
This article was downloaded by: [Massachusetts Institute of Technology]
On: 05 July 2011, At: 07:41
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Aerosol Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/uast20

Wake Capture, Particle Breakup, and Other Artifacts
Associated with Counterflow Virtual Impaction
Mikhail S. Pekour a & Daniel J. Cziczo a b
a Atmospheric Science and Global Change Division, Pacific Northwest National Laboratory,
Richland, Washington, USA
b Department of Earth, Atmosphere, and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, Massachusetts, USA

Available online: 03 Mar 2011

To cite this article: Mikhail S. Pekour & Daniel J. Cziczo (2011): Wake Capture, Particle Breakup, and Other Artifacts
Associated with Counterflow Virtual Impaction, Aerosol Science and Technology, 45:6, 758-764

To link to this article:  http://dx.doi.org/10.1080/02786826.2011.558942

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching and private study purposes. Any substantial or systematic
reproduction, re-distribution, re-selling, loan, sub-licensing, systematic supply or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/uast20
http://dx.doi.org/10.1080/02786826.2011.558942
http://www.tandfonline.com/page/terms-and-conditions


Aerosol Science and Technology, 45:758–764, 2011
Copyright C! American Association for Aerosol Research
ISSN: 0278-6826 print / 1521-7388 online
DOI: 10.1080/02786826.2011.558942
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Mikhail S. Pekour1 and Daniel J. Cziczo1,2
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2Department of Earth, Atmosphere, and Planetary Sciences, Massachusetts Institute of Technology,
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Counterflow virtual impaction is used to inertially sepa-
rate cloud elements from inactivated aerosol. Previous airborne,
ground-based, and laboratory studies using this technique exhibit
artifacts that are not fully explained by the impaction theory. We
have performed laboratory studies that show small particles can
be carried across the inertial barrier of the counterflow by collision
and/or coalescence or riding the wake of larger particles with suf-
ficient inertia. We have also performed theoretical calculations to
show that aerodynamic forces associated with the requisite accel-
eration and deceleration of particles within a counterflow virtual
impactor can lead to breakup. The implication of these processes
on studies using this technique is discussed.

INTRODUCTION
The counterflow virtual impactor (CVI) was developed as a

means to separate cloud elements from inactivated aerosol so
that the former can be analyzed (Ogren et al. 1985). Particles are
drawn into a CVI due to the motion of an aircraft (Laucks and
Twohy 1998), the velocity imparted by a wind tunnel (Noone
et al. 1988) or a vacuum pump (Boulter et al. 2006). The latter
variant is termed a pumped CVI (PCVI).

Counterflow virtual impaction, despite its numerous uses
and advantages, is subject to artifacts. These include parti-
cles transmitted by the CVI that are (1) more numerous than
the number of cloud elements (Schwarzenböck and Heintzen-
berg 2000), (2) chemically unlikely to form the cloud elements
(DeMott et al. 2003), and (3) smaller than the cut size (Kulkarni
et al. 2011). Some of these phenomena can be explained by
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cloud element impaction on surfaces that liberates previously
deposited aerosol and/or results in surface pitting (Murphy et al.
2004). Schwarzenböck and Heintzenberg (2000) described an-
other source of artifacts—the process of droplet breakup when
aerodynamic stress exceeds the surface tension.

Here we show that particles larger than the cut size of a
CVI facilitate the transmission of smaller particles. Processes
such as collision and coalescence, collision resulting in kinetic
energy increase, and wake capture are possible explanations.
In the absence of particles larger than the cut size, experiments
show that the CVI rejects essentially all smaller particles. To our
knowledge, this phenomenon has not been previously described
or considered as a source of artifacts. In addition, we use a
theoretical model to show that acceleration and deceleration
forces within a CVI can exceed cohesive forces of droplets and
ice crystals, thereby leading to breakup. Because the location of
breakup is dependent on particle size and phase, both rejection of
cloud elements that should have been transmitted and retention
of multiple fragments can result.

