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Abstract. A Size-Composition Resolved Aerosol Model (SCRAM) for slating the dynamics
of externally-mixed atmospheric particles is presentéds fiew model classifies aerosols by both
composition and size, based on a comprehensive combinatial chemical species and their
mass-fraction sections. All three main processes involrekerosol dynamics (coagulation, con-
5 densation/evaporation and nucleation) are included. Tdaetfris first validated by comparison with
a reference solution and with results of simulations usimgrhally-mixed particles. The degree of
mixing of particles is investigated in a box model simulatising data representative of air pollution
in Greater Paris. The relative influence on the mixing stathe different aerosol processes (con-
densation/evaporation, coagulation) and of the algorittsed to model condensation/evaporation
10 (bulk equilibrium, dynamic) is studied.

1 Introduction

Increasing attention is being paid to atmospheric padieumatter (PM), which is a major con-

tributor to air pollution issues ranging from adverse Healffects to visibility impairment iE&A,
|20_0_5L;|_Ea$_ca.l_e_t_LL_2d13). Concentrations of;BRMnd PM, are regulated in many countries, es-

15 pecially in North America and Europe. For example, regulatmncentration thresholds of 12 and

20 iz m—2 have been set for P\ annual mass concentrations in the United States and Europe,
respectively. Furthermore, particles influence the Earthergy balance and global climate change
3).
Three-dimensional chemical-transport models (CTM) aterofised to study and forecast the

20 formation and distribution of PM. The size distribution @frficles is often discretised into sections



25

30

35

40

45

50

55

(e.g.J_G_e_b_Ld_Ld_S_e_l?I inf 'Q;Mio Zhanq:JEJ_L_le_O_,w J_O_d7) or approximated by log-
normal modes (e. d.JALhﬂb;L&nﬂ_M_QMLJ )L_lM?l._B_Lﬂ.KQMLS_KLﬁIISﬂllEJ_ZQ_d@ Moreover, CTM
usually assume that particles are internally-mixed, eehesize section or log-normal mode has the

same chemical composition, which may vary in space and time.

The internal-mixing assumption implies that particles eaae diameter (or in the same size sec-
tion or log-normal mode) but originating from different soes have undergone sufficient mixing to
achieve a common chemical composition for a given modelagiicand time. Although this assump-
tion may be realistic far from emission sources, it may notddel close to emission sources where
the composition of new emitted particles can be very difiefeom either background particles or
particles from other sources. Usually, internally- anakeaxally-mixed particles are not differentiated
in most measurements, which may be size-resolved (e.gadasmpactors) but not particle specific
, ). The use of mass spectrometers for indi@igharticle analysis has shed valuable
information on the chemical composition of individual pelgs. Consequently, there is a growing

body of observations indicating that particles are mosttgmally mixed (e.g 00;
Mallet et al.| 2004; Healy et Al.. 2012; Deboudt étal.. 2010)

The mixing state assumption may strongly influence aerdsainistry and the hygroscopic char-

acteristics of particles. Particles from different origimay not be well mixed, and their chemi-
cal composition may vary with their origins, leading to adidns in their hygroscopic character-
istics. This chemical identity of particles is graduallysias the degree of mixing increases (or
completely lost under the internal mixing assumption). Bfiuencing the hygroscopic character-
istics of particles, the mixing state also influences thenftion of secondary organic aerosols
(SOA), because condensation/evaporation differs forispéicat are hydrophilic and/or hydrophobic

L, ZQiZ). As the particle wet diameter isrggig related to the hygroscopic properties
of particles, the mixing state also impacts particle wehditers and the number of particles that
become cloud condensation nuclei (CCN), because the totivaf particles into CCN is strongly

related to the particle wet diamet s{s_o_ng‘)Z(lBly influencing CCN, the mixing
state also affects aerosol wet removal and thus the aerpatibtemporal distribution. Besides,
the mixing state influences the particle optical propertigsich depend on both the particle size
distribution (wet diameters) and composition (differehemical species possess different absorp-

tion/scattering propertieél._Le_&ln_s_el MOOZ) fourat the percentage difference in the optical
properties between an internal mixture and external méxafrblack carbon and ammonium sul-

phate can be over 50% for wet aerosols. The mixing state nzayiafluence radiative forcing, as
shown b@@on who obtained different directifigreesults between external and inter-
nal mixing simulations of black carbon.

Although CTM usually assume that particles are internaiixed, several models have been de-
veloped during the last sesquidecade to represent thenakirixture of particles. A source-oriented

model was developed ll;usl_e_e_ma.n_ét 11[_(]|997) Ia.nﬂ.lﬁl_e_ema.n_aﬂhbo_dl) for regional mod-
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elling. In these models, each source is associated with eifepaerosol population, which may
evolve in terms of size distribution and chemical compositibut does not mix with the other

sources (i.e., particle coagulation is neglecfle_dL_Rj_mad. kZD_Qb) modelled externally-mixed par-
ticles using a stochastic approach. However, such an agpisaomputationally expensive when

the number of particle species is high. On the other Aﬂd{ﬂal [(;O_dS) anld Bauer gd ell. (2b08)

simulate externally mixed particles using modal aerosotlel® where aerosol populations with

different mixing states are represented by modes of diftesempositions (soluble/mixed or insolu-
ble/not mixed). Although these models may be computatigedficient, they may not model accu-
rately the dynamics of mixing. To represent externally-ediparticles independently of their sources
and number concentratiorliiambﬁgn_leLaL_tl1994J_ansLLB_@ﬂdlarI1 k2Q1|O) considered parti-
cles that can be either internally- or externally-mixed.(icomposed of a pure chemical species).
Luand BmeanL(;OiO used a threshold mass fraction to defirethgr the species is of signif-
@02 expandeb_on_l@_e_b_@Lr{LQ_E}_lﬁl) by allowing particles to

have different mass fractions. Similar t[aLQéOdiscretised the fraction of black car-

bon in the total particle mass into sections of differentalual compositioni._D_e_LgaQ_Lﬂ_e_d al.L(ZJ)13)
further expanded on these modelling approaches by distrgtihe mass fraction of any chemical

icant concentratio

species into sections, as well as the size distribution Semtion 2,113 for details). Based on this

discretisatiorLlle_Lgao_u_Le_tJaJL_(Zd)13) derived the equdiio coagulation and validated their model
by comparing the results obtained for internal and extemriging, as well as by comparing both

approaches against an exact solution. However, procassess condensation/evaporation and nu-
cleation were not modelled.
This work presents a new Size-composition Resolved Aefdsalel (SCRAM), which expands

on the model ok Dergaoui et a‘._(ﬁlS) by including condensé&tvaporation and nucleation pro-
cesses. Section 2 describes the model. Equations for thendgrevolution of particles by con-

densation/evaporation are derived. A thermodynamic ggjisim method may be used in SCRAM

to compute the evolution of the particle chemical compositdy condensation/evaporation. Re-
distribution algorithms, which allow section bounds nowtoy, are also presented for future 3D
applications. Model validation is presented in Section Ibgnparing the changes in the particle
size distribution due to condensational growth for bottemlly- and internally-mixed particles.

