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Abstract. Motivated by the need to develop instrumen- tube designs. Oxidized BES particles had similar O/C and
tal techniques for characterizing organic aerosol aging, weH/C ratios and CCN activity at OH exposures greater than
report on the performance of the Toronto Photo-Oxidation10' molec cnt?s, but different CCN activity at lower OH
Tube (TPOT) and Potential Aerosol Mass (PAM) flow exposures. The O/C ratio, H/C ratio, and yieldnoiylene
tube reactors under a variety of experimental conditions.and«-pinene SOA was strongly affected by reactor design
The PAM system was designed with lower surface-area-to-and operating conditions, with wall interactions seemingly
volume (SA/V) ratio to minimize wall effects; the TPOT re- having the strongest influence on SOA yield. At comparable
actor was designed to study heterogeneous aerosol chemist@H exposures, flow tube SOA was more oxidized than smog
where wall loss can be independently measured. The folchamber SOA, possibly because of faster gas-phase oxida-
lowing studies were performed: (1) transmission efficiencytion relative to particle nucleation. SOA yields were lower in
measurements for GO SO, and bis(2-ethylhexyl) seba- the TPOT than in the PAM, but CCN activity of flow-tube-
cate (BES) particles, (2) 450, yield measurements from generated SOA particles was similar. For comparable OH
the oxidation of S@, (3) residence time distribution (RTD) exposuresg-pinene SOA yields were similar in the PAM
measurements for COSO,, and BES patrticles, (4) aerosol and Caltech chambers, butxylene SOA yields were much
mass spectra, O/C and H/C ratios, and cloud condensatiolower in the PAM compared to the Caltech chamber.

nuclei (CCN) activity measurements of BES particles ex-
posed to OH radicals, and (5) aerosol mass spectra, O/C and
H/C ratios, CCN activity, and yield measurements of sec-q
ondary organic aerosol (SOA) generated from gas-phase OH

oxidation ofm-xyleneoanda-pmene. OH e2><posures r:;mged For decades, smog chamber reactors have been used to sim-
from (2.0+ 1.0)x 10'° to (1.8+0.3)x 10"molecent®s.  jate physical and chemical processes in the atmosphere
Where applicable, data from the flow tube reactors are COMTyrpin et al., 2000; Rudich et al., 2007; Kroll and Sein-
pared with publishe_d results from the Caltech smog ch§m7e|d7 2008). Such chambers range in size from 0.8

ber. The TPOT yielded narrower RTDs. However, its 250 n3 (Lonneman et al., 1981; Mentel et al., 1996), provid-
transmission efficiency for SOwas lower than that for the  jng aerosol residence times of hours to days. While flow tube
PAM. Transmission efficiency for BES and280s parti-  yeactors have been used to study the chemistry of inorganic
cles was size-dependent and was similar for the two flowy g ticles since the 1950s (Robbins and Cadle, 1958; Hanson
and Lovejoy, 1995), their application to the study of organic
surfaces (Cooper and Abbatt, 1996; de Gouw and Lovejoy,

Correspondence tol. B. Onasch 1998; Bertram et al., 2001) and organic particles (Morris et
BY (onasch@aerodyne.com) al., 2002; Katrib et al., 2005; Hearn and Smith, 2006; George
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et al., 2007; McNeill et al., 2008; Smith et al., 2009) is rela- the larger volume of the PAM may facilitate more convec-

tively recent. tion or dead volume. Results are compared to smog chamber
Flow tube reactors, with volumes typically in the range of data where applicable.

0.001-0.01 %, provide aerosol residence times of seconds The following studies were performed: (1) transmis-

to minutes. Despite shorter residence times, much highesion efficiency measurements for §0SQ,, and bis(2-

oxidant concentrations are attainable, which facilitate higherethylhexyl) sebacate (BES) particles, (230 yield mea-

exposure times equivalent to 1-2 weeks of atmospheric oxisurements from the oxidation of $SQ3) residence time dis-

dation. Further, experiments that may take hours in a smogribution (RTD) measurements for GOSO,, and BES par-

chamber can be performed in minutes in a flow tube, undeticles, (4) aerosol mass spectrometer (AMS) and cloud con-

conditions that can be better controlled with respect to ox-densation nuclei (CCN) activity measurements of BES par-

idant concentration, contamination (Lonneman et al., 1981ticles exposed to OH radicals, and (5) AMS, CCN activity,

Joshi etal., 1982) and wall interactions (McMurry and Rader,and yield measurements of secondary organic aerosol (SOA)

1985; McMurry and Grosjean, 1985; Pierce et al., 2008).generated from gas-phase OH oxidatiomekylene andx-

On the other hand, smog chambers with lower oxidant conpinene. The purpose of the study is to assess the effects of

centrations and longer residence times may more closelflow tube design differences on reactor performance and ul-

simulate atmospheric oxidation. All laboratory reactors aretimately on the atmospheric relevance of laboratory-based

imperfect simulations of the atmosphere because they havBOA measurements.

walls that cause particle loss and can influence the chemistry

of semivolatile organics and, thus, particle growth and com-

position (Matsunaga and Ziemann, 2010). Therefore, utiliz-2 Experimental

ing flow tubes and smog chamber reactors with different de-

signs can complement each other, making it possible to exA schematic of the experimental setup is shown in Fig. 1.

tend studies over a range of parameters unattainable by eith&as/particle sources and monitoring instruments were shared

method individually, and ultimately lead towards a better un-by the TPOT and PAM, with 3-way valves placed upstream

derstanding of atmospheric aerosol processes. The results ahd downstream to switch flows and monitoring instruments

laboratory aerosol experiments are used as inputs to climatbetween reactors. Input lines 1 and 2 provide gases for the

models. Therefore, the evaluation of experimental uncertainproduction of OH radicals. Line 3 supplies gas-phase

ties associated with measurements is needed for reliable apinene o-xylene for the production of SOA, or S@or the

plication. The characterization of different reactor designsproduction of BSQy. Line 4 provides monodisperse BES

is important to establish the reliability of the experimental particles. BES and y$04 were used as proxies for primary

techniques. and secondary aerosols in specific characterization studies.
In this paper, we compare two flow tube reactors of dif- Smog chamber data used in the intercomparison were ob-

ferent designs. One is a glass flow tube of conventional ditained in the dual 28-fCaltech chambers; experimental de-

mensions (34 cm lengtk 7.3 cm diameter) developed at the tails are described in Ng et al. (2007a,b).

