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ABSTRACT

Pulsations generated by personal sampling pumps modulate the airflow through the sampling trains,
thereby varying sampling efficiencies, and possibly invalidating collection or monitoring. The purpose
of this study was to characterize pulsations generated by personal sampling pumps relative to a nominal
flow rate at the inlet of different respirable cyclones. Experiments were conducted using a factorial com-
bination of 13 widely used sampling pumps (11 medium and 2 high volumetric flow rate pumps having
a diaphragm mechanism) and 7 cyclones [10-mm nylon also known as Dorr-Oliver (DO), Higgins-
Dewell (HD), GS-1, GS-3, Aluminum, GK2.69, and FSP-10]. A hot-wire anemometer probe cemented
to the inlet of each cyclone type was used to obtain pulsation readings. The three medium flow rate
pump models showing the highest, a midrange, and the lowest pulsations and two high flow rate pump
models for each cyclone type were tested with dust-loaded filters (0.0S, 0.21, and 1.25mg) to deter-
mine the effects of filter loading on pulsations. The effects of different tubing materials and lengths on
pulsations were also investigated. The fundamental frequency range was 22-110 Hz and the magnitude
of pulsation as a proportion of the mean flow rate ranged from 4.4 to 73.1%. Most pump/cyclone com-
binations generated pulse magnitudes >10% (48 out of 59 combinations), while pulse shapes varied
considerably. Pulsation magnitudes were not considerably different for the clean and dust-loaded filters
for the DO, HD, and Aluminum cyclones, but no consistent pattern was observed for the other cyclone
types. Tubing material had less effect on pulsations than tubing length; when the tubing length was
183 cm, pronounced damping was observed for a pump with high pulsation (>60%) for all tested tub-
ing materials except for the Tygon Inert tubing. The findings in this study prompted a further study to
determine the possibility of shifts in cyclone sampling efficiency due to sampling pump pulsations, and
those results are reported subsequently.

KEYWORDS: amplitude; frequency; pulsation magnitude; pump pulsation; respirable cyclones;
sampling efficiency shift
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INTRODUCTION

The effect of flow pulsation on the particle collection
efliciency of personal sampling pumps was extensively
studied in the 1970s by several researchers in the USA
as part of an effort to improve sampling methodologies
for respirable coal mine dusts. The mass of respirable
dust collected with pumps generating pulsating flows
was found to be less than that collected with steady,
but correspondingly equal mean flows (Anderson
et al., 1971; Lamonica and Treaftis, 1972; Caplan et al,,
1973; Blachman and Lippmann, 1974; McCawley and
Roder, 1975). As a consequence of these studies, pul-
sation dampeners have been included in personal dust
sampling units by the manufacturer to ensure a more
constant flow. Furthermore, US 30 Code of Federal
Regulations (CFR) Part 74 (CFR, 1974) adminis-
tered jointly by the National Institute for Occupational
Safety and Health (NIOSH) and the Mine Safety and
Health Administration stated the allowable pump pul-
sation (PP) in Coal Mine Dust Personal Sampler Units
(CMDPSU?s) as follows: ‘(i) The irregularity in flow
rate due to pulsation shall have a fundamental frequency
of not less than 20 Hz. (i) On and after July 1, 1974 the
quantity of respirable dust collected with a sampler unit
shall be within 5 percent of that collected with a sam-
pling head assembly operated with nonpulsating flow”

Bartley et al. (1984) revisited this issue by investigat-
ing PPs and their effects on the 10-mm nylon cyclone,
also known as the Dorr-Oliver (DO) cyclone. Three
types of sampling pumps were tested, the MSA Model G,
the Bendix Micronair II, and the DuPont P-2500 pumps,
all of which had pulsation dampeners. A resonance was
clearly observed due to the combined effect of the tubing
between the cyclone and the pump, the filter, and the filter
cassette, in which the ratio of fluctuating amplifications
in the section of tube between the pump and the cyclone
ranged between 1 and 2 for the frequency range of 0-250
Hz. The predicted bias of the cyclone collection effi-
ciency was negligible for the MSA Model G and Bendix
Micronair IT pumps at both 2.0 and 1.2 I min™" and for the
DuPont P-2500 pump at 2.0 I min™", while the bias was in
the order of —20% for the DuPont P-2500 pump at 1.2 1
min~". Berry (1991) also observed penetration shifts from
the comparison of sampling efficiencies of the SIMPEDS
cyclone without pulsation and with pure sinusoidal pulsa-
tions at a frequency range of 20-280 Hz; a positive pen-
etration shift was observed for large particles (>S5 im) at
low frequencies and increased with pulsation amplitude,
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while the penetration shift was negative and decreased
with increasing amplitude at higher frequencies. Recently,
Cornelissen (2008) evaluated several pumps from each of
three different manufacturers equipped with flow stabiliz-
ers and reported that all pumps exceeded the maximum
allowable pulsation (>10%), recommended by a recent
European Standard (see next paragraph).

