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For studying the formation and photochemical/thermal reac-
tions of aerosols relevant to the troposphere, a unique, high-volume,
slow-flow, stainless steel aerosol flow system equipped with UV
lamps has been constructed and characterized experimentally. The
total flow system length is 8.5 m and includes a 1.2 m section used
for mixing, a 6.1 m reaction section and a 1.2 m transition cone at
the end. The 45.7 cm diameter results in a smaller surface to volume
ratio than is found in many other flow systems and thus reduces
the potential contribution from wall reactions. The latter are also
reduced by frequent cleaning of the flow tube walls which is made
feasible by the ease of disassembly. The flow tube is equipped with
ultraviolet lamps for photolysis. This flow system allows continu-
ous sampling under stable conditions, thus increasing the amount
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of sample available for analysis and permitting a wide variety of
analytical techniques to be applied simultaneously. The residence
time is of the order of an hour, and sampling ports located along
the length of the flow tube allow for time-resolved measurements
of aerosol and gas-phase products. The system was characterized
using both an “inert” gas (CO2) and particles (atomized NaNO3).
Instruments interfaced directly to this flow system include a NOx

analyzer, an ozone analyzer, relative humidity and temperature
probes, a scanning mobility particle sizer spectrometer, an aero-
dynamic particle sizer spectrometer, a gas chromatograph-mass
spectrometer, an integrating nephelometer, and a Fourier trans-
form infrared spectrophotometer equipped with a long path (64
m) cell. Particles collected with impactors and filters at the vari-
ous sampling ports can be analyzed subsequently by a variety of
techniques. Formation of secondary organic aerosol from α-pinene
reactions (NOx photooxidation and ozonolysis) are used to demon-
strate the capabilities of this new system.

[Supplementary materials are available for this article. Go to the
publisher’s online edition of Aerosol Science and Technology to
view the free supplementary files.]

INTRODUCTION
A great deal of recent research has focused on sources and

fates of airborne particles, including secondary organic aerosols
(SOA) (Rudich 2003; Fuzzi et al. 2006; Johnson and Marston
2008; Kroll and Seinfeld 2008). In addition to adverse health
effects (Pope et al. 2002; Chow et al. 2006; Pope and Dockery
2006), particles affect climate by scattering sunlight and by
impacting the formation, properties and lifetimes of clouds
(Seinfeld and Pandis 1998; Finlayson-Pitts and Pitts 2000; Fuzzi
et al. 2006; Ghan and Schwartz 2007; Solomon et al. 2007).

The health and environmental impacts of organic aerosols
are highly uncertain due to the limited understanding of their
compositions, sources, and transformations in ambient air.
Reduction of these uncertainties requires a combination of
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comprehensive field and laboratory studies coupled with appro-
priate modeling (Fuzzi et al. 2006; Ghan and Schwartz 2007;
Solomon et al. 2007).

Ambient aerosols are complex mixtures of inorganic and
organic species from multiple primary and secondary sources
(Seinfeld and Pandis 1998; Finlayson-Pitts and Pitts 2000;
Hamilton et al. 2004; Goldstein et al. 2008). Field studies pro-
vide data on the size distribution and composition of these com-
plex particles found in air. However, the large number of un-
controlled variables coupled with numerous products present at
small concentrations complicates interpretation of sources and
fates of the various components.

Laboratory experiments provide more control of experimen-
tal variables but also have significant limitations. For example,
concentrations of precursor species are typically greater than
those found in ambient air, which can contribute to discrep-
ancies between laboratory experiments and field studies, for
example yields of SOA (Pankow 1994). Another issue is the
possible contribution of artifacts due to reactions on the cham-
ber walls; while similar heterogeneous reactions may occur on
boundary layer surfaces, there is insufficient understanding of
these processes to allow confident extrapolation from laboratory
systems to field studies.