University of Toronto for controlled heterogeneous oxida-

tion studies of particles (George et al., 2007). The other2.1 OH radical generation

flow tube developed at the Pennsylvania State University

has a significantly larger volume (46 cm lengt22cm di- Oz was produced from external irradiation of @ith a mer-

ameter), providing a smaller surface-to-volume (SA/V) ra- cury lamp ¢ =185 nm) and was measured with ag @on-

tio (Kang et al., 2007). The two flow tubes are designateditor (2B Technologies). Excited oxygen [tlY)] atoms are

as the Toronto Photo-Oxidation Tube (TPOT) and Potentialproduced from UV photolysis o3 (A =254 nm) inside

Aerosol Mass (PAM) reactors, respectively. An important the flow tubes at a relative humidity of 25-30%. The rad-

distinction between the two flow tubes is that attempts wereical O('D) then reacts with water vapor (introduced us-

made to minimize wall interactions in the PAM (e.g. large ing a Nafion membrane humidifier; Perma Pure LLC) to

radial/axial ratio and flow is subsampled from the center ofproduce OH radicals in the flow tubes. Boths @nd

the reactor while flow near the walls is dumped), whereas ndOH will oxidize organic species. However, except tor

such attempts were made with the TPOT. The TPOT was depinene experiments performed at low OH concentrations,

signed to generate high OH concentrations for heterogeneouSH was always the principal oxidant. OH exposures were

oxidation experiments. The PAM was designed for the studyobtained by measuring the decay of S@ue to reaction

of gas-to-particle formation processes, and was adopted fowith OH at specific UV lamp intensities ands@oncen-

aerosol kinetic studies by the Boston College — Aerodyne Reirations (more details provided in the Appendix). Typical

search research group. The speed of flow through both flowDH concentrations ranged from10° to ~10° molec cnt?3

tubes was slow: 0.35cnT$ in the TPOT and 0.37cmé  and typical OH exposures ranged from (20.0) x 10 to

in the PAM. The SA/V ratio is significantly smaller for the (1.840.3)x 10?moleccn®s. Assuming an average at-

PAM (0.23 cntl) than for the TPOT (2.8 cmt); however,  mospheric OH concentration of 1:510° molec cnm 3 (Mao

Atmos. Meas. Tech., 4, 44861, 2011 www.atmos-meas-tech.net/4/445/2011/
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Dump Flow Ring Flow :I
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Fig. 1. Schematic of experimental setup. Gas/particle sources and monitoring instruments were shared by the PAM and TPOT flow tubes,
with 3-way valves placed upstream and downstream to switch flows and monitoring instruments between reactors. Input lines 1 and 2
provide gases for the production of OH radicals. Line 3 supplies gas-phps®ne orm-xylene for the production of secondary organic
aerosol (SOA), or S&for the production of HSCOy. Line 4 provides monodisperse BES patrticles.

et al., 2009), this experimental exposure is equivalent to 0.22.2.2 PAM reactor
14 days of atmospheric oxidation. Prior to an oxidation ex-
periment, each flow reactor was conditioned with OH radi- The Potential Aerosol Mass (PAM) reactor is a horizontal
cals until a near-zero particle background was attained. 15L glass cylindrical chamber that is 46 cm loxg2 cm

In the Caltech chamber, OH radicals were generated byD. In an effort to reduce wall effects on the photochem-
UV photolysis of BO, (A = 350nm). The Caltech cham- istry, the PAM flow reactor was designed with a larger ra-
ber experiments typically generated [OH] = 3:0 10° dial/axial dimension ratio and a smaller surface SA/V ratio
molec cnt for 7-11 h experimental times, covering oxidant relative to other flow reactors (e.g. TPOT). Also, the sam-
exposures from 7.5 10'° to 1.2x 10" moleccnt3s fora  ple flow (87% of total flow) is subsampled from the center

given experiment. of the reactor, with a secondary flow (13% of total flow)
diverted at the exit through an internal perforated ring that
2.2 Aerosol flow reactors dumps air near the reactor walls. The current PAM design is

different from the PAM reactor used in Kang et al. (2007),
which was a vertical 19 L Teflon bag with the flow entering
the top and a length of 60cm. Carrier gas flows of 8.5Ipm
N2 and 0.5lpm @ were used, with 8.5Ipm of flow pulled

2.2.1 TPOT reactor

The Toronto Photo-Oxidation Tube (TPOT) reactor com-
bines a 1.6 L mixing chamber upstream of a 0.8 L reaction h h the PAM and 051 f f d ori
chamber and a 0.8 L bypass chamber, and is similar to th rough the and 9.5 1pm of EXcess Tlow removed prior

: o the reactor. At these flow conditions, ths,g was 106,
design of George et al. (2007) except that the outlet of thecompared {0 &g Of 240 used by Kang et al. (2007).

reaction chamber is orthogonal to the UV lamp. The gIassF0 r mercury lamos (BHK Inc ith peak emission inten-
mixing chamber is 50 cm long 3.6 cm ID and the glass re- 'tu t)\—zléz/ ps ( ¢ d") \;V'ﬂ P ¢ dl ! ; ! i
action chamber is 34cm long7.3cm ID. A 22.9-cm @ 3' ya '_d thnmhareénoughe Im € °”'C°t‘f" € qll.Ja(; Z cylin-
free mercury pen-ray lamp (UVP) with peak emission inten-cg:ii::fa'ms pu?gce davmvi tﬁ rl.gl o Ers\?;%'trgogonrggﬂg'gnzrfe\fvere
sity at A = 254 nm is mounted in the center of the reaction move outgassing compounds. Unlike the TPOT and the PAM

chamber. Carrier gas flows of 8.5IpnmyMnd 0.5IpmQ - .
were used, with 1.6 Ipm pulled through the reaction and by_chambe.r In Kang et a.l' (2007), th? OH EXposure In the P.AM
as varied by changing the UV light intensity via stepping

pass chambers and 7.4 Ipm of excess flow removed prior t

the mixing chamber. At these flow conditions, the average he lamp voltages between 0 and 110V,
plug flow residence timergiug; volumetric flow rate divided

by reactor volume) in the TPOT mixing chamber plus the re-
action chamber was 110s. The UV lamp is surrounded by a ) . o
quartz sheath tube that was continuously purged with Com_Flow.tube residence tlmg d|str|but|.ons (RT_Ds) for gas-phase
pressed air to cool the lamp. The UV lamp material filtered SPECies were characterized by introducing 10- and 30-s
out 185 nm light to prevent ©production. The OH expo- Pulses of CQ and SQ into the flow tubes. C®and SQ

sure was varied by changing the; @oncentration input to ~ Were used as surrogate wall-inert and wall-adhering species.
the mixing chamber. Prior to SQ pulsed inputs, flow tube walls were passivated

as much as possible by flowing $@ntil the measured con-
centration was constant, at which point the flow was removed

2.3 Flow tube residence time distributions

www.atmos-meas-tech.net/4/445/2011/ Atmos. Meas. Tech., 446452011
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and the signal returned close to background. Pulses were olfactors relating the O/C ratio to the fraction of organic sig-
tained by opening and closing a mass-flow controller (MKS nal atm/z=44 (fs4) to c-ToF-AMS measurements. These
Instruments), and the CGr SOQ, concentration exiting the calibrations are shown in Fig. Al.
flow tube was measured immediately downstream. Ten- CCN activity of particles was measured with a Droplet
second pulses of 145-nm BES particles were used to charadveasurement Technologies CCN Counter (Roberts and
terize RTDs for condensed-phase species. BES pulses wet¢enes, 2005). The fraction of activated particles was de-
obtained by applying and removing voltage to a differential termined by measuring total particle concentrations with a
mobility analyzer (DMA) column, and the particle concen- CPC (TSI 3022A) colocated with the CCN Counter (here-
tration exiting the flow tube was measured with a CPC. In aafter referred to as “CCNC”). A DMA upstream of the
separate test, we verified time definition of the 10-s pulses byCCNC and CPC was used to select a dry mobility diame-
transmitting the gas flow through straight copper tubing. Theter (D) of 145 nm for oxidized BES patrticles and 50 nm for
pulses were sharp on the timescale of the flow tube RTDs. m-xylenek-pinene SOA patrticles. For eadhy,, the CCNC
column temperature gradient was systematically varied be-
2.4 Particle generation tween 0.1-1.5% water vapor supersaturation or until 100%
activation was reached, whichever occurred first. CCN activ-
In heterogeneous oxidation experiments, BES aerosols wergy was characterized in terms of the hygroscopicity parame-
generated by heating liquid BES to 145 inside a nucleator terx as defined by Petters and Kreidenweis (2007). Example
flask. Following George et al. (2009), 145nm BES parti- CCN activation curves are shown in Fig. A2.
cles were size-selected with a DMA (TSI 3071A). The DMA  SOA yields were calculated from the ratio of aerosol mass
sheath and excess flows were balanced at 101pm. A 1.2Iprformed to precursor gas reacted. We estimated the mass of
monodisperse flow of BES particles was introduced into theprecursor gas reacted from the bimolecular rate constants of
PAM or TPOT using input line 4 (Fig. 1). m-xylene + OH,«-pinene + OH, andy-pinene +Q (Atkin-