Different types of pumps and manufacturers are
listed by Monteith and Rubow (2001) and Monteith
and Leong (2009). An Internet search (June
2009) returned 32 portable sampling pumps, from
several manufacturers, ranging up to 5-6 1 min™".
Most of these personal sampling pumps have a dia-
phragm pulsation dampening mechanism, and, in
addition, some sampling pumps have an electronic
sensor to provide feedback to maintain a constant
mean airflow. Consensus technical standards for test-
ing the performance of sampling pumps do not exist
in the USA except for a few general requirements
such as intrinsic safety (Monteith and Leong, 2009).
The European Standard EN 1232-1997 (Workplace
atmospheres — Pumps for personal sampling of chemi-
cal agents — Requirements and test methods) specifies
requirements for testing battery-powered pumps used
for personal sampling of airborne contaminants in the
workplace (CEN, 1997). In addition, the EN 12919-
1999 (Workplace atmospheres — Pumps for the sam-
pling of chemicals agents with a volume flow rate over
5 I min™' - Requirements and test methods) speci-
fies requirements for testing sampling pumps with a
flow rate >5 I min~' (CEN, 1999). The EN 1232-1997
Standard listed PP as one parameter to be tested for
personal sampling of airborne particles (defined as
type P pumps), stating ‘For type P pumps the pulsa-
tion shall not exceed 10% of the flow rate’ That same
10% requirement also appears in the EN 12919-1999
Standard (CEN, 1999). However, manufacturers
have not published data to show that this require-
ment is being met. A new work item for a consensus
international standard for sampling pump perfor-
mance has been introduced through the International
Organization for Standardization (ISO). The ISO
Committee responsible for the standard is discussing
whether the test in the European Standards is appro-
priate for an ISO Standard. Data are lacking with
regard to flow rate pulsation and sampling perfor-
mance of sampling pumps in current usage and would
be beneficial in informing Committee discussions.
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This study evaluated PPs generated by 13 models of
personal sampling pumps used for respirable size-selec-
tive sampling of aerosols. Two aims were established as
the goal of this study. Aim 1 was to characterize PPs as
measured at the inlet of seven widely used cyclones.
The European Standards suggested pulsation measure-
ments at 20 cm upstream of a resistor, which replaces
an aerosol sampler. This study performed pulsation
measurements at the inlet of a cyclone because it is
more representative of a real-world sampling train. The
findings of Aim 1 are reported in this article. Aim 2
was to measure changes in collection efficiency and to
correlate these changes with the pulsations measured
in Aim 1. The concluding article of this two part series
reports the findings from the Aim 2 research.

MATERIALS AND METHODS

Pulsation measurements at the inlet of cyclone with-
out filter loadings

A total of 13 personal sampling pumps, 11 medium

(up to S or 6 I min™") and 2 high (up to 10 or 151

Table 1. Selected personal sampling pumps

min ") volumetric flow rate pumps, were selected. The
selection process consisted of those models already in
use in-house plus a few others selected from the over-
all population found by an Internet search to ensure
that at least one pump was represented from each
manufacturer found by that search (Table 1). Specific
models chosen were those thought to be widely used
by occupational hygienists, although exact sales num-
bers were not available to confirm this. All pumps were
purchased on the open market. Although three of the
medium volumetric flow rate pumps (HFS513 MGSP,
and SP730) are no longer available in the market, they
were included because these pumps are still in use in-
house and elsewhere. The seven cyclone models used
are listed in Table 2. These are representative of the
majority of cyclones available commercially.

