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ABSTRACT

In order to adequately control dust exposures during mortar removal, vacuum cleaners need to
exhaust 80 cfm from an exhaust hood on the grinder and maintain this air flow while collecting
as much as 35 pounds of debris in the vacuum cleaner. A laboratory study was conducted to
evaluate how mortar debris affects air flow and pressure losses through a vacuum cleaner’s
filters. Four vacuum cleaners were tested. Two of the vacuum cleaners used vacuum cleaner
bags as a prefilter while the other two vacuum cleaners used cyclones to reduce the amount of
debris which hits the filter. To conduct the testing, a contractor provided mortar removal debris
that had been collected during actual mortar using grinder hood and a vacuum cleaner which
involved cyclonic pre-separation. The vacuum cleaner fan curves were obtained experimentally
to learn how pressure loss affects vacuum cleaner air flows. Then, 35 pounds of mortar
removal debris was sucked into the vacuum cleaner in 5 pound increments. Before and after
adding each five pound increment of debris, vacuum cleaner air flows were measured with a
venturi meter and vacuum cleaner static pressures were measured at the inlet to the vacuum
cleaner motor, before each filter and after each filter. The vacuum cleaners equipped with
cyclonic pre-separation were unaffected by the mass of debris collected in the vacuum cleaner.
These vacuum cleaners were able to maintain air flows in excess of 70 cfm throughout the
testing program. As debris accumulated in the vacuum cleaners that used vacuum cleaner
bags, air flow decreased from 80 cfm to as little as 30 cfm. This air flow loss is caused by the
increased air flow resistance of the vacuum cleaner bags which increased from less than 0.1
inches of water per cfm to 2 inches of water/cfm which is 60 inches of water at an airflow of 30
cfm. Apparently, vacuum cleaners using vacuum cleaner bags should be used in applications
where adequate dust control can be achieved at air flows less than 30 cfm. Where higher air
flows are needed, vacuum cleaners should incorporate cyclonic pre-separation in an effort to
prevent debris from reaching the vacuum cleaner final filters.



INTRODUCTION

During construction and renovation tasks, the cutting and grinding of concrete and masonry
material can cause excessive exposure to respirable crystalline silica." More than 35,000 non-
residential construction workers in the -

United States are exposed to more
than twice the National Institute for
Occupational Safety and Health
(NIOSH) Recommended Exposure
Limit (REL) for crystalline silica.?® This
exposure limit is 0.05 mg/m? for
respirable crystalline silica.* The use of
right angle grinders to remove
deteriorated mortar from buildings
causes a particularly excessive
exposure to respirable crystalline silica.
During mortar removal, occupational
exposures to respirable crystalline silica
are reportedly as high as 5 mg/m?®.
Other construction and renovation

tasks such as concrete grinding,
concrete drilling, brick cutting, cutting Figure 1. A vacuum cleaner exhausts air from a hood
roofing tile are also reported to cause mounted on a grinder used for mortar removal.

excessive exposure to crystalline
silica." The ACGIH TLV for respirable crystalline silica is an 8-hour time weighted average of
0.025 mg/m?® of respirable crystalline silica is intended to prevent pulmonary fibrosis (silicosis)
and lung cancer.>® In summarizing the findings from the literature, ACGIH noted that , “when
retirees whose workplace silica-exposure concentrations averaged 0.06 mg/m?® were studied,
the risk of silicosis was significantly greater (7.1% versus 1.2%) when compared to employees
examined at or before retirement.”” Thus, ACGIH recommends that worker exposures should be
kept below 0.025 mg/m?® so that workers will not have silicosis at retirement.® Thus, effective
control measures are needed to reduce worker exposure to crystalline silica.

To remove deteriorated mortar, workers use hand-held, right angle grinders equipped with a 4.5
inch (11 cm) grinding wheel rotating at 10,000-12,000 rotations per minute (rpm) to pulverize the
deteriorated mortar which contains crystalline silica. While operating the right angle grinder, the
worker applies pressure to the grinding wheel to maintain a cut depth of 0.39-0.79 inch (1-2 cm).
To capture the dust, a vacuum cleaner can be used to exhaust a minimum of 80 cubic feet per
minute (cfm) (2.26 m*min) from a hood that is mounted on the grinder as shown in Figure 1.2
When airflows fall below 76 ft/min in a 2 inch hose, the air velocity in the hose will be less than
the 3500 ft/min (fpm) specified to prevent debris from accumulating in ventilated ducts and
plugging them.® This finding was based upon laboratory and computational studies. During field

trials, respirable crystalline silica exposures for 22 samples had a geometric mean of 0.06
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mg/m?® and a range of less than 0.01 to 0.86 mg/m>."° In other studies, geometric mean
respirable crystalline silica exposures during mortar removal were reported to be between 0.35
and 1.1 mg/m®. """  The use of local exhaust ventilation (LEV) during tuck point grinding
dramatically decreases personal dust exposure levels about 5-20 times less than tuck point
grinding conducted without any engineering control.® Therefore, grinders with LEV should be

used in order to control exposure to respirable crystalline silica.

During field trials, vacuum cleaners flow rates decreased as debris accumulated in the vacuum
cleaner.”® The vacuum cleaner air flows showed a periodic fluctuation (Figure 2) as vacuum
cleaner filters were treated to dislodge debris that had caked onto filters.’® As summarized in
Table 1, actual cleaner air flow rates had an average initial flow rate between 104 and 70 cfm.
However, the average flow rate decrease was between 3 to 0.4 cfm/minute over a range of
vacuum cleaners and hose diameters.' At a flow rate loss of 3 cfm/min, vacuum cleaner air
flows can be negligible after a period of only 30 minutes.

In Table 1, a vacuum cleaner used with a cyclone, the DustControl 2700, had a more stable
airflow than the other vacuum cleaners. Cyclones are sometimes used as preseparators that
collect debris upstream of filters. In a cyclone, larger size particles are separated from the air
stream by impaction on the cyclone’s wall. This cyclonic preseparator for The DustControl
vacuum cleaner has a pressure loss of 6 inches of water at 85 ft*/min which reduces the initial
airflow by about 9 ft*/min."®'?> However, the cyclones may reduce the amount of debris that
accumulates on the vacuum cleaners’ filter in order to maintain adequate airflow.

Vacuum cleaner air flows were obtained by measuring vacuum cleaner static pressure, the
pressure in the space between the final filter and the inlet to the vacuum cleaner motor.™ An
experimentally determined fan was used to convert vacuum cleaner static pressure to air flow.
Vacuum cleaner fan curves, relation between vacuum cleaner static pressure and air flow, are
stated mathematically as:'?

Q=m(AP, _)+b (1)

vV—sp

Where;

Q = the air flow (cfm),

AP, = the static pressure at the vacuum cleaner motor inlet (inches of water), and
m, b = regression coefficients for, respectively, the slope and intercept.

The R? values, the fraction of the variability explained by the vacuum cleaners’ fan curve, was
better than 0.98."° The intercept (b) is the air flow with no pressure loss and this airflow is
sometimes called “the free air flow”. The slope (m) is always less than zero as flow rate
decreases with increasing static pressure. The slope has these dimensions: cfm/inch of water.
The flow rate loss attributed to the debris accumulation on the filters is the product of the slope
multiplied by the increased pressure loss due to accumulation of debris on the vacuum cleaners’
filters.



Increased filter pressure losses probably explain the loss of air flow that occurs with increased
debris accumulation. Generally, air flow through a filter is proportional to the pressure loss
across a filter. This proportionality constant should be independent of air velocity or air flow.
'* For each filtration element, this proportionality constant (Kse) is stated as:

12,13,

Kiier = APgier / Q (2)

Where; APser = pressure loss across a filter ; and
Q = vacuum cleaner air flow.

This model assumes laminar flow through the filters. As presented latter, the filter area for the
final filters in the vacuum cleaner were between 0.4 and 2.1 m2. At 80 cfm, the filter face
velocities are between 18 and 0.8 fpm. Such low velocities are consistent with laminar flow. In
this work, this proportionality constant (Ksue) is termed “filter resistance.” As vacuum cleaners
accumulate debris, air flow rates decreases (Table 1). The filter resistance is means to
normalize data for decreases in flow rate caused by increased filter loading.



Table 1. Summary statistics describing flow rate and flow rate loss during mortar removal

Hose A;/rﬁ:;?e Geometric Av;e:s;iow Geometric
Vacuum Cleaner Diameter standard : Standard
. flow _ (CFM/minute .
(inches) deviation - Deviation
(cfm) of grinding)
Shop Vac QUL650 2 104.79 1.21 3 1.81
Dust Director 9.5 1.5 84.78 1.1 2.01 1.47
Bosch 3931 2 79.28 1.08 1.17 1.72
Dust Director 9.5 2 88.68 1.21 1.16 1.48
Alto Wap SQ23 2 128.95 1.2 0.97 2.32
DustControl 2700 1.5 70.95 1.23 0.66 1.27
DustControl 2700
(with/ cyclonic pre- 2 90.21 1.04 0.41 1.39
separator)

exhawst sir flow (cfm)

poilin]

1500

2500

elapsed ime (minutes)

Figure 2. Exhaust airflow through Dust Director vacuum cleaner operated
with 12 feet or 1.5 inch diameter corrugated hose.
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OBJECTIVE

Clearly, the amount of debris accumulating in vacuum cleaners reduces the air flow needed to
control the dangerous exposures caused by mortar removal. This reduced air flow can
potentially increase the emissions of respirable crystalline silica into the worker’s breathing
zone. Thus this research was conducted to evaluate how debris accumulation within the
vacuum cleaner affects vacuum cleaner flow rate and pressure loss through the vacuum cleaner
filters. The flow rate loss due to debris accumulation is simply the product of the pressure loss
across a filter (APs) and the slope of the vacuum cleaner fan curve (m).

