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DUST FILTRATION SYSTEMS 
 

By John A. Organiscak1 and Andrew B. Cecala1 
 
 
 
 

ABSTRACT 
 

Enclosed cabs are a primary means of reducing equipment operators’ silica dust exposure 
at surface mines. The National Institute for Occupational Safety and Health experimentally 
investigated various factor effects on cab air filtration system performance. The factors investi-
gated were intake filter efficiency, intake air leakage, intake filter loading (filter flow resistance), 
recirculation filter use, and wind effects on cab particulate penetration. Adding an intake pressur-
izer fan to the filtration system was also investigated. 

Results indicate that intake filter efficiency and recirculation filter use were the two most 
influential factors on cab penetration performance. Use of the recirculation filter reduced cab 
penetration by usually an order of magnitude over the intake air filter alone because of the multi-
plicative filtration of the cab interior air. Intake air leakage and filter loading affected the cab 
penetration to a lesser extent, while wind had the least impact on cab penetration between the 
calm and 10-mph wind velocities tested. Adding an intake pressurizer fan notably increased 
intake airflow and cab pressure with only minor changes to cab penetration. A mathematical 
model was developed that describes cab penetration in terms of intake filter efficiency, intake air 
quantity, intake air leakage, recirculation filter efficiency, recirculation filter quantity, and wind 
penetration. 

                                                 
    1Mining engineer, Pittsburgh Research Laboratory, National Institute for Occupational Safety and Health, 
Pittsburgh, PA. 
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INTRODUCTION 
 

Overexposure to airborne respirable crystalline silica (or quartz) dust can cause silicosis, 
a serious or fatal respiratory lung disease. Mining has some of the highest incidences of worker-
related silicosis, and mining machine operators constitute the occupation most commonly associ-
ated with the disease [NIOSH 2003]. The Mine Safety and Health Administration (MSHA) 
enacts and enforces mine worker safety and health standards to mitigate mine worker injuries 
and occupational diseases. 
 MSHA’s permissible exposure limit is 2.0 mg/m3 of airborne respirable dust for 
coal mine workers as defined by the U.K. Mining Research Establishment (MRE) criteria 
[30 CFR2 70–72, 74 (2007)]. If more than 5% quartz mass is determined to be in the coal mine 
worker dust sample using MSHA’s P7 infrared method [Parobeck and Tomb 2000], the appli-
cable respirable dust standard is reduced to the quotient of 10 divided by the percentage of quartz 
in the dust sample. MSHA’s nuisance dust limit (total dust) for metal/nonmetal miners is 
10 mg/m3 as defined by the American Conference of Governmental Industrial Hygienists 
[ACGIH 1973; 30 CFR 56–58 (2007)]. If more than 1% quartz mass is determined to be in the 
metal/nonmetal mine worker dust sample using the National Institute for Occupational Safety 
and Health (NIOSH) X-ray Method [Parobeck and Tomb 2000], the applicable standard is then a 
respirable dust standard of 10 divided by the sum of the quartz percentage plus 2. Both of these 
dust standards are intended to limit worker respirable crystalline silica (quartz) exposure to 
0.1 mg/m3 or less for the shift. 

Mine worker overexposure to quartz dust continues to be a problem at U.S. mining opera-
tions. The percentages of MSHA dust samples from 2000 to 2004 that exceeded the respirable 
dust standard due to quartz were 11% for sand and gravel mines, 11% for stone mines, 19% for 
nonmetal mines, 17% for metal operations, and 17% for coal mines [NIOSH 2008]. At surface 
mining operations, the occupations that have the highest frequency of exceeding the respirable 
dust standard are usually operators of mechanized excavation equipment, such as drills, bull-
dozers, scrapers, front-end loaders, haul trucks, and crushers [Tomb et al. 1995]. 

A primary means of dust control on mechanized surface mining equipment is enclosed 
operator cabs with an air filtration system. Field assessment of six surface coal mine rock drills 
and five bulldozers by NIOSH have shown that rock drill dust generation was one order of 
magnitude higher than bulldozer dust generation and that enclosed cab dust reduction efficiency 
for this equipment varied from 44% to nearly 100% [Organiscak and Page 1999]. This study 
further showed a wide variability in dust concentration and silica content within the same 
enclosed cab measured intermittently over an 8-month period [Organiscak and Page 1999]. 
Additional NIOSH field studies of retrofitting five older enclosed cabs with air filtration system 
improvements also showed their cab dust reduction efficiency varied from 64% to 99% [Chekan 
and Colinet 2003; Organiscak et al. 2003; Cecala et al. 2003, 2005]. These studies indicate that 
cab air filtration system design and operational factors influence dust control effectiveness and 
the ability to control operator dust exposure. 

To better qualify air filtration system design and operational factor effects on enclosed 
cab dust control performance, controlled laboratory experiments were performed on an enclosed 
cab test stand at the NIOSH Pittsburgh Research Laboratory (PRL). These experiments exam-
ined the independent factor effects of intake filter efficiency, intake filter loading (airflow resist-
ance), intake air leakage around the filter, recirculation filter use, and wind on cab performance. 
                                                 
2Code of Federal Regulations. See CFR in references. 
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The dependent cab performance variables measured included cab particulate penetration, intake 
airflow, recirculation airflow, intake filter pressure, cab pressure, and intake air leakage. Addi-
tional experiments were also conducted on the enclosed cab test stand to investigate the effects 
of adding an intake pressurizer to the filtration system. 
 

