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Abstract

Atmospheric aerosol has significant impact on climate. It influences radiative
transfer by scattering and absorbing sunlight and by changing the microphysical struc-
ture, lifetime, and amount of the clouds. Due to its short lifetime, the spatial and
temporal distributions of tropospheric aerosol are highly inhomogeneous. Aircraft
have proven to be an effective platform in characterizing the atmospheric aerosol. To
maximize the potential and to reduce the artifacts associated with aircraft sampling,
both improvements in existing instruments and developments of new instruments are
required.

To increase the speed of submicron aerosol size distribution measurements, a mix-
ing condensation nucleus counter (MCNC) has been developed. By carefully designing
the mixing chamber and condenser, the response time of the MCNC was significantly
reduced. Our experiments demonstrate that a differential mobility analyzer (DMA)
coupled with the developed MCNC can measure complete aerosol size distributions
in as little as 2 seconds.

The éffects of bends and elbows on the diffusional losses of particle in nanome-
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ter range were studied. The results show that the effect of bends and elbows on
particle 'diffusion loss is significant, and for Reynolds number smaller than 250, the
enhancement of diffusion losses due to bends and elbows is sensitive to both the rela-
tive orientations of the bends and elbows and the lengths of straight tubing between
them. Because of this sensitivity, direct calibration or simulation is required to assess
nanoparticle penetration efficiencies for any flow system containing bends or elbows
at low Reynolds number. When the Reynolds number exceeds 250, the enhancement
is insensitive to the actual flow configurations. Experimental results are presented,
which can be used for design of aerosol flow systems at Reynolds number larger than
250.

To minimize the airborne sampling bias, an advanced differential mobility analyzer
(DMA) system for measuring submicron aerosol size distribution at ambient relative
humidity, with special attention to implementation on aircraft, has been developed.
The system includes an active RH controller, a cylindrical differential mobility ana-
lyzer (CDMA)V, and a condensation nucleus counter. A cascade controller consisting
of two PID modules maintains the RH inside the CDMA at ambient RH by actively
adding or removing water vapor from the air stream. The flows are controlled with
feedback PID controllers, which compensate for the variation of pressure as the air-
‘craft changes altitude. This system was integrated into the CIRPAS Twin Otter
aircraft and used to measure ambient size distributions during the Aerosol Charac-
terization Experiment-Asia (ACE-Asia), carried out from March to May, 2001, in
Japan. '

During the ACE-Asia experiment, the above DMA system, together with an aero-
dynamic particle sizer (APS), was used to characterize aerosol size distributions in
East Asia during 19 flights on board of CIRPAS Twin Otter aircraft. Besides provid-
ing the aerosol size characteristics, the data were combined with chemical composition
and aerosol mixing state meésurements to predict the vertical profile of aerosol extinc-

tion, which was compared with those derived from simultaneous direct measurements



vii

of aerosol optical depth by the NASA 14-channel sunphotometer. Agreement be-
tween the predicted and derived aerosol extinction varies for different scenarios, but

the discrepancies were generally within the calculated uncertainties.
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Chapter 1

Introduction



Aerosol is a very important, but only partially understood, component in the
atmosphere. Aerosol scatters the solar radiation back to the space, which leads to a
net reduction of Earth energy budget, and consequently the cooling of the atmosphere
on both regional and global scales (direct effect). Aerosol can also affect climate by
changing the microphysical structure, lifetime, and amount of clouds (indirect effect).
Despite recent progresses, the aerosol direct and indirect effects remain the most
uncertain components in the climate system. Besides its climatic effects, aerosols are
linked to visibility degradation and health risk, such as respiratory distress.

To predict and mitigate the effects of aerosol, further studies are required to
improve our understanding of the spatial and temporal distributions, as well as the
sources and governing processes, of atmospheric aerosols. Unlike greenhouse gases,
such as COs and methane, the lifetime of tropospheric aerosol is on the order of a
week. As a result, the temporal and spatial distributions of tropospheric aerosol are
highly nonuniform and variable, which can only be characterized through long-term
and widespread measurements. Furthermore, in contrast to gas phase species which
can be uniquely described by their concentrations, a complete description of aerosol
requires the details of size, shape, physical state (solid, liquid, or both), mixing state,
chemical composition, and concentration. Of these properties, the concentrations and
sizes of particles are particularly important in assessing the properties and impacts
of an aerosol population. A variety of instruments are available for characterizing the
size and concentration of particles. These instruments, which are based on different
principles and cover various size ranges, are often combined to size particle from a
few nanometers to several tens of micrometers.

Aircrafts have proven to be effective platforms, and have increasingly been em-
ployed for sampling atmospheric aerosol in recent years. Airborne sampling enables
a reasonably large spatial domain to be probed, and enables characterization of the

3-dimensional distribution and vertical profile of acrosol properties that elude tradi-
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tional ground and ship based measurements. However, aircraft-based measurements
have inherent limitations. In addition to constraints on instrument size, weight, and
power, measurements must be made rapidly while taking into account the changing
pressure, temperature, and relative humidity. Airborne measurements also suffer from
biases that result from modifications occurring in the sampling system that brings
atmospheric particles to the instruments. For size distribution measurements, mod-
ifications arise from both the aircraft sampling inlet and the difference between the
ambient relative humidity (RH) and that inside the instrument itself. The difference
between RHs results from a combination of ram heating and heat exchange between
the air stream and the duct surrounding it. For hygroscopic particles, this RH change
can lead to a significant bias in size measurement.

Chapter 2 presents the development of a fast response mixing condensation nucleus
counter (MCNC), which was designed to increase the spatial and time resolution of
airborne measurements of submicron aerosol size distributions. Size characterization
of particles smaller than approximate 0.5 pm is best accomplished using differential
mobility analyzer (DMA) systems. The time required for conventional DMA systems
to measure size distributions in the submicron range is about 45 seconds. Faster mea-
surements often result in severely smeared signals rendering inversion of the data to
determine size distributions impossible. The main obstacle to faster measurements is
the long mixing-induced response time of the commercial condensation nucleus coun-
ters that are used as detectors in DMA systems. By carefully designing the mixing
chamber and downstream condenser, the response time of the MCNC can be signif-
icantly reduced. Our experiments demonstrate that a differential mobility analyzer
(DMA) coupled with our MCNC can measure complete aerosol size distributions in
as little as 2 seconds. This technique will significantly increase the time resolution of
submicron aerosol distribution measurements and is ideal for airborne measurements.
In addition to its fast response, the MCNC also detects nanoparticles with higher

efficiency than commercial, high flow rate condensation nucleus counters.



The Chapter 3 describes the investigation of the enhanced diffusional losses when
aerosol passes through bends and elbows. While bends and elbows have long been
known to cause impaction losses of supermicron particles, the effects of bends and
elbows on the diffusional losses have not been studied. The study described in Chapter
2 showed that the presence of bends or elbows can significantly increase the diffusional
losses of particles in nanometer range. Elbows and bends produce secondary flows
that moves the flow from the center of the tubing, where the particle concentration is
highest, to the tubing wall. This increases the radial particle concentration gradient
near the wall, leading to enhanced diffusional losses both inside and downstream of
the bend or elbow. The enhanced diffusional losses were determined experimentally
for geheral flow configurations.

To minimize airborne sampling biases, the first airborne DMA system that mea-
sures aerosol size distributions at ambient relative humidity has been developed. The
DMA system employs an active RH controller that adds or removes water vapor from
the aerosol samble to cbmpensate the RH change resulting from ram heating and heat
transfer between the aerosol sample and the duct surrounding it. This system was
integrated into the CIRPAS Twin Otter aircraft and used to measure ambient size
distributions during the ACE-Asia experiment, which was carried out from March to
May, 2001, in Japan;

A fundamental question that underlies prediction of aerosol climatic effects is
how accurately aerosol radiative properties can be predicted based on measured in
‘situ microphysical and chemical properties. If it can be demonstrated that columnar
aerosol extinction and other radiative properties (e.g., absorption, angular distribu-
tion of scattering) can be accurately predicted given the knowledge of atmospheric
_._aerosol,size and composition, then models that predict these properties can be con-
fidently ﬁsed to predict climatic effects of aerosols. This so-called radiative closure

s attempted in Chapter 5 ﬁsing data obtained during the ACE-Asia campaign. The

aerosol extinctions predicted from in situ aerosol size distribution and chemical com-



position measurements on-board Twin Otter are compared to those derived from si-
multaneous sunphotometer measurements. Detailed sensitivity analysis is performed
to access the degree of closure, and also provide the suggestion of future instrument

developments for better characterization of atmospheric aerosol.



Chapter 2

Fast Mixing Condensation Nucleus
Counter:

Application to Rapid Scanning
Differential Mobility Analyzer

Measurements

Reference: Wang J., V.F. McNeill, D.R. Collins, and R.C. Flagan, Fast mixing con-
densation nucleus couriter: application to rapid scanning differential mobility analyzer

measurements, Aerosol Sci. Technol., 36 (6): 678-689, 2002



Abstract

Condensation nucleus counters exhibit slower time response than expected due to
mixing effects within the detector. This mixing produces an exponential distribution
of delay times with a characteristic mixing time 7,,, that ranges from 0.1 s to 0.9 s for
commonly used instruments, and limits their usefulness for measuring rapidly chang-
ing aerosols. Moreover, when used as detectors in the scanning electrical mobility
spectrometer (SEMS; also known as scanning mobility particle sizer, SMPS), CNCs
limit the speed with which size distribution measurements can be made. In order to
overcome this limitation, a new, fast-response mixing CNC (MCNC) has been devel-
oped and characterized. The time response of this new detector and TSI Models 3025
and 3010 CNCs has been measured using a spark source to generate an aerosol pulse.
The mixing induced response smearing of this new detector, 7,,, of this instrument
0.088 s, significantly shorter than either of the other instruments tested. Its lower
detection limit is about 5 nm diameter. The high aerosol flow rate of the MCNC
(0.65 1 min™!), fast time response, and low detection limit make it an ideal detector
for SEMS/SMPS measurements. Using this MCNC as a detector for the SEMS, size
distribution measurements over the 5 nm to 140 nm range have been made in 3 s
with minimal distortion. The size distribution of a coagulation aerosol was effectively
recovered by deconvolution with scans as short as 1 s. Uncertainties in the 1 s scans

result, in part, from electronics problems in the scanning DMA.



2.1 Introduction

The use of an instrument for measurements other than those for which it was orig-
inally designed often reveals previously undetected features of its performance. Thus,
particle detection with the continuous flow condensation nucleus counter (CNC) in
scanning differential mobility analyzer measurements [79] showed that the detector
response was slower than the commonly used counting time bins would suggest. Rus-
sell et al. (1995) [57] observed that the particle size distributions measured during
scans of increasing voltage (up-scans) did not match those acquired during deéreasing
voltage scans (down-scans). The up-scans produced tails on the large particle end
of the size distribution, while the down-scans produced small-particle tails. Russell
et al. (1995) [57] attributed this bias to a distribution of residence times within the
CNC. Some particles pass directly through from the flow entrance to the detector,
while other particles remain in recirculation zones within the counter for varying
times. Russell modeled the flow in the CNC as a plug flow region in series with
mixed region. Particles all require the same time, called the plumbing time, 7,, to
pass through the plug flow region, but randomly exit the mixed region producing a
distribution of delay times. Assuming that region to be perfectly mixed, i.e., a so-
called continuously stirred tank reactor CSTR, the fraction of the particles remaining

in that region after residing in it for time ¢ decays exponentially, i.e.,

P(t) = exp (—%) . (2.1)

Since this distribution of delay times is caused by mixing within the CNC, we call 7,
the mixing time. |

Quant et al. (1992) [54] measured the response times of different CNCs by using a
three-way valve to switch from an aerosol flow to a clean gas flow. The TSI Model 3010

had a plumbing delay of approximately 1.2 s; this delay time is somewhat variable



since it depends on the length of tubing between the DMA outlet and the entrance
to the CNC. They measured a mixing time of 0.9 s. In contrast, the plumbing delay
time of the TSI Model 3025 ultrafine CNC (UCNC) was 0.5 s, while the mixing time
was 0.1 s in the high flow rate mode of operation. In the UCNC’s low flow operating
mode, the two times were 1.7 s and 1 s, respectively.

If precisely known, one can readily take the fixed plumbing delay times into ac-
count in data analysis [79], but the distribution of mixing induced delays have pro-
found effects on the use of the CNC. The scanning electrical mobility spectrometer
(SEMS; also called the scanning mobility particle sizer, SPMS) records particle counts
into a series of counting bins of duration, 7.,. The exponential distribution of delay
times allows particles to reach the detector over a period that extend to several times
the mixing time. The probability that a particle will be attributed to the proper time
bin is P(7.). Only for a counting bin duration greater than the mixing time can the
particles be unambiguously attributed to appropriate bins. Thus, the mixing time
and the number of counting bins employed impose a practical lower bound on the
scan time for the SEMS. The SEMS equipped with the TSI 3010 CNC as a detector
can make scans over the full dynamic range of the DMA at a 10:1 ratio of sheath
to aerosol flows with little distortion of the size distribution in about 300 s. When
shorter scans are used, the counts are smeared into later bins than the simple, plug-
flow model would suggest. With data inversion to correct for this smearing, scans as
short as 30 to 45 s are routinely employed, but faster size distribution measurements
become impractical. The faster response of the TSI Model 3025 enables measure-
ments about 10 times faster, although the very small aerosol flow rate through that
counter makes it practical as a SEMS detector only for aerosols with extremely high
number concentrations, particularly at the low end of the particle size distribution
where the charging efficiency is low. To acquire statistically significant particle counts
using the TSI 3025 CNC, one must count particles in each mobility channel for a long

time, either through a slow scan, or by summing the counts acquired during a num-
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ber of scans. The latter approach is generally preferable if the size distribution being
measured varies significantly during the interval required to acquire statistically sig-
nificant particle counts since it enables measurement of a reasonable approximation
of a time-averaged particle size distribution, but a fast response detector that counts
particles in a larger volume of sampled aerosol would enable such transients to be
quantified.

The mixing time also affects other uses of the CNCs where time is of the essence.
Rapid transients in aerosol systems due either to dynamic response, e.g., diesel engine
particle emissions, or high speed traversing through different air masses, commonly a
problém in airborne measurements. Efforts to probe particle transport through eddy
flux correlation measurements are complicated by the relatively slow CNC response,
even when the numbers of particles counted in successive time bins suggest that fast
measurements are being made. Inferences of rapidly varying concentrations of ultra-
fine particles by taking the difference between the number concentrations measured
with instruments with different time response may also be compromised.

The SEMS/SMPS is routinely used to make measurements with scans so short that
some smearing occurs. Some of the effects of the finite time response can be corrected
by data inversion. Russell et al. (1995) [57] modeled the time-smearing of counts in
the CNC as resulting from a combination of a plug flow region in series with a perfectly
stirred volume to produce a transfer function for the scanning DMA. That analysis
was, however, based on a model of the DMA transfer function that did not capture the
effects of diffusion on the transfer function width at small particle sizes. Moreover, the
solution was extremely complex. Recently, Collins et al. (2002) [16] developed a much
simpler, and faster, deconvolution algorithm that enables “desmearing” of the data in
near real time and that also allows one to account for the diffusion broadening of the
DMA transfer function. With this deconvolution, the TSI 3010 CNC is routinely used
to make SEMS measurement with scans as short as 45 s. This temporal deconvolution

could be applied to other applications of the CNC as well.
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In principle, the fixed plumbing delay can be taken fully into account in SEMS
data analysis, but long plumbing times introduce uncertainty into the particle size
determination. Unless 7, is precisely known, particles can be attributed to the wrong
time bins. One can measure flow rates with a precision of order one percent, although
uncertainties are often much larger than this. Error propagation analysis shows that
the fractional uncertainty in the plumbing time o, is related to the uncertainty o¢ in

the volumetric flow rate @ by

9 _ %
7:_62. (2.2)

The uncertainty in the channel attribution thus becomes

0Q 7p
g, = o (2.3)
Thus, uncertainties in the flow rates through the CNC translate directly into uncer-
tainties in channel attribution. To optimize SEMS performance, one must, therefore,
minimize both the mixing time and the plumbing delay time.

In this paper, we describe our efforts to accelerate size distribution measurements
through development of a fast response condensation nucleus counter. We shall show
that condensation nﬁcleus counter can be made to operate efficiently with much
smaller response times than achieved in previous instruments while maintaining the
high aerosol flow rate that is needed if the CNC is to be used as a detector for DMA-
based size distribution measurements. A very simple, rapid-response mixing CNC
is demonstrated and characterized. This instrument has been designed explicitly to
achieve fast response while maintaining sensitivity to particles in the nanometer size
range. We have reduced both the mixing time and the mean residence time with this
detector. Using this detector, scanning DMA measurements can be made in as little
as 3 s with minimal smearing, and as little as 1 s if some smearing and the associated

data inversion can be tolerated.
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2.2 CNC Response Time Limits

The condensation nucleus counter detects particles by condensing a vapor on the
particles to grow them to large enough size that they can be counted optically. This
measurement involves four steps: (¢) production of sufficient quantities of vapor; (43)
creation of the supersaturation necessary to activate the particles; (¢) maintenance
of the particles in the supersaturated state long enough to grow to detectable size; and
(7v) detection of the grown particles. The time required for a condensation nucleus
counter to respond to changes in the aerosol concentration is constrained by the sum
of the relevant times. The TSI 3010 CNC has a longer plumbing delay than the
TSI Model 3025 ultratine CNC (UCNC) because the aerosol is passed through the
saturator in the former instrument, while it is fed directly to the condenser where it
meets a separately saturated flow in the latter, eliminating any time delay associated
with step (4). In addition to reducing the mean residence time within the instrument,
introducing the vapor by passing particle-free air through the saturator eliminates the
mixing of aerosol within the saturator that leads to the large mixing time of the former
instrument. The straightforward acceleration of the measurement in the Stolzenburg
and McMurry (1991) [68] design for the UCNC, on which the TSI instrument is based,
is essential for a fast response instrument, so we shall not further consider the former
design or the passage of aerosol through the saturator.