Section 4 presents an application of the model with realeincentrations over Greater Paris.

2 Model Description

This section presents the aerosol general dynamic eqsadia the structure of the model. First,
the formulation of the dynamic evolution of the aerosol simdribution and chemical composition
by condensation-evaporation is introduced. Since it i®ssary in 3D CTM to maintain fixed size
and composition section bounds, we present algorithmsdistribute particle mass and number
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according to fixed section bounds. For computational effinjea bulk equilibrium method, which
assumes an instantaneous equilibrium between the gas aitlepphases, is introduced. Finally,
the overall structure of the model is described. In paréicuihe treatment of the different mixing
processes to ensure the numerical stability of the modé$cuidsed.

Particle dynamics is mostly governed by three processegjutation, condensation/evaporation,
and nucleation. Nucleation refers to the formation of uline particles from gaseous molecules.
SCRAM uses the parametrisationLQfALehka.makiJétLa.L_&OOQ)He homogeneous binary nucle-
ation of sulphate and water. It was adopted from the exisBREAM code l(ergwt_JﬂLlQb?).
It may be replaced by a better parametrisation in futurei@ess because it may lead to unrealistic

results under some extreme conditicl_uﬁ_(Zha.ngJ(JLalJ 2@bdoagulation, SCRAM uses the code

of [D_tha.o_ui_e_t_él.L(Zleﬁ) to simulate the collisions of pAes caused by Brownian motion. Con-

densation/evaporation describe the mass transfer prbeésgen the gas and the particle phases. It

is essential to include condensation/evaporation, bedhisprocess not only largely influences the
size distribution of aerosols, but may also change the caitipo of particles significantly.

2.1 Condensation-Evaporation Algorithm

The focus of the following subsections is the formulatior amplementation of the condensa-
tion/evaporation process. A lagrangian approach is useliee the equations of change for the
mass and number concentrations, which are redistributedfised sections through a redistribution
algorithm (moving diamete@%?)). Equatiorgderived to describe the change with
time of the mass concentrations of chemical species in tefiparticle compositions.

2.1.1 Dynamic eguation for condensation/evapor ation

Let us denoten; the mass concentration of speci&s (1 <i < ¢) in a particle ande the vector
representing the mass composition of the particle (mq,mo,---,m.). Followingl.
@), the change with time of the number concentrati@n t) (m—2 pg~—!) of multi-species par-
ticles by condensation/evaporation can be representeueldpliowing equation:

on “\9(I;n)
E o _; 8mi (1)

wherel; (ug s~ 1) is the mass transfer rate between the gas and particlepfuspeciesy;. It may

be written as follows:

o aml

I;
ot

=27 D dp f(Kn,0:)(c] (t) = Ke(dy) ¢ (z,1)) ()

whereD{ is the molecular diffusivity of condensing/evaporatingsies in the air, and,, and¢/
are the particle wet diameter and the gas phase concent@tispeciesX;, respectively. Non-
continuous effects are described ByK,,, a;) 3) which depends on the Knudsen



21, . . -
125 numberK,, = T (with X the air mean free path), and on the accommodation coeffigiest0.5:
P

B 1+ K,
T 1F2K,(1+ K)o

f(Kn, i) ®3)

K.(d,) represents the Kelvin effect (for ultra fine particles, thevature tends to inhibit condensa-
tion):

K.(dy) = exp ( il ) 4)

130 with R the ideal gas constant,the particle surface tension ang the particle molar volume. The
local equilibrium gas concentratiefi’ is computed using the reverse mode of the thermodynamic
model ISORROPIA V1.7|_(Me£e_$_e_t|all_.._14998) for inorganic commus. In the current version of
SCRAM, organic compounds are assumed to be at thermodyrepilibrium with the gas phase

and condensation/evaporation is computed as describeztiio§2.2.

135 2.1.2 Dynamic eguation asa function of massfractions

Following the composition discretisation metho&of_Dejg'@_al k;o;l.%) (detailed in Sectibn 2.11.3),
each particle is represented by a vegiof f,m ), which contains the mass fraction vecfs#(f1, f2,- -, f(c—1))
of the first(c — 1) species and the total mass=Y_;_, m;.
In Equation[(1), the chemical composition of particles isa#ed by the vectat, which contains
140 the mass concentration of each species. After the changgiable through & x ¢] Jacobian matrix
fromn(z,t) to 7i(p,t) (see AppendikA for detail), Equatiof] (1) becomes:

_ (c—1) _ _
on O(H;n) 9(Ion)
ot ;;; af; om )
withIn =" | I;, H; = TR As f; = o is the mass fraction of species (or group of speciés)
we may write:
145 Hi:i%_ﬂa_m—li_fijo (6)

m ot m2ot = m
The change with time of; = n m;, the mass concentration of speci€g can be expressed as
follows:

dq; _ On _ om;

After the change of variables from(x,t) to ¢;(p,t) (see Appendik®), Equation](7) becomes:
9qi

on
150 Fr -m fla +nl; (8)
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2.1.3 Discretisation

As SCRAM is a size-composition resolved model, both partsizte and composition are discretised
into sections, while the numbers and bounds of both size amgosition sections can be customised
by the user. The particle mass distributi@m. .., mma.] is first divided intoN, size sections
[m, ,m;] (k=1,...,N, andm;._, =m, ), defined by discretising particle diametéds, ., dnq)
with d,,;, andd,,.., the lower and upper particle diameters, respectively,rapd= %d’gf. For
each of the firstc — 1) species or species groups, the mass fraction is discretisedV, frac-
tion ranges. Th&!" fraction range is represented by the radge = [f, , f;}] wheref,” | = f,",
fmin = 0 and fy,4, = 1. Within each size sectioh, particles are categorised inig, composition
sections, which are defined by the valid combinations of thetion ranges of théc — 1) species.
Theg!" composition section can be represented®yy:(Fy1 =, Fo -+, F,e—1 ). Given the mass
fraction discretisation, those composition sections ateraatically generated by an iteration on alll
possible combinations\gc(cfl)) of the(c—1) species andV; fraction ranges. Only the composition
sections that satlst < 1) F,,~ < 1arekept.