One technique to reduce laboratory reactant concentrations
and to minimize the effects of surface reactions is to use
large chambers with volumes of up to several cubic meters
that provide correspondingly large sample volumes. These can
be operated in a continuous flow, constant volume mode in
which steady state conditions are reached in the chamber af-
ter a number of hours to a day or more. Assuming complete
mixing in the chamber, the residence/reaction times are on
the order of hours (Kleindienst et al. 1999; Seinfeld et al.
2003; VanReken et al. 2006; King et al. 2007; Shilling et al.
2008; Che et al. 2009; Shilling et al. 2009). While this ap-
proach provides large sample volumes, changing the effective
reaction time and cleaning the chamber walls is cumbersome
and time-consuming. Many of these large chambers are con-
structed of Teflon film and are subject to substantial particle
loss to the walls due to electrostatic effects (McMurry and Rader
1985).

Another approach involves the use of flow systems. These
are typically much smaller in volume with shorter resi-
dence/reaction times, often of the order of a few seconds to
minutes (Harrison and Collins 1998; Morris et al. 2002; Smith
et al. 2002; Bröske et al. 2003; Jang et al. 2003; Lee and Kamens
2005; Mochida et al. 2006; Tolocka et al. 2006; Vlasenko et al.
2006). Flow systems are readily disassembled for cleaning and
provide access to different reaction times in one experiment via
sampling from ports at different locations along the length of
the flow tube. Experimental conditions can be rapidly modified,
and temperature and total pressure control more readily pro-
vided than is the case for the large chambers (Khalizov et al.
2006a; 2006b). However, sampling volumes are limited and the
short total reaction times are not sufficient for studying slower

processes that occur over time periods of hours or more. In addi-
tion, the surface-to-volume (S/V) ratios are relatively large (e.g.,
∼200 m–1 compared to ∼3.5 m−1 for the large chamber flow
systems), which can increase the contribution of wall reactions.

A unique, high-volume, slow-flow aerosol flow system for
the study of the formation and reactions of aerosols relevant to
the troposphere is described here. The emphasis is on photo-
chemically driven systems, but it also has the capability to study
dark reactions. This system combines many of the advantages
of the large chambers used in continuous flow mode with those
associated with the smaller flow tube systems. Specifically, it
provides the option of collecting large sample volumes over
extended periods of time and at a range of reaction times from
minutes to several hours. This enables the study of reactions with
slower kinetics and/or lower concentrations. Furthermore, there
is sufficient sample flow to support concurrent real-time sam-
pling of gases and particles along the length of the flow tube,
for example by particle mass spectrometry or proton-transfer
reaction mass spectrometry. This system also has a relatively
small S/V ratio approaching that of the large chambers, is eas-
ily disassembled for cleaning, and allows for rapid changes in
experimental conditions. The formation of secondary organic
aerosol from reactions of α-pinene is used to demonstrate typi-
cal applications of this apparatus.

AEROSOL FLOW SYSTEM DESIGN
Figure 1a is a schematic of the aerosol flow system. It is

fabricated from stainless steel, 8.5 meters in total length and
divided into three sections: (1) inlet/mixing section; (2) central
reaction/photolysis section; and (3) terminal transition region.
The major portion of the system is a cylinder that is 7.3 m
long and 45.7 cm in diameter. The first 1.2 m section contains
multiple inlets including a perforated “showerhead” disk and
two spoked inlet hubs to enhance mixing of reactants. This is
followed by a 6.1 m reaction/photolysis section, divided length-
wise into two halves to allow cleaning and changing of UV
lamps that are positioned longitudinally at the center of the
flow tube. The two halves are clamped together by 2 cm wide
straight flanges that run laterally along both sides of the flow
tube. The reaction/photolysis section is joined to the mixing
section by transecting circular flanges. The system is interfaced
at the downstream end of the reaction/photolysis section also by
circular flanges to a 1.2 m long, cone-shaped transition region
whose diameter smoothly drops from 45.7 to 1.9 cm. This last
section minimizes turbulence and recirculation of species from
the downstream end. The flow tube body, straight flanges, mix-
ing tube and transition cone are all fabricated from 16 gauge,
316 stainless steel. Both the straight and circular flanges are
sealed using 2.54 cm wide by 3.2 mm thick expanded PTFE
gaskets (Inertex, UHF).