The minimum response time of the CNC is the time required to grow the par-
ticles to detectable size once the necessary supersaturation is established. Mixing
and plumbing delays may add further delays. To estimate this time, we consider
the growth with the saturator operated at the usual operating CNC temperature of
37°C and with butanol as the working fluid. Particles will activate and grow in the

condenser if they are larger than the critical size of

£ 40‘"0;
P RTInS’

(2.4)
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where ¢ and v; are the surface tension and the molar volume of the condensed liquid,
respectively. The growth of a particle of diameter D), in the presence of a supersatu-

rated vapor is described by Seinfeld and Pandis (1998) [64],

%)tﬁ = 27D, D (Cooo — Covs) (2.5)

where the vapor mole fraction in the gas ¢, can be expressed in terms of the satu-
ration vapor pressure at the gas temperature and the saturation ratio, S = p,/psat,
i.e., Cyoo = Psat(Too)S/RT. The effective vapor diffusivity D, = D,/B(2)\/D,) takes
into account, the binary diffusivity of the vapor and the correction for noncontinuum
transport processes, 5(2X,/D,), when the particle is small compared to the vapor
smear free path, ), [64]. The vapor concentration at the surface is that correspond-
ing to equilibrium at the surface. Taking into account the partial pressure variation

due to the Kelvin effect, the surface concentration becomes

ol o [ 26)

“s = TRT RTD,

The particle surface temperature, 75, is determined by an energy balance on the
particle, taking into account the conduction heat transfer and the latent heat of

vaporization, AH,, leading to

Ar

— A-Hle;psat(Too) [:S — exp (AHv AT 4O'Ul >:|

lerToo RT.1+Ar ' RTD, (2.7)

where Ar = (Ts — Teo) /T [64]. Equation (2.7) must be solved numerically to deter-
mine the particle temperature that is needed in the calculation of the particle growth
rate.

The time required to grow particles to a given size has been calculated numerically
and plotted in Fig. 2.1 for several values of the temperature difference betweenv the

saturator and the condenser. Initial particle sizes were 5 nm diameter, or 10% larger
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Figure 2.1: Particle growth in laminar flow ultrafine particle CNC.
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than the critical size, whichever is larger. Optical detection of growth particles is
straightforward once the particle size exceeds roughly 1 pm, so the required growth
time is well below one millisecond. At the lowest supersaturation, the driving force
for condensation, i.e., the vapor partial pressure in excess of the equilibrium partial
pressure is 68% of the vapor pressure leaving the saturator, p,,:(Ts), while at the high-
est supersaturation considered, the difference is 93% of ps.(Ts). The latter driving
force is only 37% greater than the former when the saturator is operated at constant
temperature. This small difference in driving force accounts for low sensitivity to the
condenser temperature that is apparent in Fig. 2.1.

The plumbing delay time of the TSI 3025 UCNC is about 0.5 s, much longer
than the time required for growth. That time must also allow for the diffusion of the
vapor across the aerosol flow and for cooling of the vapor-laden aerosol to produce
the supersaturation. The UCNC also exhibits a smearing time of 0.1 s. While our
purpose is not to model the performance of that instrument in detail, it is worthwhile
examining some of the factors that determine these response characteristics since
particle growth does not appear to be the limiting factor.

The flow in the condenser of the UCNC is laminar, so the vapor and aerosol
streams mix by molecular diffusion. The particlé ditfusivities are much lower than
those of the vapor, so the particles follow the streamlines on which they enter the
condenser fairly closely, unless some disturbance leads to mixing across the condenser
tube flow. That would produce a residence tirﬁe distribution associated with the
laminar tube flow and any recirculations that might be induced.

Assuming that the flow is well behaved, diffusion of vapor across the aerosol stream
will delay the onset of growth by a time of order

dg
Tdo = 5’7 (28)

where d, is the diameter of the aerosol flow jet, and D, is the vapor and thermal
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diffusivities. This time is short compared to the time scale in which thermal diffusion
cools the gas to produce the supersaturation,

d?
Ttd = 'a’ga (29)

where d, is the diameter of the condenser tube, and « is the thermal diffusivity of
the gas. Due to the difference in the diameters, 74, < Ti¢ s0 the latter time places
a lower bound on the growth of particles within the condenser. For the TSI Model
3025 UCNC operated in the high flow rate mode at sea level conditions, this time is
estimated to be about 74 = 0.2 s due to the tube diameter of 0.46 cm. These delays
will contribute to a distribution of grown particle sizes due to delay of activation, but
should not cause a distribution of arrival times at the detector. The total residence
time in the growth region thus corresponds roughly to the time required to create the
growth environment. It is worth noting that the increase in the vapor diffusivity with
decreasing pressure will reduce the time required and will accelerate UCNC response.
While the total delay time is reasonable, the cause of the 0.1 s apparent mixing
time in the UCNC is not resolved by these calculations. Since all of the particles
are, ideally, introduced near the centerline of the condenser tube, laminar flow within
the UCNC would not produce a significant distribution of delay times unless some
recirculation were present. The interdiffusion of vapor and particles may delay the
onset of growth, but should not influence the distribution of times of arrival of particles
at the detector. If the particles were dispersed across the cross section of the tube
flow, a residence time distribution with approximately the observed characteristic
mixing time would result. Alternatively, recirculation zones within the condenser
or in the upstream flow passages could cause the smearing within the UCNC. A
fast-response UCNC will require that any recirculations be eliminated, or at least
-reduced in volume, and that the dispersal of particles across the condenser tube

be minimized. Particle growth times will still be limited by the time required to
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establish the supersaturation within the condenser. While it may be possible to
reduce the smearing time by careful attention to those regions of the flow within
present instruments where recirculations may be present, the time required for the
effect of the cold wall to diffuse to the center of the laminar tube flow remains long,
In an effort to reduce both the mean residence time and the mixing time, we have

taken a different approach in the present work.

2.3 Mixing CNC

An alternate design for continuous-flow CNCs is the mixing CNC (MCNC), de-
veloped by Okuyama, Kousaka, and coworkers [51, 43] based upon the earlier work of
Kogan and Burnasheva (1960) [41]. In this instrument, a cold aerosol flow is mixed
with a comparable flow of hot, humidified gas. Rapid, nearly adiabatic mixing is
facilitated by making the mixing region highly turbulent. Due to the nonlinearity
of the teinperature dependence of the saturation vapor pressure, mixing of a warm
gas stream that is saturated with vapor with a cooler aerosol stream, the aerosol is
supersaturated without the use of a cooler. Turbulent mixing can achieve composi-
tional homogeneity rapidly and, as will be shown below, with minimal particle losses.
Okuyama et al. (1984) [51] estimated that the growth to particle sizes of order 10 pm
in such instruments could be achieved in as little as 50 ms, although previous mixing
CNGCs have had much longer residence times than that due to the large volumes of
the growth regions employed in those designs.

To achieve such a short growth time, the hot, saturated gas and the cold aerosol
flow must be mixed in an even shorter time. Corrsin (1957) [19] estimated the time
required to dissipate concentration fluctuations in a turbulent mixing region in terms
of the turbulent kinetic energy dissipation rate. In the mixing CNC, the turbulent
kinetic energy is supplied by the impinging jets. Assuming that the turbulent dissi-
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Figure 2.2: Flow arrangement of the mixing CNC.

pation occurs primarily within a region whose length L is on the order of the tube
diameter, d;, and that a fraction ¢ of the total incoming flow rate @) is equally di-
vided among Nj jets of diameter d;, the turbulent dissipation time, 7, is related to

the mean residence time in that region 7g;

4 2 211/3
Ty ™ TRy [QNJ?- (%) (%) (gjvj) } (2.10)
For sufficiently small jets, 7z < 7g:, and the composition within that small volume
is well . mixed. Turbulence continues to decay downstream of the region of intense
mixing, i.e., downstream of length L, so the 7, > Trt > 3.

Our present purpose is to develop a fast response MCNC that will allow dramati-
cally accelerated SEMS/SMPS high frequency number concentration measurements.
Ideally, we seek to achieve sufficiently fast response to enable DMA scans of 1 s or less.
In addition to the dependence of the particle growth rate on pressure, its dependence
on the absolute partial pressure of the vapor can be used to accelerate growth. The
mixing CNC enables operation at high saturator temperatures and correspondingly
high vapor partial pressures. Thus, the MCNC seems particularly well suited to our
present purposes.

The MCNC is illustrated schematically in Figure 2.2. A total aerosol flow rate
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of G moles air/s is drawn into the instrument. That flow is split, with a fraction f
passing through a filter and then through the saturator. The remaining aerosol flow
may be passed through a carefully designed conditioner to control its temperature
and measure its flow rate. The volume and mixing within this conditioner must
be minimized in order to minimize any delays or smearing in the detector response
function. The temperature of the gas leaving the saturator is T}, and the mole fraction
of vapor is, ideally, z,s = Zs:(Ts, p); the aerosol temperature is T,. The molar flow

rate at the outlet of saturator is increased by the addition of the vapor to

G, =1

1— 2y

(2.11)

Assuming constant specific heats for the sampled gas (air) and the vapor, and
that the mixing is adiabatic, the temperature at the outlet of the mixer is [42]:
(1= f)CpgTa+ fCpgTs + f’l’%ﬁ;cvas

T = 2.12
Cpg + f 1?;13 Cpo ( )

The vapor mole fraction at the mixer outlet is

ZTysf

T T (=)

(2.13)

The saturation ratio, i.e., the ratio of this value to the equilibrium mole fraction at
the mixed gas temperature,

Typ
§="2 2.14
sat(T) ( )

may exceed unity due to the nonlinear dependence of the equilibrium vapor pressure
on temperature.

Figure 2.3 shows the excess vapor mole fraction Az, = (z, — 4 ), saturation
ratio, and critical diameter, D*, as a function of f for several saturator temperatures.
By using increases in the saturator temperature to raise the peak supersaturation,

the driving force for condensational growth Az, can be increased dramatically over
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the range of operating conditions examined.

The saturator temperature must exceed a minimum value to produce supersat-
uration. As the saturator temperature is increased beyond this value, the peak su-
persaturation shifts toward lower mixing ratios, and Az, increases, approaching 5%
at the peak supersaturation. The critical diameter corresponding to the peak super-
saturation, Fig. 2.3(c), drops below 5 nm for the highest saturator temperatures. It
is apparent from this plot that high saturator temperatures are required to achieve
low critical particle sizes for MCNC detection. It is worth noting that smaller criti-
cal diameters are attainable in the MCNC, although different working fluids may be
required to achieve the necessary high supersaturations. This has clearly been demon-
strated by de la Mora and coworkers in the measurements of large gas ions with a
MCNC [66, 23]. It is also worth noting that particle growth could also be acceler-
ated in the UCNC if the supersaturation were enhanced by increasing the saturator
temperature rather than reducing the condenser temperature.

Particle growth can be calculated using Eq. (2.5) as described above. Because of
the high vapor partial pressures that can be achieved in the MCNC as we attempt to
achieve high growth rates, the local temperature difference between the particle and
the gas can be substantial and must be taken into account using Eq. (2.7). Figure
2.4 shows calculated particle growth for a wide range of saturator temperatures at
the mixing ratio that produces the peak supersaturation at the indicated saturator
temperature. Two points are apparent: (4) due to the high vapor partial pressures,
the growth times are shorter than are commonly achieved in the laminar flow CNC;
and (1) the range of attainable growth rates is much larger than the UCNC. Particles
can be grown to readily detectable sizes in as little as 0.1 ms without the additional
diffusional delays associated with laminar flow in the UCNC. Moreover, because of
the large aerosol flows, particle count rates will be much larger than the UCNC. Thus,
it appears that the MCNC should be capable of meeting our objective of enabling

fast particle detection through the ultrafine particle size range.



21

T,=22:C
e
3.0r T 160
251 ————— Ts=50°C
2o /N
S 1.5}
1.0 H - ————
—  _ee=T
05 %:,///" (0)
0.0 A Y D
10
B 1
=
'~ 0.1
0.01
0001 — 1 1 . 1 ..
0.0 0.2 04 0.6 0.8 1.0
f

Figure 2.3: Calculated thermodynamic state for mixing CNC operating on butanol
at T, = 22°K for various saturator temperatures. (a) Excess vapor mole fraction, (b)
saturation ratio, (c) critical diameter corresponding to the peak supersaturation at

the indicated saturator temperature.
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the indicated saturator temperature.
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2.4 CNC Characterization

2.4.1 Mixing CNC

We constructed a prototype of the fast MCNC sketched in Fig. 2.2. The in-
coming aerosol was split between the saturator flow and the aerosol sample flow. A
fraction of the total flow f is passed through a HEPA filter to remove all particles,
and then through a packed bed saturator (a tube filled with n-butanol saturated
cotton) that was maintained at a predetermined temperature using a proportional-
integral-differential controller algorithm using LabView (National Instruments) data
acquisition and control software. For the present experiments, only the saturator tem-
perature was controlled; the aerosol was sampled at ambient temperature. Mixing
of the two flows in a small mixing chamber produced the supersaturation. Particles
exited the mixing region directly through a small growth tube that connects to the
optical particle detector from a TSI Model 3010 CNC. The outlet flow from the CNC
passed through a 1.0 1 min! critical flow orifice.

We continuously monitored the flow rate to the saturator by measuring the pres-
sure drop across laminar flow meter with a differential pressure transducer, and con-
trolled it using a proportional flow control valve. A LabView PID controller algorithm
controlled the flow rate at the desired value with an accuracy of £0.2%. Since the
total flow rate is controlled by the critical orifice downstream of the optical detector,
this measurement and control defines the split between aerosol and sample flows.

The fast response of the MCNC derives from the very small volume of the mixing
chamber employed. For this initial implementation of the fast MCNC, the mixing
chamber was constructed from a ; inch Swagelok™ cross as illustrated in Fig. 2.5.
In original design of mixing-type CNC [42], the cold aerosol flow was surrounded by
warm saturated flow to prevent thermophoretic deposition of particles in the mixing

chamber. To produce a simple design and ensure rapid and thorough mixing, we
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Figure 2.5: Mixer constructed from Swagelok™™ cross and used in the demonstration

of the fast mixing CNC.
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divided the larger aerosol flow into two flows that enter the mixing chamber from
opposite stdes. The smaller, hot, saturated gas flow entered from the bottom. Count-
ing efficiency measurements, shown below, reveal that thermophoretic and diffusional
particle losses in this system are negligible, at least for particles larger than 8 pm
diameter. The 0.7 mm internal diameter stainless steel aerosol-introduction tubes
produce aerosol jets to ensure good mixing. Polymeric tubes couple the aerosol flow
tubes to the cross to minimize thermal coupling prior to mixing. The total volume of
the mixing chamber is estimated as 0.85 cm®. The mean residence time in the mixer
is, thus, approximately 0.05 second. The turbulent dissipation time is estimated to
be < 0.0ls. A i inch copper tube (0.48 cm internal diameter and 7 c¢cm long)
connects the mixer to the optical detector. The combination of that volume with the
volume of the nozzle at the entrance to the detector adds an additional residence time

of 0.08 s.

2.4.2 Mixing Time Measurement

We measured the plumbing and mixing times of the MCNC and two TSI CNCs by
creating a pulse of ultrafine particles with a single discharge in a spark-source aerosol
generator [63] immediately upstream of the CNC entrance as illustrated in Figure
2.6. A LabView program initiated a step change in the output voltage of the high
voltage power supply and recorded the particle counts. Measurements of the voltage
without spark reveal a rise time smaller than 0.02 s. Figure 2.7 shows the particle
counts resulting from two measurements. The time delay before the abrupt rise in
the particle concentration is 7, = 0.38 £ 0.013 s. The spark source rings for some
time, creating multiple sparks that lead to a plateau in the particle concentration.
Once particle generation ceases, the number concentration decays exponentially with
a time constant of 7, = 0.058 &£ 0.002 s. »

Figure 2.8 shows the curve fits to the concentration decay for the MCNC and the
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Figure 2.6: Apparatus used for measuring response times. Particles are generated

using a spark-source generator immediately upstream from the entrance to the CNC.
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TSI Model 3025 CNC and a modified TSI model 3010 CNC. Scaled measurements of
particle decay by Quant et al. (1992) [54] are also shown for the two TSI detectors.
The MCNC response shows a mixing time of 7,, = 58 ms, while those for the TSI
Models 3025 and 3010 CNCs are 0.174 + 0.005 s and 1.35 % 0.05 s, respectively.
The decay rates observed for the TSI counters in the present experiments differ from
Quant’s results, i.e., 0.10 s for the 3025, and 0.95 s for the 3010. The causes for these
differences are unclear. Rather than using an in-line source, Quant et al. (1992) [54]
switched from an aerosol flow to a clean air flow using a 3-way valve. This may have
perturbed the flows. There may also be differences between the different instruments
studied. In particular, the Model 3010 CNC used in the present study had been
modified to extend the counting range below 5 nm diameter [58]; the changes may
account for some of the difference between the 3010 values. The spark source volume
of 2.2 em? introduces a mean residence time of 0.021 s between the aerosol formation
point and the entrance to the MCNC. The present values may overestimate the time
due to the residence time distribution within the 2.2 cm® volume of the spark source
and associated plumbing, but that increment is expected to be a small fraction of the

0.021 s mean residence time between the spark source and the entrance to the DMA.

2.4.3 MCNC Counting Efficiency

We probed the MCNC counting efficiency for ultrafine aerosol particles using the
apparatus shown in Fig. 2.9. Following the evaporation-condensation method of
Bartz et al. (1987) [5], sodium chloride aerosol, produced by nebulizing a solution
of 0.05 wt% NaCl into a 2 1 min~" air flow with a constant rate atomizer, was evap-
orated in a 700°C tube furnace and then quenched by injection of 20 ! min~! of
filtered room-temperature air through four» radial jets perpendicular to the center
axis. This nucleated ultrafine calibration particles. For coarser particles, we used the

output of the nebulizer directly. After the aerosol passed through a ?'°Po neutralizer,
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to a TSI 3025 UCNC.
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classification by a radial DMA (RDMA, [81]) produced a monodisperse test aerosol.

To ensure stable operation, we monitored all of the flows to the RDMA using
laminar flow meters that consist of a laminar flow element and a differential pressure
transducer, and controlled both the sheath and excess air flows with (MKS) propor-
tional solenoid valves. LabView (National Instruments) software was used to monitor
all parameters and execute all control functions through a laboratory computer. Sig-
nals from the laminar flow meters and pulses from MCNC and TSI model 3025 UCNC
were recorded using an A/D card (National instruments PC-LPM-16), while a 12-bit
D/A card (National Instruments AT-AO-6) was used to provide the control voltages
to the control valves and high voltage module. The control signal for the high volt-
age for the RDMA was exponentiated using a log-ratio amplifier to attain uniform
precision on a logarithmic voltage scale following the method of Collins (2000) [15].
The control software was based on LabView proportional-integral-differential (PID)
controller modules. The RDMA flows were controlled with a precision of +0.5%. The
sample flow was 0.491' 1 min~!, and the sheath and excess flows were maintained at
4.91 1 min~!. The MCNC saturator temperature was maintained at 73°C.

Figure 2.10a shows the ratio of the classified aerosol concentration measured with
the MCNC to that measured with TSI Model 3025 UCNC. Particles ranging from 5
nm to 150 nm were measured. The ratio is very close to unity for particles larger
than 8 nm, indicating that particle losses due to the combined effects of the turbu-
lent mixing, and diffusion and thermophoresis are small. Figure 2.10b compares the
counting efficiency of the MCNC to published values for the commercial TSI 3025 [38]
and 3010 [47] CNCs. The MCNC efficiency was deduced from the count ratio data
of Fig. 2.10a and the published TSI 3025 efficiency. The particle size at which the
counting efficiency is 50% is approximately 5 nm in this initial implementation of the
MCNC. This is larger than the minimum detection limit of the UCNC, but it should
be noted that the MCNC design employed here is very simple and has not been fully

optimized. Nor have we explored the influence of saturator temperature or worked
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Figure 2.10: Counting efficiency determination. (a) Ratio of the concentration mea-
surements with the MCNC to that with the TSI Model 3025 UCNC and the inferred
counting efficiency for the MCNC. (b) Comparison of the counting efficiency for the
MCNC to reported values for the TSI 3025 [38] and 3010 [47] CNCs.
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Table 2.1: Flows and delay times for different CNCs. Data for TSI CNCs are derived
from Quant et al. (1992) [54].