The particle mass dlstrlbutlon is discretised i, x V,,) sections. Each sectigi(j =1, ..., N x
N.) corresponds to a size sectiprik = 1,..., N;) and to a composition sectign= (g1, ..., g(c—1))
withg=1,....,Np, gn =1,.... Ny with h =1,...,(c—1). The total concentratio@{ of specieg in
the j*" section can be calculated as follows:

mt fh 1S,

9(e—1)

// / (M, fars s Fgeny Jdmdf g, . df g, )

m,; fgl fﬁ(c,l)
Similarly, the number concentratig¥’ of the j** section may be written as follows:

% 1)

NI = / / RS SO R T (10)

m,; fgl fg(c,l)

After a series of derivations (see Appendix B for details3, abtain the time derivation of Equa-

tion (10):

ONT

5 (11)
as well as the time derivation of Equatidr (9):
8Q1
=N’ I, 12)

Thus, in each section, the change with time of number and owe®ntrations is given by Equations

(@) and[(1R).
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2.1.4 Numerical implementation

According td Debry and Spgrtiisle_@b%), the condensati@poration process may have character-

istic time-scales of different magnitudes, because thgeaf particle diameters is large. Such fea-

ture induces strong stiffness of the numerical system. Agasted blLD_e_b_nLe_t_LlL(,ZdW), the stiff
condensation/evaporation equations are solved usingettand-order Rosenbrock (ROS2) method

(Verwer et al. 1 d Djouad et MOZ).

In addition, potentially unstable oscillations may occurem a dramatic change of the particle
pH occurs. To address this issue, a species flux electraatiguiconstraint [(Elﬂais_e_t_alll_zo_bo;
[D_eane_t_aJ.l_ZQ_dn is applied in SCRAM to ensure the numésizdility of the system.

2.1.5 Sizeand composition redistribution

By condensation/evaporation, the particles in each sizéosemay grow or shrink. Because the
bounds of size sections should be fixed for 3D applicatidisniecessary to redistribute number and
mass among the fixed size sections during the simulation@talensation/evaporation. Similarly,
the chemical composition also evolves by condensatiopfeetion and an algorithm is needed to
identify the particle composition and redistribute it inlb@ correct composition sections.
Two redistribution methods for size sections may be useddRAM: the HEMEN (Hybrid of

Euler-Mass and Euler-Number) schesz_o_f_D_eMLLLi_e_Ls_LLall(b and the moving diameter scheme
of@n@?). According |Lg Devilliers gk MOlajtrbredistribution methods may accu-

rately redistribute mass and number concentrations.

The HEMEN scheme divides patrticle size sections into twasp#ine number is redistributed for
sections of mean diameter lower than 108 and mass is redistributed for sections of mean diame-
ter greater than 100m. The section mean diameters are kept constant and masst@tions are
diagnosed for sections where number is redistributed,enfilmber concentrations are diagnosed
for sections where mass is redistributed. The advantageiostheme is that it is more accurate
for number concentrations over the size range where nundrezentrations are the highest and
more accurate for mass concentrations where mass con@mdrare the highest. In SCRAM, the
algorithm OfLD_eALHJJE_LS_e_t_EJLL(_ZQZIB) was modified to takeargccount the fact that after conden-
sation/evaporation, the diameter of a section may becorgerléhan the upper bound of the next

section. In that case, the mean diameter of the sectionaftetensation/evaporationis used to diag-
nose in which fixed-diameter sections the redistributiopeiformed. This feature allows us to use
larger time steps for condensation/evaporation beforistréalition.

In the moving diameter method, although size section boanelkept fixed, the representative
diameter of each size section is allowed to vary. If, aftendemsation/evaporation, the diameter
grows or shrinks outside section bounds, both the mass antienconcentrations of the section are
redistributed entirely into the new size sections bountliag diameter.



215

220

225

230

235

240

245

For the composition redistribution, a scheme based on thémmdiameter method is applied (i.e.,
moving mass fraction). First, after condensation/evapmrathe mass fraction of each species is re-
evaluated within each section. For each section, if the r@wposition does not match the section
composition (i.e., if the mass fraction of each species adatdit into the mass fraction bounds of
the species for that section), the section that has a cotigrotiat matches the new composition is
identified, and both number and mass concentrations of geties are transferred to that section.

The composition redistribution is applied first, followeg the size redistribution for each of the

composition sections.
2.2 Bulk equilibrium and hybrid approaches

Bulk equilibrium methods assume an instantaneous thermadic equilibrium between the gas
and bulk-aerosol phases. For semi-volatile species, thes mancentration of both gas and bulk-
aerosol phases after condensation/evaporation are etitaging the forward mode of ISORROPIA
for inorganics and thél20 model kgguvidat et JilLlQllZ) for organics. Because timegirtion

is not necessary, the computational cost is significanttyced compared to the dynamic method.

Weighting factord?” are designed to distribute the semi-volatile bulk-aerosms across the aerosol

distribution kEa.ndjs_el_iilL_ml%). In SCRAM, for each sewlatile species, we redistribute the

bulk aerosol evaporating or condensing masg; = Q?fter bulk eq._ Q?efore bulk eq,' between

the sectiong, using factors that depend on the ratio of the mass tranaferim the aerosol distri-
bution (Equatioi?). Because of the bulk equilibrium asstiomp the driving force of ¢! — K.c;?)
is assumed to be the same for all size and composition sectionl the weighting factors are as
follows.
;N & f (K, i)
N Ni (Ko a)

whereNV; is the number concentration of sectij)ramddg; is the particle wet diameter of sectign

(13)

In case of evaporation, these weighting factors may not peogpiate, as they may lead to over-
evaporation of some species in some sections,QgeEflfter bulk eq._ Q?efore bulk eq.+ 0Q; X
Wj < 0. In the case of over-evaporation, we use a weighting schéaterédistributes the total
bulk aerosol mass rather than the bulk aerosol evaporatiogr@ensing mass

, J
W = 7]\? : - (14)

Zk;l Qi

andQZ after bulk eq._ Q?fter bulk eq. le

In fact, due to their larger ratios between surface area artitfe mass, small particles may reach
thermodynamic equilibrium much faster than large parsicRarticles of diameters larger thanrh p

could require hours or even days to achieve equilibrium_ﬂmmmmlmo), which makes

the bulk equilibrium assumption inappropriate for them.ohder to maintain both the computa-

tional efficiency of the equilibrium method and the accuratthe dynamic one, a hybrid method
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is adopted in SCRAM based on the WorlJQijp_ildQ_H al. (ZOGOMDQ@SE_@%).

This method uses the equilibrium method for small parti¢tes< 1 pm) and uses the dynamic
method to calculate the mass transfer for larger particles.

2.3 Overall timeintegration and operator splittingin SCRAM

In order to develop a system that offers both computatioffi@iency and numerical stability, we
perform operator splitting for changes in number and masgsextrations with time due to emission,
coagulation, condensation/evaporation and nucleat@explained below.

