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22 S1-DERIVATION OF THE NEW FRACTAL AGGREGATE (FA) MODEL
23 S1.1 Simplified Derivation of the FA Model (Eqg. 15, main text) excluding Cov

24 Derivation of N = M

V2 where Q= BDTEM + (1 - DTEM)ZDa

21n(GSD
kapo(Z) (krpm) 2P GMDP exp (255D,

d

PP

25

26 Figure S1: Graphical illustration of one BC aggregate consisting of many smaller primary particles
27

28  Primary particle diameter, generalised form:

29 dpp[m] = krem d,, PTEM (Boies et al., 2015; Dastanpour & Rogak, 2014)

30 d3, = (krem’)dm M

31
32 Number of primary particles,
33 nyp = ko ()20 (Boies et al., 2015; Eggersdorfer et al., 2012a)

dpp
dpy 2P

34 mpp = ky( [Substitute dpp, = krgm dm”TM]

2D 2D D )
kTeM~~ % X dpy ““ TEMPa

35
36 Mass of BC aggregate is the sum of the mass of primary particles:

37  Assumption: Single point of contact between pairs of primary particles, where the overlapping
38  coefficient, Coy = 0

dpy 2P

TT. .
39 m= npppo(g)dppg [Substitute npp = kaG—z g orempe) & d3p = (krem’)dm > TM ]

d..2Da - N
2Da SdmZDTEMDa) X Po (g) (ktgm )dy~ TEM

40 m=ky(
kTEM
AL = kydy T EPTENHIPIEN () )20

42 m= kadm3DTEM+(1_DTEM)2DapO(g)(kTEM)S—ZDa

43 m= kadm(ppo(g)(kTEM)3_2Da where @ = 3Drgy + (1 — Drgm) 2Dy
44

45  Mass of a collection of aggregates with size distribution n(dm):
46 M= [ "m(dmn(dy) dlogdy, [Substitute m(dm) = kadm? 0o ) (erem)*~224]

” o, I 3-2D
47 M= | kydp Po(g)(kTEM) «n(dp) dlogdn,
0

48 M = kapo(3) (krem)* 2P [* d® n(dy) dlogd,
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Note:
n(dy,) = N X p(d,) where p(dy,) is the probability density function of distribution n(d,,)

ffooo p(dy) =1 integrating the total interval of a probability density function is equal to 1

M = kapo (D) Uerem)* 2 [ dm® N p(di) dlogdn,

M = N X kapo ) (krem)* 2P [ d® dlogdyy,
Note: The remaining integral, f0°° dn? dlogd,, is the o™ moment of a log-normal distribution

Moment Generating Function of order ¢ for the log-normal distribution:
20.2

®
M,(u o) =e?"" 2 (Magnus et al., 2013)

or similarly, E(X%) = exp(qu + %q’szz)

— 1
M = Npo(3) (kerem)* 2P« exp(ou + - 920?)

Note: u = In(GMD) & o = In(GSD)

T 1
M = Nkapo(g)(kTEM)3‘2D°‘ exp(¢ X In(GMD) + 5<p2 x [In(GSD)]*)

Recall Logarithmic Power Rule: log, (xY) = y.logy (x)

T 1
M=N kapo(g)(kTEM)3‘2D°‘ exp(In(GMD?) + quz X [In(GSD)]*)

2 2
W) where ¢ = 3Drgym + (1 — Drem)2Dq

M = Nicapo () Uerpn)* =2« GMDPexp(

Rearranging equation for N — Simplified FA Model:

N = M

where Q= 3DTEM + (1 — DTEM)ZDOL

@2 ln(GSD)Z)

kapo (%) (kreM)3 2P GMDPexp(¥—"7

When k, = 1and D, = %Dfm is assumed for aircraft BC emissions, the FA model becomes:

El, = Elm where ¢ = 3Drgm + (1 — Drgm) Dim

- 21n(GSD)?
po (%) (kgp)®~Pfm GMD‘peXP(%)

M = Total mass of BC aggregates k, & D, = Scaling prefactor & projected area exponent

N = Total number of BC aggregates ktem & Drgm = TEM prefactor-exponent coefficient pairs
po = Material density of BC GMD = Geometric mean diameter

Dsm = Aggregate mass-mobility exponent GSD = Geometric standard deviation

Earlier derivations of the FA model can be found in Stettler & Boies (2014), Teoh et al. (2017),
Stettler et al. (2017), Teoh et al. (2018a) and Teoh et al. (2018b).
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S1.2 Extended Derivation of the FA Model (Eqg. 16, main text) including Cov

Derivation of N = M

g ln(GSD)Z)
2

1 ¥21n(GSD)?2
(1—1.5c3,,+o.scg,,)+k%EM(E)(1.scg,,—o.scg,,)GMDV exp(T ]

po(E)lka(krem)?~2PaGMD? exp

where QY = 3DTEM + (1 - DTEM)ZDa & Y = 3DTEM

Equations from Section S1.1:

Primary particle diameter, dj, = (krgm>)dm >PTEM

dyy 2Pt

Number of primary particles, n,, = k,(

ZD SDrEmDa)
ktem™ * X dpy “7 TEM7Q

For monodisperse primary particles, the mass of one BC aggregate with overlapping primary particles
is defined by Moran et al. (2018) as:

m=Po (g) dpp’ X [npp ~(npp—1) G) G- CO")C‘”’Z]

1 1
m = po (g) [dppgnpp - dpanpp (5) 3 - Cov)Cov2 + dppS(E) B- Cov)covz]

dpy 2Pt

2D 2DTEMD
kreMZ2® X dpy 2P TEMPa

[Substitute np, = k( ) & dgp = (kTEM3)dm3DTEM ]

— _ 1
m = pokadm? G (krem)> 2%« = pokadm? G (krem)> 2% (5) 3 = Con)Cov® +

Podm” ) (krem)® (5) B = Con)Cov®

where QY = 3DTEM + (1 — DTEM)ZDOU and Yy = 3DTEM

Mass of a collection of aggregates with size distribution n(dm):

M = [ m(dm)n(dm) dlogdm

M= fooo[pokadm(p(%)(kTEM)3_2D°‘ - pOkaqu)(g)(kTEM)S_ZD“ G) (3= Cyy)Coi? +
podmy (g) (kTEM)3 (%) 3 - COU)COVZ] x n(dy) dlogdy,

— co _ 1
M = po(Dkallerpm)* 2% [ di?n(dpn) dlogdm — po Dk Uerem)* 2% () (3 =
Con)Cor® Jy din?n(dim) dlogdum + po(Gkallerer)® (5) B = Con)Cov? fy dm” n(dry) dloge,

$%1n(GSD)?

1 21n(GSD)?
M= Nkapo(%)(kTEM)3‘2D“GMD¢ exp< > ¢?In(GSD) )

[
> - Nkapo (g) (kTEM)3_2Da (E) (3 - Cov)cov2 GMD?® €xXp ( 2

T 1 y2In(GSD)?
+ Nlegpo ) erem)? (5) (3 = Co) o2 GMDY exp )

Rearranging equation for N — Extended FA Model:
M

N = 2 2 7 7
po (%) kallerem)*~2PaGMD® exp( 2SR (121,562, +0.563, )+ gay () (1.5C3,—0.5C3,) GMDY exp(L-2ESLL%),

where Q= 3DTEM + (1 — DTEM)ZDOU and Y = 3DTEM

M

2 1n(GSD)2
kapo(D) (krgm)3~2PaGMDP exp (L1250,

Checks: If Cov = 0, the FA model becomes N =
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S1.3 Sensitivity of the FA Model Outputs to Cov

_ (rytry)—dj

The degree of primary particle overlapping is defined as C,, = ) and Cov is usually
iTlj

obtained from the projected overlapping coefficient estimated from TEM images (Cov,p).

Brasil et al. (1999) showed that Cov,p can be converted to Cov with the following formula:
Cov = §1Covp — G2s where {; = 1.1+ 0.1and {, = 0.2 + 0.02

According to Bourrous et al. (2018), the Cov,p for BC is between 0.2 and 0.4, and the

conversion from Coy,p to Coyv gives a range of 0.02 < C,,, < 0.24.