CNC Qaerosol Qtotal Tdelay Tmizing Dy 50% Source
(I min~!) (1 min~?) (s) (s) (nm)
MCNC 0.65 1 0.38 £0.013 0.058 £ 0.002 5 present work
TSI 3025 0.03 1.5 1.03+£0.02 0.174 £0.005 3 Present work
(high flow)
TSI 3025 0.03 0.3 1.7 1 3 Quant
(low flow)
TSI 3025 0.03 1.5 0.5 0.1 3 Quant
(high flow)
TSI 3010 1 1 1.35+0.05 3.5 Present work
(enhanced)
TSI 3010 1 1 1.2 0.9 10 Quant

to improve the thermal isolation of the two gas streams, both of which should reduce
the minimum detectable particle size. Gamero-Castano and de la Mora (2000) [23]
have shown that the MCNC range can be extended to subnanometer sizes by care-
fully controlling the temperatures of the saturated vapor and aerosol flows to ensure
adiabatic operation.

Table I summarizes the fixed delay and “mixing” times for the different models of
TSI condensation nucleus counters and the MCNC. The flow rates for the different
instruments are also-given. It is noteworthy that the aerosol flow rate to the MCNC
is 17 times that of the fastest re’sponse laminar flow CNCs. This larger aerosol flow
rate translates into larger count rates at a given DMA scan rate or, conversely, into

equal numbers of particles counted in each channel for much shorter scans.
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Figure 2.11: Tandem DMA apparatus used examine the performance of the

SEMS/SMPS system using the MCNC.
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2.4.4 Fast Scanning DMA

We developed this MCNC to enable fast scanning DMA measurements with the
SEMS/ SMPS. We examined the system performance using the evaporation/condensation
aerosol generator, either directly or in the tandem differential mobility analyzer config-
uration illustrated in Fig. 2.11. This aerosol generator produces a coagulation aerosol
of the sort encountered in a wide range of systems. The TDMA system employed two
radial DMAs (RDMAs). RDMA1 was used to classify the aerosol at constant voltage,
while a second classifier, RDMA2, was scanned to measure the particle size distribu-
tion. The sharply peaked particle size distribution produced by RDMA1 accentuates
any smearing of the instrument response.

A total of 80 counting bins were employed in each scan, regardless of scan time.
Because of limitations in that rate at which charge could be drained from the high
voltage power supply used to drive the RDMA, only up scans are reported. Figure
2.12a shows the raw mobility distributions of unclassified acrosols from the evapora-
tion/condensation generator. The measured counts have been corrected for the fixed
plumbing delays between the RDMA oﬁtlet and the detection point, but not for any
smearing due to mixing effects. As the scan time is reduced below about 3 s, distor-
tions appear as finite mixing time (58 ms) approaches or exceeds the counting interval
(channel width). For a 2 s scan, 64% of the particles will appear in channels later than
expected, and 40% of the particles will be delayed by at least two channels. A 1 sscan
delays 40% of the particles by at least 4 channels, causing substantial tails to appear
in the measured distributions. Thus, the 1 s scan MCNC smearing is reasonable; it
corresponds roﬁghly to a scan of 24 s with the TSI 3010 CPC and a 2 s scan with the

TSI Model 3025, operated in the high flow rate mode. It should be noted, however,
: that' the small aerosol flow rate in the latter instrument yields particle counts that are
lower than our MCNC by a factor of 17. Deconvolution of the data using the method
of Collins et al. (2002) [16], Fig. 2.12b, captures the original distribution even from



36

the fastest scan.

The smearing becomes much more apparent when an unnaturally peaked distri-
bution is measured, i.e., produced by mobility classification. Figure 2.13a shows the
raw data (corrected for fixed delay only) for the mobility classified aerosol. Scans as
short as 3 s show little smearing, but a 1 s scan shows significant smearing. Figure
2.13b shows the data after deconvolution.

The inversion of the 1 s scan for the classified aerosol reveals some differences
from the slower scans. Several factors contribute to uncertainty in the data inversion.
The time bins employed approach the limit of resolution of the LabView algorithms
employed in this first implementation of the fast scan. The digital ramp also becomes
somewhat noisy at this scan rate. The total number of particle counts is also reduced
as the counting bins are narrowed. Nonetheless, the inverted 3 s scan closely approx-
imates the much slower measurements. We even capture the essential features of this
sharply peaked aerosol size distribution with the 1 s scan. Additional work on the
electronics and control system will be needed, however, before such sharply peaked

distributions can be fully resolved with a 1 s scan.

2.4.5 Uncertainties in Ambient Measurements

The expected number of particles counted during scanning DMA measurements
is the product of the volumetric flow rate of aerosol that is counted, @Q,, the number
concentration of particles in the transmitted particle size interval, n(log D,,)A log Dy,
and the probability that particles in that interval will be charged and transmitted
through the DMA to the ONC, p, ie.,

N. = Qqpn(log D,) AD,,. (2.15)
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Figure 2.12: Mobility distribution of evaporation/condensation generator aerosol
‘measured with the SEMS using the MCNC as detector. (a) Raw scans; (b) scans
after deconvolution with the algorithm of Collins et al. (2002) [16].
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Poisson statistics lead to an uncertainty in the actual number of particles counted of

oN = \/—]E (2.16)

Thus, one makes fast scans knowing that uncertainties in the measurements will be
accentuated due to unavoidable degradation of the counting statistics. We probe this
effect in Fig. 2.14 by examining the expected performance of the instrument at typical
urban (a) and background (b) ambient aerosol concentrations. The uncertainty in the
1 s scan exceeds that of a 1 min scan using either the T'SI 3025 as a detector (circles)
or the commercial version TSI 3010 (squares). However, a 5 s average of 1 s scans
outperforms the Model 3025, and a 1 min average of 1 s scans matches the Model
3010. The large uncertainty in the TSI 3010 distributions below 10 nm diameter
results from its low counting efficiency in that size range. Even with the 1 s scan, the
size distribution of the urban aerosol is recovered with a concentration uncertainty of
about £15%. For the much lower concentrations in the background measurements,
the 5 ¢ scan average yields £25% concentration measurerments.

Why then would one use the relatively noisy fast scans, particularly under clean
atmospheric conditions? DMA size distributions are measured by scanning, or worse
vet, stepping with its additional time delays between measurements, through a range
of particle sizes. Each particle size is thus measured at a different time. Fast scans
reduce the time lag between measurements of different particle sizes. Even if one
must average a number of scans, measurement quality benefits from obtaining a
closer approximation to-a “true” time average than is possible with slow sequen-
tial measurcments. In measurements made aboard moving platforms, particularly
high speéd aircraft, or in the presence of transient sources, e.g., road-side or tunnel

measurements of vehicular emissions, this time-averaging may wecll eliminate biases

and misinterpretation that occur when one transits from one air mass to another.
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2.5 Discussion and Conclusions

Mixing in flow recirculations within a CNC limits its time response by introducing
an exponentially decaying distribution of delays between the time a particle enters
the CNC and when it is detected. This was not an issue when CNCs, such as the
TSI Model 3010 CNC (based on the earlier Model 3076 design), were first designed,
but has important consequences when such detectors are used for time-sensitive mea-~
surements. In particular, the distribution of delay times smears scanning DMA size
distribution measurements so the full potential of the SEMS/SMPS has not previously
been realized. When Stolzenburg and McMurry (1991) [68] separated flow through
the saturator from the aerosol flow, they dramatiéally accelerated the response of the
CNC, as evidenced by the short mixing time of the TSI Model 3025, the commercial
version of their ultrafine CNC. The very small aerosol flow rate into the condenser
region of that instrument has, however, limited its utility for SEMS/SMPS measure-
ments at typical ambient concentrations. Other CNCs, such as the mixing CNCs of
Okuyama et al. (1984) [51] have similarly suffered slow response times, because the
developers focused their efforts on the counting efficiency rather than the detector
response time.

In this paper, we describe a fast version of the mixing CNC that takes advantage
of (i) the rapid particle growth that is attainable when the partial pressure of the
vapor is high, and (é) the rapid mixing that can be achieved with flow-induced
turbulence. We have also described a new method for determining the transient
response of aerosol detection instruments, at least for particles below 100 nm diameter.
With this system, we have quantified the mixing times of two commercial CNCs and
our MCN C. Even though the instrument presented here has not been fully optimized,
its mixing time is 58 ms, much smaller than the 1.2 s of the Model 3010 CNC tested
in this study, and half that of the TSI Model 3025 UCNC. Moreover, the high sample

flow rates processed through the MCNC provide the particle counts that are necessary
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to take advantage of the faster response. With the new instrument, scanning DMA
measureménts can be made with minimal mixing-induced distortion in as little as 3 s.
The instrument is also capable of resolving typical coagulation aerosols with scans as
short as 1 s if the data are deconvoluted.

Residual distortions remained in the fastest (1 s scan) measurements of a sharply
peaked particle size distribution produced by mobility classification. A number of
factors beyond the problems inherent in data deconvolution may contribute to this
distortion. We have digitally controlled a high voltage power supply that is not
designed for fast response, so the 1 s voltage ramp suffered greater deviations from
the exponential ramp that was sought. Moreover, the fast timing for this ramp is short
enough that latency within the present LabView algorithms employed adds noise to
the measurements. The effects of these distortions could not be quantified with the
present system and remain uncertain. However, both problems can be overcome with
improved electronics.

This demonstration has been made using an extremely simple mixing CNC. The
mixer was constructed using a Swagelok”™ cross. Although we have demonstrated
performance that far exceeds present instruments, we have not determined the limits
to the technique; we have merely demonstrated that measurements can be made
much faster than previously attempted. Higher saturator temperatures or different
working fluids should enable detection of particles below the 5 nm 50% detection limit
* achieved with the present instrument. Reduced mixing and growth tube volumes, or
operation at higher flow rates should enable even faster response. Moreover, design
for bettef thermal isolation of the saturated gas from aerosol streams prior to mixing
should further enhance performance [23].

Fast scanning DMA measurements are thus enabled by this new detector, but
achieving the very short time resolution that such scans suggest will require that
adequate particle counts be obtained. Even when count rates are too low for the time

resolution to be attained, the fast scanning DMA offers some important advantages



43

over the slower measurements that have been possible heretofore. By making many
size distﬁbution measurements in an interval of time, a reasonable approximation to
a true time average can be obtained instead of a succession measurements of different
sizes at different times. This is particularly critical in airborne measurements of
spatially inhomogeneous air masses. In addition, conditioned sampling techniques
can be used to resolve aerosols in different air masses when abrupt transitions are
observed. Given the low cost of data acquisition and storage, large numbers of fast
scans can readily be recorded for post-experiment analysis.

The fast DMA scans that are enabled by the MCNC also produce some technical
challenges for DMA usage. Because of the very large range of voltages that must be
scanned in a short time, digital control of the high voltage power supply becomes
difficult. Indeed, noise in the power supply combined with low count rates to pro-
duce noise in measurements made during 1 s scans. Furthermore, the present power
supply was unable to follovv scans of decreasing voltage below 5 s scan time. Routine
fast-scanning DMA measurements will require either new approaches to digital scan
control or a return to analog voltage scanning circuits such as those used by Russell et
al. (1996) [58]. When these additional steps are combined with additional improve-
ments in the data acquisition and control algorithms, high resolution SEMS/SPMS

measurements in 1 s or even less should be attainable.
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Chapter 3

Diffusional Losses in Particle Sampling

- Systems Containing Bends and Elbows

Reference: Wang J., R.C. Flagan, and J.H. Seinfeld, Diffusional losses in particle
sampling systems containing bends and elbows, J. Aerosol. Sci., 33 (6): 843-857,
2002
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Abstract

Classical theoretical treatments for diffusional deposition of particles in tube flow
describe the losses within straight tubes. The plumbing in many systems of practical
interest, notably aerosol instruments, consists of short segments of tubing connected
by elbows, bends, and other disturbances. To understand the particle losses in such
systems, particle losses in tube flows containing bends and elbows have been studied
for Reynolds numbers ranging from 80 to 950. Monodisperse aerosol of 5-15 nm di-
ameter particles passed through individual bends or elbows, and through a number
of bends or elbows in series. The results show that the effect of bends and elbows on
particle diffusion loss is significant. For a flow configuration with four elbows in series,
the penetration efficiency drops as much as 44% when compared to a straight tube
with the same length. For Reynolds number smaller than 250, the enhancement of
diffusion losses due to bends and elbows is sensitive to both the relative orientations
of the bends and elbows and the lengths of straight tubing between them. Because of
this sensitivity, direct calibration or simulation is required to assess nanoparticle pen-
etration efficiencies for any flow system containing bends or elbows at low Reynolds
number. When the Reynolds number exceeds 250, the enhancement is insensitive to
the actual flow configurations. Experimental results are presented, which can be used

for design of aerosol flow systems at Reynolds number larger than 250.
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3.1 Introduction

Diffusional deposition of ultrafine aerosol particles limits the efficiency with which
they can be measured. Gormley and Kennedy (1949) [25] first derived the penetration
efficiency for diffusional particles in fully developed laminar flow through a circular
tube with a uniform inlet particle concentration. The key parameter determining the
transmission efficiency is the particle Peclét number, Pe = Ud/D, where U is the
mean velocity, d is the tube diameter, and D is the particle diffusivity. Focusing on
high Peclét number flows, Gormley and Kennedy(1949) [25] neglected axial diffusion;
Tan and Hsu (1971) [69] showed that this assumption is valid for Pe > 100, and
when L/d > 100 when 1 < Pe < 100. These conditions are satisfied in most aerosol
sampling instruments.

The parabolic velocity profile of fully developed laminar flow is established within a
length L4 = 0.05dRe, where Re = Ud/v and v is the kinematic viscosity [35]. Chen
and Comparin (1976) [9] demonstrated that the effects of the developing velocity
profile near the tube entrance can be neglected provided the Schmidt number, Sc =
v/D > 10. At room temperature and atinospheric pressure, this condition is satisfied
for particles larger than 2 nm in diameter.

While particle penetration through straight tubes is well studied, the plumbing
within aerosol instruments and sampling systems usually contains many bends, el-
bows, and other disturbances connected by relatively short lengths of tubing. Al-
though the lengths of the flow paths within the bends or elbows are generally short
compared to the connecting tubes, strong secondary flows transverse to the primary
flow direction that are generated when a fluid passes through the bend [34] transport
particles from the core of the flow toward the walls, greatly enhancing diffusional
deposition both inside and downstream of the bend or elbow. The strength of the

s'ecvondary flow produced by flow through a smooth bend of radius R increases with
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d
De = Re\/ﬁ. (3.1)

The influence of these secondary flows on inertial deposition has been studied [53,

increasing Dean number,

73], but diffusional particle deposition within and downstream of bends and elbows
has received little attention. Insights into diffusional deposition in such flows can,
however, be drawn from the analogy between heat and mass transfer. Ede (1961) [21]
studied the impact of 90° bends on downstream heat transfer in both laminar and
turbulent flows. He found substantial ehhancement of heat transfer in the laminar flow
regime. Moreover, the temperature profile in the flow entering the bend significantly
influenced the enhancement. Mehta and Bell (1981) [46] found similar results for
heat transfer in straight tubes downstream from 180° bends. Although these studies
provide important insights, their results cannot be applied directly to the diffusional
deposition of particles in isothermal flow since natural convection was significant in
both studies.

This work focuses on diffusional deposition through two flow geometries that are
commonly found within aerosol instruments, 90° bends and elbows, specifically the
Swagelok™ elbows that are found in many aerosol flow systems and instruments
(Figure 3.1). Ideally, this type of study would parameterize the losses in a way that
could easily be applied to the design of aerosol flow systems. Studies of the influence
of a single bend with sufficient lengths of tubing both upstream and downstream to
ensure fully developed flow would be quite general. Unfortunately, as will be demon-
strated below, the complex interactions between the particle concentration profile
and the secondary flows produced by successive bends or elbows separated by finite

lengths of tubing confounds efforts at such generalization and making experimental

quantiﬁéation of diffusional losses essential at low Reynolds numbers.
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3.2 Experimental Description

Losses in 90° bends and Swagelok™ elbows, illustrated in Fig. 3.1 have been
studied using the apparatus illustrated in Figure 3.2. The test aerosol was generated
using an evaporation-condensation aerosol generator [5]. A sodium chloride aerosol,
produced by nebulizing a salt solution was evaporated completely in a 700°C tube
furnace with a residence time of about 1 s. Ultrafine NaCl particles were then gener-
ated by quenching the vapor-laden gas by mixing with cold air injected through four
radial jets perpendicular to the central axis. The resulting intense and rapid cooling
induced homogeneous nucleation of the vapor, while dilution of the product aerosol
minimized coagulation. To produce a high particle concentration in the size range of
interest, a 0.05% NaCl solution was atomized into a 2 L min~! air flow and quenched
with 20 L min™ of room temperature air. The aerosol was neutralized using a 2°Po
charger and theén classified by a radial DMA (RDMA, [81]) to produce a monodisperse
test aerosol.

We measured the transmission efficiencies of a variety of tube configurations by
passing the monodisperse aerosol through each tube assembly. Particle concentrations
at the outlet of the tubes were measured by a condensation particle counter, TSI
model 3010, modified to extend the lower detection limit to 3 nm diameter while
- maintaining the large aerosol sample rate (1 L min™) of the TSI 3010 CPC(CPC3010,

- [56]). An ultrafine condensation particle counter, TSI model 3025 (UCPC 3025), was
used to monitor the output of the aerosol source continuously, enabling one to correct
the CPC3010 conceﬁtrations for. any variations of aerosol source concentration. We
measured the particle pehetration efficiency over a range of controlled flow rates. For
ﬂowvraAte's smaller than the modified CPC3010 sample rate, filtered makeup air was
_introduced downstream of the tube assembly; for higher flow rates, an appropriately

sized critical orifice was used to remove extra flow upstream of the CPC3010.
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3.3 Data Analysis

We seek to determine the enhancement of particle losses induced by flow through a
bend or elbow. The maximum penetration efficiency of noninertial particles through a.
flow system with total length, L, including straight tubes and internal passages within
bends and elbows, can be calculated using the solution of Gormley and Kennedy
(1949) [25] to the convective diffusion of particle through a straight, circular tube
with a uniform inlet concentration and fully developed laminar flow. They found

that the penetration efficiency is
ne.x. () =8 Z 5 XD (- M), (3.2)

where z = 2Pe™!. A2 = 7.312,44.62,113.8 for n = 0,1,2, respectively, and \2 =
(4n + %‘)2 when n > 2; G, = 0.749,0.544,0.463 for n = 0, 1,2, respectively, and
Gr = 1.01276),'/% when n > 2 [65]. For z < 1, Ingham (1975) [36] showed that the

penetration efficiency asymptotically approaches
n(z) = 1.0 — 4.072%3 + 242 + 0.4662*° + . . ., (3.3)

Alonso et al. (1997) [1] showed experimentally that the Gormley and Kennedy (1949)
[25] theory is accurate for particle as small as 2 nm under conditions commonly found
in aerosol instruments.