Emissions are first evaluated with an emission time step;iwisidetermined by the characteris-
tic time-scales of emissions obtained from the ratio of sioisrates to aerosol concentrations. The
emission time step evolves with time to prevent adding toolmamitted mass into the system within
one time step. Within each emission time step, coagulatidrcandensation/evaporation/nucleation
are solved and the splitting time step between coagulatidrcandensation/evaporation/nucleation
is forced to be lower than the emission time tep. Time stepsoatained from the characteris-
tic time steps of coagulatiort..,) and condensation/evaporation/nucleatit,{;). The larger
of the time stepg..., andt..nq determines the time step of splitting between coagulatiuch a
condensation/evaporation/nucleation. As coagulatiarsigally the slower process, the change due
to coagulation is first calculated over its time step. Themdensation/evaporation/nucleation are
solved simultaneously. The change due to condensatiqgrdeation/nucleation is calculated, us-
ing time sub cycles, starting with the sub time step,;. The next sub time step for condensa-
tion/evaporation/nucleation is estimated based on tHerdifice between the first and second order
results provided by the ROS2 solver. Redistribution is cotag after each time step of splitting of
coagulation and condensation/evaporation/nucleation.

When the bulk thermodynamic equilibrium approach is usesbtee condensation/evaporation,
coagulation then nucleation are solved after each emisisienstep. The resolution is done as previ-
ously explained, except that the dynamic condensatiopf@adion solver is disabled: sub time steps
are used to solve coagulation and nucleation during ones@nisme step. Condensation/evaporation
is then solved using the bulk equilibrium approach and théstebution process is applied after the
bulk equilibrium algorithm.

When the hybrid approach is used to solve condensatiordexipn, a time loop is added with
a fixed time step 0600 s outside the emission time loop to compute bulk equilibrivnaensa-
tion/evaporation for equilibrium sections. This addititime loop is designed to ensure that bulk
equilibrium condensation/evaporation of equilibriumtgats is not applied too often, so that the
dynamic condensation/evaporation of dynamic sectionsitmasto evolve. Redistribution is applied
after the bulk equilibrium algorithm. Within this time lopthe aerosol dynamics is solved as pre-
viously explained using the dynamic condensation/evdjmralgorithm for dynamic size sections:
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emissions are solved followed by coagulation and condemgavaporation/nucleation. As in the
fully dynamic approach, redistribution is applied aftendynic condensation/evaporation.

3 Model validation

To validate the model, the change with time of internallyel axternally-mixed aerosol models
are compared. The simulations use initial conditions fanbar and mass concentrations that are
typical of a regional haze scenario, with a sulphuric aciddemsation rate of 5.5’ cm =2 per 12

hours |(§_e_|gme_wla| 1§d§; Zhang At al., 1999) (sulphagi@ vapour source of 0.46m3cm =3

per hour).

Simulations were conducted for 12 h at a temperature of 298 &Kapressure of 1 atm. The

original reference simulatiorL (Sgignguréthl., MB_QAHEHLQ_QIQ) was first reproduced for

internally-mixed sulphate particles (redistribution ist mpplied). For the sake of comparison be-

tween internally- and externally-mixed simulations, haflthe particles were assumed to consist of
sulphate (species 1) and the other half of another specigisndar physical properties as sulphate
(species 2). For internal mixing, the initial particles alles0% species 1 and 50% species 2; and for
external mixing, half of the initial particles are 100% sjgscl and the other half are 100% species
2. As both species have the same physical properties, fogiaey size section, the sum over all
composition sections of number and mass concentrationgefally-mixed particles should equal
the number and mass concentrations of the internally-npeeticles. Particles were discretised into
100 size sections and 10 composition sections for the eattgrmixed case. Figurgl 1 shows the
initial and final distributions for the number and volume centrations as a function of particle
diameters. Both the internally-mixed and externally-ndixesults are presented in Figlile 1, along
with the reference results bf Zhang gk MQQQ) (500 sizticses were used in the original refer-
ence simulation). For the externally-mixed simulatiom, thsults were summed up over composition

sections to obtain the distributions as a function of plrtitameter. As expected, a good match is
obtained between internal and external mixing distrimgijovith an almost00% Pearson’s corre-
lation coefficient. Furthermore, the accuracy of the SCRAy§bathm is proved by the good match

between the results of these simulations and the refer@ncéesion o I|_(19Ja9). In order

to investigate the influence of the composition resolutinrsionulation results, two additional tests
are conducted using 2 and 100 composition bins. The meanfraatien of species 1 is computed

for all particles within each size section, as well as th&ndard deviations. Figufé 2 shows the
size distribution of these statistics. The mean mass @madsi barely affected by the different com-

position resolutions as the condensation rate of sulpbatelependent of the particle compositions.
However, a different composition resolution does lead ffedint standard deviation distributions,

as only particles with larger fraction differeneg 0.2m for 2 compositions and > 0.09um for

10 compositions) can be distinguished from each other urmbmser composition resolutions.

10



Using the same initial conditions and sulphuric acid cosdéon rate, a second comparison test
was performed, with both coagulation and condensationroiogufor 12 hours. As the coagulation

320 algorithm requires size sections to have fixed boubﬂumd@_a‘.I_ZQlIB), size redistribution was
applied for both the internally- and externally-mixed cassing the HEMEN method. As in the first

comparison test, Figufé 3 shows that there is a good materebatthe internally- and externally-
mixed distributions as a function of particle diameter (eference simulation was available for
these simulations). This test validates the algorithm oR&M! to simulate jointly the coagulation
325 and condensation of externally-mixed particles.
The mixing states of both internally- and externally-mipadiicles at the end of the simulations of
the second test are shown in Figlike 4. Sulphuric acid corsdndorm particulate sulphate (species
1). During the simulation, pure species 2 particles mix vpitite sulphate particles by coagulation
and condensation of sulphuric acid. Figlite 4 shows thaheaehd of the simulation, the sulphate
330 mass fraction is greater for particles of lower diameteesabise the condensation rate is greater for
those particles. Particles with diameters greater thanmi@gmain unmixed. However, the external
mixing state provides a more detailed mixing map, from whidk possible to distinguish mixed
particles from unmixed ones and to trace the origin of eactigha In this test case where the effect
of condensation dominates that of coagulation, most mixatigbes are originally pure species 2
335 particles coated with newly condensed sulphuric acid (feigh).

4 Simulation with realistic concentrations

To test the impact of external mixing on aerosol concemtnati simulations of coagulation, con-
densation/evaporation and nucleation were performed 8ERAM using realistic ambient con-
centrations and emissions extracted from a simulatiorop@ed over Greater Paris for July 2009

340 during the MEGAPOLI (Megacities: Emissions, urban, regicand Global Atmospheric POLution
and climate effects, and Integrated tools for assessmehinitigation) campaig al.,
2013).