SOA was generated via gas-phase oxidatiomefylene  son, 1986). These calculations suggested that about 40%—
or a-pinene followed by homogeneous nucleation. Simi- 100% of the m-xylene and 80%—-100% of thepinene re-
larly, sulfuric acid (BSOy) particles were generated by OH acted, depending on the flow tube OH exposure. The aerosol
oxidation of SQ. The gas-phase species were introducedmass was calculated from the integrated particle volume
into the reactor at controlled rates using a mass-flow con-and the effective particle density € Dya/ Dm), where Dy,
troller. Because of greater wall interactions in the SOA for- is the mean vacuum aerodynamic diameter &pglis the
mation experiments in the TPOT, higher concentrations ofelectric mobility diameter. Yields were corrected for UV
m-xylene andx-pinene were introduced to the TPOT (262— lamp-induced temperature increases in the PAM by apply-
263 ppb) than the PAM (78-88 ppb) to achieve sufficienting yield corrections of-0.02 per degree K of temperature
signal-to-noise ratio in the detection of SOA particles. Cal-rise (Stanier et al., 2007; Qi et al., 2010) relative to room
tech chamber SOA was generated from initiekylene and  temperature. These temperature corrections typically ranged
«-pinene concentrations that ranged from 14—48 ppb (Ng efrom 10-20%. Caltech smog chamber yields were corrected
al., 2007a,b). Flow tube- and smog chamber-generated SOfor wall losses using size-dependent ammonium sulfate wall-
was formed under low-Noconditions. loss measurements. The magnitude of these wall loss correc-

tions typically ranged from 10-30%.
2.5 Particle monitoring and analysis

Immediately downstream of each flow tube, annular denud-3 Results and discussion

ers loaded with silica gel dessicant and Carulite 200 cata-

lyst (Carus Corp.) removed water (RH20%) and ozone This study provides intercomparison measurements of
(denuding efficiency- 80%) prior to measurements. Parti- aerosol O/C and H/C ratios, aerosol CCN activity, and sec-
cle number concentrations and size distributions were meaendary aerosol yields. We expect that two fundamental
sured with a TSI scanning mobility particle sizer (SMPS). properties of the different systems will most strongly affect
Bulk aerosol mass spectra of the aerosol were measured witherosol measurements: (1) wall interactions and (2) resi-
Aerodyne compact and high-resolution time-of-flight aerosoldence time distributions (RTDs) of gases and particles in
mass spectrometers (c-ToF-AMS, HR-ToF-AMS; Drewnick the reactors. Wall interactions (gas and particle) are influ-
et al., 2005; DeCarlo et al., 2006). Elemental analysisenced by a combination of reactor SA/V ratio and average
(Aiken et al., 2008) was performed on the HR-ToF-AMS residence time, and influence the measured yields of oxida-
data to determine the aerosol hydrogen-to-carbon (H/C) andion products. The PAM is designed to minimize wall inter-
oxygen-to-carbon (O/C) ratios, the latter of which was usedactions, as compared with the TPOT. Specifically, the PAM
as a proxy for the aerosol carbon oxidation state (Kroll ethas a SA/V ratio~10 x lower than the TPOT while the aver-
al., 2009). For experiments where HR-ToF-AMS data wasage TPOT and PAM residence times are similar, the PAM
unavailable, we applied HR-ToF-AMS-derived calibration has a larger radius which minimizes interactions with the

Atmos. Meas. Tech., 4, 44861, 2011 www.atmos-meas-tech.net/4/445/2011/
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walls due to diffusion, and the PAM subsamples flow from

1.0
the center of the tube whereas the TPOT samples the to-

tal flow. Flow tube transmission efficiency measurements A ;
in Sects. 3.1 and 3.2 show the effects of wall interactions 08 A *

on measured gas and particle yields. RTDs are influenced

by reactor geometry and flow rate, as characterized by the 0.6

Reynolds numberRe. Flow is laminar in both the TPOT

(Re=15) and PAM Re=55); however, nonideal flow behav- 04

+

Particle Transmission Efficiency

iors in the two systems are expected to produce flow insta- : ;;’ﬁTB%gS
_b|||t|es that broaden the RTD’S. Consequently, a precursor m TPOT H,S0,
introduced to the reactors in the presence of oxidants may 0.2 & PAMH,SO,
sample a wide range of OH exposures. This may affect the ® TPOT (theory)
measured chemical composition and CCN activity of SOA S PAM (theory)
particles generated in the flow tubes and compared with the B L e LA e
50 100 150 200 250 300

smog chamber. Measurements of gas and particle RTDs are
presented in Sect. 3.3. The influence of these two factors on
the PAM and TPOT S.OA chemistry, CCN athVIty’ and SOA ig. 2. Measured particle transmission efficiency of TPOT and
yields are presented in Sgct-s. 3.4and 3.5. Flnal]y, the Caltec 'AM flow tubes as a function of mean volume-weighted mobility
smog chamber SA/V ratio is much lower than in the TPOT giameter for bis(2-ethylhexyl) sebacate (BES; circles and triangles)
and PAM, while the average residence time is much Iongerand sulfuric acid (|2|SC)47 square and diamond)_ 2‘304 partides
Flow tube — smog chamber intercomparison measurement&ere formed inside the flow tubes from $6xidation. Theoretical
presented in Sect. 3.5 provide insight into the relative impor-size-dependent particle transmission efficiencies are also shown for
tance of the two factors in influencing SOA chemistry and the TPOT (solid orange line) and PAM (dashed green line).

yields.