Positioned along the main axis of the reaction/photolysis sec-
tion of the flow tube, is an air-cooled Pyrex glass tube, 5.02 cm
o.d. (outside diameter) and 2.6 mm wall thickness, containing
three six-foot, narrow-band, ultraviolet, fluorescent lamps. In
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FIG. 1. (a) Schematic illustrating major sections of flow system: inlet/mixing, reaction/photolysis, and transition cone; (b) Details of mixing section and first
sampling section, including end views of mixing tube and 1st spoked-hub, showerhead disk, and cross-section of reaction/photolysis section.

the initial studies, lamps that emit a narrow band of UV light
centered at 311 nm (Phillips, TL100W/FS72) are used, but they
can be readily exchanged for lamps having different emission
spectra, e.g., centered at different wavelengths or broadband
blacklamps. Alternatively, there is sufficient space between the
lamp tube and the glass housing for placement of filters for tar-
geted photolysis if broadband lamps are used. The lamps are
powered by external magnetic ballasts (Advance, RS-110-TP
and R2S-110-TP) and are connected by Teflon covered wiring.
The glass housing decreases the light intensity below 300 nm but
only slightly at the 311 nm peak. When the lamps are employed
for photolysis, cooling air enters the lamp housing at ∼460 L
min–1 through a 9.5 mm i.d. (inside diameter) glass and metal
tube at the center of the 5.3 m long housing and exits both the
housing and the flow tube through 9.5 mm Teflon tubes at each
end. The aerosol/reactant flow within the flow tube is unaffected
by this large flow of air through the lamp housing which is sealed
by Ultra-Torr fittings and Ace Glass bushings. The lamps are
centered within the housing using wire spacers and the hous-
ing/lamp combination is suspended at the flow tube center by
several 2.54 cm or 5.08 cm wide stainless steel straps positioned
strategically along the length of the lamp housing (not shown
in Figure 1). For dark experiments, the lamp housing is heated
4 to 6◦C above the surrounding gas and/or particle mixture by
pre-heating the air flowing into the housing and reversing the

direction of flow. This maintains the same flow dynamics as
when heating is produced by the lamps.

To enhance mixing of the reactants in a non-turbulent flow
prior to entering the reaction/photolysis section, the mixing sec-
tion is fitted with three types of inlets for gas-phase reactants,
carrier gas, and/or aerosol (Figure 1b):

1) Peripheral inlets. A common exterior manifold supplies four
6.35 mm tubes passing through holes located in the front end
plate, 16.5 cm from the center of the plate. Each of these
four tubes is connected to a 6.35 mm Swagelok tee on the
interior, 2.5 cm downstream from the end plate (Figure 1b).
These four interior tees divide reagents added through these
inlets into eight equivalent portions which then feed into a
small volume separated from the rest of the mixing tube by
a 16 gauge stainless steel showerhead diffuser disk that has
940 equally spaced 3.2 mm holes. This showerhead disk is
located 5.0 cm downstream of the end plate. Typically 50%
of the total flow (carrier gas as well as at least one of the
reactants) passes through this disk.

2) Center inlet/1st spoked hub. A 20 cm long, 1.90 cm diameter
stainless steel tube passes from the exterior of the mixing tube
through a bulk-head fitting in the end plate and through the
showerhead disk to the spoked hub described below. There
is also a short elbow constructed of 3.2 mm stainless steel
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tubing that passes through the side of the 1.90 cm tube at a
location exterior to the endplate of the flow tube. This elbow
is directed co-axially downstream (see Figure 1b) in order
to minimize recirculation within the inlet (Khalizov et al.
2006b), and it is used for the addition of aerosol particles. A
significant portion of the carrier gas flow is added through a
6.35 mm Swagelok fitting at the head of the 1.90 cm tube,
and additional reagents could also be included in this flow.
The spoked hub at the end of the 1.90 cm tube consists of
a small hollow cylinder (5 cm o.d. by 2 cm) fitted with six
equivalent 9.5 mm o.d. stainless steel tubes, 21 cm long,
directed radially outward as in the spokes of a wheel. This
spoked hub is positioned 7.5 cm downstream of the end plate
and 2.5 cm downstream of the showerhead disk. Each of
the spokes has 14 equally spaced 6.35 mm holes on one
side oriented to inject the center-inlet flow upstream toward
the showerhead disk, thus providing efficient mixing of the
added material. Typically, 25% of total carrier gas flow was
added through the center inlet.