EXPERIMENTS AND RESULTS
The experiments described here were conducted on a PCVI

described in the literature (Boulter et al. 2006; Kulkarni et al.
2011). Note that Boulter et al. dealt mainly with an initial de-
scription of the PCVI design, whereas Kulkarni et al. dealt with
nonideal behavior explained through computational fluid dy-
namic modeling. A schematic of the PCVI with a definition of
flows and other terms used in the text is shown in Figure 1.
Polystyrene latex (PSL) spheres (Thermo Scientific, Fremont,
CA) were atomized (TSI Model 3076, Shoreview, MN or Salter
Lab 8900 Series Jet Nebulizer, Arvin, CA) from distilled, deion-
ized water. In cases where two sizes of spheres were investigated,
two identical nebulizers were used. Particle number and size
were measured using an aerodynamic particle sizer (APS, TSI
Model 3021, Shoreview, MN) and/or a laser aerosol spectrom-
eter (LAS, Model 3340, Shoreview, MN). Figure 2 shows the
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ARTIFACTS FROM COUNTERFLOW VIRTUAL IMPACTION 759

FIG. 1. Cross-sectional schematic of the pumped CVI used in these studies. Incoming particles and gas are accelerated as they pass two reducing orifices
(distance = 0 and 32.5 mm, respectively). Gas and small particles are pumped away before reaching the 1st stagnation plane (left-most dashed line, distance "35
mm), whereas particles just below the inertial threshold penetrate to the 2nd stagnation plane (right-most dashed line, distance "36 mm) where they are stopped
and turned around. Large particles pass both the stagnation planes but are decelerated and then slightly reaccelerated as they enter the sample flow. Flow names
are given in the figure as well as the location of interaction zones is described in the text.

FIG. 2. Size-resolved particle density as a function of experimental conditions. Particles produced from atomized 1 µm diameter PSL solution for a measurement
made at the PCVI input. In subpart (a), particles smaller than 1.0 µm are due to the organic matrix in which PSLs are delivered. Subparts (b)–(d) are the number
densities after the PCVI for a cut size of 2.9, 3.2, and 3.5 µm diameter. Subpart (e), analogous to (a), is the particle density produced before the PCVI from an
atomized PSL solution with both 1 and 5 µm particles. Subparts (f)–(g) are the densities after the PCVI for the same counterflow as in (b)–(d), which should be
sufficient to reject 1.0 while transmitting 5.0 µm particles. Note “breakthrough” of some 1.0 µm PSLs. Each subpart represents 5 min of data. Number of particles
above (N) and below (n) the cut size during each sample period is given in the subparts.
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760 M. S. PEKOUR AND D. J. CZICZO

size-resolved number density of 1.0 µm diameter PSLs before
[subpart (a)] and after the PCVI. Subparts (b)–(d) show cases
where the counterflow was varied to create a cut size of 2.9, 3.2,
and 3.5 µm diameter. Note that essentially none of the particles
are transmitted in these cases. Particle number density before the
PCVI for a dual atomization of 1.0 and 5.0 µm PSLs is shown
in subpart (e). The same counterflow rates as in subparts (b)–(d)
were then applied for subparts (f)–(h), respectively. In the pres-
ence of particles larger than the cut size, smaller particles were
unintentionally transmitted.

Experiments were performed for a variety of large and small
particle sizes and number densities. The small particle sizes
utilized were 0.22, 0.45, 0.90, and 1.0 µm diameter. Concentra-
tion was constant for a single experiment but was varied over
an order of magnitude (from 30 to 300 per cc) between exper-
iments. Large particle sizes utilized were 3.0, 5.0, and 5.5 µm
diameter with concentration ranging from 0.25 to 10 per cc.
All experiments were performed at laboratory conditions (i.e.,
no temperature, humidity, or pressure control was employed).
The experimental temperature range was 18–23#C, the ambient
humidity was 30%–36%, and the PCVI pressure was 86–87 kPa
with atmospheric pressure 101 kPa. Only in cases where parti-
cles larger than the cut size were present, small particles were
observed to be unintentionally transmitted. Figure 3 shows ex-
perimental data of the ratio of the number density of small trans-
mitted particles (nout) versus the product of the initial small and
transmitted large particle number density (nin and Nout, respec-
tively) to the counterflow rate. This ratio is used to normalize the
unintentionally transmitted particles to their initial abundance
and the number of large particles that appear to facilitate their
transmission. The abscissa in Figure 3 is the counterflow rate
that determines the amount of time a particle smaller than the cut
size is present between the two stagnation planes (see Boulter
et al. 2006 and Kulkarni et al. 2011 for specific details); coun-
terflow is therefore inversely proportional to the amount of time
large and small particles interact. Note that this statement is not
true of all CVIs; those which utilize a porous frit for introduc-
tion of the counterflow have as a result a variable length region
of interaction (Laucks and Twohy 1998). Lower unintentionally
transmitted numbers are observed as counterflow is increased
(i.e., as interaction time is decreased). In all cases in Figure 3,
the counterflow is sufficient to allow transmission of the larger
particles but should reject the smaller ones.

