distribution

We are interested in the time evolution of the size distribution, with:

8, o8 N,
_nN % S | S
ot ot o ].Oglo dp

where P, is production into a size interval and L, is loss out of
that interval. Production includes direct sources such as new-particle
formation, J, and direct emission, E,, as well as net condensation
into the size range, FJ and coagulation growth into the size range
via collision of two smaller particles, CJ . Losses include ventilation,
Vp (generally independent of size), net condensation out of the size
range, I}, coagulational growth of particles in the size range when
smaller particles augment their mass C,, coagulation of particles
in the size range onto larger particles Cp, and deposition, D, (wall
losses, Wp, in chamber experiments). In theory, one could consider
disaggregation in opposition to coagulation but this is probably
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important only for the smallest clusters below a hypothetical critical
diameter very near the low end of the size distribution.

The terms with superscripts, X7, are transport (net growth)
terms specific to the Eulerian framework of the distribution due to
condensation and coagulation. They are paired and should integrate
to equal and opposite quantities; neither is a net source nor a
sink of particle number, though each is a net source (or sink for
evaporation) of mass. Coagulation includes three terms because
collisions of smaller particles with larger particles are a net sink
of particle number, and overall the mass flux associated with the
three coagulation terms must also integrate to zero, as coagulation
conserves mass.

The emission and ventilation terms are straightforward, and
nucleation is usually represented as a rate of formation into the
smallest size bin of the sectional distribution, though in our case
new particles may appear in some bin or bins near the low end of
the distribution. However, condensation, coagulation, and deposition
(wall losses) are central to the objectives and limitations of chamber
and flowtube experiments and so we shall examine them in detail.

Once we describe the microphysics, we can now implement and
examine the time evolution of the size distribution under both
nucleation and accumulation-mode condensation conditions.

%n?v =Jp+Fp+E,+Cp+Vp + W,y (4.74)
If we integrate Eq. (4.74), we obtain the governing equation for the
integral quantities with a cut size at dp = =:

a _ _ _ _ —
aNm:Fm+Em+Cm+Vm+Wm

=Fr 4 O+ Oy A Eg A Vo + W,

7} / _ -
J::’ — aNm —(Cy + Vo +Wy) (4.76)
a0

= aNm — (Losses).
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Here, the apparent particle formation rate (at the cut size) J; is
given by the rate of change of the total number above that cut size
minus any losses (assuming no emissions). This growth across the cut
size can occur via condensation or due to a subset of coagulation.
The condensation is straightforward, but the coagulation is more
subtle. Effective production from coagulation, C;+, occurs only when
two particles smaller than the cut size combine to form one particle
larger than the cut size. Likewise, effective loss from coagulation,
C';_, occurs only when two particles larger than the cut size combine
to form one particle larger than the cut size. Coagulation between
one particle smaller than the cut size and one larger than the cut size
has no effect on the apparent formation rate at the cut size, nor does
coagulation between two smaller particles that produces a particle
that is still smaller than the cut size.

4.4.4.1. Condensation Mass Flur

The condensation flux per unit particle surface area depends on the
particle size, as described in Section 4.3 and given by Eq. (4.37). In
the top panel of Fig. 4.26, we show the ratio of the deposition velocity
and the surface normal molecular speed for condensing vapors with
three different compositions, representing nitric acid, sulfuric acid,
and highly oxidized organics. The nitric acid (blue) has a molar
weight of 64 gmole™! and a volume equivalent diameter of 0.25 nm,
the sulfuric acid (red) has a molar weight of 98 gmole~! and a volume
equivalent diameter of 0.3 nm, and the organics (green) have a molar
mass of 250 gmole™! and a volume equivalent diameter of 0.9 nm,
consistent with condensing organic monomers. The different masses
and sizes of the condensing vapors influence the collisional reduced
mass and overall impact parameter for very small particles; below
1nm, the effects are extraordinarily important, but even up to 3 nm
the effect is almost a factor of two.

col
i,p
sions between gases and the particle suspension, which constitutes

The collision velocity v;> contains the size dependence of colli-

a large fraction of the expected size dependence for condensation.
We can write the full collision frequency distribution for vapors with



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 272

272 N. M. Donahue, W. Chuang & M. Schervish

5 IIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T

0 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
10° 10! 102 108
d (nm
p( )
0035 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1
0.03 |- v =0.906 min': —
" i v=1.129 min’;
L 0025 r=0.572 min° —
o
-
o 002} —
o
-
< 0015} —
I~
p=]
o 0.014 ]
L= -
=
0.005 — =
0 1 IIIIII 1 1 1 IIIIII 1 1 1
10° 10 102 10°

dp (nm)

Fig. 4.26 Scaled deposition velocity and collision frequency distribution for a
lognormal number size distribution of particles centered at 100 nm. The green
curve (“organies”) is for 250 gmole™! vapors with a 0.9nm collisional diameter
and density of 1.4gem™2, the red curve (“sulphate”) is for somewhat faster
08 g mole ! vapors with a 0.3nm collisional diameter and density of 1.84 gem™2,
and the blue curve (“nitric acid”) is for even faster 64 gmole™! vapors, where
the collision enhancement at small size is reduced. Note that for this broad

distribution the collision frequency mode is shifted to roughly 180 nm.
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particle surface area as
= U;ff;} ng. (4.77)

This collision frequency is often casually referred to as the condensa-
tion sink as well, though the condensation sink must also account for
effective mass accommodation coefficient o/ and so the two are equal
only if @ = 1. When calculating the collision frequency distribution,
we must (as always) pay careful heed to the units. Given that we are
starting with a number distribution in # cm 2 and dp in nm, we need
to multiply by 107*® to convert nm? to m? and 10° to convert cm?
to m? for an overall scaling factor of 10712, The resulting collision
frequency distribution for the example number distribution under
consideration here is shown in the bottom panel of Fig. 4.26, again
for nitric acid, sulfuric acid, and a highly oxidized organic monomer.
The mode for the collision frequency distribution is slightly smaller
than the mode for the surface-area distribution because of the onset
of gas-phase diffusion limitations toward larger sizes.

