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FORWARD

"We don’t want to work on inlets; we just want an inlet that works"
James "Chuck" Wilson, 1991

According to Webster’s New Collegiate Dictionary, a workshop is defined as a brief intensive
educational program for a relatively small group of people in a given field that emphasizes
participation in problem-solving effort. The Airborne Aerosol Inlet Workshop was
envisioned as this type of forum. We feel that this workshop was successful in increasing the
awareness of the participants to the problems of sampling aerosols with aircraft-mounted
inlets. The unique aspect of this workshop was that it attracted experts from other technical
and scientific disciplines, but whose expertise could possibly be applied to the inlet problem.
These specialists provided invaluable insight into the difficulties of trying to use the sampling
techniques commonly used at present. At the same time, the interest of these experts was
piqued as they saw applications for their skills and experience in new areas about which they
had not previously been aware of the need.

In order for this workshop to be of benefit to the community, we felt that we should publish
the results as quickly as possible. The majority of those who made presentations at the
workshop have responded admirably by providing us with written copies of their
presentations. All of the presentations made important contributions to the subject of the
workshop, and we felt that it was important to publish them in their entirety. There are, no
doubt, numerous typographical errors that we have overlooked as well as a number of places
where the discussions at the end of presentations might seem to make little sense. In this
latter case, many times questions were asked while looking at a visual being displayed by the
presenter and is confusing in the context of a written report like this. We apologize for
these errors and decided not to indulge in too rigorous editing in order to expedite the
publishing of this technical note as soon as possible.

The long-term effects of this workshop are hard to gauge at this time. However, our hope
is that it will act as a document that will alert the scientific community to the possible
problems in interpreting data taken with airborne inlets and will inspire others to develop
new technologies that will minimize these problems.

Darrel Baumgardner

Barry Huebert
May 1991
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PART I--INTRODUCTION

Workshop Objectives

An international workshop on airborne aerosol inlet technology was convened in Boulder,
Colorado and met from February 27 to March 1, 1991. This meeting was organized for the
express purpose of discussing the current state of airborne measurements of aerosols and
to address two major questions.

®  Are the presently-used samplers adequate to provide airborne measurements
of aerosols with sufficient quality and accuracy to address scientific questions?

® If not, then what are the limitations of these samplers; how can they be
improved, and what steps should be taken to make these improvements?

The workshop organizers recognized that those who use inlets to make airborne
measurements are not necessarily those with sufficient expertise to answer these questions.
Hence, an attempt was made to identify a broad range of disciplines from which experts
could be invited to contribute to this workshop. The list of participants (Appendix B)
includes atmospheric chemists and physicists, aerosol physicists, and engineers,
aerodynamicists, modelers, and experimentalists.

Workshop and Report Structure

The workshop was structured into three distinct components (the agenda may be found in
Appendix A). The first two days were devoted to presentations followed by working group
sessions. The presentations of the first day dealt with observational data from aircraft that

helped define the advantages and disadvantages of current aerosol sampling systems. The
second day included presentations by those individuals doing theoretical, laboratory, and
wind tunnel studies of aerosol inlet systems. The workmg session at the end of each day
served to summarize the preceding presentations, to fill in missing pieces not previously
addressed, and to provide an additional forum for discussions left unfinished from earlier in
the day.

The final day began with an overall summary of the previous days, after which the
participants were divided into three groups: modelers, laboratory and wind tunnel
experimentalists, and airborne observationalists. The objective of these groups was first to
define how the expertise of their group could be applied to the inlet problem and then to
identify the ideal method to apply this expertise. The groups then reconvened to present
results and discuss them before assembling a final list of conclusions and recommendations.



The remainder of this report presents a perspective of the importance of the aerosol
measurement problem, followed by a summary of the working group sessions and the
conclusions and recommendations that resulted from these discussions. The extended
abstracts of the presentations made during the workshop may be found in Appendix C, with
the discussion that followed each presentation.



PART II--OVERVIEW AND CONTEXT OF PROBLEM

The Role of Aerosols in Atmospheric Processes

(This summary is taken from the keynote talk of Jeremy Hales of Battelle
Northwest. The complete text may be found in Appendix C.)

Atmospheric aerosols impact atmospheric process in a number of ways. For instance, they
are a prime factor in moderating the radiative energy balance of the atmosphere. Various
studies have documented decreasing visibility, especially in the northern hemisphere, due to
increased aerosol concentrations in the troposphere. Investigators of many nations are
making measurements of aerosols and radiative impacts both in situ and remotely in many
regions of the world. The general observation of increasing optical depth is consistent;
however, these measurements also indicate large spatial and temporal variations that depend
upon a multitude of factors and clearly indicate the need for more extensive measurements.

Aerosols are also intimately involved in cloud processes. The DMS hypothesis, whereby
clouds are nucleated in part by dimethyl sulfide oxidation products, is generally accepted as
a possible mechanism for modifying maritime clouds and significantly affecting the global
radiation balance. Aerosols are also a primary determinant of precipitation chemistry by
mediating wet conversion processes and altering cloud water pH. Aerosols strongly influence
wet and dry deposition rates of many species.

Aecrosols are often at the end of the reaction chain of photochemical and non-photochemical
conversions of gaseous precursors and act as important reservoirs for species such as nitric
acid. Studies in the past few years have shown the importance of aerosols as reaction sites
for heterogeneous chemistry. This has been dramatically illustrated in the case of polar
stratospheric clouds that are directly linked to the destruction of ozone in the polar regions
of the stratosphere.

Last, but certainly not least, the effects of aerosols on socicty are well recognized. At the
forefront are issues such as human health (respiratory impacts), climate and weather,

visibility, acid rain, nuclear fallout, equipment reliability, manufacturing processes, and the
formation of the polar ozone holes.

Difficulties in Characterizing Aerosols

(This summary is taken from the keynote talk of Jim Vincent of the University of
Minnesota. The complete text may be found in Appendix C.)

The impact of aerosols on global climate is a result of the multidimensional characteristics
of these aerosols. Aerosol particles range in size from less than 0.01 um to greater than
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10 pm, at concentrations from less than 1 cm™ to greater than 10° cm™. At the same time
these particles’ morphology can range from simple liquid spheres to highly complex
structures with rough surfaces or aggregate chains. The chemical composition can be any
combination of heterogeneously or homogeneously mixed species as well as mixed solid and
liquid phases (e.g., a solid nucleus covered with liquid layer).

The method of aerosol measurement is strongly dependent upon the characteristics one
wishes to study. Visibility depends on a particle’s optical properties, and accumulation-mode
aerosols (0.1 to 1.0 um) have the greatest impact on solar insolation. A complete
understanding of a particle’s optical properties requires accurate measurements of surface
area, shape and chemical composition. On the other hand, when studying cloud droplet
nucleation, particles in the size range 0.01 to 0.1 um have the greatest impact.
Measurements of the surface area and chemical composition of these particles are also
essential for understanding nucleation rates.

The multidimensionality of aerosols greatly complicates attempts to characterize them,
especially when measurements and collections are being made from airborne platforms. The
most accurate way of determining the chemical, optical, and structural properties of aerosols
is by impaction on filters and subsequent chemical and microscopic analysis. Removing the
aerosols from the airstream and depositing them on a filter when the aircraft is moving in
excess of 50 ms™! is a non-trivial task because of the loss of particles on inlet walls and
tubing and chemical changes due to dynamic heating. Attempts to optically measure size
distributions of aerosols are confounded by the sensitivity of these techniques to the aerosols’
optical properties, shape, and orientation (when non-spherical).

Although aerosols play an important role in atmospheric processes and global climate
change, we currently lack adequate measurement capabilities to address these critical
problems. We need to measure the spatial and temporal distribution of aerosols throughout
the world with extensive characterization of the aerosol properties. This workshop has
clarified our airborne aerosol measurement needs and limitations and has provided guidance
for future inlet development research.




PART III--WORKING SESSION SUMMARIES

The discussions of each of the five working groups are outlined in the sections that follow.
We have summarized the major points of these discussions in PART IV.

Working Group on Airborne Observations to Date

These talks and the subsequent discussion focussed on airborne experiments whose data can
be used to infer inlet passing efficiencies. Two types of experiments were discussed:
intercomparisons and the examination of deposits in inlets. Several investigators have
intercompared airborne aerosol filter measurements with other aircraft, surface collectors,
or optical particle counters, and have found "good agreement," although differences of
50 percent or more may not always be detectable in such experiments. When inlets were
washed out after flight to compute passing efficiencies, losses of 50 percent or more were
observed for the mass of supermicron particles, while submicron losses were 50 percent or
less (50 percent on NCAR’s Electra, but considerably less on their King Air).

Currently there is a dearth of data from inlets in flight which can be used to evaluate the
significance of the many potentially-important factors identified below. Although wind-
tunnel tests will be essential for isolating individual factors at minimum cost, some flight
conditions cannot be adequately simulated in a wind tunnel, so both approaches must be
used in concert. Airborne tests will also be needed to validate models which are formulated
from wind-tunnel tests. This model validation will depend heavily on measurements of the
particle deposition patterns within inlets after exposure in flight.

Undersampling of Coarse-Mode Particles

Although we have known for years that coarse-mode particles are undersampled, we have
not had a clear idea of the flow regimes responsible for these losses. What is the best way
to sample supermicron aerosols? What is the maximum cut size that can be obtained for
each inlet? The role of large aerosols as CCN and as initiators of drizzle makes it important
that we find ways to characterize them from aircraft. We are limited in sampling large
aerosols by our lack of understanding of the physics underlying transport in inlets at small
scales and high airspeeds. In view of the low number-concentration of these big particles,
it may well be that grossly subisokinetic inlets will prove useful, to preconcentrate large
particles by virtual impaction. It is clear that no single inlet is likely to work well for every
size-range, so designing special inlets for big particle sampling may be necessary.



Questions About Accumulation-Mode Inlet Losses

Different groups have very different opinions concerning the potential for inlet losses of
accumulation-mode particles, because the existing observational base is inadequate to
provide a definitive answer. Consistent losses of (submicron) non-sea salt sulfate (NSS)
aerosol noted in the PASIN program on an Electra were absent or equivocal in lower-
airspeed measurements on a King Air during PAIR. Intercomparisons between platforms
by several groups have not shown clear evidence of significant submicron aerosol losses.
These aircraft/balloon/tower/surface/aircraft intercomparisons provide valuable information,
but intercomparisons alone are not necessarily a sufficient means of inlet validation. The
diversity of opinions on submicron losses makes further investigations essential.

Evaporative Losses

It is inevitable that bringing air into an inlet system will cause dynamic heating, potentially
modifying the size of an aerosol population. On commonly used research aircraft, this
dynamic heating ranges from 5 to 20°C, which is enough to cause dramatic changes in
volatile aerosols. OPC (Optical Particle Counter) investigators probably need to routinely
dry their aerosol completely before analysis, since it may be impossible to determine the
extent of hydration on their inevitably-warmed (and thus partially-dried) samples. This
warming may also cause the evaporation of ammonium nitrate aerosol, methanesulfonic acid,
dissolved volatile inorganic acids such as HCl and HNO,, and volatile organics, thereby
confounding attempts to study the phase-distributions of these species. We need advances
in OPC technology, so that small aerosols can be measured in undisturbed flow (in the same
manner that supermicron particles are measured by an FSSP, for instance).

It is clear that understanding the thermodynamics of each inlet system will be an essential
part of characterizing its value for various uses. The interpretation of OPC intercomparisons
with other systems, in particular, will require good information on the thermodynamics of
their flows. Wherever possible, thermodynamic measurements should be made inside inlets.

External Flow and the Location of Inlets on Airframes

Flow modelling indicates that some locations may be more or less desirable for mounting
inlets. Although shadowed and enhanced zones have been predicted for droplet-size
particles (tens of microns in diameter), airframe flow patterns also have important
implications for sampling much smaller particles. Inlet performance is probably quite
sensitive to the angle between streamlines and the inlet axis (isoaxiality), so inlet design and
mounting must account for precise flow angles. This external (to the inlet) flow can be
dominated by obstructions, upwash, and meter-scale vortices behind the wing/fuselage
junction. Several lines of evidence suggest that inlet performance may be highly sensitive
to location and orientation on the airframe.



Of equal concern is the potential that the instantaneous flow angles may change dramatically
on a very short time scale, so that aligning inlets with the mean flow may still be inadequate
to attain isoaxial sampling. The effects of vibration, aircraft motions and attitude changes,
and atmospheric turbulence should be studied carefully, since they have a similar potential
to distort streamlines and induce flow problems inside inlets. On smaller scales, particle
trajectories could be changed at the entrance of the inlet as they respond to eddies caused
by turbulence and aircraft motions, leading to impaction on inlet edges. Measurements of
the instantaneous flow angle on a suitably rapid time scale are essential for addressing these
questions.

Flow Inside Diffusers

Most airborne aerosol measuring systems require that airspeeds be slowed from that of the
free stream (45 to 200 m/s relative to the aircraft) to that which the sampler can
accommodate (at most a few m/s). The most common method of doing this has been the
use of diffuser cones, which slow the air by increasing its cross-sectional area as it moves
downstream. Other possibilities which warrant further study include subisokinetic sampling
with cylindrical tubes, the use of sampling systems which can operate at higher speeds (such
as some electrostatic collectors), and the use of slower platforms (such as airships). The
latter may provide a unique way to intercompare aerosol concentration measurements at
altitude.

It is now becoming clear that the large area-ratios we have commonly used in diffusers to
slow air down have probably produced highly turbulent, separated flow inside the diffusers.
(Exit cross-sectional area divided by the entrance area has often been near 100). Diffuser
theory must be studied intensely under the conditions of airborne aerosol sampling, and a
data base concerning flow inside these ubiquitous devices must be generated as soon as
possible to test diffuser flow models. Of particular interest are measurements of turbulence
and its distribution throughout these cones.

Although the technique is still being developed, laser doppler velocimetry (LDV) may prove
useful for observing the trajectories of particles near inlets. LDV measurements of particle
tracks in diffusers would be of immense value, in both wind tunnels and airborne systems.
LDV studies could also help to evaluate the importance of secondary aspiration and bounce
from diffuser tips, mechanisms which are probably significant in some flow regimes and some
samplers.

Most of the aerodynamic studies on flow inside diffusers have been done on aircraft-engine
sized intakes, which are tens to hundreds of cm in diameter. It is quite likely that scale
effects may limit our ability to use this data base on the several-mm diffuser openings
commonly used for aerosol inlets. For example, a 3 mm-thick shock-induced turbulent layer
would have little influence on an engine intake, but would throw the entire flow of a 5 mm
opening into shock. Shock waves have been shown to deposit even very small particles onto



nearby surfaces. The difficulty of scaling aerodynamic models down by orders of magnitude
makes experimental validation of inlet designs and flow models extremely important.

Shrouded Probes and Double-Diffusers

Two variations on the simple diffuser deserve further attention. One is the use of a shroud
around the diffuser tip. Shrouds have the potential to align streamlines along the diffuser
axis before air enters the diffuser, thereby reducing the impact of instantaneous
misalignment on aspiration efficiency. Some shrouds are also designed to serve as a
preliminary diffuser, slowing the airspeed slightly and reducing the area ratio required in the
second diffuser. These "double diffuser" configurations effectively exclude the disturbed
high-speed boundary layer from the first diffuser by only drawing air from its (hopefully
laminar) centerline into the second diffuser.

These double diffuser systems offer tremendous promise, since they should reduce boundary-
layer and edge effects by increasing the size of openings while also reducing the area ratio
(and thus the potential for flow separation) in each diffuser. Their behavior must be
carefully modelled and characterized in wind-tunnels, though, since it will be size-dependent
to some degree. For the largest particles, for instance, a double-diffuser will essentially act
as a virtual impactor, enriching the giant aerosols in the slowed airstream that ultimately
enters the detector. While OPC’s may have adequate data to perform a size-dependent
correction on their data for a nonunity inlet efficiency, with filter systems it will be important
to design for unit efficiency over the entire particle range of interest.

Electrical Effects

It is possible that electrostatic effects are responsible for some inlet losses. Very large and
nonuniform electrical fields (tens of kV/m) are sometimes measured on aircraft, and it is
possible that they could interact with charged aerosols. David Pui showed experimental
evidence that charging can affect inlet aspiration efficiencies. Efficiencies decrease because
charged particles are attracted to the walls of the inlet. It would be useful, therefore to
measure charge and electric fields on aerosols, inlets, and aircraft surfaces whenever possible
on future flight programs, to see whether any of these factors correlate with losses.

Working Group To Identify Inlet Design Issues

This set of talks and the subsequent working group discussions focused on the application
of principles from both aerodynamics and classical aerosol physics to the question of aircraft
aerosol sampling errors. This was in contrast to the first day’s reports, which came largely
from the perspectives of atmospheric chemists who already do airborne aerosol sampling.
It is now clear that the body of (low-airspeed) literature on which we have relied to design
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airborne inlets may not adequately describe important characteristics of air-flow and particle
trajectories at flight speeds.

Virtually all of the workshop participants gained a much broader perspective on airborne
sampling as a result of this cross-discipline exchange. The aerosol physicists learned, for
instance, about the flow separation and shock that are likely to occur with sharp-edged inlets
operating at speeds an order of magnitude higher than those described in the aerosol
sampling literature. Aerodynamicists were sensitized to the particle bounce and inertial
problems which blunt or curved edges can create for aerosol sampling. We all gained a
greater appreciation for the folly of any one discipline trying to address this question alone.
It is clear that a heavily interdisciplinary approach will be needed to understand and improve
on the problems of airborne aerosol sampling.

Expansion Ratios and Separated Flow

It is likely that airflow in most existing inlets separates from the walls, generating turbulence
and depositing some sizes of particles inside the inlet. Even inlets with aerodynamically
curved leading edges probably cause flow separation, if their expansion ratios are greater
than about 5. (Many existing diffusers have expansion ratios of tens to hundreds, since they
have to slow air from, say, 100 m/s to 1 m/s.) Greater expansion ratios imply longer diffusers,
which gives boundary layer turbulence more time to develop. Expansion angles smaller than
7 deg might reduce the tendency for separation, but at the expense of longer inlets, and
therefore more surface area, on which to lose particles.

Double or triple diffuser systems may offer the solution to this dilemma for some particle
sizes, since undisturbed air from the axis of a small expansion-ratio diffuser could then be
expanded in another small ratio diffuser. The disturbed boundary-layer flow from the high-
airspeed first diffuser would simply be discarded, so that only the (approximately) laminar
core-flow would enter the second diffuser. This scheme relies on the assumption that at the
end of the first diffuser the particle concentrations represent those of the free stream. Since
the streamlines must diverge even in the first diffuser, this assumption will fail for larger
particles, and it will be essential to characterize the size-response of the system. OPC’s may
be able to correct for this size bias during data processing, but filter samplers will have to
be designed with great care to ensure unbiased sampling over their size ranges of interest.

Inlet Shape

Sharp edges make inlets much more prone to flow separation due to the slight misalignment
errors which result from aircraft motions and atmospheric turbulence. These sharp tips may
also make inlets more prone to corona discharge and electrostatic effects on inlet efficiency.
At airspeeds below 10 m/s, small isoaxiality errors on thin-walled inlets generate modest

sampling errors with a roughly cosine functionality. At aircraft speeds, however,



misalignment creates flow separation and intense turbulence inside inlets. Since neither
atmospheric turbulence nor off-axis aircraft motions can be eliminated, it is clear that we
must design our inlets to reduce their sensitivity to nonaxial external flow.

Rounded inlets, such as those NACA (National Advisory Council on Aeronautics) designs
which are used on all aircraft leading edges and engine intakes, are much more forgiving of
off-axis flow. It is clear that some rounding will be needed to reduce the tendency for flow
separation in aerosol inlets. Even these tips could still cause problems, however, because
high Mach numbers are generated very near curved surfaces at the entrance. This is likely
to generate shock waves in many systems, thereby inducing turbulence downstream. While
this shock is generally not a problem in engine air intakes because it is confined to a small
fraction of the opening, it might fill a large fraction of a 5 mm aerosol inlet opening.

Present-day inlets are not necessarily the optimum design for airborne measurements. Data
were presented to show that flow separation is a strong function of the expansion ratio of
diffuser type inlets. Many of the inlets presently in use have large expansion ratios which
probably means that the flow may be continuously or intermittently separated at some point
in the inlet. The number and angle of bends in an inlet also affect the amount of material
impacted on the walls at various particle sizes and flow rates. The effect of bends has been
modeled extensively in past studies of groundbased inlets. Some of these low airspeed
results might be scalable to airborne conditions, but this must be verified.

Flow Rate Through the Inlet

Most scientific applications require inlets that sample aerosols isokinetically. To do
otherwise biases the measurement through enhancement of particular sizes of aerosols,
depending upon whether the flow is sub- or super-isokinetic. Some discussions during the
workshop suggested that such enhancements are not always detrimental. They could even
be beneficial in those applications where subisokinetic sampling might effectively
preconcentrate large particles, thereby improving the S/N for OPC’s, for instance. Modeling
studies should be designed to investigate a variety of flow conditions, in order to apply this
technique quantitatively. It is likely that the degree of isokineticity also influences the
tendency toward flow separation downstream in a diffuser.

State Parameters
Relative humidity was shown to be a major determinant for sizing errors in optical counters

that duct air into their sample volumes. In addition, humidity can affect the charge on
particles, their tendency to bounce or adhere on inlet surfaces, and possible runback on the
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surface of the sampler. This latter effect might be important if deliquesced aerosol are
entrained by the vortices at the edges of the inlet and then pulled into the inlet by a reverse-
flow.

Temperature and pressure are fundamental parameters that help determine the
characteristics of the flow around both aircraft and inlet. In airborne operations the value
of these parameters can vary widely depending upon the scientific application. The
temperature may range from 30°C in marine boundary layer flights to -80°C in the middle
stratosphere where the NASA ER-2 conducts polar ozone research. The ambient pressure
may range from 1000 mb near sea level to 50 mb in the middie stratosphere.

Although no single inlet would need to operate over this entire range of conditions, the
following conditions represent the extremes encountered by one group or another:

Airspeed 40 -200 m/s
Pressure 1000 - 40 mb
Temperature -80 - +30°C
Relative humidity 0 - 100 percent
Inlet Flowrate 1 - 10,000 /min
Attitude + 10 deg pitch
+ 5 deg yaw
+ 5 deg roll

Particle Bounce

A major cause of decreased aspiration efficiency is the loss of particles on the inlet walls
through gravitational sedimentation, diffusional migration, and turbulent deposition. The
first effect is probably insignificant at the flowrates normally encountered in airborne
applications, but the latter two effects could be important. Particles that strike the walls of
the inlet may or may not adhere depending upon the composition of the particle,
composition and roughness of the wall, the presence or absence of a liquid layer on either
the wall or the particle, the velocity and angle with which the particle strikes the wall, the
charges on the particle and the wall, and the temperature difference between the particle
and the wall. It is essential that models be designed to account for these factors.

The Need for Experimental Validation of Models

It is likely that we will encounter some significant scaling problems as we try to design small
inlets using macroscale aerodynamic rules of thumb. Experimental confirmation of flow
regimes is therefore critical for confirming the results of design and modelling studies. The
working group concluded that in no case has the internal flow of a currently-used inlet been
adequately modelled or measured under airborne conditions.
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They also concluded that there is insufficient experimental data to validate present inlet
models. The significant problems of this airspeed and flow regime are simply so different
from any in the existing literature that model verification will have to await more
experimental work. Information on the flows and pressures at various locations within an
inlet would be particularly informative for understanding the flow regime. For particle
deposition, however, data on the shape of aerosol deposits (by section) at various Reynolds
numbers and turbulence is needed. Both Willeke and Huebert have found material
deposited near the tip of a tube, for instance, but their data is inadequate to evaluate models
at aircraft speeds.

Several different types of inlets were discussed, from simple diffusers to shrouded inlets to
double diffusers. In each case there is inadequate data available to assess their
performance. This type of evaluation is essential, though, since in each case the tendency
toward size sorting must be well characterized.

Based on the wide range of conditions, instruments, size-ranges of interest, and scientific
objectives, it is clear that no single inlet could ever satisfy all needs for airborne aerosol
sampling. It will be important for each investigator to define his or her own needs and
devise an inlet system to suit them. We will then need to be very cautious about using a
successful design on a different aircraft or for different types of particles.

Working Group on Inlet Modeling Needs and Directions

The information presented and discussed during the previous two days of the workshop
identified the critical issues to be addressed if we are to improve our ability to characterize
atmospheric aerosol. Understanding the sampling characteristics of airborne aerosol inlets
requires a multidisciplinary approach that combines modeling, laboratory, wind tunnel and
airborne studies. The modeling sub-group of working session III focused on how inlet
modeling studies fit into this framework.

There are two major reasons for studying aerosol inlets: to understand the performance of
presently used samplers and to design new inlets with improved performance. The first
objective is important because of the vast amount of airborne data that have been taken
over the years. From these data have come a significant fraction of our present knowledge
of atmospheric aerosols. It is likely that even more information will be gleaned from these
data once the limitations of the samplers are better known. A coordinated modeling effort
will play a major role in achieving both of these objectives.

Functions of Aerosol Inlet Models

Theoretical evaluations and model simulations of the air flow and particle trajectories
around and through aerosol samplers serve three important functions. First, the physical
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processes that govern the sampling behavior of inlets must be identified. This must be an
iterative process between theoretical evaluations and experimental validations. Most of the
workshop participants felt that the physics of the problem had yet to be completely defined.
The factors controlling inlet efficiency (e.g. anisoaxiality, anisokineticity, etc.) can be
evaluated in model sensitivity tests.