We propose three possible explanations that are consistent
with the data:

1. Small particles between the stagnation planes are struck
by large particles in a quasi-elastic “billiard ball” collision,
which imparts sufficient kinetic energy to allow them to cross
into the sample flow.

2. Small particles become entrained in the wake of the large
particles and are carried into the sample. Note that the wake
of a large particle in a CVI is complex and switches direction
as it crosses the stagnation planes.

3. Small particles are collected via collision and coalescence
with the large particles. Small particles would then need to
be “detrained” in the sample flow.

Geometric estimates of collision and assuming unit coales-
cence were performed and show that "30% of the uninten-
tionally transmitted particles can be ascribed to explanations
(1) and (3). Note that the geometric approach, where the ef-
fective collection size of the large particle is set to its physical
size, does not address wake capture. Table 1 provides values
for the Reynolds number for particles in the PCVI according to
Hinds (1999). Flow eddies will develop in a particle wake for
values >1, which is the case for all supermicrometer diameter
particles.

Figure 3 shows that larger the size of the large particle, more
abundant are the unintentionally transmitted small particles; this
behavior is consistent with these three possible explanations.
Larger small particles generally tend to lead to larger unin-
tentional transmission, although data exhibit scatter. Increased
transmission of larger small particles would tend to favor the
“billiard ball’ and “collision and coalescence” mechanisms, al-
though larger particles also have a longer time for interaction
in the region between the two stagnation planes regardless of
the mechanism. It is possible that all three mechanisms are im-
portant, and we cannot preclude that any of them dominates
depending on the specific particle sizes, number densities, and
flow conditions.

In order to understand interaction time between the stag-
nation planes, the gas and size-dependent particle velocities
on the centerline as a function of distance through the PCVI
are shown in Figure 4. A cross section of the PCVI is shown
in the lower part of Figure 4 for reference. Figure 1 gives a
more comprehensive picture with the orifice where the input
flow is accelerated, the pump port where gas and small parti-
cles are removed, the counterflow port, and the output orifice
is denoted in the caption. A gas velocity profile was calculated
where the cross section of the channel changed with velocities
linearly interpolated between profiles. The flow was assumed to
be turbulent, viscous, and incompressible. Profiles were calcu-
lated either using a turbulent velocity deficit profile (Kay and
Nedderman 1974) or following Barenblatt et al. (1997). Par-
ticle velocities were estimated by following a kinetic energy
change approach: particles were assumed to be in equilibrium
with the gas flow at the PCVI entrance. Subsequent gas veloc-
ity changes resulted in a particle–gas velocity difference and
a resulting drag force that lead to a change in particle kinetic
energy. For each step along the PCVI channel, this change was
expressed as

mpv2
i

2
=

mpv2
i$1

2
+ !x · FD

!
Dp, vi $ Vi, Rep, Cp

"
, [1]

where mp is the particle mass, v is the particle velocity, V is the
local gas velocity, !x is a step along the PCVI channel, FD is
the drag force that depends on the particle diameter Dp, v$V is
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ARTIFACTS FROM COUNTERFLOW VIRTUAL IMPACTION 761

FIG. 3. The ratio of the number of particles below the cut size that are transmitted (nout) to the initial number of small (nin) and large transmitted (Nout) particles
as a function of the counterflow. The diameter of the small and large particles for each curve is given in the legend.