As the collision frequency distribution in Fig. 4.26b shows, the
larger and heavier organics collide less frequently than the lighter
inorganics with a transition-regime surface-area distribution such as
the one under consideration here, yet will collide more frequently
with surface area in the smallest particle sizes as noted above.
Thus condensible organics can contribute disproportionately to the
growth (and survival) of the smallest particles; however, this effect is
also highly uncertain because the major contributor is the effective
collisional diameter of the condensing vapors.

The collision frequency distribution is of great interest for the gas-
phase condensible vapors because they will be produced via oxidation
chemistry and lost via either condensation to suspended particles or
the chamber walls; the frequency is a major element of their sink.
However, for the particles themselves we are interested in the conden-
sation mass flux, as well as the integrated mass flux from the vapor to
the condensed phase, 'I);"’h. Given the collision frequency distribution,
total surface-area distribution, and condensation driving force, we
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can define a net condensation distribution as:
ng = nS o, Fi. (4.78)

If we regard the initial distribution of particles in our fairly broad
100 nm mode as seed particles for condensation, we can calculate the
normalized flux distribution assuming o/ = 1 and F:}h = const., and
compare that with the normalized seed particle mass distribution,
as shown in the top panel of Fig. 4.27. This shows condensation
characteristically favoring smaller particles according to their “Fuchs
corrected” surface area, which drives condensational narrowing and
will cause broad seed distributions to develop a strongly size-
dependent condensate to seed mass ratio. In the bottom panel of
Fig. 4.27, we show the absolute flux distribution for F;: ;Jh' = 1lugm™—3
of condensible organic vapors; given the integrated collision frequency
v = 0.572min""! it is self-evident that the condensation should be

343 pugm—3h~ L

4.4.4.2. Net Condensational Growth

As illustrated in Fig. 4.22, the growth rate g, is a source and sink of
number distribution ny. The growth rate is:

2¢p (b?p a8 3. gi
. — Lo 2 f gD] .p ; o] - i LD : 4'79
S = B SipYip TR T 1n(10) d S

The term Fg;f /p is the net condensation driving force for species 1
to all suspended phases h within the particle, and so we indicate the
total particle suspended phase with superscript s. This is divided by
the density of the condensed phase; it is thus the condensed volume
concentration equivalent of condensible vapors.

In Fig. 4.28, we show the growth rate given a constant driving
force Fp™* = 1 ug m~>. The salient feature is that for 10-100 nm par-
ticles, this drives roughly 200nmh~! growth. Producing 35 ugm—3
of secondary material in a chamber experiment over an hour would
be a relatively modest condensation rate, and yet the growth rate is

roughly 100 times the typical 1nmh~! of the ambient atmosphere.
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Fig. 4.27 Condensation to seeds. The top panel shows the (area) normalized con-
densation distribution follows the collision frequency distribution for nonvolatile
condensation, with a mode at 180 nm, whereas the seed mass mode is at roughly
300 nm. The bottom panel shows the corresponding mass flux distribution for a
condensation driving force of 1 pgm™2 of the organics.

The growth rate gy multiplied by some time element 4t gives a
distance swept out in the the number distribution n?v,p, as illustrated
in Fig. 4.22 and discussed above. This is a production term (or loss
term for evaporation) of total number above the size threshold dp



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 276

276 N. M. Donahue, W. Chuang & M. Schervish

500 IIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T

450
400 |~
350 |-

p
5]
|

250 [—
200 [—
150 |—

Growth Rate (g _, nm/h)

100 |—

50—

0 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
10° 10" 102 10%
dp{nm)

Fig. 4.28 Growth rate from condensation of 250 gmole™! vapors, in nmh™!,
given a 1 pgm™2 condensation driving foree.

(neglecting coagulation):
Jp = gp Y - (4.80)

Extending to extremely small diameter (notionally the “critical”
diameter d;rit) this is the nucleation rate itself.

We show the formation rate for the example size distribution and
FUh — 1 ugm™3 in Fig. 4.29. There are three items of note. First,
this is not a distribution though it resembles the number distribution;
the function gives the net formation rate at any given size. Second, it
is shifted dramatically to smaller size than the number distribution
because of the 1/d, dependence of g, and to a lesser degree the size
dependence of g, within (this has a dramatic effect below 10 nm).
Third, because of the 1/d, dependence, the formation rate at this size
is modest; an identical looking distribution with the same amplitude
and total number centered at 1 nm would give a formation rate 100
times larger due to the 1/d, dependence and roughly a factor of five
larger due to the increased effective collision speed, resulting in a

formation rate of roughly 1000 cm ™2 s~ 1.
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Fig. 4.29 Particle formation rate from condensation, Jy, at any given size, d,, for

a lognormal number size distribution of 1.4gcm™2 particles centered at 100 nm

with a condensation driving force of 1 ugm=2.

4.4.4.3. Condensation and the Size Distribution

From the perspective of a given size bin, net condensation to particles
in that bin will be a loss out of that bin, while condensation from the
neighboring smaller bin (for growth) or larger bin (for evaporation)
will be a source. The net change is a derivative and it can be expressed
as a net condensational change in the balance equations:

Fy=F}_ | — Fy = —dJp/dlogodp. (4.81)

This is one reason why a broad distribution makes it difficult to
measure growth rates in experiments, as the small derivatives obscure
the growth rate.

