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VOLUMETRIC COLLECTION EFFICIENCY AND DROPLET

SIZING ACCURACY OF ROTARY IMPACTORS

B. K. Fritz,  W. C. Hoffmann,  J. A. S. Bonds,  M. Farooq

ABSTRACT. Measurements of spray volume and droplet size are critical to evaluating the movement and transport of applied
sprays associated with both crop production and protection practices and vector control applications for public health. Any
sampling device used for this purpose will have an efficiency of collection that is a function of the sampling device itself, the
droplet size of the spray being sampled, and the airspeeds under which the sampling is conducted. This study focuses on two
rotary impaction devices, the Hock and the FLB samplers, that were evaluated under two droplet sized sprays and four
airspeeds. The collected spray concentrations were compared to standard passive samplers whose theoretical collection
efficiency was calculated and used to estimate the actual spray volume sampled. Additionally, droplet sizing information
derived from image analysis of droplet deposits on the rotary impactor collection surfaces was compared to actual
measurements of droplet size of the sampled spray cloud. Generally, overall collection efficiencies ranged from 2.5% to 20%,
with the FLB being more efficient than the Hock and with lower efficiencies at higher airspeeds for both samplers.
Comparison of the droplet sizing data showed that the FLB sampler tended to underpredict the DV10 and DV50 data, while the
Hock tended to overpredict the DV50 and DV90 data.

Keywords. Collection efficiency, Droplet sizing, Rotary impactor, Spray collection, Spray sampler.

hile atmospheric transport of applied sprays is
commonly associated with drift from
agrochemical  applications, another less com‐
mon application is vector control, which relies

on the movement of applied spray material over long dis‐
tances to maximize control. Research associated with both of
these activities relies on the ability to successfully quantify
the amount, and if possible, the droplet size characteristics of
these airborne sprays. The droplet size commonly associated
with these driftable sprays ranges have been suggested to be
between 100 �m (Miller, 1993) and 150 �m (Yates et al.,
1985). In vector control applications, optimal droplet sizes
are commonly less than 40 �m (Mount, 1998). With potential
increases in overall exposure levels from agrochemical ap‐
plication as well as potential increase in the abundance and
variety of pathogen vectors due to climate change (Boxall et
al., 2009), it is critical to have tools to measure to fate and
transport of applied sprays. There are a number of methods
that have been developed and used to measure these sprays,
including passive sampling devices such as strings, monofil‐
ament, ribbons, straws, and screens as well as active sam‐
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pling devices such as high‐volume air samplers, rotary
impingers, and rotary rods. Typically, the rotating impactor
type sampling devices are deployed when sampling smaller
droplets, such as dispersed sprays used in public health en‐
tomology, where the size distribution and the spray volume
are required to fully characterize the spray (Bonds et al.,
2009).

Differences in collection efficiency of various spray sam‐
plers confound characterization efforts. The collection effi‐
ciency (CE) of any sampling device is simply the ratio of the
spray volume or mass measured by the sampler to the actual
volume or mass of spray that is in the air and potentially avail‐
able for the sampler to collect. This CE is dependent upon the
geometry and operational characteristic of the sampler as
well as the size of the spray droplets being collected and the
ambient airspeed under which the measurement is being per‐
formed. It is generally accepted that smaller spray droplets
prove to be the most difficult to sample using impaction sam‐
pling devices and thus are collected with the lowest efficien‐
cies. There have been numerous efforts to quantify the CEs
of various sampling devices for different droplet sizes, but the
most commonly referenced is the work done by May and
Clifford (1967), who developed a series of experimental and
theoretical  impaction efficiency curves for cylindrical,
spherical, ribbon, and disc‐shaped targets for monodispersed
sprays. Their results generally show that the collection effi‐
ciency increases with narrower collection surfaces, larger
droplets, and increased velocity of the airstream entraining
the droplets.

A number of other studies have examined and docu‐
mented the collection characteristics of various other station‐
ary samplers. Whitney and Roth (1985) found CEs ranging
from over 90% to less than 1% for spray droplet less than
50��m on string collectors, with higher collection efficien‐
cies for larger droplets and higher airspeeds. Fox et al. (2004)
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found that nylon screen collectors had CEs ranging from 50%
to 70% for sprays with volume median diameters (VMD) of
less than 45 �m for airspeeds of 4 m s‐1. Fritz and Hoffmann
(2008a) found 9% to 98% efficiencies for nylon screen cylin‐
ders sampling a spray with a 19 �m VMD in airspeeds rang‐
ing from 0.4 to 3.8 m s‐1.