Particle penetration through a flow system can be calculated from the measured
particle concentration at the entrance, Ny, and outlet, N, i.e.,

Ne
77§ys = FO (3'4)

The system transmission efliciency through a series of n + 1 segments connecting n
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Figure 3.3: Particle sampling system including n + 1 straight tubes connected by n
bends.

bends or elbows as illustrated in Fig. 3.3 can be expressed as the product of the

transmission efficiencies through the individual segments, 7;,

) n
Nsys = H ;.- (35)
i=0

Losses within each flow segment that has a flow disturbance (bend or elbow) at
its entrance will exceed those predicted with the Gormley and Kennedy (1949) [25]
model. To characterize the losses caused by such disturbances, we define the effective
transmission efficiency of the flow element as the ratio of the observed efficiency to
that of a straight tube of the same total length, including both the length of the flow
path within the bend or elbow and the downstream straight tube, ne k.(x;), as

Ne: = T (3.6)

B 'UG’.K.(-'Ei)’

where z; = %’iPe’l. The entrance to the flow system is a straight tube of length z
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with no upstream disturbance, so ngg = 1 and

Mo = Ne.x.(To)- (3.7)

Prediction of particle penetration efficiencies of sections 1,2, -+, n is not straight-
forward. First, inside the bends, particle loss depends on the geometry of the bends
and resulting complex flow field. Then, the secondary flow inside the bends redis-
tributes the particles across the tube cross section, changing the particle diffusion
losses in the straight tube downstream of the bend. Numerical simulations by Tsai
et al. (1990) [73] revealed that the strength of the recirculation inside a 90° bend de-
pends on the velocity profile across the inlet of the bend. Among three inlet velocity
profiles studied (fully developed, partially developed, and uniform), flow with a fully
developed inlet velocity profile exhibits the strongest effects of recirculation, while
the uniform inlet profile produced the weakest effect. The maximum Stokes number
of our ekperiménts was 2 x 107°, so the impaction losses were neglected. Therefore,
the particle penetration efficiency of section i is written as a function of following
parameters,

n; = mi(Re, Sc, De, z;, Cio, Uio), (3.8)

where @0 and ffio are nondimensional particle concentration profile and flow velocity
profile at the entrance of the section i, respectively. The effective particle penetration

efficiency of bend ¢ is, therefore,

ni(Re) SC, De) i, éiOv ﬁ20)
ne.x.(T:) '

nEi(Re7 SCv Dea T, éiU, ﬁ10) = (39)

When De > 1, the secondary recirculation flow inside the bend is strong, so
the particle concentration profile leaving the bend is nearly uniform. When the flow
- path within the bend is a small fraction of the total flow path of section i, the

penetration efficiency at large De could be approximated as ng x.(z;), and ng; =~ 1.
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This is supported by experiment results presented in the next section. The particle

concentration entrance length is [37]
Le 2 0.05dReSc = 0.05dPe. (3.10)

When z > z., where z, = %‘ﬁPe_1 ~ 0.1, only the first term of Eqn. (3.2) is of

significant,

> G, G
nex(z) = 8 Z 2 exp(—)\ix) ~ 8)\—%: exp(—)\ga:)
n=0 “'n

= no.x.(Z.)exp [—)\%(:v — wc)] . (3.11)

Similarly, for the particle penetration efficiency of section ¢,when z; > z., we have,

ni(Re,'Sc, De, z;, Ciq, ﬁio) = 1;(Re, Sc, De, z., éio, ﬁio) exp [——A%(mi — :Ec)] . (3.12)

When straight tubes between bends exceed the particle concentration entrance
length (and are much longer than the flow entrance length since Sc > 1), both the
particle concentration profile and flow velocity profile at the inlet of section i are fully
developed, i.e., Cio = C; and U’m = ﬁd, where the subscript d denotes the fully
developed profile. We have,

i (Rea SC) De; Zi, Cv’da fjd)

+(Re, Sc, De,mi,CN’ ,ﬁ =
i 4 Ud) Ne.x.(T:)

n;(Re, Sc, De, z., Cy, ﬁd) exp [—\3(z; — z¢)]
NG K. (-’Ec) €xp [—/\%(mi - ﬂUc)]

1:(Re, Sc, De, z., C~’d, ffd)

Ne.x.(Ze)
= f(Re,Sc,De). (3.13)
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Eqn. (3.13) indicates that when the length of a straight tube between bends exceeds
the particle concentration entrance length, ng; depends only on three dimensionless
numbers: Re, Sc, and De.

Figure 3.4 shows the predicted flow and particle concentration entrance lengths
for particles of 5, 8, and 15 nm diameter as a function of flow rate. The particle con-
centration entrance length increases with increasing volumetric flow rate and particle
size. For 5 nm particles, the concentration entrance length is about 1.5 m at a flow
rate 0.3 L min™!. At the higher flow rates that are often used to minimize diffusion
losses in sampling nanometer size particles, the concentration entrance length is even
longer. In practical particle sampling systems and aerosol instruments, the straight
tubes’ between bends are usually much shorter than the concentration entrance length:;
so ng; also depends on the actual plumbing geometry of the sampling system, i.e., the
lengths of straight tubes and the orientations of the bends. Multiplying both sides
of Eqn.. (3.9) by ne.x.(z:) and inserting into Eqn. (3.5), the system transmission

efficiency for n bends in series becomes,

n
Nsys = 77GK Zo H [nG’K :L'z)nEz(Re SC De iL’z, 10) 10)]

[I:‘% nG.K.(xi)] [H nei(Re, Sc, De, z;, Co, ’17,-0)] : (3.14)

i=1

The ratio of the concentration of particles transmitted through a sampling system,
Ngys, to the concentration transmitted through a straight tube of the same total

length, Ngr, can be expressed as

R Nsys — Nsys
S Nsr  nex.(ho i)

ne.x.(z0) [T l[nGK(xz)nEz(Re Sc, De, z;, Cio, Uso)]
Ne.x.(XCieo i)
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5, 8, and 15 nm diameter as a function of the volumetric flow rate.
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n

- 71;;{_0(755% T] nei(Re, Sc, De, 2, Cio, Uo). (3.15)
V.8 1=0 Z i=1

The relative system transmission efficiency, ng ¢s, reflects the reduction of particle
penetration efficiency due to the presence of bends. 7 ¢ys is less than unity for several
reasons. At the inlet of a flow element, the particle concentration is highest at the
center of the tube cross section due to the preferential particle loss at the wall in the
upstream straight tube. Secondary recirculation flow inside the bends redistributes
the particles across the tube cross section, transporting the highest particle concen-
trations from the center to near the wall. This accelerates particle deposition in the
downstream straight tube as a result of increased particle concentration gradient near
the wall. Therefore, a series of tube segments separated by mixing regions transmits
fewer particles than does a straight tube of the same total length. The complex flow
within the bends may also cause additional particle losses. The effective penetration

efficiency for the ensemble of flow disturbances in a flow system can be defined as

Ner = Hm;Z (Re, Sc, De, z;, Cio, Usg) = Neys 6.k (i Ti)

3.16
11 Nor lgnon @) 10

Since ng k. (x;) can be calculated from Eqn. (3.2), ng.r can be derived from measured
concentrations, N, and Ngr. Our experiments focus, therefore, on the study of
ne,r at different flow rates, particle sizes, and geometries. As we will see later, the
experimental results of different geometries show that the values of ng; are insensitive
to the flow geometry for a sufficiently high Reynolds number even though the flow

segment lengths are shorter than L.
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Figure 3.5: Measured 7R sys and ng; for a system of two straight tubes joined by a

single 90° bend. The volumetric flow rate is 1.052 L min™' (Re = 251).

3.4 Experimental Results

Initial experiments were performed by measuring the particle concentrations, Ngy,
and Ngr, throﬁgh both a system of two straight tubes joined by a single 90° bend
versus a straight tube of the same total length. The two straight tubes were each
of length 11.5 cm, joined by a 90° bend with 1.43 cm (9/16") radius. The total
length, including the bend, was 25 cm. The O.D. and LD. of the tubes are 0.64

“cm (0.25") and 0.46 cm (0.18"), respectively. Figure 3.5 shows the relative system
tranémission efficiency, 7)g sys, and ng; for particles from 5 nm to 12 nm diameters at
a flow rate 1.052 L min™! (Re = 251). np . decreases with decreasing particle size,

indicating the relative reduction in particle penetration efficiency when a 90° bend
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Figure 3.6: Tubes with different configuration (A)-(D). In (A) and (B), 90° bends
are used to connect straight tubes while in (C) and (D), 1/4” Swagelok™ elbows are

used.

is present. Since smaller particles have larger diffusion coefficients, diffusional losses
upstream of a bend reduce the concentration near the wall at the bend inlet. As a
result, particle loss enhancement due to redistribution of the flow is more significant
for smaller particles. For a single bend, both 7g s and nz1 have large uncertainties
since they must be deduced from small differences in particle concentrations between
- systems thaf differ only'by the presence of a single 90° bend. To increase the effect
of diffﬁsional losses in order to improve the experimental accuracy, and at the same
“time, to examine the influence of speciﬁc geometry on the value of ng 1, more complex
geome_tries will now be considered.

- Tubes with four different configurations, designated A-D, and illustrated in Fig.
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3.6 were used to study the effects of 90° bends and Swagelok™ elbows on particle
penetration efficiency. Each configuration consists of five straight tubes. In configu-
rations (A) and (C), the lengths of all straight tubes are identical, 27 cm; in (B) and
(D), some straight tubes are as short as 5.5 cm. Copper tube was used to avoid the
enhancement of deposition due to particle charge. The O.D. and L.D. of the copper
tube are 0.64 cm (0.25" ) and 0.46 cm (0.18"), respectively. In configurations (A) and
(B), the straight tubes are connected by 90° bends with 1.43 cm (9/16") radius, while
1/4" Swagelok™ elbows were used in (C) and (D). In (A) and (C), the length of
the straight tubes, 27 cm, exceeds the flow entrance length at all Reynolds numbers
studied, while in configurations (B) and (D), the length of straight tube, 5.5 cm, ex-
ceeds the flow entrance length only when Re < 200. Therefore, when Re > 200, the
influence of recirculation strength on ngr can be examined. Also, as shown in Fig.
3.6, the orientations between flow elements are different in (A) and (C) compared to
that in (B) and (D). For each configuration, a reference measurement was also made
with a straight tube that has the same total length (including straight tubes and 90°

bends or Swagelok™

elbows).

For each configuration, experiments along with straight tube reference measure-
ments, were carried out using particles ranging from 5 nm to 15 nm diameter at
various flow rates (flow Reynolds numbers). Fig. 3.7 shows 7, and ng r for con-
figurations (A) and (C) at flow rate 0.362 L min™! (Re = 86). The uncertainties
(20) of N sys and ner were derived from repeated measurements. The evaporation-
condensation aerosol generator gives a peak concentration at aerosol diameter of 7 nm.
Therefore the uncertainties of the results are the smallest at 7 nm and larger at other
sizes as a result of lower signal ’to noise ratio. In configuration (A), straight tubes

“are connected by 90° bends, while Swagelok™ elbows are used in configuration (C).
Both 90° bends and Swagelok™ elbows significantly decrease particle penetration

efficiency in the 5-15 nm size range. For 5 nm diameter particles, the penetration

efficiency through configurations (A) and (C) drops to 66% and 56%, respectively,
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of that of a straight tube of the same total length. Even for 15 nm particles, the
decrease in penetration efficiency exceeds 10% in both configurations. The results
of configurations (A) and (C) show that replacing Swagelok™ elbows with the 90°
bends improves system particle penetration efficiencies for nanoparticles. Compared
to the system relative transmission efficiency, ng sys, e, is much closer to unity in
both configurations, especially in configuration (A). This suggests that treating the
particle concentration profile as uniform at the inlet of each section provides a better
estimate of the system penetration efficiency than treating the system as a straight
tube of the same total length. This is true for all particle sizes (Sc), Re, and flow
geometries studied in this work.

Figure 3.8 compares ngr between configurations (C) and (D). Since
Swagelok™ elbows are used in both configurations, at the same particle size and flow
rate, the two configurations have the same Re, Sc, and De. The difference lies in the
length of straight tubes and orientation between elbows. The length of straight tubes
in configuration (C), 27 cm, exceeds the flow entrance length at all Reynolds numbers
studied. In configuration (D), the length of straight tube, 5.5 cm, is longer than the
flow entrance length only when Re < 200. In both configurations, the concentration
profiles are still developing before entering the Swagelok™ elbows at all flow rates
and particle sizes. At Re = 86, the values of ng 7(D,) for the two configurations differ
for particles with diameters of 5, 8, and 15 nm; at 5 nm, the difference is about 20%.
Since the flows are fully developed before entering the elbows in both configurations
at Re = 86, this suggests the difference is due to the different particle concentration
profiles at the inlet of the elbows. When Re > 250, the differences of ngr for the
two configurations lie within statistical error except at Re = 510 for particles with
diameters 5 and 8 nm. For both configurations, ng r(D,) increases with decreasing
Re. This is because at small Re, recirculation inside the Swagelok™ elbows is too
weak to move substantial amounts of fluid from the center of the tube, where the

particle concentration is highest, to near the wall.
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Figure 3.9 compares the values of ng ¢ for configurations (A) and (B) at different
particle sizes and flow Reynolds numbers. Similar to results of configurations (C)
and (D), ng r are different for configurations (A) and (B) when Re < 250. Also ng
increases with decreasing Re. Comparing results in Figs. 3.8 and 3.9, we found that
replacing Swagelok™ elbows with 90° bends in aerosol sampling systems result in
slightly higher values of ng r and system particle penetration efficiency. The reason
is that the Swagelok™ elbow has a smaller bend radius, and higher Dean number
at same flow Reynolds number, which leads to a more intensive recirculation inside
the elbow and higher particle losses downstream the elbows.

Figure 3.9 shows when Re > 250, the values of ng r for configurations (A) and (B)
are statistically similar except at Re = 510. Since configurations (A) and (B) have
different lengths of straight tubes and orientations between bends, the data suggest
that ng is insensitive to the system flow geometry when Re > 250. Therefore, we
estimate np and its uncertainty 20(7g) of the 90° bend in a general aerosol sampling

system as

1 [/ 4 4 1V %
g = 3 max (H Nei + 20) ) (H Nei -+ 20)
| M1 (4) 1 (B)J
i N L
4 4 1
+ {min (H Nei — 20) , (H Ne; — 20) } (3.17)
LM (4) 1 (B
1 [/ 4 4 1Y ¢
20{nE) = 5 | ] max (H NE; + 20) , (H Ne; + 20)
| M1 (A) 1 (B)]
. [/ 4 4 T %
— {min (H Ne;i — 20) , (H nE; — 20) } . (3.18)
| ML (4) 1 (B)

where (-++)(4) and (- --)(p) denote experimental results of the configuration (A) and

(B), respectively. Similarly, the ng and 20(ng) of the 1/4” Swagelok™ elbow were
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Table 3.1: Values of g and 20(ng) for 90° bend with 1.43 cm (9/16”) radius. The
O.D. and L.D. of the tube are 0.64 cm (0.25”) and 0.46 cm (0.18”), respectively.

Dp Re
(am) ¢ 251 343 510 819 946
5 76 0.99240.011 0.9724£0.010 0.96440.018 0.969+0.014 0.978+0.016
6 109 099740006 0.984+0.008 0.967+0.012 0.978+0.008 0.979:£0.009
7 148 0.999+0.003 0.987+£0.006 0.97440.011 0.983+0.005 0.982:£0.009
8 192 0.998+0.004 0.986+0.004 0.976+0.009 0.986+0.004 0.985::0.006
10 299 0.998:£0.005 0.988+0.004 0.98140.007 0.988+0.000 0.989+0.008
12 428 1.001£0.007 0.991+0.006 0.986:£0.010 0.991+0.005 0.993::0.010
15 663 1.000+£0.007 0.991+0.008 0.987+0.014 0.991+0.014 0.99140.008

derived from experimental data of configurations (C) and (D). Tables 3.1 and 3.2 list
ne and 20(ng) for the 90° bend and Swagelok™ elbow over the range of Re studied,
respectively. The values of ng are close to 1, as we discussed before. From Eqn.

(3.14), we have,

Msys =

{H nG.K. (l“i)] {H nei(Re, Sc, De, z;, Cio, Usp)
i=0

i=1

~ [Tt o) (3.19)

=0

For a particle sampling system of n + 1 straight tubes connected by n 90° bends or
Swagelok™ elbows, when 250 < Re < 950, the system penetration efficiency can be
estimated by using Eqn. (3.19) and the ng derived.

Thie data show that for the same Re, Sc, and De, the values of ng r depend on flow
geometry when Re < 250, suggesting that it is not appropriate to use a calibration
of one particle sampling system geometry to calculate particle penetration efficiency

for another system geometry at low flow Reynolds number. When Re > 250, the
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Table 3.2: Values of ng and 20(ng) for 1/4” Swagelok™ elbow.

Dp Re

(am) °° 251 343 510 819 946

5 76 0.977+0.009 0.964+0.010 0.953+£0.017 0.959+0.013 0.965:0.012
6 100 0.979+0.004 0.967+0.009 0.960+£0.012 0.966:0.010 0.967:0.009
7 148 098310002 0.973+0.009 0.966:0.010 0.969:£0.010 0.973+£0.009
8 192 0.986+0.004 0.978+0.007 0.972+0.010 0.977£0.007 0.976:0.008
10 299 0.990=0.004 0.982+0.007 0.977£0.009 0.979+0.009 0.981:0.007
12 428 0.990=0.009 0.986+£0.007 0.981+0.009 0.983+0.007 0.9854:0.010
15 663 0.991+0.009 0.989+£0.012 0.987+0.013 0.986+0.016 0.988+0.013

results show that the values of ngr are insensitive to the system flow gcometry.
By comparing 7g1 to 7.y, we found when information of ng, is lacking, assuming
uniform conceﬂtratioﬁ profiles at inlets of each bend gives a much better estimate of
system particle penetration efficiency than treating the system as a straight tube of
the same total length. The data also show that replacing Swagelok™ elbows with
90° bends with larger bend radius results in higher values of g and system particle

penetration efficiencies.