TEST APPARATUS AND MEASUREMENT METHODS 
 

An experimental cab test apparatus was constructed having cab filtration system features 
similar to those of existing equipment cabs. The cab test apparatus was a 72-ft3 painted plywood 
enclosure 6 ft high by 3 ft wide by 4 ft deep on rolling casters (Figure 1). The front side was a 
hinged door with a Plexiglas window to observe the interior of the enclosure. The enclosure 
joints were sealed with silicon, and the entry door was sealed with high-density foam tape to 
ensure good cab integrity. Three 1-in-diam holes were uniformly spaced in the Plexiglas window 
on the front door and on the opposing back side wall of the cab to allow intake air to uniformly 
exit the cab at positive pressure. 
 
 

 
 

Figure 1.—Experimental cab test apparatus. 
 
 

A 27.6-V dc, variable-speed, Ametek RTP1400 brushless dual-fan blower was mounted 
on the front half of the enclosure roof with discharge vents located through the cab ceiling near 
the front door. The dual-fan blower’s air pressure-quantity characteristic curve at maximum 
speed is shown in Figure 2. A mockup roof-mounted HVAC Plexiglas housing encased the dual-
fan blower, and a 1-ft by 2-ft cab recirculation air inlet was placed through the opposing back 
side of the roof/ceiling. A frame and holding bracket were incorporated around the ceiling inlet 
for installing a pleated panel filter. Another 1-ft by 2-ft cab inlet was placed near the back floor 
of the cab and was connected to the back side of the mockup HVAC enclosure on the cab roof 
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with a transition, two 90° PVC elbows, and 6-in-diam PVC pipe. An inlet cover panel with high-
density foam on the perimeter was used to close either inlet during testing. During this testing, 
the cab recirculation air was drawn only through the ceiling inlet, which is similar to many of the 
roof-mounted retrofit HVAC systems. 

 
 

 
 
 

Figure 2.—Air pressure-quantity characteristic curves of fans on experimental cab apparatus. 
 
 

Outside makeup air was brought into the side of the mockup HVAC system housing 
through either of two 3-in-diam PVC pipes connected to an exterior Plexiglas filter box. One of 
the pipes drew air from the filter box with only the recirculation fans. The other pipe could be 
pressurized with intake air from a 15- to 27.6-V dc, variable-speed, Ametek ECDC brushless 
single-fan blower located inside the filter box. The single-fan blower’s air pressure-quantity 
characteristic curve at maximum speed is shown in Figure 2. Both PVC intake air pipes were 
fitted with ball valves so either intake delivery system could be individually tested. The filter 
sampling box had an inlet hole and bracket to accommodate an intake cylindrical filter cartridge 
on the exterior of the box. The filter box also had a ½-in-inside-diam barbed hose fitting opening 
for leakage testing around the intake filter. 
 Several of the cab’s operating parameters were measured during testing with static air 
pressure gauges and airflow monitors, electronically recording to a Telog R-3307 seven-channel 
data acquisition system (Telog Instruments, Inc., Victor, NY). The negative differential pressure 
across the exterior to interior of the intake filter box was measured with a 0- to 2-in w.g. 
Magnehelic pressure instrument with a 4- to 20-mA output (Dwyer Instruments, Inc., Michigan 
City, IN). Cab enclosure positive-pressure differential was measured with a 0.0- to 0.5-in w.g. 
Magnehelic pressure instrument with a 4- to 20-mA output (Dwyer Instruments, Inc., Michigan 
City, IN). Leakage into the filter box was measured with a 0- to 300-L/min TSI Model 4040 
Thermal Mass Flowmeter with a 0- to 10-V analog output (TSI, Inc., Shoreview, MN). Wind 
speed was measured on the top left corner of the cab with a 0- to 6,000-ft/min AIRFLOW AV6 
Digital Handheld Vane Anemometer with a 0- to 1-V analog output to verify consistent airflow 
conditions during the test (AIRFLOW, Buckinghamshire, U.K.). 
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 Other cab operating data measured before and after each test were intake airflow, recircu-
lation airflow, average wind speed, and atmospheric conditions. Intake airflow velocity was 
centerline measured inside the 3-in-diam PVC intake pipe with a 0- to 6,000-ft/min TSI Model 
8346 VelociCALC Hot Wire Anemometer (TSI, Inc., Shoreview, MN). The recirculation airflow 
was measured with a 0- to 2,000-ft3/min Alnor Standard Balometer Capture Hood placed over 
the ceiling inlet/filter (TSI, Inc., Alnor Products, Shoreview, MN). Wind speed measurements 
were made with a Davis handheld vane anemometer for 1-min periods on each side and top of 
the cab (Figure 3). Atmospheric wet- and dry-bulb temperatures were taken with a Davis Inotek 
battery-operated psychrometer (Davis Inotek, Baltimore, MD). Barometric pressure was mea-
sured with a Pretel AltiPlus K2 Electronic Altimeter (France). 
 