It is impossible to place a hot-wire probe between
avortex chamber and the filter as doing so would alter
the performance of the cyclone. An alternative place-
ment of a probe is in front of the cyclone inlet, as in
the previous study by Bartley et al. (1984), which
reported that no change of aerosol penetration would

Pump Manufacturer Flow rate
range (Imin™")

Medium PCXRS8 SKC Inc., Eighty Four, PA, USA 0.005-5

volumetric AirChek XR5000 SKC Inc. 0.005-5

flow rate

pumps (n = 11) ApexIS CASELLA, Amherst, NH, USA 0.005-5
Basic$ A.P. Buck Inc., Orlando, FL, USA 0.005-5
Escort ELF MSA The Safety Company, upto3

Pittsburgh, PA, USA®

EliteS A.P. Buck Inc. 0.005-6
GilAirs Sensidyne, LP, Clearwater, FL, USA 0.001-5
Gilian5000 Sensidyne, LP 0.02-5
HFS513 Sensidyne, LP 0.001-5
MGSP® AMETEK, Largo, FL, USA upto S
Sp730° TSI Inc., Shoreview, MN, USA upto3

High volumetric flow Elitel12 A.P. Buck Inc. 3-12

rate pumps (1 =2) Legacy SKC Inc. 5-15

“Now available from Zefon International Inc., Ocala, FL, USA.
"Product discontinued but still widely used in practice.
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result from the presence of such a probe at the inlet of
a DO cyclone. Mounting is critical to ensure no mod-
ulation of the measurement is caused by movement
or vibration of the probe. Clamping or cementing are
both acceptable methods. For initial testing, three
cyclones per cyclone type were tested to determine
within- and between-cyclone variation per cyclone
type with respect to PPs. For this preliminary test, a
probe (Model Type SSP11; Dantec Dynamics A/s,
Skovlunde, Denmark) was held in a custom clamp
secured to a support stand (Fig. 1, left) rather than
being cemented in place. The custom clamp was then
adjusted to bring the probe in front of and within
I mm of the cyclone inlet, the set-up calibrated, and
care taken to assure that no accidental bumping or
incidental vibration was introduced throughout the
experiments. The cyclones of each type were ordered
by pulsation magnitude, the cyclone with the median
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value was selected, and a probe was permanently
mounted in front of the inlet of that cyclone using a
custom bracket. Figure 1 (right) shows an example of
a mounting bracket. Customized brackets were neces-
sary because the cyclones did not present geometries
compatible with direct mounting of the probes.

A calibration curve for each probe was prepared by
measuring the response voltage at the output of the
miniature constant temperature anemometer (CTA)
for nine different nominal flows (0.33,0.61, 1.25, 2.50,
5.00, 7.50, 10.0, 15.0, and 20.0 I min™"). Flow was
generated by a laboratory vacuum and was set using
an adjustable needle valve to the desired flow rate as
indicated by DryCal® DC-Lite (BIOS International
Corporation, Butler, NJ, USA). The analog output
voltage from the miniature CTA was digitized using
National Instruments (NI) Corporation (Austin, TX,
USA) equipment. The CTA jumpers were configured

Table 2. Cyclones selected for pulsation measurements

Cyclone type Recommended flow rate (1 min™") Manufacturer

10-mm nylon (or DO) 1.7 Sensidyne, LP, Clearwater, FL, USA

GS-1 2.0 SKC Inc.

Aluminum 2.5(22)° SKC Inc.

HD 2.2 BGI Inc., Waltham, MA, USA

GS-3 2.75 SKC Inc.

GK2.69 42 (44)° BGI Inc.

FSP-10 10 (11.2)° GSA Messgeritebau GmbH, Neuss,
Germany

“Instead of the recommended flow rate by the manufacturer, optimum flow rate defined by Lee et al. (2010) was used.

Both 10 and 11.2 1 min™" were tested.