The second important function of models is to help experimentalists design quantitative tests
once the important parameters of the problem are identified. As an example, simulations
could show locations in an inlet where flow separation is expected, or points of maximum
particle deposition. Appropriate sensors could then be fabricated and located in these areas
to compare measurements with the models.

Finally, once models have been tuned by comparison with experiments, they can be used to
design new samplers that minimize the limitations of existing inlets.

Components of the Modeling Problem
The modeling group identified three components of the inlet problem:

° Understanding and predicting the flow around the airborne platform on which
the inlets are mounted.

° Characterizing the flow and particle trajectories at the entrance to the
sampler.

. Characterizing the flow, particle trajectories, and size and mass distributions
inside the sampler.

An ideal model would account for all the possible factors that could affect aspiration
efficiencies. These include inlet shape, flow rate, state parameters (temperature and
pressure), relative humidity, air motion (average speed and direction as well as turbulence),
particle bounce, and electrical effects. The simulation of all these would be a formidable,
though not impossible task. A major difficulty in modeling such a multi-dimensioned
problem is not just how to handle the fundamental equations, but rather what values to use
for quantities such as particle charge and surface effects. The modelers will have to rely on
the experimentalists to provide more information on the physical parameters that constrain
the problem.

A Modeling Exercise .

The group adopted an idea for a model intercomparison, based on the modeling exercise
of Kuehn er al. (1991). In that case, the geometry of a cleanroom, obstructions within the
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room, and particle generation points were carefully defined. Then several modeling groups
were challenged to simulate flow velocities and particle concentrations throughout the
cleanroom. Six groups of modelers responded: the results were very informative, due to
both their similarities and their differences.

This workshop group recommended a similar approach to the airborne inlet problem. This
could attract modelers not presently active in the field of airborne aerosol measurements,
who might have valuable expertise for deriving solutions. The exercise would also highlight
the pro and cons of models currently used for addressing acrodynamic problems of this type.

The modeling sub-group recommends that a well-defined airborne inlet problem be
presented to the modeling community: predict the behavior of particles and airflow at
locations several inlet diameters in front of a sampler, directly at its entrance, and at several
points within the sampler. The number of variables that constrain the problem would be
reduced to those considered fundamental. The problem would be posed to a number of
different modeling communities because each of the three components of the problem
requires a different computational approach. There would be three problems to be solved:

° With respect to flow around the aircraft, the modelers would be given a
geometrically simple shape and asked to predict the flow angle and velocity
at several locations about the body and to predict the concentrations of two
different particle sizes at those locations. These predictions would be made
for two altitudes, two airspeeds, and two angles of the aircraft with respect to
the mean flow.

° The next exercise would be to predict the velocity and particle field at the
entrance to an inlet given the same conditions as in the previous case in
addition to specifying a flowrate into the sampler. The inlet geometry would
be one of the geometrically simpler samplers presently in use.

° Those modeling the interior of the inlet would be asked to predict the velocity
vector and particle concentrations one and ten entrance diameters away from
the entrance, and also at the bend and sampling plane of the inlet system (i.e.
where filters or OPC'’s are located). The same conditions as the previous case
would apply.

This exercise should be appealing to modelers who are interested in comparing their
methods with those of other groups. The benefit to those searching for solutions to the inlet
problem is threefold: researchers from outside the relatively narrow field of airborne aerosol
science would be encouraged to contribute their expertise; evaluation of model results would
allow analysis of the strengths, weaknesses, and applicability of such models; and finally,
good agreement would open the way for more sophisticated applications under more realistic
conditions. It is essential that the resulting models be used both to analyze the strengths and
weaknesses of present samplers and to design and develop new samplers.

14



Evaluation of Previous Models and Scaling

A final recommendation is that the results of previous inlet model simulations be evaluated
for their applicability to airborne samplers. It is not obvious that studies which were done
for conditions substantially different from those encountered on aircraft (at lower airspeeds
or for much larger openings) can be scaled to the conditions which airborne aerosol inlets
encounter. These scaling issues need to be given serious attention, so that airborne aerosol
inlet designers will know what parts of the existing inlet literature are applicable to flight
conditions.

Working Group on Objectives for Aircraft Experiments

There are two broad classes of questions which should be addressed by aircraft
measurements of inlet efficiencies. First, is there a problem? 1t is still not clear to what
extent sampling problems affect accumulation-mode aerosols, for instance, and whether the
problems noted on some platforms in certain locations are also concerns for other aircraft
and in different regions. Although losses of super-micron aerosols have been acknowledged
for years, what are the practical cutoffs in this size-range? Clearly many more field
measurements are needed to define the extent of the problem.

If problems are identified, what is causing them? Although modeling and wind-tunnel
experiments will be able to test particular loss mechanisms, they cannot replicate aircraft
motions, atmospheric turbulence, and those other parameters which are unique to working
on aircraft. It will be necessary to use flight tests to determine the importance of these
factors.

Intercomparisons

Several methodologies were suggested for aircraft inlet studies. Intercomparisons can be
useful for identifying the extent of the problem. Simultaneous measurements with the same
technique on aircraft and either ships, ground stations, towers, or other aircraft in relatively
well-mixed regimes may identify significant differences (or a lack thereof) due to inlets. This
approach has the advantage that it can be carried out during other experiments, using
existing samplers. Many of our impressions about the utility of existing inlets were derived
from such intercomparisons. Of course, since (potentially small) differences between large
numbers are the basis of this method, duplicate samplers on each platform will be important
for characterizing the actual field precision of each technique and for evaluating the
significance of observed differences.

Intercomparisons between different techniques on the same platform may also be valuable.

Comparing dry-mass estimates from optical particle counters (OPC’s) with those of filter
systems or cascade impactors is a case in point. Another is comparisons between aspirated
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OPC’s (such as the ASASP) with external ones (FSSP) that do not depend on inlets. The
potential exists to characterize the size-dependence of inlet characteristics, so that OPC data
can be corrected for losses or enhancements in each size-range. Thermally-conditioned OPC
data might then be used to derive corrected estimates of sulfate and ammonium
concentrations for comparison with filter values. Comparisons of this type also need to be
done in the lab, so that the precision of an inlet-free comparison of the methods can be
established and used as a standard for significance of observed airborne differences.

Paired, carefully-intercalibrated OPC’s could also be used to rapidly evaluate the impact of
changes in airspeed, attack angle, flow-rates, and other variables in flight. One would serve
as a reference (to note changes in the ambient particle population), while the other would
sample from various points behind the inlets being tested. This technique has the advantage
of deriving size-dependent information on losses or enhancements in the space of just a few
minutes for each test. Thus, many more experiments could be done per flight hour than are
possible with integrated sampling.

Intercomparing measurements of gas-phase Rn-222 and radon daughters (which distribute
themselves according to the surface area of existing aerosol and are thus mostly on small
particles) is another approach that offers promise. If the precision of the measurements can
be shown to be adequate, this method would be particularly sensitive to accumulation-mode
particle losses, which are less easily studied by bulk chemical (mass or volume) analysis. Of
course, this method relies on an assumption of secular equilibrium among radon and its
daughters, which would have to be tested in an artifact-free manner to increase confidence
in the results.

It is of particular importance that intercomparison experiments benefit from the expertise
of aerodynamicists and particle physicists to include new inlet designs alongside those which
are already in use. This will not only move us forward by trying out new ideas, but it will
also permit us to evaluate the large body of data which we have already collected and
published using earlier inlet systems. Both of these are seen as important objectives, since
we need to understand past programs and to design better ones for future experiments.

Direct Examination of Deposits in Intakes

In addition to intercomparisons, it is particularly important that we develop and employ
methods for examining aerosol deposits in inlets. The advantage of this approach is that it
relies on absolute measurements rather than differences, so it has the potential to observe
small percentage losses. This approach can also identify the specific sites of deposits, and
will thus be particularly useful in defining the mechanisms and causes of inlet artifacts. The
disadvantage of this approach is that it is often expensive and time-consuming, so that it may
fit in less readily with some existing measurement programs.
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Extraction of soluble material from inlets has already been demonstrated, and might be
added with a minimum of redesign to many field programs. It may be possible to position
electron-microscope grids at various locations within an inlet to microscopically examine the
number and morphology of deposited particles. Formvar and other surface coatings should
be investigated as methods for marking the sites of aerosol impact. Examining deposits
lends itself particularly well to the validation of models and to process-studies, and in some
forms it may also be useful in generalized sampling programs. In geophysical studies, the
fact that one inlet can be used for only one sample per flight (when deposits are to be
analyzed), can sometimes be a significant drawback. Development of new methods for
examining deposits should be strongly encouraged.

Whenever possible, numerous techniques should be used simultaneously, both to make the
most economical use of flight hours and to provide the best context for interpreting results.
Identifying the variables responsible for inlet losses will require many types of information.
The analysis-of-deposits and intercomparison approaches can provide support for one
another when used in concert. Side-by-side filters, OPC’s, and cascade impactors, with a
variety of inlet configurations, thermodynamic, and flow sensors, offer the best potential for
clarifying loss mechanisms.

Flight Measurements for Model Validation

It is also important to consult with modelers and aerodynamicists to identify that information
which will be of greatest value to their model evaluations. Incorporating pressure
transducers or hot-wire anemometers at critical points in functioning inlets may permit useful
analyses of the flow regimes responsible for aerosol deposition.

Individual and Collaborative Approaches

Our attack on these questions will necessarily include both individual experiments and some
larger, collaborative ones. Many investigators already have plans for flight programs in
which they will be studying atmospheric aerosols. With our increasing sensitivity to the
potential for inlet artifacts, we can (and many will) add inlet tests to the geophysical
objectives of our research. The immediacy of these flight programs allows us to make
progress right away, without the long delays that naturally accompany proposing a new
program dedicated solely to studying inlet science. This approach also encourages - and
benefits from - the ingenuity of individual groups working on the diverse platforms with
which they are most familiar.

Some large collaborative experiments will also be needed. An interdisciplinary approach is

clearly necessary to resolve these inlet questions, and that implies the cooperation of groups
in several institutions. Designing an ideal inlet for a particular application will require fluid
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mechanical design work, wind-tunnel testing by aerosol physicists, and flight testing by the
chemical users of the system. These larger efforts will take longer to implement, but will
benefit from a broader viewpoint than may be possible in many of our individual programs.

One collaborative effort might be directed at characterizing the NCAR Electra. One reason
is that this is the platform on which Huebert et al. (1990) noted losses that apparently
included accumulation-mode particles. The Electra is to be used for studying aerosols in
several major atmospheric chemistry experiments over the next few years. Another reason
is that NASA and NOAA also have Electras or P-3’s, so that results would be immediately
applicable to other heavily-used research aircraft. The large payload and size of the Electra
would enable numerous inlet experiments to be conducted simultaneously, while its range
would allow access to most of the important tropospheric regions of interest. As the need
for such an experiment becomes clearer, a working group should be established to define
it and to prepare proposals for those agencies with an interest in atmospheric aerosols.

The Need for More Rapid Communication Among Investigators

We recognized a need for more rapid methods of communication for the results of
individual experiments. Since it often takes a year or several to get data cleaned up and
published, the aerosol measurement community does not become aware of experimental
results until long after they could be used. Some mechanism, whether a newsletter, more
frequent workshops, or an Omnet bulletin board, is needed to permit a more rapid
dissemination of early conclusions to the rest of the airborne measurement community.

Working Group on Future Laboratory and Wind Tunnel Studies

This group discussed how the sampling characteristics of inlets could be evaluated in wind
tunnels, how applicable the results from wind tunnel tests are to airborne conditions, and
what facilities are available to perform such tests. There are a number of advantages in
using wind tunnels to simulate flight conditions when evaluating instruments. The most
obvious advantage is that a large number of tests may be conducted under a wide range of
conditions in a relatively short period of time. Many hours of flight time, at a substantially
higher cost per hour, would be required to accomplish the same objectives, often with less
control over the experimental conditions in flight.

Visualizing Flow Fields

The flow around inlets should be studied in wind tunnels that attain aircraft velocities.
Sophisticated measurement techniques are available for determining the structure of the flow
around the inlet and for visualizing the trajectories of particles into and around the inlet tip.
The structure of the flow inside the inlet is more difficult to measure, though. If an inlet
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were fabricated with a transparent material, then flow visualization could also be used to
define the internal flow structure. Miniature hot wire anemometers can be used to measure
internal velocity profiles, but they probably cannot determine the angle of flow. Phased
doppler velocimeters can remotely determine the velocity structure of the air directly at the
inlet entrance. It was also suggested that water tunnels might be used to study diffuser flow
if appropriate scaling were done to account for the different properties of water and air.

One problem with testing inlets stems from the difficulty of generating a well-characterized
aerosol (in both shape and concentration) and of insuring that the particles are distributed
uniformly and homogeneously throughout the air of interest. However, once reliable aerosol
distributions are generated in the lab, particle losses (or enhancements) that result from
particle bounce, deposition, or anisokinetic flow can be evaluated in a controlled
environment. Sensitive flow visualization techniques can even record the trajectories of
particles as they impact the inlet walls and either bounce away or adhere.

Transferability of Wind Tunnel Results

The primary concern when analyzing the results from wind tunnel studies is whether such
results are transferable to the airborne environment. Two steps must be taken to provide
a convincing argument for the applicability of wind tunnel evaluations. First of all, the most
critical operating conditions (e.g. air speed, attack angle, temperature, pressure, humidity,
and turbulence) expected in flight must also be producible and measurable in the wind
tunnel. Second, the inlet under evaluation must be instrumented with sensors that measure
critical internal flow and thermodynamic parameters under both wind tunnel and flight
conditions. If the measurements made with the internal sensors are in agreement over the
range of interesting wind tunnel and flight configurations, this will demonstrate the utility of
wind tunnel measurements for simulating inlet behavior in flight.

Access to High-speed Wind Tunnels

There are many wind tunnels in operation internationally. These facilities are normally in
great demand and their availability for aerosol inlet studies is uncertain. The capabilities of
these tunnels vary widely, so the usefulness of each facility for aerosol inlet work will need
to be established. Some of the better wind tunnels (which can duplicate aircraft speeds and
environmental conditions at altitude) are owned and operated by government agencies
whose regulations can be a major stumbling block for outside users. In general, these
government facilities can only be used if someone in that facility has an interest in
collaborating. University facilities can often be used at lower cost (or free, if a scientist
within the university is involved in a collaborative effort), but they are generally far less
capable of simulating airborne sampling conditions.

19



Summary and Conclusions

Wind tunnels must be an integral part of our multidisciplinary efforts to evaluate old inlets
and develop new technologies. Present-day wind tunnel instrumentation is capable of
measuring velocity profiles and particle trajectories to answer questions about the effects of
anisokinetic flow, inlet shape, thermophoresis, particle and inlet charge, and relative
humidity. A concerted effort should be made to identify facilities that are suitable for
addressing the inlet performance questions raised in this workshop.

A parallel evaluation must be made to determine the most critical performance parameters
that could be monitored (and with what transducers) in the wind tunnel and in flight. The
recommendation of this group is that equal priority should be given to testing new designs
and the inlets presently in use. ’
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PART IV--CONCLUSIONS AND RECOMMENDATIONS

Summary of Working Group Findings

Our understanding of aerosol inlet science is changing rapidly. Although we have known for
years that coarse-mode particles are undersampled, we have not had a clear idea of the flow
regimes responsible for these losses. Recent evidence suggesting that some accumulation-
mode particles may also be deposited in inlets has forced a reexamination of the
conventional wisdom concerning inlet passing efficiencies. It is now clear that the body of
(low-airspeed) literature on which we have relied to design airborne inlets may not
adequately describe important characteristics of air-flow and particle trajectories at flight
speeds.

Currently there is a dearth of data from inlets in flight which can be used to evaluate the
significance of the many potentially-important factors identified below. Although wind-
tunnel tests will be essential for isolating individual factors at minimum cost, some flight
conditions cannot be adequately simulated in a wind tunnel, so both approaches must be
used in concert. Airborne tests will also be needed to validate models which are formulated
from wind-tunnel tests. This model validation will depend heavily on measurements of the
particle deposition patterns within inlets after exposure in flight.

CONCLUSIONS: Our Present Understanding

L Although we have known for years that coarse-mode particles are undersampled, we
do not have a clear idea of the flow regimes responsible for these losses.

o Recent evidence suggesting that some accumulation-mode particles may also be
deposited in inlets has forced a reexamination of the conventional wisdom concerning
inlet passing efficiencies.

® Different groups have very different opinions concerning the potential for inlet losses
of accumulation-mode particles, because the existing observational base is inadequate
to provide a definitive answer.

° Bringing air into an airborne inlet system inevitably causes dynamic heating,
potentially modifying the size of aerosol populations.

o Inlet performance may be highly sensitive to both location and orientation on the
airframe. ’
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Instantaneous flow angles may change dramatically on very short time scales, so that
aligning inlets with the mean flow may still be inadequate to attain isoaxial sampling.
Since neither atmospheric turbulence nor off-axis aircraft motions can be eliminated,
inlets should be designed to reduce their sensitivity to nonaxial external flow.

Many of the inlets presently in use have large expansion ratios which probably means
that the flow is continuously or intermittently separated (and thus highly turbulent)
at some points in the inlet.

Shrouds have the potential to align streamlines along the diffuser axis before air
enters a diffuser, thereby reducing the impact of instantaneous misalignment on
aspiration efficiency.

Double diffuser systems offer tremendous promise: they should reduce boundary-
layer and edge effects while also reducing the area ratio in each diffuser, but their
size-dependent efficiencies must be carefully modelled and characterized in wind-
tunnels.

Subisokinetic sampling could be beneficial for some situations: it might effectively
preconcentrate large particles, thereby improving the S/N for OPC’s, for instance.

Very large and nonuniform electrical fields are sometimes measured on aircraft, and
it is possible that they could interact with charged aerosols.

It is likely that airflow in most existing inlets separates from the walls, generating
turbulence and depositing some sizes of particles inside the inlet.

Particles that strike the walls of an inlet may or may not adhere, depending upon the
composition of the particle, composition and roughness of the wall, the presence or
absence of a liquid layer on either the wall or the particle, the velocity and angle with
which the particle strikes the wall, charges on the particle and the wall, and the
temperature difference between the particle and the wall.

In no case has the internal flow of a currently-used airborne inlet been adequately
modelled or measured under airborne conditions.

At present, there is insufficient airborne experimental data to validate any existing
inlet models.

Based on the wide range of conditions, instruments, size-ranges of interest, and

scientific objectives, no single inlet could ever satisfy all needs for airborne aerosol
sampling.
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The potential exists to characterize the size-dependence of inlet characteristics, so
that OPC data can be corrected for losses or enhancements in each size-range.

The primary concern when analyzing the results from wind tunnel studies is whether
such results are transferable to the airborne environment, since it may be impossible
to replicate the effects of aircraft motions and turbulence.

RECOMMENDATIONS: Approaches for Resolving Aerosol Inlet Questions

Since understanding the sampling characteristics of airborne aerosol inlets requires
modeling, laboratory, wind tunnel, and airborne studies, interdisciplinary cooperation
will be essential for progress on inlet problems.

Wherever possible, thermodynamic measurements should be made inside inlets to
provide input for diffuser-flow models.

The difficulty of scaling aerodynamic models down by orders of magnitude (from
engine intakes to millimeter sizes) makes experimental validation of aerosol inlet
designs and flow models extremely important.

Experimental validation of inlet flow models is also essential because an inlets’
inevitable tendency to sort aerosols by size must be well characterized.

From a modeling standpoint, the inlet problem should be treated as three
components: understanding the flow around the airborne platform; characterizing the
flow and particle trajectories at the entrance to the inlet; and characterizing the flow,
particle trajectories, and size and mass distributions inside the inlet.

Modelers need experimentalists to provide them with extensive information on the
physical parameters that constrain the problem.

A well-defined airborne inlet problem should be posed to the modeling community
to stimulate interest and to evaluate the capabilities of existing models: predict the
behavior of particles and airflow at locations several inlet diameters in front of a
sampler, directly at its entrance, and at several points within the sampler.

Scaling issues need to be given serious attention, so that airborne aerosol inlet
designers will know what parts of the existing inlet literature are applicable to flight

conditions.

Many more airborne field measurements are needed to define the extent of
accumulation-mode aerosol losses.
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Since modeling and wind-tunnel experiments cannot replicate aircraft motions,
atmospheric turbulence, and those other parameters which are unique to working on
aircraft, their results must be compared to flight tests.

Intercomparisons between aerosol samplers can be useful for identifying the extent
of the inlet losses, if they are accompanied by careful tests of the precision of each
system being compared.

It is particularly important to develop and employ methods for examining aerosol
deposits in inlets, since this approach has the potential to observe small percentage
losses and to identify the specific sites of deposits for model validation.

Whenever possible, several techniques for testing inlet performance in flight should
be used simultaneously, both to make the most economical use of flight hours and
to provide the best context for interpreting results.

Incorporating pressure transducers or hot-wire anemometers at critical points (as
defined by modelers) in functioning inlets may permit identification of the flow
regimes responsible for aerosol deposition.

Since many investigators already have plans for flight programs in which they will be
studying atmospheric aerosols, inlet tests should be incorporated into these
experiments relatively quickly and inexpensively.

Some large collaborative interdisciplinary experiments are needed: one might be an
effort directed at characterizing the NCAR Electra. (Accumulation-mode losses have
been observed on this platform and it is similar to other heavily used sampling
platforms).

Some mechanism, whether a newsletter, more frequent workshops, or an Omnet
bulletin board, is needed to permit a more rapid dissemination of early conclusions
to the rest of the airborne measurement community. A common archive for results
would be valuable.

Wherever possible, wind tunnels should be used to test inlets. A large number of
tests may be conducted under a wide range of conditions in a relatively short period
of time, at less cost than doing the same number of tests on an aircraft.

In wind tunnels, laser doppler velocimetry and sophisticated visualization techniques
should be used to determine the structure of the flow around inlets and the
trajectories of particles into and around inlet tips.

A concerted effort should be made to identify high-speed wind tunnels that are
suitable (and accessible) for addressing airborne aerosol inlet performance questions.
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. A parallel evaluation must be made to determine the most critical performance
parameters that could be monitored (and with what transducers) inside a diffuser in
a wind tunnel and in flight, to establish the comparability of the two environments.

In spite of the potential for inlet artifacts, we feel it is important to continue to conduct
airborne aerosol research, with an increased emphasis in each program on inlet
characterization. We encourage proposers, reviewers, and program managers to include
appropriate tests of inlet efficiency in all experiments for which their geophysical studies
require a high degree of sampling efficiency. The alternative of stopping airborne aerosol
research until "ideal" inlets are defined would eliminate nearly all of the opportunities for
making improvements in these inlets. It is clear, however, that our proposals will now be
expected to address the impact of inlet uncertainties on the conclusions which we can draw
from our airborne geophysical studies.

25
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Table 2: Societal Importance of Atmospheric Aerosols

Human Health

Climate and Weather Effects

Visibility

Chemical Deposition and Ecological Response
Atmospheric Chemistry and Pollution

Nuclear Fallout

Equipment and Process Reliability

Economics

The measurement of aerosols, and the interpretation of their scientific and societal aspects,
is difficult for a number of reasons. First--and in contrast to the counterpart situation
involving specific trace gases--the characterization of aerosols in multidimensional, in the
sense that aerosol properties are distributed over a number of variables. Most aerosols are
composed of particles whose sizes vary over extended ranges in complex fashions; just as
importantly, however, aerosol particles often are composed of internal mixtures of a host of
chemical species, whose concentrations also are distributed. Moreover, one often is
encountered by a variety of (often complex) particle morphologies, which also may be
distributed in some fashion. This compound and distributed character of aerosols is a
scientific encumbrance simply from a data-presentation standpoint. More importantly,
however, the comprehensive measurement of aerosol features often implies a huge burden
on the individuals and systems charged with the task. We have attempted to represent these
features visually in Figure 1, which presents a distribution of particle size and composition
for a hypothetical aerosol. Since representation of more than two chemical species is
difficult on a perspective plot, we have indicated the dimensions corresponding to additional
species by the multiple arrows on the primary composition axis.

[Figure 1]--Hypothetical Multidimensional Distribution of
Aerosol Particle Size and Composition.
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Appendix C--Extended Abstracts

Why Atmospheric Aerosols are Important
and
Why it’s Important to Measure Them Well

By

Jeremy M. Hales

Jeremy M. Hales is currently Manager at the Atmospheric Sciences Department
at Battelle Northwest in Richland, Washington. He is a chemical engineer,
receiving his BS and MS from the University of Washington and his PhD from
the University of Michigan. Currently, Dr. Hales’ primary interests are centered
on the measurement and modeling of pollutant removal processes.

The objectives of this overview are to summarize the scientific and societal significance of
atmospheric aerosols, to demonstrate the importance of characterizing them accurately, and
to indicate some of the difficulties in providing valid measurements of this type. As with
practically everything else, aerosol measurements are, typically, much more difficult to
perform onboard aircraft than on the ground, and so the group of people assembled at this
workshop face an amplified challenge of an already difficult problem.

The attendees of this workshop are generally experts in the aerosol field, so we won’t dwell
at length on their scientific and societal importances here. We shall, rather, simply
summarize several of aerosols’ more prominent features in Tables 1 and 2 below. As can
be noted from these tables, aerosols have a direct bearing on a wide spectrum of scientific
and societal issues, ranging from human health impacts, to climate modification, to
economics. Upon observing these lists, one reaches the inescapable conclusion that,
individually and collectively, aerosols are significant determinants of our daily lives, and that
their scientific understanding is correspondingly important.