 

 
 
 

Figure 3.—Laboratory cab test apparatus used in PRL’s longwall test gallery. 
 
 

The cab particulate penetration performance was measured by relative comparisons of 
particle count concentrations inside (C1) and outside (C3) the cab test stand, challenged with 
ambient air particles (see Figure 3). Portable handheld HHPC-6 particle counters with six custom 
channel sizes of 0.3, 0.5, 0.7, 1.0, 3.0, and 5.0 μm were operated at 2.83 L/min (0.1 ft3/min) 
(Hach Ultra Analytics, Grants Pass, OR). Differential size particle counting was conducted in 
concentration mode over a sample volume of 2.83 L or for 1-min sampling periods. The instru-
ments were mounted inside the enclosure and sampled at the designated locations remotely 
through 18-in lengths of 1/8-in-inside-diam Tygon tubing with isokinetic inlet probes. The 
manufacturer’s 0.45-in-diam isokinetic inlet probes were used at all locations except on the 
outside sampling location during the wind tests. For these tests, a 1/8-in-diam isokinetic probe 
inlet was used to more closely match up the inlet sampling velocity to the incoming wind veloc-
ity. Particle counts per liter were recorded for 1-min time periods in the instruments’ internal 
buffer/memory. Since the largest measurable fraction of ambient air particles was in the sub-
micron size range, the three smaller particle counter channels were summed to determine the 
submicron (0.3- to 1.0-μm) respirable particle count concentrations inside (C1) and outside (C3) 
the cab enclosure for each minute of the test. Also, cab intake air particle count concentrations 
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(C2) were measured with another HHPC-6 inside the filter box to determine intake filter effi-
ciency under no leakage conditions around the intake filter. 

Submicron particle cab penetration (Pen = C1/C3) performance was determined from 
corresponding 15-min averages at reasonably stable interior cab concentrations. The time for the 
cab enclosure concentrations to decay and reach interior stability depended on several factors 
such as intake filter efficiency, intake airflow, recirculation filter use, initial inside particle count 
concentration, and outside particle count concentration. One presumption for interior cab 
concentration stability is a constant or stable outside concentration. Preliminary cab testing indi-
cated that after closing the enclosure door most of the interior concentration decay occurred 
within 15 and 30 min with and without the recirculation filter, respectively. Ambient air concen-
trations were also found to be reasonably stable during these preliminary tests. Therefore, experi-
mental cab tests were conducted for 30- and 45-min periods with and without the recirculation 
filter, respectively, to achieve a reasonably steady concentration averaging period for the last 
15 min of a test. A cab decay time for each test was estimated by the number of 1-min time 
periods it took to reach the average inside concentration for the last 15 min of the test. Finally, 
it must be noted that cab penetration (Pen) will be reported throughout this report, but can be 
easily converted to a cab reduction efficiency (% cab reduction efficiency = (1 – Pen) × 100%) 
or a cab protection factor (cab protection factor = 1/Pen) [Organiscak et al. 2003]. 
 

EXPERIMENTAL CAB TEST FACTORS 
 

Experiments were conducted on the cab test apparatus to study multiple filtration system 
factors on cab penetration. Table 1 shows these experimental test factors for cab filtration sys-
tems without and with an intake pressurizer fan (referred to as “pressurizer”). The test factors 
studied on the cab filtration system without the pressurizer were intake filter efficiency, intake 
filter loading (airflow resistance), intake air leakage around the filter, recirculation filter use, and 
wind. This series of testing was conducted in PRL’s longwall test gallery with the cab’s front 
door and three air exit holes oriented into the wind direction, as shown in Figure 3. The cab was 
positioned in the cross-section of the gallery so as to achieve reasonably equal air velocities on 
both sides and top of the cab. The maximum wind velocity that could be reached inside the long-
wall gallery was 10 mph. Wind infiltration into the cab was previously shown to occur when cab 
pressure is exceeded by wind velocity pressure [Heitbrink et al. 2000]. 
 
 

Table 1.—Experimental cab test factors 
 

Filtration system without 
intake pressurizer fan 

Filtration system with 
intake pressurizer fan Test factors 

Low-level (−1) High-level (+1) Low-level (−1) High-level (+1) 
(A)  Intake filter efficiency Single-stage Multistage (a) Single-stage Multistage (a) 
(B)  Intake filter loading Unloaded  Loaded (b) Unloaded  Loaded (b) 
(C)  Intake air leakage Sealed ½-in hole (c) Sealed ½-in hole (c) 
(D)  Recirculation filter None Panel filter (d) None Panel filter (d) 
(E)  Wind  Calm 10 mph (e) Calm Calm 
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Identical experimental test factors were studied on the cab filtration system with the 
pressurizer, except for wind. Wind was excluded from the pressurizer tests since the cab pressure 
was certain to be above the 0.05-in w.g. velocity pressure generated by the 10-mph wind velocity 
inside the longwall test gallery. This series of testing was conducted in the high bay area outside 
the gallery, as shown in Figure 1. 