When we take a finite difference of discrete sizes, the raw
number fluxes F}; will not conserve mass, and we must apply a
mass conservation factor, Fo. This is a variant of the redistribution
described in Eq. (4.66); when particles grow part of the way toward
the next discretized size, we hold a portion back to conserve mass.
It is far more stable numerically to do this after allowing particles to
grow in a moving sectional size step, but when we are numerically
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integrating distributions to determine overall process rates, we still
need to account for what amounts to unrepresented curvature in the
distribution functions.

For a logarithmic distribution, we can represent the larger sizes
as a fraction of the original (smaller) size:

where
A = 107198104, 5 — 1071810 dp (4.83)
and fp4 = dpp/dp+. The mass conserving fraction is thus

s G |

Xpt = 537 (4.84)

The mass conserving expressions for redistribution are exact, but
considering numerical integration it is useful to expand them.
Specifically, we generally will set up distributions with d log,yd, < 1
and short time-steps will presumably involve Alog;,d, < dlog;,dp.
With the substitution z = 34 log,( dy,, we have a Taylor series

53 =10 =1+ 1n(10) = + %1112(10) z? 4+ %1:13(10) x>+

(4.85)
and with X = Alog,,d,, we have
_ In(10) X + 31n%(10) X? 4 ¢ In®(10) X° + - - (a:86)
X 10}z L 1In?(10) 22 + : In*(10) 23 +--- ' '
or
1+ 3In(10) X + £ In%(10) X2 + - --
Xp+ = Jp+ (4.87)

1+ 1In(10)z + 2 In?(10) 22 +---

At the limit of very small time-steps, (X < z < 1), the numerator
will approach 1.0, but the denominator will remain slightly larger
than 1.0 for any realistic section spacing.
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Numerical integration of the growth rates within a logarithmic
sectional representation will find a number flux J = gpny that
slightly overestimates the mass flux by a factor:

3 3
fo=1+ 5 In(10) § log,o dp + g In?(10) (6 logyg dp)® + -+ -
(4.88)

When particles are growing, the raw number flux will overestimate
the mass flux, while when they are shrinking the raw number flux
will underestimate the mass flux, so we need to separate the two,
which can occur simultaneously in different parts of the distribution.
For dlog,gd, = 0.01, Fc ~ 1.0353. As a finite difference, net
condensation to particles growing out of the bin is a sink

and net evaporation from particles shrinking out of the bin is also
a sink

F; = —Fg Jy/8logyg dp, (4.90)

At the same time, net condensation from the next smallest bin is a

source

Ff = Jp 1/(Fc6logygdy), (4.91)
and net evaporation from the next largest bin is also a source

Ff, = —Fc Jpy1/6logyg dp. (4.92)

Numerically, we are converting the uniform process of condensation,
which should cause growth of all particles in the (internally mixed)
bin at a uniform rate, into a process in which a fraction of the
particles in the bin given by gpdt/dlog,od) are selected to carry all
of the growth into the next bin, as illustrated in Fig. 4.22. This
intrinsically generates numerical diffusion.

The upper panel of Fig. 4.30 shows the numerical derivative of the
formation rate (including the mass correction factor F(z), which gives
the net contribution of condensation to the number size distribution
ny. The integrated contribution is zero, as condensation conserves
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Fig. 4.30 Rate of change of the number distribution (top) and mass distribution
(bottom) caused by condensation for a lognormal number size distribution of
1.4gem™? particles centered at 100 nm with a condensation driving force of
1pgm™3.

mass, but below the maximum of Jp (when particles are growing)
condensation is an effective net sink and above the maximum it is an
effective net source. However, this is obviously a source of mass, as
shown in the lower panel of Fig. 4.30. While the total mass flux agrees
with the condensation flux distribution shown in Fig. 4.27, the size
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dependence of the effective mass flux has significant differences —
most notably that the effective number sink toward the small end of
the distribution necessarily appears as a small but nontrivial mass
sink. This is the difference between the condensation flux from the gas
phase to the particle phase, which for all sizes (given a net positive
condensation driving force) must be positive definite, and the effect
of this condensation on the mass distribution, which must integrate
to the same number but differs in detail because the condensation
drives growth.

4.4.4.4. Coagulation

Coagulation (collisional coalescence of two particles to form one
larger particle) can be broken down into two subelements: loss of
small particles when they collide with larger particles, and growth of
large particles when they incorporate smaller particles. The growth
element in turn can be thought of in two parts: a formal growth
rate of the large particle, derived from the rate of volume addition
by incorporation of all smaller particles, and the resulting size
distribution of the enlarged particles, distributed between sizes only
slightly larger than the original size when the incorporated particle
is very small to v/2 = 1.26 larger when the two particles are the
same size.

Coagulation occurs between particles and mostly involves at least
one particle in the high Knudsen number limit where the particle
radius is smaller than the mean free path of air molecules, and thus
diffusion of momentum (viscosity) plays a limited role compared to
direct collisional energy transfer between air molecules and particles.
In other words, there is a significant slip correction factor because
a no-slip momentum transfer boundary condition will generally not
be appropriate for the smaller particle. Coagulation is described in
terms of a coagulation coefficient K; ; between particles with (size)
index 7 and j. This is a second-order rate coefficient and because
number concentrations are generally given in # cm™3 it has units of
cm?® #1571, The coagulation rate constant is unique for collisions
between two particle sizes 7 and j and is thus a matrix K with
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Fig. 4.31 Coagulation rate coefficient for two particles of density 1.4 gem™2.