MATERIALS AND METHODS

This testing was conducted to assess how the mass of material collected in four vacuum
cleaners affects vacuum cleaner air flow and filter pressure losses. These vacuum cleaners
have different characteristics that are listed in Table 2, and those characteristics influence the
pressure loss across the various vacuum cleaner filters and the vacuum cleaner air flow.

Vacuum cleaners

The vacuum cleaners listed in Table 2 are all commercially available. All of these vacuum
cleaners require less than 17 amperes and can be reasonably used on swing stages. These
vacuum cleaners were selected because the design features differ. The range of filter area for
the final filters is 0.4 to 2.1 m?. Two of the vacuum cleaners use vacuum cleaner bags as
prefilters. All of these vacuum cleaners are available with optional filters that are 99.97%
efficient at 0.3 um (HEPA filters). Experimentally, aerosol penetration through the Bosch and
DustControl vacuum cleaners was under, respectively, 5% and 2% at 0.4 ym.*

The bodies of the Dust Control and Tiger-Vac vacuum cleaners have the shape of a cyclone
with the final filter functioning as the vortex finder (Figure 3). This design is intended to separate
the debris from the air upstream of the final filter. The settled debris is collected into a plastic
bag or a pan. These vacuum cleaners were included in the study because the cyclones may
remove airborne debris prior to filtration. Perhaps, this enhances flow rate maintenance.



A Tiger Vac Vacuum cleaner

== @2—— Filter
<5
E= | Bafflethat
d4 ] functions
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!\ |22 P finder
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- Bucketfor
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C.Bosch Vacuum cleaner
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B. DustControl 2700 Vacuum cleaner

cyclonewith
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wialls
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Inacyclone, the air flows Plastic bags
in acircular pattern to collect
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D Dust Director Vacuum cleaner
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bag
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hotor

Filter

Figure 3. Schematic diagram of the four vacuum cleaners listed in Table 3.
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Table 2. Vacuum cleaners selected for study

Description of filter

Manufacturer Model Cost Filtration ) , :
cleaning for final filter
Bag and Filter with a
Bosch surface area of 0.86 m?, Electric motor used to
(Mt 3931 $400 The advertised filter vibrate final filter when
Pros eét iy efficiency is 99.93% of vacuum cleaner motor
P particles at 0.3 ym and is off.
larger.
. . Cover inlet to vacuum
Filter and, sometimes
: . cleaner and release
used with cyclone. This vacuum removin
vacuum cleaner has a : 9
DustControl tangential inlet. The filter plastic cover from a
(Norsborg 2700 $1600 genti ) vent hole. This
areais 1.5 m". The . )
Sweden) . o causes the final filter
advertised filtration
- . to flex and drop
efficiency is “better than L .
oy » material into a plastic
99.9%".
bag.
Industrial A paper vacuum cleaner Manually shake
Contractor's Contractor bag and a final filter with vacuum cleaner, turn
Supolv Dust Plus an area of 0.4 m?. Final vacuum cleaner on
Igi?e{:tor Vacuum | $800 | filter efficiency is 99.97% | and off. This vacuum
(Pittsburgh Cleaner at 0.3 ym. This cleaner is not
Pa) 9 manufacturer does not supposed to need
have model numbers. cleaning.
Manually pulse
. vacuum clean by
This vacuum cleaner .
. blocking the vacuum
, incorporates a cyclone \
Tiger-Vac as a prefilter and a cleaner inlet and
(Laval 2D-20DT | $1500 99 97°/pat 0.3 um final opening the vacuum
Quebec CA) o oal vo | release flap. Turn

filter. The final filter has
an area of 2.11 m2.

motor on and off. The
debris falls into a
detachable pan.
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Experimental Equipment

A venturi meter (Primary Flow Signal, Tulsa, OK ) was used to measure vacuum cleaner
airflows.™ This venturi meter has an inlet diameter of 2.067 inches and a throat diameter of
1.088 inches. Air flow is computed from the pressure difference between the inlet and the
throat. The pressure differential was measured with a u-tube manometer and flow rate is
computed as described in an ISO standard.”” The uncertainty with which the flow coefficient is
known limits the accuracy of the flow rate measurement. For pipe Reynolds numbers larger
than 75000, the uncertainty in the flow rate is under 1%. The ISO standard indicates that
uncertainty is reduced from 2.5% to 1% as Reynolds number increases from 10,000 to 150,000.
For flow rates obtained from this venture meter, the uncertainty in the flow rates is better than 1-
2 cfm over a flow rate range of 12 to 230 cfm.

U-tube manometer (1211 Slack Tube® Manometer, Dwyer Instruments Inc. Michigan City, IN)
was used to measure vacuum cleaner static pressures, pressure differentials across the venturi
meter. The pressure range for this manometer is 120 inches of water and it is readable to the
nearest 0.5 inches of water.

Pressure transducers (SmartReaderPlus4 -30A-part-01-0116, ACR Systems, Surrey, BC) were
used to measure and record vacuum cleaner static pressures during testing. This pressure
logger is a digital barometer that measures and records absolute pressure with 12-bit resolution
over the range 0-30 pounds per square inch (psia). Thus, this instrument records pressure to
the nearest 0.2 inches of water. The pressure transducers read pressures that were 4.90
inches of water less than a barometer (Nova Barometer, Princo, Southampton PA). Appendix
E describes a regression equation for relating pressure transducers results to absolute
pressures measured with a barometer and a u-tube manometer.

A shipping and receiving balance (Pelouze model 4010, W.W. Grainger Inc. Lake Forest, lll)
with 150 Ib of capacity (68 kg) used to record the mass of material transferred to the vacuum
cleaner. This balance weighs material to the nearest 0.2 pounds. In addition a balance (model
SP602, OHaus, Grainger Inc. Lake Forest, lll) was used to weigh filters. This balance has a
readability of 0.1 grams and it was used for weighing vacuum cleaner filters.

The mortar removal debris was supplied by Western Construction Group in August of 2008. It
was obtained from a job site in the Midwest. This company uses hoods and vacuum cleaners to
control the dust generated by mortar removal as described in prior publication.’® This debris was
collected in the DustControl vacuum cleaners that were used without cyclonic pre-separators
shown in Figure 3B.

12



Experimental Procedures

Prior to studying how debris accumulation affects vacuum cleaner flow rate and the pressure
loss across the vacuum cleaners’ filters, the relationship between vacuum cleaner air flow and
static pressure at the inlet to the vacuum cleaner motor was determined using procedures that
were developed earlier.”® The filters were removed from the vacuum cleaner and small holes
were drilled into their body, flexible tubing was inserted into these holes. The holes were sealed
with silicone caulk. The flexible tubing was used to measure vacuum cleaner static pressure and
this tubing was connected to the pressure loggers or the a U-tube manometer.

The experimental apparatus shown in Figure 4 was used to determine the vacuum cleaner fan
curve. The outlet of the venture meter was connected by 2-inch diameter, schedule 40 PVC
pipe and flexible hose to the inlet of the vacuum cleaner. The vacuum cleaner air flow was
obtained by measuring the pressure differential across a venturimeter (Primary Flow Signal)
with a u-tube water manometer. Then, measured pressure differential was used to compute an
air flow rate as described by an ISO standard.” The pressure logger (SmartReaderPlus4 -30A-
128kb memory — part-01-0116, ACR Systems, Surrey, BC) was used to measure vacuum
cleaner static pressure during testing and this data was used to compare the static pressures
measured with the pressure transducers to the static pressures measured with the venturi
meter. The formula for computing vacuum cleaner static pressure (AP, s,) from the pressure
transducer measurements is: AP, sp= Pambient -Pmeasured- The terms Pampient aNd Prmeasured are,
respectively, the absolute pressures measured by the pressure transducer when the vacuum

digital
barometer
and U-tube
Gate manometer
venturi meter / vaive I
/ ¥ Vacuum
Cleaner

without
filters

21inches |\ | | 14inches H 19 inches

Flexible hose

U-tube manometer

Figure 4. Apparatus for obtaining vacuum cleaner fan curve.
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cleaner was off and when it was running.

A total of at least 10 equally spaced flow rates and vacuum cleaner static pressures were
obtained by adjusting the gate valve shown in Figure 4 for each of the vacuum cleaners.
Regression analysis (Regression tool that is a component of Microsoft Excel 2007, Microsoft,
Redmond WA) was used to fit the data to this model described by equation 1. The regression
analysis was used to compute the slope, intercept, the standard error of estimate, fraction of
variability explained by the model, and the standard error for the intercept and slope.

Vacuum Cleaner Flow Loss, Changes in Filter Pressure Losses, and
Accumulated Debris

The cumulative effect of material debris accumulation upon the pressure loss across vacuum
cleaners’ filters and air flow was determined. In increments of 5 pounds, 35 pounds of debris
were sucked into vacuum cleaners. Before and after each five pound increment, vacuum
cleaner air flows and pressure losses were measured as shown in Figure 5. The mortar debris
used for the test was previously obtained from the Western Construction Group. As shown in

yacuum Differential
cleaner ™ pressure
venturimeter \' tranaducer and/or
\ ' _|/| U-tube manometer
N . .
Differential
21 inches 35inches pressure
—s transducer
. - ' U-tube
/ flexible hose manometet
U-tube —
manometer

Figure 5. Apparatus for measuring pressures and flows before and after loading vacuum
cleaner with mortar debris. When filter pressure losses were measured the venturi meter
and pipe was disconnected from vacuum cleaner.