4.1 Simulation set-up

Data were extracted from one grid cell of the 3D simulatioriqgrened b)LC_O_usLidﬂI_e_t_iliILLZQll3) over
345 Greater Paris. This surface grid cell was chosen becausk b#bon (BC) emissions are high in

that location, due to high traffic emissions. Figule 5 shdvesBC emission map at 2 UT, on 1 July

2009. The highest emission rate is located at the grid celleceof longitude and latitude2(28°

E, 48.88° N), which was selected here to extract the SCRAM simulatipui data for emissions,

background gas and aerosol concentrations, and initis#enelbgical conditions (temperature and
350 pressure). Inthe absence of specific information on indigarticle composition, all initial aerosol
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concentrations extracted from the database were assunbedl®@0% mixed (i.e., aged background
aerosols).

Simulations start at 2 UT (1 July 2009), i.e., just before therning peak of traffic emissions,
and last 12 hours. As our simulations are 0D, the transpayasés and particles and the deposition
processes are not taken into account. Therefore, emisatmsnulate, potentially leading to unre-
alistically high concentrations. To avoid this artifadtetduration of the emissions was limited to
the first 40 min of simulation. This time duration is calceldtusing the average BC emission rate
between 2 UT and 3 UT, so that BC emissions lead to an increaB€iconcentrations equal to
the difference between BC concentrations after and befi@reiorning traffic peak, i.e., between 6
UT and 2 UT (Figurél). Besides, gas-phase chemistry (su8Oésformation) is not included in
SCRAM, and is expected to be solved separately using a gasepnemistry scheme. In the simula-
tions of this work, organics originate either from initi@raditions or they are emitted as semi-volatile
organic compounds during the simulation. They partitiotwigen the gas and the aerosol phases by
condensation/evaporation.

The size distribution ranging from 0.001 to 1thwas discretised into 7 sections with bounds
at 0.001, 0.005, 0.01, 0.0398, 0.1585, 0.6310, 2.5119, @ndnl As in|Q_o_Md_¢et_all.|_(;O_13), 31

particulate species were included in our simulations. bteoto reduce the computational cost of

the externally-mixed simulations, these species werefggdinto 5 groups based on their chemical
nature, which influences the formation of particles andrtbptical properties. Black carbon, or-
ganic species, inorganic species and dust are separatbdugh sulphate could be separated from
nitrate and ammonium for optical properties or for comparssto observations of mixing state
.IEIZ), and although chloride and sodium cbeldrouped together in a marine envi-
ronment, all inorganic species are grouped together hethdsake of simplicity. However, because
the hydrophylic properties of the particles strongly infloe their formation and cloud condensation
nuclei, hydrophylic and hydrophobic organic species apaisged. In summary, the hydrophilic
inorganic group (HLI) contains five inorganic species (soaj sulphate, nitrate, ammonium and
chloride); the hydrophilic organic group (HLO) contains $dhophilic surrogate organic species
(BiA2D, BIA1D, BiIAOD, GLYOXAL, MGLY, BiMT, BIPER, BIDER and BiMGA); the hydropho-
bic organic group (HBO) contains 14 hydrophobic surrogagenic species (AnBIP, AnBmP, BiBIP,
BiBmP, BiNGA, NIT3, BiNIT, AnCLP, SOAIP, SOAmMP, SOAhP, POAIPOAMP and POAhP); the
black carbon group (BC) contains only black carbon; and tle group (DU) contains all the neutral
particles made up of soil, dust and fine sand. RefLr_to_C_o_@. k;o;b) for detailed nomencla-
ture of the organic species. For each of the first four grotiygsmass fraction of the group over the
total mass is discretised into 3 mass fraction sectifing,(.2), (0.2,0.8], (0.8,1.0]), leading to 20
possible particle composition sections, as shown in Tadbkeiong them, there are 5 unmixed par-

ticles and 15 mixed particles. Here unmixed is used in anamate sense: it means that the mass
fraction of one chemical componentis high (between 0.8 andHile the mass fraction of the other
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chemical components is low (between 0 and 0.2). The dust frect®on is not discretised, as it is

obtained by mass conservation. Note that although as ange&ame chose dust to be the group for
which mass fraction is not treated explicitly, another greaould be chosen as the group for which
mass fraction is not treated explicitly. If all groups neethave their mass fraction treated explicitly,
additional composition sections for the last group showdatided to the current composition list
without any modification to the main structure of the progrdime mass fraction of the last group
would still be obtained by mass conservation, and the coitiposection of the particles would be

chosen depending on this mass fraction.

In each group, water may also be present, although it is ntidered when computing the mass
fractions (it is calculated separately with the thermodyiteequilibrium models).

The model memorizes the relationship between each species and group index, and it stores
the mass concentrations separately for each species wihmsize-composition sections. The total
mass concentration of each group is computed from the masentration of each species based
on the species-group relations, allowing the computatfdhemass fraction of each group.

4.2 Aerosol dynamicsand mixing state

To understand how initial concentrations mix with emissidour scenarios were simulated. In sce-
nario (A), only emissions are taken into account in the satioh. Only coagulation is added to
emissions in scenario (B), while only condensation/evafion(C/E) is added to emissions in sce-
nario (C). In scenario (D), emissions and all the aerosohdyin processes are taken into account
including nucleation (however, nucleation was not acéidaturing the simulation due to low sul-
phuric acid gas concentrations).

The mass and number distributions of each chemical conipositter 12 hours of simulation are
shown in FigureE]7 arld 8 as a function of particle diametewelbas their initial distributions in
sub-figure (e). Bars with grayscale represent unmixedgdesti while bars with colours are mixed
particles. Each bar corresponds to a chemical compositigexi (Cl). However, any Cl with small
number or mass concentrations are not really visible fraptht, so they are regrouped into mixed-
other (for mixed CI) and unmixed-other (for unmixed CI) iretplot. The chemical compositions
and the ClI value associated with colour bars are listed ifeTRRAIl emitted particles are unmixed:
Cl 1 (100% DU) into size section (4-6), Cl 3 (100% BC) into s&&etion (3-6). Emissions also
involve POA and HSO, gas-phase emissions.