elements Kj;; given by, e.g., Table 13.1 in the second edition of
Seinfeld and Pandis.®® In Fig. 4.31, we show values for neutral
particle collisions based on Fuchs via Seinfeld and Pandis as a
function of particle size dj,; for a selection of second particle sizes d5.
The blue curve shows the collisional rate constant for two particles
of the same size. Note that a typical hard-sphere collisional rate
constant for small molecules with effective spherical diameters of
0.3 nm or so is 3 x 107°cm3mole™!'s™!, which is reproduced in

Fig. 4.31.
For this example calculation, we are considering condensible
organic vapors with a condensed-phase density p; = l.4gem™2,

a molar mass of 250 gmole™!, and an effective diameter d; = 0.9 nm.
This diameter is based on the mass and density and reflects some
compromise between the physical (hard sphere) size of the gas-
phase condensible molecules and longer-range attractive forces that
increase the interaction distance. It is a common assumption but it



November 13, 2018 10:26 Advances in Atmospheric Chemistry, Volume 2 9in x 6in FA b3181-ch04 page 283

Gas-Phase Organic Ozidation Chemistry and Atmospheric Particles 283

does introduce uncertainty for the smallest particles. For coagulation,
the properties of vapors are only relevant in the smallest portion of
the size distribution where the distinction between gases and particles
blurs. However, the coagulation rate constants do depend on particle
density and so if any dynamical processes change the particle density,
the rate constants will change.

The collisional rate between two particles is given by

Reol = nyy -~ (ny x K). (4.93)
4.4.4.5. Coagulation Number Loss

When a smaller particle collides with a larger particle (and half
the time when two particles of the same size collide), we call
this “coagulational loss”. This fully describes the loss of number
associated with coagulation. The coagulation loss first-order rate
constant for a particle of size d, at any given time is thus

Fong () = L " %y K (dy, db) dlog di, (4.94)

This gives the collisional frequency for particles of size d, with
any particles larger than d, (with a caveat for particles that are
exactly the same size, where either the rate constant is halved or the
number of particles “smaller than the other” is half of the total). The
coagulation number loss coefficient and loss rate constant are given
by the lower left portion of the coagulation coefficient matrix, along
with the diagonal divided by two.

In Fig. 4.32, we show the first-order loss frequency for the
example number size distribution centered at 100 nm as a function of
particle diameter. This shows the full features of coagulation; smaller
particles have a shorter lifetime because they move faster, so below
the range of the surface-area size distribution (roughly between 80
and 800 nm), the loss frequency drops steadily as size increases.
As size moves through the range of the distribution, the available
surface area for loss also drops and so the overall loss frequency
drops precipitously.
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Fig. 4.32 First-order coagulation rate constant (top) for a lognormal number
size distribution of 1.4 gcm™2 spherical particles centered at 100 nm, leading to
a total first-order loss frequency distribution (bottom).
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To check the overall values, it is again worthwhile considering the
condensing vapors in this example, which are 250 g mole ™! molecules
with an effective size of 0.9 nm and as shown in Fig. 4.26 have a
condensation loss frequency of 9 x 1073 s~ 1. The values in Fig. 4.32
are very similar at the same size. Particles (clusters) of roughly 1 nm
diameter have a lifetime of 100s (1/k!) or roughly 2 min but by
70 nm this lifetime is 10°s (more than 1 day).

Overall, the coagulation rate for this distribution is small, with
a total loss of 166 cm™3 h=!/6399 cm—2 = 2.6% h~!. The features
visible in Fig. 4.26 are characteristic. The coagulation loss is strongly
weighted toward the small end of the number size distribution, and
for a distribution such as this with relatively large particles, the
overall coagulation loss rate is very small.

4.4.4.6. Coagulation Mass Redistribution

The second aspect of coagulation is that it represents a mass flux
to the larger particles, and the mass flux drives particle growth. As
with all formal growth rates, we can relate the mass flux per unit
(larger) particle surface area due to accretion of (smaller) particles
and directly calculate a growth rate. We show this in Fig. 4.33 for
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Fig. 4.33 Growth rate from coagulation for a lognormal size distribution centered
at 100 nm spherical equivalent diameter.
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the example size distribution we have been considering. Compared
with the roughly 200 nm h™3 condensational growth, the growth rate
from coagulation is very small, barely 0.1% at most.

With coagulation, however, the growth rate is not sufficient to
locate the larger particles, because coagulation is not a continuum
process driving gradual growth but rather causes a stepwise change
in size. The new particle will have a mass my, = m, +m; and thus be
located at some greater size than the larger particle involved in the
collision. As with condensational growth, for a sectional algorithm we
must distribute the resulting particle in two bins above and below
the exact new-particle size in order to conserve mass.

In Fig. 4.34, we show the three separate coagulation rates: real
loss of small(er) particles, dCp/dlog,odp; apparent loss of larger
particles, dC, /dlog;q dp; and production of large(st) particles from
the coalescence dC, /dlog;odp. Each rate distribution must (and
does) integrate to the same absolute value.

In Fig. 4.35, we show the net effect of coagulation on the number
(top) and mass (bottom) distributions. Where condensation con-
served total number and caused a mass change in the distribution
equal to the net condensation flux, here coagulation conserves mass

0(}9 I 1T T100) 1 11 IIII T ] IIIIIII T 1 IIIIIII 1
= s miall (real) loss

< 0.08 H———large (growth) loss
! large (growth) gain

w
@ 007
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Fig. 4.34 Coagulation rates for a lognormal size distribution centered at 100 nm
spherical equivalent diameter.
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Fig. 4.35 Rate of change due to coagulation of the number distribution (top) and
mass distribution (bottom) for a lognormal number size distribution of 1.4 g cm—2
particles centered at 100 nm.