]

1 Hot-wire anemometer probes: placed near the inlet of a cyclone
(left); held in a custom bracket and cemented onto a cyclone (right).
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to provide a 3-kHz low-pass filter to prevent aliasing.
The output signal was measured using a data acquisi-
tion card programmed to acquire 200 000 samples per
second. The data were then exported to SigmaPlot®
(Systat Software Inc., San Jose, CA, USA) to obtain
the coeflicients of a cubic polynomial equation. Each
developed equation was then programmed to the data
acquisition card to convert the output voltage readings
to the corresponding flow rates. Once the converted
flow rates were gathered, PP was calculated using the
following equation (CEN, 1997):

- \/; [ :[f(t)—f_r at .

f

where f(t) = volumetric flow rate with respect to
time (Imin™"), f =mean volumetric flowrate over time
T (Imin™"), t = time (s), and T = time period of pul-
sation (s). In addition, a fundamental frequency was
calculated using a fast Fourier transform (FFT) algo-
rithm in Excel (Microsoft Inc., Redmond, WA, USA).
The total number of runs was 495 for the medium vol-
umetric flow rate pumps (11 pump types x 3 pumps/
type x S cyclone types x 3 replicates = 495) and 36 for
the high volumetric flow rate pumps (2 pump types x
3 pumps/type X 2 cyclone types X 3 replicates = 36).
Figure 2 shows an example of the test set up for pulsa-
tion measurements.

For the Aluminum and GK2.69 cyclones, opti-
mum flow rates of 2.2 and 4.4 1 min™!, respec-
tively, were used instead of those recommended
by the manufacturers so that testing would fol-
low the American Conference of Governmental
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Pump | Hot-wire probe !
under - !
test 1 !
! I

i |

Cyclone‘\

Laptop Connector Chamber
computer block

* Data acquisition card

2 Experimental set-up (NIOSH).

Industrial ~ Hygienists/ISO/Comité  Européen
de Normalisation (CEN) respirable convention
(Lee et al,, 2010). For the FSP-10 cyclone, both
10.0 I min~" (manufacturer recommended) and 11.2
I min~" (optimized flow rate by Lee et al., 2010) were
tested. Also, in order to minimize possible variation
due to other factors such as filter type and tubing
length, only one type of filter, a polyvinyl chloride
(PVC) filter with S-um pore size, and an aluminum
rigid tubing 91.4 cm long with 0.64 cm inner diam-
eter (ID) were used in this study. A 91.4cm long
tubing was selected in accordance with US 30 CFR
Part 74 (1974) for CMDPSU's. Preliminary obser-
vations revealed that air currents from ventilation
in the laboratory, as well as from personnel moving
around or opening and closing doors, sometimes
modulated the data. Thus, measurements were iso-
lated from these air currents by housing the cyclone
under test, the hot-wire probe, the interconnecting
cable, and the miniature CTA within the chamber
shown in Fig. 2.

Pulsation measurements at the inlet of cyclone with
filter loadings
Flow fluctuations from a factorial combination of
five pump models, three loading amounts, and seven
cyclone types were obtained at the inlet of each
cyclone type to compare pulsations with and with-
out dust loadings (Table 3). Three medium flow rate
pumps showing the smallest (Apex IS), a midrange
(HFSS513), and the largest (BasicS) pulsations and
two high flow rate pumps were selected based on the
results of the previous section. For filter loads, three
samples of respirable silica dust (loading amount:
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0.05, 0.21, and 1.25mg) collected on PVC filters
from a field survey but not used for further sample
analyses (e.g. filter digestion process) were used.
The same experimental set-up in Fig. 2 was used
except for switching the clean filter to a loaded fil-
ter. For each condition, three replicates were per-
formed. The pressure drop across the cyclone, the
filter installed in the cyclone, and the tubing con-
nected to the pump was measured using a differ-
ential pressure gauge to determine back pressure
changes with and without filter loadings. The pres-
sure drop in the medium flow setups was measured
with MK III handheld digital manometers (models
475-00-FM and 475-0-FM; Dwyer Instruments Inc.,
Michigan, IN, USA) and in the high flow setups with
a C9503 pressure meter (Comark Ltd, Stevenage
Hertfordshire, UK).