Mean Mobility Diameter (nm)

3.1 Flow tube transmission efficiencies 3.1.2 Particle transmission efficiency

3.1.1 Gas-phase transmission efficiencies Monodisperse BES particles were size-selected vidth
ranging from 50-300 nm to measure size-dependent particle

Pulsed inputs of C®and SQ (10 and 30s in duration) were transmission efficiencies in the flow tubes. Transmission effi-

used to measure the transmission efficiencies of inerpJCO
and wall-adhering (S&) gases. Because $@an adhere
to walls, the flow tubes were passivated prior to measure

ments as discussed in Sect. 2.3. For each gas-phase SPECIES, s the
transmission efficiency was measured for 7—10 pulses. Th‘t:‘ne TPOT

measured C@transmission efficiency was 0.970.10 for
the TPOT and 0.9% 0.09 for the PAM (uncertainties rep-
resenttlo in measurements unless otherwise noted). Th
SO, transmission efficiency was 0.450.13 for the TPOT
and 1.2+ 0.4 for the PAM. Within measurement uncertainty,

transmission efficiency was independent of pulse duratiorf’

and approximately unity for both flow tubes with the excep-
tion of SG in the TPOT. Comparing S£and CG transmis-
sion efficiencies suggests that $®all loss is negligible in
the PAM but is significant{55%) in the TPOT for pulsed
experiments. The significant, irreversible wall loss 0,31©
the TPOT for this study was likely due to a chemical adsorp-
tion/reaction process that was not fully passivated at the tim
of the experiment. If this process has a constant G@ake
rate, it should not affect our interpretations of the residenc
time distribution measurements.

www.atmos-meas-tech.net/4/445/2011/

e

€

ciency was calculated from two CPC instruments; one at the
input, the other at the output of the flow tubes, that agreed
5% when sampling the same flow. Figure 2
transmission efficiency of BES particles through
and PAM as a function @f,. Transmission effi-
ciencies were similar for both instruments frdbg, > 75 nm,
though the TPOT experienced more particle loss at the small-

to within £

est particle size (50 nm). Particle losses through copper tub-
ing upstream and downstream of the flow tubes were negli-
ible. The particle transmission efficiencies for the two sys-
ems shown in Fig. 2 have increasing size-dependent trends
as simple theory predicts (Hinds, 1999); however, the mag-
nitudes of measured particle losses are significantly greater
than predicted by theory. The reason for the discrepancy
may be due to (a) expansions and contractions in the flow
tube designs that are not accounted for in the simple theory
and may induce convection or dead volume in the flow tubes,

r (b) the non-conducting Pyrex material of both flow tubes

may induce greater particle losses due to electrostatic depo-
sition.

3.2 HyS0, yield measurements

H>SOy yield measurements were chosen to evaluate the mea-
surement of secondary aerosol yields in the flow systems.

Atmos. Meas. Tech., 446452011
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SO, oxidation is a relatively simple system with a sin- reactors prior to detection. SOA reaction yields measured in
gle rate-limiting step in the presence of water vapor, hasflow tubes reactors will have similar experimental dependen-
a known rate constant, and generates a well-characterizecies.
binary component particle ¢$0O; and HO). However, it
may not be a perfect surrogate for SOA because the walB.3 Flow tube residence time distributions (RTDs)
loss behavior of the product gases (i.e;3@y vapor and
semivolatile organic compounds) may differ. The transmis-Residence time distributions (RTDs) of the two flow tube re-
sion efficiency of HSOy particles was calculated from the actor designs were characterized with an inert gaszJCO
ratio of the measured aerosol mass to the theoretiggQy @ wall-adhering gas (S£p, and a low-volatility spherical
aerosol yield from the known S@OH reaction. Because the particle (BES). Figure 3a and b show representative resi-
H,SO, mass measurement includes water taken up by thé&lence time distribution measurements forC8Q, and BES
H>SOy particles, calculations were performed to extract thepulsed inputs to the TPOT and the PAM, respectively. The
dry H,SO; mass from HSOy-H,0 particles as discussed in  pulses were produced as discussed in Sect. 2.3, with each
Appendix A. Higher SG concentrations were used in the species added individually. Figure 3c compares the measured
TPOT to compensate for larger $@all losses: 77-84ppb  RTDs for CG in the TPOT and the PAM. Three sets of ob-
in the TPOT and 10-62 ppb in the PAM. servations are evident from Fig. 3.

Two trends were observed in both flow tubes. First, at The first observations relate to the shape and width of the
a specific OH concentration, increasing the,S®ncentra- RTDs measured with CO Figure 3¢ shows measured RTDs
tion increased the transmission efficiency of3@, parti- for COy in the TPOT and in the PAM plotted with theoreti-
cles because a smaller fraction of S&nd HSO, vapor  cal RTDs for reactors with ideal plug flow and ideal laminar
was required to passivate the walls. Secong®, particle  flow characteristics. The theoretical RTDs were calculated
transmission efficiency was affected by the OH concentra-assuming an average residence time of 100 s (compared with
tion. At low OH concentration, the SQifetime was longer 110 and 106 s plug flow residence times for the TPOT and
(r ~140s) and HSO, aerosol yield was more affected by PAM, respectively). Under plug flow conditions, the RTD is
SO, and HSOy vapor wall loss. At high OH concentra- the duration of the pulse delayed by the transit time through
tion, S& was oxidized more quicklyr(~ 30s), and HSO4 the flow tube. Under laminar flow conditions, the shortest
aerosol yield was less affected by losses 0b 38d HSOy transit time through the flow tube is half of the average resi-
vapor to the walls. As the OH exposure was increased frondence time. The initial shapes of both flow tube RTDs are
about 4x 10 moleccnt3s to 1.8x 1012 moleccn3s in  similar to the theoretical laminar flow predictions, though
the TPOT, the HSO4 mean volume-weighted, increased  the measured RTDs occur earlier in time, and both measured
from 50nm to 86 nm while the particle transmission effi- RTDs exhibit tailing at longer times. To gain a fuller under-
ciency increased from 0.14 to 0.44. Over a similar OH expo-standing of the flow conditions in both systems, we modelled
sure range in the PAM, the mean$, Dy, increased from the RTDs as a laminar flow broadened by axial and radial
65 nm to 75 nm while the particle transmission efficiency in- diffusion using a Taylor dispersion model (Taylor, 1953). A
creased from 0.30 to 0.51. Assuming typical experimentalbest fit to our measurements required that we assumed two
conditions of 18 particlescn® with a mean diameter of flow regimes: (1) a primary component that passes through
75nm and a gas-phase diffusion coefficient of 0.2 s, the reactors without recirculation, and (2) a secondary com-
the characteristic timescale for condensation eS8, va- ponent that is slower and more diffuse due to convection-
pors onto preexisting particles wass0s. Timescales for induced recirculation or entrainment in dead volumes within
gas-phase diffusional wall losses wer@0s in the TPOT the reactors. The flow model results are shown by the dashed
and~600s in the PAM. These calculations indicate that flow black traces in Fig. 3c. The model, described in Appendix A,
tube walls were competitive with 450, particles as a sink  predicts less recirculation (i.e., smaller secondary flow com-
for HoSOy vapors in the TPOT and significantly less com- ponent) in the TPOT than in the PAM (Fig. A3), which is in
petitive with LSOy particles in the PAM. agreement with the observations that show narrower RTDs in

Average BSQO particle transmission efficiencies in the the TPOT.
TPOT and PAM are plotted in Fig. 2 as a function of mean The second set of observations from Fig. 3 are that the
volume-weighted mobility diameter. The particle transmis- RTDs from the SQ@ pulses are delayed relative to the £0
sion efficiencies through the flow tubes are shown to be simpulses. In the absence of wall interactions, the@ad SQ
ilar for BES and HSO, particles. For the test conditions RTDs are expected to be the same. Therefore, this delay in-
here, the yields for SPoxidation (SO, particle forma-  dicates S@-wall interactions. In the TPOT, the S@ulse
tion) saturate at particle transmission efficiencies6f5 due  was delayed relative to the GQpulse by 40-50s (refer to
to size-dependent particle losses in the flow reactors. ThusAppendix A). A delay was also observed in the PAM, but
yield measurements of S@xidation in the flow tubes is a it was smaller £20s) due to the lower SA/V ratio. The
function of S@ and HSO, loss to walls (until saturated) SO, RTD experiments show unambiguous wall effects on
and the depositional loss of the resulting particles inside thegas-phase precursors in the flow tube reactor designs. How
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1.0+ the particles into the carrier gas flow prior to the reactors,
(a) or (b) greater fractional particle losses for particles entrained
0.84 in convection currents/dead volumes (i.e., longer residence
] IR times in reactors with more potential for wall interactions).
] — TPOTBES For the PAM, the difference between BES particles and gas-

phase species was more pronounced than in the TPOT, pos-
sibly because the mixing time upstream of the PAM was sig-
nificantly shorter or because longer residence times due to
recirculation of the flow resulted in higher particle losses in
the PAM than in the TPOT.