3.5 Conclusions

An experimental investigation of additional losses due to 90° bends or SwagelokT™
elbows has been undertaken. Experiments have been conducted using monodisperse
particleé in the 5 to 15 nm size range for tube-flow Reynolds numbers ranging from
80 to 950. The data suggest that secondary recirculation flows inside 90° bends

kTM'

and Swagelo elbows enhance diffusional deposition. In a flow passage with four
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Swagelok™ elbows , the observed penetration efficiency was as much as 44% lower

than observed when a straight tube of the same length was employed. When Re < 250,

the increases in particle losses depend on the geometry of the sampling system, i.e., the

‘ length of straight tube and orientations of bends and elbows, suggesting that for each
instrument containing bends or elbows, an experimental calibration for nanoparticle

penetration efficiency is necessary when Re < 250. When Re > 250, the values of

ner are insensitive to the flow geometry. ng of a 90° bend with 1.43 cm (9/16")

radius and 1/4” Swagelok™ elbow is derived from experiment results, which could

be used for a general aerosol sampling system when Re > 250. The data also show

the particle losses could be reduced by using 90° bends with large radius instead of

Swagelok™

elbows. When ng; is unknown, assuming uniform concentration profiles
at inlet of each flow element gives much better estimate of system particle penetration
efficiency than does treating the system as a straight tube of the same total length.
Possible future work includes detailed numerical simulation of flow field and particle

losses in sampling system containing bends with different bend angles and radius,

and comparison between numerical simulations and experiment results.

3.6 Acknowledgement

This work was supported by the Office of Naval Research.



69

Chapter 4

A Differential Mobility Analyzer (DMA)
System for Submicron Aerosol
Measurements at Ambient Relative

Humidity

Reference: Wang J., R.C. Flagan, and J.H. Seinfeld, A differential mobility analyzer
(DMA) system for submicron aerosol measurements at ambient relative humidity,

Aerosol Sci. Technol., In press.
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Abstract

A new differential mobility analyzer (DMA) system for measuring submicron
aerosol size distribution at ambient relative humidity, with special attention to im-
plementation on aircraft, is described. The system includes an active RH controller,
a cylindrical differential mobility analyzer (CDMA), and a condensation particle
counter. A cascade controller consisting of two PID modules maintains the RH inside
the CDMA at ambient RH. The flows are controlled with feedback PID controllers,
which compensate for the variation of pressure as the aircraft changes altitude. This
system was integrated into the CIRPAS Twin Otter aircraft and used to measure
ambient size distributions during the ACE-Asia experiment, carried out from March

to May, 2001, in Japan.
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4.1 Introduction

Aerosols play an important role in the climate system. They scatter and absorb
radiation and influence the microphysical structure, lifetime, and amount of clouds.
Quantifying the effect of atmospheric aerosols on the climate system requires knowl-
edge of their physical size and chemical composition, as well as of their temporal and
spatial variability. Aircraft have proven to be an effective platform for sampling atmo-
spheric aerosol over a reasonably large spatial domain. Aircraft-based measurements
have inherent constraints, however, such as limitations on instrument size, weight, and
power. Measurements must be made rapidly while taking into account the changing
pressure, temperature, and relative humidity. Aircraft-based measurements also suf-
fer from biases that result from modifications occuring in the sampling system that
brings atmospheric particles to the instrument. For size distribution measurements,
modifications arise from both the aircraft sampling inlet and the difference between
the ambient relative humidity (RH) and that inside the instrument itself.

As an air stream is sampled by an aircraft, the speed of the air stream must
decrease from the aircraft cruise speed down to the flow rate appropriate for the
instrument involved. The ram heating that results from this deceleration increases
the temperature of the air stream. The temperature of the sampled air stream can be
further changed from ambient temperature as a result of heat exchange between the air
stream and the duct surrounding it. While the absolute humidity (g of water /kg of dry
air) within the air stream is conserved as it is transported from the atmosphere into
the instrument, any temperature changes make the RH inside the instrument different
from that in the air outside of the aircraft. For hygroscopic particles, this RH change
can 1edd‘t0 a significant bias in size measurement. Some previous investigations in
which submicron aerosols have been measured from aircraft are listed in Table 4.1.
In most of these studies, the aerosol was dried by a diffusion drier or by heating prior

to measurement. Back-calculation of the true ambient size distribution from a dry
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measurement requires detailed knowledge of the chemical composition of the aerosol.

Such information has generally not been available, at least at the spatial and size

resolution required.

Table 4.1: Comparison of size ranges, platform, and RH conditions of airborne in-

struments for measuring submicron aerosol size distributions.

Reference Platform Diameter range Instrument RH
Brock et al. (1989) [7] UW C131a 0.010-1.0p4m Dry

Hegg et al. {1993) [28 UW C131a 0.020-0.6pm Dry

Hudson and Clarke (1992) [32] NCAR Electra 0.020-0.64m Dry

Russell et al. (1996) (58] UW C131a 0.005-0.2m Dry

This work CIRPAS Twin Otter 0.015-1.0pm Ambient RH

A system capable of measuring aerosol size distributions at ambient RH, espe-

cially from aircraft platforms, has long been a major need. In this work, we report

an automated differential mobility analyzer (DMA) system for aircraft-based mea-

surements of atmospheric aerosol at ambient RH, a key element of which is an active

RH controller that maintains the RH inside the DMA at the ambient RH by adding

or removing water vapor from the air strcam. The system was tested and deployed

during the ACE-Asia experiment carried out during March-May, 2001, in Japan.

Data regarding the performance of the system, and measured size distributions, are

presented.

4.2 Instrument Design

Figure 4.1 illustrates the system. Its main components are an active RH controller,

a *1%Po aerosol neutralizer [58], a cylindrical differential mobility analyzer (CDMA,
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Figure 4.1: Configuration and components of the DMA system.

TSI, model 3081), and a condensation particle counter (TSI model 3010). The CDMA

measures particles with diameters from 15 nm to 1 gm. Using the scanning mobility

technique (79], the system is capable of generating a size distribution every 90 s. In

the particular application to be discussed below, the air flow was drawn directly from

the aircraft inlet at a rate of 2.85 L min~!.

4.2.1 . RH Control

An active RH controller was developed to maintain the RH inside the instrument
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at ambient RH. Because of the speed of the aircraft, the RH controller must respond
rapidly to changing ambient RH. A cascade controller consisting of two PID control
modules was used to meet this requirement. A schematic of the RH controller is

shown in Figure 4.2.

* Air sample in
\ feedback r
Setpoint
Ambient RH B LN PID — —L
__——/-\(-)Pump
T T Nafion
Setpoint | 1/ membrane
Feedback
Aircraft inlet PID f””’

——)1 Packed Drier erH~ ! O%q'i}

RH~100%

To Neutralizer & CDMA

Figure 4.2: Schematic of the active RH controller.

The RH controller consists of a moisture exchanger (PermaPure, model PDO70187T-
12S8S), two RH senéors (Vaisala model Humitter50Y), and one proportional control
valve. The moisture exchanger is made of 18 N afion® membrane tubes housed within
a stéinless steel shell. Nafion is a hygroscopic ion exchange membrane that selectively
absorbs water. Given sufficient time, the partial water vapor pressures of both sides

of the Nafion membrane reach equilibrium. In the moisture exchanger, the air sample
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flows within the Nafion tubes. The RH of the air sample is controlled through adjust-
ing the RH of a countercurrent purge flow that is introduced between the Nafion tube
and the shell. A cascade controller consisting of two PID modules was used. The
first PID module takes the ambient RH as the setpoint and the RH of the air sample
exiting the Nafion tubes as the feedback. The sum of the output of the first PID
module and the ambient RH serves as the setpoint of the second PID, which controls
the RH of the purge flow. The purge flow is a mixture of two flow streams. One is
the dry flow generated by passing the air stream through a packed drier; the other is
humidified to near saturation by passing through a water bottle. The RH of the air
streams after the drier and the water bottle are about 10% and 100%, respectively.
The total purge flow rate is set at 12 L min~! by a critical orifice. The RH of the
purge flow is controlled through a proportional valve that varies the mixing ratio of
the two air streams. The advantage of the cascade controller is described below. The
Nafion membrane tries to equalize the partial water vapor pressures, in our applica-
tion, RH, on its two sides. As a result, the RH of the purge flow to maintain the air
sample at ambient RH is close to the ambient RH. We writé the setpoint of the purge
flow RH, RH,, as

RH, = RHgms + ARH, (4.1)

where RHgppp is the ambient RH. ARH, which is the output of the first PID mod-
ule, represents the difference between the purge flow RH setpoint and the ambient
‘RH. ARH is not zero due to the water vapor exchange between the purge flow and
the sample flow in the Nafion moisture exchanger. Compared to RH,, which varies
according to RHamb,‘the ARH changes more slowly, especially when RH,,,,;, changes
rapidly. By controﬂing a slow changing ARH, the cascade controller yields better
cont1"olA performance. Preliminary experiments confirmed that the cascade control
algorithm represents a significant improvement over conventional single PID éontrol,
e'spvecially in the presence of rapidly changing ambient RH. The active RH controller

can operate from 10%-90% RH, but the response time of the system varies over this
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range. The water content of the Nafion ion exchange membrane varies dramatically
with RH. The response time varies because of the dynamics of water uptake by the
Nafion ion exchange membrane. Each sulfonic acid group in the Nafion absorbs up
to 13 molecules of water. The water content of fully hydrated Nafion is 22% by
weight. Large changes in the water content of the membrane slow the adjustment of
the output humidity of humidity control system. When the relative humidity falls
below about 25%, the poré size decreases, limiting the permeability of the membrane,
again slowing the response [52]. At either extreme, using Nafion tubes with thinner
walls would minimize the response time due to absorption/desorption of water. With
the Nafion tubes that are commercially available at the present time, the dynamic
response is fastest for relative humidity between about 25% and 75%, and slows sub-
stantially when the humidity is outside this range or the change is large. Once the
Nafion membrane equilibrates, the time response to small perturbations recovers. To
monitor the potential RH change after the RH controller, a third RH sensor is in-
stalled to measure the' RH of DMA excess flow, which is compared with the RH of
the flow exiting the RH controller. |

4.2.2 Flow Control

As shown in Figure 4.1, the flow exiting the RH controller is first introduced to
a *%Po neutralizer, which brings the aerosol to a steady-state bipolar charge distri-
bution. The flow is then divided into three streams: the aerosol, sheath flows for the
CDMA (Q, and Qg respectively), and the dilution flow to the CPC (Qq). A HEPA
filter removes partiéles in the sheath and dilution flows. The critical orifice in the
CPC controls the flow through that instrument at 1 L min~!. A critical orifice was
also ﬁsed to control the excess flow (Qe;) exiting the main outlet of the CDMA at
1.85 L min~!. Initial tests employed control valves in place of the critical orifices to

reduce the power consumption, but the flow stability was deemed inadequate. This



77

was traced to pressure transducers that produced noisier signals than previous units
of the same model. The critical orifices circumvented this problem, but for applica-
tions that limit powef consumption, particularly when the DMA is operated at higher
flow rates, active flow control would be preferred over critical orifices. The sample
flow (Qs) that carries classified particles with narrow mobility range is mixed with
particle-free dilution flow and measured by the CPC. All four flows associated with
the CDMA are monitored constantly by measuring the pressure drops across laminar
flow elements with electrical differential pressure transducers(Validyne). This config-
uration allows the system to respond to deviations of flow rate from the setpoint that
result from changes in sampling conditions. Deviations of flows are used as feedback
for two independent PID controllers. One maintains a constant CDMA inlet flow

ratio while the other a constant outflow ratio:

g‘; =0.1 (4.2)
Qs _ :
0. = 0.1 (4.3)

The flows are also constrained by three steady-state relationships. Two of these are
set by critical orifices:

Qez = 1.85 L min™* (4.4)
Qs +Qq=1.0L min™! (4.5)

The third steady state relationship is derived from the steady-state mass balance for

the CDMA flows:
Qa + Qsh = Qs + Qew (46)

The five relationships given above fix the five flows at following values:

Qe = Qs=0.185 L min!
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Qsh = Qe =1.85L min™! (4.7)
Qs = 0.815L min!

Because of the linear relationship between flow and pressure drop across the lam-
inar flow elements, this algorithm results in a constant flow ratio within 1% over
the range of operation. Fast measurements are made by classifying particles in an
electric field that varies exponentially with tinie, the so-called scanning electrical
mobility spectrometer (SEMS, [79]). A high resolution D/A card (16 bit, National
Instruments) is used to provide a 0-10 V control signal that drives the high voltage
unit (Bertran 605C-100N), which has a range of 10-10000 V. The high voltage output
from the unit is monitored through a built-in voltage divider and a high resolution

A/D card (16 bit, National Instrument).

4.2.3 Software and Data Reduction

Software to drive each of the components of the system and to record data from
each of them was written in Labview (National Instrument). Digital and analog data
acquisition is through a 16-channel A/D card (National Instrument, PCI6034E). The
measured signals are used to calculate the control signals for the proportional control
valves and the‘high voltage unit. The control signals are sent out through a D/A
card (National Instrument, PCI6703). The software simultaneously monitors the
flow rates, relative humidities, pressures, and temperatures, and writes them into a
file at the end of each size distribution measurement. The status of the CPC (e.g.,
the temperature of éaturator and condenser) and the particle counts detected by the
CPQ during 1 s intervals are transmitted from the CPC to the computer through
a RS232 connection and saved into a file. A real-time display shows the flow rates,
t'erhperatures, and raw data counts, which are updated every second.

A DMA data inversion program [16], which provides the options of inverting the
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data in real time, i.e., immediately after each size distribution measurement, was
incorporated into the control software. Regardless of whether real-time data display
is enabled, the raw data are saved for ofi-line analysis. The main features of the
inversion method include removing the smearing effect associated with the residence
time distributions within the CPC [16], using a diffusionally broadened DMA transfer
tunction, and providing the option to use one of several inversion routines depending

on the specifics of the measurement.

4.3 In-Flight Instrument Performance

The DMA system described above has been integrated into the CIRPAS [6] Twin
Otter research aircraft. In one configuration, the water bottle was removed from the
RH controller to use dry air as the purge flow. The modified system measures the
dried aerosol size distribution, which is compared to the ambient size distribution
measured by the second system.

During the ACE-Asia experiment, 19 flights of the Twin Otter were conducted
based out of Iwakuni Marine Corps Air Station, Japan. We report here on the
performance of the instrument in measurement of submicron aerosol size distributions
at ambient RH during these flights, and on the difference between simultaneous dry
- and ambient RH measurements. For this purpose, conditions in the instrument were

carefully monitored. Since the system samples directly from the aircraft inlet, the
pressure inside the CDMA varies as the aircraft changes altitude. The feedback
control in the instrument maintains ratios Qu/Qsn and @Qn/Q.: constant so that
- the shape of the DMA transfer function, and hence the size resolution of the size
' measureﬁlent, is maintained. The effectiveness of the feedback control is illustrated
in Figure 4.3, in which the ﬂow rates during a gradual ascent through the boundary

layer on April 17, 2001, are shown.
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When the absolute pressure within the system changes due to descent or ascent
of the aircraft, the air within the CDMA expands or contracts, which results in a net
inflow or outflow from the CDMA. Two independent PID controllers maintain the
ratios Q,/Qsn and Qi /Qe, constant, thereby maintaining the shape of the CDMA
transfer function during the transition period. The imbalance of the flow invalidates
Equation 4.6 and leads to deviation of flow rates from their setpoints. As a result,
the transfer function shifts in mobility space. The magnitude of this shift is now
estimated.

According to the ideal gas law,
PVpara = nRT, (4.8)

where Vppra is the volume inside the CDMA, and n is the number of moles of air
inside the CDMA. Assuming the system temperature remains constant during the

transition period, the change of n due to pressure change can be written as

Voma
= -- 4.9
dn AT drP (4.9)
From the ideal gas law,
T

Combining Equations 4.8 and 4.10, the net volumetric flow into the DMA, Qr.; can

be written as

dv RT' dn _ VDMA‘}_-E - VDMA dP dZ

et = =5 w =P @~ P dZd (4.11)

where Z is the altitude, and dZ/dt is the climb or descent rate.
For flights during the ACE-Asia experiment, the climb and descent rates usually
did not exceed 300 m min~!. On this basis, Qne: is estimated to be smaller than 0.015

L. min~*, which is less than 1% of the total inlet or outlet flow of CDMA. Therefore,
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the shift of the DMA transfer function in mobility space can be neglected as long as
the ratioé Q./Qsh and @Qpn,/Qe, are maintained. Figure 4.3 shows all flow rates are
maintained during the ascent, indicating the system is able to adjust rapidly to the
pressure changes.

Figure 4.4 shows the result of RH control on April 25, 2001, during sampling a layer
at an altitude of 3000 m. The variation of RH within the layer was relatively small. As
demonstrated in Figure 4.4, the RH controller successfully maintained the RH inside
the DMA at its ambient level. Figure 4.5 shows similar results for the flight on April
17, 2001. In contrast to the flight of April 25, the RH changed rapidly as the aircraft
sampled different layers. The RH controller tracked the ambient RH well most of the
time, although the controlled RH in the CDMA lagged behind the ambient leve] after
abrupt RH excursions. As previously noted, the Nafion membrane response slowly to
large changes in the purge flow RH, especially when the RH suddenly increased above
75% or fell below 25%. For all 19 flights carried out during ACE-Asia, the differences
between RH measured upstream and downstream of the CDMA were less than 5%,
indicating a small change in RH downstream of RH controller.

Figure 4.6 shows measured dry and ambient boundary layer aerosol size distribu-
tions during the flight on April 25, 2001. The size distributions measured during a
constant altitude leg at 320 m from UTC 3:17 to 4:00 are averaged over that period.
The ambient RH of this layer is 77% % 4%. Compared to the dry size distribution,
the ambient distribution is shifted significantly toward larger sizes, suggesting a sub-

‘stantial fraction of hygroscopic aerosols in the size range measured.
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Chapter 5

Clear-Column Radiative Closure During

- ACE-Asia: Comparison of
Multiwavelength Extinction Derived from
Particle Size and Composition with

Results from Sunphotometry

Reference: Wang J. et al., Clear-column radiative closure during ACE-Asia: compar-
ison of multiwavelength extinction derived from particle size and composition with

results from sunphotometry, J. Geophys. Res., In press.
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Abstract

From March to May 2001, aerosol size distributions and chemical compositions
were measured using differential mobility analyzers, an aerodynamic particle sizer,
Micro-Orifice Uniform Deposit Impactors, and denuder samplers on-board the Twin
Otter aircraft as part of the ACE-Asia campaign. Of the 19 research flights, measure-
ments on 4 flights that represented different aerosol characteristics are analyzed in
detail. Clear-column radiative closure is studied by comparing aerosol extinctions pre-
dicted using in situ aerosol size distribution and chemical composition measurements
to those derived from the 14-wavelength NASA Ames Airborne Tracking Sunphotome-
ter (AATS-14). In the boundary layer, pollution layers, and free troposphere with no
significant mineral dust present, aerosol extinction closure was achieved within the
estimated uncertainties over the full range of wavelengths of AATS-14. Aerosol extinc-
tions predicted based on measured size distributions also reproduce the wavelength
dependence derived from AATS-14 data. Considering all four flights, the best-fit lines
yield predicted/observed ratios in boundary and pollution layers of 0.96 and 1.03 at
A = 525 nm, and 0.94 and 1.04 at A = 1059 nm, respectively. In free troposphere
dust layers, aerosol extinctions predicted from the measured size distributions were
generally smaller than those derived from the AATS-14 data; the predicted/observed
ratios are 0.65 and 0.66 at 525 nm and 1059 nm, respectively. A detailed analysis
suggests that the discrepancy is likely a result of the lack of the knowledge of mineral
dust shape, as well as variations in aerosol extinction derived from AATS-14 data

when viewing through horizontally inhomogeneous layers.
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5.1 Introduction

Quantifying the effect of atmospheric aerosols on the climate system requires
knowledge of their physical, chemical, and optical properties, as well as of their tem-
poral and spatial variability. ACE-Asia was designed to study the aerosol in the
atmosphere of East Asia, one of the Earth’s most significant and complex anthro-
pogenic aerosol sources. With widespread fossil fuel and biomass burning, coupled
with large outbreaks of mineral dust, the atmospheric aerosol leaving the Asian conti-
nent is, arguably, the most complex on Earth. Through simultaneous measurement of
aerosol microphysical, chemical, and radiative properties from a variety of platforms,
the ACE-Asia campaign provided data to assess the climate impact of Asian aerosol.