Table 1: Scientific Importance of Atmospheric Aerosols

Human Response

Ecological Response

Radiant Transport (Solar Attenuation, Visibility Reduction,...)
Cloud Nucleation

Cloud and Precipitation Chemistry

Wet-Deposition Delivery

Dry-Deposition Delivery

Atmospheric Chemistry Processes

Resuspension
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A second complicating issue involves aerosol particles’ generally dynamic character and their
propensity to metamorphose during the sampling process. Aerosols are well known for their
activity as condensation sites for ambient gases (especially water vapor). Moreover, particles
such as ammonium nitrate have been demonstrated to volatilize to form gaseous constituents
as dictated by thermodynamic driving forces. In addition, aerosol particles’ propensity to
agglomerate and fragment, especially during the sampling process, can be problematic.

Finally, aerosols display a number of physical properties (gravitational, inertial, electrical,
and phoretic effects) which often bias and otherwise confound their sampling. Moreover,
these physical properties are typically strongly size-dependent, often varying primarily as
functions of particle number, surface area, mass, or optical characteristics. Because of this,
it is easy to inadvertently ignore important features of aerosol size distributions as a result
of biased sampling, or simply the manner in which the size distribution is represented.
Figure 2 presents size-distribution spectra of the same aerosol in terms of number, area, and
volume weighting as an illustration of this final point.

In the final analysis, it may be concluded that the issues being addressed by this workshop
are important ones, which present some uncommonly difficult challenges for the atmospheric
sciences. This workshop is a timely one, with the potential of significantly benefiting
atmospheric research throughout the coming decade.
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[Figure 2]--Representations of particle-Size Distribution for a
Hypothetical Three-Mode Aerosol, in Terms of Number, Area,
and Volume Characteristics.
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DISCUSSION:

Clarke:

Hales:

Georgi:

Hales:

Radke:

Hales:

Regarding your plot of scavenging efficiency vs o, and mean diameter that you
show for various spreads of distribution, have you compared that to any
measurement program to see if the modeling results are in any way
consistent?

Yes, if you look at historical measurements of precipitation scavenging of
aerosol particles, basically what they do is release a tracer of some type of
aerosol particle that is size distributed, put a bunch of buckets under it, collect
the stuff that comes down in rain, and measure it chemically. Typically the
size distribution of that aerosol spectrum has not been well characterized
because it’s tough to release things and measure them.

Secondly they only report averages, and if you look at the values of those
types of experiments for doing anything practical, it’s almost nil. Because you
simply cannot go back and say, ok, what’s the efficiency of precipitation
scavenging on another distribution of particles that is different from the one
you did use.

According to the time resolution of the measurements, it would be much
different if you were studying nucleation, if you were studying accumulation
range, or if you were studying sedimentation. Which time resolution is
required?

It depends how fast things are changing in time in your aerosol spectrum.
That is really difficult because of the diversity of things. One thing I can
comment on is that the world has been waiting for a real-time sulfate analyzer
for a long time. Such an analyzer would be a real boom. There are a few
real-time sulfate aerosol analyzers around, and the best one is at Brookhaven
and Peter Daum could probably tell you more about it. They get alright
results, but it is not perfect and very hard to use.

The arctic haze folks here were very interested to see a hot spot in the
modeling results for Northern Greenland. Is this an artifact or are you really
predicting that?

We are getting a fair amount of stuff going up there. The Europeans are
contributing a fair amount as well. I think it may be a bit of an artifact of the
wind fields supplied by the perpetual January CCM0. On the other hand,
there is also a lot of map distortion. The longitude lines are spread too much.
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Aerosol Sampling: A Review of Factors
Influencing Inlet Characteristics

By

James H. Vincent

James H. Vincent is Professor of Industrial Hygiene at the University of
Minnesota, Editor-in-Chief of the Journal of Aerosol Science, and the current
President of the British Occupational Hygiene Society. He is the author of
"Aerosol Sampling: Science and Practice" (Wiley, 1989) and editor of
"Ventilation 88" (Pergamon, 1989).

1. INTRODUCTION

Historically, the main justification for aerosol sampling--and hence, the greatest stimulus for
research and development--has been the possible adverse effects of aerosol inhalation on
human health. In recent years, criteria for health-related, particle size-selective sampling
have been proposed and have given impetus to the development of new sampling
instruments. This in turn has identified the need for more research into the scientific basis
of the sampling process.

Meanwhile, other issues--including the need to "representatively" sample atmospheric
aerosols for non-health-related reasons--are also important. In this paper, much of what is
described was developed within the context of workplace and static sampling at ground level
in ambient atmosphere. Here the aerodynamic conditions are very different from those
pertaining to sampling from aircraft. The following should therefore be regarded as a broad
basis and starting point for thinking about aerosol sampling under those more extreme and
unusual conditions. All the points made are covered in greater detail by Vincent (1989).
A small, but by no means exhaustive, selection of references is given in the test to indicate
some milestones.

2. GENERAL SCIENTIFIC CONSIDERATIONS

The main scientific basis for aerosol sampling involves a combination of fluid and aerosol
mechanical considerations. These overlap since aerosol mechanics is substantially concerned
with the aerodynamic transport of particles. However, the distinction is drawn between the
flow at relatively high Reynolds number (Re = UDa/n, where U and D are the
characteristic velocity and dimensional scale of the flow respectively and o and n are the
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respective air density and viscosity) in the vicinity of a macroscope sampling device and the
flow at relatively small Reynolds number about a microscopic particle. For the former, the
nature and shape of the streamline pattern (including identification of the positions of
stagnation and separation) on the outside and the inside surfaces of the sampler body) are
all-important. So, too, is the presence--or otherwise--of freestream turbulence. As far as
the particles are concerned, their ability to respond to changes in air velocity and direction
(both in the mean flow and in turbulence fluctuations), as well as the effects of external
forces (e.g., gravitational, electrostatic) and diffusion, are also important. The design of
sampling instruments should take proper account of such factors.

3. INDICES OF SAMPLER PERFORMANCE

Most aerosol samplers operate on the principle of aspiration. That is, air and particles are
drawn (usually by means of a pump) into the solid body of the sampling device itself through
one or more orifices, and, thence, inside a sampler--to a sensing region (usually a filter
where the particles may either be collected for subsequent assessment or detected directly.
Aspiration efficiency describes the basic efficiency with which airborne particles are

transported aerodynamically from the aerosol outside a sampler and through the plane of
the sampling orifice. This may be defined for most practical purposes by

A = NJN, (1)

where N is the number of particles per unit time passing through the plane of the sampling
orifice and N, is the number originally contained within the sampled air volume. Entry
efficiency is the modified (or apparent) aspiration efficiency

Aapp = (N: + Nr)/No (2)

where N, is the number of particles which enter after rebounding from the outer surface of
the sampler (see below). Finally, overall sampling efficiency (or effectiveness is)

Aperag = (1 = D, + NI, 3)

where L is the fractional loss of particles between the sampling orifice and the filter (or
sensing zone) by deposition on the internal walls.
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4. BASIC STUDIES OF ASPIRATION EFFICIENCY

Most of the research which has been reported has been aimed at understanding the nature
and quantitative behavior of aspiration efficiency. In many aerosol sampling applications,
the air from which the aerosol is to be sampled is in motion relative to the sampler, with a
finite wind ranging in velocity from as low as a few cm/s (as in many workplaces) to as high
as several 10s m/s (as in the ambient atmosphere). In sampling from aircraft, effective wind
speeds lie outside the top end of this range.

For moving air, the individual aerosol particles are usually considered to be "perfectly”
suspended in the air, so that the effects of gravitational settling may be neglected. Now the
dominant physical process governing transport is inertig, relating to the abilities (or
otherwise) of particles to follow the streamlines of the distorted air flow near the sampler.
The magnitude of the inertial forces is governed by particle aerodynamic diameter (d,,
embodying particle geometrical size, shape, and density) as well as by the characteristic
velocity (U) and dimensional scale (D) of the flow system as a whole. Combining these, we
have the inertial parameter (Stokes’s number) given by

St=d 2t U/18nD (4)

where 1" is the density of water and n, as before, is the viscosity of the air. For very small
St, particles follow the streamlines of the air flow near the sampler very closely, so that
aspiration efficiency is close to unity (or 100 percent). However, for larger values of St,
where particles are more likely to deviate from the air flow, aspiration efficiency can differ
significantly form unity--being either larger of smaller depending on whether the particle
population in the sampled air volume is enriches or depleted by the effects of inertia.

Aspiration efficiency is therefore seen to be a strong function of St. But it is also a function

of the Reynolds numbers for the flow and for the particles (re and Re, respectively), the
ratio between wind speed and the velocity at which air enters througﬁ the plane of the

sampling orifice (U/U), the ratio of sampler orifice size to sampler body size (§/D), the
sampler orientation (&), and the sampler aerodynamic "bluntness" or "bluffness" (B). Thus,
generally, we can state that

A = f[St, Re, Re,, (U/U), (8/D), 8, B] (3)

The history of aerosol sampling research shows that, with respect to moving air, by far the
greatest effort has been devoted to thin-walled, tube-shaped probes. This has been driven
by the need to be able to sample aerosols representatively (i.e., particles of all sizes with
100 percent efficiency) in well-defined moving air systems such as are found in stacks and
ducts. This aspect is now quite well understood under "normal” terrestrial conditions, as
indicated by the recent work by Vincent et al. (1986) which investigated the nature of the
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air and particle flows near thin-walled probes at low wind speeds. The proposed a model
for the performance of thin-walled probes of both small and large diameter for probe
orientations from 0° (facing the wind) to 90°, and obtained good agreement with available
data.

Blunt samplers cover the vast majority of devices used in practice (including the thin-walled
probe as a limiting case), and this general case has been relatively neglected. Here the bluff
presence of the body of the sampler complicates the flow picture to such an extent that
theoretical models for the aerodynamics of particle transport, and hence for determining
aspiration efficiency, are difficult to realize. Only for very simple blunt sampler
configurations (e.g., two-dimensional or axisymmetric samplers with a single orifice facing
into the wind) has substantial progress so far been possible (Vincent, 1987), although recent
mathematical studies by Professor D. B. Inghan and his colleagues at the University of Leeds
in England indicate promising signs for the future. In general, however, progress has been
hampered greatly by the lack of sufficient reliable experimental data against which to test
new theories.

Calm air sampling is a limiting case of considerable practical importance to some workplace
situations. It refers to the case where particle motion in the vicinity of the sampler is
dominated by gravitational settling (rather than the freestream as indicated above for the
moving air case). However this scenario is unlikely to be of much significance in sampling
from aircraft.

5. INTERFERING FACTORS

In recent years, attention has been drawn to a number of factors which may interfere with
the aspiration process as described above.

In particular, freestream air turbulence might reasonably be expected to influence particle
transport, since it is well-known that diffusive processes act generally to "smooth out" particle
concentration gradients. Qualitatively, in relation to aerosol sampling, the effect of this
would be a tendency to restore aspiration efficiency towards unity. The magnitude of the
effect should depend on the effective coefficient of turbulent diffusion for the particles. This
in turn may be shown to be related to the intensity of the turbulent air motions near the
sampler (in effect the mean-square value of the velocity fluctuations) and their characteristic
length scale, coupled with considerations of the particles’ ability to respond to the velocity
and directional changes associated with those motions. In experimental studies in wind
tunnels, a clear effect of turbulence on aspiration efficiency has been demonstrated,
appearing as a bias whose magnitude increases with particle size, turbulence intensity and
turbulence length scale (Vincent et al. 1985).
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6. WALL EFFECTS

It has been implicit in much of the research referred to above that aspiration efficiency is
the dominating index of sampler performance. It would be convenient if that were true.
But, as indicated earlier, there are other indices of performance involving contributions from
interactions between particles and the sampler walls which, under certain practical
conditions, might be more appropriate. Unfortunately, this renders matters even more
complicated.

Wall interactions fall into two categories; those outside the sampler and those inside. For
the former, the ideal case is that where particles arriving at the external surface of the
sampler by impaction stick there and so are permanently removed from the flow. Here,
N,=0in Equation (2), so that A, = A. In reality, however, this assumption might not hold,
depending on the nature of the ?F field near the sampling orifice and on the nature and
size of the particles. Arriving particles might fail to adhere or be removed if either a) their
velocity on impact and coefficient of restitution are such that "bounce” can occur, or b) the
local air velocity in the boundary layer close to the sampler surface is great enough to cause
the particle to be dragged free from adhesion forces and so be "blown-off." If particles thus
freed find themselves in a part of the flow which is converging towards the sampling orifice,
they will enter through the plane of the orifice and so appear to have been aspirated. Thus,
N, is not zero, and so we have A, > A. Such oversampling is greatest for large, dry, gritty
partlcles and for hxgh sampling ﬂow rates. A similar effect has also been observed for 11qu1d
droplets sampled using a thin-walled probe at high sampling flow rates, where the effect in
question now involves the shattering of droplets as they collide at high velocity with the
sampler wall. Evidence and physical explanation for these effects have been given by
Vincent and Gibson (1981), Mark et al. (1982) and Lipatov et al. (1988).

Wall effects inside the sampler between the plane of the sampling orifice and the "sensing
region" may be similarly large. Here, due to combinations of impaction, gravitational
settling, electrostatic deposition, and molecular and turbulent diffusion, particles may be
deposited on the internal walls and so be removed from the air before they are actually
sampled. The properties of the development of the boundary layer on the inside surfaces
and possible effects of the penetration of turbulence from the flow outside the sampler can
play a significant role, as described by Okazaki et al. (1987a and b) and Wiener et al. (1988).
Now L in Equation (3) is not zero, and the effect is for Agyeray > Agpp

From the above remarks, it is seen that overall sampler performance is governed not only
by the pure aspiration process but also by interactions which particles make with the walls
of the sampler. Those associated with the external walls tend to increase the amount which
is sampled, those associated with the internal walls to decrease it. The net effect on the
overall sampling efficiency depends on the balance between the two. The complicated
processes involved are not yet fully understood as far as practical samplers are concerned.
But we do know enough to conclude that such wall effects should never be ignored.
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7. CONCLUDING REMARKS

A summary has been presented of the factors which influence the performances of aerosol
samplers in general, involving those concerned with "ideal” behavior (i.e., inertial-dominated
pure aspiration from a smooth flow) as well as those factors which might be considered as
interferences (e.g., freestream turbulence, electrostatic effects, external and internal wall
effects). Some of these are more predominant than others for sampling under the "usual"
terrestrial conditions such as found in workplaces or in the atmospheric boundary layer close
to ground level. For more extreme conditions, such as those found during sampling from
aircraft, the balance between such processes--both outside and inside the sampler, and
particularly how these regimes are coupled--is likely to change in very interesting ways. This
is an area which has so far received very little attention from workers in the field of aerosol
sampling, and so knowledge is scant. Understanding such processes is therefore a most
promising area for further research.
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DISCUSSION
Daum: Is the fraction of rebound particles a function of particle size?
Vincent: Yes, it is a function of particle size; however, it depends on the nature of the

rebound. We are not sure if it is actually rebounding because it’s bouncing,
and if it is bouncing, then is it a function of particle size and of the coefficient
of restitution for the particular material. In some cases, they may well be
bouncing when high velocities at impact are involved.

Another situation at lower velocities may well be a kind of blow-off impact.
After a particle has come into contact with the surface, the adhesion force is

not high enough to retain it there against the drag force if you try to remove
it. If that’s the case, the coefficient of restitution doesn’t come into force.

What does come into it is the size of the particle because that defines the
amount of drag.

Also, the shape of the particle or dimension of the particle which is actually
in contact with the surface is important. If the particle is very granular or
gritty then the radius of surface contact may be very small. In that case the
forces holding the particle are not associated with the particle radius as such.

Daum: What about submicron particles? (.3um)
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Vincent:

Ram:

Vincent:

Radke:

Vincent:

Radke:

Vincent:

Willeke:

It depends on how fast it’s arriving. When the submicron particle is so low in
the boundary layer that the drag force might be in the laminar sub-layer, the
drag forces might not be that significant. But if the submicron particle is
arriving with enough velocity (100 m/s), you have to look at the conditions of
the bounce. It’s quite possible that it will have significant bounce.

Does your model equally take into account liquid and solid particles or is it
for solid particles?

The model for aspiration efficiency is general.

Please describe the experiments that you did with the effects of charging of
the aerosol and the inlets.

The experiments were within the context of an industrial hygiene project, so
they don’t readily provide data of a sort that can be theorized. Essentially
what we did is we developed an experimental situation where we applied a
potential to a sampler, mounted on the torso of a mannequin simulating
someone wearing a personal sampler. We knew that the aerosol was charged.
In every workplace we have ever been to, we have measured aerosol charge
distributions and have found them to be significantly above Boltzmann
equilibrium. The other factor is that they are equally distributed between
positive and negative. We found for this type of aerosol, where there is no
net charge but a high magnitude of charge, regardless of the polarity of the
sampler, the effect was always to reduce the amount of aerosol aspiration.

What sort of charges were you putting on your mannequin? Aircraft charges
can be quite large.

Equivalent of up to 10 Kv.

You commented that you’re curious to see to what extent the work that you
have done at lower velocity can be applied to higher velocity. I wonder to
what extent do you feel impaction is important inside the inlet, in view of the
fact that when you fly at high speeds you cannot maintain total isometric
position? You will always have particles that get pushed to the inside against
the wall. What is your feeling as to the importance of that effect compared
to other things that you have mentioned.
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Vincent:

Sheridan:

Vincent:

Kritz:

Vincent:

Pui:

Deshler:

Vincent:

Ram:

A higher velocity at impaction is always going to be increased in relative
importance, because the many other factors that can add to the confusion--
electrostatic, freestream turbulence, or gravitational factors. The magnitude
and effect depend on how long the particle has to undergo this. At higher
velocity, the time scale is much reduced. On the other hand, the inertial
factor is much increased. You would expect impaction to go up with higher
velocity and the other factors to go down.

Have you modeled the flow stream lines for particles entering an inlet of a
user cone geometry? That is the type of inlet that is common on aircraft.

No.

When you start sampling on faster moving planes, the ram heating becomes
important so that the temperature at the filter plane (e.g., on the ER-2) can
be about 20°C higher than in freestream. When you’re dealing with something
like sulfates (sulfuric acid droplets), there is always a possibility that
evaporation can occur to some degree. Perhaps the filter recaptures some of
that vapor. Have you ever gotten into that question in a quantitative way?

I don’t know how to model it. We do have people who study aerosol
dynamics--that is their specialty. Perhaps there are people who are here with
that specialty. If not, perhaps they should be. Does David Pui know any
thing about this? You’ve looked at condensation/evaporation during sampling
at high velocity and subsequent temperature effects.

Recently we have done work dealing with process equipment in the micro
electronic industry. Over there they evacuate the chamber and pressurize the
chamber, and we get the particles during this vacuum pump compressing.
There are models to describe this, but I don’t know how valid that would be
to aircraft sampling.

You showed some experimental evidence for the difference between actual
and the rebound of particles with the blunt inlet. Do you have anything for
thin-walled sampling tubes?

There are two or three very good papers in the Journal of Aerosol Science
which describe expandable data, but it is very limiting. Thin-walled probes
illustrate the effect very well.

What techniques do you use to measure the charge distribution of aerosol?
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Vincent:

My colleagues and I have developed a spectrometer where you vary the
voltage between the potential difference between the plates, measure the
penetration of particles of defined size (in this case it was an optical
dimension), and then you have a falling curve--voltage versus penetration.
From tangents to that curve, you can derive the electrical mobilities of the
particles of that particular size.  That select curve defines the charge
distribution of a particle that size.



PASIN and PAIR--Airborne Aerosol Inlet
Passing Efficiency Measurements

By
Barry Huebert
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measuring fluxes and reaction rates in the marine boundary layer.

Although numerous investigators have studied the aspiration and passing efficiencies of
aerosol inlet probes, few have done so under the high airspeed conditions typical of airborne
sampling. We have evaluated the aerosol passing efficiency of a variety of inlet systems
during for experiments on NCAR aircraft.

DYCOMS

During the Dycoms program, we found discrepancies between concentrations in cloudwater
and the air below cloud, which we attribute to curved-inlet aerosol losses.

Dycoms (Lenschow et al. 1988) took place in the summer of 1985, in the stratocumulus-
capped marine boundary layer west of San Diego. We collected liquid cloudwater at several
levels with modified Mohnen slotted rods (Huebert et al. 1988). Aerosols were measured
below the cloud using a 1.75" i.d. curved inlet tube. In the absence of precipitation in the
stratocumulus-capped marine boundary layer, there is no reason to expect that soluble
species such as nitrate, sulfate, and sodium should change concentrations with altitude, even
though they might change phase by dissolving in cloudwater as an air parcel rises, cools, and
condenses water to form a cloud.

We divided out observed in-cloud concentrations by the below-cloud concentrations to
calculate apparent enrichments for total nitrate, sulfate, and sodium. These in/below cloud
ratios should be close to one, if soluble material is conserved in the stratocumulus-capped
marine boundary later (as total water and ozone usually were). However, the apparent
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enrichments were all much greater than one. Sulfate and nitrate appeared to be enriched
by factors of 3 to 4, while sodium was enriched by a factor of ten or more! The enrichments
were so large that our estimated uncertainties could not begin to explain them.

One of the few possible explanations for this apparent enrichment is that we had severely
underestimated the below-cloud aerosol concentrations, due to losses in our sampling system.
The fact that (large particle) sodium had the greatest apparent enrichment points to inertial
inlet losses as a strong possibility. Since our inlet Reynolds numbers were large enough
(4,000 to 5,000) that turbulence in the intake tube was likely, it is conceivable that the vast
majority of the ambient aerosols were being deposited in the intake tube, causing the filters
to severely underestimate ambient concentrations.

FIRE

In the Fire program, flown west of San Diego on NCAR’s Electra in 1987, a curved inlet
passed significantly less material than a straight one.

We used the same curved intake filter sampler as on Dycoms but added an external sampler
(just a diffuser cone with the filter pack immediately behind it, all outside the fuselage) with
no curved tubes ahead of the filters. Both filter samplers were mounted side by side on the
left forwardmost window plate of the Electra. We built a nozzle-tip capping system to serve
as a forward valve on the external sampler, to shield the cleaned sampler from
contamination.

We defined the passing efficiency of the curved intake relative to the external sampler to
be the ratio of analyte found on the curved-intake’s filter to that found on the external
sampler’s filter. All of these relative aerosol passing efficiencies were less than one. They
ranged from 0.43 for sodium to 0.62 for total sulfate and 0.88 for ammonium, as compared
to 1.08 for nitric acid vapor. It is instructive to note that the relative passing efficiencies
increase as the particle size decreases. This pointed to inertial processes as a probable
cause of the observed losses in the curved tube.

PASIN

In the Particulate Matter Airborne Sampling Inlet Experiment (Pasin) (Huebert et al. 1990),
we analyzed the material deposited within one inlet tube after each flight, and added it to
that collected on its filter to establish an efficiency reference. Six different inlets were used
simultaneously with six filter samplers, to evaluate the effects of tube diameter, radius of
curvature, and surface coating. Details can be found in Huebert et al. 1990. The Pasin
filters collected different amounts of material when they should have been sampling the
same aerosol. Extraction of the 1" metal reference tube routinely showed that 50 to
90 percent of the aerosol material had been deposited in the tube.

Pairs of samplers were located on the forwardmost right windowplate, the forwardmost right
windowplate, the forwardmost plate atop the fuselage (between two pylons), and the third
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window back on the left side. All of the nozzles were identical in size and shape, with a
5.3 mm diameter opening and a relatively sharp edge. Each intake started with a diffuser,
or expansion cone, which graduated the internal diameter from the 5.3 mm at the tip to the

internal diameter of the tube.

The included angles of the diffusers were all 7°. All nozzle tips were mounted 30 cm from
the fuselage, with the central axis of the nozzle parallel to the axis of the airframe. The
following abbreviations identified the six inlets: EXT was the straight-in external sampler,
4"MET was a 4" metal intake, 2'"MET was a 2" metal intake, 1"MET was the extractable 1"
metal reference intake, 2"SMR referred to a 2" small-radius intake, and 2"TEF was a teflon-

coated 2" intake.

The average continental and marine passing efficiencies for each analyte in each inlet are
shown in Figure 1. In the MBL samples, we used sodium concentrations to estimate non-
sea-salt (NSS) sulfate efficiencies. Since much of the NSS sulfate will reside in submicron
aerosols, it offers a size-contrast to the supermicron marine sodium results. The most
striking aspect of Figure 1 is that no aerosol passing efficiency ever averaged as high as
60 percent, even for the small NSS sulfate particles. Most efficiencies are 50 percent or less,
suggesting large losses in inlet lines. It is also apparent that the passing efficiency for
(submicron) NSS sulfate is greater than that for (supermicron) sodium in very inlet tested,
which again implicates inertial loss mechanisms.
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[Figure 1]--Pasin average passing efficiencies for continental and

marine samples.

We compared two adjacent, symmetrically-mounted 2" aluminum intakes, which differed only
in that one was teflon coated. For nitrate, ammonium, and NSS sulfate, the teflon coating
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had no effect, suggesting that electrostatic effects on teflon lines are not a major concern.
The sodium results, however, were significantly different form unity, implying that losses in
the 15 percent range might be caused by charging on the teflon tube walls.