Where stationary samplers, such as a wire or string, rely
solely on the speed of the airstream carrying the droplet to
provide the energy for impaction, active collection devices
introduce some mechanical advantage into the sampling sys‐
tem to improve capture efficiency. For example, rotary slide
impactors rotate the sampling surface, thereby increasing the
relative velocity difference between the droplet being
sampled and the sampling surface, resulting in greater impac‐
tion efficiency for smaller droplets as compared to a station‐
ary surface. While the total area from which droplets are
sampled is simply the frontal area perpendicular to the air‐
stream for stationary collectors, the rotation of the sampling
surfaces by rotating impactors changes this sampling area.
The sampling surface itself does not continually sample from
a stationary area, rather, in the case of the rotary impactor, it
is rotated around an axis, resulting in a volumetric sampling
rate. The sampling area, or window, for rotating impactors is
the vertical area within which passing spray droplets may be
captured on the sampling surface. The volume of the air‐
stream passing through this sampling window, or the aspira‐
tion rate, is determined by the ambient airspeed. Therefore,
while the probability of droplet collection on the sampling
surface increases, the probability of a given droplet going
through the sampling window being intercepted by the sam‐
pling surface decreases.

Cooper et al. (1996) evaluated a string sampler, an isoki‐
netic sampler, and a rotary sampler (6 × 75 mm slides held
130 mm apart and rotating at 2.9 m s‐1). After attempting to
correct for the variances between the sampling and aspiration
rates, Cooper et al. (1996) found dual‐slide volumetric CEs
ranging from 1% to over 70% for droplet sizes from 10 to
25��m and airspeeds from 0.25 to 1.5 m s‐1. Typically, CEs
were greatest for the 20 and 25 �m droplets at the lowest air‐
speed. As the different CEs at different airspeeds (as reported
by Cooper et al., 1996) show, correcting for aspiration rate
versus sampling rate did not remove the influence of airspeed
on the calculated CE. Bonds et al. (2009) found that rotating
slide impactors with narrower slides and higher rotational ve‐
locities had higher CEs, ranging from 84% to 98% for a
16��m VMD spray sampled at airspeeds from 1 to 3.5 m s‐1,
than wider, slower rotating slides, which had CEs ranging
from 66% to 21% for the same droplet size spray and air‐
speeds. However, these CEs were based on the sampled vol‐
ume per area of the slide (not the sampling window), with no
adjustment for sampling versus aspiration rate. Further de‐
tails on both the Hock and FLB samplers, as well as design
details regarding both, can be found in Bonds et al (2009).

The objective of this work is to evaluate the overall and
droplet size specific volumetric CEs of two rotary impactors
based on spray concentration measured passing through the
sampling window over a range of airspeeds that are expected
in field trials. Additionally, the droplet size spectrum of the
collected spray is evaluated against that measured by laser
diffraction in a wind tunnel.

Figure 1. The two rotating impactors under investigation: the 3 mm 5.6 m
s‐1 FLB sampler and the 25 mm 3.6 m s‐1 Hock sampler.

MATERIALS AND METHODS
ROTATING IMPACTORS

Two rotating impactor samplers were investigated, the
Hock and the Florida Latham Bonds (FLB) impactors (fig. 1).
The Hock sampler uses 25 mm glass microscope slides that
are held 16 cm apart (outside edge to outside edge) and ro‐
tated at a velocity of 3.6 m s‐1. The FLB uses 3 mm acrylic
slides that are held 18.5 cm apart (outside edge to outside
edge) and rotated at a velocity of 5.6 m s‐1. This corresponds
to motors speeds of 510 and 588 rpm for the Hock and FLB
samplers, respectively. For this study, both volumetric con‐
centration and droplet size measurements were taken. The
Hock sampler used an uncoated glass microscope slide for
volumetric data and a Teflon coated slide (BioQuip, Rancho
Dominguez, Cal.) for the droplet sizing data. The FLB sam‐
pler used two 3 mm acrylic slides cut from extruded acrylic
bars (McMaster‐Carr, Atlanta, Ga.) coated with FEP (Teflon)
tape (McMaster‐Carr, Atlanta, Ga.), one for volumetric data
and the other for droplet sizing data.