A fundamental question that underlies prediction of aerosol climatic effects is how
accukratelly aerosol radiative properties can be predicted based on measured in situ mi-
crophysical and chemical properties. If it can be demonstrated that columnar aerosol
extinction and other radiative properties (e.g., absorption, angular distribution of
scattering) can be accurately predicted given the knowledge of atmospheric aerosol
size and composition, then models that predict these properties can be confidently
used to predict climatic effects of aerosols. This so-called radiative closure has been
attempted with varying degrees of success in several field campaigns using a variety
of overdetermined measurements and modelling techniques [14, 30, 29, 31, 55, 17].
ACE-Asia was planned to provide an unprecedented opportunity to perform aerosol
radiative closure studies from a number of platforms. This paper focuses on radia-
tive closure between the aerosol extinction calculated using in situ measurements of
aerosol size distributions and chemical compositions aboard the CIRPAS Twin Otter
aircraft and those derived from the 14-wavelength NASA Ames Airborne Tracking
Sunphotometer (AATS-14), which ﬁevs} on the same aircraft.
| ‘ACE-Asia was conducted in East Asia from late March to early May, 2001. Inten-

sive field measurements were conducted off the coast of east China, Korea, and Japan.
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A detailed description of the campaign is given by Huebert et al. (2002) (overview
paper, [33]) The CIRPAS Twin Otter flew 19 scientific missions out of Iwakuni Ma-
rine Corps Air Station, Japan. Four of those missions sampling different air masses
provided ideal conditions for detailed analysis of predicted and observed clear column

aerosol extinction, and we address these four cases in detail in the present paper.

5.2 Aerosol Size Distribution Measurements

The suite of instruments related to this study, which are deployed on the Twin
Otter, are listed in Table 5.1. Measurements and data reduction for each instrument
are described in detail in this section. Because it is essential to assess the uncertainty
associated with the eventual radiative closure, and because some of that uncertainty
results from uncertainties in the aerosol size and composition measurements, we de-
vote attention to a careful analysis of the measurements on which the radiative closure

is based.

5.2.1 Differential Mobility Analyzer (DMA)

Two differential mobility analyzer (DMA) systems, operated in parallel inside
the main Cabiﬁ of the Twin Otter, were deployed during ACE-Asia [78]. One of
the two systems measures the dry aerosol size distribution by passing the aerosol
flow through a Nafion dryer prior to the measurement. The other measures the
aerosol size distribﬁtion at ambient relative humidity (RH) by using an active RH
contrqller, which maintains the RH of the aerosol flow at ambient level by actively
adding or removing water vapor from the flow [78]. The size measurement sections
of the two systems downstream of the drier and active RH controller are identical.

The main components of the measuremént section are a cylindrical DMA (TSI Inc.,
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Table 5.1: Measurements made on board the Twin Otter that are related to this

study.

Property measured Size range  Instrument Time resolution

Aerosol microphysics

Aerosol size distribution 0.015-1 ym Differential mobility analyzer system 100 s
Acerosol size distribution 0.5-20 pm Aerodynamic particle sizer 20s
Aerosol hygroscopicity 0.040-0.6 pum  Tandem DMA system 20 min
Aerosol composition

Inorganic anions, elements < 3 pm MOUDI sampler 30min-1h
OC, EC < 2.3 pym Denuder sampler 30min-1h
Optical property

Aerosol optical depth 14-wavelength sunphotometer 45
Aerosol scattering coefficient TSI 3563 nephelometer 1ls

Meteorological measurement

Pressure, temperature, and RH Various 1s

model 3081) and a condensation particle counter (TSI Inc., model 3010), which has
a 50% counting efﬁciéncy at 10 nm. All the flows associated with the DMA are
monitored and maintained by feedback controllers to compensate for environmental
changes during airborne measurement. Using the scanning mobility technique, each
DMA system generates a size distribution from 15 nm to 1 ym diameter every 100
s. Both DMA systems were carefully calibrated prior to and during ACE-Asia, and
accurately recovered both the peak size and number concentration of monodisperse
calibration aerosols as small as 30 nm diameter. The aerosol sample flows for the
DMA systems were drawn from the Twin Otter community inlet, which was shared
by other instruments in the main cabin. For the particle size range measured by
the DMA systems (diameters smaller than 1 pm), the aerosol transmission efficiency
through the community inlet has been established to be 100%. Data from DMA
| systems Were analyzed using the data inversion procedure described by Collins et al.

(2002) [16].
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5.2.2 Aerodynamic Particle Sizer (APS)

An aerodynamic particle sizer (APS, TSI model 3320), which has a measurement
range of 0.5 ym to 20 pm in aerodynamic diameter, was mounted under the left
wing of the Twin Otter. The APS infers particle size by measuring the velocity of
particles inertially accelerated in an expanding air stream; large particles undergo
smaller acceleration and achieve lower velocity than small particles. Note that the
APS does not measure the traditional aerodynamic particle size, for reasons that are
explained below.

Independent of the sampling pressure, i.e., aircraft altitude, the velocity of ex-
panding air downstream of the APS nozzle reaches 150 m/s. The particle Reynolds
number inside the acceleration region is defined as

Rep, = pg_w_w, (5.1)

n

where p; is the density of air, D, = @ is the particle Voiume—equivalent diameter,
where V is the volume of the particle. Vg is the air speed in the instrument, V;, the
speed of the accelerated particle, and 7 the viscosity of air. For polystyrene latex
(PSL) particles with diameters of 1.0, 2.1, 5, and 15 ym, the corresponding values of
Re, in the acceleration region are 0.65, 4.8, 24, and 103, respectively [77]. Therefore,
the interaction of the particle and the surrounding air often lies well outside the
Stokes regime (Re, < 0.05). Under the ultra-Stokesian condition (Rep > 0.05), the
particle speed after acceleration is a function of particle aerodynamic size as well as
the density of the particle [4, 80] In an attempt to quantify the effect of particle
density on APS measurement, Wang and John (1987) [77] found that within the
resqution of the instrument, inside the detection volume, two particles with the same
velocity, i.e., the same APS response, have the same acceleration. This finding enables

accurate interpretation of APS measurements provided with calibration data. Cheng
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et al. (1990) [10] generalized the analysis to include particle shape and slip correction

factor. For two particles with the same APS response, the following relationship

holds:

[n(l-i—CLQReI;fQ ] _ [ (1+a1Regll) } (5.2)
pr2D3C(Dp2) 2 pp1D5:C(Dyi1) P ‘

where subscript 1 denotes the calibration particle (In the present case, spherical PSL
particles, density = 1.05 g/cm?®), and subscript 2 denotes the particle of interest. p,
is the particle density, C the slip correction factor, £ the dynamic shape factor, and
(1 + aRe®) the ultra-Stokesian correction factor. For a spherical calibration particle,
k=1,a=1/6,and b =2/3. The slip correction factor and the Reynolds number are
evaluated at the APS sensing volume, which has a lower pressure and temperature
than the ambient condition as a result of the expansion of the air stream. Given the
calibration particle diameter, d,1, and its density, pp1, the volume-equivalent diameter
of the measured particle, dya, can be derived using Eqn. (5.2) with knowledge of its
density, pp2, the dynamic shape factor, x, and the ultra~Stokesian correction (1 +
CL2RB?)22 . v
The density of the measured particle is calculated using the size-resolved parti-
cle chemical composition, together with its water content, which is calculated using
the gas-aerosol thermodynamic model, ISORROPIA [50]. The details of the density
calculation are described subsequently. In this study, particles are assumed to be
_spherical, a reasonable assumption for hygroscopic aerosols in the marine boundary
layer, where most often the aerosols are deliquesced as a result of high relative humid-
ity. For particles at low RH and nonhygroscopic particles, such as mineral dust, the
assumption of sphericitydoes not necessarily hold. Lack of knowledge of dust particle
shape as well as its dynamic shape factor k, and the ultra-Stokesian correction factor
(1 + ayRef?), is a source of uncertainty in APS measurements. Uncertainties in the
aerosol extinction calculation resulting from the assumption of spherical particles is

estimated by using data on nonspherical agglomerate particles measured by Cheng
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et al. (1993) [11].

The APS occasionally detects recirculating particles within the detection region,
leading to so-called artificial particles. The particles involved are generally small in
size but; due to recirculation, cross the detection laser beams multiple times with
a reduced speed. As a result, when this occurs, these small but slow particles are
misinterpreted as large particles. While on a number concentration basis, these ar-
tificial particles represent only a very small fraction of the total particles detected,
because these particles are interpreted as large (> 5 pum), this could introduce sig-
nificant errors into an aerosol extinction calculation. These artificial particles can
be removed by applying a matrix data mask to the correlated APS data, which is
a simultaneous measurement of the particle speed and scattering intensity as they
cross the laser beams. Based on the principle that large particles scatter more light
than small particles, a particle sized to be large (slow speed) but associated with
little light-scattering is identified as artificial and removed from the data. Figure 5.1
shows an example of the correlated data, which were taken during Research Flight
9 on April 14, 2001. The x-axis is the light scattering channel, which increases in
the direction of increasing intensity of light scattered by particle. The y-axis is the
time of flight channel, which increases with increasing particle time of flight between
the two detection laser beams, i.e., aerodynamic particle size. The data mask is rep-
resented by a straight line in the two-dimensional time of flight-scattering intensity
space. Particles appearing below the line are identified as artificial and removed. The
mask given by the dashed line (TSI carbon mask) is based on the calculation of light
scattered by black carbon particles; the solid line is a custom mask constructed based
on ACE-Asia data. Analysis of data using each of the two data masks is considered
in the case studies.

- APS measurements of liquid droplets are also susceptible to errors due to droplet
deformation, especially near the upper size limit of the APS. Griffiths et al. (1986) [26]
found for 15 pm droplets that the sizes measured by the APS are 7%-20% smaller
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- Figure 5.1: APS correlated data, taken during Research Flight 9 on April 14, 2001.
Two data masks used to remove artificial particles are indicated by the solid and
dashed lines. The x-axis is the light scattering channel, which increases with increas-
(ing intensity of light scattered by pérticles. The y-axis is the time of flight channel,
which increases with increasing particle time of flight between two detection laser

beams; and is an indication of particle size.
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Figure 5.2: Schematic diagram of the inlet system for airborne APS measurement.

than fhe true size depending on the liquid used to generate the droplet. Droplet
deformation is characterized by the Weber number, which is the ratio of aerodynamic
drag force to the surface tension of droplet. For water droplets, the Weber number
within the APS size range is less than half of the critical value, the point at which the
deformation bécomes éigniﬁcan‘c. In addition, for APS measurements during ACE-
Asia, large droplets, which are often dominated by NaCl (sea salt), have a smaller
Weber number than that of pure water droplets as a result of increased surface tension.
Thus, droplet deformation can be neglected as a source of error in ACE-Asia APS
data.

The commercial APS has been engineered for laboratory measurement. A special
inlet for airborne sampling was developed by MSP Corp. to minimize impaction
particle losses when transporting particles in a high speed air stream to the instrument
(Figure 5.2). The flow rate of the APS inlet system, 100 L/min, is equal to the product
of the average aircraft cruising speed, i.e., 50 m/s, and the cross-sectional area of the
inlet diffuser tip. The actual instantaneousv flow rate may be somewhat different
from the‘ average value, 100 L/min, and the resulting uncertainty in predicted aerosol

‘extinction is discussed subsequently. After entering the inlet diffuser, the flow slows

down significantly. The ID of the inlet diffuser tip is 0.66 cm and the ID at the
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end of the 7 degree diffuser is 2.54 cm. The flow then enters a virtual impactor,
where it is split in a 25/75 ratio. The flow division is achieved by a flow splitter with
two carefully sized orifices, the performance of which was confirmed experimentally
under typical flight conditions. A small fraction (5 L/min) of the major flow after
the division (75 L/min) is sampled by the APS, and the remainder of the flow (70
L/min) is removed from the system with the minor flow.

The total counting efficiency of the APS measurement, M, iS

T = NsTAPS; (5.3)

where 7 is the transmission efficiency of the airborne inlet system and napg is the
counting efficiency of the APS. 7 is determined using uranine-tagged oleic acid parti-
cles, which are generated by a TSI vibrating orifice aerosol generator. The efficiency
was calculated from the mass of aerosol collected on the 5 L/min APS tube with
respect to the total mass entering the sampling system at 100 L/min flow rate, mul-
tiplied by the flow split ratio (i.e., 20).

The counting efficiency of the APS is a product of aspiration (1,s,), transmission

(Thran), and detection (nge )efficiencies:

TIAPS = TaspTtranT]det (5 4)

The aspiration and transmission efficiencies characterize the super-isokinetic sam-

pling of the APS inner inlet and the particle deposition on the inner nozzle, respec-
tively. The detection efficiency is defined as the fraction of particles entering the
detection area that are counted.

While APS Counting efficiency APS has received a lot of attention, the only study
of the counting efficiency of the most recent model 3320, that deployed on the Twin
Otter, is apparently that of Armendariz and Leith (2002) [2]. The counting efficiency
from Armendariz and Leith (2002) [2] and that of an earlier model (3310) from Kin-
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ney and Pui (1995) [40] are shown in Figure 5.3. Due to the problem of artificial
particles appearing in the large size range, Armendariz and Leith (2002) [2] reported
the counting efficiency of particles only smaller than 5 pum. The data show that the
counting efficiency of the APS 3320 begins at 30% for 0.5 pm diameter particles,
increases to 100% for 0.9 pm particles, then drops to 60% for 5 um particles. The
non-unity counting efficiency around 0.5 pum is probably due to the low detection effi-
ciency, a result of low scattering light intensity of submicron particles. In this study,
APS measurements below 0.7 gm were not used, since the detection efficiency varies
for particles with different refractive indices.

Kinney and Pui (1995) [40] studied the product of the aspiration and transmis-
sion efficiencies (7asp7iran) Of the earlier 3310 model. Since the APS 3320 has a simi-
lar design of the inlet geometry and similar flow characteristics to those of the 3310
model, the detection efficiency of the APS 3320 within the overlap region of the
two measurements can be approximated by the ratio of reported efficiencies (Figure
5.3). Assuming the detection efficiency is constant for particles larger than 2 um,
the counting efficiency of the APS 3320 can be extrapolé,ted from Kinney and Pui’s
results to diameters exceeding 5 pm. The assumption of a constant detection effi-
ciency is supported by the detection efficiency derived in the overlap region, which
shows little variation. To account for the potential error in the extrapolation of the
APS counting efficiency, a +50% uncertainty is assumed for the APS concentration
over the extrapolation size range in the uncertainty analysis of the aerosol extinction

calculation.

5.2.3 Integration of Size Measurements

Adjusting the DMA and APS measurements to ambient size distributions, which
are needed for extinction calculations, requires knowledge of measurement conditions
‘inside each instrument as well as the response of aerosol size to the RH change. For

the DMA system with active RH control, the RH inside the instrument was generally
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maintained at the ambient level and little correction was needed. However, when the
aircraft .sampled air masses with rapid RH variation, the RH inside the instrument
lagged somewhat behind the ambient RH. The RH inside the DMA was continuously
monitored and recorded. Determining deviation of the APS measurement RH from
the ambient RH inside the APS is more complicated than for the DMAs since neither
RH nor temperature of the sample flow is directly measured. Assuming no heat
exchange between the aerosol flow and the conduit wall, the temperature of the air
stream increases about 1.2°C as the flow decelerates in the diffuser. The residence time
of the air flow before reaching the APS is about 0.4 s, which is sufficient for particles up
to 20 pym diameter to adjust to the decreased RH. Before reaching the sensing volume,
the RH of the aerosol flow once again changes as a result of acceleration through the
APS nozzle. However, the resulting lower temperature and higher RH will not further
change the particle size, since the time between acceleration and detection is about
1 ps. Since the water vapor concentration is conserved during transport of the air
stream to the APS, the RH of the APS measurement was calculated from the ambient
RH assuming a 1.2°C increase in temperature. The sensifivity of calculated aerosol

extinction to the amount of APS ram-heating is discussed later.

5.2.4 Aerosol Chemical Composition and Mixing State

Back-calculation of the ambient particle size distribution from each instrument’s data

requires knowledge of the size response to RH. Interpretation of APS data requires the
particle density, which, in turn, generally necessitates knowledge of aerosol chemical
composition and mixing state. The construction of aerosol chemical composition is
discussed in this seétion, and the two sections following focus on the calculation of the
aerosol size response to RH and aerosol density. On board the Twin Otter, a set of 8
Micfo—Oriﬁce Uniform Deposit Impactors (MOUDI) and three denuder samplers were
deployed to characterize aerosol chemical compositions. The sample flow rate of the

MOUDI is 100 L/fnin. Each MOUDI has 5 stages that collect particles within pre-
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determined aerodynamic diameter ranges. However, only one stage of each MOUDI
was used to collect particles (below 3 pym) during the ACE-Asia campaign. The 8
MOUDISs enable sampling of multiple representative air mass during each flight. The
MOUDI sample filters were extracted using deionized water (HPLC grade) through
mechanical shaking for 20 minutes. The filter extracts were then analyzed for the
metallic elements using an inductively coupled plasma — atomic emission spectrom-
eter (ICP-AES, model Jarrell Ash 955), and water-soluble anionic species using a
standard ion chromatography (IC) system (model DIONEX DX-500) [24].