The Pasin results may be able to explain the discrepancies noted on the Dycoms program.
If the Dycoms intake had passed only about 10 percent of the sodium aerosol, it would have
caused an apparent factor of 10 enrichment for sodium. Likewise, a passing efficiency of
25 percent to 30 percent for sulfate and nitrate would cause those apparent enrichments.
The 2"TEF intake on Pasin had measured efficiencies two or three times higher than these,
but it also had a slightly different construction. They Dycoms intake had a solid teflon tube
inserted as a liner, and some rippling of that surface was evident. With a Reynolds number
near 4,000 in both cases, the rippling could have made the Dycoms flow much more
turbulent. We certainly saw in Pasin that efficiencies of 10 to 30 percent are possible in
relatively common intake configurations.

The Fire results had clearly demonstrated that curved tubes lead to deposition in the intake,
but they had given us no indication that the external intake was also causing large losses.
This points out a potential weakness of simple intercomparison experiments. Before Pasin,
we had no reference against which to evaluate the absolute efficiencies.

PAIR

In the PAIR program, flown on NCAR’s King Air in October of 1990, we compared two
nearly-identical side-by-side inlets to evaluate the effects of nozzle lip-shape and isoaxiality.
Both inlets were extracted after each sample to compute their efficiencies directly. Pitostatic
ports around each tip allowed us to align one inlet along the mean streamlines in flight, to
test for alignment-related losses.

We found that alignment errors of less than 5° had little or no impact on the efficiencies,
even for the sharp-edged tip. We noted no difference between efficiencies of curved-
leading-edge (blunt) and sharp-leading-edge diffuser tips. In all flights at 75 m/s, the sodium
passing efficiency was within a few percent of 29 percent, while that for NSS averaged
94 percent. At 90 m/s airspeed, though, the NSS efficiency ranged from 66 to 95 percent.
Thus, the higher airspeeds on the Electra (100 m/s) may be partly responsible for the still-
lower NSS efficiencies observed on Pasin.

For most of the Pair flights, both inlets were mounted side-by-side midway back on the top
of the fuselage. However, when one of the intakes was placed in the forwardmost location
atop the King Air, its efficiency dropped to 10 percent for sodium and 79 percent for NSS
at 90 m/s. It is likely that flow off the windshield at this point is far from parallel with the
aircraft axis, and that this large misalignment caused the efficiency drop. This emphasizes
the importance of selecting the optimum location for mounting aerosol intakes.
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CONCLUSIONS

It appears that deposition just inside the tip of an inlet may be responsible for the removal
of as much as half of the ambient aerosols that enter it. Very high turbulence is expected
there, both because of the necessity to match high airspeeds (which makes for very large
initial Reynolds numbers) and because of the potential for flow separation when using long
diffuser cones.

It is clear that future intakes should be oriented parallel to the average streamlines at their
mounting position, rather than parallel to the aircraft axis, as has been common practice in
the past. Either modelling or measurements will be needed to establish the position of those
streamlines before the sampler drawings ever leave the designers’ office. Of course, this still
cannot ensure isoaxial flow, since atmospheric convection and turbulence will continually
change the airflow vector by several degrees, and the changing fuel load causes most aircraft
to alter their pitch during flight. A forgiving inlet lip shape seems to be essential

Turbulent particle deposition in bends must be responsible for the especially low passing
efficiency of the 1" intake for sodium-containing aerosols. The bend clearly increases the
loss of large particles.

We are still at a loss to explain why the passing efficiencies are also low for accumulation-
mode aerosols under some conditions. The literature on inertial and turbulent deposition
mechanisms suggest that particles with small Stokes’s numbers should not be impacted in
our intakes at a measurable rate, yet none of our intakes on Pasin had an efficiency above
50 percent, even for non-sea-salt sulfate. On Pair we did get unit efficiency for NSS at low
airspeeds, but it dropped in many cases at airspeeds that approach those of the Electra.
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DISCUSSION

Radke:

Daum:

Huebert:

Daum:

Huebert:

Georgi:

Huebert:

Radke:

Huebert:

Ram:

Huebert:

Hales:

Huebert:

(Comment on variability) The coarse mode sea salt aerosol is strongly
dependant on the wind speed over the water. The largest sea salt particle
that you get can certainly vary from day to day and the mass distribution is,
of course, dependant on the largest particle that you can loft. That may not
explain the whole thing, because you may have data that shows the same thing
for non sea salt particles.

During PASIN, did you run a blank on that tube?
Yes, repeatedly.

By a blank I mean, did you prepare the tube, fly it, never open it, then come
back and wash it out, or did you just wash it out on the ground?

We washed it out on the ground. We mounted it on the aircraft. We left it
for a day and then took it off. We did not fly it. It is simply too expensive to
fly it without taking a sample, so we didn’t take that kind of a field blank.

Did you get any ASASP size distribution measurements during this flight?
What size were the particles?

I have a lot of concern about optical size distribution measurements based on
this sort of thing. We did look at ASASP and FSSP data and concluded that
there were not dramatic differences from day to day. All of this marine data
was collected in the vicinity of Hawaii.

Air speed? Angle of attack? Gross weight?

Those are all things that we tried to elevate as controlling factors.

Temperature?

We have looked to some extent at all of those factors and have not found that
any one of those can explain the flight-to-flight differences that occurred.

How do you distinguish between sea salt sulfate and non-sea salt sulfate?
In this case, I used sodium concentrations and the ratio of sodium to sulfate

in sea water to make that correction. If your point is that the ratio of sodium
to sea salt sulfate is not always well-known, I agree with that.
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Wilson:

Huebert:

Ram:

Huebert:

Willeke:

Huebert:

Daum:

Huebert:

Daum:

On PAIR the total misalignment was 4° from the streamline?
Yes, 4 or 5°

You had a very limited range to work with and within that range were your
sensors isoaxial? Did they tell you that it was aligned or could you have still
made some changes in the isoaxiality?

No, we were able to align it so that we got an average Ap across those that
was quite small. We might have had 20 to 40 mm of mercury pressure
difference for the fixed one which was off by 3°. We would get that down so
that it was bouncing around within a mm or so on either side of 0 of the one
optimumly aligned. It made me feel that we were able to do a good job of
getting it aligned with the average streamline.

Do you know what size the particles are that you collected?

That’s the second thing about this program. Due to a software error, we have
no data from the Knollenberg ASASP probe. We are intending to re-fly it.
The interpretation of all of the data is going to be greatly impaired because
we lost all of that optical size distribution data and thus cannot confidently
compare different flights; their aerosol populations may have differed.

How do you reconcile the differences between your Electra data sets and your
later data sets? What’s the bottom line?

The way I see the bottom line is that regardless of which aircraft you’re on,
regardless of which air speed, you've got a real problem with coarse mode
particles.

For the accumulation mode particles, I think that at least at Electra air
speeds, there is some significant problem with sampling at those air speeds.
Regardless of which intake we used on the PASIN program at 200 kts air
speed, we were unable to get more non-sea salt sulfate on the filters than
there was in the intake.

There is a substantial difference in the sulfate concentration mixing ratio that
you observed in the program--The Electra program versus the later program.

What were the absolute concentrations in the Electra program for sulfate and
other species?
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Huebert:

Daum:

Huebert:

Georgi:

Huebert:

I don’t remember those numbers. We have that data, and I can get that.
They weren’t terribly small concentrations. We didn’t have a problem with
sensitivity.

The assumption that a lot of people make in this business is that the sea salt
sulfate and the non-sea salt sulfate are really in two separate size ranges. If
you’ve got air that has been processed in a cloud for a while, you really feel
that that is true. You may have some of your non-sea salt sulfate associated
with sea salt, and it could be variable on day-to-day basis depending on how
much processing is going on. Maybe that’s the source of your difficulty of
being able to reconcile that data. Maybe there are other factors that you're
not taking into account by your analysis.

It is certainly the case that cloud processing can deposit non-sea salt sulfate
on relatively large particles. However, in precisely the region where we flew
the PASIN program, we went out last February on a Soviet ship, the
Akademik Korolev, and did very careful size distribution measurements with
a micro-orifice uniform deposit impactor. We found the non-sea salt sulfate
is in the accumulation mode aerosols. Virtually none, 5 or 10 percent
maximum on ship board measurements in the equatorial Pacific was in the
coarse mode. If you were going to find it on large particles, you would expect
to find more of that at ship level than you would at 50 meters where the
Electra was flying.

For the PAIR program, we have done similar measurements in Rhode Island,
and we simply don’t find much non-sea salt sulfate on large particles. There
is a conventional wisdom that it is in the accumulation mode, and in these
marine areas that seems largely to be correct.

I think you have to be very careful that you are mixing ground things and high
altitude. What you are doing is measuring factors. The factors are varying
between 50 percent and 30 percent. I think it is difficult to measure if you
have not all complete data which are really compared. Otherwise it is difficult
for the mathematics (statistics).

You are making a very important point which, if I can extend to another point
off of what you have mentioned, that these effects may be dramatically
different at different altitudes with different aerosol populations.

I specifically did both of these programs in the marine boundary layer. Both
because that’s where I found the problem initially and where I want to be able
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Radke:

Georgi:

Huebert:

Kritz:

Huebert:

Radke:

to sample to study DMS and sulfate production from DMS, and because I
expected the concentrations to be higher there. In order to do something like
this and get a reasonable signal to noise ratio in the free troposphere, you are
going to have to fly for hours and hours and still get huge error bars.

One of the reasons I did it in the marine boundary layer was to minimize
problems with sensitivity. One of the results of that is that most of these
aerosols are wetted. Mineral aerosol which may not be wetted may not tend
to stick nearly as much. The morphology of a particle may have a lot to do
whether it chooses to stick on a surface. Wetted sea salt aerosol and non-sea
salt sulfate may have the greatest possible chance of sticking to the inside of
inlets, so there could be a lot of things like mineral aerosols for which you
don’t have nearly as serious a problem because if they hit the inside of the
inlet, they may very well bounce off and continue downstream to the filter.

Of course in the boundary layer all the sulfate aerosols are going to be wetted.

I think it is difficult to compare if you have similar aircraft at different speeds-
-a large one and a little one.

One thing I might mention with regard to the King Air measurements at
180 kts. We still don’t have the finished data set to look all of the factors that
might be important. There are a lot of factors besides the ASASP data.
There is much that we can do with this.

Simply on the basis on how lousy the observers felt when they got back, it
seemed like the more turbulent flights, the ones where we were really being
beat around (and in a King Air at 180 kts you can get beat around a lot),
were the ones where the efficiency was lowest. The ones where there was
very little turbulence were the ones where the efficiency was highest at
180 kts. It made me wonder if something related to changes in the attitude
of the aircraft or some factor like that might be the factor that its really
important to get our hands on.

That’s turbulence and air speed. It’s the bouncing around that makes the
difference, not just simply that it is a general rule you bounce more.

You understand that this is a very subjective measure.

While the erp factor is a tough one to quantify. During the FIRE project and
your previous marine stratocumulus experiment, the Electra, of course, gives
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Georgi:

Soderman:

Huebert:

Seebaugh:

Huebert:
Seebaugh:
Huebert:

Daum:

Hales:

Huebert:

a pretty smooth ride. You can’t reach too far with that conclusion. The
question is--is the change in the attitude of the airplane which is large on the
King Air important or is it the turbulence itself which affects streamlines
important?

I think it is consistent of how fast planes fly. We discovered on Greenland
because the problem there was a frozen auto pilot, and we had to do
everything manually. You could see it directly on the optical particle counter
which variations we get.

Do you know your diffuser expansion angle?

The included angle was 7°. The trade off you have here is the larger the angle
on the diffuser the greater the tendency for flow separation. The smaller the
angle, the greater the problem you have with aeronautical engineers at RAF
such as Norm Zrubek who doesn’t want to have to worry about the wobble
of something that is sticking way the heck out in front. If you have a smaller
angle, that means the whole diffuser has to be much longer. We used a 7°
included angle, but it would be worth checking the smaller ones.

When you analyzed the filters, were you able to see if there was a different
concentration of particles in areas separated from the centerline?

We didn’t. We extracted them whole, but that’s a very good point.
I would suspect you have fully separated flow.
It could very well be.

We have used quite a large filter. Actually 5" in diameter. We have done
tests where we analyze for sulfate in all four quadrants.

My expectation is that a continual loss would occur if the angle were as large
as 20°. I'd be real surprised if those misaligned inlets weren’t acting pretty
much like a whistle and that would really mess your sample. If that were the
case, and you were experiencing a great deal of turbulence, I can see a
situation whether you're on the Electra or the King Air it wouldn’t make much
difference. You would be momentarily experiencing some pretty weird angles
on your probe.

It’s possible. The amount of noise on the aircraft prevents us from detecting
that.
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Rader:

Huebert:

Wilson:

I had two ideas. Would it be possible to put a particle counter inside the
aircraft, take the filters out, work up the size distribution inside, and compare
that with your external probe. Also, is there any probe that you can put near
the inlet that would give you some high-speed response time to give you an
idea of how the local velocity and angle of attack is varying. The Rosemount
858 probe may capture it. You can only vary your inlet by 4 or 5°. I've been
on aircraft I know where it seemed like you were going mostly straight down,
so I'm wondering could you somehow try to evaluate rapid changes in
altitude?

Those are two very excellent points. On the PASIN program, we have tried
to have an ASASP inside the aircraft collecting air from just ahead of the
filter. I think you still need to have the filter there so that the dynamic
environment inside the diffuser is the same as it would be when sampling with
a filter. We tried to sample with an ASASP directly ahead of the filter. The
idea was that at that point the airspeed is down to 1 m/s and so presumably
you ought to pull material into the ASASP without sampling artifacts, which
could be important outside the aircraft. We couldn’t get the flow to go the
right direction. I'm not exactly sure why that was, but we had some difficulty
with the pump inside the ASASP, and we wound up abandoning that project.

That’s one that I would like to do. I think there’s a way to get around the
potential for sampling artifacts with an ASASP and that is to have two
samplers side by side as we did on this program and sample immediately
ahead of the filters on both of them. With both of them, you are sampling at
a pretty low air speed, so artifacts relative to getting material into the ASASP
ought to be minimized. Then you can look at the effective angle.

(Directed to Rader) We run that experiment repeatedly at Mach 0.7, 50 mb.
We have some very interesting results from an FSSP and a PCAS on an ER-2,
and we compared them extensively. The reason that this is not an easy thing
to do is as follows:

The thermodynamics of the sampling heating which are severe at Mach 0.7
with 20°K heating will not be absent from the boundary layer because of the
humidity in the boundary layer. Mark Stolzenburg has calculated, inventing
by the way in the process--transition regime/heat transfer in order to do it, a
couple heat and mass transfer so that we can evaluate what happens to
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Huebert:

Radke:

Huebert:

sulfuric acid and water particles in the .2 sec that we have between the inlets
and the instrument and in the .01 sec of extreme heating we have we take that
into account and yet we were unable to reconstruct size distribution which
work except in some cases. So the inside versus outside aerosol optical
instruments have the comparison will involve more than just a sampler
machine.

The second thing I would point out and that’s the questions I would like to
ask you, In these 7° allegedly safe diffusers, can we anticipate that the particles
are going to, in fact, follow the streamline? We pick off our samples from the
center streamline of the diffuser, and we allege that the concentration that we
haven’t had any inertial separation in the diffuser when we do that. From our
experience, the comparison of the inside and outside instruments, while very
interesting, will raise more questions than it will answer unless we first attack
some of these; such as, what in fact is the flow trajectory in our diffuser and
what in fact are the particle trajectories, and the thermodynamics, we calculate
sulfuric acid in water supercooled in the stratosphere because we felt we had
the thermodynamics. To get that in a real aerosol and ask people what the
vapor pressures are, these calculations are out of the question because the
thermodynamics are not known. I don’t know if one would attempt to try to
compute evaporation of the multi component aerosol. Because each
component brings you a degree of freedom and complexity. Evaporation of
these multi-component hydrated aerosol will be very difficult to model.

There is another point you’ve raised which is that of trying to get a more
instantaneous measurement of the attack angle. I think that is very important
for us to try to do.

Let’s next time put some transducers on the nozzle.

It’s not a trivial matter to do this, because transducers are that kind of size
and you want to get them as close as possible to where you’re measuring the
pressures so that you get a fast response, but at the same time, maintain the
same flow regime that you would have, which you can’t do with these clunky
things right out there. I think that’s a very important thing for us to address.
Incidentally, structurally from the standpoint of this workshop, a lot of the
discussion we are having now and what could we do in the future to improve
this is what we want to continue in the working groups.
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Clarke:

I'd just like to say one more thing, the next talk which I'll be giving in
reference to this particular air comparison of internal particle size instrument
and the external probe both of Darrel’s and Rudy Pueschel’s on the Electra
and the DC-8 and the issues of relative humidity will be discussed in context
with that comparison, so stay tuned.
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INTRODUCTION

Aerosol are known to play a important role in a variety of atmospheric processes including
biogeochemical cycles (Galloway et al. 1985, Huebert et al. 1990a), cloud physical processes
(Takahashi, 1981) (Charlson, 1987) (Albrecht, 1989), and atmospheric radiative transfer
(Coakley and Cess, 1985). Aircraft measurements are often essential for obtaining vertical
and horizontal aerosol information. Despite their importance, the quality of aerosol
measurements from aircraft remains a point of concern (Huebert et al. 1990b).

In this paper we will examine aircraft aerosol measurements made by an optical particle
counter (OPC) using an aspirated sampling system. Characterization of the aspirated inlet
system and comparison of resulting data with a wing mounted forward scattering
spectrometer probe (FSSP) will be described. The aerosol measurements discussed here
occurred during the 1989-1990 Global Backscatter Experiment (GLOBE) (November 1989
and March 1990) aboard the NASA DC-8 and the 1989 Central Pacific Atmospheric
Chemistry Experiment (CPACE) (March 1989) aboard the NCAR ELECTRA. GLOBE
typically occurred at 8-12 km altitude over the Pacific Ocean and included flights between
California, Hawaii, Samoa, Tahiti, New Zealand, Australia, Japan and Alaska. CPACE took
place in the vicinity of the Hawaiian islands and included more than 50 hours flown in the
marine boundary layer.

SAMPLING SYSTEM
The main goal of our participatioh in these aircraft experiments was to examine the spatial

variability of aerosol physicochemical properties. Our OPC (PMS LAS-X) was modified to
size aerosol into 256 diameters ranging from 0.16 to 7.7 microns and was calibrated using
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latex spheres and a differential mobility analyzer for various aerosol compositions (e.g.,
sodium chloride, sulfuric acid, ammonium sulfate) (Clarke, 1990). By heating the aerosol
to various temperatures, we were able to obtain near real-time information on aerosol size
and inferred composition (i.e., sulfuric acid, ammonium sulfate, dust and salt) (Clarke et al.
1987). The fast response of this method is particularly valuable for regions of low aerosol
concentrations such as the remote troposphere (Clarke and Porter, 1990).

During both experiments, the sampled air entered a thick wall diffuser (after Andreae et al.
1988) with a diffusing half angle of 6.5 degrees (Figure 1a). The diffuser tip had a parabolic
curve on the outside with an inner edge radiused at 0.025 cm. This rounded edge effectively
increased the opening of the diffuser from 0.513 to 0.572 cm. Blunt diffusers with parabolic
leading edges originated from aircraft studies (Kuchemann and Weber, 1953) which showed
that this shape induced less turbulence in aircraft engine intakes.

0.573

[Figure 1a]--The use of blunt diffusers, such as this one used
during GLOBE and CPACE, have been shown to reduce flow
separation in jet intakes.

Following the inlet diffuser, the air stream entered the aircraft fuselage through a bend in
the sample line. During CPACE, the air sample inlet was located on top of the aircraft
fuselage (approximately 10 meters behind the cockpit). The sample tube for this experiment
had a 45 degree turn with a bend radius of approximately 50 cm and a tube ID of 2.54 cm.
For GLOBE, the sample line had a 45 degree turn with a bend radius of approximately



102 cm and a tube ID of 5.2 cm. (Figure 1b) During GLOBE, the sampling line and
diffuser were mounted on the side of the fuselage (approximately 16 meters behind the
cockpit) and pointed slightly downward (5 degrees). This angle was designed to account for
the aircraft average angle of attack at 200 m/s and 8 km altitude, as specified by modeling
studies by the manufacturer (McDonnell Douglas) at our measurement location.

-
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[Figure 1Db]

Once inside the aircraft, a smaller thin wall tube was located in the center of the larger
sample tube in order to transfer air (with isokinetic flow) to the OPC heating system. After
passing through the heating system, the air entered the OPC and finally returned to the large
sample line to be removed by the exhaust vent. Sample line flows were maintained by the
suction provided by a exhaust vent.

During both experiments, isokinetic conditions were maintained at the diffuser (Figure 1a)
by adjusting a sample line valve (located prior to the exhaust vent) until the aircraft and tip
velocities at the diffuser (constantly displayed and stored on computer) were in agreement.
Diffuser velocities were calculated from sample line velocities which were obtained from a
Kurz velocity probe (model 1440). Equation 1 was used to convert the Kurz sample line
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velocities (STP equivalent) to actual sample line velocities. Tip velocities were determined
by converting tube volumetric flows to flows at ambient conditions in a similar fashion.

VF2=VF1(P1/P2)(T2/T1) 1)

Equation 1 describes the change in volumetric flows at different conditions where T is the
temperature, P is the pressure, and VF is the volumetric flow rate. This equation is valid
as long as mass is conserved in the system (i.e., no leaks) and does not require an adiabatic
system.

YIRTUAL IMPACTOR THEORY AND PERFORMANCE

An important addition to the system was a virtual impactor (VI) which was designed to
increase the relative concentration of coarse particles delivered to the OPC (Clarke, 1990).
A VI operates by directing a high velocity jet onto a low velocity orifice such that larger
particles with higher inertia penetrate the orifice and become concentrated in the low
sample flow. The use of the VI reduced the problem of statistical uncertainty in counting
larger particles, a common problem when measuring low aerosol concentrations on aircraft.
Figure 2 shows the design of the VI which incorporates recent design improvements (Chen
et al. 1986; Loo and Cork, 1988). ‘

An empirical calibration for our VI was performed by comparing size distributions collected
concurrently with and without the VI (over 40 hours) during an experiment at Mauna Loa
Observatory (MLO) in Hawaii (3500 m altitude and 660 mb pressure) (Clarke and Porter,
1990). An empirical calibration eliminates concern over the loss of particles expected at the
collection nozzle for particle Stokes’s numbers near 50 percent separation efficiency (Chen
et al. 1985). Figure 3a shows the size distributions obtained with and without the VI. The
resulting size dependent coarse particle enhancement (gain) in the flow to the OPC is shown
in Figure 3b. Unfortunately, during aircraft flight, the VI flow rates varied with height.
Therefore, a method was required to determine the aerosol gain caused by the VI at
different nozzle Reynolds numbers (i.e., different flows, pressures and temperatures).

Chen et al. (1985) have described the performance of their VI by plotting the separation
efficiency, n, (the size dependant fraction of the aerosol mass collected in the sample line
divided by the total aecrosol mass) as a function of the square root of the particle Stokes’s
Number (St'?) (their Figure 7). Using this method, they show that, for a particular VI, the
separation efficiency (n) at each St'* will fall on the same curve regardless of the nozzle
Reynolds number. In order to evaluate our VI performance under different nozzle Reynolds
numbers, we have converted each aerosol diameter of our VI calibration at MLO to its St1?
using the conditions at MLO. Then we have used the VI flows, pressures and temperatures
under aircraft conditions in order to convert each St2 back to a new aerosol diameter. In
order to do this, a iterative process was needed since the Stokes’s Number depends on both
the aerosol diameter and the Cunningham correction factor which is also a function of
aerosol diameter (Reist, 1984).
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Reproduced from
best available copy.
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[Figure 2]--The design of the virtual impactor used during the
GLOBE and CPACE. During GLOBE and CPACE, no central
core of filtered air was used so that the VI functioned in a more
conventional manner.
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[Figure 3a]--An empirical comparison of OPC aerosol size
distributions collected concurrently with and without the VI for
over 40 hours at Mauna Loa station, Hawaii.
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[Figure 3b]--The relative gain for the VI based on 3a. This was
used as a basis for deriving VI performances under aircraft
conditions (see text) such as 3c.

68



Unlike the VI results described by Chen et al. (their Figure 7), in our case the sample flow
ratio, FR (sample flow divided by total flow), was not constant due to our varying total flows.
Therefore, a way was needed to estimate effective aerosol gains for each StY% under each
of the conditions experienced. In order to estimate the new separation efficiency, we re-
expressed the separation efficiency based upon the MLO data as a percentage of the
maximum efficiency, Equation 2. In this form, the normalized percentage, n,.q,, for each
St'2 varied from zero to 100 percent.

Noorm = ("m0 - FRMro) / (1 - FRy10)- (2)

These percentages were then converted back to a separation efficiency ., with the new
flow rates by,

Nnew = Mnorm(1-FRpew) + FRpeyr (3)

Finally the n,,,, values are converted back to our effective gain by multiplying by 1/FR ..
Figure 3c shows the expected aerosol gain using the above method for two different
conditions during GLOBE2. For the first case, the ambient pressure was 210 mb, the
sample flow was 1.05 lpm and total flow was 13.9 Ipm. The second case had an ambient
pressure of 360 mb, a sample flow rate of again 1.05 Ipm and a total flow rate of 20.2 Ipm.
The sudden change in slope between 3 and S microns in both the VI gains appears to reflect
real losses at this size in our particular V1. Similar VI losses were observed in the study by
Chen et al. (1985) although newer VI designs have effectively removed these losses (personal
communication). However, since all gains are referenced to the empirical MLO calibration,
any losses in the VI do not affect the final corrected distribution.