(the bottom distribution integrates to zero) and causes a net number
loss equal to the total loss rate of smaller particles colliding with
larger particles.

4.4.4.7. Wall Loss

The last major nontrivial loss is wall loss. Wall loss of suspended
vapors and particles in turbulent chambers results in a first-order loss
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process in which the collision frequency of material with the chamber
wall is controlled by both the turbulent energy, characterized by a
nominal eddy mixing parameter, k., the surface area to volume ratio
of the chamber (S:V), and the diffusion coeflicients D(d,) (neglecting
gravitational settling of larger particles and any charge effects):

2 /

In Fig. 4.36, we show the first-order wall loss rate constant for a 10 m?
chamber with an eddy parameter of k, = 1s~!, which is consistent
with observed particle wall losses but overestimates observed vapor
wall losses for sulfuric acid (red) and organics (green) as shown.
The loss rate is roughly 10 times the coagulation number loss rate,
as shown in Fig. 4.32, so under these circumstances, wall losses
dominate over coagulation by roughly one order of magnitude.

The wall loss rates for number and mass are recapitulated in
Fig. 4.37, for both the number and mass distributions. Unlike the
other microphysics, wall losses are positive definite across the size
range for both number and mass; they transfer number and mass
only to the walls, and do not redistribute either.

4.4.5. Owverall Influences on the Size Distribution

The overall effect of these processes on the size distribution is
our ultimate objective. In Fig. 4.38, we show the size-dependent
first-order coagulation and wall loss frequencies, along with a size-
independent ventilation loss with a time constant of 1 day. A general
design objective for chamber experiments is to have condensible
vapors collide with particles many times before they interact with
the walls (so the “coagulation” loss should exceed the wall loss for
small dp, where “coagulation” is actually condensation), and yet
the suspended particles ideally will have relatively small coagulation
and small wall losses that nonetheless exceed coagulation, so that
the mass balance corrections for wall losses are straightforward and
accurate.

The coagulation rate is a function of the suspended surface-
area size distribution, while the wall loss is a function of chamber
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Fig. 4.36 First-order wall-collision frequency (top) for a lognormal number size
distribution of 1.4 g em™2 spherical particles centered at 100 nm, leading to a

wall loss rate distribution (bottom).
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Fig. 4.37 Rate of change due to wall loss of the number distribution (top) and
mass distribution (bottom) for a lognormal number size distribution of 1.4 g cm™2
particles centered at 100 nm.

turbulence (and perhaps charging, which we have not treated here).
However, the objective is to have the two quantities cross somewhere
near dp, = 10nm with a suspended seed distribution well larger and
condensing vapors (obviously) much smaller. At least in theory, that
objective is met for the situation shown in Fig. 4.38, though as
particles are lost to the wall, the coagulation values will drop.
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Fig. 4.38 Overall first-order loss frequencies for a lognormal number size
distribution of 1.77 g em ™2 spherical particles centered at 100 nm.

We show the total effect of these three processes on the number
and mass distributions in Fig. 4.39. This shows that when there is

3 in this case)

a large condensation driving force (F'¢ = 1pugm™
that condensation largely overwhelms the other processes. This even
applies to the particle number rates, meaning that the particle growth
has a much larger influence on the distribution than the losses;
however, the integral of condensation is still zero, so the integral
quantity — the change in total number dV/dt, is still controlled by
wall loss and coagulation. That is why we use relatively high seed
surface area (to ensure that the condensible vapors encounter parti-
cles before the wall) and relatively high condensation driving forces
(to ensure that the particle distribution is influenced principally by
condensation). The microphysical evolution is in this case readily
attributable to condensation; large nearly stepwise changes in the
size and total suspended mass of the distribution are easy to detect.
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Fig. 4.39 Rate of change due to all causes of the number distribution (top) and
mass distribution (bottom) for a lognormal number size distribution of particles

centered at 100 nm.

However, the conditions do not correspond to those found in the
atmosphere.

The near perfect separation of changes in the distribution nj
and the integral N of particle number are one reason we separate
the experimental methods focused on integrated volume from those
focused on growth rates in Eq. (4.54). The constraints on these two
measures (of the same overall process) are largely independent. The
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tools presented thus far can and should be used in a diagnostic mode
during any experiment with measurements of the size distribution
(number or mass), as they reveal the sensitivities of any given
distribution to various processes. However, they also form the basis
for numerical simulations of the evolution of the particle population.

4.4.6. Dynamaical Stmulations

For the fine sectional algorithm employed here, we can solve the
coupled equations using finite difference with a master time step At:

%At:JAt—I-FAt—I—CAt—I—VAt—I—WAt (4.96)

S5t P P D P p=t .

With each process treated in sequence via operator splitting. This
is because the numerical behavior of different processes is quite
different. For example, new-particle formation simply generates
particle number (with a specified composition) in one or more
bins over the specified time. Condensation is best treated with a
moving sectional algorithm over the master time step, after which
the resulting distribution is redistributed over the fixed size distribu-
tion, conserving mass (and composition) and number. The moving
section is numerically stable, and number and mass conservation is
straightforward, whereas treating the condensation step within the
fixed distribution is quite unstable. Coagulation again removes and
redistributes particles, which are also placed into bins within the fixed
size distribution to conserve mass and number. Finally, wall loss and
ventilation remove number (and mass), either as a uniform first-order
removal for ventilation or a size-dependent first-order process for
wall loss. As with any first-order finite difference scheme, the overall
accuracy is fair, but it is well within the measurement precision of
any instruments available even for relatively coarse time steps.