The experimental cab test factors shown in Table 1 are described below. The low- and 
high-level conditions are mathematically represented by −1 and +1, respectively, for subsequent 
linear regression modeling of the test levels. The high level of cab test factors A, B, C, D, and E 
in Table 1 are also coded by lower-case letters a, b, c, d, and e, respectively, to conveniently 
describe test conditions. For example, the test condition ade without the pressurizer represents a 
multistage intake filter (a), an unloaded intake filter, a sealed intake leakage, a recirculation 
panel filter (d), and a 10-mph wind velocity (e) test. 
 
(A)  Intake Filter Efficiency 

 •  Low-level (−1):  A single-stage, round pleated cellulose filter cartridge (7-in-diam by 
13-in-long, Donaldson Co., Inc., Minneapolis, MN) with lower submicron particle size filter 
efficiency. 
 •  High-level (+1) (a):  A multistage, round microglass and electrostatic contiguous 
layered filter cartridge (7-in-diam by 12-in-long, Clean Air Filter, Defiance, IA) with higher 
submicron particle size filter efficiency. 

 
(B)  Intake Filter Loading 

  •  Low-level (−1):  An unloaded intake filter was tested in what was considered as new 
condition (without any exposure to heavy or coarse dust loading). 
 •  High-level (+1) (b):  A loaded intake filter was simulated by placing a round cut piece 
of 14-gauge perforated plate (3/32-in-diam holes staggered 3/16 in center to center) fitted 
flush within the interior of the filter gasket area and outlet hole of the filter cartridge. A 2-in-
wide strip of duct tape was also placed down the center of the perforated plate to help 
noticeably increase filter resistance. Increasing intake filter resistance is used to simulate 
dust-loading effects on the cab filtration system. 

 
(C)  Intake Air Leakage 

 •  Low-level (−1):  The ½-in-inside-diam hole in the filter box was sealed or closed. 
 •  High-level (+1) (c):  The ½-in-inside-diam hole in the filter box was open. The TSI 
Model 4040 Thermal Mass Flowmeter was connected with tubing to this hole for measuring 
the quantity of the leak. 

 
(D)  Recirculation Filter 

 •  Low-level (−1):  None used. A 12-in-wide by 24-in-long by 4-in-deep 2×4 wood-
constructed open-filter frame blank was inserted into the aluminum frame filter holding 
bracket with a rectangular perforated restrictor plate (same material used for loading the 
intake filter) covering the inlet area side of the bracket. The restrictor plate had equally 
spaced 2-in-wide duct tape strips across it to achieve a targeted balance of 25 ft3/min of 
intake air for the unloaded and more restrictive Clean Air Filter intake filter when used 
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without the recirculation filter and pressurizer. The HVAC dual-fan blower had to be run at 
maximum speed to achieve this target intake airflow. 
 •  High-level (+1) (d):  The recirculation filter used was an American Air Filter (AAF) 
pleated microglass panel filter (12-in-width by 24 in-length by 4-in-depth nominal size). 
It had an American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) minimum efficiency reporting value (MERV) of 15, or 85%–94.9% in the 
0.3- to 1.0-μm size range at a rated airflow capacity of 1,000 ft3/min. This filter was inserted 
into the aluminum frame holding bracket with the perforated restrictor plate. 

 
(E)  Wind  (only tested on the cab filtration system without pressurizer) 

 •  Low-level (−1):  Cab was tested at a calm air velocity condition inside the longwall test 
gallery. 
 •  High-level (+1) (e):  Cab was tested at a 10-mph wind velocity condition inside the 
longwall gallery. 

 
 Cab filtration system fan speeds were kept constant throughout experiments to examine 
the test factor effects on cab performance. All of the tests were conducted with the HVAC dual-
fan blower set to maximum speed. The intake pressurizer testing was conducted with its fan 
speed set in the middle of its operating range so the cab pressure instrumentation would not 
exceed its maximum of 0.5 in w.g. 
 

EXPERIMENTAL DESIGN 
 
 Experiments were conducted on all of the cab test factor combinations shown in Table 1 
for each filtration system. These cab factor test combinations were conducted in several series or 
blocks of experiments. The first series of experiments was conducted on the cab filtration system 
without the intake pressurizer. Laboratory testing of this filtration system configuration was 
based on a five-factor, two-level factorial experimental design [Myers and Montgomery 1995]. 
This design was split into two blocks of half-fraction experiments (see Appendix A) [Myers and 
Montgomery 1995]. Each half-fraction is a full two-level factorial design for the four cab factor 
configurations (ABCD) with wind velocity (E) testing split equally between the half-fraction 
blocks of experiments. This design permits screening of a half-fraction block of data for the 
significant single factor and two factor interactions [Myers and Montgomery 1995]. 
 The experimental run conditions were randomized, but testing was conducted by running 
a test period with one HHPC-6 instrument sampling inside and another HHPC-6 instrument 
sampling outside the cab enclosure and then switching these instruments for a subsequent second 
test period under the same experimental run conditions. Each experimental run condition was 
randomly conducted twice, providing four enclosed cab testing periods. Although the particle 
counting instruments were individually factory-calibrated, they were switched for the subsequent 
test periods to average out any instrument biases. Experimental runs were usually repeated more 
than two times if the ambient test concentration exceeded 100,000 counts/L or if there was 
noticeable cab penetration variation (standard deviation > 0.035). Since preliminary statistical 
analysis on the first half-fraction block of the experimental design indicated significance for all 
factors either individually or as interactions, the second half-fraction block of the experimental 
design was subsequently conducted to complete the full five-factor, two-level factorial experi-
mental design. A total of 74 randomized conditional runs or 148 tests were conducted for the 
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complete two-level factorial experimentation. The first and second half-fraction of experimental 
data are shown in Tables B-1 and B-2, respectively, in Appendix B. 
   Lastly, another series or block of experiments was conducted on the cab test apparatus 
configured with the pressurizer fan. These tests were conducted without wind and in similar 
fashion as described above. This testing followed the four-factor, two-level factorial experi-
mental design (ABCD) shown in Table A-1. A total of 34 randomized conditional runs or 68 tests 
were completed during these experiments. Table B-3 shows the pressurizer block of experi-
mental data. 
 