As shown by the simulation of scenario (A), emissions ledddgb number concentrations of BC
in the sections of low diameters (mostly below 0.63d)and to high mass concentrations of dust
and BC in the sections of high diameters (mostly above 0.681L u

The comparison of scenarios (A) and (B) shows that coagumatbes not affect much mass con-
centrations, but significantly reduces the number conagatrs of particles in the sections of diam-
eters lower than 0.631nju Also, due to coagulation, small particles migrated to bigdections. For
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example, FigurEl8 shows the mixed particles CI 15 migrateahfthe third size section to the fourth
size section, this might be a result of the coagulation betw@ 3 particles in the third size section
and the CI 14 in the fourth size section. Besides, coaguldigdween ClI 5 particles in the third size
section may also produce some part of Cl 15 in the fourth széan.

As shown by the simulation of scenario (C), C/E leads to higissrand number concentrations of
unmixed HBO (CI 6 — mass fraction of HBO (81.2%) above 80% ¢exraass fraction of dominate
group will be specific within the parentheses right aftergheup name here after)), increasing the
amount of unmixed particles. Organic matter of low and meduolatilities is emitted in the gas

phase foIIowin&Q_o_Md_&eﬂa‘. (2d13). This organic mat@ndenses subsequently on well-mixed
particles (Cl 14 with mixed HLI (31%) and HBO (41%)), in suféiot amount to increase the mass

fraction of HBO (81%) to over 80% and, therefore, transfegparticles to the unmixed category Cl
6 (these particles are not exactly unmixed since up to 20%aoagspond to HLI (10%), but a finer
composition resolution would be required to analyse thékechcharacteristics). The condensation
of organic matter on freshly emitted BC particles (Cl 3) abmzurs, as shown by the mixed BC
(26%) and HBO (68%) particles (Cl 5) which appear in the thind fourth size sections.

As shown by comparing scenarios (A) and (B) and scenariogf@)(D), coagulation signifi-
cantly reduces number concentrations. The mass condengatf fine particles (diameters lower
than 0.631 ) are also reduced. Furthermore, the composition diveirsityeases. For example, as
demonstrated by the difference between scenarios (C) andéivly mixed particles of Cl 4 (be-
tween 20% and 80% of HBO (78% for size 4 and 73% for size 5))@maéd by the coagulation of
unmixed particles from CI 6 with others within the fourth difth size sections.

Table[2 shows the percentage of mixed particles for eachasicelmased on both particle number
and mass concentrations. It seems that large particlesettier Imixed than small particles as the
mixing percentages of mass are always higher than thoserbeu However, this phenomenon
is specific to this case study; it is caused by the assumpfiail mitial particles being internally
mixed and the initial conditions dominating for large pelgs due to their low emissions and the
short duration of the simulations.

The number/mass mixing percentages after emission ongnéio (A)) provide a baseline for
the analysis of the three other scenarios. In scenario (2% {fresp. 83%) of the particle number
(resp. mass) originates from initial conditions and is rdix@hile the remaining particles are due
to emissions and are unmixed. The comparison of scenarjoan(@d (B) shows that coagulation in-
creases the mixing percentages, especially for smallgbestof high number concentrations. The
mass mixing percentages decrease in scenario (C) becausertiensation of freshly emitted or-
ganic matter on large mixed particles leads to particlel wiinass fraction of organic matter (HBO)
higher than 80%, i.e. unmixed. When all aerosol dynamicgsses are taken into account (scenario
(D)), only 51% of particle number concentration and 76% otipke mass concentration are mixed.
The mixing percentages are greater than those of scengriag@ixing increases by coagulation,
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but the mass mixing percentage is lower than in scenariogijgsions only) because of the strong
condensation of HBO emitted in the gas phase.

4.3 External versusinternal mixing

To investigate the consequence of the internal mixing Hyg&is, a simulation of scenario (D) (all
aerosol dynamic processes are taken into account) is ctettlhg assuming all particles to be in-
ternally mixed. Externally- and internally-mixed 12-h@imulations lead to a similar total aerosol
mass concentration after 12 h (33.Q8y 2 for internal mixing and 33.35¢m 3 for external mix-
ing) as well as to similar total number concentrationg§ x 10'° #m=2 for internal mixing and
1.07 x 10 #m=3 for external mixing). The number and the species mass hiigioins are also
similar, although external mixing leads to slightly lowenmonium concentrations (2.6&mu >
versus 2.70 gm—3), slightly higher nitrate concentrations (3.18m? versus 3.03 gm—3) and
higher chloride concentrations (0.3gr1 3 versus 0.25 gim —3).

Figure[T (d) and (f) compares the mass distributions and ositipns within each size section
after 12 h of the internal and external mixing simulationsteEnal mixing provides more detalil
about the particle mixing state, as within each size seg#ticles have different compositions. For
example, in the case of internal mixing, particles in siztiea 4 (diameter between 0.0398and
0.1585 pn) are all mostly hydrophobic organics (Cl 4: HBO (76%) betw@8®% and 80%). The
particle compositions are more detailed in the externalmgisimulation: while less than half of the
particles are mostly hydrophobic organics (HBO 78%) (Clglreinternal mixing, a large amount
are unmixed particles (Cl 6: HBO (82%) between 80% and 10@%g) some are equally mixed with
BC and hydrophobic organics (CI 5). In size section 5, as énitternal mixing simulation, mixed
particles dominate (Cl 14 - HLI 46%, HBO 36%), but many havaffeent composition (Cl 4 and
5) and some are unmixed HBO 83% (CI 6), BC 91% (CI 3) and dust @DPA). For particles in
size section 6, particles are mixed particles of Cl 12 (HL¥GBU 29%), while external mixing also
shows that some particles are unmixed (BC 99% (Cl 3) and di#ét @1 1)) and there are Cl 14
(HLI 46%, HBO 35%) particles that originated from size sextb through coagulation.

4.4 Bulk equilibrium and hybrid approaches

Additional external mixing tests were conducted using thk kquilibrium and hybrid approaches
for C/E to evaluate both their accuracy and computatiorfaiency. In the hybrid approach, the
lowest four sections are assumed to be at equilibrium (upatmeiters of 0.15851), whereas the
other sections undergo dynamic mass transfer between shengigparticle phases .