Using the SAMPLE 111.2 aircraft emissions data from Boies et al. (2015), we explored the
sensitivity of the FA model outputs (the estimated N or El,) to the range of Coy provided by
Bourrous et al. (2018). For an upper bound of Cov = 0.24, Figure S2 shows that the FA model
outputs could increase by up to 7% relative to the simplified FA model where Cov is assumed
to be 0.

1.08 . :
FIFy, = 3.3%
1.07 | FIFy, = 40%
FIF = 94.6% /
1.06 / 1
1.05
%
g
o
o 1.04
<
P
1.03
1.02
1.01
1 - 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25

Overlapping coefficient, (30v

Figure S2: Sensitivity of the FA model outputs to Cov, using data from the SAMPLE 111.2 campaign.

S2 — ASSUMPTION OF ka =1 AND Dim = 2D« FOR AIRCRAFT BC EMISSIONS
The prefactor-exponent assumptions of ka = 1 and 2D, = Dy, are used to estimate aircraft
BC emissions in the FA model. In this section, the validity of these assumptions is evaluated

using different methodologies and datasets published in the literature.

For aggregates formed via diffusion limited cluster aggregation (DLCA), Eggersdorfer &
Pratsinis (2012) showed that the ka is inversely correlated with the GSD of primary particle
diameters (figure 4 on Eggersdorfer & Pratsinis (2012)). Using data on the size distribution of



136 primary particle diameters (dpp) from a CFM56-7B26 single annular combustor (SAC)

137  aircraft gas turbine engine (Liati et al., 2014), the GSD of aircraft BC primary particles at
138  different engine thrust settings (F/Foo) can be estimated. This aircraft primary particle GSD
139  can subsequently be used to estimate the range of ka values by interpolating the results

140  presented in figure 4 on Eggersdorfer & Pratsinis (2012).

141  Table S1 shows the soot primary particle size distribution data from Liati et al. (2014), while
142  Table S2 shows the aircraft BC primary particle GMD and GSD at different F/Foo (which
143 were estimated from the size distribution of BC primary particles).

144  Table S1: Aircraft BC primary particle size distribution data from Liati et al. (2014)

BC Primary Particle = Mean diameter, Frequency (%)
Diameter (nm) di (nm) F/Foo=0.07 F/Foo=0.65 F/Foo =1.00
0-5 2.5 0 0 2
5-10 7.5 10 4.5 6
10-15 12.5 61 17.6 16.7
15-20 175 28 32.2 24
20-25 22.5 1 26.7 19.3
25-30 27.5 0 16 15.3
30-35 325 0 2.2 8.4
35-40 375 0 0.8 4.2
40 - 45 42.5 0 0 1.8
> 45 50 0 0 2.3

145
146  The GMD and GSD of aircraft BC primary particles are estimated using the following
147  equations (Eqg. S1 and S2) from Hinds (1999):

¥ Niln(dm);

= ), (S1)

iltn(dn)i~In(GMD))” 4 (S2)
N-1

GMD = exp(

J
GSD = exp(Zi=t

148

149  Table S2: Aircraft BC primary particle GMD and GSD at different F/Foo

F/Foo Primary Particle GMD (nm) Primary Particle GSD
0.07 13.1 1.2761
0.65 18.6 1.3978
1.00 19.3 1.6827

150
151  Using the aircraft primary particle GSD results from Table S2, the range of ka is interpolated
152 using the results presented in figure 4 on Eggersdorfer & Pratsinis (2012), adopting a DLCA

153  assumption. For 0.07 < Fi < 1.0, the interpolated ka is within the range of 0.8 to 1.0. Hence,

00

154  the assumption of ka = 1 for aircraft BC emissions across all engine type and thrust settings is

155  supported.
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Secondly, using data from the SAMPLE I11.2 campaign, ks and D, values at certain F/Foo can
also be approximated using Eq. S3, which is derived by equating npp from Eq. 1 and Eq. 6 in

the main text, and subsequently substituting m with Eq. 2:

-k 2Dg—3 — 3DtEM~Dim
ka = o (kTEM) and  Dg 2(DrEm—1) (S3)

The variables k, D, ktgm and Dtem required to estimate ks and D, at certain F/Foo are

available from Boies et al. (2015) and Johnson et al. (2015), where the data used in these two
studies were collected from the same campaign and experimental set up. Table S3 shows the
approximation of ks and D, values from a CFM56-5B4-2P double annular combustor (DAC)
engine at certain F/Fgo. Outliers from three data points (F/Foo = 9.5% and F/Foo = 30.9%) are

identified from Johnson et al. (2015) and excluded in this analysis.

Table S3: Estimation of ka and D« values from a CFM56-5B4-2P DAC engine using Eq. S3.

F/Foo Boies et al. (2015) Johnson et al. (2015) % difference
% krew (] Dren " D ktem [m] Est.Da  Est. ka betweeZnDDfm and
a

9.5 0.54 0.86 141.54 2.91 0.03

17.4 0.86 0.75 7.72 2.73 0.005 0.96 1.382 -29.67%
174 1.39 0.65 11.72 2.76 0.001 1.157 0.764 -16.16%
17.6 0.71 0.8 32.19 2.82 0.011 1.05 1.032 -25.53%
24.4 1.17 0.74 10.28 2.75 0.005 1.019 0.888 -25.89%
24.4 0.8 0.79 33.73 2.81 0.01 1.048 1.196 -25.41%
30.9 0.44 0.98 823.33 3 0.291

30.9 0.56 0.92 823.33 3 0.107

Average 1.0468 1.0524 -24.53%

Using this approach, the average ka value for a DAC engine is estimated to be 1.05 (0.75 <
k., < 1.4), which also supports the assumption of ks = 1 for aircraft emissions in the FA
model. Finally, Table S3 also showed that values of 2D, and Dy, differs by approximately
25%, where the discrepancy could be due to the uncertainties from experimental

measurements.

S3—-DETAILED METHODOLOGY & EXPERIMENTAL SET-UP OF THE
DATASETS USED TO VALIDATE THE FA MODEL

This section describes the experimental set-up and methodology of the different datasets used
to validate the FA Model. The FA model is validated with BC emissions data from three
different sources: A compression ignition direct injection (CIDI) internal combustion engine,

a soot generator, and two aircraft gas turbine engines at ground and cruise conditions.
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S3.1 Validation — CIDI Internal Combustion Engine

BC emissions and aggregate morphology data from a CIDI engine, a six-cylinder Cummins
ISX were obtained by Graves et al. (2015). The dataset consists of 16 data points measured
from six different engine operating conditions, where the engine is set at a certain percentage
of its maximum load based on the European Stationary Cycle (EU, 1999). Figure S3 shows
the experimental set-up used to collect the BC emissions data from the CIDI engine.

Intake Air Thermodenuder T
\ |= 00 | r— ©
Dilution TPS
System
Surge Surge Thermodenuder [ o
Tank Tank L (1 ' [_JD
T DMA? CPC2
. - .
I—{ Engine }J DMA 1 i
|0 M -
CPC1. CPMA

Figure S3: Experimental set-up used to collect data on the BC concentration and properties from the
CIDI internal combustion engine (Graves et al. (2015), reproduced with permission).