EXPECTED VIRTUAL IMPACTOR GAIN
FOR SAMPLE FLOW = 1.05 LPM

164 TOTAL FLOW 202 lpm

TOTAL FLOW 1398 pm

AEROSOL GAIN RATIO
)

0  0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008

DIAMETER (micrometers)
[Figure 3c]--The modeled enhancement cause by the VI for
total flow rates of 13.9 and 20.2 with a constant sample flow of
1.05 Ipm. These VI gain factors were applied in Figures 4a and
4b to obtain normal concentrations from the VI distributions.
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Figures 4a and 4b show two size distributions measured concurrently by the OPC both with
and without the V1. The distributions derived from the VI have been obtained by converting
the measured VI distribution to equivalent ambient concentrations using the gain shown in
Figure 3c. From these figures we see the marked improvement in the counting statistics for
the coarse particles made possible by use of the VI.

COMPARISON OF OPC AND VI OPC
GLOBEZ2 FLIGHTS (1:29-2:08)UTC
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[Figure 4a]--The aerosol number distribution measured during
GLOBE?2 flight 8 (1:29-2:08 UTC) using the OPC with and
without the virtual impactor. The corrections for the VI used
in this figure are shown in Figure 3c (13.9 lpm).
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[Figure 4b]--The number distribution measured on GLOBE?2
flight 12 (4:52-5:43 UTC) with and without the VI. The
correction applied for the VI distribution are shown in Figure

3¢ (20.2 lpm).
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AEROSOL LOSSES

In our aspirated system, the aerosol must pass through various tubes prior to measurement
by the OPC. Whenever possible we have used current theory to asses the size dependent
losses in each portion of the system. Upon entering the diffuser, aerosol pass the diffusing
cone where aerosol loss can occur, particularly if flow separation occurs. In order to
minimize aerosol loss, the diffuser was designed without a sharp edge and with a diffusing
half angle of 6.5 degrees, Figure 1a, after Andreae et al. (1988). However, at the DC-8
velocities the likelihood of flow separation at isokinetic conditions remains likely (Kiicheman
and Weber, 1953).

Due to the lack of relevant literature we were not able to estimate the magnitude of aerosol
losses in the diffuser. Okasaki and Willeke (1987) have shown that when an air stream
enters a horizontal constant radius inlet, aerosol loss occur primarily from aerosol
penetration into the developing boundary layer near the entrance. They also point out that
the thickness of this boundary layer decreases with larger flow rates. In our system, when
air passes through the diverging diffuser, the flow will be gradually decreasing until it reaches
the sample tube. Therefore in our diffuser inlet it seems reasonable that the boundary layer
would be increasing gradually in the diverging part of the diffuser and then grow further in
the initial part of the main tube. In light of this reasoning we apply the aerosol inlet losses
proposed by Okasaki and Willeke to the initial portion of the sample tube (following the
diverging part of the diffuser) in the absence of a better method. Some implications of not
knowing the proper correction to apply for diffuser losses will appear later in this paper
when we discuss several subisokinetic tests performed during CPACE. Indeed, as mentioned
by Huebert et al. (1990), a study of diffuser aspiration efficiency as well as transmissions
inside the tip would be very useful.

Once the aerosol enters our system the aerosol losses which occurred can be grouped into
gravitational losses in horizontal lines and impaction losses in tube bends. For losses

occurring in bends, the empirical studies of Pui et al. (1987) were employed. Some amount
of extrapolation was needed since Pui et al. only measured losses for Reynolds numbers of

100, 1000, and 6000 while our largest Reynolds number was 8000. Horizontal gravitational
losses were modeled according to the formulation of Schwendiman as reported in Okasaki
and Willeke (1987). Losses in our heating system were determined during lab experiments
using dried NaCl aerosol. The various transmission losses were then combined to determine
the total transmission for our system. For dry cases an aerosol density of 2.6 g/cc was used
to represent dust. For wet cases, a density of 1.2 g/cc was used to represent a mixture of
water and salt solution. Several tests cases were calculated to determine how our
transmission losses would vary with height (i.e., 200 versus 1000 mb). These showed that the
variability was approximately 6 percent at the largest sizes and therefore a single
transmission was used at all heights (see Figure 5 for GLOBE transmission losses).
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MODELED TRANSMISSION LOSSES
GLOBE (Dry Conditions)

0.9

0.8

0.71

0.6

TRANSMISSION EFFICIENCY

0.5

04 v T — T
0.1 1 10

DIAMETER {Micrometers})

[Figure 5]--The modeled size dependent transmission for our
GLOBE system. Losses modeled include gravitational settlmg,
impaction in bends, and losses for inlet ducts.

SAMPLE LINE RELATIVE HUMIDITY

When ambient air enters the diffuser probe, it is decelerated. This causes the sample line
pressure and temperature to be higher than the ambient values. This also reduces the
relative humidity (RH) in the sample line compared to the ambient value. Under isokinetic
conditions and assuming isentropic compression of the flow to rest, the resulting stagnation
pressures and temperatures are given by (Emmons, 1958):

P2=P1[1+(a-1)M?/2)(@(a1) (4)
T2=T1[1+(a-1)M?2)] (5)
where a is the ratio of the specific heat at constant pressure to that at constant volume
(Cp/Cv) and M is the Mach number. The assumption of the flow being brought to rest is
reasonable because the tube velocities were always less than 2 percent of aircraft velocities.

The consequent change in relative humidity from ambient for an adiabatic system can be
calculated using a ratio of the Clausius Claperon Equation to get:

(RH2/RH1) = (P2/P1)EXP((L/Rv)(1/T2 - 1/T1)) (6)

where L is the latent heat of evaporation and Rv is the gas constant of water vapor.
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Many aerosol are hygroscopic and pick up water at relative humidities less than 100 percent
(Tang, 1980). Therefore, it is useful to know how relative humidity will deviate from
ambient values as the air traverses the sample line. In Figure 6, we show the ratio of the
sample line RH to ambient RH for calculated adiabatic compression in the diffuser
(assuming isokinetic sampling at 110 m/s), Equation 6, and some periodically measured
values during CPACE. The obvious disagreement is a result of non-adiabatic conditions
occurring in the sample tube downstream of the diffuser (i.e., heat entering or leaving the
sample line). While flying at low altitudes, the sample line temperatures were warmer than
the cabin temperatures and heat was lost from the sample line into the cabin. This caused
the sample line temperatures to be lower than those predicted from adiabatic theory and
RH values to be higher. On the other hand, at higher altitudes (lower temperatures) heat
enters the sample line from the cabin causing the sample line temperature to be larger than
predicted by adiabatic theory and RH values to be lower. These sample line RH changes
will have little effect on the interpretation of our dried aerosol OPC size distributions (the
aerosol have been heated and surrounded by dried sheath air before sizing by the OPC).
However, these concerns should be kept in mind when losses are being evaluated or other
aerosol sizing devices are employed that are sensitive to RH values (e.g., impactors etc.).

TUBE AND AMBIENT RH COMPARISON
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[Figure 6)--The ratio of the tube RH to the ambient RH at
different ambient pressures (i.e., heights). The obvious
disagreement between the measured and modeled ratios is a
result of non-adiabatic conditions in the sample line (i.c., heat
entering or leaving the sample tube). For low/high altitudes the
adiabatic sample line temperatures are higher/lower than cabin
temperatures therefore heat will leave/enter and sample line
and increase/lower the sample RH.
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SUBISOKINETIC TESTS

Several subisokinetic tests were performed during CPACE in order to evaluate our diffuser
transmission under subisokinetic conditions. These were carried out in the moist boundary
layer since they required a steady concentration of coarse particles at reasonably high
concentrations. Figure 7a shows the OPC number distribution measured for marine aerosol
at subisokinetic diffuser flows of 10, 20, 50, 140 m/s and the isokinetic flow of 106 m/s.
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[Figure 7a]--A test (for marine sea salt) in which we have varied
the velocity of our thick walled diffuser from the isokinetic value
(100 m/s) to subisokinetic values of 10, 20 and 50 m/s as well as
one superisokinetic value of 140 m/s. As expected, the more
subisokinetic flows display the largest coarse particle increases.

The superisokinetic setting displays little deviation from the isokinetic size distribution. At
the largest sizes (8-10 microns) the variability reflects poor sampling statistics. Separate
system losses were calculated for flows present during each case. The irregular fluctuations
at larger sizes reflect low counts and poor statistical sampling. In this figure a diameter shift
of 1.9 has been applied to convert our measured dry aerosol into an ambient aerosol at 70
percent RH. This was necessary because the largest aerosol in the clean marine boundary
layer are typically hygroscopic sea salt which would have picked up water under ambient
marine conditions (Tang, 1980). The same data is shown in a different way in Figure 7b
where each distribution is divided by the isokinetic distribution resulting in a size dependent
aerosol gain caused by subisokinetic sampling. From these figures we can see very little
enhancement occurred below 1 micron (for the aircraft speed of 106 m/s) even under the
most subisokinetic conditions. The size distribution at larger sizes measured during the
superisokinetic setting (140 m/s) approaches about 75 percent of isokinetic values and is
consistent with modeled behavior for a straight isokinetic inlet (Rader and Marple, 1988).
Also shown (boxes) are the modeled aerosol gains from Rader and Marple (1988) for a
thick wall diffuser with a outer to inner wall diameter ratio of 1.3 and a subisokinetic flow
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rate equivalent to 50 percent of the aircraft speed. Since we were not able to determine
how they have defined their diffuser thickness ratio we will define the diameter ratio for our
diffuser at the point where the inner diameter becomes smallest (see Figure 1a). The ratio
of outer to inner diameter at this location results in a thickness ratio of 1.45. The slight
difference evident in the aerosol enhancements for our measured and their theoretical
aerosol gains is consistent with differences in thickness ratios. While these results appear
to show good agreement, we must emphasize that the uncertainty in the definition of diffuser
shape and thickness ratios make direct comparison difficult. Nevertheless, this behavior
suggests that aerosol behavior in the diffuser responds similarly to that of a straight inlet for
small variations from isokinetic settings.

NONISOKINETIC NOZZLE AEROSOL GAIN
COMPARED TO ISOKINETIC (106M/S)
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[Figure 7b]--A plot of the same number distributions shown in
7a divided by the isokinetic number distribution (i.e., an aerosol
enhancement). Also shown are the modeled aerosol gains from
Rader and Marple (1988) for a thick walled diffuser operating
at 50 percent subisokinetic flows.

In order to assess the performance of our inlet diffuser under different subisokinetic
conditions we will apply the method described earlier (i.e., the model of VI performance
under different conditions) to the probe tip. The physical conditions for aerosol entering
a subisokinetic diffuser is fundamentally equivalent to that for the collection nozzle of a VI,
Figure 2. As described above, the method involves several steps. The first step is to obtain
a reference aerosol gain at some subisokinetic setting for our diffuser. For this test we have
used the aerosol gain which occurred at the 50 percent subisokinetic settings as our
reference standard. Next we have calculated the St'? for each aerosol diameter using the
conditions of our reference run and then converted each St”2 back to a aerosol diameter
using the conditions of each case of interest. The final step is to convert the aerosol
separation efficiency (n) of each St'2 from the reference to a new separation efficiency and
then aerosol gain (discussed previously in the VI calibration section). The results of this
operation are shown in Figure 8 for two subisokinetic cases (10 and 20 m/s with an aircraft
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speed of 106 m/s). Also shown are the observed aerosol gains at 10 and 20 m/s (same as
Figure 7). We can see the modeled gains are much larger than the observed gains and that
this difference is largest for the most subisokinetic conditions. Separate overall system losses
were made for each subisokinetic conditions in making these comparisons and we do not
believe that uncertainties in these modeled losses can account for these differences. Some
of these differences may be caused by deposition of particles near the tip inlet, in the same
manner as that observed for a VI collection nozzle (Chen et al. 1985). Another possible
explanation is that under the more subisokinetic conditions, the thickness of the boundary
layer increases resulting in more turbulent deposition as aerosol penetrate this layer. Indeed
Emmons (1958) has shown boundary layer flow is particularly sensitive in the case of
diffusers.

MEASURED & MODELED SUBISOKINETIC GAIN
COMPARED TO ISOKINETIC AT (106m/s)
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[Figure 8]--We have shown the observed aerosol enhancement
caused by subisokinetic sampling for diffuser velocities of 10 and
20 m/s (solid lines) with aircraft speeds of 100 m/s (similar to
Figure 7b). Here we have also shown modeled aerosol
enhancements (dotted line) which are based on measured
enhancements at 50 m/s. The fact that modeled aerosol
enhancements are much larger than the observed enhancements
suggests additional nozzle losses are occurring for the more
subisokinetic conditions which were not occurring under less
subisokinetic settings (i.e., 50 m/s).

COMPARISON WITH THE FSSP
Here we present the initial results of comparison of aerosol distributions measured during
GLOBE by the OPC and the wing mounted FSSP 300 operated by NASA Ames. A more

detailed comparison of aerosol measurements during GLOBE is planned for the near future
after each research group had time to process their data. In this comparison we have
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restricted ourselves to study dry periods when the relative humidity was below 30 percent
(i.e., the most frequent condition during GLOBE).

During GLOBE both the OPC and the FSSP had experienced occasional problems. On one
flight during GLOBE the OPC was partially obstructed which eliminated the larger aerosol
from the measurements for the entire flight. During GLOBE, the FSSP300 operated by
NASA Ames was operational for most of the experiment with the exception of intermittent
noise that appeared at 0.6 micrometers. Due to its aspirated configuration, analysis of OPC
data requires consideration of the various issues discussed above (e.g., losses, RH etc.).
Although the FSSP offers the benefit of aerosol measurements in the free air they also suffer
from certain difficulties such as response times and beam intensity inhomogeneities
(Baumgardner and Spowart, 1989).

During GLOBE most aerosol measurements were made above the boundary layer where
coarse mode aerosol concentrations were often very low. In an effort to compare the FSSP
and OPC during GLOBE we have averaged together 7 hours of measurements for periods
of enhanced coarse mode aerosol. Adding in many more hours of size distributions with low
coarse mode aerosol concentrations would be of little benefit in reducing the problem of
statistical uncertainty at the larger sizes. Figures 9a and 9b are examples of OPC and FSSP
distributions during GLOBE under dry conditions (RH < 20 percent). In Figure 9a the
measured OPC size distribution are an average of 8 different periods (a total of 7 hours
from different flights) using the VI. Intermittent noise in the FSSP size distribution (at 0.6
micrometers) occurred in several of the size distributions of this average and were removed
by averaging over adjacent channels. The second case (measured without the VI) was
measured while descending into Hawaii (=~ 670 mb) and is most likely "dust" of Asian origin.
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[Figure 9a]--An example of the aerosol number distribution
measured concurrently by the FSSP and OPC (with the VI)
during GLOBE2? during flight 14 at 2:21-3:51 UTC.
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Such high concentrations of large dry aerosol minimize sampling uncertainty and are the best
periods for comparisons. The size dependent ratio of the two instruments are shown in
Figure 10 for this situation (see Figure 9b). In general, there is good agreement except for
apparent undercounting by the FSSP 300 at smaller sizes. The disagreement at larger sizes
is primarily due to poor count statistics due to low concentrations.
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[Figure 9b]--An aerosol number distribution measured by the
FSSP and OPC (no VI) during flight 4 at 23:57-0:05 UTC with
increased coarse particle concentrations.
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[Figure 10}--Comparison of the OPC (no VI) and FSSP for the
case shown in 9b.
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CONCLUSION

Optical particle counters (with suitable RH control) can be used effectively to examine the
size dependent mechanisms that affect aerosol sampling through aspirated systems. The
results of two aircraft experiments in the remote troposphere have enabled us to examine
the requirements and performance of an aspirated inlet for aerosol sampling from aircraft.
This evaluation is based on size resolved data accumulated by a laser optical particle counter
probe. Additional intercomparisons were made with a wing mounted forward scattering
spectrometer probe in conjunction with other instrumentation.

Specific observations suggested by our measurements follow:

1.

A major problem encountered in aerosol comparisons in clean regions such as the
remote troposphere is the difficulty of obtaining a statistically representative sample
for the larger aerosol (where most aerosol mass resides). The corrections made for
aerosol losses in our system were often small when compared with the variability
caused by poor sampling statistics, particularly at the larger sizes. The use of a
properly calibrated VI was shown to markedly reduce this uncertainty. In this paper
we have shown that if a VI calibration already exists for some VI flow combination,
pressure and temperature, then it is possible to provide an adequate assessment of
VI enhancement at other combinations of flow, pressure and temperature.

The general problem confronting aerosol sampling by aircraft is the determination
of aerosol aspiration and inlet losses for various diffuser configurations and
subisokinetic conditions. In our study we found encouraging agreement between the
theoretical work of Rader and Marple (1988) and inlet tests for a 50 percent
subisokinetic condition and a thick wall ratio of 1.3-1.4 although we were not certain
of the characteristics of their modeled diffuser. This apparent agreement of
measured and modeled size dependent gains at 50 percent subisokinetic flows suggest
inlet performance is predictable at least in a relative sense. However, increasing
deviations of modeled and measured performance for larger particles under
increasingly subisokinetic conditions indicates that unmodeled diffuser losses must be
occurring for larger particles. The subisokinetic tests also indicate small particle
(<0.5 pm) losses are relatively insensitive to extreme deviations from isokinetic
sampling. This insensitivity suggests that small particle losses are independent of
changes in shear and boundary layer development at the probe tip. Hence, we
expect small particle losses for our diffuser to be only a few percent at isokinetic
conditions.

When measuring aerosol in moist atmospheres from aspirated inlets care must be
taken to determine or control the degree to which the sampling process has dried out
the ambient aerosol before measurement. This drying out will affect the sizing of the
aerosol distribution and transmission losses as well. Our tests show that actual
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sample line RH measurements are necessary because nonadiabatic conditions can
significantly alter the sample line RH from RH values computed from adiabatic
theory.

4.  Our preliminary comparisons with the aspirated OPC system and the wing mounted
FSSP have shown good agreement. Some of the biggest disagreements reflect
uncertainties caused by poor sampling statistics at the larger sizes. The future
comparisons planned for GLOBE aerosol measurements after revised assessment of
instrument performance by the various instrument groups should provide a more
detailed comparisons.

In view of the importance of accurate aerosol sampling from aircraft, we hope to see
additional theoretical and experimental work done on the problems of aspirated aerosol
measurements. At the moment, our greatest concern are the unmodeled losses which may
be occurring in our diffuser. The present study (super and subisokinetic tests) suggest these
diffuser losses are not sensitive to small deviation from isokinetic conditions in our particular
diffuser. The fact that a wide variety of diffusers exist in the literature, each of which has
a different aspiration efficiency and internal losses makes comparisons difficult. Effort
should be put forth to determine which type of diffusers are best suited for aircraft aerosol
sampling. It is also important to determine their performance under varying wind shears and
ambient turbulence which may vary depending on the placement of the diffuser on the
aircraft.

An alternative to diffuser inlets might also be considered in future studies. The potential
for large particle losses in diffusers also suggests that a straight non-diffusing tip, operated
under controlled and well characterized subisokinetic conditions, may be desirable for size
resolved measurements such as those reported here. The potential for reduced inlet losses
and enhanced coarse particle counts could be a distinct advantage for these measurements.
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DISCUSSION

Huebert: Almost anything looks like it agrees well on a log plot with five or six orders
of magnitude on it. It looked to me like the internal and external plots
frequently differed by a factor of two or numbers like that. Is that the state
of the art? Is that the best we’re going to be able to do with optical particle
counters?

Clarke: I don’t think so. I think you have to keep in mind that this was a first
comparison. It was not even a comparison in the sense that yours was a
deliberate comparison. This was an after-the-fact, flight-of-opportunity
comparison where we were doing other things than just taking the data and
looking at it. It is the first cut of the data, so we haven’t made all the
corrections possible, and these were never sat down and calibrated side-by-
side before or after the measurement program. There are a lot of things that
could be done better if you made it a point to intercompare these instruments.

What I think does show up here is that this a reasonable approach in trying
to model behavior. Crossing two inlets with two optical particle counters, one
that you play with and one that you keep the same, is a good approach so that
you have a reference for the changes that you are making, because you do
have a variable air mass out there. That’s one of your problems--it shows up
in sampling. If you have two of them so you can compare them side-by-side,
one with a perturbed condition and one not, this would be a big help.
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Radke:

Clarke:

In the illustration I showed for the good statistics, we had for the DC-8 with
Rudy Pueschel’s data. The variability over the size range from .4 to 4 microns
was really not bad. It was only on the order of 20 percent or so, not a factor
of two. In general it would appear that the DC-8 agreement doesn’t seem to
have the discrepancy that shows up between 1 and 4 microns that showed up
with Darrel’s data on the FSSP on the Electra. Remember, we had a
different inlet system (much larger) and the velocities were higher. The
boundary layer would have been smaller on the DC-8 than it was on the
Electra. That may be a factor in the diffuser.

Are you seeing any differences between 100 and 200 m/s as far as the inlet
performance?

This is what I was saying just now. The behavior with the last comparison I
showed with Rudy Pueschel was on the GLOBE data which was the 200 m/s
and didn’t seem to show the discrepancy that we found at 100 m/s. It appears
to be even a little better in that case suggesting again that the boundary layer
thickness in the diffuser is less because you have higher velocities.

Baumgardner: 1 should point out that the FSSPs that were flown on the PASIN and

Seebaugh:

Clarke:

Seebaugh:

Clarke:

CPACE and that which was flown on the GLOBE experiment were two
different types of FSSPs. The one that was flown on the Electra experiment
was an FSSP-100, which is different than the FSSP-300 which was flown during
the GLOBE experiment. The big difference is that the sample volume on the
300 is about a factor of ten smaller than the sample volume on the 100. The
second thing is that they define the sample volume two totally different ways.
There could be a possibility that that is part of the difference, too. Actually,
I think the 300 probe is a very interesting probe, because it also goes down to
a smaller size than a 100. The 100 only gets down to about .5 - .6 microns,
and the 300 gets down to .3 - .35, which makes intercomparisons much nicer
in that overlapping range.

Is everyone satisfied with the assumption that the particles follow the
streamlines around the aircraft which are being offset by 5 feet or more from
the centerline by the effect of the fuselage?

Our hope was that we were far enough back that even with the distortion due
to the aircraft it would still be more or less parallel with the skin at that point,
and the correction...

I’'m not talking about being parallel. Are the particles following these same
streamlines around the airplane? Does that really matter?

I think here that they were.
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Rader:

Clarke:

Georgi:

Clarke:

Pueschel:

Georgi:

Clarke:

When comparing with the theory, a warning on the theory. It’s calculated just
at the entrance point on the nozzle outward. Subisokinetic condition particles
may well have some radial motion from the sampling process, because it’s
deflected on the inlet near the opening. Liu, in the last year or two, published
a paper with the same sort of finite difference technique. They actually
looked at particle impaction near the entrance and found that it was pretty
significant. Especially if these ratio might be independent. See how that
agrees with your data. Problems of getting in close for getting input, particles
hitting walls, who knows what’s happened.

I suspect that it really is going on. Also, I forgot to mention, because you are
operating in subisokinetic conditions, all of your flows and loss mechanisms
change. We did model all of the loss mechanisms after reduced flow to
account for the differences as well. You’re right, I just let them be. That’s
what’s going on in subisokinetic conditions.

I have one question about the counting efficiency between the different
instruments, especially in the small size range. Are they similar or are they
different. One might have 50 percent when the other one 30 percent.

I think with our probe we have 256 size bins. Counting efficiency will fall off
at the very smallest size bins. Then we have noise. We put a filter in front
of the instrument so we can get an exact noise figure with or without particles
present. I think we do expect some fallout of the smaller sizes, but not very
much. Rudy may know more about counting efficiency of the FSSP in the
smaller size range. I don’t know what percentage that is.

All I can say, Tony, is we have effects of mounting location.

I was wondering; you mentioned all the time gaining something. What about
cutoff of this virtual impactor?

It is the size cut in the sense that a typical impactor is. You’re not impacting
it onto anything except air. Basically, the size cut is, if you want to use that
term, is described by (smooth line dimension) ... This is the empirical one
determined from 40 hours at Mauna Loa observatory. This is a ratio of two
real measurements. These are what normally would be reported as size
distributions over 40 hours of accumulated data. This is what we obtained
using the virtual impactor, and this is the ratio of those. You get an increase
relative to your tube velocities--you have an impinging velocity and a collecting
velocity. If they’re 20:1, then you will get roughly a 20:1 increase in the coarse
particles. The idea is that you're impinging lower moving airspeed. This one
is designed to feed our optical particle counter, so you design it for the flow
parameters to be 1.
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Airborne Filter Intercomparisons and Comparisons
With Cloud Water and Ground-Level Filter Measurements
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in the interactions among clouds, aerosols and trace gases as they relate to global
climate change and acid deposition.

1. INTRODUCTION

Since 1981, the Atmospheric Environment Service (AES) in cooperation with the Canadian
Institute for Aerospace Research (IAR) has conducted a number of airborne experiments
to study processes fundamental to "Acid Rain". These experiments have included the
sampling of aerosol and cloud water from aircraft for chemical analysis. In addition, a
number of supporting airborne instrument measurements have been made, and filter and
instrument measurements have been conducted at supporting ground sites. These
measurements are used here to assess the possibility of losses of sulphate and nitrate during
sampling from the aircraft.