EXPERIMENTAL RESULTS 
 

The two largest test factors that influenced cab penetration (Pen) for all of the experi-
ments were intake filter efficiency and recirculation filter. Figures 4 and 5 show box-and-whisker 
plots of the cab penetration data classified by the intake filter and recirculation filter use for the 
first series of experiments without the pressurizer and for the second series of experiments with 
the pressurizer, respectively. Each box-and-whisker section represents 25% of the data collected, 
with the median displayed in the middle of the boxes. The open point shown outside the whisker 
in Figure 4 is an outlying data point. Figures 4 and 5 illustrate significant differences in cab Pen 
between the intake filters by themselves and with a recirculation filter. Using the recirculation 
filter made a significant reduction in cab Pen compared to the intake filter by itself. The figures 
also show that the cab Pen performance of the lower-efficiency intake filter in combination with 
the recirculation filter was similar to the cab performance of the higher-efficiency intake filter by 
itself. The effects of the other experimental test factors can be seen in the spread of Pen data in 
both of these figures. 
 
 
 
 

 
 
 

Figure 4.—Box-and-whisker plot of cab Pen for filter combinations without pressurizer. 
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Figure 5.—Box-and-whisker plot of cab Pen for filter combinations with pressurizer. 
 
 

Cab Pen and other cab performance statistics were also computed and examined with 
respect to the experimental test factors. Table 2 shows the cab performance statistics (average 
and minimum-maximum) for three key test factors (intake filter efficiency (A), intake filter 
loading (B), and recirculation filter (D)) for the first series of experiments on the filtration system 
without a pressurizer. Average intake filter efficiencies measured for submicron size particles 
(0.3–1.0 μm) are also reported in this table. The wind velocity conditions were not differentiated 
in this table since this factor did not exhibit noticeable differences in cab Pen compared to the 
other experimental factors. Table 3 shows similar cab performance statistics for the second series 
of cab experiments on the filtration system with a pressurizer. 

Table 2 again shows that the largest reductions in cab Pen without the pressurizer were 
achieved with an increase in intake filter efficiency and the use of a recirculation filter. The 
lower-efficiency filter provided an average cab Pen of 0.635 and 0.569 for the unloaded and 
loaded intake filter, respectively, without the recirculation filter. These average cab Pens signifi-
cantly decreased to 0.134 and 0.054, respectively, with the recirculation filter. The higher-
efficiency filter provided an average cab Pen of 0.072 and 0.131 for the unloaded and loaded 
intake filter, respectively, without the recirculation filter. These average Pens significantly 
decreased to 0.007 and 0.009, respectively, with the recirculation filter. The recirculation filter 
also decreased the decay time needed for the cab interior concentrations to go down and stabilize 
after the cab door was closed. The average decay times ranged from 16 to 29 min without the 
recirculation filter and from 7 to 9 min with the recirculation filter. 

Table 3 similarly shows that the largest reductions in cab Pen with the pressurizer were 
achieved with an increase in intake filter efficiency and the use of a recirculation filter. The 
lower-efficiency filter provided an average cab Pen of 0.693 and 0.609 for the unloaded and 
loaded intake filter, respectively, without the recirculation filter. These average Pens signifi-
cantly decreased to 0.194 and 0.073, respectively, with the recirculation filter. The higher-
efficiency filter provided an average cab Pen of 0.071 and 0.108 for the unloaded and loaded 
intake filter, respectively, without the recirculation filter. These average Pens significantly 
decreased to 0.009 and 0.010, respectively, with the recirculation filter. The recirculation filter 
also decreased the decay time needed for the cab interior concentrations to go down and stabilize 
after the cab door was closed. The average decay times ranged from 17 to 25 min without the 
recirculation filter and from 6 to 11 min with the recirculation filter. 
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Table 2.—Cab testing results without pressurizer 
(Top number is average; bottom italicized numbers are minimum-maximum range) 

 

Intake filter 
and effi-

ciency, % 
(A) 

Intake 
filter 

loading 
(B) 

Recirculation 
filter 
(D) 

Pen 
C1 /C3 

QI  , 
ft3/min 

−Δpf , 
in w.g. 

l 
% of QI 

QR , 
ft3/min 

+Δpc , 
in w.g. 