The exhaust gas sample from the engine is first diluted at a ratio of 11:1 before passing
through a differential mobility analyser (DMA; Model 3081, TSI Inc., Shoreview, MN, USA)
and a thermodenuder (operating at 200°C to remove volatile particles in the sample flow).
Next, the sample flow is split into two. Half of the flow passes through a second DMA and a
condensation particle counter (CPC; TSI Model 3775, 5 nm Dsp) to measure the particle
number concentration for a given dm interval (ni). The subscript ‘i’ accounts for each particle
size interval consisting of a defined dm interval. The process of measuring nj is repeated for
successive particle size intervals until the entire size range is covered. Using the formulation
of Gormley & Kennedy (1948), particle line loss correction factors are applied to the
measured n; to account for diffusional deposition losses along the thermodenuder. Particle
losses along the sampling line and thermophoretic losses along the thermodenuder were not
corrected due to the large degree of uncertainty in its correction factor (Graves et al., 2015).
The total BC particle number concentration, N is calculated by the summation of n; for each

dm interval,

N=3 (S3)

where the subscript ‘j’ is the total number of size intervals covering the entire size range. For

each engine operating mode, the GMD and GSD are estimated using Eq. S1 and Eq. S2.
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The other half of the sample flow is sent to a CPMA to measure the average mass of one BC
aggregate (m) for a given dnm interval. With measurements of m and dm, prefactor-exponent
coefficient pairs of C and D can be estimated by a power-law fit using Eq. 2 (main text) and
Eq.5 (main text) is then applied to estimate pest. While tandem measurements of the total BC
mass concentration (M) were not directly measured in this experimental campaign, it is

estimated using the integrated particle size distribution (IPSD) method (Liu et al., 2009),

M =3 1(pe)i G dm i (S4)
where the central dm value in each size interval is used to estimate pest (from Eq. 7 in the main

text) and the volume of BC aggregate (g d.,>). Given the lack of repeated measurements for

M to obtain a standard deviation, the uncertainty bound of p.¢ for each engine mode was

approximated from a generalised trendline (pegs = kd,, ™3

) to cover 95% of the measured
data points, where k and D are extracted from Graves et al. (2015). The uncertainty bounds

of p.sr are shown in Figure S4, and we assume that the uncertainties in directly propagates to

the estimated M, given that m and p are directly proportional, m = peff(%)dmg’.

Using the same CIDI engine, Dastanpour et al. (2016) found ks and D, values for each engine
operating mode, which will be referred to as Ka,opt and Dg,opt. Values of Ka,opt and Do, opt
(presented in Table S4) are estimated using a least squares regression between TEM
determined dpp and Eq. S5 (Dastanpour et al., 2016), which is derived by equating Eq. 1 and
Eqg. 8 in the main text,

1
dpp — (”kapo (dm)ZDa)ZDa—3’ (85)

em
The performance of the FA model is compared by using (i) Ka,opt and Dg,opt Values from
Dastanpour et al. (2016), and (ii) the constant ka = 0.998 and D, = 1.069 values (Eggersdorfer
et al., 2012b) in Section 4.1 (main text). Finally, ktgm and Dtem coefficients of
2.644 x 107¢ and 0.39 are used for all engine modes (Dastanpour & Rogak, 2014).

Table S4: Fitted values of Kaopt and Da,opt for each engine mode from Table 2 of Dastanpour et al. (2016)

Engine Mode Da,opt Ka,opt
B75 20% EGR 1.08 0.83
B75 0% EGR 1.2 0.79
B50 20% EGR 1.13 1.13
B37 20% EGR 1.13 1.2
B25 20% EGR 1.01 14
A63 80% Premixed 1.1 1.19
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Figure S4: Uncertainty bounds of p.¢ for each engine mode of the CIDI engine, which are then
propagated to estimate the uncertainties of M. Values of k and D are obtained from Graves et al. (2015).

S3.2 Validation — Soot Generator

250

A laboratory-based experiment was conducted at the combustion laboratory in the University

of Cambridge to measure the emissions characteristic of BC produced by a soot generator.

The custom-made soot generator was previously used by Stettler et al. (2013b) to evaluate the
dependence of smoke number (SN) and mass concentration of BC (Cgc) on the BC particle

size distribution. Figure S5 shows the schematic diagram of the experimental set-up.

10
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Figure S5: Experimental set-up to measure the BC concentration and properties produced from a soot
generator.

BC aggregates are produced from a burner/soot generator by mixing propane (CsHs),
nitrogen (N2), and air in a co-flow inverse diffusion flame, and sampled at around 200mm
above the flame by a stainless-steel probe. The sample flow then enters an ageing chamber to
coagulate and form larger BC aggregates with steady sizes, and the BC concentration and
size distribution are varied by changing the residence time in the ageing chamber. A catalytic
stripper with an internal temperature setting of 350°C is then connected downstream to
remove volatile particles. Stainless steel and conductive silicone tubing are used to minimise

the particle losses along the sampling flow, and no particle line loss corrections were applied.

Following the catalytic stripper, the aerodynamic aerosol classifier (AAC, Cambustion,
United Kingdom) is set to select four particle sizes, which were 50nm, 100nm, 150nm and
200nm respectively to obtain BC particles that are monodisperse. The particle size
distribution is measured using a scanning mobility particle sizer (SMPS, TSI, Inc.,
Shoreview, MN, USA:3080 Electrostatic Classifier, 3081 DMA, 3776 condensation particle
counter [CPC]), of which diffusion and multiple charge correction have been applied.
Simultaneously, repeated measurements of N and M are made by a CPC and Micro-
Aethalometer (MicroAeth AE5S1, AethLabs, United States) respectively.

Overall, 13 data points are produced from this experiment and their corresponding particle
size distributions are shown in Figure S6. Although particle line loss correction factors were
not applied, stainless steel and conductive silicon tubing were both used to minimise the

particle losses along the sampling flow.

The assumed krgy and Drem coefficients are 2.465 x 1076 and 0.29 respectively
(Dastanpour & Rogak, 2014), while constant values of ky = 0.998 and D, = 1.069

(Eggersdorfer et al., 2012b) were used due to the lack of data on the ka,opt and Dy, opt Values.

11
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Figure S6: BC particle size distribution for the 13 data points produced by the soot generator.

S3.3 Additional Notes for Validation of Aircraft Gas Turbine Engines

Ground-level BC measurements from other studies (Lobo et al., 2015; Timko et al., 2010;
Wey et al., 2006) were not included due to a lack of volatile particle remover (VPR) that
could have led to the inclusion of some volatile particles. Additionally, an SMPS cut-off size
of 15 nm could also lead to an underestimation of El, at lower engine thrust settings (< 7%
F/Foo), where aircraft BC dm is estimated to be below 15 nm (Durdina et al., 2014).

S4 - FA MODEL VALIDATION FOR THE CIDI ENGINE

The respective kaopt and Dg,opt Values for each engine mode are previously listed in Table S4,
while krem = 2.64x10® and Drem = 0.29 is prescribed for all engine operating conditions
(Dastanpour & Rogak, 2014). The validation data used in Figure 1a (main text) is presented
in Table S5.

Additionally, the same CIDI dataset is also validated by using constant values of k. = 0.998
and D, = 1.069 (Eggersdorfer et al., 2012b), of which results were presented in Figure S7 and
Table S6. The R? value remains high at 0.978 but the magnitude of normalised mean bias
(NMB) increased slightly from -8.3% (Ka,opt and Dy,opt) t0 +15.5% (ka = 0.998 and D, =
1.069). This shows that the constant ks and D, values from Eggersdorfer et al. (2012b) can be

used when Kaopt and Dy,opt data are unavailable.

12



289  Table S5: Validation data for the CIDI engine (Figure 1a in the main text), where Kaopt and Dg,opt Values
290 are used.