WIND TUNNEL FACILITIES

Sampler testing was conducted at the USDA‐ARS Aerial
Application Technology low‐speed wind tunnel in College
Station, Texas. The low‐speed tunnel (1.2 × 1.2 × 12.2 m)
is a push system with a 0.8 m axial‐flow fan outfitted with an
electronic variable speed control that can produce airspeeds
between 0.5 to 6.5 m s‐1. A gridded flow straightener is posi‐
tioned in the tunnel 0.75 m downwind of the fan outlet. Test‐
ing was conducted 10 m downwind of the fan. Both the FLB
and the Hock samplers were evaluated at 0.5, 2, and 4 m s‐1

with two different spray droplet sizes. The spray was gener‐
ated using air‐assisted nozzles (Advanced Special Technolo‐
gies, Winnebago, Minn.). An unmodified version of the
nozzle (fig. 2), called nozzle 1 for this study, spraying BVA
oil at 552 kPa (80 psi) produces a spray with a VMD of
approximately  15 �m (Hoffmann et al., 2009). A nozzle with
reduced airshear across the fluid orifice was manufactured to
create a coarser spray by increasing the gap through which
the pressured air flowed (fig. 2). The nozzle's original config‐
uration (nozzle 1) had an air orifice diameter of 2.5 mm and,
combined with the tube diameter of the fluid orifice of
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Figure 2. Nozzles used in collection efficiency study.

2.2�mm, had a gap for the air to exit of 0.15 mm around the
fluid orifice (gap A in fig. 2) and a distance from the air exit
orifice to the fluid exit orifice of 0.7 mm (gap B in fig. 2). This
nozzle was modified by boring the air exhaust to 7.6 mm, re‐
sulting in gap A increasing to 2.7 mm (fig. 3) and gap B to
3.2�mm. With these modifications made and operating at the
same air pressure, a spray with a VMD of approximately
25��m was produced. This modified nozzle was denoted
nozzle 2 for this study. It should be noted that this modifica‐
tion was done in‐house and is not commercially available.

SPRAY MATERIALS

BVA crop oil with Uvitex dye (BASF, Research Triangle
Park, N.C.) added at a rate of 2 g L‐1 was metered to the nozzle
using a syringe pump (model NE‐4000, New Era Pump Sys‐
tems, Inc., Farmingdale, N.Y.). A total of 1 mL was metered
at a volume feed rate of 10 mL min‐1 and allowed to disperse
down the length of the tunnel for each spray replication. This
volume and rate were established through a stepwise alter‐
ation of nozzle pressure. For each airspeed and spray nozzle
tested, sample slides had to have sufficient spray material de‐
posited on the slides for detection while ensuring that slide
saturation was avoided for accurate droplet sizing analyses.
Six replicated measurements were made at each sampler,
wind speed, and droplet size combination. Previous testing of
a similar nature determined that a minimum of six replicated
measurements are needed due to the inherent variability in
the data.

COLLECTORS WITH KNOWN SAMPLING EFFICIENCIES

Determining the collection efficiency for the rotary im‐
pactors required determining the actual spray volume pre‐
sented to the sampler during each test. Using a method
detailed by Fritz and Hoffmann (2008b), fine wire samplers
(0.559 mm diameter × 152 mm length) were positioned on
either side of the rotary sampler being tested. The theoretical
collection efficiencies of these samplers were used to correct
to true concentrations. Wire samplers were clamped in hemo‐
stats (approx. 3 mm of the wire held in the hemostat jaws) and
secured to a post that was attached to the tunnel floor such
that the center of the wire was centered vertically in the tun‐
nel. The wires were positioned 30 cm apart, centered hori‐
zontally (each 15 cm from the tunnel centerline) and 25 cm
upwind of the rotary sampler. The rotary samplers were posi‐
tioned such that the centers of the slides were vertically cen‐

tered in the tunnel and that the center of rotation of the
sampler was centered horizontally in the tunnel.