The accuracy of these approaches is evaluated by compagngdss and number distributions
after 12 hour simulations with the bulk equilibrium or thebhnigl approaches to the mass and number
distributions computed dynamically (see Figurkes 9[and 10).
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For externally-mixed patrticles, the dynamic mass distrdsuis shown in Figur&]7(c); the bulk
equilibrium and hybrid mass distributions are shown in Fég8(a) and FigurEl9(c), respectively.
The dynamic number distribution is shown in Figlite 8(c); bk equilibrium and hybrid mass
distributions are shown in Figulrel10(a) and Fidurk 10(cpeetively. For internally mixed particles,
the dynamic mass/number distributions are shown in Figdg@)}s/[10(d) and the bulk equilibrium
mass/number distributions in Figufds 9(b)YY 10(b), respeigt

For internally-mixed particles, the comparisons betweignfed9(b) anf19(d) and between Fig-
uredI0(b) anf10(d) indicate that the bulk equilibrium apgh leads to significantly different dis-
tributions and compositions than the dynamic approacts fiésult also holds for externally-mixed
particles, as shown by the comparisons between Fiduresan@f®(a) and between Figuigs 8(c)
andI0(a). For example, more inorganic species condensarticlgs in the fourth size section (be-
tween 0.0398 pn and 0.1585 ) in the case of bulk equilibrium compared to the fully dynami
case. This section is dominated by CI 14 (HLI 33%, HBO 61%)ué&anixture of inorganic and
hydrophobic organics) for bulk equilibrium, instead of C(BO 81%) (unmixed hydrophobic or-
ganics) for dynamic. Internal and external distributions similar with the dynamic approach, as
well as with the bulk equilibrium approach. Although intaliand external compositions are differ-
ent with the dynamic approach, they are quite similar withlhlk equilibrium approach. However,
with the bulk equilibrium approach, similarly to the dynanaipproach, unmixed particles of Cl 3
(unmixed BC) remain present in most size sections for eatBrmixed particles.

The mass and number distributions and compositions olataiite the hybrid approach are sim-
ilar to the fully dynamic approach. For example, the ovemdensation of inorganic species in the
fourth size section (leading to particles of Cl 14 (HLI 33%B® 61%) with bulk equilibrium) is
restrained with the hybrid approach, as the fourth sizemeit computed dynamically, and particles
consist of Cl 6 (HBO 81%), as with the dynamic approach.

Table[3 shows the computational times (CPU) required fon sanulation on a DELL Precision
T3500 workstation (the lowest integration time step: 1)tefxal mixing requires more CPU, es-
pecially for computing coagulation and dynamic C/E. Thegéat difference between internal and
external mixing occurs for computing coagulation, whiclalisiost 800 times slower with external
mixing. Bulk equilibrium C/E provides a huge economy in CRde for all simulations compared
to dynamic C/E, while the computational advantage of hy@¥id is more obvious for internal mix-
ing (17 times faster than dynamic C/E) than external mixibg2¢ faster than dynamic C/E). This
significant speed degradation of the hybrid C/E scheme iretternal mixing case is probably a
consequence of small time steps used in the ROS2 solver $ecdthe redistribution among the
different composition sections performed after each titep.dn other words, it takes CPU time to
compute the dynamic distribution among the different cositmn sections.
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5 Conclusions

A new Size-Composition Resolved Aerosol Model (SCRAM) hasrbdeveloped to simulate the
dynamic evolution of externally-mixed particles due to golation, condensation/evaporation, and
nucleation. The general dynamic equation is discretiselddth size and composition. Particle com-
positions are represented by the combinations of massdnacivhich may be chosen to correspond
either to the mass fraction of the different species or tonlags fraction of groups of species (e.g.
inorganic, hydrophobic organics...). The total numbeslaounds of the size and composition sec-
tions are defined by the user. An automatic classificatiorhotkts designed within the system to
determine all the possible particle compositions baseti@ecdmbinations of user-defined chemical
species or groups and their mass-fraction sections.

The model was first validated by comparison to internallyxedisimulations of condensation /
evaporation of sulphuric acid and of condensation / evaoraf sulphuric acid with coagulation.
It was also validated for condensation against a referevicéien.

The model was applied using realistic concentrations apiddy emissions of air pollution over
Greater Paris, where traffic emissions are high. Initialcemrrations were assumed to be internally
mixed. Simulations lasted 12 h.

Although internally- and externally-mixed simulationsideto similar particle size distributions,
the particle compositions are different. The externaliyxed simulations offer more details about
particle mixing states within each size section when coexbtr internally mixed simulations. After
12 h, 49% of number concentrations and 24% of mass conciemisare not mixed. These percent-
ages may be higher in 3D simulations, because initial akooswentrations should not be assumed
as entirely internally mixed over an urban area. Coaguidasiauite efficient at mixing particles, as
52% of number concentrations and 36% of mass concentrai@nsot mixed if coagulation is not
taken into account in the simulation. On the opposite, cosdgon may decrease the percentage of
mixed particles when low-volatility gaseous emissionshagé.

Assuming bulk equilibrium when solving condensation/evation leads to different distribu-
tions and compositions than the dynamic approach underthetimternally- and externally-mixed
assumptions. Although internally- and externally-mixedwamptions lead to similar compositions
with the bulk equilibrium approach, unmixed particles ré@mahen particles are externally mixed,
as observed with the dynamic approach.

Although the simulation of externally mixed particles ieases the computational cost, SCRAM
offers the possibility to investigate particle mixing stah a comprehensive manner. Besides, its
mixing state representation is flexible enough to be modifiedsers. Better computational perfor-
mance could be reached with fewer, yet appropriately sgelcipecies groups and more optimised
composition discretisations. For example, about half ef28 compositions designed in this work
have really low mass concentrations (e.g. see Figuled 7a8d@0). Those compositions might be
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dynamically deactivated in the future version of SCRAM twéw computational cost by using an
algorithm to skip empty sections during coagulation and @i€essing.

Future work will focus on the optimisation and incorporatiof SCRAM into the air quality
modelling platform Polyphemus for 3D simulations. In ortieimvestigate its performance in mod-

elling air quality over Greater Paris, model simulationutes will be compared to observations
dai& ; 2” EéjZ).

Code availability

The SCRAM source code related to this article is availabléenrthe URL: http://cerea.enpc.fr/
polyphemus/src/scram-1.0.tar.gz, as a supplement pat¢&ggther with Read Me file, where hard-
ware and software requirements, source code files and matfltdiles are fully described.

SCRAM is a free software. You can redistribute it and/or mpdiunder the terms of the GNU
General Public License as published by the Free Softwaradadion.

Appendix A: Change of variablesfor the evolution of number and massdistributions

This appendix describes how to derive the equations of ahforghe number concentratianand
mass concentratiopdistributions as a function of the variablgs ..., f.—1),m used in the external
mixing formulation.