FIG. 4. Gas (solid blue) and particle (red lines according to size in legend) velocities as a function of distance along the length on the centerline of a PCVI. The
PCVI profile, repeated from Figure 1, is shown in the lower part. Thick black lines denote regions where droplets may breakup (Table 1). See text for details.
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762 M. S. PEKOUR AND D. J. CZICZO

TABLE 1
Velocity difference between gas and particles and resultant Weber (We) and Reynolds (Re) numbers as a function of particle size

in the input (acceleration) and stagnation (deceleration) regions (Equation (2), Figure 1). Droplet breakup is suggested for
Weber numbers greater than 10, denoted in bold in the table. Wake eddies develop for Reynolds numbers greater than 1 (Hinds

1999). See text for details

Input region Stagnation region

Diameter
(µm)

Velocity difference
(m/s) We Re

Velocity difference
(m/s) We Re

0.5 $44.13 0.02 1 28.98 0.01 1
1 $74.6 0.09 5 71.23 0.08 5
5 $120.14 1.25 42 149.98 2.02 54
10 $128.97 3.12 96 135.54 3.49 103
25 $146.32 12.54 341 110.4 6.29 227
50 $160.1 39.43 981 94.1 9.89 419
75 $166.84 77.46 1850 86.39 13.26 613

TABLE 2
Aerodynamic stress resulting from the velocity difference between particle and gas phases in the input (acceleration) and
stagnation (deceleration) regions as a function of particle diameter for three different values of ice density (Equation (3)).

See text for details

Ice density
(kg/m3) D(µm) !V in (m/s) !Vstag (m/s) Stressin (Pa) Stressstag (Pa)

260 1 $ 54 43 316 424
3 $100 127 2858 1415
5 $114 161 4578 1846

10 $125 164 4781 2213
15 $130 154 4214 2382
22 $136 143 3599 2601
50 $153 117 2407 3278
75 $160 106 1974 3616

100 $165 99 1738 3826
500 1 $73 73 927 766

3 $112 156 4340 1766
5 $122 169 5035 2087

10 $130 154 4223 2370
15 $136 142 3556 2604
22 $144 129 2954 2904
50 $161 105 1946 3630
75 $167 96 1631 3919

100 $170 91 1471 4079
917 1 $90 107 2043 1144

3 $120 169 5037 2015
5 $126 163 4727 2238

10 $135 143 3609 2569
15 $143 129 2961 2884
22 $152 117 2420 3238
50 $167 96 1632 3912
75 $171 89 1415 4133

100 $174 86 1311 4244
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ARTIFACTS FROM COUNTERFLOW VIRTUAL IMPACTION 763

the particle–gas velocity difference, Rep is the particle Reynolds
number, and Cp is the slip correction factor; Fd was estimated
following Hinds (1999) and Baron and Willeke (2001). Particles
that reached a velocity of 0 were assumed to be removed from
the system (i.e., removed by the pump flow). Calculations were
performed for traces at different radii from the centerline and
for a range of particle sizes in order to resolve the transmission
curve. Very small particles essentially follow the gas streamlines
and are removed from the system at the 1st stagnation plane (the
leftmost dashed line). Small particles just below the cut size are
stopped and turned around only at the 2nd stagnation plane
(the rightmost dashed line); such particles therefore spend a
considerable time in the interaction region by first moving up to
the 2nd stagnation plane before pausing and then being moved
back to the pump flow.

Figure 4 also shows that particles larger than the cut size
are first accelerated in the input orifice before being deceler-
ated by the counterflow. Acceleration and deceleration place an
aerodynamic stress on the particle that can exceed the material
cohesion or make a liquid particle dynamically unstable. In the
case of water droplets, breakup is normally indicated by the
Weber number:

We = (V $ v)2"pDp/# , [2]

where "p is the droplet density and # is the droplet surface ten-
sion. The literature suggests values of We between 5 and 20 as
the limit to initiate breakup (Schwarzenbock and Heintzenberg
2000; Baron and Willeke 2001; Twohy et al. 2003; Kolev 2007;
Vidaurre and Hallett 2009). On the basis of the velocity dif-
ferential shown in Figure 4, calculations of Weber number are
given in Table 1 for droplet sizes from 0.5 to 75 µm. Note that
particles larger than 25 µm have We > 10 in the acceleration
region of the orifice, and particles larger than 75 µm exceed this
value in the deceleration region.