3) 2nd Spoked hub. Located midway along the mixing section
is a second spoked hub similar to the one connected to the
center inlet, with the following modifications: (a) carrier gas
with or without additional gas-phase reagent is fed into the
3.2 cm hub via a 6.35 mm stainless steel tube that passes
through the flow tube wall in the mixing section; (b) the six
spokes of the wheel are 21 cm long and; (c) a total of 28 holes
4.1 mm in diameter are staggered on opposite sides of each
spoke and positioned in the hub so that the flow is directed
in a plane transecting the mixing section. Typically, 25%
of total carrier gas flow was added through the 2nd spoked
hub.

Thus, through a combination of inlets, a well mixed flow of
carrier gas and reactants pass from the mixing section into the
reaction/photolysis section described below.

Located at fixed and equally spaced distances along the
length of the reaction/photolysis section are five sets of sam-
pling ports (P1 to P5) at intervals that divide this section into
five equal 122-cm segments. Each set contains two 90◦-elbow
ports, a gas sampling port and an additional port for a rela-
tive humidity/temperature probe. (See dotted oval in Figure 1a.)
The two 90◦-elbow ports are used for all particle sampling (as
well as for some gas sampling), with one located in the top-half
(4.76 mm i.d. and 6.35 mm o.d.) and one in the bottom half
(3.5 cm i.d and 3.8 cm o.d) of the sampling section. Each el-
bow curves upstream, and isoaxially samples 93 cm from the
start of each section. The interior ends of the sampling elbows
are radially equidistant (10 cm) from the lamp housing and the
flow tube wall. The gas-sampling and relative humidity ports
are also located 93 cm downstream in each section. There is one
additional unique port, P0 located in the first reaction/photolysis
section, 23 cm downstream of the transecting flange and 7 cm
below the straight flange. This 6.3 mm diameter port, due to its
close proximity to the mixing/inlet section, is used to sample
reaction mixtures prior to extensive photolysis/reaction.

The majority of gas phase reactants, carrier gas, and aerosol
which enter the upstream end of the flow tube are pumped
out at the terminal end of the flow tube using an oil-free ro-
tary pump (Gast Manufacturing, Model 0523) whose flow is
restricted by a MKS Alta model mass flow controller with a
MKS 247C 4-channel readout. The pumping speed is typically
adjusted to maintain the total output (from pump and sampling
instruments) at a rate just below the total input flow. (See Table 1

TABLE 1
Summary of analytical techniques with volume sampling rates for instrumentation interfaced to flow system. (For additional

details, see Supplementary Material available online.)

Measured property Instrument/Technique Sampling rate (L min–1)

NO, NO2, NOy concentrations NO, NO2, NOy chemiluminescence trace gas analyzer 0.65
O3 concentration Photometric O3 analyzer 0.70
Gas phase organic compounds concentrations Gas chromatograph/mass spectrometer 0.15

DNPH-cartridgea 1.00
FTIR long path cell b

Particle size distribution Scanning mobility particle sizer (SMPS) 0.20
Aerodynamic particle sizer (APS) 5.0

Particle light scattering Integrating nephelometer 10.0
Chemical composition of particles Impaction on quartz fiber filtersc 5.0

Impaction on ZnSe disks in a modified Sioutas
impactord

9.0

aSubsequently analyzed using LC-UV and LC-MS.
b20 L is sampled from the flow system into the long path cell to give a static sample.
cSubsequently analyzed using GC-MS, ESI-MS, API-MS, LC-MS, and LC-UV.
dSubsequently analyzed using FTIR.
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for instrument sampling rates.) Excess flow, if any, is accom-
modated by a 100-L Teflon ballast chamber attached at a tee at
the exhaust end of the transition cone. This aerosol flow system
is designed to operate near ambient pressure and temperature.