DROPLET SIZE MEASUREMENT VIA LASER DIFFRACTION
During each test replication, droplet size was measured

0.5 m upwind of the rotary samplers using a Sympatec HE‐
LOS laser diffraction droplet sizing system (Sympatec, Inc.,
Clausthal, Germany). Droplet sizing was done upwind to en‐
sure that the droplet‐laden air was undisturbed by the rotating
slides and that the laser had an unobstructed line of sight. The
Helos system uses a 623 nm He‐Ne laser and was setup with
a dynamic measurement diameter size range of 0.5 to 875 �m
across 32 sizing bins. Tests were performed within the guide‐
lines provided by ASTM Standard E1260 (ASTM, 2009).
Droplet size data measured included volume median diame‐
ter (VMD or DV50) and the 10% and 90% diameters (DV10 and
DV90) (ASTM, 2004).

SAMPLE PROCESSING
At the conclusion of each test replication, wire samplers

were collected and placed in individually labeled zip‐top
bags. The slide designated as the volumetric sample for the
rotary impactors was also collected and placed in an individ‐
ually labeled zip‐top bag. The other slide, designated as the
droplet sizing sample, was attached to a labeled poster board
using double‐sided tape. The bags were brought back to the
laboratory for processing. Fifteen milliliters of hexane were
added to each sample bag, which was then agitated for 20 s,
after which 6 mL of effluent was poured into a cuvette. The
cuvettes were then placed into a spectrofluorophotometer
(model RF5000U, Shimadzu, Kyoto, Japan) with an excita‐
tion wavelength of 372 nm and an emission of 427 nm to de‐
termine the fluorescent concentration. The fluorometric
readings were converted to volume of spray collected by
comparisons to standards generated using the actual oil and
dye mixture. The minimum detection level for the dye and
sampling technique was 0.07 ng cm‐2.

The spray volumes measured were then expressed as vol‐
ume of spray per area sampled. The area sampled by the fine
wire samplers was calculated simply as the diameter
(0.559�mm) of the wire multiplied by the length of wire ex‐
posed to spray (149 mm) for a collection area of 0.833 cm2

(Awire). For the rotary impactors, the collection area was cal‐
culated as the window through which spray passed that drop‐
lets could be collected by the slides. For both samplers, this
window was calculated as the distance between the outer‐
most edge of the slides (16 cm for the Hock and 18.5 cm for
the FLB) and the actual length of slide exposed to spray (7 cm
for the Hock and 6.2 cm for the FLB) for sampling window
collection areas of 112 and 114.7 cm2 (Awindow), respectively,
for the Hock and FLB samplers (fig. 1). The concentration
sampled by the rotary impactors was then calculated using
equation 1:

 
window

desingle sli
rotary A

V
C =  (1)

where
Crotary = spray concentration measured by the rotary 

impactor over the area of the sampling 
window (�L cm‐2)
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Vsingle slide = volume of spray material that deposited on the
single slide sample processed for deposition
using fluorescent analysis (�L)

Awindow = area of sampling window for a given rotary 
impactor (cm2).

The concentrations sampled by the fine wires were calculated
using equation 2:

 
wire

wire i
wire i A

V
C =  (2)

where
Cwire i = spray concentration measured over the area of the

fine wire sampler (�L cm‐2)
Vwire i = volume of spray material that deposited on the fine

wire sample processed for deposition using 
fluorescent analysis (�L)

Awire = frontal area of sampling wire (cm2)
i = 1 or 2, for wire sample 1 or 2 used in each test 

replication.
The slides saved for droplet size data were analyzed via

DropVision image processing software (Leading Edge Asso‐
ciates, LLC, Waynesville, N.C.). Measurements were taken
across the width of the slide so as not to bias toward smaller
drops that collect at the slides edge. A minimum of 250 drops
were counted for each slide. The DropVision software returns
results in the form of DV50, DV10, and DV90 as well as, the cu‐
mulative droplet size distribution and coverage (drops
mm‐2).