Five intercomparisons of airborne filter measurements of particulate sulphate (p-SO,7),
particulate nitrate (p-NO;") and nitric acid are described here. As well, airborne
concentrations of p-SO,~, p-NO;™ and HNO, are compared with optical particle counter
estimates of aerosol mass, ground-level filter (GLF) concentrations of p-SO,~, p-NO;™ and
HNO; and concentrations of sulphate and nitrate measured in the cloud water (hereafter

cwSO,~ and cwNOy).

The measurements are from three studies conducted over central Ontario during the
summer of 1982, the winter of early 1984 and the summer of 1988. These studies were
chosen because two aircraft were used in each study and intercomparisons were performed.
During 1982, the two aircraft were the IAR deHavilland Twin Otter (T.O.) and the IAR
Beechcraft 18. During 1984 and 1988, the IAR T.O. and the Canada Centre for Remote
Sensing DC-3 were used.

* The concentrations of sulphate and nitrate are multiplied by the measured liquid water
content (LWC) to convert to units directly comparable to the filter measurements.
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2. INSTRUMENTATION

Filters samples were collected using a triple-filter system consisting of a front filter to collect
aerosol, a middle filter to trap HNO; and an impregnated back filter to trap either SO, or
NH;. Some specifics of the filters used during each study are given in Table 1. The inlets
used on each aircraft are described in Table 2. During the two summer studies (i.e., 1982
& 1988), the sampling at the intake of the inlet was nearly isokinetic. For the winter study,
the inlets were left open because the aircraft were often flying in supercooled cloud and the
small isokinetic diffusers could easily ice over. With the exception of the 1982 T.O. inlet,
all inlet surfaces were teflon to facilitate the sampling of HNO;. With the exception of the
1988 T.O. inlet, all were diffuser type inlets: the 1988 T.O. inlet was a short straight inlet
opening from 0.3 cm ID to about 0.6 cm ID at the filter housing inlet. Laminar flow is
expected in all inlets except the 1988 T.O. inlet, for which the Reynolds number is estimated

at 10°%.

Measurements of total aerosol mass in the 0.17-1 um size range were estimated with a wing-
mounted Particle Measuring Systems ASASP-100X (i.e., optical particle detector; hereafter
ASASP). Calibrations of this probe have been described by Leaitch and Isaac (1991) and
Liu et al. (1991).

Cloud water was sampled during 1982 with standard slotted-rod collectors (Winters et al.
1979). Cloud droplets cross the streamlines around the 1 cm diameter cylindrical collector
rods and impact into 0.3 cm wide slots cut along the length of the rods. The rods are
deployed vertically into the airstream and the impacted water runs down the interior of the
slot into a collection bottle. During 1984, rods without slots were used as the cloud water
was supercooled and the rods collected rime. The rimed rods were extracted and placed in
clean bags for the ice to melt. During 1988, two different slotted-rod collectors were used:
the standard type described above; and a modified type in which the outside diameter of the
rods is half that of the standard one, but the slot width is the same. These two collectors
were flown side-by-side to examine whether or not the efficiency of collection is improved
by changing the size of the rods. It is not the intention to discuss the results of the cloud
water collector intercomparison here, except to say that the outcome does not have a
significant bearing on the present discussion.

GLF measurements were made with similar filter systems in an open-faced configuration.
The filters were held inverted about 5 metres above the ground and sheltered by an
aluminum hemispherical cap. In high winds, it is possible that some coarse particles may
not be captured by this system, however, for most conditions it is expected that particles up
to at least 10 um are efficiently captured.
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3. COMPARISONS DURING INTERCOMPARISON FLIGHTS

The results of airborne filter intercomparisons are shown in Table 3. Two separate
intercomparisons were performed in 1982, two in 1984 and one in 1988. Concentrations of
p-SO,=, p-NO,, p-NH,* and HNO; are given for each filter. Below each absolute
comparison is a normalized comparison, where the concentrations have been normalized
relative to p-SO,~ on the particular filter. The purpose of this is to underscore internal
consistencies between the filters. For example, it is suspected that a leak in the flow system
led to an overestimation of the flow rate on the T.O. during the Febrary 23, 1984,
intercomparison. In this case, the relative agreement between species concentrations is quite
strong although the absolute concentrations measured on the T.O. are much lower, except
in the case of HNO, which is at detection limit on both filters. The covariance of the
species concentrations suggests that for this case there was agreement between the filters
in terms of collection efficiency.

The p-SO,~ mtercompansons show differences of 2-29 percent, relative to the hlghest
concentration in each case. In absolute terms the discrepancies range from 0.08 pg m’ 310
1.9 ug m>. Given that the uncertamty in the filter measurements due to filter b]ank
variability and analytical uncertainty, is about +1 ug m3 for the 1982 data and +0.4 ug m>
for the 1988 data’, all of the discrepancies in p-SO,~ are within the uncertainty of the
filters.

The p-NO,_ intercomparisons are more variable. The p-NOj;" concentration measured on
July 5, 1982, compare very well (the difference of 11 percent is well within filter p-NO;”
uncertainty, which is the same as quoted above for p-SO,~). The concentrations measured
during the July 17, 1982, and August 27, 1988, intercomparisons are within, but at the limits
of the uncertainties, and the discrepancies between the filters are in excess of 80 percent in
each case. Assuming that in the summertime substantial p-NO;" may be found in the coarse
aerosol, due to neutralization of HNO; on alkaline dust particles, then these larger
discrepancies may indicate sampling problems with the coarse aerosol. The p-NOj;
concentration for the February 23, 1984, case is very high relative to all other cases and
p-SO,~ in this case, and the normalized results suggest little discrepancy in p-NOj". In this
case, it is expected that the p-NO; was present in the fine particles in this case, because
colder air temperatures favoured the formation of NH,NO;. Note that NH,*, in equivalent
units, is well in excess of either p-NO; or p-SO,~.

The multi-aircraft intercomparison results for p-SO,~ and p-NOj;™ are consistent with
relatively good inlet transmission efficiencies for the fine aerosol (i.e., particles <1 ym) and
uncertain efficiencies for the coarse particles (i.e.,, >1 um).

* The uncertainties quoted assume the sampled air volume to be 1.5 m3 This IS
considered a typical value, although the actual volumes may range between 1 m?3 and 2 m’.
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4. FILTER-ASASP COMPARISON

The total mass of aerosol in the size range 0.17-1 um was estimated from the T.O. ASASP
data and compared with the T.O. p-SO,= for 1988. This particular comparison, shown in
Figure 1, was made because it is recognized that most of the p-SO,~ in continental regions
exists in this size range (e.g., Milford and Davidson, 1987). The total mass was estimated
assuming a dry particle density of 2 g m>°, Figure 1 indicates a strong relationship between
the p-SO,~ and the estimated total mass, suggesting there are no large random errors in
p-SO,™ measurement. For higher concentrations, the fraction of p-SO,~ in the fine aerosol
is about 30-50 percent. This fraction is about 20 percent for intermediate concentrations,
and falls to <10 percent for the lowest concentrations. Heintzenberg (1989) in reviewing
the relative composition of the fine aerosol finds SO,~ to comprise 20-40 percent of the
total fine particle mass. Taking into account uncertainties associated with the total mass
density assumption and due to filter blanks, which are greater in relative terms at the lower
concentrations, there appear to be no p-SO,~ losses in the T.O. inlet system detectable

outside of other uncertainties.

5.  MULTI-LEVEL INTERCOMPARISONS

During 1988, there were three instances when filters were sampled on the T.O. and DC-3
at different altitudes, cloud water was sampled on the T.O. and filters were sampled near
ground level at Egbert, Ontario all within a two-hour period. These cases provide additional
detailed data to examine the sampling inlet issue.

Figure 2 shows the location and times of the sampling relative to the Egbert ground station.
All the filters were collected while flying between Egbert and Dorset, Ontario, about 125 km
NE of Egbert. In Figure 3, vertical profiles of aerosol number concentration measured with
the T.O. ASASP over Egbert and over Dorset for flights 7, 13 and 48 are shown to indicate
how aerosol varied at either end of the filters. Note, on flight 48, the extreme variability in
the aerosol between about 750 mb and 950 mb is due to penetration in and out of cloud.
The concentrations of major ions in the filter and cloud water samples are given in Table 4.

51 SULPHATE

The aerosol during flight 7 was relatively well mixed up to about 2 km (Figure 3), but about
30 percent higher over Egbert compared to Dorset. P-SO,~ is higher the T.O. compared
with the DC-3, but reasonably close to the DC-3 sample at the same time as the T.O. filter
(also within the filter uncertainty). All three aircraft p-SO,~ concentrations are lower than

* This particular ASASP has been determined to effectively dry the aerosol before
detection (Leaitch and Isaac, 1991).
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the GLF by much more than the horizontal variability; however, in this case the GLF was
collected over a 6-hour period in this case and a decreasing trend in concentrations was
apparent in succeeding GLF. The cwSO,=, which temporally is most comparable to the
DC-3 filter at 1.1 km, is lower than the DC-3 1.1 km filter value, however, the cloud water
sample was collected nearer Dorset, where aerosol concentrations were lower.

During flight 13, higher aerosol number concentrations are observed near the ground over
Dorset. Almost 2 hours later much lower concentrations are seen near the ground over
Egbert. Given the temporal and spatial variability of the aerosol on this occasion, the
airborne and GLF p-SO,~ intercompare well. The cwSO,~ agrees very well with the
p-SO,~ at 1.3 km and 1.8 km, particularly after taking into account how the numbers of
droplets compare with the number of particles.

The airborne p-SO,~ concentrations during flight 48 are somewhat lower than the GLF
results, although the difference between the GLF and the T.O. filter is close to the filter
p-SO,~ uncertainty. The higher T.O. p-SO,~ compared to DC-3 p-SO,~ is partially
explained by lower aerosol concentrations measured on the DC-3. The cwSO,~ at 1.8 km
is about one-half of the p-SO,~ at 1.6 km, however the number of cloud droplets measured
during the cloud water collection is only about one half of the average number of aerosol
particles observed during the filter collection.

General correspondence between SO,~ measured at the ground, in the air and in the cloud
water is indicated by these three cases. Most of the differences among the three types of
SO,~ collections used here can be explained by uncertainties other than inlet transmission
losses (e.g., temporal and spatial variability, filter uncertainty).

5.2 NITRATE

The p-NO;" concentrations during flight 7 at 0.6 km, 1.1 km and 1.8 km are within filter

uncertainty. There is good correspondence of the T.O. p-NO;"+HNO, with the cwNO;™ at
2.1 km, supporting the indication of the filter samples that p-NOj'was less prominent than

HNO,.

P-NOj;™ on all filter samples, including the GLF, during flight 13 is very low relative to
HNO,. The differences among these p-NOj" values are again within filter uncertainty. The
cwNO;", which compares closest in both time and space with the DC-3 filter at 1.3 km,
agrees within 20 percent of this filter’s p-NO;"+HNO, concentration.

P-NO; concentrations measured on the filters during flight 48 are once again very low

relative to HNO, and within filter blank variability. The cwNO; is about 57 percent of the
T.O. HNO; (p-NOj’ is negligible), and the cwSO,~ is about 46 percent of the T.O. p-SO,~.
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This suggests that the lower number concentration of cloud droplets relative to the average
aerosol number concentration during the filter was due to a lower number of particles
available for scavenging by the cloud, rather than incomplete nucleation scavenging.

For these few cases, p-NO;" was a relatively low concentration constituent and, as a result,
it is difficult to make a general assessment of errors in sampling for this reason. It appears
that for these cases such errors are again probably not any more significant than the filter
uncertainty.

6. INTERCOMPARISONS OF CLOUD WATER, GROUND-LEVEL AND AIRBORNE
FILTER DATA

61 SULPHATE

The previous analysis is extended in a more general sense to all three field studies. Figures
4-6 show comparisons of SO,~ concentrations measured on the GLF samples, in the
airborne filter samples and in cloud water samples for various flights during the 1982, 1984
and 1988 studies respectively.

During 1982 (Figure 4), the relative correspondence of the airborne filters with the GLF is
reasonably good, however, the absolute correspondence between GLF and cloud water is
much better. Of the four cases with the highest GLF p-SO,= (i.e., July 7, 14, 15 & 22), for
which filter uncertainties are less significant, two cases (July 14 & 15) have airborne p-SO,~
much lower than either the ground-level p-SO,~ or the cwSO,~. Lower airborne p-SO,~
compared with GLF p-SO,~ will generally be expected because of vertical gradients in
aerosol concentrations, however, it is not clear exactly how the airborne filters should
generally compare with the cloud water samples. This is because aqueous-phase production
of SO, will contribute towards relatively higher SO,~ in the cloud water, but incomplete
nucleation scavenging will contribute towards relatively lower cwSO,~. Of the eight cases
shown, the airborne p-SO,~ is significantly lower than either the GLF or ¢wSO,~ on July
14 and 15.

The result is somewhat different for the 1984 winter SO,~ data shown in Figure 5. Here
it is seen that of 11 cases, the airborne p-SO,= is higher than the GLF p-SO,= in 5
instances and similar in another 2. Relative to the cloud water, the airborne filters indicate
similar or higher SO,~ concentrations in 9 of the 11 cases. It is important to observe here
that the sampling inlets used on both aircraft during this study were not equipped with
isokinetic diffusers, but rather were simply large diameter open-ended tubes.

Rounding off SO~ is a general comparison of the GLF, airborne filter and cloud water data
for 1988 summer study. In 10 of the 13 cases presented, the airborne p-SO,~ is similar to
or higher than the GLF p-SO,=. The same is true in 12 of the 13 cases for the comparison
of the airborne p-SO,= with the cwSO,=. In Figure 7, the number concentration of aerosol
particles measured with the ASASP and the cloud droplet number concentrations measured
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with the FSSP during the filter and cloud water samples respectively are shown. With the
exception of flight 37, there is good correspondence between the relative relationships of the
ASASP and FSSP with the airborne p-SO,~ and cwSO,~, indicating consistency among the
measurements.

These general comparisons involving SO,~ measurements show good consistency among the
various measurements, particularly for the 1984 and 1988 data. Discrepancies are apparently
greater for the 1982 data, although this is not supported by the airborne intercomparison
data given in Table 3.

6.2 NITRATE

The general comparison of nitrate measurements for each study is shown in Figure 8-10.
For the GLF, p-NO; +HNO; (i.e., t-NO;") is shown, and for the airborne filters, p-NO; and
t-NO;,™ are shown.

In all but the last 2 cases for 1982 the airborne p-NOj’ is below detection limit (i.e. absent
from plot). Also, with the exception of the July 7 & 15 cases, the airborne t-NO;_ agrees
with the GLF t-NO;_to within the filter uncertainty. Interestingly, cwNO;" is higher than the
GLF t-NOjy™ as well as the airborne t-NOy’, in all but the first case. This has been suggested
by Leaitch et al. (1986) as being possibly due to HNO3 deposition near the ground or poor
sampling of coarse aerosols at the ground as well as in the aircraft. One factor suggesting
that the NO;™ was tied up with the coarse aerosol is that cwNO;™ concentrations correlated
very highly with the calcium ion concentrations in the cloud water.

The 1984 winter results (Figure 9) for nitrate, as for sulphate, are much different than the
1982 results. Note that for many of the samples, particularly in the latter half of the study,
p-NOj;™ was a very significant component of the t-NO;". In at least 10 of the 11 cases, the
airborne t-NO;" is the same as or higher than the GLF t-NOj’ to within the filter blank
variability. Both the GLF and airborne t-NOj;™ are lower than the cwNO;™ in the first 6
cases, which has been previously attributed to the scavenging of N,O; by the cloud water
(Leaitch et al. 1988). In 4 of the last S cases, the cwNO;" is much lower than that measured
with the filters. P-NO;™ does not appear to have been under-sampled during this study,
however, as mentioned above, it is likely that much of the p-NO;™ was in the fine aerosol.

Finally, varying amounts of p-NO;  were found in the aerosol in 1988. Still, its
concentrations relative to HNO; were generally quite low. This has been noted for the GLF
data in Tables 3 and 4 also. In at least 8 of the 13 cases, the airborne t-NO;™ concentrations
are similar or higher than the GLF t-NO;™ concentrations to within the filter uncertainty.
CwNOj;" is similar or lower than the airborne t-NOj;" also in at least 9 of 13 instances. The
large discrepancy between cloud water and airborne filter data observed for the 1982
summer study is not evident for this summer study.
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7. SUMMARY

These various intercomparisons and comparisons of different measurements lead to the
following impressions. With respect to the sampling of sulphate on filters installed in these
relatively siow-moving aircraft, it appears that any error or loss occurred in the sampling
system is within the analytical and filter blank uncertainties. The comparisons done using
the open-ended large diameter tube used during the winter 1984 are not particularly
different from the other cases for which diffusers were used. It is clear that to accurately
test inlet efficiency for sulphate retention that either further improvements in filter
measurements are necessary, situations with very high concentrations must be examined or
very long sampling times are required.

The situation with respect to the sampling of p-NO;” from these aircraft is more
complicated. The winter 1984 data suggest that p-NOj;’is being sampled as well as p-SO,=,
however, it is also believed that under these conditions the p-NO;y™ is mostly located in the
fine aerosol. The data from the 2 summer studies are different: the 1982 study suggests the
possibility that significant p-NO;™ was tied up in the coarse aerosol and that the sampling of
it was poor; the 1988 study suggests that p-NO;” was a minor component relative to HNO,
and that sampling errors were within the analytical and filter blank uncertainties.

Although inlet losses of sulphate and nitrate are not clearly indicated here, it is clear that
there is room for further testing of these inlet systems.
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Table 1:

1982 Triple Filter Pack

FILTER TYPES

1984 Triple Filter Pack

- 47 mm filters - 94 mm filters

- teflon - quartz-fibre

- nylon - NaCl-impregnated cellulose

- K,CO5-impregnated W41 - K,CO;-impregnated cellulose

1988 Triple Filter Pack
- 47 mm filters
- teflon
- nylon

- K,CO,-impregnated W41 or
citric acid-impregnated W41

Table 2:

Year Aircraft

1982 Twin Otter
(50-60 m/s)
Beech 18
(50-60 m/s)

1984 Twin Otter
DC-3
(50-60 m/s)

1988 Twin Otter
DC-3

INLET TYPES
Type (dimensions approximate)

Isokinetic teflon diffuser on 1.6 cm. 1.D. curved
aluminum tube; F.R. 30-50 I/m.; length 1 m.; 15 cm. above skin;
mounted ahead of engines.

Isokinetic teflon diffuser on 1.9 cm. curved

aluminum tube with 0.64 cm. alum./teflon isokinetic inset; F.R.
30-50 Ym,; length 1 m.; 15 cm. above skin; mounted ahead of
engines.

4.5 cm. LD. teflon-coated curved aluminum tube followed by
plexiglass cyclone; F.R. 300-500 I/m.; length 1 m.; 22 cm. above
skin; mounted ahead of engines.

Open-ended 4.45 cm. curved aluminum tube with 2.5 cm.
teflon tube insert, and brass cyclone separator at 2 m.; F.R. 300-
500 Ym.; length 3 m.; 30 cm. off skin; mounted ahead of
engines.

Blunt-ended isokinetic aluminum diffuser mounted in small
pylon with teflon tube insert; O.D. of tip 1.3 cm; teflon tube
LD. 0.3 cm opening to 0.6 cm; F.R. 30-50 I/m.; length 19 cm,;
30 cm off skin; mounted near mid-point of aircraft behind
engines.

Rectangular teflon block with two 1.9 cm. LD. curved air

passages approx. 0.7 m.long milled; isokinetic teflon diffuser; 30
cm. off skin; mounted ahead of engines.
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Table 3:

-y
\O
(35

July 17

Norm.

b~
00
NN

Feb. 21

Norm.

Feb. 23

Norm.

1988

Aug. 27
(0.6 km)
Norm.

DIRECT FILTER INTERCOMPARISONS

Aircraft

Twin Otter
Beech 18
Twin Otter
Beech 18

Twin Otter
Beech 18
Twin Otter
Beech 18

Aircraft

Twin Otter
DC-3
Twin Otter
DC-3

Twin Otter
DC-3
Twin Otter
DC-3

Aircraft

Twin Otter
DC-3
Twin Otter
DC-3

p-SO,~ p-NO;'

( pg m’
2.16 0.84

299 0.94

1.0 0.39

1.0 031

21.0 0.32

229 1.84

1.0 0.02

1.0 0.08
p-SO,~ p-NOy’

( pg m>
1.76 0.07

1.36 0.07

1.0 -

1.0 -

2.40 5.54

3.39 8.15

1.0 2.31

1.0 2.40
p-SO,” p-NO;’

( pg m>
3.82 0.55

3.74 <0.1

1.0 0.14

1.0 <0.03

* Normalized to sulphate concentration

** Detection Limit

95

P'NH4+

1.02
0.93
0.47
0.31

5.50
5.48
0.26
024 0.21

P'NHa+

0.37
0.41
0.21
0.30

2.01
2.83
0.84
0.83

)

)

HNO,

0.39
0.62
0.18
0.21

1.80
4.92
0.09

HNO,

0.08"°
0.08

0.08
0.08

HNO,

2.78
2.03
0.73
0.54



Table 4: COMPARISONS OF 1988 FILTERS AT DIFFERENT ALTITUDES

Flight 7:
Aircraft

Egbert
DC-3
DC-3
T.O.
Cloud W.

Flight 13:
Aircraft

Egbert
DC-3
DC-3
T.O.
Cloud W.

Flight 48:
Aircraft

Egbert
DC-3
T.O.
Cloud W.
Cloud W.

- AS refers to the number concentrations of aerosol particles measured with the

Alt.
(km)
0.2
0.6
1.1
18
2.1

Alt.
(km)
0.2
0.6
13
1.8
1.6

Alt.
(km)
0.2
0.6
1.6
1.9
2.4

Pres. p-SO,~

(mb) (

6.67
943 273
877 240
811 314
778 139

Pres. p-SO,~

(mb) (
4.86

941 6.34
835 4.97
810 3.42
825 3.75

Pres. p-SO,~

(mb) (

5.46
947 2.16
825 4.03
804 1.85
753 0.69

ASASP-100X.

- FS refers to the number concentrations of cloud droplets measured with the FSSP-

100.

p-NO,;* \ p-NH,* HNO; AS FS
pg m’ ) (em™)

0.86 2.06 2.64

0.37 092 1.72

0.86 035 1.32

bdl 0.91 139 732

1.51 0.47 695.

p-NO,” p-NH,* HNO, AS FS
ug m’ (em?)

0.35 1.95 2.10

0.05 2.00 1.56 >500

bdl 1.51 1.82 >500

bdl 0.81 123 338

2.28 1.36 410

p-NO;” p-NH,* HNO; AS FS
ug m” ) (em?)

0.66 2.18 4.28

0.34 0.99 2.38 489

0.01 1.49 332 609

1.89 0.95 303

0.82 0.15 384

* In cloud water samples, refers to t-NOj’

* In cloud water samples, refers to t-NOjy’

" In cloud water samples, refers to t-NOjy’
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Flight 7 Summary

5000 - Daytime 5000
4500 4500
1947
4000 4 - 4000
EZlSDO- I 3500
% 3000 1 + 3000
2 2500+ 1917-1934 L 2500
< 2000 1826-1909 | 2000
SR —
1500 1914-2006 1500
1000 A —— e —— | 1000
500 —— T - L. 500
1806 1819-1912
0% 25 S0 75 100 e
Egbert Km Muskoka Dorset
Flight 13 Summary
5000 1 Daytime - 5000
4500 - } 4500
4000 + 4000
Essoo- 3500
© 3000 1910 | 3000
° 1933-1938
2 ] 1938-1942 | 2500
z 18191905
2000 L 2000
1500 4 — 1500
D it SE— - —
1000 4 1933-2035 - 1000
m‘ —r L ) & P—— g '500
1756-1902 1735
% 25 §0 75 100 pie
Egber Km Muskoka Dorset
Flight 48 Summary
5000 1 Daytime - 5000
4500 4 | 4500
4000 4 1, - 4000
17,,723
— J 1 I 3500
E 841702
@ 3000 4 3000
3
£ 25001 1729-1744 [ 2500
< 20004 1750-1900 17231728 ___° | {2000
e
1500 L 1500
1000 1638-1742 1000
500 4 —c T — | 500
1745-1815 1639-1700 o
03 25 S0 7S 100 125
Muskoka Dorset

Egbent Km

[Figure 2]



PRESSNE m}

see

1008

PRESS (mh)

£CREST

SIRMER 1986

ase ass o8 ase Tees

ARASP TOTAL COWC (wun—)

ECPEPT

SUMER lysd

ECBERT

SUMMIR 1988 TFlight

ieee

Flieht 7

PRISRA (mb)

roesET

%

Fitght 13

PRESSORR {mh)

aee

1088 1206

ABASYF TUTAL CUWC (am ")

DORSET

Teee

=
1

200 408 88 400 1086 1260 1400

&8

ARAEP TUTAL OPNC (e ")

1008
.

aam oas

ARATP TOTAL COWC (am)

[Figure 3]



Sulphate in Air and Cloud (Summer 1982)
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Sulphate in Air and Cloud (Winter 1984)
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Sulphate in Air and Cloud (Summer 1988)
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Nitrate in Air and Cloud (Winter 1984)
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DISCUSSION

Radke:

Leaitch:

Radke:

Leaitch:

Deshler:

Leaitch:

Twohy:

Leaitch:

Twohy:

Leaitch:

In your intercomparison of the four aircraft, did each aircraft operator do his
own chemistry, or was the chemistry all done the same?