Decay 
time, 
min 

Single-stage 
35% 

Unloaded 
 

None 0.635 
0.557-0.690 

48.8 
45.4-50.6 

0.16 
0.14-0.18 

0.8 
0.0-1.7 

358 
338-368 

0.24 
0.21-0.28 

16 
1-38 

Single-stage 
32% 

Unloaded Panel filter 0.134 
0.122-0.148 

58.7 
56.0-61.0 

0.22 
0.19-0.23 

0.8 
0.0-1.8 

318 
300-328 

0.31 
0.28-0.37 

7 
1-21 

Single-stage 
44% 

Loaded None 0.569 
0.426-0.637 

21.5 
20.5-22.3 

0.50 
0.46-0.53 

3.7 
0.0-7.8 

378 
368-390 

0.08 
0.05-0.12 

18 
3-38 

Single-stage 
42% 

Loaded Panel filter 0.054 
0.045-0.059 

25.2 
23.6-27.2 

0.69 
0.67-0.72 

4.3 
0.0-7.9 

337 
332-345 

0.09 
0.06-0.10 

 9 
1-23 

Multistage 
>99% 

Unloaded 
 

None 0.072 
0.027-0.132 

22.8 
21.0-25.0 

0.48 
0.45-0.51 

3.4 
0.0-7.1 

383 
370-390 

0.09 
0.06-0.12 

27 
15-36 

Multistage 
>99% 

Unloaded Panel filter 0.007 
0.002-0.012 

28.7 
26.2-30.2 

0.64 
0.62-0.67 

3.2 
0.0-6.5 

332 
318-345 

0.10 
0.07-0.12 

7 
2-20 

Multistage 
>99% 

Loaded None 0.131 
0.040-0.211 

14.9 
13.8-16.2 

0.54 
0.50-0.58 

3.7 
0.1-11.6 

388 
365-398 

0.06 
0.03-0.09 

29 
12-39 

Multistage 
>99% 

Loaded Panel filter 0.009 
0.003-0.014 

18.8 
17.2-20.2 

0.74 
0.71-0.77 

6.3 
0.1-10.8 

344 
330-350 

0.06 
0.04-0.09 

9 
1-23 

 
 

Table 3.—Cab testing results with pressurizer 
(Top number is average; bottom italicized numbers are minimum-maximum range) 

 

Intake filter 
and effi-

ciency, % 

Intake 
filter 

loading 
(A) (B) 

Recirculation 
filter 
(D) 

Pen 
C1 /C3 

QI  , 
ft3/min 

−Δpf , 
in w.g. 

l 
% of QI 

QR , 
ft3/min 

+Δpc , 
in w.g. 

Decay 
time, 
min 

Single-stage 
29% 

Unloaded 
 

None 0.693 
0.636-0.720 

80.1 
78.2-82.0 

0.31 
0.31-0.33 

0.8 
0.0-1.6 

342 
340-348 

0.44 
0.42-0.45 

22 
0-36 

Single-stage 
29% 

Unloaded Panel filter 0.194 
0.179-0.211 

91.8 
89.4-93.4 

0.39 
0.38-0.40 

0.9 
0.0-1.6 

310 
305-315 

0.47 
0.44-0.49 

8 
1-26 

Single-stage 
39% 

Loaded None 0.609 
0.596-0.620 

30.2 
29.2-31.4 

0.96 
0.94-1.01 

3.8 
0.0-7.7 

383 
370-395 

0.10 
0.09-0.11 

 17 
3-40 

Single-stage 
39% 

Loaded Panel filter 0.073 
0.064-0.079 

33.2 
31.9-34.8 

1.16 
1.13-1.21 

3.8 
0.0-7.7 

338 
332-345 

0.12 
27-32 

 11 
1-21 

Multistage 
>99% 

Unloaded 
 

None 0.071 
0.030-0.107 

39.2 
38.0-40.8 

0.87 
0.84-0.88 

2.8 
0.0-5.7 

370 
358-378 

0.16 
0.14-0.17 

25 
12-36 

Multistage 
>99% 

Unloaded Panel filter 0.009 
0.004 -0.012 

44.8 
43.4-46.0 

249 
0.99-1.02 

2.7 
0.0-5.4 

335 
325-342 

0.20 
0.18-0.21 

8 
 2-21 

Multistage 
>99% 

Loaded None 0.108 
0.037-0.178 

23.1 
21.4-25.0 

1.04 
1.02-1.06 

4.0 
0.1-10.0 

387 
380-395 

0.07 
0.06-0.08 

20 
 13-32 

Multistage 
>99% 

Loaded Panel filter 0.010 
0.003–0.018 

26.4 
24.6-28.6 

1.24 
1.23-1.25 

4.9 
0.1-9.8 

341 
330-350 

0.08 
0.07-0.09 

6 
1-16 
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Adding the intake pressurizer fan to the cab filtration system resulted in minor changes to 
the cab Pen from the increased airflow through the intake filter. A comparison of Tables 2 and 3 
shows the cab Pen for the lower-efficiency intake filter tests perceptibly increased with the addi-
tion of the pressurizer. This corresponded to higher intake airflows and decreased intake filter 
efficiency with the pressurizer versus without the pressurizer. Cab Pen change was negligible for 
the higher-efficiency filter with the addition of the pressurizer, corresponding to negligible 
changes in intake filter efficiency over the range of airflows achieved with and without the 
pressurizer. The pressurizer did not significantly change the recirculation airflow quantity (QR) 
for identical filter combinations. 