A pair of low-flow denuder samplers were used to collect filter samples for analysis
of Organic Carbon (OC), and Elemental Carbon (EC) using a thermal-optical carbon
analyzer. A single high-volume particle trap impactor-denuder sampler was used to
collect samples for the determination of water-soluble organic carbon and individual
compounds comprising the OC. Calibration experiments determined the collection
efficiency of the denuder sampler is over 90% for particle with 2.3 um diameter or
smaller [45]. |

None of the above samplers produced size—dependent)information on chemical
composition; thus, the following assumptions are made in order to construct the size-
resolved chemical composition. Since the concentration of NHf was not determined,
the NHJ concentration is estimated using the molar ratio, NH} /(2503 + NO3).
Table 5.2 lists recent studies of aerosol chemical composition in East Asia. Ammonium
~ to sulfate plus nitrate molar ratios among the studies range from 0.59 to 0.89. A ratio
of 0.75 is assumed in this study. Based on previous observations that sulfate, nitrate,
OC, and EC are found primarily in small particles, and dust and sea salt are most
likely to reside in larger particles, the aerosol mass was divided into fine and coarse
modes. The size boundary between the two modes will be discussed below. The
fine mode consists of NH}, SOz, NO3 OC, and EC, and the coarse mode includes
sea salt and dust. When the mass size distributions of the fine and coarse modes

are log-normal distributions with the same geometric standard deviation, for aerosol
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Table 5.2: The concentration of NH7, SO3~, and NO3 during recent studies of aerosol

chemical composition in East Asia. Unit: ug/ m?

Reference NHf SOi~ NOj NHY /1\{[208153393{01\10?:) Location

He et al. (2001) [27] 428 1015 7.26 0.72 Beijing, China
Choi et al. (2001) [12] 45  7.28 8.04 0.89 Seoul, South Korea
Choi et al. (2001) [12] 5.51 12.79 13.14 0.64 Seoul, South Korea
Choi et al. (2001) [12] 3.87 11.16 8.16 0.59 Seoul, South Korea
Kim et al. (1998) [39] 2.81 8.4 0.89 0.82 Cheju, South Korea

with diameter D,, the mass ratio of the two modes could be written as

fcoarse(Dp) — ( Dp )a
fﬁne(DP) DPU
fcoa.rse(Dp) + fﬁne(Dp) = 17 (55)

where fooarse(Dp) and fhne(Dp) are the mass fractions of coarse mode and fine mode in
the total mass of aerosol with diameter D, respectively. « is a positive number that
ensures that the fine mode and coarse mode dominate the total mass at small and
vlarge particle sizes, respectively. It will be shown subsequently that the calculated
aerosol extinction is insensitive to the value of o, and a value of 3.3 is assumed in this
study. Dpo is the particle diameter at which the mass fractions of the fine mode and
the coarse mode are equal to each other, 50%, which is the “size boundary” between
the two modes. D, is selected such that when Eqn. (5.5) is combined with the in
situ aerosol size distributions, the calculated fine mode mass of aerosol matches the
MOUDI and denuder sampler measurements‘. The mass ratios among the chemical
species of the fine mode are assumed as constants, which are determined from MOUDI
- and-denuder sampler measurements. The assumption of constant mass ratio among

fine mode chemical species is supported by on-board Aerosol Mass Spectrometer size
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and chemica,lly resolved mass concentration measurements, which showed the mass
ratios between SO4/NH4/NO;3/Organics were approximately independent of size in
the submicron size range [3]. For the partition of sea salt and dust within the coarse
mode, the majority of the coarse mode is assumed to be sea salt in the boundary and
pollution layers, and dust in the free troposphere (with the exception of the April 23
case discussed later). These assumptions are necessary, since none of the samples is
size-resolved, and the filters do not include all the mass above 3 ym diameter. For
each flight, size-resolved chemical compositions were generated for each layer.

A Tandem DMA system was on-board the Twin Otter for measurement of aerosol
hygroscopic properties [18]. The system employs two high flow DMAs to maximize
the counting statistics. Hygroscopic properties of particle with diameters ranging
from 40 nm to 586 nm were measured. During most of the ACE-Asia flights, the
Tandem DMA data showed that aerosols of the same dry size grew to similar final
size, i.e., similar water uptake when exposed to high humidity, suggesting that the
particles were internally mixed. Based on these observations, the present analysis
assumes internally mixed aerosols. While the mixing staige of supermicron particles
is not available from hygroscopicity measurements, the assumption of an internally
‘mixed aerosol in this size range should not cause significant errors, since frequently
the supermicron aerosols were dominated by a single component, sea salt or mineral

dust.

5.2.5 Calculation of Aerosol Size Response to RH

Given aerosol chemiéal composition, the size response to varying RH was deter-
min.edv using the thermodynamic equilibrium model, ISORROPIA [50]. ISORROPIA
describes the sodium-ammonium-chloride-sulfate-nitrate-water aerosol system, and
predicts the equilibrium water content, as well as the concentration, of chemical

species in both aqueous and solid phases of aerosol at given RH and temperature.
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For RH between the crystallization and deliquescence points, particles can exist in
either the metastable state (deliquesced) or equilibrium state (crystallized). Usually,
the state of the aerosol can be determined by comparing the two size distributions
measured by the DMA systems. As described above, the RH within one DMA (termed
the “ambient” DMA) was maintained at ambient level by using an active RH con-
troller. However, the size distribution measured by the “ambient” DMA is not always
the true size distribution of the ambient particles. Since the RH of the aerosol flow
first decreases as the flow enters the inlet, the deliquesced aerosol may be crystallized
due to the initial RH decrease, and remain crystalized even after the RH later recov-
ers to the ambient level. Therefore, we can be confident that the ambient aerosol is
deliquesced only when the aerosol measured by the “ambient” DMA is deliquesced,
which is evidenced by a shift of the size distribution measured by the “ambient” DMA
towards larger sizes as compared to the dry distribution. When particles measured by
the “ambient” DMA are crystallized (identical size distributions from the two DMA
systems ), the true state of the ambient aerosol is less clear, especially when the
ambient RH is just above the crystallization point. In this case, it is assumed that
the aerosols within the boundary layer are deliquesced, and aerosols within elevated
pollution layers and in the free troposphere are crystallized. Uncertainties associated
with this assumption will be investigated subsequently. Organic carbon, elemental
carbon, and mineral dust are considered nonhygroscopic, and are only present in the
© solid phase of the aerosol. This assumption is more likely to hold for elemental carbon

and mineral dust, but not necessarily for many organic species likely to be present

[60].

5.2.6  Calculation of Particle Density

At given RH and temperature, the aerosol density is calculated using the concen-

trations of both aqueous and solid phases of aerosol, which are provided by ISOR-
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ROPIA. The density of the aqueous phase is calculated based on partial molar vol-

umes,

R S e

(5.6)

where p, is the density of the aqueous phase, py the density of pure water, ¢; the
molality of each solute, M; the molecular weight, V.’ the partial molar volume, and
'Voiz the excess molal volume. In our calculation, it is assumed that no volume change
associated with mixing of water and the solutes occurs, i.e., V¢ = 0. The error in
calculated density by assuming V¢ = 0 does not exceed 5% over the concentra-
tion range of NaCl droplets. This suggests that the assumption should not introduce
significant error in the analysis since the density calculation only affects the interpre-
tation of APS data. For the size range measured by the APS, the aqueous aerosol
phase, if any, is generally dominated by NaCl.

The solid phase is assumed potentially to consist of 11 components, 8 of which
are inorganic salts, and the other 3 are nonhygroscopic species: OC, EC, and mineral
dust. The density of the inorganic salts are available from CRC (1970) [20], and the
densities of OC, EC, and mineral dust ‘are assumed to be 1.2 [74], 2.0 [22], and 2.5
g/cm? [76], respectively. Once the densities of the aqueous phase and each component
within the solid phase are determined, the calculation of aerosol density can be carried
out.

Through the calculation described above, data from the DMA and APS were used
to determine the corresponding size distributions under ambient conditions. The
agreement between ambient distributions derived from DMA and APS measurements
usually fell within 20% in the size range within which the two instruments overlap.
Figure 5.4 shows an example of ambient size distributions derived from DMA and
APS measurements at 450 m during Research Flight 17 from UTC 1:38 to 2:09 on
April 27, 2001. For the size distribution in the overlap range of the DMA and APS,

a simple average of the DMA and APS distributions was used.
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Figure 5.4: Ambient size distributions derived from DMA and APS measurements in

~a layer at 450 ‘m altitude during Research Flight 17 on April 27, 2001 .
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5.2.7 Effective Particle Refractive Index

Given the chemical composition of an internally mixed particle, the optical proper-
ties are often calculated through the effective refractive index approach, assuming an
equivalent homogeneous sphere with an effective, or average, refractive index, which
is derived from the refractive index of each component within the aerosol. In our
analysis, the refractive index of the aerosol is averaged over the aqueous phase and
each component in the solid phase using the Bruggeman mixing rule [§],

m?2 — m?

f: foird ~ My _ (5.7)

= mi +2ml,
where ¢ indicate the aqueous phase or the different components of the solid phase
within the aerosol, f,; is the volume fraction, m; the refractive index of component i,
and my, is the average aerosol refractive index that is being sought . With the aqueous
phase composition gi'ven by ISORROPIA, the refractive index of the liquid phase
can be obtained through the partial molal refraction approach [49]. The refractive
indices of the 8 inorganic salts of the solid phase are taken from CRC (1970) [20],
‘and OC and EC are assumed to have refractive indices of 1.55 + 0i [44] and 1.99 +
0.66i [64], respectively. With no available data on the refractive index of East Asia
mineral dust, the refractive index of central Asia dust, 1.5 + 0.003¢ [67], was used.
The refractive index of each component is assumed constant within the AATS-14
wavelength range (363 nm-1558 nm). Both experimental [13] and modelling studies
[75] demonstrate that the Bruggeman mixing rule predicts aerosol extinction well for
composite particles. The aerosol extinction was also calculated using volume-averaged

refractive indices to estimate the uncertainties introduced by the average method.
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5.2.8 Optical Measurements and Calculation

The 14-wavelength NASA Ames Airborne Tracking Sunphotometer (AATS-14) was
deployed on the T'win Otter. The AATS-14 continuously measured the optical depth
of the column of air between the aircraft and the top of atmosphere. By subtracting
from this value the optical depth due to Rayleigh scattering of gas molecules and
absorption by Oz, NOg, H20O, and O3-O; (see Schmid et al., 2002, [62]), the aerosol
optical depth (AOD) throughout the column of air between the altitude of the aircraft
and the top of the atmosphere is calculated. The derivative of AOD with respect to

altitude gives the aerosol extinction o at different altitudes,

dr(z, )
dz ’

aezt(zy )\) = (58)

where 7(z,A) is the aerosol optical depth (AOD) at wavelength A, and z is the dis-
tancé between the instrument and top of atmosphere. Prior to differentiation, 7(z, \)
is smoothed (m a non-biased manner) to reduce effects of horizontal and tempo-
ral variations of AOD on the photometer-to-sun path at a given altitude (see, e.g.,
Schmid et al., 2000 [61]). Uncertainties in derived aerosol extinction introduced by
the smoothing procedure are estimated as 0.005 km™" [61].

To compare with extinction derived from the AATS-14 data, aerosol extinction is
calculated using ambient aerosol size distributions together with effective refractive
. indices based on aerosol chemical compositions. For each particle diameter, the ex-
tinction crosssection is calculated using Mie theory at the 13 wavelengths measured by
the sunphotometer (one of the 14 wavelengths was used for the measurement of water
vapor concentration). The aerosol extinction is an integration over the measured size

range,

. |
0exi(2X) = [ T DEQexs(Dy, A, m( Dy, RH, 2))n(Dy, 2)dlogDy,  (5.9)

Dp 4

where Dj, is the particle diameter over which the integral is performed. Dp; and Dy
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are the minimum and maximum diameters of measurement, respectively. Qe is the
extinction cross section based on Mie theory, m(D,, RH, z) the effective refractive
index of the particle, which is a function of the particle’s size, composition, and
(implicitly) ambient relative humidity. n(Dp,2) is the particle size distribution at

ambient conditions.

5.2.9 Uncertainty Analysis

The degree to which clear column radiative closure is achieved is judged by the
closeness with which measured and calculated extinctions agree. To understand dis-
crepancies between the calculated and measured o, the uncertainties associated
with the calculated aerosol extinction need to be addressed. The uncertainty sources,
which are grouped into 7 categories, are listed in Table 5.3, together with the un-
certainty levels assumed in the analysis. Many of the entries in Table 5.3 have been
discussed above. To examine the uncertainty associated with aerosol mixing state,
we carried out a complete calculation based on an externally mixed aerosol, in which
8 types of aerosol were assumed: (NH4)QSO4, NH4HSO,4, HySO4, NH4NO3, OC, EC,
sea, salt, and dust. For this externally mixed aerosol, the water content of hygroscopic
aerosol and its density were calculated using data of Tang and Munkelwitz (1994) [71],
Tang (1996) [70], and Tang et al. (1997) [72]. The aerosol extinction is the summa-
tion of the cohtribution from each type of aerosol. The organic molecular weight per
carbon weight, mqc/me, value of 2.1 + 0.2 was used in our study [74]. Tions/Mecarbon
is the mass ratio of fine mode ions (NHF, SO%~, and NO3) from the MOUDI sample
to total carbon from the denuder filter samples. The £30% uncertainty assumed
for this ratio accounts for the different cut sizes and uncertainties in the analysis of
the ;MOUDI and denuder filter samples. The results of the uncertainty analysis are

'présent’ed with each of the four cases studied.
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Table 5.3: Assumed levels of uncertainty associated with properties required for cal-

culation of aerosol extinction from aerosol size distribution and composition measure-

ments.

Uncertainty source Base value Uncertainty
Deliquescence and efflorescence
Deliquesced? N JA N/A
Mizing state
Mixing state Internal External
RH measurements and ram heating
Ambient RH N/A +1%
RH inside DMA N/A +£3%
APS ram heating 1.2°C 1°C,2°C
Accuracy of size and conec. measurement
DMA size N/A +5%
DMA concentration N/A +10%
APS size N/A _ +10%
APS concentration N/A +20% (< 5pm),+50% (> 5um)
APS data mask Custom TSI carbon
Chemical composition

' NHf/(2-S05~+NO3) 0.75 +0.25
Moc/Me 2.1 +0.2
Mions/ Mcarbon N/A +30%
Mdust /Meoarse N/A +0.2
Dy in Eqn. 5.5 N/A x1.5,/1.5
o in Eqn. 5.5 3.3 2.74.3
Particle density
Dust density 2.5 +30%
OC density 1.2 +20%
EC density 2.0 1.9,2.1
E_fl"éctive refractive index
Eff. refractive index Bruggeman Volume average
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5.3 Radiative Closure

During ACE-Asia, 19 Twin Otter research flights were conducted out of Iwakuni
Japan [33]. Among those 19 missions, four flights sampling different air masses pre-

sented conditions ideal for detailed analysis of clear-column radiative closure.

5.3.1 Research Flight 14, April 23, 2001

During Research Flight 14, the Twin Otter flew to 33°N and 134°E, southeast
of Shikoku Island; the flight track is shown in the top two panels of Figure 5.5.
Three layers were sampled in detail. Two layers were within the marine boundary
layer (MBL), and centered at 30 m and 600 m. The third layer was within the free
troposphere and centéred at an altitude of 1900 m.

The total particle number concentration showed little variation within each layer,
except for occasional spikes, which may represent small regions in which recent nu-
cleation events occurred. The total particle number concentrations were about 2200
and 500 cm~3 for the two MBL layers and the free troposphere layer, respectively.
As discussed above, the MOUDI and denuder sampler data were used to construct
the size-resolved chemical compositions of the layers, which are shown in Figure 5.5.
~ Unlike other flights, the MOUDI sample taken in the free troposphere contained little
Ca and Si, éuggesting no significant mineral dust present. All three layers contained
significant OC in the submicron size range, while only the layer at 600 m altitude
contained signiﬁcant EC.

The size distributions, together with the aerosol extinction distributions at 525 nm,
were averaged for each layer (Figure 5.5). The aerosol extinction distributions are

calculated at 525 nm since that wavelength is close to the peak solar irradiance wave-
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Figure 5.5: Size distributions, chemical compositions, and aerosol extinction com-
parison for Reéearch Flight 14 on April 23, 2001. The panels are flight track, total
particle number concentration, and flight altitude. Ambient size distributions, aerosol
extinction size distributions averaged over the indicated layers (BL=Boundary layer,

PL=Pollution layer; and FT=Free troposphere), size resolved chemical compositions.
| RH, temperature, and total number concentration profiles during the spiral. Compar-
ison lof observed and predicted vertical profiles of aerosol extinction at 525 and 1059
nm. The comparison of aerosol extinction is averaged over each layer as a function
of wavelength. Uncertainty limits of derived and observed aerosol extinction are blue

and red, respectively.



113

length and is one of those measured by AATS-14. All distributions shown correspond
to aerosol at ambient conditions. Within the boundary layer, size distributions at
both altitudes are bimodal, with the major mode occurring at 70-80 nm, and the
smaller mode at 20 nm, which may reflect result of recent nucleation events. The size
distribution in the free troposphere layer was monomodal, with peak concentration
at 140 nm. The aerosol extinction distributions indicate that submicron particles
dominated total aerosol extinctions of all three layers at 525 nm.

The bottom panels in Figure 5.5 compare calculated aerosol extinctions using size
distributions with those derived from the sunphotometer measurements, as well as
showing vertical profiles of temperature, RH, and total particle concentration during
the spiral. To facilitate comparison, the sunphotometer-derived aerosol extinction
has been averaged to correspond to the DMA measurement interval. Comparison of
vertical profiles of aerosol extinction at wavelengths 525 nm and 1059 nm are pre-
sented. As noted earlier, the uncertainty in aerosol extinction derived from AATS-14

1

measurement is 0.005 km™", which is introduced by the AOD smoothing procedure

[61]. The uncertainty, o, in the predicted aerosol extinction based on the aerosol size

c= \/ﬁ (5.10)

where o0; is the uncertainty in predicted aerosol extinction associated with each in-

distribution can be estimated by

dividual uncertainty (Table 5.3). Except for the point near 600 m altitude (near
the boundary of the free troposphere and marine boundary layer), the discrepancies
between the aerosol extinctions lie within the estimated uncertainties. The disagree-
ment near 600 m is likely a result of low Vertiéal resolution of the DMA measurement.
Aerosol extinctions are also averaged over the boundary layer and the free tropo-
sphere, and the results are presented in Figure 5.5 as a function of wavelength. In

both layers, the aerosol extinction calculated from the size distributions successfully
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Figure 5.6: Estimated uncertainties in the aerosol extinction calculation based on
measured size distribution and chemical composition for Research Flight 14 on April

23, 2001.

reproduces the wavelength dependence from the AATS-14.