Measured Values Estimated Values - FA Model

s (am  omy G0 N e NM) PGP NMB
B7520%  1.80E-05 90.01 1573 4.44E+13 2404 572E+13  16E+26  8.2E+26 21.40%
EGR 1.46E-05 8655 1576 3.99E+13 2404 5.06E+13  12E+26  5.7E+26 19.67%
1.37E-05 84.69 158  455E+13 2404 5.00E+13  2.0E+25  8.8E+26 3.55%

B750%  3.52E-06 63.07 1555 2.12E+13 2574 199E+13  15E+24  2.8E+25 -9.69%
EGR 358E-06 6572 1539 210E+13 2574 1.88E+13  4.9E+24  2.6E+25 -14.27%
B5020% 2.42E-06 58.02 1558 164E+13 2475 144E+13  3.8E+24  2.3E+23 -16.36%
EGR 224E-06 56.97 1562 178E+13 2475 139E+13  1.6E+25  3.8E+24 -26.03%
B3720% 2.68E-07 36.66 1564 577E+12 2475 4.64E+12  13E+24  1.0E+26 -23.59%
EGR 1.26E-06 4791 1545 1.37E+13 2475 1.16E+13  44E+24  A4TE+24 -19.61%
507E-07 395 1567 857E+12 2475 7.26E+12  1.7E+24  5.4E+25 -19.60%
3.32E-07 3826 1601 6.38E+12 2475 4.84E+12  24E+24  9.0E+25 -28.01%

B2520% 1.03E-07 31.38 1.801 193E+12 2304 193E+12 23E+19  2.0E+26 -6.41%
EGR 9.96E-08 30.31 1.828 1.80E+12 2304 193E+12  1.7E+22  2.0E+26 0.21%
1.26E-07 3056 1.827 228E+12 2304 239E+12  1.4E+22  1.9E+26 -1.79%

A6380% 107E-06 628 1798 3.63E+12 2432 353E+12  11E+22  15E+26 -8.15%
Premixed 117E-06 62.36 1.777 4.02E+12 2432 4.06E+12  19E+21  1.4E+26 -4.43%

D 33E+26  3.4E+27 NMB = —8.32%
R2 0.903
291
292

293 Table S6: Validation data for the CIDI engine, where constant ka = 0.998 and D, =1.069 values from
294 Eggersdorfer et al. (2012b) are used.

Measured Values Estimated Values - FA Model
s (o qmy GO N e N GHIF iF NMB
B7520% 1.80E-05 90.01 1573 444E+13 2.388 4.95E+13 25E+25 8.2E+26 11.28%
EGR 1.46E-05 8655 1576 3.99E+13 2.388 4.37E+13 15E+25 5.7E+26 9.63%
1.37E-05  84.69 158  455E+13 2.388 4.32E+13 5.5E+24 8.8E+26 -5.16%
B750%  3.52E-06 63.07 1555 2.12E+13 2388 233E+13 45E+24 2.8E+25 10.04%
EGR 358E-06 65.72 1539 210E+13 2388 2.20E+13 1.0E+24 26E+25 4.82%
B5020% 2.42E-06 5802 1558 1.64E+13 2.388 1.94E+13 9.3E+24 2.3E+23 18.64%
EGR 2.24E-06  56.97 1562 1.78E+13 2388 1.87E+13 7.4E+23 3.8E+24 4.81%
B3720% 2.68E-07 36.66 1564 5.77E+12 2.388 6.39E+12 3.8E+23 1.0E+26 10.70%
EGR 1.26E-06  47.91 1545 1.37E+13 2.388 1.63E+13 6.7E+24 4.7E+24 18.92%
5.07E-07 39.5 1567 857E+12 2.388 1.01E+13 2.2E+24 5.4E+25 17.27%
332E-07 3826 1601 6.38E+12 2388 6.71E+12 1.1E+23 9.0E+25 5.15%
B2520% 1.03E-07 31.38  1.801 1.93E+12 2.388 2.35E+12 1.8E+23 2.0E+26 21.73%
EGR 9.96E-08  30.31  1.828 1.80E+12 2.388 2.34E+12 3.0E+23 2.0E+26 30.26%
1.26E-07 3056  1.827 2.28E+12 2.388 2.90E+12 3.9E+23 1.9E+26 27.59%
A6380%  1.07E-06 62.8 1.798 3.63E+12 2.388 4.68E+12 1.1E+24 15E+26 28.94%
Premixed 117E-06 62.36 1777 4.02E+12 2388 538E+12 19E+24 1.4E+26 33.93%
> 74E+25 34E+27 NMB = 15.53%

R? 0.978
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Figure S7: Validation of the FA model against emissions from a CIDI engine where constant values of ka
=0.998 and D, = 1.069 are used. Error bars denote precision errors from repeated measurements with

1.960 and do not include systematic uncertainties arising from instrumentations. Detailed data tables in

Table S6.

S5 - FA MODEL VALIDATION FOR THE SOOT GENERATOR
For this validation, constant values of ka = 0.998 and D, = 1.069 (Eggersdorfer et al., 2012b)

were used due to the lack of data on the Ka,opt and Da,opt Values. The validation data used in

Figure 1b (main text) is presented in Table S7.

Table S7: Validation data for the soot generator (Figure 1b in the main text), constant values of ka = 0.998
and Dy = 1.069 (Eggersdorfer et al., 2012b) were used.

Measured Values

Estimated Values - FA Model

GMD

sample (ug'\/"ms) Neeo () (15 GSD 0 NMmY i (v NMB
1 0.768 537E+10 4162 1338 2388  188E+10  L12E+21  9.2E+20 65.1%
2 8.187 197E+10 11192 1479 2388  155E+10 18E+19  13E+19 -21.4%
3 4,099 523E+09 12878 1801 2388  321E+09  41E+18  3.3E+20 -38.7%
4 0.726 383E+10 4073 1350 2388  1B4E+10  4OQE+20  22E+20 51.9%
5 10250  203E+10 12462 1346 2388  181E+10 5.1F+18  9.4E+18 -11.1%
6 4561 AT9E+09 14708 1271 2388  5.9IE+09  13E+18  35E+20 23.5%
7 4561 479E+09 14335 1580 2388  408E+09  5O0E+17  3.5E+420 -14.8%
8 8.331 576E+10 8542 1279 2388  3.92E+10  34E+20  12E+21 -31.9%
9 9.799 185E+10 12043 1499 2388  151E+10 L1E+19  24E+19 -18.1%
10 5.825 560E+09 14540 1579 2388  G.O4E+09  41E+17  3.1E+20 -11.3%
11 0.380 169E+10 4239 1418 2388  BOOE+09  7.0E+19  42E+19 52.7%
12 4228 367E+10 8031 1354 2388  211E+10  24E+20  18E+20 42.5%
13 3.094 90.I5E+09  127.60 1313 2388  6.92E+09  5O0E+18  2.0E+20 245%
5 23E421  41E+21  NMB = —27.72%
R? 0.44
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S6 — FA MODEL VALIDATION FOR AIRCRAFT GAS TURBINE ENGINES

(GROUND & CRUISE)

S6.1

Data Tables for the FA Model Validation — Aircraft Emissions

Ground validation for the aircraft gas turbine engine in Figure 2a (main text) originates from

the SAMPLE 111.2 experimental campaign and the data is presented in Table S8. For aircraft

emissions, we assume that k, = 1 and D, = %Dfm (Eggersdorfer et al., 2012b) due to a lack

of data on the variation of k, and D,, values across F/Foo, while values of krgy =

1.621 x 107> and Drem = 0.39 from Dastanpour & Rogak (2014) are used.

Table S8: Validation data for the aircraft gas turbine on the ground (Figure 2a in the main text), of which

the data is originated from the SAMPLE I11.2 experimental campaign (Boies et al., 2015).