CALCULATION OF VOLUMETRIC COLLECTION EFFICIENCIES

FOR THE ROTATING IMPACTORS
The overall CEs of the rotary impactors for each nozzle at

each wind speed were determined by comparison with the
true spray concentration as determined by adjusting the fine
wire measured concentrations with the theoretical fine wire
CE. As only one slide per treatment replication was pro‐
cessed for deposition analysis, the determined CEs are for the
concentrations measured by each rotary impactor from the
sampling window on a single slide. The CEs of the stationary
wire samplers were determined for each of the airspeeds fol‐
lowing methods described by Fritz and Hoffmann (2008b).
Briefly, this method involves determining the Stokes number,
which is the ratio between the stopping distance of the
sampled droplet sizes and the diameter of the collection sur‐
face. Using the droplet size distribution measured with the
Sympatec system and the airspeeds at which testing occurred,
particle Reynolds numbers were determined and used to cal‐
culate the stopping distances for the multiple droplet sizes
sampled. With this and the sampler diameter, the Stokes num‐
ber was calculated and used to determine the impaction effi‐
ciency of the specific droplet sizes based on a sigmoidal
curve fit of the May and Clifford (1967) data for cylindrical
collectors.  The droplet size specific impaction efficiencies
were multiplied by the volume fraction measured within spe‐
cific size bins and then summed over the entire size distribu‐
tion to determine the overall CE.

The calculation of the overall CE for the rotating impac‐
tors for each airspeed, nozzle, and replication combination
was completed using the following steps:

1. The CEs for the sampling wires were determined using
the airspeed and droplet size distribution measured for

each replication following the methods mentioned
above. These values ranged from 40% to over 80%, in‐
creasing with airspeed and droplet size.

2. The measured spray deposition for both wires was then
adjusted to an estimate of the true concentration by di‐
viding by the determined CE values (eq. 3):

 
wire

wire i
true i

C
C

CE
=  (3)

where
Ctrue i = estimate of true spray concentration presented to

the rotary sampler (�L cm‐2)
CEwire = volumetric CE efficiency of the fine wire 

samplers.
 3. The true concentrations measured by the two wires

(Ctrue i) were averaged to return an estimate of the true
spray concentration that was presented to the rotating
impactor (Ctrue).

 4. The CE of the rotary sampler was then determined by
comparison with the estimated true concentration. The
numerical CE for the overall volumetric concentra‐
tions was calculated using equation 4:

 100CE ⎟⎟⎠

⎞
⎢⎢⎝

⎛
=

true

rotary
rotary C

C
 (4)

where
CErotary = overall single‐slide volumetric concentration 

collection efficiency of spray measured 
through the sampling window by the rotary 
impactor.

Crotary = volume of spray solution measured on a single
slide from the sampling window of the rotary 
collector.

Ctrue = estimate of the true spray volume per area 
presented to the rotary collector as determined
by averaging the fine wire corrected 
concentrations (step 3).

DROPLET SIZE RANGE SPECIFIC COLLECTION EFFICIENCIES

In addition to the overall CE for each of the rotating im‐
pactors, the CEs at which the impactors sampled specific
droplet size ranges were evaluated. Droplet size range specif‐
ic CEs were determined by comparing the measured versus
true concentrations within the droplet size ranges from 0 to
10 �m, 10 to 20 �m, 20 to 30 �m, 30 to 40 �m, and >40 �m.
These CE values were determined following similar steps to
those listed for the overall CE, with the exception that the
measured concentrations were adjusted based on the fraction
of spray contained within the specific droplet size bin of in‐
terest. The value of Ctrue was adjusted based on the volume
fraction of spray within each of the size bins as measured by
the Sympatec laser diffraction system (D3

Sym_i) directly up‐
wind of the sampling location, as described earlier. The value
of Crotary was adjusted based on the volume fraction of spray
within the droplet size bin of interest sampled on the slide as
determined using the DropVision system (D3

DV_i), also de‐
scribed earlier. The droplet size range specific CEs were cal‐
culated using equation 5:
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 100CE
3

3

⎟
⎟
⎠

⎞
⎢
⎢
⎝

⎛

⋅

⋅
=

trueSym_i

rotaryDV_i
i

CD

CD
 (5)

where
CEi = single‐slide volumetric concentration 

collection efficiency of spray measured through
the sampling window by the rotary impactor for
the ith droplet size bin.

D3
DV_i = volume fraction of spray measured by the rotary

sampler as determined by the DropVision 
system.

D3
Sym_i = volume fraction of the actual spray for the ith 

droplet size bin presented to the rotary sampler
as measured by the Sympatec laser diffraction 
system.

i = drop bin range: 0 to 10 �m, 10 to 20 �m, 20 to
30 �m, 30 to 40 �m, or >40 �m.