Figure 5, the pressure difference across the final filter and the initial air cleaner were measured

with data logging pressure transducers (Smart Reader SRP-004-5G-128K 0-5 PSI-G, ACR

Systems, Surray BC, Canada) and with the U-tube manometer. These pressure transducers
14



measure and record pressure differences over the range 0-138 inches of water with a resolution
of 0.03 inches of water. To measure the pressure differences, plastic tubing was run from the
pressure logger to the appropriate spaces in the vacuum cleaners. This process involved
drilling holes in the vacuum cleaner body, the vacuum cleaner hose, and in end caps for
cartridge filters. The resulting holes were sealed with a flexible putty or duct tape.

Data collection involved the following steps:

1.
2.

The final filter was weighed and atmospheric pressure was recorded.

The vacuum cleaner was turned on. The initial air flow into the vacuum cleaner, was
measured using the test apparatus described by Figure 5. The venturi meter pressure
differential was used to compute the air flow as described elsewhere.'’

After measuring the air flow, the venturimeter and pipe was disconnected from the
apparatus shown in Figure 5. The following pressure measurements were made with
the Smart Reader pressure loggers and static pressure measurements were made with
the U-tube manometer: in the space between the final filter and the vacuum cleaner
motor, and the static pressures upstream and downstream of each filter in the vacuum
cleaner. For the Dust Control and Tiger Vac vacuum cleaner, the vacuum cleaner hose
remained attached to the vacuum cleaner. For the Dust Director and Bosch vacuum
cleaners, the vacuum cleaner hose was removed because it was impractical to insert a
hose through both the vacuum cleaner hose and the inlet to the vacuum cleaner. Thus,
we simply removed the vacuum cleaner hose and inserted the tubing for the static
pressure measurements directly into the vacuum cleaner bag. After making this
measurement, the hose was removed from the vacuum cleaner bag.

The mortar removal debris was in bucket that sat on a scale (Pelouze, model 4010 G,
item 4TH71, Grainger Supply Company). The vacuum cleaner was turned on and the
vacuum cleaner hose was to suck 5.0+£0.2 pounds of mortar debris into the vacuum
cleaner.

The hose for measuring the pressure difference across the vacuum cleaner bag was
placed back into the vacuum cleaner bag. The procedure described in steps 2 and 3 was
used to measure the final air flow and pressures.

The vacuum cleaner was turned off and the final filter was cleaned, as recommended by
the vacuum cleaner manufacturer. In the case of the DustDirector vacuum cleaner, we
simply turned the vacuum cleaner on, while blocking the inlet with a flat block of wood,
and simultaneously removing the block and turning the motor off.

Steps 2-6 were repeated until 35 pounds of debris were sucked into the vacuum cleaner.
Then, the final filter was reweighed.

Data analysis

To obtain the vacuum cleaner fan curves, air flows were computed from the pressure differential
across the venturi meter as described elsewhere.”” Regression analysis was used to fit the
data to model described by equation 1. Regression analysis performed using the data analysis
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tools in the 2007 Excel (Microsoft, Redmond WA). These vacuum cleaner fan curves were
used to estimate air flow during filter pressure differential measurements. Air flow
measurements with a venturi meter causes an additional pressure loss of 7% of the measured
pressure differential for the venturi meter used in this study."®

This study was conducted to evaluate how debris accumulation affects the resistance to air flow
for the filters with in a vacuum cleaner. The pressure differences across the vacuum cleaner
filters were computed for each 5-pound increment of debris. The air flow was computed from
the vacuum cleaner static pressures measured with the pressure transducer. Filter resistance,
Ksier , Was computed for each filter as described by equation 2. For each filter, the individual
values of Kser , were plotted as function cumulative mass debris transferred to the vacuum
cleaner. In addition, regression analysis was performed which modeled Ky as simple linear
function of cumulative mass of debris transferred to the vacuum cleaner.

To examine the effect debris accumulation upon vacuum cleaner air flows, vacuum cleaner air
flows were computed directly from the venturi meter pressure differentials.”” For each vacuum
cleaner, air flows were plotted as function the cumulative mass of debris transferred to the
vacuum cleaner. Regression analysis was performed which modeled vacuum cleaner air flow
as simple linear function of cumulative mass of debris transferred to the vacuum cleaner.

RESULTS AND FINDINGS

The data are listed in the Appendices. Appendix A-D lists the data collected obtained for each
vacuum cleaner. Appendix E presents data and analyses which shows that the pressure
transducers measure an absolute pressure, at the inlet to the vacuum cleaner motor, that is
equivalent to an absolute pressure obtained with the u-tube manometer and a barometer.

The vacuum cleaner fan curves are well described by the equation 1 as flow rate decreases
linearly with increased vacuum cleaner static pressure. As listed in Table 3, the R? statistic for
this model was better than 0.989 and the standard error of estimates for the four vacuum
cleaners were between 1.3 and 2.7 cfm. The slope of the fan curve shows how flow decreases
with increased vacuum cleaner static pressure. The impact of pressure loss upon air flow is
simply the product of the slope and the pressure loss. The standard error of estimate for the
slope is less than 4% slope. This variability is trivial compared to the variability in the pressure
loss and filter resistance data that is presented latter in this report.

16



Table 3. Summary statistics describing vacuum cleaner fan curves.

Vacuum Cleaner

Regression
statistics Tiger Vac Dus;?ooontrol Bosch di?el:cst:)r
Intercept (cfm) 90 120 119 119
Slope (cfm/inch of |4 43 1.43 163 | -1.32
water)
Std error of 1.37 1.28 2.49 2.67
estimate (cfm)
_ Stderror, 0.61 0.81 156 2.39
intercept (cfm)
Std error, slope
(cfm/inch of 0.015 0.017 0.037 0.042
water)
N 19 16 15 12
R’ 0.997 0.998 0.993 0.989

17




Table 4. Probability that chance explained the fit of the regression line to the data.

Vacuum Cleaner

Figure . I )
number Dependent variable in Figure Tiger | Dust Control Bosch !Z)ust
Vac 2700 Director
vacuum cleaner air flow before |  g547 | 4999 | P<0.0001 | 0.0003
adding 5 pound increments
6
vacuum cleaner air flow after | 5 gga7 | 02904 | P<0.0001 | P<0.0001
adding 5 pound increment
K, flow resistance for vacuum P< 0.0001 0.0007
cleaner bag, after cleaning
K, flow resistance for vacuum P< 0.0001 P< 0.0001
cleaner bag, before cleaning
7 K, flow resistance for filter
between vacuum cleaner bag 0.0021
and final filter, before cleaning
K, flow resistance for filter
between vacuum cleaner bag 0.0296
and final filter, after cleaning
K, flow resistance f(_)r final filter 0.0123 0.1945 P< 0.0001 P< 0.0001
after cleaning
8
K, flow resistance fo.r final filter 0.0140 0.0723 P< 0.0001 0.0032
before cleaning

Note: Blank cell indicates that vacuum cleaner does not have this filter
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The flow rate provided by the Tiger-Vac and the DustControl vacuum cleaners were largely
unaffected by debris accumulation (Figures 6A and 6B). Debris accumulation had very little
affect upon flow rate measured before and after cleaning the filters as values of R? were under
0.06 and this was not statistically significant (Table 4). The Tiger-Vac and the DustControl
vacuum cleaners used cyclones in an effort to keep much of the debris before the air flows
through the filters. In contrast, debris accumulation appears to affect the air flow provided by
the Bosch and Dust Director vacuum cleaners (Figures 6C and 6D) and debris accumulation
and this result was statistically significant as P<0.0003 (Table 4). Furthermore, the slopes of
the trend lines in these plots showed that these vacuum cleaners lost between 1.4 and 0.73 cfm
per pound of debris accumulation (Figures 6C and 6D). As a result, air flows decreased from
80 to 30 cfm for the Bosch vacuum cleaner (Figure 6C) and from 70 to as low as 30 cfm for the
Dust Director vacuum cleaner (Figure 6D).