Measured Values

Estimated Values - FA Model

r N Y 0 R I A S =11 5 B 0 S NME
3.32% 1.27E+15 25.1 16.09 1.76 2.854 1.79E+15 9.51E+28 6.75E+27 -24.27%
3.30% 1.22E+15 135 15.89 1.78 2.854 9.66E+14 5.36E+28 1.79E+28 -18.99%
3.30% 1.23E+15 13.6 15.88 1.77 2.854 9.91E+14 6.26E+28 1.55E+28 -20.38%
3.31% 1.25E+15 13.3 15.90 1.76 2.854 9.81E+14 8.63E+28 1.05E+28 -23.49%
3.30% 1.21E+15 12.9 15.96 1.76 2.854 9.60E+14 2.31E+28 1.98E+28 -12.54%
3.31% 1.20E+15 14.1 15.97 1.75 2.854 1.06E+15 1.33E+28 2.26E+28 -9.60%
3.32% 1.19E+15 14.1 15.93 1.74 2.854 1.09E+15 8.12E+28 2.66E+28 -23.96%
3.31% 1.87E+15 12.0 15.94 1.75 2.854 9.08E+14 3.10E+29 2.69E+29 -29.74%
7.62% 2.44E+15 37.2 21.16 1.73 2.854 1.32E+15 4.66E+29 1.17E+30 -28.05%
9.37% 3.11E+15 63.1 23.25 1.72 2.854 1.76E+15 6.16E+29 3.07E+30 -25.28%
11.20% 3.35E+15 108.5 25.77 1.71 2.854 2.33E+15 5.56E+29 3.98E+30 -22.28%
13.29% 3.65E+15 138.9 27.28 1.70 2.854 2.62E+15 3.96E+29 5.30E+30 -17.21%
15.50% 3.33E+15 192.3 29.23 1.69 2.854 3.05E+15 3.81E+27 3.92E+30 1.85%
17.70% 4.19E+15 262.9 33.52 1.61 2.854 3.42E+15 2.30E+27 8.07E+30 -1.14%
20.51% 4.71E+15 385.3 35.02 1.63 2.854 4.17E+15 2.02E+27 1.13E+31 0.95%
23.33% 2.20E+14 519.6 37.45 1.62 2.854 4.79E+15 3.54E+27 1.28E+30 27.03%
26.39% 2.20E+14 7.8 20.59 1.76 2.854 2.81E+14 9.03E+25 1.28E+30 4.32%
33.06% 1.87E+14 5.6 19.58 1.76 2.854 2.31E+14 3.25E+26 1.36E+30 9.63%
36.87% 1.14E+14 5.2 19.89 1.76 2.854 2.06E+14 7.62E+26 1.53E+30 24.15%
41.12% 8.85E+13 2.7 18.49 1.73 2.854 1.43E+14 7.68E+26 1.60E+30 31.30%
45.75% 6.91E+13 2.2 18.58 1.73 2.854 1.17E+14 1.53E+27 1.65E+30 56.70%
51.09% 5.34E+13 2.2 18.85 1.73 2.854 1.09E+14 9.81E+26 1.69E+30 58.66%
57.10% 4.16E+13 1.8 19.17 1.73 2.854 8.51E+13 9.15E+26 1.72E+30 72.78%
62.91% 3.36E+13 1.7 19.74 1.73 2.854 7.21E+13 6.11E+26 1.74E+30 73.51%
69.13% 1.52E+13 1.6 20.73 1.74 2.854 5.86E+13 4.71E+26 1.79E+30 142.57%
85.70% 6.19E+12 1.3 22.75 1.73 2.854 3.71E+13 1.36E+27 1.81E+30 595.22%
94.60% 1.44E+13 1.4 22.90 1.70 2.854 4.32E+13 4.01E+26 1.79E+30 139.27%
84.33% 6.32E+14 1.2 23.00 1.71 2.854 3.46E+13 4.53E+27 5.20E+29 10.65%
3.32% 1.04E+15 9.4 16.26 1.74 2.854 7.01E+14 2.76E+28 9.69E+28 -15.95%
3.38% 1.69E+15 12.6 16.44 1.75 2.854 8.78E+14 2.35E+29 1.11E+29 -28.74%
6.55% 2.86E+15 317 20.81 1.72 2.854 1.21E+15 2.82E+29 2.27E+30 -18.55%
9.75% 3.50E+15 66.0 24.34 1.71 2.854 1.67E+15 1.87E+28 4.63E+30 3.90%
13.25% 2.10E+14 125.0 27.50 1.69 2.854 2.34E+15 5.66E+26 1.31E+430 11.35%
20.52% 9.12E+14 327.0 34.70 1.63 2.854 3.67E+15 1.64E+28 1.94E+29 -14.06%
26.45% 2.09E+14 55 19.46 1.75 2.854 2.35E+14 1.91E+25 1.31E+430 2.09%
3.44% 1.27E+15 12.1 17.30 1.72 2.854 7.86E+14 9.51E+28 6.75E+27 -24.27%
26.78% 1.22E+15 5.3 19.49 1.77 2.854 2.15E+14 5.36E+28 1.79E+28 -18.99%

Y 3.36E+30 6.69E+31 NMB = 26.6%
R? 0.950
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Next, cruise validation for the aircraft gas turbine engine in Figure 2b (main text) originates
from the NASA ACCESS experimental campaign and the data is presented in Table S9. Two
observed GSD values in red (on the table above) have been highlighted due to the potential of

an anomaly or measurement error.

Table S9: Validation data for the aircraft gas turbine at cruise conditions (Figure 2b in the main text), of
which the data is originated from the NASA ACCESS experimental campaign (Moore et al., 2017).

Measured Values Estimated Values - FA Model

Eln GMD  GSD

Fuel Type Eln (kgl) (mg/kg) (nm) (nm) (] Eln (kgl) (yi's\’i)2 (yi'Y)z NMB
Conventional 7.64E+14 80.97 35.3 1.72 2.76 6.85E+14 6.32E+27 1.30E+29 -10.40%
Conventional 5.00E+14 39.58 29.7 1.64 2.76 6.70E+14 2.88E+28 9.30E+27 33.95%
Conventional 4.50E+14 32.26 255 1.86 276 4.76E+14  6.89E+26  2.15E+27 5.83%
Conventional 6.30E+14 52.44 325 171 276 5.76E+14  293E+27 5.13E+28 -8.60%
Conventional 3.18E+14 16.71 27 1.63 276  3.80E+14  3.88E+27  7.32E+27 19.59%
Conventional 2.82E+14 13.08 235 1.73 276  3.44E+14  3.86E+27 1.48E+28 22.04%

Fuel Blend 5.41E+14 37.78 28.7 1.75 2.76 5.33E+14 5.67E+25 1.89E+28 -1.39%

Fuel Blend 2.62E+14 17.13 27.8 1.71 2.76 2.94E+14 1.01E+27 2.00E+28 12.11%

Fuel Blend 4,15E+14 9.09 20.9 2.03 2.76 1.48E+14 7.16E+28 1.30E+26 -64.46%

Fuel Blend 3.94E+14 20.13 28 1.68 2.76 3.65E+14 8.50E+26 9.18E+25 -7.40%

Fuel Blend 1.78E+14 6.68 26.3 1.68 2.76 1.45E+14 1.10E+27 5.09E+28 -18.66%

Fuel Blend 1.09E+14 412 23.4 1.58 2.76 1.59E+14 2.49E+27 8.68E+28 45.81%

> 1.24E+29 3.92E+29 NMB = 2.37%
R? 0.684

S6.2 FA Model Validation using ktem & Dtem Coefficients from Boies et al. (2015)
Figure S8 shows the parity plots for the FA model validation when the coefficients ktem =
0.0125 and Dtem = 0.8 from Boies et al. (2015) are used.

For ground conditions (Figure S8a), estimated Eln values are in good agreement with
measured El, from the SAMPLE 111.2 (R? = 0.963, NMB = +38.9%) experimental campaign.
For cruise conditions (Figure S8b), an overall R? and NMB values of 0.647 and +6.3% are
observed when fitted with the NASA ACCESS data.

However, as mentioned in Section 4.2 in the main text, the R? of these validation results are
around 2.4% lower, while NMB values are around 32% higher relative to the scenario where
ktem and Dtem coefficients from Dastanpour & Rogak (2014) are used. Therefore, the
coefficients from Dastanpour & Rogak (2014) (krem = 1.621x107° & Drem = 0.39) are used in
the final FA model in place of the coefficients from Boies et al. (2015) (ktem = 0.0125 &
Dtem = 0.8).
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Figure S8: Validation of the FA model for (a) ground conditions using data from Boies et al. (2015), and
(b) cruise conditions using data from Moore et al. (2017). ktem and Dtem prefactor-exponent coefficients
specified by Boies et al. (2015), ktem = 0.0125 & Dtem = 0.8 are used. Horizontal error bars denote

random errors from repeated measurements with 1.966, and do not include systematic uncertainties from
instrumentations.