4.4.6.1. FEvolution of Two Narrow Seed Populations

To explore the time evolution of a size distribution from the combined
effects of condensation, coagulation, and wall loss, we shall consider
a particle population consisting of two narrow but widely separate
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modes: one centered at 10 nm (number) diameter with a dispersity of
1.12 and an amplitude of 106 cm 3, comprised initially of ammonium
nitrate but modeled with a low density of 1.51 g cm ™ (the density of
nitric acid), and one centered at 250 nm with a dispersity of 1.2 and

3. comprised initially of ammonium sulfate

an amplitude of 10* cm™
with a density of 1.77 g cm™>. We show the initial number, collision
frequency, and mass distributions in Fig. 4.40; the ammonium nitrate
particles dominate the number distribution while the ammonium
sulfate seeds dominate the mass distribution. For the condensation
sink (the collision frequency), the two modes are more evenly
matched, but the larger particles still constitute about 75% of the
total. We use the lower density of nitric acid for the first mode so that
the two seed populations have quite different densities, which makes
testing the mass conservation of the numerics (based on volume
equivalent diameter) easier to observe.

In addition to the losses, we consider condensation of organic
vapors with a molecular weight of 250 g mole™!, a density of
1.44 g cm2, and a vapor concentration of 0.1 ugm™—2. To simulate
condensation of semi-volatile material, we scale the vapor concen-
tration with a Kelvin like term 10~4™™/d» consistent with a surface
tension near 30 mN m™! and a gas-phase saturation ratio slightly
over one. This results in a growth rate from condensation shown
as a function of diameter in Fig. 4.42, peaking near 15 nm h~1.
The Kelvin term only significantly influences growth when the
effective activity in Eq. (4.39) competes with the gas-phase activity
(saturation ratio); however, in the limiting case illustrated here when
all of the condensing organics are semi-volatile, the effect can be
dramatic for particles smaller than roughly d,, < 10 x dk1o.

With all of these contributions, in Fig. 4.43, we show the overall
rate of change of the size and mass distribution from condensation,
coagulation, and wall loss (there is no nucleation), along with the net
rate of change. As with the first example, condensation is the largest
contributor to changes in the size distribution, but now the other
terms are nontrivial as well.

We simulated 2h of condensational growth by these organic
vapors, and show the resulting number and mass distributions in
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Fig. 4.40 Number, collision frequency, and mass distributions for 10 nm
ammonium nitrate and 250 nm ammonium sulfate seed particles. Condensing
vapors and mass composition includes three constituents, nominally sulfate,
nitrate, and organics in that order.
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Fig. 4.41 Overall first-order loss frequencies for a two-mode lognormal number
size distribution with 1.51 g em™2 spherical particles centered at 10 nm and
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Fig. 4.42 Growth rate for condensation of 0.1 ggm™> of semi-volatile organic
vapors with a 4 nm decadal Kelvin diameter.
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Fig. 4.43 Rate of change due to all causes of the number distribution (top) and
mass distribution (bottom) for a bimodal lognormal number size distribution of
1.51 g em™? particles centered at 10 nm and 1.77 g em™? particles centered at

250 nm.

Fig. 4.44. The smaller 10 nm particles have grown to nearly 40 nm,
consistent with a 15 nm h™! growth rate, while the larger 250 nm
particles have grown to 270 nm, as their growth rate is closer to
10 nm h™!. Over this time interval, the total number has dropped
precipitously from N(0) ~ 125000 to N(2h) ~ 17000, whereas the
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Fig. 4.44 Number and mass distributions for 10 nm ammonium nitrate and
250 nm ammonium sulfate particles, after 2h of condensational growth driven by
organic vapors. Mass composition includes three constituents, nominally sulfate,
nitrate, and organics in that order.

total mass has increased slightly from 33.4pugm™ to 34.9 ugm™2,

with 6.1 ugm—3 of new organic mass.

In Fig. 4.45, we show the composition as a function of size. The
very smallest particles are pure nitrate and the very largest particles
are pure sulfate because the size distributions at those limits are
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Fig. 4.45 Mass composition vs. size for two seed types (nitrate in blue, sulfate
in red) after 2h of condensational growth by organics (green).

vanishingly small, and the simulation retains the initial composition.
For 5 < d;, < 800 nm, there was significant organic condensation. The
smaller particles are almost entirely organic, while the larger particles
are still mostly sulfate; for both modes, the organic mass fraction
is higher for smaller sizes, consistent with the collision frequency.
Finally, on a mass basis essentially no nitrate is in the larger particles,
as the coagulation number loss of smaller particles added very little
mass to the larger particles.

In Fig. 4.46, we show the (time) integrated rates of number and
mass change across the 2-h simulation. The smaller (nitrate) mode
overwhelms the number distribution, while the larger (sulfate) mode
dominates the mass distribution. In the smaller mode, wall losses
slightly exceeded coagulation losses for the smaller mode, whereas
condensation shifted the size, causing loss at the initial size and
production at the final size. Because the relatively narrow small mode
moved from 10 to 40 nm, the total change in number between 15 and
about 30 nm is zero, with production from condensational growth
balanced by wall and coagulation loss. For the larger particles, the
growth was more of a shift than a transformation, and so the effect
of condensation appears as a derivative shape, while coagulation has
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Fig. 4.46 Rate of change due to all causes of the number distribution (top) and
mass distribution (bottom) for a bimodal lognormal number size distribution of
1.51 g em™? particles centered at 10 nm and 1.77 g em™* particles centered at
250 nm.

a small net contribution to the mass (balanced by a small loss in the
smaller mode).