DROPLET SIZING ACCURACY
Droplet sizing accuracy was determined by comparing the

DV10, DV50, and DV90 volume diameters measured from the
slides using the DropVision software to that measured by the
Sympatec system. The percent error between the slide mea‐
sured data and the Sympatec data was determined using equa‐
tion 6:

 
( )

100
D

DD

V

VV

⎟
⎟
⎠

⎞
⎢
⎢
⎝

⎛ −
=

i_Sym

i_Symi_DV
erroriDS  (6)

where
DSi_error = percent error between the DropVision 

measured ith volume diameter and the 
Sympatec measured ith volume diameter.

DVi_DV = ith volume diameter collected by the rotary 
impactor as measured by the DropVision 
software.

DVi_Sym = ith volume diameter of the actual spray 
presented to the rotary impactor as measured 
by the Sympatec system.

i = 10%, 50%, or 90% volume.

DATA ANALYSES

Significance testing of airspeed, sampler, and spray
nozzle effects on single‐slide CE and droplet sizing efficien‐
cy (percent error) for the DV10, DV50, and DV90 volume diam‐
eters was performed using the general linear model analysis
of variance in Systat (version 13, Systat Software, Chicago,
Ill.). Means separations were determined using Dunnett's T3
test (given the unequal variances between the means) using
Systat. All testing was conducted at the � = 0.05 significance
level.

RESULTS
OVERALL VOLUMETRIC COLLECTION EFFICIENCIES

The overall single‐slide volumetric CEs determined for
both the FLB and the Hock samplers tested using both nozzle
1 and nozzle 2 at airspeeds of 0.5, 2, and 4 m s‐1 were calcu‐
lated using the methods described earlier. All sampler,
nozzle, airspeed combinations had a minimum of four ac‐
ceptable replicated data points. The average airspeeds and

Table 1. Mean airspeed and droplet size parameters
for sampler testing for nozzles 1 and 2.

Nozzle

Mean
Airspeed
(m s‐1)

Average Sympatec Measurements
(μm)

DV10 DV50 DV90

FLB Sampler
1 0.7 9.2 ±1.3 16.1 ±1.8 24.9 ±2.5

2.0 8.3 ±1.6 14.9 ±1.1 23.7 ±1.0
4.1 8.8 ±1.6 16.2 ±1.8 24.7 ±3.0

2 0.7 15.8 ±2.2 27.0 ±3.3 46.7 ±7.2
2.0 12.0 ±2.2 23.7 ±3.6 41.7 ±11.3
4.1 11.6 ±2.5 21.0 ±3.4 32.9 ±11.3

Hock Sampler
1 0.7 8.7 ±0.5 15.2 ±0.6 23.6 ±0.6

1.9 8.2 ±0.5 14.7 ±0.6 23.2 ±0.6
4.0 8.4 ±0.5 14.9 ±0.3 22.8 ±1.3

2 0.6 14.6 ±1.2 26.6 ±2.4 46.2 ±8.9
2.1 14.7 ±3.9 24.0 ±1.5 39.8 ±5.4
4.0 13.2 ±1.7 25.8 ±2.1 46.6 ±9.0

DV10, DV50, and DV90 values for the FLB and Hock replica‐
tions for nozzles 1 and 2 are shown in table 1. There was no
significant nozzle effect (p = 0.3596), but sampler type (p =
0.0144), airspeed (p < 0.001), and the interaction between
sampler type and airspeed (p = 0.0298) were significant. The
averages and standard deviations, by sampler type and air‐
speed, and means separations are given in table 2. The FLB
sampler had significantly higher CEs (p = 0.015) than the
Hock sampler at 2 and 4 m s‐1 airspeeds, but there were no
differences in CE at 0.5 m s‐1 airspeeds.

The CEs for both samplers were higher at the lower air‐
speeds as a result of slower‐moving droplets having a longer
residence time within the volume of space being sampled by
each rotary sampler, allowing for greater opportunity for im‐
paction on the rotary surface. For the given sampling window
sizes (Hock = 112 cm2 and FLB = 114.7 cm2) and for targeted
airspeeds of 0.5, 2, and 4 m s‐1, the corresponding aspiration
rates (volume per time rate that droplet‐laden air passes
through the sampling window) are 0.34, 1.34, and 2.69 m3

min‐1 for the Hock sampler and 0.34, 1.38, and 2.75 m3 min‐1

for the FLB sampler. Both samplers have similar aspiration
rates, as the sampling window sizes are similar, but based on
the rotational speeds and the exposed area of a single slide,
the sampling rates are 0.38 and 0.064 m3 min‐1 for the Hock
and FLB samplers, respectively. While the Hock and FLB
samplers have similar CEs at the 0.5 m s‐1 airspeed, given the
6× greater sampling rate over approximately the same sam‐
pling window, the 25 mm Hock slide has a much lower depo‐
sition efficiency of droplets relative to the volume of air

Table 2. Overall collection efficiencies (means ±SD)
for the rotating impactors by airspeed.