The unique design of this system presents several advan-
tages: a residence time for particles of the order of an hour, a
surface to volume ratio of 10 m–1 and a total volume of 1.2 m3.
Photolysis using different wavelengths is possible using selected
lamps located along the longitudinal axis of the flow tube. This
system has the capability of providing large sampling volumes
and the ability to sample gases and particles at multiple loca-
tions/reaction times along the length of the flow tube. As an
example, Table 1 summarizes the types of instruments that are
interfaced to this flow tube and the sampling rates for each. Even
with 20 L min–1 total flow rate, some of the measurements re-
quiring high sampling rates had to be carried out sequentially.
However, given the system stability, this is not a significant lim-
itation. Finally, it provides easy accommodation of experiments
with a variety of reagents and reaction conditions, and ease of
cleaning to reduce contamination from wall reactions.

FLOW PARAMETERS
The dynamic behavior of gases and particles in the flow

system was characterized by three dimensionless parameters:
the Reynolds number (Re), the Richardson number (Ri), and the
Stokes number (Stk). First, the dimensionless Reynolds number
that characterizes bulk flow reflects the ratio of inertial to viscous
forces and is given by Re = ρUD/η where ρ and η are the
density and dynamic viscosity of air, U the mean flow velocity
and D a characteristic length scale, e.g., the diameter of the flow
tube for the mixing section or the difference between the flow
tube and lamp-housing diameters for the reaction/photolysis
section. Holman (2002) states that fully developed laminar flow
occurs when Re < 2300. On the other hand, a high Reynolds
number (Re > 4000) indicates the presence of turbulence in the
flow. Owing to the large diameter (∼0.45 m) and low total flow
rate (20 L min–1), the Reynolds number is 61 for the mixing
section and 54 for the reaction/photolysis section of the flow
tube, showing that the flow should be laminar.

This aerosol flow system is designed to be used primarily for
photolysis studies. Operation of the UV lamps, even with a large
flow of cooling air, results in the lamp housing surface temper-
ature being higher than ambient. Heating of the lamp housing
in this manner results in an average surface temperature of the
housing of ∼30◦C while that of the flow tube wall is at ambient,
∼24◦C. Thus, the system exhibits natural convection in which
the motion of air is caused by temperature gradients. The system
also exhibits forced convection in which motion of air is caused
by external sources such as the pump at the end of the flow tube.
In order to determine the dominant mechanism, the dimension-
less Richardson number is introduced, Ri = (gβ�TD)/U2 where
g is the acceleration due to gravity, β the thermal expansion co-
efficient of air, �T the temperature difference between the lamp
housing and room temperature, and D the diameter of the flow

tube (Khalizov et al. 2006a, 2006b). The Richardson number
quantifies the ratio of natural convection to forced convection.
Typically, forced convection is negligible when Ri > 10. In this
system, for a 6◦C temperature difference between the flow tube
wall (24◦C) and lamp housing (30◦C) and at typical operating
conditions, Ri > 15000. Thus, natural convection dominates
radial movement as the aerosol/air mixture moves down the
reaction/photolysis section of the flow tube (Khalizov et al.
2006a, 2006b; Incropera 2007). As a result, convective cells
are expected which, while promoting good mixing of reactants,
will also increase the residence time. Note this 6◦C temperature
difference is radial in nature while the observed longitudinal
temperature difference measured at port 1 and port 5 is less than
1◦C. Furthermore, the temperature of the gas stream at the exit
to the sampling ports is within a degree of ambient so that shifts
in the gas-particle equilibrium that may occur at the higher tem-
peratures close to the lamp housing should be restored prior to
measurement.

Finally, the Stokes number, Stk, determines whether a particle
suspended in a fluid flow will follow the gas streamlines. Stk
is the ratio of stopping distance S to a characteristic obstacle
dimension D (such as the lamp-housing diameter of 5.2 cm, the
sampling port diameter of 3.8 cm, etc.). The stopping distance is
calculated by S = Uoρpd2Cc/18η where Uo is the undistributed
fluid velocity, ρp the particle density, d the particle diameter,
and Cc the Cunningham slip correction factor (Seinfeld and
Pandis 1998; Hinds 1999). The stopping distance calculated
for particles from 0.02 to 20 µm diameter at typical bulk flow
speeds in this system (0.20 cm s–1) shows that for all particle
sizes and for all obstacle dimensions, Stk << 1, so that particles
are expected to follow gas streamlines.