The measured RTDs have several implications for accu-
rately comparing aerosol chemistry measurements from one
system to another. The measured RTDs for these flow tube
systems are asymmetric in time with a sharp peak%2%
of the plug flow residence time and a significant tail to times
greater thamy,g. Pulsed aerosol chemistry experiments with
high time resolution detection techniques may provide more
accurate results over a range of OH exposures than steady-
state flowing experiments. Further, the wall-adhering SO
experiments show that the average (RTD-weighted mean)
residence times are greater than that predicted from the CO
experiments, indicating that the OH exposure is dependent
upon the precursor gas wall interactions (i.e., volatility, mass
accommodation, and SA/V ratio of the system). Finally, the
BES experiments suggest a similiar asymmetry in the mea-
sured RTDs and corresponding residence times in flow tube
=== TPOT CO, reactors for heterogeneous reaction experiments, with the
== PAM CO, added uncertainty of increasing particle losses with residence

—— Ideal plug flow . . R
Ideal laminar flow time due to recirculation.

== n1 Taylor dispersion flow

Normalized Pulse Height

3.4 O/Cratio, H/C ratio, and CCN activity of oxidized
BES

3.4.1 O/C and H/C ratios

0.0 L T —— Figure 4a and b show the evolution of the aerosol oxygen-
0 100 200 300 400 500 600 to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios for

Residence Time (sec) BES particles (_)m:145 nm) as a function of OH expo- _
sure. The equivalent atmospheric exposure, expressed in

Fig. 3. Residence time distribution (RTD) measurements in thedays at [OH]=1.5< 10° moleccnt3, is shown on the top
TPOT and PAM flow tubes. UV lamps were on during measure-axis. The measured O/C and H/C ratios of unoxidized BES
ments.(a) CO,, SOp, and BES RTDs in the TPO) CO,, SOy, were 0.04 and 1.96, compared to a measured O/C ratio
and BES RTDs in the PAMc) CO, RTDs in the TPOT and PAM.  of 0.05 by Aiken et al. (2007) and atomic O/C and H/C
Theoretical plug flow and ideal laminar flow RTDs are plotted as- ratios of 0.15 and 1.92 (GHs5004). As the OH exposure
suming an average residence time of 100s. Dashed lines represefjfgg increased, the measured O/C ratio increased to 0.20 in
Taylor dispersion flow RTDs that were fit to the measurements (de—the TPOT and the PAM. The corresponding H/C ratios de-
scribed in Appendix A). ;

creased to 1.78 in the flow tubes. For the most part, the

agreement between the two flow reactors was excellent. The

these wall effects impact chemical and yield measurementg ighest OfC ratio was reached at a slightly lower OH ex-

. . . posure in the PAM (1.4 102moleccnt3s) than in the
of secondary organic aerosol (SOA) will depend upon oxi- 2 3 ) S
. . - TPOT (1.8x 102 moleccnt3s). This observation is con-
dation rates and accommodation coefficients of the precursosristent with the differences in measured RTDs for the two
and intermediate gases by the walls. flow reactors discussed above
The third set of observations are that the BES RTDs were '
narrower than the corresponding £€énd SQ RTDs in both

flow tubes. This was likely due to either (a) poor mixing of
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Photochemical Age (Days) values for particles with O/€ 0.08 were between 0.012-
01 ) 10 0.028. At an OH exposure of1.4x 102 moleccnr3s,
0.20 8. 468 2 468 the x values measured with the two flow tubes were within
T “ Ay 50% of each other. However, at lower OH exposures for
(a) BES
1 & Unoxidized Q 0O/C < 0.08, thex values measured in the two flow tubes di-
0.15+ : ;E’U\OAT verged considerably, differing by as much as 100%. Under
] the low oxidation levels with the large discrepancies, the
g 0.104 CCN activation curves for both systems are broad (Fig. A2).
] The « discrepancy and broad CCN activation curves can
A
] an both be explained by the fact that (1) heterogeneous oxida-
0-053‘ A tion timescales of BES particles~R00-3000s; George et
] al., 2007; Lambe et al., 2009) are slow compared to average
o T — particle residence times in the flow tubes, and (2) the RTDs
207 Al b for BES particles differ between the PAM and the TPOT at
’—A—I—._< (b) longer residence times (Figs. 3 and A3). Therefore, because
1.9 ,+ the heterogeneous oxidation rates are slow and the PAM ex-
hibits a longer tail in the measured BES RTD, the BES par-
®) ticles experience more oxidation in the PAM for essentially
T 18 } the same flow and average OH exposure conditions. The dif-
BES ference in the oxidation level of the BES particles for the low
17 : ?Sgﬁd'zed OH exposure conditions is highlighted by the CCN measure-
A PAM ments (Fig. 4b), but is not as obvious in the O/C and H/C
) ratio measurements (Fig. 4a). This may be due to different
0.030 ‘ ‘ chemical composition that is captured by the CCN measure-
. (c) BES ® ments but not the O/C and H/C ratio measurements.
¥ 0.025 ¢ Jnoxidized
[}
=2 0.020 A PAM 3.5 O/C ratio, yield and CCN activity of m-xylene
%. ' A and a-pinene SOA
<< 0.015
5 —A ® For SOA obtained fromm-xylene andx-pinene, in addition
o 0010 to the data obtained with the TPOT and PAM, published yield
0.005 A data (Ng et al., 2007a,b) and unpublished AMS measure-
' —@— ments obtained in the Caltech smog chamber were included
0 a P RP A B A B4 in the comparison.
0 10 11 12
10 10 10

3 3.5.1 O/C and H/C ratios
OH Exposure (moleccm ~s)
Figure 5 shows the O/C and H/C ratios as a function of
Fig. 4. Aerosol(a) oxygen-to-carbon (O/C) an(h) hydrogen-to- ~ OH exposure form-xylene anda-pinene-generated SOA
carbon (H/C) ratios of oxidized 145-nm BES particles as a functionproduced in the TPOT, PAM and Caltech smog cham-
of OH exposure. Ur?o.xidized BE.S.is shown With.a black diamond oy The equivalent atmospheric photochemical age at
marker. (c) CCN activity Qc)_of oxidized BES partlcles as a_func- e[OH] =1.5% 108 molec cnt3 is shown on the top axis. As
Flon of OH exposure. _Equwale_nt atmospheric photochemlcal_ ag §hown in Fig. 5a at low OH exposure 1011 molec cn3 s),
is shown on the top axis assuming an average OH concentration o h .
1.5x 108 moleccnt3. Error bars indicate calibration uncertainty the O/C ratio form—xylene SOA generated in .the flow tubes
in OH exposure:t1o in O/C and H/C measurements, atdo in ~ Was 0.630.03 in the TPOT and 0.680.01 in the PAM.
CCN x measurements. The corresponding H/C ratios were 14®.06 in the TPOT
and 1.43t 0.07 in the PAM (Fig. 5b). For the smog chamber-
generatedr-xylene SOA, the O/C ratio increased from 0.08
t0 0.43 as a function of OH exposure. The higher O/C ratio in
the flow tube SOA compared to the smog chamber was prob-
Figure 4b shows results of CCN activity studies expressed irably due to faster gas-phase oxidation, resulting in higher
terms of the hygroscopicity parameteof heterogeneously levels of oxidation prior to nucleation. As the OH exposure
oxidized BES particles as a function of OH exposure. Aswas increased from-10 to ~10? molec cnt3s, the O/C
expectedk increased as the OH exposure and O/C ratio in-ratio of m-xylene SOA increased to 0.470.05 in the TPOT
creased (Petters et al., 2006; Massoli et al., 2010). sThe and 1.24+0.07 in the PAM. These increases in O/C were