4.4.6.2. Monodisperse Nucleation

Finally, we shall consider two cases involving nucleation: one trivial
case with nucleation but essentially no growth, and a second case with

page 300
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relatively fast growth. As a first test, we shall simulate a system with
new-particle formation of sulfuric acid occurring for d, = 0.4nm,
with Jy4 = 10cm—3s~!. For the first simulation, we include only a
minimal condensational driving force, with F::I’]h = 10~%pugm~3; this
is enough to drive about 0.015 nm h~! of growth (less than 1 bin per
hour), but the particle wall loss term at 0.4 nm is vy =~ 0.01s71. In
this situation, wall loss will thus completely dominate the dynamics,
and we expect nucleation and wall losses to balance each other in a
steady state with vgan N ~ J, so N ~ J/v .y ~ 1000 cm 3. In
this case, we run a simulation for 0.3 < d, < 30nm because larger
particles are irrelevant; the expected output is shown in Fig. 4.47.
The rise timescale for the total particle number is also consistent
with the 0.03 h particle lifetime against wall loss.

With the very small steady-state number concentration, there
will also be no significant coagulation, but the near monodisperse
distribution also serves as a test of the numerics, especially at the
nearly gas-phase sizes. Specifically, the coagulation rate constant for
0.4nm particles is Keoag = 3 x 1071%cm?®s™!, the well known hard-
sphere collisional rate constant for gas kinetics. The expected first-
order coagulation rate constant is thus k‘{oag = PR Fsrar Y =
3 x 1077571, and the coagulation rate is Reoag = 0.5 x kgoag iN—=
1.5 x 107*em—3s7! (the factor of 0.5 applies to identical objects,
including particles of the same size). Both the wall loss balance and
the effect of coagulation can be seen in Fig. 4.48. The integrated wall
loss rate is slightly less than the nucleation rate due to our crude first-
order numerical scheme, but the visual integral of the coagulation
rates is the expected value (remembering that §logd, = 0.01).

4.4.6.3. Homogeneous Nucleation and Growth

As a second simulation, we shall still consider new-particle formation
of sulfuric acid occurring for d, = 0.4nm, with Jy4 = 10em 3571,
but now with a sufficient condensation driving force for growth at
about 10 nm h~! (for 10 nm particles). These conditions are at the
high end of the relatively clean atmospheric range. Here, we simulate

a size distribution with 0.3 < d,, < 100nm because the particles will
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Fig. 4.47 'Total particle number vs. time and the final size distribution for

nucleation J = 10 em s~ ! at d, = 0.4 nm. There is almost no growth so

the distribution remains monodisperse.

grow significantly over 4h. In this case, F&h = 0.04pugm—. The
loss conditions simulate the CLOUD experiment at CERN,% with a
turbulence parameter k. = 0.07s~! giving a first-order wall loss rate
constant of just over 1073 s~! for 1 nm particles and ventilation rate
constant of vyent = 1.4 x 1073571 (2h). We show a time dependent
diagnostic panel at the end of the 4-h simulation in Fig. 4.49.
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Fig. 4.48 Rates of coagulation and wall loss for nucleation at J = 10 em ™2 s 1

at dp = 0.4 nm. Coagulation is negligible but leapfrogs multiple bins, while wall
loss almost completely balances nucleation.

Several aspects of Fig. 4.49 warrant discussion. First, the number
distribution is in a near steady state, as indicated in the lower left-
hand panel. Because of this, the effective formation rate at any
given size, J’, will be given by a rough balance between production
(condensational growth) and loss (wall losses and ventilation in
this case). Later in the simulation, a sufficient particle surface area
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Fig. 4.49 Particle size distributions and rates for nucleation after 4h at J =
10 em™3s7! at d, = 0.4 nm with significant condensational driving force
(40 ng m~2 H2S04). Growth averages about 10 nm h™! and the mode front
is at roughly 40 nm after 4h. Left-hand panels are particle number, right hand
panels are particle mass. Integrated condensation has no effect on number but a
large effect on mass; condensation is a sink of particles at the nucleation diameter
and a source elsewhere, with a substantial production front at the high limit of
the number (and mass) mode.

has built up for coagulation to become a secondary sink, and as
a consequence, the overall time derivative is slightly negative. As
expected from the relative size dependence, wall loss is the dominant
sink for the smallest particles while ventilation becomes dominant
above 10 nm. Condensation cannot be a net source of number, and
so it integrates to zero within error; however, condensation is a strong
sink offsetting the nucleation source at the smallest size and becomes
a source for most of the rest of the size range. That source consists
of a broad region of net production by growth that is well balanced
by the three loss terms and a formation front at the largest size
reached (roughly 40 nm in this case). During the simulation that front
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advances with the growing distribution and gradually shrinks as the
overall net production relaxes toward a steady state; again because
of the emerging coagulation sink, by 4 h, the broad region of net loss
has a slightly larger area than the formation front, and the net is
R ~ —0.13 # cm ™3 s7L. The balance between production and loss
means in turn that the observed formation rates will be extremely
sensitive to (carefully calibrated) wall loss rate constants; the loss
terms in Eq. (4.75) are not corrections but rather the dominant
terms.

Second, the near steady-state size distribution is very broad, with
a maximum near 20 nm, in spite of the fact that condensation is
the only significant source of number (after the nucleation impulse
at 0.4nm) and wall losses are the only significant sink. The max-
imum occurs because the intrinsic growth rate from condensation
decelerates quickly with increasing size, as shown in Figs. 4.9 and
4.28. Consequently, for the distribution to be in steady state, the
decreasing growth rate must be counterbalanced by an increasing
distribution function, as observed. However, because the true growth
rates for d, < 2nm may be either strongly decreasing with size (for
nonvolatile condensation) or strongly increasing with size (if a Kelvin
term dominates), interpretation of data when instruments only
sample particles larger than this can be fraught; explicit or implicit
assumptions about the shape of the size dependence (increasing,
constant, or decreasing) should be made with great care and met
with skepticism.