The system exhibits potential particle losses due to diffusion
to the walls and gravitational settling. Deposition by diffusion
to the walls increases as particle diameter decreases. Particle
throughput in a flow tube due to diffusion to the walls is taken
into account by the penetration term, P = nout/nin, which is
defined as the ratio of the particle concentration coming out of
the cylindrical tube at a distance L (nout) to that at distance L = 0
(nin). Calculations of P for this system for either laminar (Hinds
1999) or turbulent flow regimes (Friedlander and Johnstone
1957; Wells and Chamberlain 1967; Lee and Gieseke 1994)
show that even for the smallest particles sampled by SMPS
(21 nm), particle loss by diffusion to the walls is ≤2% and
represents a negligible loss for particles larger than 50 nm.
Additionally, wall loss due to electrostatic effects which results
in substantial particle deposition in Teflon chambers is not a
problem in a metallic flow system (McMurry and Rader 1985).

Gravitational settling increases with particle size. The depo-
sition parameter, the ratio of residence time to settling time, is
calculated for this system using a common form suggested by
Robinson et al. (2007). The transmission efficiency through a
horizontal tube decays exponentially with the deposition param-
eter (Ström 1972). As a result, the transmission efficiency for
this system was calculated to be greater than 98% for particles
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of diameter 300 nm or smaller, decreasing to 91% for 800 nm
and 86% for 1000 nm particles.

Additionally, total particle concentration may decrease due
to coagulation which increases with particle concentration and
time. At a fixed concentration, coagulation is independent of
particle diameter for large particles while for smaller particles
where the Cunningham slip correction factor must be applied,
coagulation increases with decreasing diameter. The fractional
loss of particles due to coagulation is calculated (Hinds 1999) for
several particle diameters assuming a particle concentration of
3 × 104 particles cm–3 at the first spoked inlet where the aerosol
entered the flow tube. This concentration is typical of the total
concentration of particles sampled from this flow system, and
thus calculated losses at any given diameter represent an upper
limit since the concentration at a particular diameter is much less
than the total. The fractional loss at 56 minutes (corresponding
to sampling at P5) is 11% for 21 nm particles, 7% for 100 nm
particles, and 3% for all particles larger than 700 nm.

EXPERIMENTAL CHARACTERIZATION OF GAS AND
PARTICLE FLOW

A. CO2 Flow Studies
To test the system for stability under steady-state conditions

as well as the ability to respond to time-dependent events, a
small flow (∼110 cm3 min–1) of CO2 was added to the system
along with 20 ± 1 L min–1 of either dry or humid air. Samples
were continuously withdrawn for FTIR measurement of the
CO2 every few minutes at each of five sampling ports P1–P5.
Once a set of measurements was made at all five ports, the
process was repeated until the CO2 concentrations leveled off
at all sampling ports. Figure 2 illustrates time resolution among
sampling ports as well as attainment of steady state. Many such
sets of measurements indicate that, at a total flow of 20 L min–1,
steady-state conditions exist within the flow system about 100
minutes after addition of CO2 into the system. This was true
regardless of which of the inlets was used for the addition of
sample gas, which port or type of port (particle or gas) was used
for sampling, whether the background air was humid or dry
or whether aerosol was added. After 100 or more minutes, the

FIG. 2. Port to port monitoring of carbon dioxide/air mixture with CO2/humid
air added through peripheral inlets at 12 L min–1 in the presence of sodium
nitrate aerosol/humidified air added through center inlet at 8 L min–1.

2σ error of the average absorbance readings at all five sampling
ports was within 3%. Similar results were obtained at both higher
and lower total flows (40 and 10 L min–1). For comparison, the
times required for the measured absorbance at port 1 to attain
half the steady state maximum were 8, 13, and 48 min at 40, 20,
and 10 L min–1 total flow, respectively. These values compare
favorably with times of 9, 17, and 34 min, calculated assuming
plug flow of CO2.

Carbon dioxide is relatively inert compared to other gas-
phase species of interest to atmospheric studies. More reactive
species such as nitrogen dioxide or ozone required three to four
hours for conditioning of the flow tube walls before reaching
the calculated steady-state value (based on measured initial con-
centration and known dilution) at all five sampling ports. For
this reason, reactive reagents are flowed for several hours prior
to initiation of photolysis or addition of a final reactant.