3.4.2 CCN activity
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Photochemical Age (days)
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Fig. 5. Aerosol(a) oxygen-to-carbon (O/C) ar(th) hydrogen-to-carbon (H/C) ratios as a function of OH exposure:faylene SOA, along

with (c) O/C and(d) H/C ratios as a function of OH exposure feipinene SOA in the TPOT, PAM and Caltech chamber. Markers at “zero”

OH exposure indicate flow tube ozonolysis conditions with UV lamps turned off. Equivalent atmospheric photochemical age is shown on the
top axis assuming an average OH concentration 0k118° molec cnt3. Error bars indicate calibration uncertainty in OH expostiky

in flow tube O/C and H/C ratio measurements, and uncertainty in converting Caltech chafmrbdd measurements to O/C ratios.

accompanied by the H/C ratio decreasing to 13806 in In Fig. 5c¢, the O/C ratio for-pinene SOA generated in
the TPOT and 1.16 0.05 in the PAM, indicating that the both flow tubes was 0.450.02 at low OH exposures. The
PAM-generated SOA was more oxidized. Differences in thecorresponding H/C ratios were 1.510.09 in the TPOT and
O/C and H/C ratios ofi-xylene SOA at~102moleccnt3s  1.45+0.07 in the PAM (Fig. 5d). Smog chamber-generated
OH exposure may be related to different gas-phase residenae-pinene SOA had O/C ratios ranging from 0.20 to 0.30.
time distributions (as discussed above) or to different organicAt high OH exposures, the O/C ratio afpinene SOA in-
aerosol concentration€6a). Assuming a diffusion coeffi- creased to 0.74 0.12 in the TPOT and 0.260.05 in the
cient of 0.1 crd s~ for oxidized vapors, characteristic vapor PAM, with corresponding H/C ratios of 1.450.07 in the
wall loss timescales were much shorter in the TPOT than inTPOT and 1.1 0.06 in the PAM. As was the case with m-
the PAM (Sect. 3.2) despite similar average residence timesylene SOA, differences in-pinene SOA O/C and H/C ra-
(Fig. 2). This indicates that walls were a more competitive tios may be due to the different residence time distributions
sink for vapors in the TPOT than in the PAM. In describing or to differentC*/(Coa + Cy) ratios, as well as to different
the effects of gas-wall partitioning on SOA formation, Mat- flow tube designs. In the TPOT, the mixing tube upstream
sunaga and Ziemann (2010) treated smog chamber walls a# the reactor flow tube (Fig. 1) allowedpinene and @to

an effective organic aerosol concentratioR,JCIf the sum  mix and react prior to OH exposure, leading to the OH ox-
of Coa and Cy, was larger in the TPOT than in the PAM, idation of different species. Upstream of the PAM, mixing
the condensed-phase partitioning of semivolatile compoundsme prior to OH exposure is minimized. This is captured by
with effective saturation concentrationS*; Donahue et al., the different evolution of O/C and H/C with OH exposure in
2006) similar toCoa + Cy would increase. This would en- the TPOT and PAM, which may illustrate the formation of
rich the aerosol with less-oxidized, higher-volatility products different functional groups as a result of oxidation (Heald et
having lower O/C. al., 2010).
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Fig. 6. SOA yield as a function of OH exposure fta) m-xylene Coa(ngm?)

SOA and(b) «-pinene SOA generated in the TPOT, PAM and Cal-

tech chamber. Markers at “zero” OH exposure indicate ozonoly-Fig. 7. SOA yield as a function of organic aerosol concentration
sis measurements with flow tube UV lamps turned off. Markers (Cqp) for (a) m-xylene SOA andb) a-pinene SOA generated in
are colored by organic aerosol concentratiopf). Equivalentat-  the TPOT, PAM and Caltech smog chamber. Markers are colored by
mospheric photochemical age is shown on the top axis assumin@H exposure, except for black markers indicating flow tube ozonol-
an average OH concentration of &k8.0° molec cnt3. Error bars  ysis conditions with UV lamps turned off. Black lines are linear fits
indicate calibration uncertainty in OH exposure ahiilr in SOA  to TPOT and PAM measurements to guide the eye. Error bars indi-
yield measurements. catet1o in SOA yield andCoa measurements.

3.5.2 SOAvyield Kang et al. (2007). However-xylene SOA yields in the
PAM (0.17+0.07; ~3 x 10" moleccm3®s OH exposure)
Figures 6 and 7 show yields of-xylene andv-pinene SOA  and Caltech chamber (0.370.01; ~1 x 10 moleccm3s
as a function of OH exposure aiitha, respectively, for the  OH exposure) were different. This indicates that yields of
TPOT, PAM and Caltech chamber. Flow tube SOA yields m-xylene SOA may be more sensitive to OH concentration,
were corrected for size-dependent particle transmission effiOH exposure or wall interactions. For lower and higher
ciency measurements (Fig. 2), and smog chamber SOA yiel®H exposures, yields of PAM-pinene SOA were differ-
were corrected using size-dependent @M$O; wall loss  ent (0.264-0.04 and 0.19 0.03) than the maximum mea-
measurements (Sect. 2.5). sured yield at 3 10" moleccnm3s OH exposure. This
Figure 6 indicates that SOA yield was strongly affected by was also the case for yields of PAM-xylene SOA, which
OH exposure. SOA yields in the TPOT were lower than in were 0.024+ 0.005 at lower exposures and 0.G2D.003 at
the PAM and Caltech chamber. This is presumably becausbigher OH exposures. This decrease in PAM yields with in-
the higher TPOT SA/V ratio caused greater losses of gasereasing OH exposure may be due to SOA fragmentation to
phase precursors and/or oxidation products to the walls, asmaller, more volatile oxidation products, or to more rapid
was observed with SPand SO, (Sects. 3.1.1 and 3.2). gas-phase oxidation suppressing aerosol growth (Kroll et al.,
For comparable OH exposures-{0'moleccnt3s), -  2009).
pinene SOA vyields in the PAM (0.380.08) and Caltech Figure 7 indicates that SOA yield was strongly affected by
chamber (0.42 0.06) agreed within 10%. These PAM Copa. Further, at a specifi€oa, SOA vyield increased with
chamber results are also consistent with those obtained bgecreasing reactor SA/V ratio from the TPOT (2.8¢to
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the PAM (0.23 cr?) to the Caltech chamber (0.027 cth). Photochemical Age (Days)
The most applicable comparison would use the same pre-
cursor concentrations and the same OH exposure. However, 011 2 46 1‘ 2 4 1L0
because of experimental constraints, these yield curves were 0'25: e
generated using gas-phase precursor mixing ratios of 262— 0201 %‘ 12
263 ppb in the TPOT, 78-88 ppb in the PAM, and 14-48 ppb ] 11 2
in the Caltech chamber. Because SOA yield often increases 0.151 + Q 103
with increasing precursor concentration (Odum et al., 1996; ] H 0.9 §
Kang et al., 2007), trends shown in Fig. 7 would have been 2 0.107 e 08 o
even more pronounced if the initial precursor concentrations ;0 051 mg(y ?’;%T 2;
were similar in the TPOT, PAM and Caltech chamber. *§ R A PAM '