Legend: + Before loading B After loading

A.TIGER VAC B.DUST CONTROL
100 100 -
y=-002x + 78.72 Y =006x + 7477
Re=0.01 T . R2=002
80 - & L 4 " F - i 80
R I R PR S S TS,
= ] y=-002x + 78.01 _ .
E 60 - R2=0.01 E 60 - y=0.03x + 73.07
‘9’ 8-— F==0.08
3 40 - 3 40 -
E =
< <
20 4 20
0 10 20 30 4 0 10 20 30 40
C.BOSCH D.DUST DIRECTOR
100 - 100 -
H
y=-073x + 7087
80 - s 80 1 o FEs0ED
R — y =-1.46x + B5.64 ] Fo gt
T 60 - 1 . e Re=074 . £ 60 - A S .
- - - T Tt *
. —, * P g = T e
2 40 . T " * t = , . s W _
k=) ' = Ty o 40 y=-084x +B5424 " ¢ T .
E — . E R2=0.68 . - . v
'& y =-0.8dx + 54 .97 L] a
20 4 Rz=080 20 4
0 ; ; . . 0 ; ; ; ; ; ; .
0 10 20 30 40 0 10 20 30 40
Cumulative mass of debris loaded (Ib) Cumulative mass of debris loaded (Ib)

Figure 6. Airflow as a function of cumulative mass of debris sucked into the vacuum cleaner.
Measurements were made before and after loading 5 Ib of debris into the vacuum cleaner.
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The flow rate decreases for the vacuum cleaners which used vacuum cleaner bags, the Bosch
and Dust Director vacuum cleaners, are quite noticeable (Figure 6) and are statistically
significant (P < 0.0003 in Table 4). The resistance to air flow by the vacuum cleaner bags and
prefilters increases noticeably with debris accumulation (Figure 7) and the difference was
significant (P< 0.0007 in Table 4). Before sucking debris into the vacuum cleaner bags and pre-
filters, the resistance to air flow is actually under 0.1 inches of water per cfm. With increasing
debris accumulation, the resistance to air flow by the vacuum cleaner bags can exceed 1.9
inches of water/cfm. At air flows of 30 cfm, this is a filter pressure loss of 57 inches of water.
Based upon the slope of the vacuum cleaner fan curves for the Bosch and Dust Director
vacuum cleaners (Table 3), a 57 inch of water pressure would cause the vacuum cleaner air
flows to decrease by 91 and 74 cfm, respectively. With no pressure loss, these vacuum
cleaners provide an air flow of 119 cfm (the intercepts for the fan curves listed in Table 1.)
Considering only the pressure loss caused by the vacuum cleaner bags, the flow moved by the
Bosch and the Dust Director vacuum cleaners is estimated to be under 27 and 43 cfm,
respectively. Clearly, increased pressure loss through the vacuum cleaner bags explains why
the Bosch and the Dust Director vacuum cleaners lose air flow with increased debris
accumulation.

Legend: # After cleaning filter B Before cleaning filter
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Figure 7. Flow rate resistance for pre-filters into Bosch (8A) and Dust Director (8B and 8C) vacuum
cleaners. These measurements were made before and after cleaning the filters when adding 5
cumulative Ib of debris.
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The filter resistance for final filters in each vacuum cleaner was not as high as the resistance
found for bags and for pre-filters in Bosch and Dust Director vacuumn cleaners. Figure 8 shows
that the filter resistances do not increase dramatically with cumulative mass of debris loaded
into each vacuum cleaner. The slopes for the trend lines in Figure 8 are smaller than 0.0013
inches of water/cfm/pound of debris accumulation. This indicates that the resistance to air flow
for the final filters is gradually increasing and these filters will eventually need to be changed.

Legend: # After cleaning filter B Before cleaning filter
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Figure 8. Filter pressure loss/airflow for each vacuum cleaner. These measurements were made before
and after cleaning the filters when adding 5 cumulative |b of debris.

21



DISCUSSION

Vacuum cleaners with cyclones provided a more stable airflow and were not affected by debris
accumulation. These vacuum cleaners provided airflow between 78 and 73 cfm (Figure 6A and
6B). Debris accumulation can dramatically increase the resistance to air flow through vacuum
cleaner bags (Figure 7A and 7B) and cause airflows to decrease from 85 to 30 cfm (Figures 6C
and 6D). Apparently vacuum cleaners with vacuum cleaner bags should only be used for
applications where 30 cfm provides adequate dust control. These data were generated with
debris collected at a construction site. This may have allowed the powder to agglomerate.
Clearly, field data would be useful to verify the conclusions of the laboratory study. However, the
pressure losses through the vacuum cleaner bags clearly explain the air flow losses that were
reported by Collingwood and Heitbrink."

As documented in Table 2, the vacuum cleaners with cyclones cost about $1500 and vacuum
cleaners with bags cost about $400 for the Bosch and $800 for the Dust Director vacuum
cleaners. However, the vacuum cleaner bags can be an important operating cost because they
need to be changed about 2-3 times per day after collecting 10 to 15 Ib of debris. The cost for
the vacuum cleaner bags are $5 per bag for the Dust Director vacuum cleaner.® The list price
for a package of 5 Bosch vacuum cleaner bags is $38.38 and the advertised price is $28.99.%'
Therefore, the vacuum cleaner bags cost at least $5 per bag. To maintain airflow the workers
will need to change out the vacuum cleaner bags at least twice per day. The capital cost
difference for using a vacuum cleaner with a cyclone and the Bosch vacuum cleaner will be
$1100. The payback time of this capital cost is about 110 days of grinding. The actual payback
time will depend upon the operation. Clearly, the higher capital cost vacuum cleaners will be
more cost-effective if the service life is longer than 110 days of grinding. The payback time may
be less than a construction season. Thus, contractors should consider using the higher cost
vacuum cleaners to protect the workers health and to reduce operating cost. Health and safety
professionals should use this payback time to promote the use of cyclonic vacuum cleaners.

The vacuum cleaners should include vacuum cleaner static pressure gauges so that workers
can track the vacuum cleaner airflow. Gauges that measure pressure differential of 100” of
water cost $48.2> Workers should be trained on how to interpret this vacuum cleaner static
pressure. When static pressure is too low workers need to take action to recover airflow. For
vacuum cleaners with vacuum cleaner bags, the workers need to know when to change these
bags to maintain airflow. Airflow requirements will actually vary depending on the type of job
being done and there should be minimum air flow rate for each type of dust generating task
such as mortar removal, concrete grinding, concrete drilling, ect.

Because vacuum cleaner bags caused decreased flow rates and increased work place dust
exposure, researchers and practitioners should measure and log or record flow rates during
actual debris accumulation. Such results are needed to develop an overall plan to control the
worker’s dust exposure. These recommendations include the frequency in which the worker

22



needs to stop and address flow rate decreases by pulsing filters or changing vacuum cleaner
bags.

CONCLUSION

When much debris is being generated during tasks such as mortar grinding, cyclones should be
used as the first stage of filtration. Cyclones can keep the debris accumulation from clogging
filters and help the vacuum cleaner maintain air flow. Debris accumulation in vacuum cleaner
bags caused pressure losses that were nearly 57 inches of water and this excessive pressure
loss reduced the air flow provided by the vacuum cleaners.
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Table A1.

Fan curve air flow through Tiger Vac vacuum

Cleaner 12/06/2007
. _ Venturimeter Vacuum
Static pressure (dlfferer)cg from Eressure cleaner
atmospheric pressure) in inches D|ﬁerence Air flow
of water (inches of f

water) (cfm)

80.2 0 0.00

62.4 0.35 15.15

59.9 0.6 19.96

56.8 0.9 24.57

53.9 1.25 29.08

51.3 1.5 31.93

47.6 1.9 36.04

43.5 2.45 41.03

39.7 3.15 46.63

33.3 4 52.63

29.4 4.8 57.69

24 5.75 63.15

19.85 6.6 67.64

16 7.45 71.84

13.9 7.7 73.02

11.85 8.1 74.87

10.9 8.4 76.17

9 9 78.81

7.8 9.5 80.93
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Table A2. Environmental Conditions and final filter weights

Weight of filter

Weight of filter

Barometric Temper?ture before adding 35 | after adding 35
Pressure (Celsius ; _
(mm of Hg) degrees) Ib of debris Ib of debris
? ? (grams) (grams)
Round 1
11/09/2007 7453 20 2171 2306
Round 2
11/13/2007 739.0 222 2265 2310
Round 3
11/13/2007 739.0 222 2306 2357
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Table A3. Pressure losses and air flows through Tiger Vac vacuum cleaner 11/09/2007 Round 1

Total

Static Pressure Measurements made

Absolute pressure
measured with pressure

Before (B) weigh’g of angttg:' with manometer (inches of water)’ transducers (psi) Time Time Air flow
or aft.er (A) debris AP measuring | measuring (cfm)
adding 5 tran.sferred (inches | Pressure Pressure Pressure Pressure Pressure before during from .
pound_s of into of in the hose | before the gfter .the before the after the loading loading venturi
debris vacuum water) | (inches of | filter (inches f_|naI filter filter (psi) filter (psi) meter
cleaner (Ib) water) | ofwater) | (nchesof | “gazug 55481
water)

B 5 9.1 -4.3 -5 -5.45 14.032 14 4:45pm 4:47pm 79.29

A 8.9 -4.45 -4.95 -5.7 14.024 13.984 78.43

B 10.2 8.8 -4.2 -4.9 -5.65 14.032 13.992 4:55pm 4:57pm 77.99

A ' 9.1 -4.4 -4.9 -6 14.032 13.984 79.29

B 15.2 8.9 -4.25 -4.8 -5.85 14.04 13.984 5:05pm 5:06pm 78.43

A ' 9 -4.3 -4.8 -6.15 14.049 13.975 78.86

B 202 8.9 -4.2 -4.7 -6 14.049 13.984 5:12pm 5:14pm 78.43

A ' 9.1 -4.25 -4.75 -6.4 14.04 13.967 79.29

B 256 8.9 -4.3 4.7 -6.25 14.057 13.967 5:20pm 5:22pm 78.43

A ' 8.9 -4.4 -5 -6.9 14.032 13.958 78.43

B 304 9.1 -4.4 -5.2 -6 14.032 13.984 5:27pm 5:30pm 79.29

A ' 9.1 -4.1 -4.7 -6.15 14.04 13.975 79.29

B 356 8.75 -4.1 -4.9 -5.6 14.032 13.984 5:36pm 5:39pm 77.77

A ] 9 -4.2 -4.85 -6.2 14.049 13.967 78.86
Final 35.6 9.25 -4.2 -4.9 -5.75 14.032 13.984 5:46pm 79.93

! Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric pressure.
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Table A4. Pressure losses and air flows through Tiger Vac vacuum cleaner 11/13/2007 Round 2

Static Pressure Measurements made

Absolute pressure

Total . . . measured with pressure
Before (B) weigh? of Vrr?gttg:l with manometer (inches of water)' transducersp(psi) Time Time Air flow
or aft.er (A) debris AP p measuring | measuring (cfm)
adding 5 tran.sferred (inches | Pressure Pressure ressure Pressure Pressure before during from .
poduen; iSSOf vaIQLtJ?Jm of in the hose | before the f?;;elrﬁtl?eer before the after the loading loading vne12:g::|
water) | (inches of | filter (inches . filter (psi) filter (psi)
cleaner (Ib) water) of water) (lrx;lteesr)of 53748 55481

B 59 8.8 -4.5 -4.9 -5.4 13.882 13.84 2:59pm 3:00pm 77.99

A ' 8.75 -4.3 -4.7 -5.6 13.89 13.824 77.77

B 10.4 8.7 -4.15 -4.6 -5.25 13.89 13.84 3:05pm 3:07pm 77.55

A ' 8.65 -4.3 -4.6 -5.65 13.89 13.832 77.33

B 15.6 8.8 -4.3 -4.6 -5.3 13.89 13.84 3:12pm 3:14pm 77.99

A ' 8.8 -4.25 -4.6 -5.6 13.882 13.824 77.99

B 206 8.75 -4.2 -4.6 -5.55 13.882 13.824 3:23pm 3:25pm 77.77

A ' 8.1 -4.2 -4.5 -5.8 13.882 13.815 74.87

B 258 8.25 -4.3 -4.5 -5.4 13.873 13.84 3:37pm 3:38pm 75.55

A ' 7.9 -4.5 -4.85 -6 13.865 13.815 73.95

B 31 8 -4.3 -4.8 -5.5 13.865 13.815 3:43pm 3:46pm 74.41

A 7.9 -4.35 -4.5 -5.75 13.865 13.824 73.95

B 356 7.9 -4.4 -4.8 -5.7 13.865 13.824 3:52pm 3:56pm 73.95

A ' 8.4 -4.5 -4.8 -6.25 13.857 13.807 76.22
Final 35.6 8.2 -4.4 -4.8 -5.6 13.731 13.8 4:02pm 75.32

! Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric pressure.
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Table A5. Pressure losses and air flows through Tiger Vac vacuum cleaner 11/13/2007 Round 3

Total

Static Pressure Measurements made

Absolute pressure
measured with pressure

Before (B) weigh’g of angttg:' with manometer (inches of water)’ transducers (psi) Time Time Air flow
or aft.er (A) debris AP measuring | measuring (cfm)
adding 5 tran.sferred (inches | Pressure Pressure Pressure Pressure Pressure before during from .
podund_s of into of in the hose | before the gfter .the before the after the loading loading venturi
ebris vacuum water) | (inches of | filter (inches f_|naI filter filter (psi) filter (psi) meter
cleaner (Ib) water) | ofwater) | (nchesof | “gazug 55481
water)

B 59 8.5 -4.3 -4.6 -5.5 13.848 13.807 5:28 5:30 76.67

A ' 8.2 -4.3 -4.8 -6.1 13.832 13.748 75.32

B 10.2 9.25 -4.4 -4.85 -5.8 13.84 13.781 5:35 5:36 79.93

A ' 8.7 -4.5 -4.8 -6.2 13.848 13.756 77.55

B 15.4 9.4 -4.65 -4.75 -5.8 13.832 13.79 5:40 5:43 80.56

A ] 9.1 -4.3 -4.7 -6.1 13.848 13.781 79.29

B 204 9.25 -4.4 -4.9 -5.8 13.848 13.781 5:47 5:49 79.93

A ' 9.05 -4.5 -4.8 -6.15 13.848 13.773 79.07

B 258 9.35 -4.35 -4.85 -5.95 13.832 13.79 5:54 5:56 80.35

A ] 9.4 -4.4 -4.8 -6.3 13.832 13.773 80.56

B 30.8 9.35 -4.4 -4.85 -6 13.832 13.781 6:01 6:03 80.35

A ] 8.6 -4.5 -4.9 -6.3 13.84 13.748 77.11

B 358 9.5 -4.2 -4.9 -5.9 13.832 13.781 6:07 6:10 80.98

A ] 8.8 -4.45 -4.8 -6.3 13.832 13.748 77.99
Final 35.8 9.65 -4.5 -5 -6.05 13.832 13.781 6:15 81.61

! Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric pressure.
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APPENDIX B. Data from DustControl 2700 Vacuum Cleaner
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B. Static pressure measurements in cyclone

A. Static pressure measurements in vacuum cleaner body.

Static pressures were measured along the wall of the body of the
vacuum cleaner and inside the vacuum cleaners cartric'ge filter.

Figure B-1. Location of static pressure measurements for DustControl 2700 vacuum
cleaner.
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Table B1. Fan curve air flow through DustControl vacuum Cleaner 08/30/2007

Absolute
fébsss(ﬂ;gein A;ZSSZIL:J:ee Pressure | Venturimeter | Absolute vacuum
Static pressure (difference from P P | (Pressure pressure pressure
> L vacuum (Pressure . . cleaner
atmospheric pressure) in inches transducer differntial from the )
1 cleaner transducer : air flow
of water . data (inches of | manometer
pressure in 55481) N (cfm)
2 : 53748) water) (psia)
(psia) (psia) | " o)

0 14.46 14.287 14.316 0 0.00 0.00

69.1 11.95 11.752 11.793 0 2.51 0.00

61.4 12.23 12.030 12.060 0.23 2.23 12.23

54.3 12.49 12.300 12.328 0.81 1.97 23.28

46.2 12.78 12.586 12.629 1.85 1.68 35.55

41.5 12.95 12.771 12.796 2.62 1.51 42.46

36.3 13.14 12.965 12.979 3.6 1.32 49.90

31 13.33 13.133 13.172 4.5 1.13 55.85

27.2 13.47 13.285 13.305 5.45 0.99 61.48

24.2 13.58 13.403 13.431 6.4 0.88 66.62

20.7 13.71 13.520 13.548 74 0.75 71.60

17.3 13.83 13.638 13.665 8.4 0.63 76.22

14.9 13.92 13.731 13.739 9.1 0.54 79.29

13 13.99 13.798 13.823 9.8 0.47 82.23

8 1417 13.984 13.999 11.4 0.29 88.54

6 14.24 14.051 14.066 12.3 0.22 91.89

Barometric Pressure: 747.5 mm of Hg

Temperature 25 °C

" Absolute pressure is the difference between the barometric pressure and the U-tube pressure.

% Absolute pressure in pounds per square inch.
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Table B2. Weight gain of filter filter and test conditions.

Barometric Weight of filter Weight of filter
Temperature | before adding 35 | after adding 35
Pressure o A .
(°C) Ib of debris Ib of debris
(mm of Hg)
(grams) (grams)
Round 1
09/07/2007 736.5 245 768 907
Round 2
09/13/2007 741.5 243 863 864
Round 3 1
09/13/2007 7415 243 864 848

1. This was filter that had been at job sites.

the scale.

The debris fell off on the way to

1

1

Air flow (cfm)
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Figure B-2. Fan curve for DustControl 2700 Vacuum
Cleaner.
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Table B3. Pressure loss and air flows through DustControl 2700 Vacuum Cleaner 09/07/2007 Round 1

Before Static Pressure Measurements Absolute pressure Filter pressure
Venturi | made with manometer (inches of measured with pressure P Y .
(B) or . 1 ; loss inches of Air flow
Total weight | meter water) transducers.(psia) ) .
after Time to Time to water, corrected from
added to AP L i
(A) . Downstream start stop for calibration venturi
. vacuum (inches Upstream . ! X ;
adding Upstream | Downstream ' of filter at inlet | loading loading curve of the meter
cleaner (Ib) of p “ of final
5 water) before after AP filter to vacuum pressure (cfm)
pounds cyclone” cyclone” cleaner motor. transducers
(55481) (53478)
B 5025 10.6 -7.1 -13 5.9 13.52 13.489 10:23am | 10:25am 1.39 85.45
A ' 8.3 -5.6 -6.4 0.8 13.79 13.205 16.7 75.78
B 503 8.9 -4.3 -6.4 21 13.807 13.096 10:43am | 10:45am 20.2 78.43
A ' 7.9 -3.9 -5.9 2 13.824 13.013 22.9 73.95
B 4.895 9 -4.4 -6.7 2.3 13.807 13.188 10:54am | 10:56am 17.6 78.86
A ' 8.1 -4 -5.9 1.9 13.807 13.055 21.3 74.87
B 54 8.3 -4.4 -6.3 1.9 13.815 13.121 11:07am | 11:09am 19.7 75.78
A ' 7.8 -3.8 -5.5 1.7 13.84 13.038 22.7 73.49
B 5075 8.6 -4.4 -5.8 14 13.832 13.147 11:18am | 11:20am 19.5 77.11
A ' 7.7 -3.3 -5.4 21 13.824 12.946 24.8 73.02
B 4975 7.9 -3.9 -6.2 2.3 13.84 13.046 11:42am | 11:44am 224 73.95
A ' 7.6 -3.6 -5.3 1.7 13.874 12.896 275 72.55
B 4085 8.6 -4.1 -6 1.9 13.807 13.121 11:56am | 11:58am 19.5 77.11
A ' 8 -3.7 -5.5 1.8 13.84 13.005 23.6 74.41
Final 7.5 -3.8 -6.9 3.1 13.807 13.155 12:08pm 18.54 72.07

T Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric

pressure.
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Table B4. Pressure losses and air flows through DustControl 2700 vacuum cleaner: 09/13/2007 Round 2

Before

Static Pressure Measurements

Absolute pressures
measured with pressure

Filter pressure

o . )
(B) or Total weight Vﬁg};ﬁg:l with manometer (inches of water) transducers. (psi) | | loss inches of Air flow
after added to AP 5 Timeto | Timeto | water, corrected from

(A) vacuum | (inches Upstream | Downstream | start stop for calibration venturi
adding Upstream | Downstream f final of filter atinlet | |oading | loading curve of the meter
5 cleaner (Ib) of "before "after AP of'lt to vacuum pressure (cfm)

pounds water) | cyclone” | cyclone” (Sé 4%r1) cleaner motor transducers
(53478)

B 5 7.3 -4 -8 4 13.824 13.147 12:53 pm | 12:56pm 19.23 71.12

A 7.2 -3.8 -5.8 2 13.899 13.13 21.77 70.63

B 5 7.7 -4.4 -6.9 2.5 13.874 13.197 1:00pm | 1:02pm 19.22 73.02

A 7.7 -4.2 -6.2 2 13.891 13.13 21.55 73.02

B 5 8.8 -4.4 -6.2 1.8 13.874 13.18 1:15pm | 1:17pm 19.69 77.99

A 7.7 -4.1 -6.3 22 13.891 13.08 22.93 73.02

B 5 8.9 -3.9 -6.2 2.3 13.874 13.13 1:26pm | 1:27pm 21.08 78.43

A 8 4.1 -6.3 2.2 13.883 13.088 22.49 74.41

B 5 7.7 -4.3 -10 5.7 13.84 13.088 2:00pm | 2:02pm 21.30 73.02

A 7.4 -4.1 -6.1 2 13.857 13.071 22.24 71.60

B 59 8.9 -5.1 -71 2 13.849 13.172 2:08pm | 2:10pm 19.23 78.43

A ] 8.4 -4.4 -7 2.6 13.857 13.088 21.77 76.22

B 5 8.2 -4.5 -6.6 2.1 13.849 13.205 2:16pm | 2:18pm 18.31 75.32

A 8 -4.5 -6.4 1.9 13.866 13.055 22.93 74.41
Final 8.7 -4.6 -6.7 21 13.832 13.238 2:22pm 16.93 77.55

T Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric

pressure.
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Table B5. Pressure losses and air flows through DustControl 2700 vacuum cleaner: 09/13/2007 Round 3

Absolute pressures

Before . Static Pressure Measurements . Filter pressure
(B) or . Venturi with manometer (inches of water)’ measured with pressure loss inches of Air flow
Total weight | meter transducers.(psi) . .
after added 1o AP Time to Time to water, corrected from
(A) vacuum (inches Upstream Do.wnstre.am start stop for calibration venturi
adding Upstream | Downstream . of filter at inlet | loading loading curve of the meter
cleaner (Ib) of P " of final
5 before after AP filter to vacuum pressure (cfm)
pounds water) | cyclone” cyclone" (55481) cleaner motor transducers
(53478)
B 5 7 -3.4 -12.5 9.1 13.622 13.147 3:32pm | 3:34pm 13.67 69.65
A 7.4 -4 -6.4 24 13.84 13.055 22.22 71.60
B 5 6.4 -4.6 -6.6 2 13.824 13.18 3:39pm | 3:41pm 18.32 66.62
A 7.8 -4.4 -6.6 2.2 13.832 13.08 21.31 73.49
B 5 8.4 -4.9 -6.9 2 13.824 13.163 3:47pm | 3:48pm 18.79 76.22
A 8.2 -4.5 -6.4 1.9 13.84 13.096 21.08 75.32
B 54 8.7 -5.1 -7.5 24 13.815 13.163 3:53pm | 3:55pm 18.54 77.55
A ' 8.1 -4 -6.4 24 13.832 13.08 21.31 74.87
B 59 8.6 -4.6 -7 24 13.798 13.163 4:00pm | 4:02pm 18.07 77.11
A ' 7.8 -4.2 -6.5 2.3 13.824 13.088 20.86 73.49
B 5 8.8 -4.5 -6.7 2.2 13.807 13.188 4:08pm | 4:11pm 17.63 77.99
A 8.1 -3.9 -6.3 24 13.84 13.03 22.91 74.87
B 54 8.3 -4.2 -6.9 2.7 13.807 13.18 4:18pm | 4:20pm 17.85 75.78
A ' 7.8 -3.8 -6.5 2.7 13.824 13.038 22.25 73.49
Final 8.4 -4.3 -6.7 24 13.815 13.13 4:26pm 19.45 76.22

T Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric

pressure.
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APPENDIX C. Datafrom Bosch Vacuum Cleaner
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Hose for measuring
pressure difference
after the final filters !
Bl e ™ %™
| A Hose for measuring
pressure differences
between bag and filters

Figure C-1. Locations for measuring pressures in Bosch vacuum cleaner.
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Table C1. Fan curve air flow through Bosch vacuum Cleaner 08/30/2007

Absolute
Pressure
atinlet to Absolute | Absolute . Vacuum
vacuum Venturimeter | cleaner
. . Pressure | Pressure :
Static pressure (difference | cleaner Pressure air flow
. from from .
from atmospheric pressure) motor difference from
o : transducer | transducer . .
in inches of water estimated (inches of venturi
55481 53748
from . . water) meter
static (psia) (psia) (cfm)
pressure
' (psia)
70.8 11.88 11.685 11.701 0 0.00
64.2 12.12 11.921 11.943 0.24 12.49
57.8 12.35 12.157 12.161 0.82 23.43
53.9 12.50 12.291 12.328 1.5 31.93
494 12.66 12.476 12.478 2.35 40.17
44.8 12.83 12.62 12.654 3.35 48.11
41.5 12.95 12.746 12.771 4.35 54.90
37.5 13.09 12.881 12.904 5.4 61.20
32.7 13.27 13.066 13.088 6.65 67.90
30.1 13.36 13.15 13.172 7.4 71.60
26.7 13.48 13.285 13.297 8.4 76.22
24.6 13.56 13.361 13.38 9.1 79.29
22.4 13.64 13.445 13.447 9.8 82.23
16.9 13.84 13.638 13.665 11.8 90.05
8.2 14.15 13.967 13.99 15 101.06

' Absolute pressure is the difference between the barometric pressure and the U-tube pressure.
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Air flow (cfm)
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Static pressure (inches of water)

Figure C-2. Fan curve for Bosch vacuum cleaner.
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Table C2. Filter weights and environmental conditions.

Weight | Weight | Weight | Weight .
) ) ) i Final
Barometric of filter of filter of filter of filter weight
Temperature | 1 before | 1 after | 2 before | 2 after 9
Pressure . . . . : of the
(mm of (Celsius adding adding adding adding vacuum
degrees) 35Ibof | 35Ibof | 35Ibof | 351b of
Hg) . . . . cleaner
debris debris debris debris bag (Ib)
(grams) | (grams) | (grams) | (grams) 9
Round 1
09/14/2007 743.6 23.2 438 439 439 440 35.2
Round 2
09/14/2007 743.6 23.2 439 439 440 441 36.2
Round 3
09/20/2007 7451 24 439 442 441 442 35.2
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Table C3.

Pressure loss and air flows through Bosch vacuum Cleaner 9/14/2007 Round 1

Mesatsaltjlrcez':r?tss u\:\ith Absolute pressures
Before Total . manometer (inches of measured with pressure Air flow
(B) or weight of Venturi water)' transducers (psi) . Time to (from
after debris meter AP T'”?e stop venturi
(.A) transferred (inches of between ' loading loading meter)
adding 5 water) . fter AP bag & aftgr final ;
pounds (1b) in bag ab ag filters (cfm)
ag bag filters (53748)
(55481)
B 5 11.5 -1.1 -2.2 1.1 13.95 13.631 9:12am 9:14am 88.92
A 3.5 -0.5 -40 39.5 12.695 12.545 49.19
B 5 8.6 -0.9 -18.8 17.9 13.436 13.147 9:26am 9:28am 77.11
A 2.3 -0.7 -46.6 45.9 12.476 12.361 39.73
B 5 3.9 -0.4 -38.2 37.8 12.796 12.603 9:37am 9:39am 51.96
A 1.9 -0.3 -49.5 49.2 12.392 12.244 36.04
B 5 5.4 -0.6 -29.8 29.2 13.049 12.821 9:49am 9:50am 61.20
A 2.6 -0.3 -45 44.7 12.535 12.403 42.30
B 5 3.1 -0.3 -42.3 42 12.628 12.461 9:58am 9:59am 46.25
A 1.9 -0.2 -48.9 48.7 12.409 12.269 36.04
B 5 2.3 -0.4 -47 1 46.7 12.493 12.328 10:10am | 10:12am 39.73
A 1.3 -0.2 -53.8 53.6 12.224 12.136 29.67
B 5 1.9 -0.2 -49.9 49.7 12.359 12.253 10:26am | 10:28am 36.04
A 1.1 -0.1 -56.4 56.3 12.157 12.077 27.24
Final 1.5 -0.2 -52.9 52.7 12.283 12.169 10:35am 31.93

! Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric pressure.
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Table C4.