S6.3 FA Model Validation using Constant ka = 0.998 & D = 1.069 Values from
(Eggersdorfer et al., 2012b)

When values of ks = 0.998 and D, = 1.069 from Eggersdorfer et al. (2012b) is used to
validate the FA model against aircraft emissions at ground (Figure S9a) and cruise (Figure
S9b), we obtain an average negative R? value and NMB values exceed 100%. An explanation
to this phenomenon is provided in Section 4.2 in the main text.
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Figure S9: Validation of the FA model for aircraft emissions using constant values of ka = 0.998 and D, =
1.069 from Eggersdorfer et al. (2012b) at (a) ground conditions using data from Boies et al. (2015), and
(b) cruise conditions using data from Moore et al. (2017). Horizontal error bars denote random errors
from repeated measurements with 1.966, and do not include systematic uncertainties from
instrumentations.
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S7—-EXISTING METHODOLOGIES TO ESTIMATE AIRCRAFT BC Eln

Description of Existing Methodologies to Estimate Aircraft BC Eln

1) EIln/Elm Ratio with Altitudinal Variation (D6pelheuer, 2002)

1.E-16 x EI(N) [N(BC)/g(BC)]
0.0 0.5 1.0 15 2.0
16 T '
14
12
10

altitude [km]

8
6
4
.l
0 )
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EI(M) [g(BC)/kg(fuel)]

Figure S10: Variation in Aircraft BC Elm & Eln vs. altitude (Dépelheuer, 2002; Hendricks et al.,
2004).

Note that the EI(N) in Figure S10 denotes BC number-to-mass ratio (number of BC
particles emitted per gram of BC), which ranges from 4.8x10° g™(BC) on the surface
to around 1.6x10% g*(BC) at cruise altitude. A linear interpolation for EI(N) is
performed with a 2 km altitude interval prior to applying this methodology to estimate
the aircraft BC Eln.

2) Assumed Particle Diameter (Barrett et al., 2010)

9
M = %PNVDEJVNNV exp (5 (In UNV)Z)

where: M = Eln, for non-volatile PM (g/kg)
N = El, for non-volatile PM (kg?)
Geometric Mean Diameter (GMD) for non-volatile PM, Nyy = 38nm
Geometric Standard Deviation (GSD) for non-volatile PM, ayy = 1.6
Effective Density of non-volatile PM, pyy = 1000 kg/m3

Rearranging for N:

M

Nyy = ——
NV ™ 1.415pNyD3

The nominal geometric mean diameter (Dnv in this equation) is fixed at 38nm as
specified by the authors prior to applying this methodology to estimate the aircraft BC
Eln.
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S7.2  Validation of Previous Aircraft BC Eln Methodologies

Figure S11 shows the ground and cruise validation results for previous BC El, estimation

methodologies. The average R? is 79% lower, and the magnitude of NMB is 90% larger than
the FA model presented in Figure 2 (main text). For all data points, the estimated Eln outputs
from Dopelheuer (2002) and Barrett et al. (2010) differ by a constant value. This is due to the
assumption of previous methodologies where the BC aggregate property and morphology are

fixed and does not capture the variation in the GMD, GSD and Dsm versus F/Foo.

(a) ®  Dopelheuer (2002): R% = 0.190, NMB = -77.7% | (b) ®  Dopelheuer (2002): R? = 0.156, NMB = -3.5%
®  Barrettetal. (2010): R® = 0.696, NMB = -40.1% ®  Barrett et al. (2010): R? = -0.340, NMB = -22.5%
Error: £ 30% Error: £ 30%
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Figure S11: Validation of aircraft BC Eln for (a) ground and (b) cruise conditions using previous
estimation methodologies developed by Dopelheuer (2002) (data points in magenta) and Barrett et al.
(2010) (data points in blue). Horizontal error bars denote random errors from repeated measurements
with 1.966, and do not include systematic uncertainties from instrumentations.

S8 - METHODOLOGY TO ESTIMATE THE KNUDSEN NUMBER (Kn) FOR A
GIVEN ENGINE OPERATING CONDITION

According to Hinds (1999), the particle mean free path (A) is the average distance travelled

by a molecule between successive collisions:

c
A= o (S6)
where ¢ is the mean molecular velocity, or the average distance travelled by the molecule per

second. The term n, is the average number of collisions an air molecule undergoes in one

second, which can be expressed as:

n, = V2nnd,,”¢, (S7)
where dm is the diameter of a gas molecule (d,,, = 3.7 x 1071% m), and n is the number of air

molecules per unit volume. Therefore, Eq. S6 and Eq. S7 can be combined:
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c

A=———— S8
\/Emrdmzc_ (58)
A= ! S9
B \/Enndmz (59)
For a given gas, A depends only on n or gas density:
1

As the number of air molecules per unit volume (n) increases, pressure (p) increases.
Therefore, the particle mean free path of at a given pressure (P1) can be estimated using

standard atmospheric conditions (Po, 4,) as a reference:

A P,
Lon o
0 1
Py

At standard atmospheric pressure, Po = 1 atm, the mean free path, 1, = 0.066 um. For
aircraft engines, the combustion inlet pressure (P3) is used as the pressure or the closest
region where BC particles are formed. The formulas required to calculate P3 can be found in
Cumpsty (2003) and Stettler et al. (2013a). Similarly, the gross indicated mean effective
pressure (GIMEP) is used for the CIDI internal combustion engine (Graves et al., 2015),

while BC is assumed to form under one atmospheric pressure for the soot generator.

The Knudsen Number (Kn) is a dimensionless number equal to the ratio of the mean free path
to the particle radius:

o2
"=

According to Sorensen (2011), the continuum regime starts when Kn < 1, while the

(S13)

transition regime is when 0.1 < Kn < 10. Finally, the free-molecular regime is when Kn >
1. To use Eq. S13 to estimate the Kn, the mean free path (1) can be estimated using Eq. S12,
while particle diameter (d) can be estimated using the GMD.

The Knudsen number (Kn) for each data point is estimated for the CIDI internal combustion
engine (Table S10), soot generator (Table S11) and the two aircraft BC emissions dataset at
ground (Table S12) and cruise conditions (Table S13).

For BC aggregates produced from the soot generator, 77% of the data points form in the free-
molecular regime (Kn > 1) as Py is at one atmosphere and the Kn primarily depends on the
BC GMD. A larger GMD contributes to a lower Kn because the Kn and GMD are inversely

20



432
433
434
435
436

437

438
439
440

441
442

proportional (Eq. S13). For the CIDI and aircraft gas turbine engine on the ground, BC

aggregates are increasingly formed in the continuum and transition regime (Kn < 1) at higher

engine operating conditions. 92% of the BC aggregates are formed in the free-molecular
regime (Kn > 1) when the gas turbine engine is operating at cruise conditions, which

explanations to this phenomenon is provided in Section 4.2 in the main text.

Table S10: Knudsen number calculations for each data point in the CIDI dataset.

Engine Mode GIMEP (atm)  GMD (nm) M (pm) Kn

16.28 90.01 0.004 0.090
B75 20% EGR 16.28 86.55 0.004 0.094
16.28 84.69 0.004 0.096
10.86 63.07 0.006 0.209

B75 0% EGR
10.86 65.72 0.006 0.213
8.14 58.02 0.008 0.442

B50 20% EGR
8.14 56.97 0.008 0.338
8.14 36.66 0.008 0.411
8.14 47.91 0.008 0.424

B37 20% EGR
5.43 39.5 0.012 0.775
5.43 38.26 0.012 0.802
5.43 31.38 0.012 0.795
B25 20% EGR 13.6784 30.31 0.005 0.154
13.6784 30.56 0.005 0.155
A63 80% 16.28 62.8 0.004 0.129
Premixed 16.28 62.36 0.004 0.123

Table S11: Knudsen number calculations for each data point from the soot generator.