As is evident in Figs. 6 and 7, at comparable OH expo- B ol : :
sures, the SOA O/C ratio and yield obtained with the flow < 025+
tubes are different from those obtained in the smog cham- Z ] 0.9
ber form-xylene and to a lesser extent ferpinene. While Q 0-20’; A '
the disagreement in SOA vyield between the PAM chamber © 0.15. 0803
and the Caltech chamber fai-xylene was also seen for ' ‘ A +.‘@ 0.70 i
the PAM chamber in Kang et al. (2007), the SOA yield 0.104 060 O
for a-pinene is within the uncertainties of the SOA yields 1 o-pinene SOA 050
obtained in the Caltech and Kang et al. (2007) chambers. 0.05 2 P 0.40
Oxidation rate, oligomerization reactions, UV lamp inten- ]
sity/wavelength, and/or wall effects may have influenced 0 (‘)‘#’mé 'A'é”“ﬂ 2 'A'é”“mé
SOA yield. Faster gas-phase oxidation relative to nucleation 10 10 10

could explain lower yields in the flow tubes than in the smog
chamber. Longer oxidation timescales in the smog chamber
could favor the formation of oligomers to an extent that is
not possible in the flow tubes (e.g. Hallquist et al., 2009 and

referen(_:es therelh). _UV lamp Intens_lty or wavelength COUIdysis reactions with flow tube UV lamps turned off. Particles were
affect yield of oxidation products with strong UV absorp- ;e selected abm =50 nm for CCN measurements. CCN activity
tion (e.g. organic peroxides; Presto et al., 2005). The flowof (a) m-xylene SOA particles an¢b) a-pinene SOA particles in
tube and Caltech chamber UV lamps have a peak light outthe TPOT and PAM are shown. Markers are colored by O/C, and
put ata =254 nm and. =350 nm, respectively. However, if equivalent atmospheric photochemical age is shown on the top axis
the flow tubes generate SOA that absorbs 254 nm light, thessuming an average OH concentration of>1 B molec cnt3.

UV intensity in the TPOT would have to be higher than in Error bars indicate calibration uncertainty in OH exposure-afa

the PAM to explain trends shown in Figs. 6 and 7. The UV in CCN«x measurements.

intensity was not measured in the flow tubes. However, be-

cause OH exposures were similar in both flow tubes usingh N ) ) ) N )
the same @, Oz and HO inputs, wall effects seem to have hydrophilic particles having higher water solubility (Massoli
the strongest influence on SOA yield. In particular, it is likely €t al-, 2010).

that the results are affected by wall losses of semivolatile oxi-

dation products. More work is necessary to determine the ef3.6  Flow tube design modifications

fects of walls on semivolatile gases and particles in all cham-

OH Exposure (molec cm” s)

Fig. 8. CCN activity () of SOA particles as a function of OH
exposure; data at “zero” OH exposure was generated from ozonol-

bers. Flow tube reactors can be used in a variety of ways to study
aerosol chemistry, ranging from heterogeneous oxidation
3.5.3 SOA CCN activity studies to CCN modification and SOA formation. Measure-

ments presented in this paper suggest several design changes
Figure 8 plots the hygroscopicity paramete) ¢f flow tube  that are likely to modify aerosol flow tube performance.
m-xylene andx-pinene SOA particles as a function of OH Replacing pyrex flow tube walls with a passivated conduc-
exposure. The TPOT and PAM measurements agreed withitive material (e.g. Silconert-coated stainless steel or high
30% and 25% fom-xylene andx-pinene SOA, respectively. nickel-alloy steel) could increase particle transmission effi-
As with oxidized BES particlesy increased with increas- ciency by minimizing electrostatic losses. Using a flow tube
ing OH exposure and corresponding O/C ratio. For particleswith a smaller diameter-to-length ratio yields narrower flow
generated at an OH exposure-e1.5x 102 moleccnt3s, tube residence time distributions, which ensures that chem-
PAM SOA had a slightly higher O/C ratio and highethan icals within the reactor experience a more uniform OH ex-
TPOT SOA. This is consistent with more highly-oxidized posure for heterogeneous oxidation experiments. However,
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decreasing the diameter-to-length ratio increases the SANAffected by reactor design and operating conditions. At com-
ratio and losses of wall-adhering gases and their secondargarable OH exposures, flow tube SOA was more oxidized
aerosol yields. For SOA formation experiments, decreasinghan smog chamber SOA (Fig. 5), perhaps arising from en-
the flow tube SA/V ratio and manipulating the flows so that hanced oxidation occurring prior to particle nucleation. We
the sampled air is not influenced by the walls are importantare not certain of the reasons for this difference, but we
modifications. As an example, the primary sample flow from note that smog chamber studies have been largely unable to
the PAM subsamples gas and particles from the center ofatch field observations of the degree of oxygenation of am-
the tube (minimizing diffusional interactions with the walls) bient aerosol, and so further studies in this regard are war-
and a secondary peripheral flow removes air near the reactaanted. Also, the flow tube studies were conducted with-
walls. out a seed aerosol present, whereas the smog chamber re-
sults employed a seed, which likely plays an important role
in promoting aerosol growth (Kroll et al., 2007). Flow tube
4 Summary SOA yields were consistently lower than smog chamber SOA
yields (Figs. 6 and 7). The CCN activity of flow tube-
This work evaluated two flow tube reactor designs (TPOT generated SOA particles was similar between the TPOT and
and PAM) in terms of gas and particle transmission efficien-PAM (Fig. 8).
cies, residence time distributions (RTDs), and oxidized or- Smog chambers require running long experiments and cur-
ganic aerosols generated from gas- and particle-phase precuently only access OH exposured x 10 molec cnt?3s, or
sors (n-xylene,«-pinene, BES). The TPOT was developed about 1 day of atmospheric aging. Wall effects are always
for aerosol heterogeneous oxidation studies where unifornpresent and are typically accounted for using size-dependent
OH exposure is more important than minimizing wall losses.wall loss corrections. Flow tubes can characterize aerosols
On the other hand, the PAM was developed with a separat@ver atmospheric aging timescales of 1-10 days, but require
flow to minimize wall interactions, as is important for SOA high oxidant concentrations and also have wall effects that
formation studies. First, transmission efficiency measurecan influence measurements. The data presented illustrate
ments for CQ, SO, BES particles and 50O, were per-  the high degree of oxidation that can be achieved within such
formed. Second, RTDs were measured for,COQO; and  reactors. However, they also demonstrate that SOA yields
BES particles. Third, O/C ratio and CCN activity of BES from such reactors must be viewed with caution, given the
particles exposed to OH radicals were characterized. Fourtiimportant role that wall losses may be playing. A flow reac-
O/C ratio and yield ofn-xylene andx-pinene SOA gener- tor that is operated with seed particles and/or a sheath flow
ated in the TPOT, the PAM and the Caltech chamber werao reduce wall interactions should be able to minimize wall
compared. CCN activity of SOA generated in the flow tubeseffects and produce SOA yields that more closely represent
was also characterized. The intercomparison dataset is limtrue values. Overall, this work highlights the importance of
ited because the TPOT was available for this study for onlyflow tube and smog chamber comparisons to evaluate their
a limited time (2 weeks). However, results are sufficient to utility as complementary tools for providing data inputs to
draw conclusions about inherent advantages and disadvariimate and air quality models.
tages of the two designs.
The main difference between the flow tubes was the de- _
gree to which gases and aerosols interacted with reactor wafiPpendix A
surfaces. The TPOT yielded narrower RTDs because of its o )
larger length-to-diameter ratio. However, its transmissionSupporting information
efficiency for gas-phase SQwas lower than that for the
PAM, either due to the increased accessibility of the walls
within the reaction chamber or within the mixing chamber.
SOA yields were also lower in the TPOT than in the PAM,
which is consistent with enhanced wall loss of VOC oxida-
tion products in the TPOT. Transmission efficiency for BES