Pulsation measurements based on various tubing
lengths and tubing materials
The influence of tubing material and length upon pulsa-
tions was investigated by NIOSH in the USA and by the
Institut fir Arbeitsschutz der Deutschen Gesetzlichen
Unfallversicherung [Institute for Occupational Safety
and Health of the German Social Accident Insurance
(IFA)] in Germany. NIOSH tested a full factorial com-
bination of five tubing materials (Tygon® SE-200 inert,
Tygon°R3603, PVC, aluminum, and latex rubber),
three different lengths with 0.64cm ID, two pump

Table 3. Pressure drop measurements® (unit: kPa)
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models (Apex IS and BasicS), and one Higgins-Dewell
(HD) cyclone. The Tygon® SE-200 inert tubing has an
inner layer that can be easily detached from the body
of the tubing. The elasticity of the Tygon® SE-200 inert
tubing material is less than the Tygon® R3603. Using
the US 30 CFR Part 74 (1974) for CMDPSU’s length
of 91.4 cm as a baseline, we halved (45.7 cm) and dou-
bled (183 cm) it to provide the test lengths. The test
set-up was the same as that shown in Fig. 2.

The test set-up at the IFA was different (Fig. 3).
Instead of measuring pulsations at the inlet of the
cyclone, IFA obtained measurements upstream of
the cyclone, 20 cm to the FSP-10 cyclone and 10 cm
to the HD and GK2.60 cyclones. The European
Standards recommend pulsation measurements at
20 cm upstream of a flow resistor. Although the tub-
ing lengths at IFA were not always as specified in the
European Standards, little difference (<3% difference
in pulsation magnitude) was found using a HFSS13
pump connected to the HD cyclone, which confirmed
anegligible difference between the two tubing lengths.
Combinations of two tubing materials (PVC and sili-
cone), three tubing lengths (45.7, 91.4, and 183 cm)
with 0.60 cm ID, five pump models (Apex IS, BasicS,
HFSS13, Elitel2, and Legacy), and three cyclone
types (HD, GK2.69, and FSP-10) were tested by IFA.
With 45.7 cm of tubing connecting a flow resistor to
the pump, additional pulsation data were recorded
with the flow resistor (Swagelok needle valve type

Pump model Cyclone type Nominal flow Filter loading (mg)
rate (Imin™) 0y 005 021 125
Medium flow  ApexIS, Basics, DO 1.7 0.76 0.80 083  0.88
rate pumps and HFSS13 GS-1 2.0 0.85 089 093 098
Aluminum 2.2 0.92 0.97 1.01 1.07
HD 22 0.89 097 103  1.06
GS-3 2.75 1.18 124 129 135
High flow Elite12 and GK2.69 4.4 1.92 200 209 223
rate pumps Legacy ESP-10 10.0 2.20 227 266  3.04
ESP-10° 112 2.55 2.55 3.09 3.33

*Note that each back pressure measurement is an average value of three pump models for the medium volumetric flow rate pumps and two pump models

for the high volumetric flow rate pumps.
Only the Legacy pump was used for the back pressure measurements.
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Amplifier
Inlet of the hot -
wire anemometer

Cyclone or Resistor

Pump

—

\/
< N <
7

20 cm for the FSP-10 cyclone
10 cm for the HD/GK2.69
cyclone/resistor

Air flow

7z

3 different lengths (45.7, 91.4, or 183 cm)

3 Experimental set-up for pulsation measurements (IFA).

JN R, brass-screwed-Bonnet needle valve, 2.54 cm)
adjusted to 0.75 kPa as given in the EN 1232 method.
The hot-wire anemometer was positioned at 10cm
upstream of the resistor. The hot-wire anemometer
(mounted inside a tube, 6 mm ID, 80 mm length, cus-
tomized from Dantec Dynamics A/s) analog output
was amplified and digitized by a NI computer card.
The digitized signals from a 10-s pulse measurement
were converted into pulsations after being processed
by equation (1) using Dasy Lab software from NI.

RESULTS

Pulsation measurements at the inlet of cyclone with-
out filter loadings

Each individual cyclone showed <2% variation in

PP for repeated runs. Between-cyclone variation

was <10% per cyclone type except 12% variation of

the GS-3 cyclone and 13% variation of the GK2.69

cyclone.