Sample P1 (atm) GMD (nm) M (um) Kn
1 1 41.62 0.066 3.171
2 1 111.92 0.066 1.179
3 1 128.78 0.066 1.025
4 1 40.73 0.066 3.241
5 1 124.62 0.066 1.059
6 1 147.08 0.066 0.897
7 1 143.35 0.066 0.921
8 1 85.42 0.066 1.545
9 1 120.43 0.066 1.096
10 1 145.40 0.066 0.908
11 1 42.39 0.066 3.114
12 1 80.31 0.066 1.644
13 1 127.69 0.066 1.034
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Table S12: Knudsen number calculations for each data point for the aircraft gas turbine engine (ground).

o e GV gm0 [FRe0 oy gm0
3.3% 1.885 16.088 0.035  4.352 41.1% 11.980 18.486 0.006  0.596
3.3% 1.882 15.894 0.035 4.413 45.8% 13.216 18.581 0.005 0.538
3.3% 1.881 15.875 0.035 4.421 51.1% 14.642 18.848 0.005 0.478
3.3% 1.884 15.903 0.035 4.405 57.1% 16.245 19.169 0.004 0.424
3.3% 1.882 15.958 0.035 4.395 62.9% 17.797 19.739 0.004 0.376
3.3% 1.884 15.972 0.035 4.386 69.1% 19.459 20.726 0.003 0.327
3.3% 1.885 15.928 0.035 4.396 85.7% 23.882 22.748 0.003 0.243
3.3% 1.883 15.941 0.035  4.399 94.6% 26.258 22.897 0.003  0.220
7.6% 3.034 21.155 0.022  2.057 84.3% 23.517 23.000 0.003  0.244
9.4% 3.502 23.248 0.019 1.621 3.3% 1.885 16.259 0.035  4.306
11.2% 3.991 25.772 0.017 1.283 3.4% 1.903 16.443 0.035 4.219
13.3% 4.549 27.285 0.015 1.064 6.6% 2.749 20.813 0.024  2.307
15.5% 5.140 29.231 0.013  0.879 9.8% 3.604 24.343 0.018  1.505
17.7% 5.725 33.523 0.012  0.688 13.3% 4.538 27.502 0.015 1.058
20.5% 6.476 35.019 0.010  0.582 20.5% 6.479 34.703 0.010 0.587
23.3% 7.228 37.448 0.009  0.488 26.4% 8.061 19.464 0.008  0.841
26.4% 8.045 20.586 0.008  0.797 3.4% 1.918 17.299 0.034  3.978
33.1% 9.827 19.575 0.007  0.686 26.8% 8.152 19.489 0.008  0.831
36.9% 10.844 19.888 0.006  0.612

Table S13: Knudsen number calculations for each data point for the aircraft gas turbine engine (cruise).

F/Fow (%) MachNo. Pi(Pa) GMD (nm) i (pum) Kn
41.7% 0.840 391157 35.3 0.017 0.969
31.3% 0.725 270863 29.7 0.025 1.663
25.8% 0.600 206179 255 0.032 2.544
41.7% 0.840 391157 325 0.017 1.052
31.3% 0.725 270863 27.0 0.025 1.829
25.8% 0.600 206179 235 0.032 2.760
41.7% 0.840 391157 28.7 0.017 1.191
31.3% 0.725 270863 27.8 0.025 1.776
25.8% 0.600 206179 20.9 0.032 3.104
41.7% 0.840 391157 28.0 0.017 1221
31.3% 0.725 270863 26.3 0.025 1.878
25.8% 0.600 206179 234 0.032 2.772

S9—UNCERTAINTY AND SENSITIVITY ANALYSIS

S9.1

Parameters of the FA Model

Uncertainty Quantification for Different Measuring Instruments and Input

For all the uncertainty and sensitivity analysis conducted in this study:

» All uncertainties are reported with a 95% confidence interval (1.96c).

» Systematic uncertainties are denoted as

> Precision uncertainties are denoted as

» Total uncertainties (Systematic + Precision) are denoted as

By
x|

Px

x|

Tx
x|
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» The systematic and/or precision uncertainties for each parameter that are included in
this analysis depends on data availability.

» Uncertainties in penetration efficiencies & thermophoresis losses are not included,
similar to Olfert et al. (2017).

The following list are systematic uncertainties from different aerosol measuring instruments
that were obtained from the literature:

» Uncertainty in DMA measurements = 3% (Kinney et al., 1991)

» Uncertainty in CPC measurements = 2.8% (Owen et al., 2012)

» Uncertainty in CPMA measurements = 4% (Olfert et al., 2017)

» Uncertainty in LIl measurements = 25% (Boies et al., 2015)

If multiple instruments are required to measure a parameter, the root-sum-square (RSS)
method is used to combine the systematic uncertainties arising from different measuring
instruments to estimate the total uncertainty of the measured N, M, GMD and GSD:

1) Total Uncertainty in Measured N
N=XLn

where n;j is measured with an SMPS (DMA-CPC), or directly from a CPC.

» Only uncertainties from the CPC is used. Uncertainties introduced by the
DMA (on measurements of dm) are excluded because the number of particles
will still be counted even if dm measurements are inaccurate, provided that the

entire particle size distribution is scanned.

2) Systematic/Total Uncertainty in Measured M
i. If Mis estimated with the IPSD method (DMA-CPMA-CPC), Mpsp:

Using the RSS Method, systematic uncertainties for each variable in Eq. S4
(Mipsp = X0_, n; (peff)i(g d.,>);)) are propagated to estimate the uncertainties

for Mpsp where:

> njis measured with a CPC, IBfI = 2.8%
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3)

4)

5)

> Effective density, p.sf = = is estimated with a DMA to obtain dm

|d | = 3%), and a CPMA to measure m (— = 4%). Hence, based on the

RSS method: lp"effl = ,/0.042 + (3 x 0.03)2 = 9.8%
eff

Therefore, the systematic uncertainty of M (DMA-CPMA-CPC) is:

“Miesp —  [0.0982 + (3 x 0.032) + 0.0282 = 11.4%

[Mipspl|

ii.  If Mis measured with a laser-induced incandescence (LII), Mvy, the

uncertainty value quoted in the Sl of Boies et al. (2015) is:

™1 _ 5eg
Myl 25%
Total Uncertainty in Dm
Using average standard deviation values from Abegglen et al. (2015) = 7.88%

mI

Total Uncertainty in BC po

BC po = 1770 + 70 kg/m? (Park et al., 2004). Hence, 22 = —> x 1.96 = 7.75%

ol 1770

Systematic Uncertainty in the Measured GMD

The GMD of a BC particle size distribution is calculated using Eq. S1(GMD =

exp (@)) where:

° B_n —_ = 0,
o and INI = 2.8%,
Bg

. ——m 0
[dml = 3%.

Using the RSS Method: II:\?IAIIDDI v/0.0282 + 0.0282 + 0.03%2 = 4.97%

However, the RSS method does not account for additional uncertainties resulting from
the inversion method, bipolar diffusion charging and the DMA transfer function.
Hence, we have increased the uncertainties of the GMD to the maximum tolerable
uncertainty of + 10% according to the calibration standards specified by the European
Center for Aerosol Calibration (ECAC) and the World Calibration Center for Aerosol
Physics (WCCAP) (Wiedensohler et al., 2018).

Therefore = MD =10%
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511 6) Systematic Uncertainty in Measured GSD

512 Similar to the uncertainties in the measured GMD, an uncertainty of + 10% is
513 specified for the measured GSD, which is in accordance to the calibration standards of
514 the ECAC and WCCAP (Wiedensohler et al., 2018).
Bgsp __
515 Therefore, GSD| = 10%

516  Next, systematic uncertainties for ktem and Dtem is estimated using the 95% confidence
517 intervals published in the SI of Dastanpour & Rogak (2014):

518 7) Systematic Uncertainty in ktem
o) 1 0] 1
Source LB ktem Mean ktem UB ktem /(OLDB')f f /(()U%I)f f
GDI 2.165E-06  2.616E-06  3.067E-06 17.24% 17.24%
HPDI 2.224E-06  2.644E-06  3.063E-06 15.87% 15.87%
Aviation gas turbine  1.087E-05  1.621E-05  2.155E-05 32.93% 32.93%
Inverted burner 1.198E-06  2.465E-06  3.736E-06 51.40% 51.57%
Avg  29.36% 29.40%
. . . B
519 > For CIDI/HPDI internal combustion engines, ﬂ = 15.9%
TEM
. . . B
520 > For aircraft gas turbine engines, lkkT—EMl =32.9%
TEM
521
522 8) Systematic Uncertainty in Dtem
Y Y
Source Mean Dtem LB Drem UB Drem /(OL%'; f /(()U[I)Bl;f
GDI 0.30 0.26 0.33 13.33% 10.00%
HPDI 0.29 0.26 0.32 10.34% 10.34%
Aviation gas turbine 0.39 0.32 0.46 17.95% 17.95%
Inverted burner 0.29 0.20 0.38 31.03% 31.03%
Avg 18.17% 17.33%
. . . B
523 > For CIDI/HPDI internal combustion engines, |DDT—EM| = 10.3%
TEM
. . . B
524 > For aircraft gas turbine engines, lDDT—EMl = 18.0%
TEM