To derive the equation of change foff1, ..., f(c—1),m) (Equatiori®) from the equation of change
forn(ma,...,m.) (Equatioril), we need to perform a change of variables fram.., m. to f1, ..., fc—1),m
and to compute thg x ¢] Jacobian MatrixI(f1, f2,--- , fe—1),m)

o Omy omq omq om1 7
of1 fs  Ofe) om
Oms Oms Oms oms
o1 fs Of -1y ~ Om
J= : : : :
Ome_1y Ome_1) Ome—1y Om_1)
df1 df2 Ofe-1) dm
ome. ome. ome. ome.
ofr  0f Of 1y~ Om
[ m 0 0 fi
0 m 0 fa
= : (A1)
0 0 m f(c—l)
| —-m  —m -m 1- Ef;l) fi]
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and the Jacobian inverse matrix:

(1-Af A _A _h T
m
e A T
m m m m
= A : (A2)
. f(c—l) . f(c—l) L 1- f(c—l) . f(c—l)
m m m m
1 1 1 I

The relationship betweemandn is

n n
T det(J)  mD (A3)
590 Thus,
-
on 9 w) 1 om )
ot ot ~ m(e=D) ot

For the right-hand side of Equatidnl (1), the tergg%) are replaced by terms depending on the

new variables, using:

d(I1n) O(Izn) OIn)\ _ (9(hn) O(zn) I(Ie—yn) d(I.n)
<8m1 T Omy T Ome )_ ( fi 7 0fs T 9fery = Om

) xJ71  (A5)

595 Fori e (1,(c—1)), this leads to:

8(Im) _ 10(Lin) 8(Iin)
om; m  Of; Z m 8 fj om (A6)
and fori = c:
(c-1)
d(I.n) fi 0Ien)  O(Ie.n)
.\ 4 A7
Bm, ; m of, | om (A1)

If we replacel,. with I, — 37V I, in (&7), we have:

(e—1) (e—=1)(c—1) —
d(1.n) f; 0(Ion) fj 0(ILin) Ion
E : E E JJ E A
600 ome. = m  0f; = o m  0f; (A8)

The sum of the firstc — 1) terms of the right side of Equatiofl (1) may be written as fofio
Z o) 1 ‘i? a(
‘ om; m P

The right-hand side of Equatioil (1) becomes

(clcl) (e—

1)
I(I;n)
Z Z m 8f7 Z 597: (A9)

—Z - Houm) o) 1
8ml o m

P om; ome P

(e=1)

A(Im) '~ fi9Ion) 9(Ign)
o T Xman
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If we denoteH; = afl theni; may be written as follows.
_Om; _ O(m ) afl B L
Iz— ot — ot fz mHl+flIO

ReplacingZ; by (A1) in (A10) and usingg% =0,

B d(mH; n—l—fllon d(Ion)  I(Ipn)
_Z 8ml ___Z Zm f; am

o (Ci’ O(Hm) (=), 0In)

N P af; m om
Replacingn Wlth in Equation[(1) and usin§ (A12), we have

n n
1 8_ﬁ:_(c_1) 8(Hi—m(cfl)) - (C_l)l - 8(Io—m(cil))

mic—1) Ot — afi me ° om

(cl

1 a(Io’fl)
(c 1) Z 8fz m(c—l) om

and the equation of change foiis finally

on _‘i? d(Hm)  (Ion)
ot a7, om

i=1

(A10)

(A11)

(A12)

(A13)

(A14)

The equation of change for the mass distributjpe- n m; of specieg is derived as follows.

dq; _ Onm; 48_n+ I
o~ ot o U
And the equation of change fgy is obtained using = - Qi =
m(c_l) (C 1)
9qi 8n _
= — i I
o - gt
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Appendix B: Thetime derivation of Equation (I0) and (@)

The time derivation of EquatiofiL(1L0) leads to:

A

I(e— 1)

mi o
8N J
/ / / dmdfgl? dfg(cfn

mk fgl fg(c_l)

B
N 15 Foen p 5 e
dm my, _
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620 Replacmga(m,fgl,...,fg(cfl)) by Equation[(5), we have
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SoA = —B, thus

j
625 %—]i:(AqLB):O (B4)

which is expected since condensation/evaporation doeaffeat the total number of particles.
Similarly, an equation of change can be derived(@jr In order to simplify the writing of the
equations, the following abbreviations are introduced:

fgicfl) = fors-s Faeny
fgyfl)\i = f917"'7f9'i717f9'i+17"'7fg(c—1)
df v = dfgy - dfg(.
df (N = dfgy--dfg; 1 df g1 ---Af gy,

(C R R I
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630 The time derivation of Equatiof](9) leads to:
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Substituting Equatiod{A16) angl = m f; n into Equation[(Bb), we obtain:

C
Y 1) (r 1)
8@7
/ / m fgz B dmdf (p 1+ / / n 1 dmdfg§c_1>
mkf<r 1 mkf(v 1
D
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my f._
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(B6)
Similarly to Equation[{BIL), it can be proved thdt= — D, so that Equatior . (B6) simplifies to:

+f(b 1)

J
635 8Q / / dmdfg@,l):Nf I, (B7)

mkf(c 1)

Thus, in each section, the change with time of number and owe®ntrations is given by Equations

(B4) and [BY).
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Table 1. 20 Externally-mixed particle compositions

composition Index  Mixing state Mass fraction of each gro(#
HLI HLO HBO BC DU

1 unmixed(DU) 0-20 0-20 0-20 0-20 0-100
2 mixed 0-20 0-20 0-20 20-80 0-80
3 unmixed(BC) 0-20 0-20 0-20 80-100 0-20
4 mixed 0-20 0-20 20-80  0-20 0-80
5 mixed 0-20 0-20 20-80  20-80  0-60
6 unmixed(HBO)  0-20 0-20 80-100 0-20 0-20
7 mixed 0-20 20-80  0-20 0-20 0-80
8 mixed 0-20 20-80  0-20 20-80  0-60
9 mixed 0-20 20-80  20-80 0-20 0-60
10 mixed 0-20 20-80  20-80 20-80  0-40
11 unmixed(HLO) 0-20 80-100 0-20 0-20 0-20
12 mixed 20-80 0-20 0-20 0-20 0-80
13 mixed 20-80 0-20 0-20 20-80 0-60
14 mixed 20-80 0-20 20-80 0-20 0-60
15 mixed 20-80 0-20 20-80 20-80 0-40
16 mixed 20-80 20-80 0-20 0-20 0-60
17 mixed 20-80  20-80  0-20 20-80  0-40
18 mixed 20-80  20-80 20-80 0-20 0-40
19 mixed 20-80  20-80 20-80 20-80 0-20
20 unmixed(HLI) ~ 80-100 0-20 0-20 0-20 0-20

Table 2. Mixing state after 12hs simulation

Process No Dynamic  Coagulation C/E C/E+Coag+Nucl
scenario (A)  scenario (B) scenario (C) scenario (D)

Mixed particle number (%) 42 79 48 51
Mixed particle mass (%) 83 85 64 76

Table 3. Computational times

Process C/IE CI/Ebulk C/Ehybrid Coag C/E+Coag C/E+Coag bulKE+Coag hybrid
Internal mixing (s) 7.1 0.11 0.4 0.06 7.3 0.14 0.5
External mixing (s) 63.2 0.3 54.2 48.4 1228 315 113
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