B. Aerosol Studies
Figure 3a illustrates the port-to-port behavior as total parti-

cle counts, measured by a condensation particle counter, were
followed with time when a 0.50 L min–1 flow of NaNO3 aerosol
was diluted with 4.5 L min–1 of humidified air and added via
the center inlet. Additional flows of humidified air were added
through the peripheral inlets (10 L min–1) and the 2nd spoked
inlet (5.0 L min–1). For these conditions, the typical geometric
mean diameter was 150 nm with a geometric standard deviation
of 1.6. As was the case for CO2, steady state conditions prevailed
within the flow system after about 100 min. However, even after
steady-state is reached, the particle counts decreased with in-
creasing distance along the flow tube as expected from particle
losses to the walls due to settling and coagulation. The wall
loss constant, calculated in a manner similar to that of Pathak
et al. (2007) using data from P1 through P5 produced a value
for kwall = 8.8 × 10–5 s–1. The measured particle counts at P2

FIG. 3. Aerosol flow studies with atomized NaNO3 (a) without correction,
and (b) with correction for wall loss. Lines are meant as guide to the eye.
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to P5 were corrected for wall loss using this value for kwall and
are plotted in Figure 3b. Port-to-port agreement in the average
particle count using wall loss corrected values has a 2σ error
of 9%. There are sufficient port-to-port differences in the first
60 minutes to suggest that the system is capable of detecting new
aerosol formation in cases where aerosol was first formed up-
stream and then grew in concentration and/or size as the reaction
proceeded downstream. Note that Figure 3 shows the behavior
of particles when the lamp housing was warmed by a flow of
heated air so as to mimic the heating and associated mixing it
causes when the UV lamps are used. Heating of the lamp hous-
ing arising from either operation of the UV-lamps or the passage
of heated air has the potential of establishing thermophoretic
radial flow of particles due to the small temperature gradient be-
tween the heated lamp housing and the cooler flow-tube walls
(≤6◦C). However, the thermophoretic velocity imparted to par-
ticles 100 nm or smaller in diameter (which would respond more
strongly than even larger particles) was calculated to be less than
0.01 cm min−1 and would therefore not be expected to signifi-
cantly affect aerosol flow.

APPLICATION TO SOA FORMATION
Reactions of α-pinene have served as a model system for

SOA formation in numerous studies (e.g., see Jaoui and Kamens
2001; Kamens and Jaoui 2001; Bonn and Moortgat 2002; Bröske
et al. 2003; Baltensperger et al. 2005; Lee and Kamens 2005;
Tolocka et al. 2006; Bonn et al. 2007; Offenberg et al. 2007;
Venkatachari and Hopke 2008; Yu et al. 2008), and thus was used
here to demonstrate the capabilities of the new flow system. SOA
formation is shown here from two separate reaction systems,
the NOx photooxidation of α-pinene and the ozonolysis of α-
pinene. Only the data on the reactants (NOx , O3, and α-pinene)
and on the number concentrations and sizes of the particles
formed are shown. The chemical composition measurements
and mechanisms are the subject of additional papers (Perraud
et al. 2010a; 2010b; Zelenyuk et al. 2009; Bruns et al. 2010).

A. NOx Photooxidation of �-Pinene
In this experiment, 1.8 ppm NO2 was introduced to the

aerosol flow system through the peripheral inlets, and 1 ppm
α-pinene was introduced through the 2nd spoked hub. The ul-
traviolet lamps were turned on after steady-state concentrations
had been obtained.

Figure 4 shows concentrations of α-pinene, NO, NOy and
O3 at P1 before and after the photolysis lamps were turned
on. As expected, NOy decreased and NO, which was present
as an impurity in the NO2, increased initially upon irradiation
and then decreased. Well-known organic-NOx photochemistry
(Finlayson-Pitts and Pitts 2000) leads to photolysis of NO2 and
the formation first of NO and then O3, which reacts with α-
pinene and generates SOA. In addition, OH is formed in this
system and also attacks the α-pinene. Because the SOA yields
from the OH reaction are significantly smaller than those from
ozonolysis (Bonn and Moortgat 2002), most of the SOA is