Figure 5.6 shows the estimated uncertainties in the aerosol extinction calculation
associated with each uncertainty category at 525 nm and 1059 nm. At both wave-
lengths and in both layers, the estimated uncertainty associated with the accuracy of
aerosol size and concentration measurements dominates the overall uncertainty. Un-
certainties introduced by assumptions concerning aerosol chemical composition are
estimated to be generally within 10%. Estimated uncertainties for radiative closure

calculated at 1059 nm are significantly larger than those at 525 nm. This is due to
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Figure 5.7: Scattering coefficients measured by on-board TSI 3-color nephelometer
(model 3563) during Research Flight 14 on April 23, 2001. The wavelengths are 450

nm, 550 nm, and 700 nm.

the uncertainties associated with APS measurement of supermicron particles, which
contribute proportionately more to the total extinction at longer wavelength. The
uncertainty due to the aerosol state, deliquesced vs. crystallized, is negligible for this
profile, since in both layers the aerosol state can be accurately identified by com-
paring dry and “ambient” size distributions measured by the DMA system, that is,
deliquesced at boundary layer and crystallized in free troposphere. The uncertainty
arising from the method used to compute the particle refractive indices is negligible,
and this will hold also in the other three cases.

The derivation of aerosol extinction from AATS-14 data is based on the assump-
tion that the path between the sun and the sunphotometer passes througﬁ horizon-
tally homogeneous layers. The scattering coefficients measured by the on-board TSI
3-color nephelometer (model 3563) within each layer are used as an assessment of the
layer homogeneity. Figure 5.7 shows that the variation of scattering coefficients is

small within each layer, suggesting that the assumption of horizontally homogeneous
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layers is supported for this flight, at least for layers sampled by the Twin Otter’s
horizontal legs. (As noted by Russell et al.(1999) [59] and Schmid et al.(2000) [61],
horizontal and temporal variations of any attenuating layers above the aircraft can
affect sunphotometer-derived extinction, but that does not appear to have occurred

in this example.)

5.3.2 Research Flight 12, April 19, 2001

Unlike the flight on April 23, a pollution layer with high aerosol extinction was
observed between the boundary layer and free troposphere during Research Flight 12
along 133°E to 38°N on April 19, 2001 (Figure 5.8). The Twin Otter flew one-hour
legs at 30 m (boundary layer) and 2000 m (pollution layer). The chemical composi-
tion of the pollution layer shows an enhanced contribution from nitrate, 0OC, and EC
in the submicron size range, while the boundary layer is dominated by sulfate. The
size distributions are monomodal except in the pollution layer. The size distribution
of aerosol in the free tropospheric layer is similar to that of Research Flight 14, while
in the boundary layer, the peak concéntration size, 160 nm, is significantly larger

“than that of the previous case. Since neither MOUDI nor denuder filter samples were
taken for the free tropospheric leg, the chemical composition from the previous flight
on April 17 is used. Aerosol extinction during the spiral from UTC 2:37 to UTC
3:02 was calculated for the closure study. Agreement between observed and predicted
aerosol extinction is not quite as close as for Research Flight 14. In the boundary
layer, the aerosol eﬁtinction calculated from the measured size distribution is larger
than that derived .from'sunphotometer mea‘suremenﬁ at an altitude of 50 m, while
smaller than that derived from sunphotometer measurement at 550 m. The discrep-
ancies exceed the estimated uncertainties. While it is not possible to pinpoint the
‘exact reason, the discrepancies in the boundary layer could result from the differentia-

tion of AOD data, the vertical resolution of the DMA measurement, and horizontally
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Figure 5.8: Same format as Figure 5.5. Data and aerosol extinction comparison of

Research Flight 12 on April 19, 2001.
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Figure 5.9: Scattering coefficients measured by on-board TSI 3-color nephelometer
(model 3563) during Research Flight 12 on April 19, 2001. The wavelengths are 450

nm, 550 nm, and 700 nm.

inhomogeneous layers, as indicated by the variation in aerosol scattering coefficients
(Figure 5.9). The oscillations of AATS-14 derived extinctions with respect to the
predicted extinction is caused by spatial variability of the overlying AOD. Counting
statistics of the size distribution measurements could account for the somewhat differ-
ent extinction spectra in the free troposphere. To avoid oversmoothing of the AOD,
the aerosol extinction is occasionally allowed to become negative, as seen in Figure
5.8. The observed and predicted aerosol extinctions are averaged over each layer, and
in good agreement at 13 wavelengths measured by the AATS-14.

Figure 5.10 shows the estimated uncertainties in the aerosol extinction calculation.
Similar to Research Flight 14, the uncertainties associated with the accuraéies of size
and concentration measurements dominate the overall uncertainties in all calculations
except in the free troposphere, where uncertainties introduced by the particle density
become significant, especially at A = 1059 nm. This is mainly a result of uncertainty

in the mineral dust density, which is needed to interpret APS measurements for
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size distributions. Uncertainties due to the RH measurement and ram heating are
negligible in both the pollution layer and free troposphere, because the ambient RH in
each layer was very low, and the uncertainty in RH measurements does not encompass

a change in size and calculated aerosol extinction of the crystallized aerosols.

5.3.3 Research Flight 11, April 17, 2001

One focus of Research Flight 11 was to perform intercomparisons with R/V Ron
Brown and the SeaWiF'S satellite (Figure 5.11). The Twin Otter ferried to 33°N,
128°E, east of Cheju island. The Twin Otter performed one spiral at the time of the
SeaWilF'S overpass (UTC 5:52). A pollution layer was found between the boundary
layer and the free troposphere. A back-trajectory calculation indicated that the pol-
lution layer originated from mainland China. Unlike Research Flights 12 and 14, a
dust layér was found in the free troposphere exhibiting significant aerosol extinction.
MOUDI and denuder samples were taken at altitudes of 40, 1380, and 2810 m, and
the resulting data were used to construct aerosol chemical composition in the bound-
ary layer, pollution layer, and free troposphere. Total particle number cohcentrations
in these three layers were about 5000, 2000, and 500 cm™3, respectively. Aerosol
number-vs—sizé distributions in all layers were monomodal to within the resolution of
~ the linear y-axes shown in Figure 5.11. Compared to the boundary layer, the particle
sizes at which the peak aerosol concentration were observed in the pollution layer and
free troposphere were larger, suggesting more aged particles aloft. Aerosol extinction
shows an increased cbntribution from supermicron particles to the total extinction at
increasing altitude. In the pollution layer the extinction mode at diameter 2000 nm
‘results vrfr’om a surface area-vs-size mode not resolved in the dN/dlogD, plot.

Radiative closure is addressed for the aircraft spiral at the time of SeaWiFS over-
pass at UTC 5:52. As shown in Figure 5.11, the size distribution-derived aerosol

extinction is significantly smaller than that derived from the near-surface AATS-14
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Figure 5.11: Same format as Figure 5.5. Data and aerosol extinction comparison of

Research Flight 11 on April 17, 2001.
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Figure 5.12: Scattering coefficients measured by on-board TSI 3-color nephelometer
(model 3563) during Research Flight 11 on April 17, 2001. The wavelengths are 450

nm, 550 nm, and 700 nm.

AOD measurement. Scattering coefficients measured during the flight are shown in
Figure 5.12. Among all four cases that we consider here, the in-layer scattering co-
efficients displayed the most variability for this flight, especially within the pollution
layer. The aerosol extinction calculated from the on-board measured size distribu-
tion is also supported by aerosol extinction derived from lidar measurement on R/V
Ron Brown at the time of spiral (Figure 5.13), which shows a similar aerosol ex-
tinction and profile near the surface. Thus, the larger value of extinction obtained
from AATS-14 is probably the result of temporal-horizontal variations of AOD on
the photometer-to-sun path during the Twin Otter ascent from minimum altitude to
300 m.

For the pollution layer and free troposphere, the discrepancies between observed
and calculated aerosol extinctions lie within the calculated uncertainties except for
one point in the free troposphere (Figure 5.11). However, the aerosol extinctions

calculated from measured size distributions are systematically smaller than those
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Figure 5.14: Aerosol extinctions averaged over the dust layer of Research Flight 11 on
April 17, 2001. The calculation of aerosol extinction is based on a doublet agglomerate
particle shape. The dashed and solid lines are the estimated uncertainties in measured

and predicted extinctions, respectively.
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derived from AATS-14 measurements in the free troposphere. One possible cause is
the error iﬁ the extrapolation of APS counting efficiency, which could significantly
affect the aerosol extinction due to the large mineral dust particles.

That mineral dust particles are spherical is also physically unlikely. Without
knowledge of the shape, dynamic shape factor, and ultra-Stokesian correction factor
of the mineral dust, the aerosol extinction of nonspherical dust is estimated using
the data of doublet agglomerate particles from Cheng et al. (1993) [11]. For doublet
agglomerate particles consisting of two spheres, £ = 1.142, and the ultra-Stokesian
correction factor is 1 + 0.1998Reg‘6773. The aerosol extinction calculation of doublet
agglomerates is based on the finding of Mishchenko et al. (1997) [48] that the extinc-
tion’of large nonspherical particles can be accurately predicted by that of spherical
particles with the same surface-equivalent diameter. The calculated aerosol extinc-
tion is averaged over the mineral dust layer (Figure 5.14). By assuming a doublet
agglomerate shape, the aerosol extinction calculated from the size distribution data
is signiﬁcantly larger' than that assuming simply spherical particles. As a result, the
calculated aerosol extinction is closer to, although somewhat larger than, that de-
rived from the AATS-14. The increase is 49% at 525 nm and 60% at 1059 nm. The

‘significant increase in aerosol extinction is due to two factors. First, for the same
APS response, the volume-equivalent size derived by assuming a doublet agglomerate
shape is larger than that derived assuming a spherical shape; second, for the same
volume-equivalent size, nonspherical particles have a larger extinction cross-section
because of larger surface-equivalent diameters.

The uncertainties in derived aerosol extinction are depicted in Figure 5.15. The
uncertainties associated with the accuracy of the aerosol size and concentration mea-
surements dominate the overall uncertainty except in the mineral dust layer, where
the uncértainty from particle density, mainly the mineral dust, becomes comparable.
Noté that Figure 5.15 excludes the uncertainties in dust particle shape discussed in

" the above paragraph.
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Figure 5.16: Same format as Figure 5.5. Data and aerosol extinction comparison of

Research Flight 9 on April 14, 2001.
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5.3.4 Research Flight 9, April 14, 2001

The fourth of the cases studied focuses on the characterization of a mineral dust
layer in free troposphere. The mineral dust layer during Research Flight 9 on April
14 exhibited the largest aerosol extinction among all cases studied. The Twin Otter
flight track, to 32.5°N, 132.5°E, south of Shikoku Island, the sampling of different

“layers, and the spiral for the radiative closure study are shown in Figure 5.16. APS
data were not available during the sampling of the boundary layer and the beginning
of the spiral; therefore, the analysis focuses on the pollution layer and the mineral
dust layer in the free troposphere. Unlike previous cases, the total aerosol number
concentration exhibits large variations within each layer. This could be a result of
an ongoing mixing process of two different air masses, one of which is a polluted air
mass with high particle number concentration. The mixing procesé is also evidenced
by the RH profile during the spiral, which shows substantial vertical variation in the
pollution layer. Aerosol extinction distributions are similar to those of Research Flight
11, on April 17, with a bimodal distribution in the pollution layer and a significant
contribution of supermicron particles to the total aerosol extinction in the mineral
dust layer.

Aerosol extinction closure is achieved again in the pollution layer on this flight.
Similar to Research Flight 11 on April 17, aerosol extinctions calculated from the
measured size distributions are systematically smaller than those derived from sun-
photometer measurements. The discrepancy is probably a combined result of hori-
zontally inhomogeneous aerosol layers during the spiral, which is shown by the large
variation of scatteriﬁg coefficients during level flight in free troposphere (Figure 5.18),
and inaccurate interpretation of APS data. The aerosol extinction is also calculated
-assufning a doublet agglomerate shape as described in the previous case, and the cal-
culated aerosol extinction in the mineral dust layer is presented in Figure 5.17. The

data suggest that the discrepancy could potentially be explained by the shape of the
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dust particles. The uncertainties in derived aerosol extinction are similar to those of

Research Flight 11.-

5.3.5 Summary of Measured and Calculated Aerosol

Extinctions

Figure 5.19 shows measured and calculated aerosol extinctions over all four cases
studied. (One data point near the surface during Research Flight 11 is excluded,
where the aerosol extinction derived from AATS-14 measurement was probably cor-
rupted as a result of horizontally inhomogeneous layers during the spiral.) The results
show generally good agreement between aerosol extinction calculated from measured
aerosol size distribution and chemical composition and those derived from sunpho-
tometer measurements in boundary and pollution layers, where the slopes of the best
fit are 0.96 and 1.03 at 525 nm and 0.94 and 1.04 at 1059 nm. For layers in the
free troposphere, the slopes are 0.65 and 0.66 for 525 nm and 1059 nm, respectively.
Possible reasons for underestimation of aerosol extinction from the size distribution

data have been discussed above.

5.4 Summary

As part of the Aerosol Characterization Experiment-Asia from March to May
2001, aerosol size dié,tributions were measured using differential mobility analyzer
“and aerodynamic particlé sizer systems on-board the Twin Otter aircraft during 19
research flights. During the 19 missions, the atmosphere was often observed to be
vertically layered, and a pollution layer with high aerosol extinction was frequently
lo'cated‘ between the boundary layer and free troposphere. Clear-column aerosol ex-

tinctions predicted using in situ aerosol size distribution and chemical composition
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Figure 5.17: Aerosol extinctions averaged over the dust layer of Research Flight 9 on
April 14, 2001. The calculation of aerosol extinction is based on a doublet agglomerate
particle shape. The dashed and solid lines are the estimated uncertainties in measured

and predicted extinctions, respectively.
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Figure 5.18: Scattering coefficients measured by on-board TSI 3-color nephelometer
(model 3563) during Research Flight 9 on April 14, 2001. The wavelengths are 450

nm, 550 nm, and 700 nm.

measurements were compared to those derived from the 14-wavelength NASA Ames
Airborne Tracking Sunphotormeter (AATS-14). The uncertainties associated with pre-
dicted aerosol extinction are studied. In the boundary layer, pollution layers, and free
troposphere with no significant mineral dust present, extinction closure was achieved
within the estimated uncertainties over the full range of wavelengths of AATS-14. The
aerosol extinctions predicted based on measured size distributions also reproduce the
wavelength dependence derived from AATS-14 data. In free troposphere dust layers,
the aerosol extinctions predicted from the measured size distributions were generally
smaller than those derived from the AATS-14 data. The uncertainty analysis suggests
that the discrepancy is likely a result of the lack of the knowledge of mineral dust
shape, as well as variations in aerosol extinction derived from AATS-14 data when
viewing through horizontally inhomogeneous layers. For all four research flights stud-
ied, the uncertainty in predicted aerosol extinction associated with the aerosol size

and concentration measurement accuracy dominates the overall uncertainty except
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in the dust layer, where the uncertainty introduced by lack of knowledge of dust
density and shape becomes comparable. Considering all four cases, the best-fit lines
yield predicted /observed ratios in boundary and pollution layers of 0.96 and 1.03 at
A = 525 nm, and 0.94 and 1.04 at A = 1059 nm, respectively. For free tropospheric
layers, the ratio is 0.65 and 0.66 at 525 nm and 1059 nm, respectively, when dust par-
ticles are modelled as spheres. A nonspherical model of dust (doublet agglomerates)
can produce agreement between predicted and observed extinction, via the combined
effect of larger APS-derived particle size and larger extinction-to-volume ratios.
Continued development of aerosol instruments, especially those capable of accu-
rately characterizing the size and the shape of large particles, and size-resolved chem-
ical composition will improve the ability to perform radiative closure of atmospheric

aerosol.
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Chapter 6

Conclusion
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Predicting and mitigating the effect of aerosols require understanding of the spa-
tial and temporal distributions as well as the source and governing processes of atmo-
spheric aerosol. Due to the short lifetime of aerosol, its spatial and temporal distri-
butions are highly nonuniform and variable, which can only be characterized through
long-term and widespread measurements. In recent years, aircraft have increasingly
been used to study atmospheric aerosols. The benefit of such an approach is obvious:
spatially-resolved characterization of the aerosol over a large domain and the ability
to probe the 3-dimensional distribution and vertical profile of aerosol properties that
elude traditional ground and ship based measurements. However, aircraft-based mea-
surements have inherent limitations. In addition to the obvious constraints on weight,
space, and power, aircraft-based measurements must be more highly time-resolved
than ground or ship based measurements, since even a one-minute measurement will
represents an integration over several kilometers. Aircraft-based measurements also
suffer from biases that result from modifications occurring in the sampling system
that brings atmospheric aerosol to the instruments. While these bias are common to
sampling from other platforms, they are often times more extreme for aircraft-based
measurements.

The development of the fast response mixing condensation nucleus counter (MCNC)
significantly increases the speed of submicron aerosol size distribution measurements.
Differential mobility analyzers (DMA) coupled with developed MCNC can measure
submicron aerosol size distribution in as little as 2 s, which corresponds to a spatial
resolution of 100 m for aircraft-based measurements. To reduce the artifacts asso-
ciated with the difference between the ambient relative humidity (RH) and those
inside the instruments, the first airborne DMA system that measures aerosol size
‘distributions at ambient RH has been developed. The RH of the aerosol sample is
controlled through an active RH controller, which adds or removes water vapor from

the aerosol sample to compensate the RH change resulting from the ram heating and
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heat transfer between aerosol sample flow and the duct surrounding it. While these
developments have significantly improved the temporal and spatial resolution, and
the accuracy of the aircraft-based size distribution measurements, there still exists
potentials for improvement. One of them is the counting statistics of size distribu-
tion measurements. While the fast response MCNC enables measurements as fast as
2 s, the low atmospheric aerosol concentration ( e.g., unpolluted marine boundary
layer) often requires average of many fast measurements to achieve statistically sig-
nificant results. The approach to increase the measurement counting statistics can
be based on either improvement of the sample flow rates of both DMA and MCNC
or development of an aerosol charger with higher charging efficiencies.

Radiative closure analysis was performed using the data from ACE-Asia. In the
marine boundary layer, pollution layer, and free troposphere with no significant dust
present, closure was achieved, and the discrepancies between predicted and measured
aerosol extinction were largely within the estimated uncertainties. For the free tro-
posphere with signiﬁéant dust, the acrosol extinctions predicted from in situ size
distributions were smaller than those derived from simultaneous sunphotometer mea-
surements. Uncertainty analysis indicated the underestimation of aerosol extinction
in the dust layer was likely a result of the lack of the dust shape information and the
uncertainty in APS measurement of nonspherical dust size distributions. Future clo-
sure studies can be improved by the development of instruments capable of accurate
characterization of size, concentration, and shape of large particles. The development
~ of instrumentation for size-resolved chemical composition measurements will further
reduce the uncertainty in calculated aerosol extinctions. In addition to aerosol ex-
tinction, closure studies of other aerosol radiative properties, such as the radiative
forcing at top of the atmosphere, will be necessary to further assess the ability of

models to predict aerosol climate effects.
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