Pressure loss and air flows through Bosch vacuum Cleaner 9/14/2007 Round 2

Before

Static Pressure

Measurements with

Absolute pressures
measured with pressure

Total : manometer (inches of . Air flow
B) or . Ventur .
(af{er weight of meteruAIP water)' transducers (ps) Time Time to (from
(A) de?”s (inches of between loading | , StoP venturi
in transferred water after final loading meter)
adding 5 ater) after AP bag &
ounds (1b) in bag ag filters (cfm)
p bag bag filters (53748)
(55481)
B 5 10.8 -1.4 -4.3 29 13.874 13.539 11:40am | 11:41am 86.24
A 5.2 -0.6 -31.4 30.8 13.015 12.787 60.05
B 5 6.6 -1.5 -25.8 24.3 13.201 12.963 11:49am | 11:49am 67.64
A 3.3 -0.4 -31.2 30.8 12.67 12.495 47.75
B 5 6.5 -0.8 -26.8 26 13.175 12.904 11:56am | 11:57am 67.13
A 2.5 -0.3 -45.9 45.6 12.527 12.344 41.46
B 5 3.6 -0.5 -40.5 40 12.704 12.545 12:03am | 12:04am 49.90
A 2 -0.2 -48.7 48.5 12.426 12.278 37.00
B 5 2.9 -04 -42.9 42.5 12.628 12.461 12:10am | 12:11am 44.71
A 1.6 -0.2 -51.5 51.3 12.325 12.194 33.00
B 5 2.2 -0.3 -47.5 47.2 12.476 12.328 12:18am | 12:20am 38.84
A 1.2 -0.1 -54 53.9 12.241 12.127 28.48
B 54 4.7 -0.5 -33.5 33 13.268 12.746 12:27am | 12:28am 57.08
A ’ 1.6 -0.2 -51.3 511 12.325 12.211 33.00
Final 3.1 -04 -41.4 41 12.687 12.503 12:34am 46.25

! Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric pressure.

49




Table C5.

Pressure loss and air flows through Bosch vacuum Cleaner 9/14/2007 Round 2

Static Pressure

Measurements with

Absolute pressures

Before . measured with pressure ;
Total . Air fl

(B) or Weiohe; o Venturi manometer (|pches of transducers (psi) Time to (I]:ro;W

after gnt meter AP water) Time ,
(A) debris (inches of loading stop venturi
. transferred between : loading meter)

ddina 5 water after final

aading b ater) after AP bag & h
pounds (1) in bag : filters (cfm)
bag bag filters (53748)
(55481)

B 5 10.8 -1.4 -4.3 2.9 13.874 13.539 11:40am | 11:41am 86.24
A 5.2 -0.6 -31.4 30.8 13.015 12.787 60.05
B 5 6.6 -1.5 -25.8 24.3 13.201 12.963 11:49am | 11:49am 67.64
A 3.3 -0.4 -31.2 30.8 12.67 12.495 47.75
B 5 6.5 -0.8 -26.8 26 13.175 12.904 11:56am | 11:57am 67.13
A 2.5 -0.3 -45.9 45.6 12.527 12.344 41.46
B 5 3.6 -0.5 -40.5 40 12.704 12.545 12:03am | 12:04am 49.90
A 2 -0.2 -48.7 48.5 12.426 12.278 37.00
B 5 2.9 -0.4 -42.9 42.5 12.628 12.461 12:10am | 12:11am 44.71
A 1.6 -0.2 -51.5 51.3 12.325 12.194 33.00
B 5 2.2 -0.3 -47.5 47.2 12.476 12.328 12:18am | 12:20am 38.84
A 1.2 -0.1 -54 53.9 12.241 12.127 28.48
B 54 4.7 -0.5 -33.5 33 13.268 12.746 12:27am | 12:28am 57.08
A ' 1.6 -0.2 -51.3 51.1 12.325 12.211 33.00

Final 3.1 -0.4 -41.4 41 12.687 12.503 12:34am 46.25

! Static pressure is the difference in pressure from atmospheric pressure. Negative static pressure indicates that pressure is less than atmospheric pressure.
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APPENDIX D. Data for Dust Director Vacuum Cleaner Fan Curve (serial
number PO7F14792)
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p

|

Vacuum
cleaner
bag

Figure D-1. Locations for measuring static pressures inside the Dust Director
vacuum cleaner. After sucking 5 pounds of debris into the vacuum cleaner, the
vacuum cleaner hose was removed and manometer hose was inserted into the bag.
Also, holes were drilled in the body of the vacuum cleaner tank and hoses were inserted

into the spaces between the filters. And after the final filter.
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Table D1. Fan curve air flow through Dust Director vacuum Cleaner 08/30/2007

Pressure

Pressure

Venturimeter

. . vacuum
Static pressure (difference from = transducer | transducer Pressure
; C ressure . cleaner
atmospheric pressure) in inches of in psia data data difference air flow
water P 55481 53748 (inches of
. . (cfm)
(psia) (psia) water)

86.5 11.30 11.104 11.141 0 0.00

79.9 11.54 11.323 11.392 0.22 11.95

72.5 11.81 11.609 11.626 0.79 22.98

67.3 12.00 11.794 11.826 1.55 32.47

61.2 12.22 12.013 12.044 2.5 41.46

55.7 12.42 12.224 12.253 34 48.47

49.3 12.65 12.451 12.478 4.5 55.85

44.7 12.82 12.637 12.611 5.35 60.92

39.6 13.00 12.805 12.829 6.5 67.13

35 13.17 12.973 12.996 74 71.60

30.7 13.33 13.133 13.147 8.3 75.78

29.3 13.38 13.175 13.197 8.7 77.55

0 14.44 14.245 14.258 0 0.00

Barometric pressure 746.6 mm of Hg

Temperature 24.5 C
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Air flow (cfm)

Dust Director Fan curve (cfm)
20 -

80 -

70 -
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y =-1.3231x + 119.04
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20 - + air flow (cfm)
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Figure D-2. Fan curve for Dust Director vacuum cleaner.
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Table D2. Filter weights and environmental conditions.

Weight of filter 1

Weight of filter 1

Weight of filter 2

Weight of filter 2

Barometric Temper.a ture (green) before (green) after before adding 35 | after adding 35 Final weight of
Pressure (Celsius . . ) . the vacuum
(mm of Hg) degrees) adding 35 Ib of adding 35 Ib of Ib of debris Ib of debris cleaner bag (Ib)
9 9 debris (grams) debris (grams) (grams) (grams) 9
Round 1
10/04/2007 741.5 24.7 281 291 385 386 36.2
Round 2
10/04/2007 741.5 24.7 291 297 386 386 35.8
Round 3
10/11/2007 743.9 22.0 297 308 392 394 35.8
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Table D3.

Pressure loss and air flows through Dust Director vacuum cleaner 10-04-2007 Round 1

Static Pressure Measurements Absolute pressures measured with
E(>§1;0l’e Total Venturi with manometer (inches of water) ' pressure transducers (psi)
or ota
. meter . .
af;\er w;mgh? of AP Pressure 5 . Pressure . Time to Time to Air flow
ebris . . ressure ressure ressure start stop
d(d') ¢ ‘ q (inches | in vacuum after the after first after Pressure Pressure after loadi loadi (cfm)
a 5|ng ranzt:a)rre of cleaner bag filter second afterthe | after first | _° ~ oading oading
water) bag . . filter bag (psi) | filter (psi) | . .
pounds (inches of ('”Chtes of ('”Chtes Of | (inches of | 87614 53748 f",to.%r4(§f')
water) water water) water)
B 59 7.9 -3.7 -7.2 -8.4 -12 14.152 13.865 13.723 1:47pm 1:50pm 73.95
A ' 6 -2.6 -6.5 -35.7 -38.9 14.043 12.979 12.881 64.51
B 10.4 5.5 -3.5 -5.6 -34.7 -38 14.202 12.891 12.754 2:08pm 2:09pm 61.76
A ' 3.5 -1.3 -6.8 -50.6 -53.3 14.177 12.328 12.224 49.19
B 15.4 3.4 -1.5 -6.1 -50 -52.6 14.177 12.344 12.232 2:22pm 2:23pm 48.47
A ' 2.5 -1.5 -8.5 -57.8 -59.9 14.11 12.069 11.938 41.46
B 204 2.8 -1.6 -8.8 -55.6 -58.1 14.11 12.144 12.022 2:34pm 2:35pm 43.92
A ' 1.2 -1 -141 -63.9 -65.9 13.993 11.843 11.752 28.48
B 258 2 -1.1 -12.4 -62.5 -64.5 14.002 11.885 11.786 2:44pm 2:45pm 37.00
A ' 1.4 -0.85 -16.9 -66.5 -68.4 13.968 11.743 11.651 30.82
B 308 1.95 -1.1 -12.8 -62.2 -63.9 14.01 11.902 11.803 2:56pm 2:57pm 36.52
A ' 1.2 -0.9 -18.2 -68.4 -70 13.876 11.684 11.584 28.48
B 36 3.6 -2.2 -12 -49.8 -52.5 14.085 12.361 12.409 3:09pm 3:10pm 49.90
A 1.8 -1.2 -19.3 -63.9 -65.9 13.885 11.843 11.736 35.06
Final 36 3.5 -2 -13.5 -51.3 -54.2 13.977 12.303 12.157 3:18pm 49.19