FIG. 4. Measured concentrations of α-pinene at P1 (initial concentration
1.0 ppm), NO2 (initial concentration 1.8 ppm), NO (initial concentration 10
ppb), and O3 before and after the lamps were turned on (defined here as t = 0).

expected to arise from the ozone reaction. Figure 5a shows
the steady-state concentrations of α-pinene, NO, NOy, and O3

at increasing reaction times (i.e., at different ports along the
length of the flow tube). Taking t = 0 at the point of α-pinene
addition gives reaction times of 13, 23, 33, 43, and 53 min. at

FIG. 5. (a) Steady-state concentrations of α-pinene, NO2, NO, and O3 as a
function of time; (b) number concentration, geometric mean diameter (GMD)
and total mass of particles formed in the NOx photooxidation of α-pinene at
steady state as a function of time.
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FIG. 6. Time dependence of ozone (initial concentration 200 ppb) measured
at each port after addition of α-pinene.

P1 through P5, respectively. As seen in Figure 1, the photolysis
lamps extend about half way between the first sampling port
and the 2nd spoked hub so that the reaction mixture is not fully
exposed to the lamp output in the first ∼6 min; however, the
metal surfaces of the flow tube scatter light quite efficiently,
initiating photolysis in these first few minutes.

Figure 5b shows that the steady-state number concentra-
tion of SOA formed in the NOx photooxidation as well as
the geometric mean diameter of the particles and total mass
increase as a function of reaction time. (The actual increase is
greater than indicated since corrections for wall loss were not in-
cluded.) This is consistent with both new particle formation and
growth of existing particles occurring over the first hour of this
reaction.

B. Reaction of O3 with �-Pinene
In this experiment, 500 ppb α-pinene were introduced in the

dark to the flow system through the 2nd spoked hub. After 135
min 200 ppb ozone was added through the peripheral inlets.

FIG. 7. Average of measured steady-state concentrations of (a) O3 and (b)
α-pinene as a function of reaction time for the experiment shown in Figure 6.
The solid curves are the AcuChem model predicted decays.

FIG. 8. Total number concentration, mass, and geometric mean diameter
(GMD) measured under steady-state conditions from P1 through P5 for ozonol-
ysis of α-pinene. Error bars represent 2σ .

Figure 6 shows typical time-dependent measurements of ozone
at each port in this experiment. The measured steady-state con-
centrations at each port give the concentrations of α-pinene and
O3 as a function of reaction time, which is shown in Figure 7.
A simplified reaction scheme for the α-pinene reaction with
ozone was developed based on known reactions and kinetics
(Atkinson et al. 2007). Numerical integration of the rate equa-
tions for this mechanism using AcuChem (Braun et al. 1988)
gives the solid lines shown in Figure 7. The predicted reac-
tant concentrations are clearly in excellent agreement with the
measured values.

Figure 8 shows data on the SOA formation in terms of number
concentration, geometric mean diameter and the total mass as a
function of reaction time for the ozone reaction with α-pinene.
As expected, the total number concentration and mass increase
with reaction time. Interestingly, in contrast to SOA formed in
the NOx photooxidation, the geometric mean diameter increases
rapidly in the first 25 min of reaction but then remains relatively
constant, suggesting that new particle formation dominates over
this time scale in the ozonolysis reaction. Experimental details
are available online in Supplementary Material.

CONCLUSIONS
A new, high-volume, slow-flow aerosol flow system de-

scribed here has a number of advantages for studying the for-
mation and reactions/photochemistry of aerosols. Once steady-
state conditions are achieved, sampling can be conducted over
a period of several hours if desired, providing large sample vol-
umes and permitting a number of different analytical techniques
to be used during one experiment. It also provides sampling at
different ports along the length of the flow system which can
yield valuable information regarding the changes in aerosol par-
ticles that occur with time. Furthermore, experimental condi-
tions can readily be changed over the course of an hour or two.
Finally, the relatively small S/V ratio compared to smaller flow
systems along with ease of disassembly for cleaning minimizes
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the contributions of wall reactions to the chemistry occurring
in this system. Detailed results of studies of ozone and nitrate
radical reactions with α-pinene and of nitrate and nitrite ion-
induced photochemistry using this system will be described in
future publications.
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