The intake filter differential pressure (−Δpf ), cab intake airflow quantity (QI), cab differ-
ential pressure (+Δpc), and intake air leakage (l) all noticeably changed for the filter test factor 
combinations and pressurizer as shown in Tables 2 and 3. Figure 6 illustrates the indirect 
relationships between intake filter differential pressure (−Δpf ) and cab intake airflow quantity 
(QI) for these experiments. The intake filter differential pressure and airflow quantity data are 
grouped by recirculation filter and pressurizer use, with group associations indicated by dashed 
lines. The data show that the differential pressure across the intake filter was inversely related to 
intake air quantity for all data groups. Adding a recirculation filter increased both the intake air-
flow and intake filter differential pressure, shifting the associated relationship to the top right of 
the graph. The pressurizer additionally increased the intake airflow and filter differential pres-
sure, further shifting these associated relationships to the top right of the graph. 
 
 

 
 
 

Figure 6.—Relationship between intake filter differential pressure and intake airflow.  
 
 

Figure 7 shows the direct cab differential pressure (+Δpc) relationship with respect to 
intake air quantity (QI), with points classified by wind and pressurizer use. This figure clearly 
indicates the direct relationship between cab pressure and intake air quantity. It also shows that 
wind increased cab differential pressure by roughly the wind velocity pressure. The pressurizer 
further increased the intake air quantity and cab pressure. 
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Figure 7.—Relationship between cab differential pressure and intake airflow. 
 
 

The relationship between leakage (l) and intake filter differential pressure (−Δpf ) with the 
½-in-diam leakage hole open is shown in Figure 8. The leakage data are categorized by recircu-
lation filter and pressurizer use with dashed lines drawn through these data groups to illustrate 
their associations. This figure shows the direct relationship between intake leakage and filter 
differential pressure for all of the data groups. The higher-efficiency intake filter and loading 
conditions increased the differential pressure and leakage across all data groups. 
 
 
 

 
 
 

Figure 8.—Relationship between intake leakage and intake filter differential pressure. 
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STATISTICAL ANALYSIS 
 
 Linear regression analysis was conducted to statistically quantify the relationship 
between the cab testing factors (considered independent variables) and cab penetration (depend-
ent variable). Since the box-and-whisker plots of Figures 4 and 5 illustrate an extensive data 
range, nonnormality, and unequal variance in the dependent cab penetration variable, it was 
transformed by using natural logarithms (ln Pen) to stabilize regression modeling variance 
[Myers and Montgomery 1995]. Linear regression analysis was conducted on comparative sets 
of experimental data. Both half-fractions of the cab filtration configuration without the pressur-
izer were analyzed together for the five experimental test factors (intake filter efficiency (A), 
intake filter loading (B), intake air leakage (C), recirculation filter (D), and wind (E)). A stepwise 
regression analysis of the dependent variable (ln Pen) with respect to the single factors and two-
factor interactions was conducted and is shown in Appendix C. The cab filtration system with 
and without the intake pressurizer configurations were also comparatively analyzed excluding 
the 10-mph wind tests. Appendix D shows this stepwise regression model and analysis for the 
dependent variable (ln Pen) with respect to the single factors, two-factor interactions, and 
pressurizer (a blocking factor). All stepwise regression model factors and interactions were 
successively selected by the highest level of significance on cab Pen with no factor removal 
during the analysis. Table 4 shows the statistically significant experimental factors and inter-
actions, listed in descending order of significance for both regression analyses. 
 
 

Table 4.—List of statistically significant regression factors affecting cab Pen 
 

Regression 
selection 

order 

Filtration system tests without 
intake pressurizer fan 

Filtration system tests with and without 
intake pressurizer fan, excluding wind 

1 Recirculation filter (D) Intake filter efficiency (A) 
2 Intake filter efficiency (A) Recirculation filter (D) 
3 Intake filter efficiency × loading (AB) Leakage (C) 
4 Leakage (C) Intake filter efficiency × loading (AB) 
5 Intake filter efficiency × leakage (AC) Intake filter efficiency × leakage (AC) 
6 Intake filter efficiency × recirculation filter (AD) Loading × recirculation filter (BD) 
7 Loading × recirculation filter (BD) Intake filter efficiency × recirculation filter (AD) 
8 Loading × wind (BE) Loading (B) 
9 Loading × leakage (BC) Pressurizer (P) 

 
 
 Analysis of both filtration systems showed comparable top seven regression factors, 
selected in a somewhat different order. Table 4 again illustrates that the top two experimental 
factors were the intake filter efficiency and the recirculation filter for both filtration systems 
tested. It also shows that leakage had a significant effect on cab Pen for both systems. Further-
more, cab Pen was significantly affected by intake filter efficiency interactions with loading, 
leakage, and recirculation filter use. Wind (eighth, as an interaction) and the pressurizer (ninth, 
as a blocking factor) were some of the least significant factors selected by regression analyses. 
The analyses clearly reveal the multifaceted experimental factor effects on cab Pen, with inter-
actions suggesting factor codependence with other cab operating variables. 
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MATHEMATICAL MODEL FOR CAB PENETRATION 
 