Sampler

Mean
Airspeed
(m s‐1)

Overall Single‐Slide
Collection Efficiencies

(mean ±SD)[a]

FLB

0.7 19.5 ±7 a
2 15.2 ±8.1 ab

4.1 7.3 ±3.1 b

Hock

0.7 14.9 ±8.3 ab
2.0 2.8 ±1.3 c
4.0 2.5 ±0.6 c

[a] Means followed by the same letter are not significantly different as
determined by Dunnett's T3 test for unequal variances at α = 0.05.
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Table 3. Single‐slide droplet size range specific collection
efficiencies for the FLB and Hock samplers.

Sampler
Airspeed
(m s‐1)

Droplet Size Range Specific Collection
Efficiencies (bin ranges in μm)[a]

0 to 10 10 to 20 20 to 30

FLB

0.5 40.8 a 24.0 a 14.4 a
2 38.3 a 15.8 a 8.0 a
4 25.9 a 5.9 b 3.9 b

Hock

0.5 23.3 ab 17.0 a 5.8 b
2 4.9 b 2.5 b 2.1 b
4 6.5 b 2.5 b 2.0 b

[a] Means in the same column followed by the same letter are not
significantly different as determined by Dunnett's T3 test at α = 0.05.

sampled. This follows results reported by May and Clifford
(1967), who showed that for narrow flat‐face surfaces (rib‐
bons), narrower collectors have increased droplet impaction
efficiencies as compared to wider surfaces.

DROPLET SIZE RANGE SPECIFIC COLLECTION EFFICIENCIES
Significance testing for sampler, airspeed, and nozzle ef‐

fects showed that nozzle was not a significant effect for any
of the droplet size bin specific CEs (p values from 0.964 to
0.5733) but that sampler type (p values from <0.0001 to
0.0011) and airspeed (p values from <0.0001 to 0.0051) were
both significant factors, with a couple of exceptions. The 30
to 40 �m droplet size range specific CEs were not significant‐
ly influenced by airspeed (p = 0.1526), with the FLB having
a significantly higher CE (15.5%) as compared to the Hock
sampler (6.6%). The CE results for droplets >40 �m were not
significantly influenced by sampler type (p = 0.924), with
significantly higher CEs at 0.5 m s‐1 (27.6%) as compared to
the 2 and 4 m s‐1 airspeeds (14.8% and 6.8%, not significantly
different). The remaining droplet size range specific CEs,
with means separations, are given in table 3.

DROPLET SIZING ACCURACY

The prediction errors for both samplers for the DV10, DV50,
and DV90 values are given in table 4. Significance testing for
the droplet sizing error between the slide collected (analyzed
with DropVision) and the Sympatec measured data for the
DV10 showed that neither nozzle (p = 0.1406) nor airspeed
(p�= 0.3723) were significant effects, but that sampler type
(p�< 0.001) was. The FLB sampler underpredicted DV10 by
37% as compared to the Hock sampler, which only underpre‐
dicted by 0.8%. When examining the DV50 values from both
the slides and the Sympatec, neither airspeed (p = 0.0587) nor
nozzle type (p 0.0650) were significant effects, but sampler
type (p = 0.0030) was, with the FLB sampler underpredicting
by 19.2% and the Hock sampler overpredicting by 8.3%.
Likewise, neither nozzle (p = 0.0589) nor airspeed (p = 0.42)
were significant effects with respect to the prediction errors

Table 4. Prediction errors for slide measured DV10, DV50,
and DV90 values as compared to Sympatec measured data.

Sampler

Prediction Errors (%)[a]

DV10 DV50 DV90

FLB ‐37.0 b ‐19.2 b 5.5 a
Hock ‐0.8 a 8.3 a 21.6 b

[a] Means in the same column followed by the same letter are not
significantly different as determined by Dunnett's T3 test at α = 0.05.