Al OH exposure calibrations

SO, was used to calculate the OH exposure in the flow tubes.
First, SQ was introduced with the lamps turned off until
its initial concentration (S&;) remained constant at steady-

and HSO; particles was size-dependent and was similar fc,rstate conditions. Then, the flow tube and ozone UV lamps
b P were turned on and adjusted to a specific intensity. This

the two flow tube designs. The particle loss was SUffiCientIycondition was maintained until the final 3@oncentration

:Z\;gethat it needs to be accounted for in SOA formation StUd-(SOZ’f) remained constant. Then, this procedure was re-

- I . . peated at several different conditions to obtain an OH ex-
Upder similar OX|d|'zmg conditions, the O/C. “"?“0 of BES posure calibration. The OH exposure at each condition is
particles processed in the flow tubes was similar. Hygro

scopic properties (e.g., CCN activity) were similar at high calculated using Eq. (AL):
oxidation conditions, but different at low oxidation condi- 1 | SOt
tions (Fig. 4). SOA O/C ratio and yields were strongly OH exposure= —n SOy

(A1)
koH,so2
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Fig. Al. Aerosol O/C ratio as a function of fraction of HR-ToF-
AMS organic signal atn/z=44 (f4) for m-xylene SOA x-pinene
SOA and oxidized BES particles generated in the TPOT and PAM.
Aiken et al. (2008) O/Cf44 parameterization is shown with a
dashed line.

wherekon.so2=9 x 10~13cm® molec™! is the bimolecular
rate constant between OH and S@avis and Ravishankara,
1979). Equation (A1) is the result of integrating the differ-
ential rate equation for SCand assuming pseudo-first order
kinetics. Using this type of calibration procedure has two ad-
vantages. First, any potential bias resulting fromy, S@ll
losses cancels out. Second, no assumptions aboute3d

dence times need to be made, since the OH exposure (product

of the OH concentration and average residence time) is deter-
mined directly from the initial and final SQconcentrations.
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Fig. A2. CCN-activated particle fraction plotted as a function of

A2 O/C-f 44 parameterizations

water supersaturation for oxidized BES particlesxylene SOA

particles andx-pinene SOA particles generated in the TPOT and

Figure Al shows the aerosol O/C ratio determined from HR-the PAM. Example CCN activation curves @f) 145-nm oxidized
ToF-AMS measurements plotted versus the fraction of or-BES particles(b) 50-nmm-xylene SOA particles, anft) 50-nm
a-pinene SOA particles are shown. Markers are colored by O/C
ratio.

ganic signal am/z=44 (f44) for m-xylene SOA,«a-pinene
SOA, and oxidized BES particles. The O/C rafigr param-
etermization from Aiken et al. (2008) is also shown. Calibra-
tions from Fig. A1 were applied to several c-ToF-AMS mea-

surements presented in Figs. 4 and 5 where corresponding® O/C ratio was increased via increasing OH exposure, the
HR-ToF-AMS measurements were unavailable. The Aikencritical supersaturation decreased (Fig. 8).

et al. (2008) parameterization was applied to Caltech smog
chamber data presented in Fig. 5.

A3 CCN activation curves

A4 Taylor dispersion model for characterizing flow
tube residence time distributions

As discussed in Sect. 3.3, flow tube residence time distri-
Figure A2 shows example CCN activation curves for oxi- butions (RTDs) were compared with RTDs for ideal reactor

dized BES particlesp-xylene SOA particles, and-pinene

models (Fig. 3). An ideal plug flow reactor (PFR) has no

SOA patrticles, with the CCN-activated fraction plotted as aaxial mixing and all fluid elements have the same residence
function of water supersaturation. The critical supersaturatime. An ideal laminar flow reactor also has no axial mixing,
tion (50% activation level) was determined by fitting a sig- but is characterized by a wider RTD because of slower flow
moid curve to the CCN activation curves. To indicate the near the walls. The flow tube RTDs did not follow ideal reac-

effect of particle chemistry on CCN activity, the markers in tor behaviour. Because the flow is lamin&eE 15 in TPOT

Fig. A2 are colored by their corresponding O/C ratios. As andRe=55 in PAM), a model that describes axial dispersion
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Fig. A3. Residence time distribution (RTD) measurements in the TPOT and PAM flow tubes. UV lamps were on during measurements.
Measurements were fit to a Taylor dispersion model (dashed lines) with fit parameters shown in figure(as€@s.RTD in the TPOT
(b) COy RTD in the PAM(c) SO, RTD in the TPOT(d) SO, RTD in the PAM(e) BES RTD in the TPOT(f) BES RTD in the PAM.

in laminar flow (Taylor, 1953) was used to characterize theproportional to the amount of dispersion (“effective disper-
flow tube RTDs: sion coefficient”).
32C 5C 3¢ Equation (A3) was fit to the TPOT SARTD as shown in
= (A2) Fig. A3c. SQ-wall interactions in the TPOT create a wide
SO, RTD that is well-described by Eq. (A3). Other RTDs
where D is the axial diffusion coefficient (c?rs—l), u is (CO,, BES, PAM SQ) were characterized by a sharp ini-
the flow velocity (cms?), andC is the tracer concentration tial pulse followed by a long tail (Fig. A3a,b and e,f), and
(moleccnt?d) at time+ (s) and axial distanc& (cm). At Eqg. (A3) did not provide a good fit. The fit to a Taylor dis-
Z = L (reactor length), the reactor response to a pulsed tracepersion model was improved by assuming that two disper-
input is given by Eq. (A3) (Levenspiel and Smith, 1957; Hill sion timescales govern the flow (i.e., there are two distinct
Jr., 1977): flow regimes). This assumption is likely to more closely
) model the complexity of the flow patterns: one direct flow
Co —W path through the flow tube systems and a secondary flow
C@ = e (L resd (A3)  path that undergoes recirculation within the flow tube. A
2 \/n (E—LL) (t/tresid) modified Taylor dispersion model was derived to character-
ize both flow components (first component with minor dis-
where fresig IS the average residence time of the tracer,persion, second component with significant dispersion) and
assuming constant fluid density. THg /uL quantity is  is shown in Eq. (A4):

D — — oy — = ——
Y9z2 T "%z T w
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