The process of ice breakup is more complicated since crys-
tals have variable density and morphology and features such as
structural defects may facilitate fracturing. Only limited infor-
mation on the physical properties of atmospheric ice is avail-
able. Tensile or compressive strength estimates vary by five
orders of magnitude: Supulver et al. (1997) mentions 10–100
Pa for comet ice and 200–2500 Pa for water frost; Bacon
et al. (1998) found 104–4 % 104 Pa for levitated frost parti-
cles and 106 Pa is often used for solid bulk ice (Schulson 1999).
Table 2 is analogous to Table 1 but for the estimation of the
aerodynamic stress (St) on ice for variable size and material
density:

St = "a(V $ v)2/2, [3]

where "a is the air density. Note that there is a local maximum
in stress as a function of particle size due to size-dependent
acceleration. Note that given the uncertainty in tensile strength,
it is currently not possible to determine if or where ice may

break up within a CVI; experiments are required to reduce
the bounds given above in order to make progress in this
area.

CONCLUSIONS AND IMPLICATIONS
Experimental results show that particles above the cut size of

a CVI can facilitate the transmission of particles that should be
inertially rejected. There does not appear to be a simple means
of eliminating this artifact. For a scenario where there are 100
droplets and 1000 inactivated aerosols per cc, we estimate that
up to 1% of transmitted particles may be an artifact. This is one
example and the exact level of unintentional transmission is a
function of the large and small particle number densities and
sizes as well as the flow conditions in the instrument that are
used. The relative abundance of this artifact will therefore be
dependent on the specific CVI and experimental conditions and
should be quantified on a case-by-case basis.

A simple theoretical model was also used to consider the
breakup of droplets and ice crystals within a CVI by compar-
ing aerodynamic conditions to material cohesion and droplet
stability. Both the acceleration force found in the inlet and the
deceleration force in the counterflow region were observed to be
capable of inducing droplet or ice breakup. These two breakup
locations can have very different effects on sampling. Breakup
in the acceleration region can lead to fragments smaller than
the cut size and rejection of a particle that should be transmit-
ted. Fragmentation in the deceleration region conversely results
in multiple particles transmitted from a single cloud element.
It is noteworthy that the fragmentation process for ice is less
well understood than for liquid water due to uncertainty in den-
sity and material properties; we recommend that experiments
be conducted in order to better understand this phenomena. We
also note that with careful design of a CVI, acceleration forces
in these regions could be lowered.

For these reasons, it is unclear if and when particles can
be counted after a CVI and compared to the ambient abun-
dance of cloud elements. In some cases, CVI artifacts may be
small when compared to uncertainty in other quantities or the
detection limits of downstream analytical techniques. Nonethe-
less, the aforementioned artifacts can lead to cases where more
or less particles than should be are transmitted. The verac-
ity of downstream analyses must be considered, especially in
the case of unintentional transmission where noncloud ele-
ments are entrained in the sample flow with cloud element
residuals.

Measurements of condensed phase water are probably correct
since less water is carried by small, unintentionally transmitted
particles, and breakup in the counterflow region does not add or
subtract water from the system. One exception is a case with in-
let acceleration forces (e.g., in a wind tunnel or PCVI) and large
cloud elements that can be fragmented and rejected are present,
thereby leading to an underestimation of condensed phase wa-
ter. A measurement strategy that should not be significantly
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764 M. S. PEKOUR AND D. J. CZICZO

affected by artifacts is the separation of cloud elements and sub-
sequent reactivation using a cloud chamber (Prenni et al. 2007).
In this case, the incorrectly transmitted aerosol or fragments
are not reactivated within the cloud chamber, and the deter-
mined number density should be comparable to cloud element
abundance.
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