Table 4 shows pulsations for the combinations
tested, average value of three pumps for each pump
model. Overall, most sampling pumps generated pul-
sations >10% (range 4-73%), exceeding the allowable
pulsation specified in the EN 1232-1997 (CEN, 1997)
and EN 12919-1999 (CEN, 1999). Note, however, that
the hot-wire probes were positioned in front of the inlet
of the cyclones, as shown in Fig. 3, as opposed to the
set-up called for in both EN Standards. Only the Apex
IS pump showed PPs < 10% with all tested cyclones.
The SP730 pump showed the same except when used
with the DO cyclone. The Gilian5000 showed <10%
PP only when used with the DO and GS-1 cyclones.
When the nominal flow rates were similar (e.g. <2.75
I min™* for the DO, GS-1, Aluminum, HD, and GS-3

cyclones), the pulsations were not substantially differ-
ent. Figure 4 illustrates an example of pulse magnitudes
measured at the inlet of the DO cyclone connected to
each pump model. Similar results were observed with
the GK2.69 and FSP-10 cyclones at high flow rates.
Pulsation magnitudes for the FSP-10 cyclone with the
Elite12 running at 11.2 I min™" could not be measured
due to instability of the nominal flow rate.

Pulsations generated by some sampling pumps
(e.g. the PCXRS, GilAirS, and HFSS13; Fig. 4) are of
different shape from those of other pumps, and it is
unknown whether pulse shape is an important factor
affecting sampling efficiency of respirable particles.

All the pump models generated frequencies >20
Hz minimum required by US code 30 CFR Part 74
(1974). For the combinations shown in Table 5, the
fundamental frequencies between pump models were
considerably different, ranging from 22 to 110 Hz.
Opverall, a linear relationship between the fundamen-
tal frequency for each pump model and the nominal
flow rate was observed. Linear regression revealed
that the slope was dependent upon pump model.
The pulsation amplitude as a percentage of the mean
flow rate was similar for all tested cyclone types per
pump model. For the medium flow rate pumps (i.e.
covering five cyclone types per pump model), average
amplitude percent to the mean flow increased with
increasing PP, while no trend was observed between
the average fundamental frequency and PP (Fig. S).

Pulsation measurements at the inlet of cyclone with
filter loadings
As shown in Fig. 6, the pulsation magnitudes for the
DO, HD, Aluminum, and FSP-10 cyclones were not
notably differentfor the clean and particle-loaded filters.
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PCXRS (PP =24%) AirChek XR5000 (PP=22%) p—— Basic (PP=70%)
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4 Example of PPs (medium volumetric flow rate pumps connected to the DO cylcone).

For the GS-1 and GS-3, the pulsations changed with
different filter loading, but no patterns were observed.
For example, the highest pulsation was observed at
1.25mg loading for the GS-1 and at 0.21 mg loading
for the GS-3 cyclone. Also, all average frequencies
were >20 Hz except when filter loading was 1.25 and
0.05mg for the combination of the DO cyclone with
the BasicS pump (18.3 Hz for both). Like the pulsation
magnitudes, the pulse frequencies showed no patterns
among the different loading amounts.

Table 3 shows the pressure drops. Each value repre-
sents an average of three pump models for the medium
volumetric flow rate pumps and two pump models for
the high flow rate pumps (except for the FSP-10 run-
ning at 11.2 1 min—1). Back pressure increased with
filter loading and flow rate, but was not considerably
different among pump models per cyclone type for
each filter loading (results not presented).

Pulsation measurements with different tubing mate-
rials and tubing lengths

Figure 7 shows PPs at the inlets of a HD and a

GK2.69 cyclone with various tubing materials and

lengths. No change in pulsations was observed for
the pump that had the lowest pulse amplitudes, the
Apex IS. In contrast, for the BasicS pump (PP >
60%), the pulsations when using 45.7- and 91.4-cm
Tygon Inert tubing and 183-cm latex rubber tubing
were lower than those of other combinations, while
45.7-cm Tygon R3606 showed 1.2 times higher
pulsation than when using the other materials of
the same length. The rigidity of tubing materials
appeared to have little effect on pulsation. Overall,
pulsations with 183-cm tubing length were always
lower than when using 45.7 and 91.4cm tubes
regardless of tubing material. The pulsation with a
flow resistor was ~20% lower than that with the HD
cyclone when using the BasicS pump, and about the
same when using the Apex IS pump. A similar pat-
tern was observed for the GK2.69 cyclone. For the
Legacy pump (PP = 14%), pulsations were similar
regardless of tubing material and length. The Elite12
(PP = 41%) showed no effect of tubing material and
with two tubing lengths (45.7 and 91.4 cm), whereas
183 cm always showed lower pulsations compared
to the other two lengths.
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DISCUSSION