T Static pressure is the difference in pressure from atmospheric pressure. These static pressures are less than atmospheric pressure
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Table D4. Pressure loss and air flows through Dust Director vacuum cleaner 10-04-2007 Round 2
g
Static Pressure Measurements with manometer | Absolute pressures measured with
?Ig;oor? Total Venturi (inches of water)' pressure transducers (psi)
ota
after weight of mAe|tDer Pressure Pressure Time to Time to Air i
(A) debris . - Pressure | Pressure Pressure start stop Ir low
ddi ¢ ¢ d (inches | in vacuum after the after first after Pressure Pressure after loadi oad (cfm)
adding | transterre of cleaner ; second | afterthe | after first oading oading
> () water) bag (incbhaegs of (ini'r'fié of | . fiter | bag(psi) | filter (psi) fiﬁ?e(r:(zngi)
pounds (inches of (inches of | 87614 53748 P
water water) 55481
water) water)
B 54 7.5 -6.3 -7 -14.4 -18.8 14.127 13.623 13.453 3:47pm 3:48pm 72.07
A ' 6.2 -4.4 -17.8 -28.2 -32.4 13.776 13.197 12.973 65.57
B 10.2 6 -4.2 -17.9 -30 -334 13.81 13.063 12.906 3:56pm 3:58pm 64.51
A ' 4.4 -2.2 -30.8 -43.9 -47 1 13.551 12.578 12.434 55.22
B 15.2 4.5 -2.2 -25.9 -42.7 -45.7 13.634 12.595 12.46 4:06pm 4:07pm 55.85
A ' 3.3 -1.9 -36.2 -52.2 -54.8 13.467 12.244 12.123 47.75
B 20.2 4.1 -2.5 -28.9 -46.5 -49.3 13.576 12.461 12.333 4:15pm 4:16pm 53.29
A ' 2.15 -2 -41.9 -57.6 -59.8 13.242 12.06 11.963 38.39
B 25 4.55 -3 -25.9 -42.5 -45.6 13.609 12.595 12.451 4:23pm 4:24pm 56.16
A 2.5 -1.35 -44.9 -59.1 -61.2 13.083 12.002 11.921 41.46
B 30 3.7 -2.2 -33.3 -49.2 -51.9 13.392 12.344 12.224 4:34pm 4:35pm 50.59
A 2.4 -1.4 -45.8 -59.4 -61.7 13.233 12.002 11.887 40.61
B 354 3.2 -1.65 -38.8 -54.8 -57 13.359 12.169 12.039 4:44pm 4:45pm 47.01
A ' 1.35 -0.9 -51.6 -63.9 -65.4 13.551 11.826 11.727 30.25
Final 35.4 3.4 -1.65 -38.5 -54 -56.9 13.484 12.177 12.039 4:50pm 48.47

! Static pressure is the difference in pressure from atmospheric pressure. These static pressures are less than atmospheric pressure.
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Table D5. Pressure loss and air flows through Dust Director vacuum cleaner 10-11-2007 Round 3

Static Pressure Measurements with manometer | Absolute pressures measured with
Before Venturi (inches of water)’ pressure transducers (psi)
(an)teorr Total wei.ght meter Time to Time to .
(A) of debris AP Pressure | o sure | Pressure | Fressure Pressure start stop Air flow
X transferred | (inches | invacuum | o " o after first after Pressure Pressgre after , | (cfm)
adding (Ib) of cleaner ; second afterthe | after first loading loading
5 t bag . bag . filter filter bag (psi) | filter (psi) .second_
pounds water) (inches of | (Inches of | (inches of | ;o ¢ | 87614 53748 | fiter (psi)
water water) 55481
water) water)
B 54 8 -6.5 -7.2 -11.6 -15.5 14.202 13.765 13.588 4:50pm 4:51pm 74.41
A ' 6.4 -4.5 -11.5 -28.5 -31.8 14.093 13.172 12.998 66.62
B 10.6 6.3 -4.4 -11.5 -28.4 -32.2 14.085 13.155 12.864 4:59pm 5:00pm 66.10
A ' 5.1 -2.9 -16.9 -40.9 -44.2 13.943 12.729 12.544 59.47
B 15.6 4.5 -2.7 -7.8 -43.2 -46.6 14.21 12.612 12.493 5:08pm 5:09pm 55.85
A ' 3.3 -1.7 -8.9 -53.8 -56.7 14.194 12.269 12.098 47.75
B 208 5.4 -3.5 -6.7 -36.8 -40.5 14.21 12.854 12.695 5:17pm 5:18pm 61.20
A ' 3.3 -1.6 -7.6 -54.3 -57 14.235 12.244 12.089 47.75
B 258 4.3 -2.5 -6.2 -45.8 -49.4 14.252 12.512 12.359 5:26pm 5:27pm 54.58
A ' 2.5 -1.4 -6.9 -59.9 -62.7 14.244 12.027 11.887 41.46
B 308 5 -3 -6.5 -39.7 -43.7 14.227 12.746 12.586 5:38pm 5:39pm 58.88
A ' 2.8 -1.4 -8.8 -57.9 -60.6 14.16 12.119 11.954 43.92
B 36 4.4 -2.5 -7.3 -45.3 -48.8 14.185 12.545 12.392 5:46pm 5:47pm 55.22
A 2.2 -1.1 -12.6 -62.7 -65.4 14.06 11.927 11.803 38.84
Final 36 4.6 -2.5 -8.9 -43.8 -47.7 14.144 12.587 12.434 5:54pm 56.47

! Static pressure is the difference in pressure from atmospheric pressure. These static pressures are less than atmospheric pressure.
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APPENDIX E. Comparison of absolute pressures and pressures obtained
from pressure transducers.
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During this study, pressure transducers were used to record vacuum cleaner static pressures
and compute pressure differentials across filters. During efforts to develop the fan curves for
the Bosch, DustDirector and Dust Control vacuum cleaners, simultaneous vacuum static
pressures were recorded with the two pressure transducers and with the u-tube manometer.
The pressure transducers measure an absolute pressure (Piransducer) in terms of pounds per
square inch absolute (psia). In addition atmospheric pressure P, was recorded with a
mercury barometer in units of mm of hg. The u-tube manometer P . and barometric
pressures P.., were used to compute an estimated absolute pressure Py in terms of pressure
as follows:

14.7 psia 14.7 psia

abs = Tatmge0mmof Hg  ““P¢ 407 inches of water

Regression analysis was used to fit the data to the following model:

P,ps = intercept + slope X Piransducer

The data used to perform this regression analysis is listed in Table E1. The results of the
regression analysis are listed in Table E2 and the regression results are stated after converting
the regression terms which have pressure units of psia to inches of water. The R? for both
pressure transducers was 0.9997. The standard error of estimate was 0.36 inches of water.
This term is the standard deviation about the regression Given that pressure losses through
the filters was in excess of 10 inches of water and approached 60 inches of water, the errors in
measuring filter pressure differences and vacuum cleaner static pressures seem reasonable.
Clearly, the u-tube manometer measures statics pressures in the vacuum cleaner with minimal
error. However, a large u-tube manometer that is 11 feet high is not a device that would be
practical for measuring and recording static pressures in vacuum cleaners at a construction
site.
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Table E1. Comparison of pressures.

U-tube manometer pressure

barometric pressure

55481 (psia)

53748 (psia)

differential (inches of water) (mm of Hg)

70.8 11.685 11.701
64.2 11.921 11.943
57.8 12.157 12.161
53.9 12.291 12.328
494 12.476 12.478
44.8 12.62 12.654
41.5 12.746 12.771
37.5 747.5 12.881 12.904
327 13.066 13.088
30.1 13.15 13.172
26.7 13.285 13.297
24.6 13.361 13.38
22.4 13.445 13.447
16.9 13.638 13.665
8.2 13.967 13.99
86.5 11.104 11.141
79.9 11.323 11.392
72.5 11.609 11.626
67.3 11.794 11.826
61.2 12.013 12.044
55.7 12.224 12.253
49.3 746.6 12.451 12.478
44.7 12.637 12.611
39.6 12.805 12.829
35 12.973 12.996
30.7 13.133 13.147
29.3 13.175 13.197

0 14.245 14.258

0 14.287 14.316
69.1 11.752 11.793
61.4 12.03 12.06
54.3 12.3 12.328
46.2 12.586 12.629
41.5 12.771 12.796
36.3 12.965 12.979
31 13.133 13.172
27.2 741.5 13.285 13.305
24.2 13.403 13.431
20.7 13.52 13.548
17.3 13.638 13.665
14.9 13.731 13.739
13 13.798 13.823

8 13.984 13.999

6 14.051 14.066
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Table E2. Regression analyses for predicting actual
pressures from pressure transducer response.

Pressure transducer number

Regression statistics serial number serial
number
53478 55481
Intercept (inches of water) 4.883613 4.907729
Slope (dimensionless) 0.999582 0.999582
Stq error of estimate 0.367395 0.367395
(inches of water)
Std error, intercept (inches of 0.902162 0.902162
water)
Std error, slope (dimension 0.002526 0.002526
less)
N 44 44
R? 0.9997254 0.9997254

62




	Vacuum cleaners study report with contents 04-25-2008 wah
	appendicies for report to cpwr 4 25 2008