Table 5. Droplet densities (drops mm‐2) for the FLB
and Hock samplers at 0.5, 2, and 4 m s‐1 airspeeds.

Sampler
Airspeed
(m s‐1)

Mean Drop Density
(drops mm‐2)[a]

FLB

0.5 154.4 a
2 88.6 b
4 51.7 c

Hock

0.5 15.8 d
2 12.1 de
4 10.9 e

[a] Means followed by the same letter are not significantly different as
determined by Dunnett's T3 test at α = 0.05.

for the DV90 data, but sampler type (p = 0.0163) was, with the
Hock overpredicting by 21.6% and the FLB overpredicting
by 5.5%.

DROP DENSITY DATA

The drop density data (drops mm‐2) showed no significant
nozzle effects (p = 0.2326), but both sampler type (p < 0.001)
and airspeed (p < 0.0001) were significant. The FLB sampler
had significantly higher droplet densities as compared to the
Hock sampler, with both samplers generally having signifi‐
cantly higher droplet densities at lower airspeeds. The mean
droplet densities and means separations for each sampler, at
each airspeed tested, are given in table 5.

DISCUSSIONS AND CONCLUSIONS
Two rotary impactor samplers, the FLB and the Hock,

were evaluated for volumetric and droplet sizing collection
efficiency. While the initial goal was to test both samplers un‐
der multiple airspeeds and spray droplet sizes, the resulting
sprays were not sufficiently different enough, with regard to
droplet size, to significantly impact the results. Both sam‐
plers typically had decreased volumetric CEs with increasing
airspeed, as reflected in both the single‐slide CEs (table 2)
and the droplet densities (table 5). While the FLB collected
a greater number of droplets per area than the Hock at the
same airspeed, the overall single‐slide volumetric CEs were
only significantly higher at the 2 and 4 m s‐1 airspeeds.

Based on these results, both the FLB and Hock samplers
can be successfully deployed in the field and used to mea‐
sured volumetric spray concentrations, and for given field
studies, adjusted appropriately, if possible, for airspeed spe‐
cific collection efficiencies. With aerial application field
trials involving minute quantities of spray material moving
through a target area over a long time period, typically 1 h for
vector control applications, significant changes in wind
speed may prevent any meaningful corrections. However the
impactors would still provide an inexpensive method for use
in a comparative survey of flux through the experimental
area. The more detailed measures of flux described in this ar‐
ticle would be viable in close proximity to truck‐mounted
mosquito control operations or agricultural field applica‐
tions, where shorter drift periods, often not exceeding 15 min,
result in more uniform wind fields, allowing for a more accu‐
rate correction of the measured data. For example, if the FLB
sampler were deployed in a field situation measuring drift
downwind of a spray application with a mean wind speed of
3 m s‐1, the CE can be interpolated from table 2 to be approxi‐
mately 11%. As a sampler of this sort will likely be deployed
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to measure small droplet drift (i.e., positioned at a downwind
distance likely greater than 50 to 100 m), it can be assumed
that the spray droplet size sampled would be similar to that
tested in this study. If a concentration of 0.1 �L cm‐2 were
measured, the corrected value would then be 0.9 �L cm‐2

(0.1��L cm‐2 / 0.11). If the application were an oil‐based
spray (typical in vector control studies) and the droplet sizes
were the measurement of interest, then the DV10, DV50, and
DV90 accuracies could be determined from table 4. For mea‐
sured DV10, DV50, and DV90 values of 10, 22, and 45 �m, re‐
spectively, the corrected values are calculated by solving
equation 6 for DVi_Sym and inserting the values from table 4.
The corrected values would then be 15.9, 27.2, and 42.7 �m
for the DV10, DV50, and DV90 values, respectively.

Overall, the results indicate that the FLB sampler provides
greater CE for the smaller droplet fraction of the spray, at
equivalent airspeeds, than the Hock sampler, resulting in a
greater number of droplets per area being collected. While
neither sampler offers a perfect measure of either spray vol‐
ume or droplet size, both can be used effectively with ap‐
propriate corrections for airspeed‐dependent collection
efficiency. Additionally, these samplers offer the benefit of
sampling from a relatively large area, as compared to typical
string or wire type stationary collectors, with the added bene‐
fit of providing information on the droplet size of the sampled
spray.
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