PPs at the inlet of cyclone (with and without
filter loadings)
In this study, 48 out of 59 combinations of pump and
cyclone showed >10% pulsation. Bartley et al. (1984)
reported less fluctuation when the nominal flow rate
for the MSA Model G and Bendix Micronair I pumps
was reduced from 2.0 to 1.2 | min—1. However, our
study did not demonstrate the same pattern. When
the nominal flow rates of respirable cyclones were
similar (e.g. between 1.7 and 2.75 1 min-1), the pul-
sation magnitudes were similar for all cyclone types
per pump model (<5% standard deviation [SD]) but
were substantially different between pump models
for each cyclone type (ie. SD ranging 17-21% per
cyclone type). Overall, the findings of this study
clearly indicate that PPs were highly dependent upon
pump model alone, not cyclone type. In addition,
because some sampling pumps showed notably dif-
ferent pulsation shapes compared to other pump

models, it may further be necessary to determine how
pulsation shape affects respirable particle collection
efficiency.

Both EN 1232-1997 (CEN, 1997) and EN 12919-
1999 (CEN, 1999) recommended 10% as an accept-
able pulsation, but it is not clear how this 10% limit
was derived, and no scientific basis was reported. As
described previously, pulsation measurements in
this study were obtained with a different procedure
than that provided in the EN Standards. Both EN
Standards specify using a flow resistor instead of a
cyclone sampler and require pulsation measurement
at a point 20cm upstream of the resistor. For the
medium flow rate pumps, the flow rate is adjusted to
2.0 1 min—1 with a pressure drop of 0.75 kPa. For the
high flow rate pumps (i.e. >5.0 I min—1), the flow rates
are adjusted to a mean value of the nominal flow rate
range and the flow resistance to the lower limit of the
nominal range of back pressure for this flow rate. In
this study, we used several cyclone types and fixed a
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probe at the inlet of each cyclone type to character-
ize pulsation measurements, as suggested by Bartley
et al. (1984). This set-up uses a real-world sampling
train (i.e. a cyclone and filter in a cassette), none of
which appear in the EN methods. It was observed that

pulsation magnitude (~20%) using a flow resistor was
lower than pulsation magnitude measured with the
HD cyclone for a pump generating high pulsations
(>40%). This difference might be due to the different
characteristics of a cyclone (including a filter and filter
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cassette) compared to flow resistors. It is also expected
that different types of flow resistor would generate dif-
ferent pulsations. Since this observation was based on
limited test conditions, a comprehensive study would
be necessary to determine the relationship of pulsa-
tions (e.g. a correction factor between resistor and
cyclone) between the two procedures, addressing also
any dependence on the volume inside the sampling
train. This complexity was beyond the scope of this
research.

US 30 CFR Part 74 (1974) for CMDPSU’s intro-
duced two criteria for the allowable pulsation. The
first criterion mandated the fundamental frequency
of pulses to be >20 Hz. All frequency measurements
in this study passed this criterion. The second cri-
terion is that the mass collected by a sampler using
a pump as a vacuum source be within 5% of that
which would be collected by the same sampler using
a steady and nonpulsating vacuum, both samplers
exposed to the same concentration of particulates,
operating at the same mean flow, and for the same
duration. Although the second part of this study
does examine collection performance, the specific
test requirement for this regulation, which has only
limited application to the workplace, involves testing
10 units, which is beyond the resources available to
this study.