Finally, the mass distribution function is much cleaner than the
number distribution and also shows a very strong growth front, with
a peak near 40 nm that is quite consistent with the 10 nm h™! growth
rate. Typical of nucleation experiments conducted under atmospheric
conditions, the mass concentration even after 4h is very low. This
mass formation front may be the best experimental measure of the
integrated growth rate at any given time, as it represents the mass
weighted growth rate and thus is strongly localized toward the large
end of the distribution. For the conditions simulated here, by the
time the distribution reaches 40 nm, ventilation is also the dominant
sink, making the necessary loss measurement far more accurate.
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Fig. 450 Size dependent production rates and number vs. time for nucleation
at J=10cm3s! at d, = 0.4 nm.

The conditions of this simulation mean that condensational
growth is the major loss out of the original 0.4nm bin, so the
production term Ji.; at 0.4 nm from condensational growth should
be 10 cm3s~!. We show the production rate as well as integrated
total number at four cut sizes in Fig. 4.50 (these are geometric sizes,
so the mobility size is approximately dp + 0.3nm).%® As expected,
the maximum value of Jj, ~ 10cm3s™!, consistent with the
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nucleation rate. The nominal response curves of four condensation
particle counters show sharp increases for the first hour or so, and
then fall off toward a steady state. Often, particle formation and
growth-rate determinations are based on particle counter data such
as these.?! Especially for the smallest sizes where coagulation and
wall losses have very significant size dependencies, this analysis is
not straightforward, and simulations such as these to ensure a self-
consistent “story” regarding the particle size distribution are an
important element of a complete analysis.

4.5. Discussion

This work consists of vignettes illustrating elements of an emerg-
ing, comprehensive framework describing the coupled interactions
of organic oxidation chemistry and particle microphysics in the
atmosphere. Each element can serve at least three roles: conceptual,
diagnostic, and prognostic.

The conceptual role acts as an aide to intuition. With the 1D-
and 2D-VBS, the oxidation kernels inform how organic material
will move through the volatility and composition space while in
the strongly oxidizing environment of the atmosphere. With the
monodisperse condensation module, the framework enables consider-
ation of nonequilibrium dynamics with a range of organic volatilities,
e.g., focusing on the steady-state concentrations of condensible
vapors during various stages of idealized experiments. Finally, the
full microphysical sectional treatment helps experimental design by
quantifying the various processes contributing to the evolution of
the number size distribution, helping to ensure that experiments are
actually sensitive to the specific process under investigation.

The diagnostic roles spring from the conceptual roles. VBS
diagnostics inform interpretation of oxidation experiments and
the bulk changes in composition driven during aerosol formation
and aging. The monodisperse condensation module informs the
dilution and mixing experiments illustrated in Section 4.3.3 and
allows straightforward assessment of whether interpretation based
on equilibrium assumptions is appropriate to a given setup. The full
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sectional algorithm is built around diagnostics, allowing calculation
and visualization of individual partial derivatives to the evolving
size distribution for any set of observations. The diagnostic panel in
Fig. 4.49 is an example of the sort of output that should be ubiquitous
during execution and interpretation of aerosol experiments.

Finally, as each element quantitatively relates to process rates,
implementation of prognostic models is conceptually straightforward.
In this work, we have kept the numerical simulations separate
because the coupling between the elements can be numerically
challenging and can also obscure the key features of the dif-
ferent phenomena. For example, condensation dynamics become
numerically stiff with a wide range of organic volatilities, and so
a submodule in the full sectional algorithm containing a wide-
ranging VBS significantly increases the computational requirements.
However, a complete coupling of these elements is the next step, along
with inverse formulations connecting the diagnostic and prognostic
modes to permit quantitative assessments of process rates from
observations.??

The elements presented here are not complete. To implement the
VBS oxidation kernels, the dynamical VBS needs to be combined
with a gas-phase photochemical module including both photoly-
sis rates and radical concentrations (so that the ROy branching
chemistry and be properly constrained). Also, in the formulations
presented here, the condensed-phase activity is a single value for
each constituent, without radial gradients or chemical production
and loss. As particle viscosity rises, it may become necessary to, at a
minimum, separate the surface and bulk activities in particles.*">1,93
In addition, it is clear that condensed-phase chemistry is important in
both the organic and aqueous phases, but constraints remain incom-
plete on overall kinetics and mechanisms in realistic organic mixtures.
Therefore, while we have shown that simplified condensed-phase
chemistry schemes can reproduce observed aerosol behavior,26:%4
it remains unclear how best to describe overall condensed-phase
chemistry in the VBS. A plausible hypothesis is that the highly
oxidized compounds occupying the high O:C range of the 2D-VBS
contain on average a rich mixture of oxygenated functional groups
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and so, in practice, rate constants for cross reactions in the condensed
phase may be in some way a function of O:C. Finally, while we have
acknowledged the important role that experimental surfaces (walls)
can have on aerosol behavior,?257=% the examples presented here do
not couple wall interactions to the aerosol dynamics.

The atmospheric chemistry associated with organic aerosols
continues to amaze. With dramatic improvements in aerosol instru-
mentation over the past decade, new observations have repeatedly
demanded major revisions in the canonical picture of organic
aerosols. Examples include the relative contribution of primary and

secondary organics to overall burdens,?>®? the role of condensed-

phase association chemistry (o]jgomer:ization),95’gﬁ the importance

of hard-to-measure IVOCs,'? the relative role of first vs. later
generation processes during the full life cycle of organics in the
atmosphere,'® and most recently the role of autooxidation chemistry

to production of highly oxidized and extremely low volatility gas-

phase compounds capable of driving new-particle formation.”23:28
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