No, it was done independently. There was an audit done among the varicus
places that were doing the various analyses.

So you think they were, in fact, fully intercomparible in the analysis.
As far as I understand, they are.
Were there large differences in the inlet designs?

The Twin Otter and the DC-3, I showed you the pictures of the two. They
were radically different. In fact, I didn’t expect that the DC-3 inlet would give
us clearly good results, but through all the comparisons of one form or
another, they do suggest that they are reasonable.

Did you make comparisons of your overall sampling efficiency of water
collected by the rods versus total liquid water content to make sure you
weren’t undersampling the water drops?

I believe that we probably are undersampling. I know from wind tunnel tests
that have been done in the past that the standard Mohnen collector that we
use is only about 50 percent efficient. That’s operating even at fairly large
droplet sizes. I'm not sure why that happens. The modified collector we built
seemed to have a better comparable flux efficiency. It wasn’t appreciably
better or appreciably worse. I'm reluctant to attribute that to fall off of
droplet size at the moment.

But if your rods weren’t collecting all the water, wouldn’t your comparison to
the filter samples be biased?

No that would only be the case if there was a variation of the collection
efficiency. It’s not the case, because we applied correction for liquid water
content, well not correction, but we applied the liquid water content to the
cloud water data.
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Huebert:

Leaitch:

Sheridan:

Leaitch:

I was trying to eyeball the differences between the ground measured
concentrations and the aircraft one. My biased eye thought that they aircraft
ones were lower. Did you do the statistics on that?

No I haven’t as of yet. We have the same thing for some other studies that
I will be putting into the extended abstract. I haven’t done any statistics on
that sort of thing. They generally are lower which is not unexpected because
there measurements usually suggest that aerosol concentrations are lower off
the ground.

The airspeeds were very different for these planes. Did you adjust the
volumetric flowrate?

For the Twin Otter and DC-3, the airspeeds were identical. Those two
aircraft did side by side formations for the sampling period. The Beach-18
and the G-I flew at their own speed. They covered the same area during the
same time, they just went over it longer.
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The Drying of Hydrated Aerosols by the De-Iced Particle Measuring
Systems Aerosol Spectrometer Probes (ASASP, PCASP)

By

J. Walter Strapp, W.R. Leaitch, and P.S.K. Liu

Walter Strapp is a Research Meteorologist with the Atmospheric Environment
Service of Environment Canada. He received a Masters Degree in Meteorology
from McGill University in 1977. He has since been actively involved in airborme
research in cloud physics and cloud chemistry, including development and
evaluation of airbome instrumentation.

INTRODUCTION

The measurement of atmospheric aerosol size distributions has advanced significantly in the
past decade with new technological advances in electronics and laser detection systems. A
family of probes designed and manufactured by Particle Measuring Systems Inc. (PMS) has
been used extensively by the scientific community, two of which have been actively used for
airborne measurements. There have been a number of studies of the response of these
instruments which have appeared in the scientific literature. Most of these studies have
focussed on size calibration of the instruments, including absolute accuracy and resolution
limits, the effect of Mie resonances, and the response to differing refractive indexes and
adsorbing particles (Pinnick and Auverman, 1979; Garvey and Pinnick, 1983; Soderholm and
Salzman, 1984; Yamada et al. 1986; Szymanski and Liu, 1986; Knollenberg, 1989; Pueschel
et al. 1990). There has been little discussion of the potential modification of the aerosol
by the probes’ sampling technique. This study examines one characteristic of the delivery
systems of the deiced airborne PMS Active Scattering Aerosol Spectrometer Probe (ASASP)
and the PMS Passive Cavity Aerosol Spectrometer Probe (PCASP).

Leaitch and Isaac (1990) have reported on tropospheric aerosol size distributions over
eastern North America using a deiced ASASP-100X. They contend that the probe dries the
aerosol before sampling, largely based on the observation that clear air aerosol distributions
show no variation attributable to relative humidity. This study provides the first direct
evidence of this behavior, by comparing size distributions of a deiced PMS PCASP probe
to those of a non-obtrusive PMS FSSP-300 probe.
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EXPERIMENTAL

The PMS ASASP-100X is an airborne version of the wide angle open cavity laser
spectrometer, housed in an aerodynamic canister and normally mounted on the exterior of
the aircraft. Of particular interest here is the sampling inlet system. Air is forced through
a nose cone by the forward motion of the aircraft and decelerated into a collection chamber.
A constant volume pump then pulls nominally 1 cm3s™! of air through a needle inlet 150um
in diameter into the interior of the probe canister. A new version of the probe, the Passive
Cavity Aerosol Spectrometer Probe (PCASP-100X), moved the sensing area external to the
laser in order to improve stability and sensitivity but no changes were made to the sampling
technique. There are several factors which may change the relative humidity of the sampled
air in both probes: the deceleration of the air before ingestion, the heated inlet needle, the
heating of the interior of the canister by probe electronics, and the interaction with the dry
focussing sheath flow. All of these factors could be active in drying or partially drying
hydrated aerosol before sizing by the probe.

The PMS Forward Scattering Spectrometer Probe (FSSP) 300 was developed specifically to
make better measurements of Polar Stratospheric Cloud (PSC) particles (Dye et al. 1990).
The probe is similar to the PMS FSSP-100, measuring individual particles by detecting the
light they scatter while passing through a focussed laser beam. The probe is configured to
measure from nominally 0.3 to 20 um (for a refractive index of 1.58) in 31 size channels.
Of particular importance here is the fact that the FSSP-300 measures aerosol in a size region
overlapping the PCASP-100X, but is much less obtrusive. Particles pass through the laser
detection area by the forward motion of the aircraft, and are subject to only minor flow
perturbations by the probe geometry (Norment, 1988).

During the period of February - April 1990, the Atmospheric Environment Service
conducted a field program designed to collect air and cloud chemistry data. The Institute
for Aerospace Research (IAR) Twin Otter research aircraft was instrumented for chemical
and microphysical measurements, including a PCASP-100X (0.1-3 um) and on several
occasions a FSSP-300 (0.3-20 ym). During these occasions the aircraft was flown in a well
mixed boundary layer through a range of relative humidities. One of these cases will be
examined below in order to discern indications of drying by the de-iced PCASP.

RESULTS AND DISCUSSION

The data presented herein are from a Twin Otter flight on the afternoon of 24 April 1990
out of North Bay, Ontario. Conditions were partly cloudy with small cumuli based at
approximately 1800 m MSL. A vertical profile was performed which indicated a very well
mixed layer (constant potential temperature and H,O mixing ratio) up to cloud base, and
relative humidity increasing from approximately 40% at low altitude to nearly 100% at the
top of the layer. The PCASP also displayed total number concentrations and size
distributions which varied insignificantly with height (relative humidity), consistent with

110



measurement of a well mixed and dried aerosol population. In contrast the FSSP-300
number concentrations increased rapidly with height once relative humidities of
approximately 70% were exceeded, consistent with hygroscopic growth of particles and thus
detection of new particles in the FSSP-300 size range. Tang (1977) has described the
hygroscopic growth of NH,HSO, and (NH4),SO,, which deliquesce at 39% and 79% relative
humidities respectively. The rapid growth of particles seen by the FSSP-300 at relative
humidities > 70% seems to be thus consistent with an aerosol composed of (NH4),SO,. A
filter exposed by the aircraft in the mixed layer less than one half hour before this vertical
profile strongly indicates the presence of mostly (NH4),SO, and a small amount of NH,NO,
(Table 1), and thus the indications of hygroscopic aerosol growth from FSSP-300 particle
measurements are consistent with the aerosol composition.

The actual 30 second average variations of the PCASP and FSSP-300 size distributions with
height (relative humidity) are shown in Figure 1. The PCASP spectra use bins
recommended by the manufacturer for non-absorbing aerosol of refractive index 1.585. The
FSSP-300 channel diameters are similar to those recommended by the manufacturer
(r=1.585 + 0i), but we have grouped some channels together in the highly resonant region
of the Mie scattering curve to avoid multivalued response. These groupings it turns out have
very little effect on interpretation of the distributions reported here. The first observation
from Figure 1 is that the FSSP-300 distributions shift to larger diameters with increasing
relative humidity, consistent with hygroscopic growth of the aerosol. The proximity of the
FSSP-300 distributions at lower relative humidities suggest that the aerosol at 40% relative
humidity is close to dry. The PMS PCASP distributions in contrast are nearly identical
throughout the range of relative humidities. The most likely explanation of this behavior is
that the PCASP has dried the aerosol before measurement. It is also evident that there is
a shift between the PCASP spectra and the driest FSSP-300 spectrum,; this observation will
be discussed later.

The shift of the FSSP-300 spectrum with increasing relative humidity also implies a shift in
the particles refractive index from the nominal 1.585 used by the manufacturer to a value
approaching 1.33 for greatly hydrated particles. Since the manufacturer’s calibration
assumes a constant refractive index of 1.585, there is likely a calibration change with change
in relative humidity due to the refractive index change. In order to evaluate the magnitude
of this effect, Mie scattering calculated were performed for the probe for a refractive index
of 1.33 + 0i, and new diameters for the bin thresholds were evaluated. The calculations
reveal that as the relative humidity increases in Figure 1, at least part of the change in the
spectrum could be due to the change in the particles’ optical properties. Figure 2 displays
the spectra for the 90% relative humidity case of Figure 1, but with the predicted size
spectrum for the particle assuming a refractive index of 1.33. It is evident that the effect of
changing refractive index on probe response is small compared to the observed spread in
the FSSP-300 spectra with relative humidity, indicating that this is an observation of
hygroscopic growth of the aerosol and not a change in optical response. Kim and Boatman
(1990) have reported on response changes of a non-deiced ASASP-100X aerosol probe to
changes in relative humidity (refractive index). Although their general conclusions of
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calibration shifts seem to be relevant to the PMS FSSP-300 probe, we contend that they are
not relevant to our deiced PCASP probe, since the particles are evidently dried before
sampling.

Some of the difference evident between the PCASP spectra and the PCASP 40% relative
humidity spectrum in Figure 1 could be due to a calibration error on the PCASP.
Calibrations were performed on the probe several months after the flights with
electrostatically classified NaCl and latex particles. The probe was found to consistently
undersize throughout its range, probably due to a bias in the calibration gain. Application
of new bin intervals based on this calibration bring the PCASP size spectrum much closer
to that indicated by the FSSP-300 at low relative humidities, as shown in the comparison of
the corrected PCASP size spectrum and the evidently near dry FSSP-300 size distribution
at 40% relative humidity in Figure 3. It is however important to note that the sample area
used for the FSSP-300 is a theoretical value, and there are presently no techniques for
experimental determination. In this light, the agreement noted above may be somewhat
fortuitous. However, this study does indicate that comparisons of PCASP and FSSP-300 size
distributions for determining better estimates of FSSP-300 sample volumes are suspect
without careful size calibration and consideration of relative humidity effects and calibration
offsets.

GROWTH CALCULATIONS

The theoretical and experimental results of Tang (1977) provide sufficient information to
estimate the growth of our (NH4),SO, aerosol size distributions with relative humidity.
Calculations of the growth of an ammonium sulfate-aerosol particle spectrum have been
performed to provide some indication of the expected growth of the spectra observed in
Figure 1. The corrected PCASP spectrum of Figure 3 has been used as a dry aerosol
starting point, and estimates have been made of the spectra for the relative humidities of
the observed spectra in Figure 2. The original spectra were assumed to be 75% ammonium
bisulfate by mass with an insoluble core of 25% mass, and a total density of 2.0 gem™. The
expected equilibrium sizes of pure ammonium bisulfate were taken from Tang (1977) as
input into simple calculations of the growth of the composite particle. The results shown in
Figure 4 display several similarities to the observed spectra. The observed spectra are close
together at the lower relative humidities and diverge rapidly at relative humidities in excess
of 70%. The calculated growth show no growth until 79%, and then grow to roughly the
same sizes as observed by the FSSP-300. The shift in the observed spectrum at the lower
relative humidities may be due to the presence of the small fraction of NH,NO, ( Table 1)
, which in the experiments of Tang (1980) had already deliquesced at 30% relative humidity,
or may be due to the hysterisis indicated by Tang (1980) for evaporating hydrated
(NH,),SO,. The spectrum observed at 90% relative humidity appears to be more advanced
in growth, but as figure 6 reveals the agreement is quite good with the 95% predicted
spectrum, which may be within the accuracy of our measured relative humidity. In general
the observed spread between the 40% and 90% observed spectra are quite consistent with
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the calculated spectra. Although there are some assumptions in these calculations, this
simple model depicts the observed behavior of the FSSP-300 spectra reasonably well, and
support the contention that the shift in the FSSP-300 size spectrum with relative humidity
is indeed due to hygroscopic growth.

LABORATORY TESTS

Laboratory tests of the PCASP were performed to provide further evidence of drying by the
deicing heaters of the PCASP. Although the actual conditions encountered by a wing
mounted PCASP could not be exactly duplicated, attempts were made to simulate its
airborne configuration. The probe was operated in a cold room near 0 C, and air was sucked
through the sampling nose at a flow rate similar to that estimated for the actual operation
on the aircraft. A NaCl aerosol was aspirated into the room , and the relative humidity was
kept near 100%. The effect of the heaters was clear and reproducible, in this case shifting
the spectrum mode from channel 5 to channel 3, and steepening the tail of the distribution.
After heaters were turned off, it took approximately 4 minutes for the distribution to obtain
its unheated values.

CONCLUSIONS

The above observations indicate a modification of tropospheric aerosol size distributions
measured by the deiced PMS PCASP and ASASP probes by their delivery systems; they dry
aerosol in the submicron size range before sampling. The probe deicing heaters, the
combined heating of the canister and its contents by the electronics, and the focussing of the
sample flow by a dried sheath flow are all possible drying factors, although only the drying
effect of the deicing heaters was identified in this study. The appropriate method to
determine whether non deiced ASASP and PCASP probes have similar drying effects would
be to repeat the flight tests with the deicing heaters turned off, which we hope to achieve
in flights in the near future. In view of the possible beneficial effects of a dried aerosol
measurement , the deiced PCASP may provide a superior alternative for tropospheric
aerosol measurements in many studies. The effects of the probe drying on the evaporation
of cloud droplets, and the interpretation of interstitial aerosol measurements requires further
investigation.
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Figures and Table with Captions
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[Figure 1]--Comparisons of aerosol spectra observed by a PMS PCASP probe
(solid) and a PMS FSSP-300 probe (dotted) in a well mixed boundary layer

at relative humidities of 40, 55, 66, 79 and 90%.

PCASP spectra are

uncorrected for size calibrations. FSSP-300 spectra use the manufacturer’s
calibration for aerosol refractive index of 1.585 + 0i. All spectra are
normalized to standard temperature and pressure.
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[Figure 2])--Comparison of the PMS FSSP-300 spectrum for the 90% relative
humidity case of Figure 1 for refractive indexes of 1.585 and 1.33. The
PCASP spectrum is also shown for reference.
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[Figure 3]--Comparison of the PMS PCASP spectra ( uncorrected and
corrected for laboratory calibrations) and FSSP-300 spectra for the lowest

observed relative humidity. Both probes are suspected to be measuring dry
aerosol at this relative humidity.
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a 25% by mass insoluble core) at relative humidities of 79, 90 and 95% (
dotted right to left respectively). No growth is predicted for the lower relative
humidities of Figure 1. The dry aerosol used as a starting point are those
shown in the solid line. The range of observed FSSP-300 spectra from 40-

90% are also shown.
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[Table 1]--Concentrations of some water soluble species from filter samples
taken in the clear-air mixed layer on April 24, 1990. The filter was exposed for
54 minutes at 760 m MSL simple comparison.

pgm> neqm i

NH,* 3.59 199.4
sO,= 8.88 185.0
NO; 1.72 217
CI 0.15 4.23
Na* 0.16 7.0
HNO, | 9.77 155.0
RS 0.10 2.5
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DISCUSSION

Clarke: When you recalibrated your system, was it originally calibrated with latex
spheres or was it uncalibrated?

Strapp: I think what you do is set the gain in the system. It probably shifted or wasn’t
set up properly. You set the gain to the mean scattering curve at one point.
We just recalibrated the system.

Dye: Did you do some independent comparisons or checks on the sample volume
of the FSSP-300.

Strapp: No.

117






Aerosol Sampling at 0.7 Mach Aircraft Speed
By

R.F. Pueschel, G.V. Ferry, and K.G. Snetsinger

Rudy Pueschel is currently working for NASA Ames Research Center, Moffett
Field, California.

The Ames Aerosol Group is engaged in aircraft sampling in both the stratosphere and the
free troposphere in support of satellite programs (SAGE, SAM, LAWS) and ozone
depletion research. The aircraft used are ER-2’s and a DC-§, both flying at =0.7 Mach
speed. The instruments used are inertial wire impactors and PMS optical particle counters.
We will present and discuss our experiences of many years in this business. Examples are:
A reduction of speed of particles passing through the active volume of a conventional optical
particle counter; The need for a calibration correction of the response curve of an optical
particle accounting for the refractive index of the sample aerosol;, Physical deformation of
liquid particles collected by inertial impaction; losses of solid particles due to bouncing on
solid impactor surfaces; Losses due to evaporation of volatile substances on adiabatically
ram-heated impactor surfaces; Chemical/elemental identification of particles collected by
inertial impaction; Increased information content from a combination of optical particle
counting/sizing, inertial impaction, and satellite remote sensing.
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DISCUSSION

Clarke:

Pueschel:

Sheridan:

Pueschel:

You mentioned about the collection on the wire impactors. You looked at the
spot made and you looked at the dried crystal. How do you establish a
contact angle for that spot and would it normally vary with evaporation, and
also I would guess impaction--the larger particles spreading out more than the
smaller ones. Is that accounted for?

If spreading is the case, there is a given relation of the kinetical surface
energy. That’s the case for, however, only large particles. They have to be
several microns in size or larger. Depending on the coating you fly you can
make the surface hydrophobic to avoid splashing to a large degree. As for the
drift question, how we take care of the angles, they are cylindrical essentially.
You look at the center core of the cylinder where the airflow goes to normal.
You avoid anything which is outside of a small strip in the center of the
cylinder.

What is the diameter of the wire?

It varies. It depends on the collection efficiency we apply for different size
particles. If you are interested in the submicron particles, we use 75 micron
diameter wire, but then we can expose only for a short minute or you loose
the resolution for large particles. If you go to a 1/2 mm diameter, we have a
better collection efficiency for large particles. This is essentially our optimum.
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Flow Speed and Particle Trajectories Around Aircraft:
Theory and Measurements

By

Cynthia Twohy and Diana Rogers

Cynthia Twohy is conducting research at the National Center for Atmospheric
Research in cloud chemistry, and concurrently working on her doctorate from the
University of Washington. She received her B.S. from the University of Califomia
at Davis and her M.S. in Atmospheric Sciences at the University of Washington.

INTRODUCTION

A moving aircraft causes distortion of upstream airflow streamlines and, consequently,
departure of some particles from the streamlines. Therefore, flow speed and particle
concentrations measured near an aircraft may differ from their freestream values. In
general, very small particles follow flow streamlines, while very large, high inertia particles
are not influenced by the streamlines and maintain their freestream speeds and
concentrations. Intermediate-sized particles may experience enhancement regions, where
particles are concentrated, and shadow zones, where particle trajectories do not enter.

Even the sampling of small aerosol particles, which follow flow streamlines, may be adversely
affected by flow distortion around an aircraft. For example, flow and particle speed at the
tip of an aerosol sampler may differ considerably from the aircraft speed; this may change
isokinetic sampling requirements and sample volume calculations. Flow direction may vary
substantially from the direction of aircraft motion, degrading the collection efficiency of inlets
not properly aligned. In some cases, the housing of a measuring instrument itself may add
to flow perturbations caused by the aircraft. Therefore, some knowledge of flow patterns

and particle trajectories is necessary for judicious placement and use of airborne sensors and
inlets.

PREVIOUS RESEARCH

Using both model calculations and measurements, several researchers have investigated the
flow patterns around aircraft, which include the Fokker F-27, Cessna Citation, Lockheed
C130E, and de Havilland Twin Otter. Conclusions from these studies which are applicable

to particle sampling are discussed below.

Norment (1976) used a potential flow model to calculate particle trajectories around a
Cessna Citation and AFGL Lockheed C130E. A three-dimensional model of the aircraft
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was used in the calculations, for which the fuselage was approximated by a series of
contiguous, plane quadrilaterals (panels). Due to potential flow assumptions, the results of
this model are not valid at airspeeds above 200 m s}, within the frictional boundary layer
of the aircraft, or under turbulent conditions.

Using this technique, two droplet sampling instruments (Particle Measuring Systems, PMS)
on the Citation were shown to be mounted in an enhancement region for 100 to 200 pm
diameter droplets. Both PMS instruments were located on the side of the fuselage, 23 cm
out from the skin, but the cloud probe was mounted higher on the fuselage than the
precipitation probe. While enhancement occurred at both probe sites, particle trajectories
reaching the cloud probe had to pass very near the aircraft windshield. Concentration was
therefore more extreme for droplets traversing this region of strong curvature. For 100 ym
droplets, the concentration factor, defined as the ratio of particle flux at the sampling or
target point to particle flux in the freestream, ranged from about 1.7 for the precipitation
probe to over 5.0 for the cloud particle probe. This example demonstrates that a small
change in probe placement can have a considerable effect.

On the side of the C130E fuselage, the intake slit for a formvar particle replicator was
shown to be located in a shadow zone for 100 to 300 um droplets (Figure 1). Just above
the shadow zone, droplets are concentrated, although the concentration effect decreases with
increasing distance from the fuselage. The behavior shown in Figure 1 is typical for fusclage
locations on most aircraft.
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[Figure 1]-Concentration factor contours as a function of water
drop diameter and distance from the fuselage along the formvar
replicator arm on the AFGL Lockheed C130E [from Norment
(1976); Figure 9).
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A simpler axisymmetric model was used by King (1984a) to calculate flow potential and
particle trajectories around the fuselage of a Fokker F-27 (Figure 2a and 2b; note the
shadow zone and region of enhancement above it in Figure 2b). These results were
compared to those of Norment and Zalosh (1974) for the C130E, and a generalized
description of the flow field (away from the body and regions of high curvature) in terms of
the distance behind the nose and the fuselage radius was developed. It was also shown that
at locations just behind the cockpit, flow velocities could be enhanced as much as 5 to 10%
over freestream values.

[Figure 2a]--Streamlines around the simulated shape of an F-27
fuselage [from King (1984a); Figure 4).

/

————

!

[Figure 2b]--Trajectories around the F-27 for water drops of
diameter 100 um travelling at 90 m s! [from King (1984a);
Figure 6)].
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Particle behavior was also generalized in terms of a nondimensional number, S, similar to
the Stokes number:

2
S = 2a‘Vp
Inb

Here, V is the freestream velocity, a is the particle radius, p is particle density, n is air
viscosity, and b is the fuselage radius. The shadow zone width and concentration factors
were shown to be at a maximum when S was equal to approximately six (in the specific case
studied, for a = 100 yum, V = 90 m s}, and b = 1.8 m). In a later paper, King (1985)
developed a simple algorithm for the width of the shadow zone as a function of S and
distance behind the cockpit, and extended his earlier model to calculate the behavior of
irregularly-shaped particles.

Predictions of airflow and particle trajectories around the F-27 were compared to in-flight
measurements by King et al. (1984b). Two strut-mounted CSIRO hot-wire probes were
located at the same distance back from the nose, but at different locations around the
fuselage of the F-27. (The CSIRO probe operates by measuring the amount of power
necessary to maintain its heated sensing element at a constant temperature while being
cooled by convective heat losses and evaporation of droplets.) One probe, used as a
standard, was fixed at 58 cm from the aircraft skin, and the other was retracted in flight to
different distances out from the fuselage. The retractable probe was also equipped with a
pitot-static tube. Velocity measurements from the pitot tube agreed well with model-
calculated velocities, but only when the base of the probe strut (7 cm high and 12.5 cm wide)
was also included in the aircraft model.

As expected from the calculated trajectories, the CSIRO probes detected a wide variation
in liquid water content with distance from the fuselage; both shadow and enhancement zones
were apparent. Using PMS-measured size distributions and model-calculated concentration
factors for different droplet sizes, corrections were applied to the retractable probe data that
brought measurements from the two probes into much better agreement. The wings and
propellers were also investigated as possible sources of some remaining discrepancy between
the two probes, but the maximum influence of either of these was calculated to be relatively
small.

Large changes in flow velocity ahead of PMS probes were shown to have an effect on the
orientation of particles entering the sampling plane of the instruments. For example, Beard
(1983) calculated that rapid deceleration ahead of a PMS canister mounted on the wing
could cause an intrinsic canting angle of 15 degrees for large drops. This contributed to
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distortion of raindrop images recorded by the 2-D probe. King (1986) showed that due to
the influence of the wingtip vortex, ice crystals could be oriented at a 60 degree angle
relative to the sampling plane of a wingtip-mounted PMS probe.

Flow about PMS probes mounted underneath the wing of a Twin Otter aircraft was modeled
by Drummond and MacPherson (1985), who calculated that the flow velocity at the sampling
point was only about 90% of freestream, and decreased with increasing lift coefficient.
Therefore, use of the assumption that flow and particle speed equal the aircraft speed could
produce considerable errors, for example, in 2-D images produced by a scanning laser and
in the sample volume used to calculate particle concentrations. MacPherson and
Baumgardner (1988) measured the flow speed and angle ahead of wingtip-mounted PMS
probes on a King Air with a Rosemount 858 five-hole pressure sensor, and found significant
flow distortion due to the wing, pylon, and PMS canisters themselves. A full three-
dimensional analysis of airflow and trajectories about PMS probes on the Twin Otter wing
was performed by Norment (1988). He concluded that for the FSSP-100, net velocities at
the sampling point could be as low as 77% of freestream for high attack angles, with more
than half of the flow distortion caused by the probe itself.