No pattern was observed when comparing pulsa-
tions with and without dust loadings. Berry (1991)
reported that 8 mg of respirable dust loading on a filter
(i.e. corresponding to 10mg m—* for 8-h sampling)
had little effect on the pulsations. Although the results
of this study and Berry’s study are similar, the lack of
detailed information (e.g. test set-up and no provi-
sion of data) reported by Berry (1991) precludes any
meaningful comparison. The pressure drops across
all filters used in this study (up to 1.25 mg loading)
ranged 0.76-1.35 kPa for the medium volumetric flow
rate pumps and 1.92-3.33 kPa for the high volumetric
flow rate pumps. Currently, the EN 1232-1997 (CEN,
1997) recommends setting the flow resistor pressure
drop setting at 0.75 kPa with 2.0 I min—1 flow rate for
pumps whose nominal flow rate is up to 5.0 I min—1.
The findings of this study suggest that one test condi-
tion (0.75 kPa resistance with 2.0 1 min—1) might not
be sufficient for a complete PP test. Thus, adding one
or two additional resistances in the test condition is
recommended.

PPs due to different tubing materials and tubing
lengths

No effects on pulsation resulting from different tub-
ing materials and tubing lengths were observed for
pumps showing <15% pulsations (Apex IS and Legacy
pumps). For pumps showing higher pulsations (the
BasicS and Elite12 pumps), the results suggest that
tubing material had less effect on the pulsation than
tubing length. The comparison of pulsations among
different tubing materials did not show considerable
differences except for three setups: 45.7 and 91.4 cm
Tygon Inert tubing and 45.7cm Tygon R3603 tub-
ing materials. The reason for these differences was
not clear. The rigidness of tubing materials seemed
to have no effect on the fluctuations. One interesting
result is that even though the test conditions between
the NIOSH and IFA were different, the pulsations
measured using PVC tubing material were not differ-
ent. This observation seems to suggest that different
positions of the hot-wire anemometer probe would
give similar results. However, because this observation
is based on only one tubing material, additional test
using various tubing materials might be required.

Berry (1991) compared S0- and 100-cm tubing
of unreported composition and observed no change
in penetration while using five diaphragm sampling
pump types (frequency range 30-80 Hz). Similar
results were observed in this study for tubing lengths
<100 cm. For all the 183-cm tube tests, pulsation in
most cases was reduced by ~10%. Perhaps the reduc-
tion represents damping as air volume in the tube
increased with length, but which only becomes notice-
able once the length nearly doubles from 91.4cm.
Overall, it seems reasonable to use a 91.4-cm (+10%)
tubing length for field survey work because the pulsa-
tion measurements using different tubing materials
were not considerably different from those obtained
for 45.7 cm. Furthermore, the US 30 CFR Part 74 and
other US national and international regulations rec-
ommend similar lengths for personal sampling when
connecting a pump positioned on a belt with a sam-
pling head positioned in the breathing zone.

CONCLUSIONS
The findings of this study indicate that pump fluc-
tuations at the inlet of each of the cyclone types were
considerably different across pump models (~80%
showing >10% pulsation). Pulse magnitudes were

102 ‘g Adenuer uo BIRD uoifewlIou| %9 ARIglT YleaH 21and DA e /6o speusnopioxo BAyuue//:dny wouj pepeojumoq


http://annhyg.oxfordjournals.org/
http://annhyg.oxfordjournals.org/

similar for the clean and three dust-loaded filters for
the DO, HD, and Aluminum cyclones, and no pattern
was observed for the other cyclone types. Also, the
results revealed that tubing material had less effect on
pulsations than tubing length.

Tsai and Shih (1995) stated that ‘In general, par-
ticle collection efliciency decreases with increasing
pump pulsations, aerodynamic diameter, or pulsation
frequency. The next phase of this study was designed
to determine whether PPs do indeed cause a signifi-
cant shift in sampling efficiency and, if so, is there an
upper limit for PP that is acceptable without invali-
dating collection and monitoring? In addition, some
pump models showed different pulsation shapes sug-
gesting a further study may be necessary to determine
the effects of pulse shape on sampling efficiency. To
answer these questions, an extended study using
monodisperse particles was undertaken (Aim 2). The
findings are reported in the same issue of this journal
(Lee et al.,, 2013). The findings of this Aim 1 and Aim
2 studies should form a basis for defining acceptable
PPs and for developing or revising consensus techni-
cal standards.
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