525  The precision uncertainties of ks and D, are estimated using numerical simulation results
526  from Eggersdorfer & Pratsinis (2012):

527 9) Precision Uncertainty in Ka
Py
528 —& = 1.29
|Kal %
529
530 10) Precision Uncertainty in Dq
Pp
531 —2 = (.39
|Dal o
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Finally, given that the uncertainty distribution for Coy is not known, we assume that Cov is
uniformly distributed according to the range given by Bourrous et al. (2018) (0.02 < C,,, <
0.24). Overall, the uncertainties for the different model input parameters required for the FA

model are summarised in Table S14.

Table S14: A summary of the systematic or precision uncertainties for the different model input
parameters required for the FA model.

Systematic/Bias Uncertainty | Precision Uncertainty Total Uncertainty
(1.966) (1.966) (1.966)

Input Uncertainty Input  Uncertainty Input Uncertainty
Mipsp +11.4% Ka +1.20% Ncpc + 2.8%
GMD + 10% Dy +0.30% Mo + 25%
GSD + 10% Dm +7.88%
KTEM + 29.4% (Avg) Po +7.75%
D1em +17.8% (Avg)

» Uncertainty range for Cov ~ U[0.02, 0.24]

S9.2  Uncertainty Quantification for the FA Model Output

The uncertainty for the FA model output (estimated N or Ely) is quantified using a numerical
Monte Carlo 1000-member ensemble due to the non-linear properties of the FA model with
higher-order components, as well as the potential presence of covariance between input
variables. Absolute values required for this Monte Carlo method were measured from the
SAMPLE I111.2 campaign (using the data point at F/Foo = 0.4). Table S15 summarises the
absolute values and its associated uncertainties, and the uncertainty for each model input

variable was described in the previous subsection, S9.1.

Table S15: Absolute values (from the SAMPLE 111.2 dataset) and the associated uncertainties for each
model input variables to be used in the Monte Carlo Method to estimate the uncertainty of the FA model
output, the estimated Eln.

Variable Fixed F/Foo Uncertainty Distribution Mean (L) Std Dev (1.960)
Elm (LIT) 2.7 mg/kg 25% X u
Po 1770 kg/m?® 70 kg/m?®
Ka 1 1.2% X p
~ Dm Normal Distribution 2.76 79% X
Krem 0.4 1.621x10° 32.9% X
D1em 0.39 18% X n
GMD 18.49 nm 10% X p
GSD 1.73 10% X p
Cov Uniform Distribution [0.02, 0.24]

After 10000 iterations, the Monte Carlo simulation is stopped when differences in the
uncertainty estimates between model runs converge to below 1% (Coleman & Steele, 2009),
as shown in Figure S12. The procedure specified by Coleman & Steele (2009) was used to

26



555
556

557

558

559

560

561

562

563

564

565

566

567

568

569
570
571

572

573

574
575
576

determine the 95% probabilistic systematic coverage interval and the associated uncertainty

limits of the FA model outputs:

1) Sort the Mmcm humber of Monte Carlo outputs (Mmcm = 10000 runs), the estimated
El, outputs from the lowest to the highest value.
2) For a 95% coverage interval:
> El, lower bound, 4, = result number (0.025Mwmcm) = 6.655 x 1013

> Eln upper bound, 1, = result number (0.975 Mmcwm) = 2.915 x 10**

3) For 95% expanded uncertainty limits:
> Uy = r(Xy, Xz X)) — TNow = 7.736 x 1013 (- 53.8%)

> U = thign — (X1, Xz, .. X)) = 1.476 x 10™* (+102.5%)

4) The interval that contains Eln e at a 95% confidence level:
» r—U7 < Typge ST+ U7
> 7.736 X 10'3 < El, rye < 1.476 X 1014

> Therefore, EI, = (1.439 x 10*) x (=53.8%, + 102.5%)u

Using the Monte Carlo method, Figure S13a shows an asymmetrical distribution of the FA
model outputs (the estimated El,) with an uncertainty bound of (—54%, + 103%) X u at
1.960. This asymmetrical distribution is due to the non-linearity of the FA model and the

large uncertainties for most input variables (>5%) (Coleman & Steele, 2009).

—_
o

Convergence - FA Model
S Acceptable Level of Convergence | 7

Difference in Uncertainties w.r.t. Previous Estimate (%)

P P Y TR D | PNy APV T PR TP PRRREPRPP TOTI |15 R I TPy N PP i N i N b
1000 2000 3000 4000 5000 6000 7000 8000 <9000 10000
No. of Monte Carlo lterations

Figure S12: Convergence of the uncertainties of the FA model outputs (the estimated Eln) relative to the

number of iterations for the Monte Carlo Method. After 1000 iterations, the percentage difference in
uncertainties relative to previous estimates generally fall below 1%.
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Figure S13: Distribution of the FA model outputs (the estimated N or Eln) using the Monte Carlo Method
with absolute values from (a) the SAMPLE 111.2 aircraft emissions dataset (ground level) from Boies et al.
(2015), and (b) the CIDI engine dataset from Graves et al. (2015).

To check the consistency of the uncertainty bounds of the FA model outputs, the Monte Carlo
method is rerun with the dataset from the CIDI internal combustion engine (Graves et al.,
2015), where the absolute values and associated uncertainties are listed in Table S16. Overall,
the uncertainty bound of the FA model output estimated with data from the CIDI engine
(—44%, + 79%) X u at 1.96c (Figure S13b) is slightly lower than the uncertainties of an
aircraft gas turbine engine because of the lower uncertainty values of Mipsp (£ 11.4%), ktem
(£ 15.9%) and Dtem (x 10.3%).

Table S16: Absolute values (from the CIDI dataset of Graves et al. (2015)) and the associated

uncertainties for each model input variables to be used in the Monte Carlo Method to estimate the
uncertainty of the FA model output, the estimated N.

Fixed Engine .
Variable Operatigr;]g U_nce_r ta"_‘ty Mean (L) Std Dev (o)
" Distribution
Condition

Mipsp 1.80 x 1075 kg/m® 11.4% X pn

Po 1770 kg/m? 70

Ka 0.83 1.2% X p

D« Normal 1.08 0.3% X p
KreMm B75, 20% Distribution 2.64 X 10~ 6.67% X |
Drem EGR 0.29 7.9% X p
GMD 90.01 nm 4.97% X p
GSD 1.573 6.13% X

Uniform
Cov Dlstribution [0.02,0.24]
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S9.3  Sensitivity Analysis for the FA Model

Figure S14 presents the results of the variance-based global sensitivity analysis on the FA
model. The total-effect index (Sti) identifies the total contribution of each input parameters to
the variance of the FA model output, where higher-order interactions between variables are
also accounted for (Saltelli et al., 2008). Due to the non-linear and non-additive properties of

the FA model, the summation of Sti for each input variable is greater than one.

GSD

DTEM

GMD
M (L1I)

D

fm

kTEM

Model Input Parameters

BC 2y

ov

0 0.1 0.2 0.3 0.4
Sensitivity Index - Total-effect indices (Sn)

Figure S14: Total Effect Sensitivity Analysis for the FA model input parameters. Data tables, as well as
the specification of p (measured with the SAMPLE 111.2 dataset from Boies et al. (2015)) and o for each
input variable can be found in Table S15.

END OF SUPPLEMENTARY INFORMATION
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