AIRFLOW AROUND THE NCAR KING AIR AND ELECTRA

At NCAR, potential flow models of the Lockheed Electra and Beechcraft King Air-200 have
been developed in order to study the flow speed, angle, and particle concentrations at
various instrument mounting locations and distances from the fuselage. The modeling code
used at NCAR is that of Norment (1985). Panels representing the fuselages were
constructed from drawings supplied by the aircraft manufacturer. On the King Air, only the
fuselage has been modeled at this time, not the wings or propellers, so results are most
applicable to regions not strongly affected by these features. The forward mounting
locations should be well represented by the model, while the rear locations have a thicker
boundary layer, and may be influenced by the wings and propellers. They therefore may be
less accurate than the forward locations.

The hot-wire probes which were mounted on the fuselage for the measurements described
below are not included in the model, as they are much smaller than the aircraft fuselage and
are assumed to have an relatively small effect on the flow.

Once the potential flow pattern for a given model configuration is known, one can also
calculate the trajectory of a specified size particle to any target point near the aircraft. The
concentration ratio, or ratio of particle concentration at the target to particle concentration
in the freestream, may then be obtained. (Concentration ratio is similar to the concentration
factor described above, except particle velocity is included in the calculation.) The King Air
was assumed to be flying at an attack angle of two degrees, with atmospheric conditions
similar to typical flight conditions.
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Measurements of liquid water content were also made for model verification. Using a
similar approach to that of King (1984b), two CSIRO hot-wire probes were mounted on top
of the NCAR King Air at the same fuselage station (FS, position behind the nose) and the
same distance either side of the centerline. One probe was fixed at 43 cm above the
fuselage while the other was attached to a strut which could be retracted in flight. Data
were taken on a series of flights in small cumulus and stratocumulus clouds in northeastern
Colorado during May 1989. Speed runs in clear air provided information on convective heat
losses and flow speeds at different distances from the fuselage. The fixed probe
measurement was used as a standard for comparison with the retractable probe at various
positions, and for simplicity, temperature was assumed to be constant with distance from the
fuselage. Twohy and Rogers (1991) describe more details of the CSIRO probe data analysis.
Although this study is ongoing, some results are described below.

The change in liquid water content, relative to that measured by the fixed probe, vs. distance
from the skin at FS 155 (394 cm behind the zero datum plane of the aircraft) is shown in
Figure 3. Error bars reflect maximum uncertainty due to differences in the clear air baseline
between the two probes, bias differences between the probe values at 43 cm (not necessarily
independent of the baseline error), and the constant temperature assumption.
Measurements in this location, just behind the cockpit, suggest an enhancement in liquid
water content at distances between 6.5 and 19 cm from the fuselage. Depletion of droplets
is suggested only at 4 cm. This mounting location, just behind the cockpit, is influenced by
the shape of the aircraft windshield, with possible deviation of cloud-sized droplets from flow
streamlines. Mass-mean droplet diameters calculated from the FSSP data were always less
than 20 pm diameter, a size which would not be expected to deviate substantially from
streamlines. However, a measurable portion of the liquid water content may have been
contained in droplets larger than 20 pm, and as discussed below, model results show that
droplets as small as 20 um may exhibit noticeable inertial effects.

At FS 155 for points 43 cm from the fuselage, model-calculated concentration ratios were
1.095 for 100 um diameter droplets and 1.013 for 20 um droplets. At 18 c¢m, 100 um
droplets were in a shadow zone, but concentration ratio for 20 um droplets was 1.116;
therefore, at 18 cm, about a 10% increase in 20 um droplets would be expected. At 13 cm,
the concentration ratio for 20 um droplets increased to 1.219. These results are consistent
with our liquid water measurements at this location, which indicate some enhancement near
the fuselage. However, size distributions from the wing-mounted FSSP probe and
concentration ratios for a variety of droplet sizes will be needed to in order to determine
how precisely the measured enhancements in liquid water can be predicted by the model.

The liquid water profile measured at FS 263 (274 cm behind FS 155) shows a clear decrease
in measured water content nearer the fuselage, with almost 70% depletion at 4 cm
(Figure 4). Due to the increasing thickness of both the frictional boundary layer and shadow
zones further aft, one would predict that fewer droplets would be present near the fuselage
at this location. Some scatter in the percent of liquid water content detected at each
position is also expected, since concentration ratios and shadow zones vary with droplet size.
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For measurements at FS 263 taken at the same distance from the fuselage, those showing
relatively less liquid water always coincided with a larger mass-mean droplet diameter
(measured by the FSSP) than measurements exhibiting less depletion. As implied by King
(1984a), this suggests that shadow zones are wider for larger droplets, at least for S values
less than six.

For the rear location at 43 cm out, concentration ratios of 1.523 and 1.033 were calculated
for 100 and 20 um droplets, respectively. At a point 20 cm from the skin, a shadow zone
for 100 um droplets was predicted, but for 20 um droplets, a concentration ratio of 1.148
was calculated. In this case, the model does not seem to agree with the measurements,
which suggest depletion of droplets 20 um and smaller. As mentioned before, however, the
model does not include the effects of the frictional boundary layer or the aircraft wings, both
of which will affect the flow at the rear location. As another potential influence, a
counterflow virtual impactor (CVI) was mounted about 1.25 m ahead of the CSIRO probe
in the rear position. The CVI presented a cylindrical obstruction 6.5 cm in diameter and 46
cm in height, and may have further changed the flow field from that predicted by the model.
At this time, the effect of the CVI on droplet trajectories is unknown, but the existence of
flow disturbance is suggested by a periodic oscillation in the retractable probe signal
observed in clear air.

Although not detailed here, airflow calculations around the Electra have shown non-trivial
concentration ratios for 100 to 200 um droplets at nearly all available mounting positions.
Differences between top, side, and bottom mounting locations, and the effects of moving
probes away from the fuselage have also been determined. Flow angles have been
predicted, with potentially important implications for the alignment of aerosol inlets.

CONCLUSIONS

Potential flow models are useful tools in understanding the airflow and particle trajectories
around an aircraft. Flow velocities and particle concentrations measured near the aircraft
can vary substantially from freestream values, especially for locations close to the fuselage
and near regions of strong curvature like the windshield. Particle behavior is a strong
function of size, with small particles tending to follow streamlines, very large particles
maintaining their initial direction and speed, and intermediate-sized particles exhibiting the
greatest deviation from freestream conditions. Maximum concentration and shadow zone
effects occur for particles with a modified Stokes parameter, S, of about six.

These flow distortion effects are especially important for measurement of intermediate-sized

particles, but affect the sampling of aerosol particles as well. For example, assumptions that
flow speed at the sampler tip should equal the aircraft airspeed (isokineticity) may not be
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valid, since actual flow speed may be enhanced by almost 10% at certain locations. Probe
or inlet alignment should also be considered, since mean flow direction is not necessarily
parallel to the fuselage as is commonly assumed. Finally, the probe itself may influence the
flow field, for example, when mounted on the wing where the size of the probe is
comparatively large.
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[Figure 3]--Percent difference between liquid water content
measured in forward position (FS 155) at different distances
from fuselage and that measured at 43 cm from fuselage.
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measured in rear position (FS 263) at different distances from
fuselage and that measured at 43 cm from fuselage.
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DISCUSSION

Baumgardner: I have a comment. Where this does apply is that it points out that the flow

Vincent:

Twohy:

Wilson:

Twohy:

Seebaugh:

around the aircraft can be quite complex and change very rapidly depending
upon where you are sampling from the aircraft. I noticed Richard Leaitch’s
sampler where it has a big body and a fairly short distance between the tip of
the sampler and the body where the filter was and also, Barry, in yours that
there is not that much distance between the probe tip and a fairly large blunt
object. Those haven’t been modeled I would imagine. I would be very
surprised if the flow speed at those points was really close to the free stream.
We don’t know what that does to the sampling. I think what this all points
out is that the airflow effects around the aircraft really need to be taken into
account when you’re talking about the actual sampling. Right now, you have
only talked about the steady state type of problem, and we haven’t even
talked about what happens when you imbed onto that steady state flow fairly
common turbulent fields that are in the general atmosphere and what that’s
going to do with your sampling.

This is a potential flow model, and I should think the boundary layer could
have quite significant effect.

Yes, I think that the model may not be entirely accurate, especially in the rear
location, for that reason. That may be why the model and measurements
seem to agree better in the forward location than in the rear. Some of our
data show that the boundary layer on the King Air may be as big as 6" in the
rear sampling locations. Also the model doesn’t yet include the wing which
should have a larger effect in the rear, or turbulence.

Would you say that we should stop getting obsessed with who gets to be
nearest the front?

I think you want to be ahead of the propellers, which no one has modeled
very successfully yet.

Do you have any results on flow angle on the side mounted positions on the
Electra?
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Rogers:

Seebaugh:

Twohy:

Rogers:

Twohy:

Clarke:

Twohy:

Ram:

Twohy:

Ram:
Twohy:
Ram:

Twohy:

For the overhead fuselage mount, they are pretty close to freestream or
parallel to the fuselage. We did calculate some angles on the side, close to
the nose. Diana, what were those locations used for?

(Comment) We contemplated moving our PMS probe to another location
other than the current one, which is on top of the cock pit. Those are just
locations that have structural reinforcements that we thought could facilitate
the relocation.

I was thinking of Barry’s location further back.
The angles here (near the nose) were basically 10° for both attack and side
slip. I think the flow may straighten out some by the time you’re back here

(where Barry sampled), but it probably would still be significantly off axis.

There’s some very bad flow off the wind screen; the angles may be just as bad
there as in the front.

We can calculate that now, we haven’t measured it, but we can calculate it.
Regarding the shadow zone you hint at on your earlier slides, it appeared as
though your flow is isoaxial to the aircraft in your model. Do you account for
angle of attack when you model that flow?

Yes. The picture I showed you doesn’t, however. This is from one of King’s
papers where I believe he assumes 0° angle of attack, but in the panel
method, you can look at any angle of attack. We did run a couple of different
angles of attack, but it didn’t seem to make a whole lot of difference. That
may be the neglect of the boundary layer that’s causing some errors there.

Have you looked at the bottom of the King Air?

We talked about it and did some measurements a couple of months ago, but
that hasn’t been looked at yet in any great detail. Theory says it could be
cleaner than on top.

You have a feeling that it might be cleaner there on the bottom?

I think the streamlines may be straighter.

Except for some obstructions that are there.

Yes, there are some radiometer pods and antennas ahead of where we might
want the sampler, which may cause other problems.
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Would these things influence the flow?

They could if they were large enough. I'm not sure that they are far enough
out to really influence the flow where the sampler would be located. Anything
in front of the sampler is bad, but you obviously have to make compromises,
because you cannot always have an unobstructed inlet.

How many aircraft models are there for which we know the flow pattern?

The ones I talked about--Citation, King Air, the Electra, F-27, Twin Otter,
C-130, and somebody mentioned the DC-8 being modeled.

It was modeled by Douglas, and they gave us the boundary layer development
over the airplane and pressure ratios over the airplane and flow direction, but
these are on the surface and did not get out in flow field.

As a comment, if you have surface flow directions, that’s a real good
indication of flow direction in the field away from the surface.

Hillyer, do you want to add anything?
Well, probably the best place to put the instrument is under the wing.
On the King Air, that’s where the propellers are.

There are problems with that. (Radke: Don’t put it behind the propeller!)
There are wing-tip vortices. The best location is well isolated from the
propellers, forward of the leading edge of the wing, and down a foot or so.
Then you are essentially in the freestream. Obviously you can’t do this with
some of these small particle probes unless they feed into some sort of pod
under the wing. Then you can’t get to that during the flight, so you can’t do
it in a lot of cases, but you can with the optical spectrometers--the PMS
probes and that’s the best place to put them.

Wouldn’t that entail a lot of modifications? It would have to be on either the
fuselage or close by, now you’re talking about really significant modifications.

Yes, and you could run into trouble with the FAA, so there are practical
problems.

I thought about putting my sampler under the wing, but I would have to bring
the sample through about 10 meters of tubing, and then you've lost everything
you have gained, perhaps.
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Baumgardner: Rudy, I was curious about the DC-8. The PMS probes seem to be
incredibly close to the wings. It seems that you would have a fair amount of
upwash there. Any idea about what the upwash problem there is at the
leading edge?

Reller: The flow was calculated and the probes were placed outside the upwash
region. (Pueschel: Three feet down and forward of the leading edge)

Baumgardner: In the photograph, the perception makes it look an awful lot closer than
three feet.
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David Y. H. Pui is currently with the Particle Technology Laboratory at the
Mechanical Engineering Department of the University of Minnesota.

L Deposition in Bends and Contractions

Represented in Figure 1 is the case of a 90° bend where I means the inner bend, O means
outer bend. In a developed flow, when it goes around the bend, the center stream due to
higher velocity will experience a higher centrifugal force so that they tend to push away
towards the outer bend. This needs to be filled in by attracting fluid from the slower moving
fluid on the outside of the wall to supply this motion; therefore, in a 90° bend a pair of
counter rotating vortices develop. This is for two different Dean numbers which is Reynold’s
numbers in the bend.

—— CONTOURS OF CONST. AXIAL VELOCITY
-—-——-=~ SECONDARY STREAMLINES

[Figure 1]--Secondary streamlines and axial velocity contours at
low and intermediate Dean numbers. (McConalogue &
Srivastava, 1968).

*  This paper is a transcription of Dr. Pui’s oral presentation at the workshop.
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DEPOSITION EFFICENCY, %

As a result of that, particles can be deposited on the bend both on the outside and on the
inside bend. When we first did this study, we looked at the state of the art, and we found
that the theoretical model is well developed, but everybody is still using experimental data
20 years old in trying to compare their model with those data.

We feel we can do a good experiment and establish a good experimental base to help
people with selecting the appropriate theory. Our experiment finds that, indeed, for the case
of laminar flow, the theory by Cheng and Wang seems to agree very well with our
experimental data (Figure 2). I should point out that for the laminar flow you will note that
the deposition begins at a finite Stokes number. Again, for laminar flow, there is a finite
Stokes number below which no deposition takes place.

Defining "Deposition Efficiency:" The percent of particles deposited on the tube with
respect to the freestream before it makes a turn.
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DEPOSITION EFFICIENCY, %’

For the case of turbulent flow, (Figure 3) there will be particle loss, no matter how small the
Stokes’ number is. So particle loss will always happen for the turbulent flow. We find that
our experimental data does not agree with any of the available theory. Consequently, we
have developed a very simple model. We basically assume that since it is turbulent flow, it
will have a uniform concentration across the cross section. We also make use of the
migration velocity is equal to the ccntrifugal force of the particle. The simple equation is
deposition efficiency is equal to 1-109%3 3, The equation of this form also implies that if
you were to plot all the experimental data in the form of penetration efficiency on a semi
log axis, they should all should go in a straight line, which is the case. Ishould also mention
that we do apply an area factor to make this curve agree with the experimental data,
because in this simple model, if particle loss is only by centrifugal force, then you would
expect that all the loss will be on the curvature bend surface. So half of the tube will be
coated with particles. Experimental results indicate that it is coating all over the tube,
because of the secondary flow. We apply an area factor, and it turns out that the area
factor is .71 indicating that 71 percent of the tube is coated.

(Soderman: It is interesting that this is totally independent of the Reynolds number. Does
that strike you as strange? Pui: We have not covered too wide of the Reynolds number
range. I think it is up to maybe 30,000 or 50,000. Maybe above that it might be different.
Certainly within the range that we looked at, all the data points were very closely together.
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For the case of the very low Reynolds number of 100, even the earlier Cheng and Wang
theory failed. So we feel that there is still room for improvement in terms of theoretical
modeling. What we have done is do a 3D flow field and particle trajectory model. After
about 20 hours of super computer time, we have obtained the results.

Figure 5 shows the velocity vector that shows the recirculation in this band. Our velocity
profile agrees pretty well with the available experimental data. With the flow field, we can
then solve the equation of motion on the flow field and obtain the deposition efficiency.

This 3D work clearly shows that the inlet velocity profile is important. Which is entirely
reasonable if you have a developed flow profile at the inlet, because you have already a very
thick radial velocity difference so that the secondary motions will be stronger for the
parabolic inlet profile so you would expect to have more losses. For the uniform profile,
it will develop and then start to have this recirculation, so you will expect that deposition will
not be as pronounced, which is what we have shown here.

In the earlier work (Figure 4), we. were lucky in terms of our experimental condition of 5
times the ID for the developing length that follows very closely to our theoretical
calculations.
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(a)
fnside

Recirculation Paltern, parabolic inlet velocity profile
(a)¢=12.59, strength=2.85% (b)p=56.5°, strength=4.00%.
(c)$=12.59, strengtha5.60% (d)$=56.5°, strength=4.24%.
Dg=38, Ro=7.0 in (a) and (b)
Dg=869, Ry=7.0 In (c) and (d)
"strength® refers to the recirculation strength in the positive 8 direction. Nole
that the arrow head length represents the magnitude of the recirculating velocity.



This is some of the summary results showing that the deposition is obviously a function of
the Stokes number (Figure 6). In addition to that it is also a function of the velocity profile
before the bend, as well as this curvature ratio, which is the ratio of the bend radius to the
tube radius. For a sharper bend, there will be more losses. For a more gradual bend, there
will be fewer losses. And for the case of parabolic profile, there will more losses and for
uniform profile, there will be fewer losses.

Figure 7 is another way of showing that it is a function of the curvature ratio and of course
the Deans number, which is the Reynolds number divided by the square root of the
curvature ratio. The Deans number is basically the Reynolds number for a curved tube.
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II. Sampling and Deposition in Inlets

The next topic I would like to talk about is denuders. As it turns out, what we learned
about particle loss in bends helped us with a new design for denuders (Figure 8). I'm pretty
sure that most of you know that the simplest denuder is the filter holder with a tube coated
with a material which absorbs gas. In this case, a better design for the denuder is in the
form of a two concentric glass tubes where the aerosol flow is in the annular space between
the two glass tubes. This way then there is more surface for absorption and also the
diffusional distance for the gas. There is a filter holder collecting the aerosol particles. This
is used quite a bit for sampling acid rain precursors where you can simultaneously sample
SO,, Nitric Acid, and aerosol particles.
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In this design there is a cyclone to remove particles larger than 2.5 microns, because they
are not interested in looking at the coarse particle mode.

I was talking to a colleague at the EPA, and he was explaining to me that it was kind of
awkward to use this type of denuder because the total length (three stages) would be like
three feet, and you have to run it vertically to prevent particle settling in this tube. So it is
difficult to use. What I discussed with him is why don’t you use a coil, because there is the
secondary flow which enhance mass absorption efficiency. He said what about particle loss
in the coil. I pointed out to him that for laminar flow (Figure 9) the loss begins at a finite
Stokes number. So you design your coil so that is has four 90° bends. If you design your
coil properly you should be able to design something that will not have particle loss.
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We then went to the glass shop and made two glass coils. I sent one to him to do the gas
chemistry and the other one I used in the lab to look at particle deposition on the coil. For
the case of the denuder, you would like to have the denuder being very efficient in absorbing
all the gas. Yet all the particles go through to the filter. Chuck Lewis told me that gas
absorption efficiency is good.

So in terms of particle collection, it is also good. The loss begins to happen at about 3
microns. Since there is a cyclone that takes out everything larger than 2.5 microns, so we
are not too concerned with that. In the range of .05 microns to 2 microns there is just a
couple percent of particle loss (Figure 10).

This is an example of how we apply what we know about losses in bends to make
improvement on the denuders. We have also evaluated and looked at the loss at any
orientation. For instance, if you are going to put it in an aircraft, it would not have any
problem with orientation. Indeed, due to the secondary flow, it kind of keeps the particle
in suspension and there is very little settling loss.

(Ram: What are the dimensions? How Big? Pui: It turns into a coil about 4 inch by 4
inch, maybe a foot with a 4 inch radius. It can be alternated in any orientation.)

The other reason I wanted to talk about denuders is to address the loss by electrostatic
effect. For this denuder is made of glass, and glass is not a very good conductor and also
it is coated with various chemicals of unknown dielectric properties. One of the things we
did was to also evaluate charged particle loss in glass denuders. This what we find for
neutral particles (Figure 11). This is for diffusional loss. Diffusional loss becomes important
below .03 microns. We also took a look at losses due to the electrostatic effect. Figure 12
is for the singly charged particle. Here we have already corrected for the diffusional loss so
we subtract our diffusional loss and this is particle loss just due to electrostatic effect. You
can see that it can be important. Even for .03 microns, you can have up to 60 percent
particle loss in denuders.

We have developed a simple theory using a equivalent electric field to scale our curve and
find that this theory agrees reasonably well with experimental data. To make this agree, we
put in a surface electric field of 210 v/cm. I understand that this is roughly what people have
found in the past.

Going back earlier, we have done more work on particle deposition in tubing due to
electrostatic effect. We have passed charged particles through many different type of tubing,
teflon, polyethylene, tygon, etc. For this type of dielectric constant, we hypothesize that due
to handling or contact, there will be charged islands produced on the inside of the dielectric
tubing. There will be both positive charged islands and negative charged islands where the
electric field can go between those charged islands. The charged particle coming through
here will be attracted by the electric field and be deposited (Figure 13).
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DEPOSITION DUE TO SURFACE ELECTRIC FIELD
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This led us to develop this simple model assuming that there is a surface electric field and
uniform velocity type of concentration profile and come up with turbulent and laminar flow
models (Figures 14a-14c).

For teflon tubing, we find that this is a very low flow and a relatively small diameter, and
a longer length. We want to magnify the effect. The top curve is for loss due to diffusion
only. These other three curves are for particles carrying charges. One is for Boltzmann
charge level on the particles. This is for singly charged particles, one with a conducting foil
wrapped around the tygon tubing on the outside. This is for diffusionally charged aerosol
particles. You can see that penetration can be reduced to nearly zero in some cases.

(Q: What are the dimensions? A: This is .5 cm ID, length of 300 cm, flow rate of 1 Ipm.)

We have also looked at polyflow, which is a trade name for polyethylene. Many
manufacturers like to use this to plumb the internal plumbing of particle counters. It is
opaque rigid so you switch the plumbing together very well. It turns out that it is not much
better than teflon. You can have significant loss. The best tubing we have found is the
tygon tubing which has loss very close to the diffusional loss.

We have evaluated the effect of having some of the filter holders have a teflon insert,
depending on what type of holder you use, you could set up an electric tube between the
filter and the holder so that particles can be collected on the holder rather than the filter.
We find that situations like that can occur. Again, we are trying to magnify the effects. In
some instances you can have 50 percent of the particles deposited on the teflon insert rather
than on the filter. This is just for singly charged particles. On one hand, this is for a low
flow situation, on the other hand here we are using very moderately singly charged particles.
We haven’t attempted to charge the teflon surface. Maybe in aircraft situations, you will
have very highly charged particles, and teflon coating maybe charged when it goes through
a cloud, so I don’t know if it would be as pronounced or not.

III. Transport and Deposition in Tubings and Chambers

In the electronic industry, they transport high purity gases at high velocity and high pressure.
The pressure here is about six atmospheres. In order to measure this contaminant level
using an atmospheric instrument, one needs to reduce the pressure to ambient pressure so
that the expansion chamber is often used.

This is an expansion chamber that we have evaluated (Figure 15). Pressure is reduced by
going through a small orifice and gas expands and somewhere downstream an isokinetic
probe is located where this particle will be drawn to the detector. Some of the parameters
that can be important will obviously be the orifice diameter, the chamber diameter, the
diameter of the tube upstream of the orifice, the length from the orifice to the isokinetic
probe.
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IMPACTION IN EXPANSION CHAMBER

3YNSSud
J1Y3HASORLY

RS Y

°a

i

JATVA

INIT SVI

¥0423130
319144vd 0L
. il
by 3914140 MO14 JINOS ALI¥Nd
o : N\ HOTH Woud
L

" 39n 4

[Figure 15]

150



First, we did a very rough numerical calculation just to generate some information for us to
try to find out what to look for. This is the orifice. This is the axis of the rotation. As you
can see, the flow converges through the orifice so that the streamline has a sharp curvature,

so you would expect that there will be some particle impaction onto the upstream face of
the orifice (Figure 16).
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[Figure 16]

On the downstream side, you get a bend so that it will come out expanding with recirculation

here, so that we would expect that there would be inertial particle loss also on the
downstream face of the orifice. Additionally, there will be particles collected on the walls

due to the expansion jets which carry the particles. Here are some of the dimensional
numbers we have defined trying to evaluate the device (Figure 17). What we did was to
generate aerosol and after running it for awhile, we would recover the material. We can
recover the material on the upstream face, downstream face, and also the side wall here to
find out about the particle deposition. Indeed, we find that there is particle loss in front of
the orifice, on the back side of the orifice, and also on the chamber wall (Figures 18 and 19).
We have made use of dimensionless quantities in trying to characterize this deposition. This
is done for many different conditions over wide Reynolds numbers, expansion ratios, and
different chamber diameters as well. By using this modified Stokes number, we are able
to put more of the data points in one universal curve for each of the deposition loss

mechanism. From this type of curve, we are able to redesign a more compact expansion
chamber.
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IMPA