The cab test factor codependence with several other cab operating variables can be 
observed in Tables 2 and 3 and Figures 6 through 8. The air pressure and quantity relationships 
for the cab filtration system indicate that air quantity balance of contaminants within the system 
may better describe cab penetration. This cab filtration mathematical model is developed in 
Appendix E. It was formulated from a basic time-dependent mass balance model of airborne sub-
stances within a control volume. This mathematical model was particularly formulated for 
steady-state conditions in Appendix E and is shown below. It describes cab penetration in terms 
of intake filter efficiency, intake air quantity, intake air leakage, recirculation filter efficiency, 
recirculation filter quantity, and outside wind quantity infiltration into the cab. 
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This equation can also be expressed in other useful forms: 
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where   x      =  inside cab contaminant concentration, 
   C     =  outside cab contaminant concentration, 
   Pen  =  ratio of inside to outside contaminant concentration, or x/C, 
   QI    =  intake air quantity into the cab, 
   ηI    =  intake filter efficiency, fractional, 
   QL   =  air leakage quantity around the intake filter, 
   l      =  fractional portion of intake air leakage, or QL /QI , 
   QR   =  recirculation filter airflow, 
   ηR   =  recirculation filter efficiency, fractional, 
and   Qw   =  wind quantity infiltration into the cab. 
 
 NOTE:   The above equations are dimensionless, so air quantities used in these equations 
must have equivalent units. Also, filter efficiencies and intake air leakage used must be fractional 
values (not percentage values). 
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Verification of this model was examined using the experimental data. Many of the above 
model variables were directly measured during experimental testing, except for the recirculation 
filter efficiency and wind quantity infiltration into the cab. To determine the experimental 
recirculation filter efficiency for validating this model, additional particle counting testing was 
conducted upstream and downstream of the recirculation filter to measure its filter efficiency. 
The AAF recirculation filter panel was tested at the cab floor inlet with the ceiling inlet blocked, 
intake air ducts closed, and cab door opened. A sealed horizontal plywood barrier was installed 
inside the cab, 1.5 ft parallel and above the floor, to create a separate intake sampling duct 
section to the recirculation filter. A particle counter sampled the ambient air in the intake section 
to the filter, and a particle counter sampled the filtered air inside the middle straight section of 
the 6-in-diam PVC recirculation duct (see PVC tube on the outside of the cab shown in 
Figure 1). Isokinetic sampling inlets were used to match sampler inlet velocities to air duct 
velocities. A VelociCalc Hot Wire Anemometer was used to measure the airflow in the PVC 
recirculation duct, and the HVAC dual-fan blower was operated at full speed during these tests to 
achieve recirculation filter airflow comparable with the experiments. Filter tests were conducted 
over a 15-min sampling period with the particle counting instruments switched between succes-
sive tests. 

Table 5 shows the filter efficiency results for eight filter tests. Average recirculation filter 
efficiency measured with ambient air was 72.4% for 346 ft3/min of airflow. Another similar AAF 
filter panel (not used in the experiments) was tested and showed a comparable filter efficiency of 
71.1% for 347 ft3/min of airflow. These filter efficiencies were observed to be less than their 
MERV 15 rating of 85%–94.9% in the 0.3- to 1.0-μm size range. The lower filter efficiencies 
found in these particular tests are most likely due to a relatively larger portion of 0.3- to 0.5-μm-
sized particles measured in ambient air compared to a more balanced aerosol size range used in 
the MERV test procedure. 

 
 

Table 5.—Recirculation filter efficiency results 
for 0.3- to 1.0-μm-sized particles 

 

Filter 
test 

Test 
time, 
min 

Filter 
airflow, 
ft3/min 

Upstream 
concentration, 

counts/L 

Downstream 
concentration, 

counts/L 

Filter 
efficiency,1 

% 
1 15 346 11,296  2,859 74.7 
2 15 346 10,912  2,738 74.9 
3 15 348 24,934  7,007 71.9 
4 15 347 24,020  6,723 72.0 
5 15 344 28,718  8,216 71.4 
6 15 346 39,395 11,382 71.1 
7 15 344 36,635 10,427 71.5 
8 15 346 30,505  8,702 71.5 

Average 15 346 25,802  7,257 72.4 
1Filter efficiency = ((upstream conc. – downstream conc.) /upstream conc.) × 100%. 

 
 
 Wind quantity infiltration into the cab during these experiments could not be directly 
measured, but could be estimated for the three orifice openings facing directly into the wind by 
applying the general orifice flow equation described in Appendix E (Equation E-15) and shown 
below [Streeter and Wylie 1979]. The particular orifice flow equation when the wind velocity 
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pressure exceeds cab static pressure (Equation E-16) described in Appendix E could not be 
applied in these particular experiments because the wind velocity pressure never exceeded the 
cab pressure during the 10-mph wind tests [Heitbrink et al. 2000]. 
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where   vo     =  air velocity through an orifice, 
   Qo    =  airflow quantity through an orifice, 
   Cd    =  orifice discharge coefficient, 
   Ao    =  area of orifice, 
   Δpo  =  air pressure differential across orifice, 
and   ρair  =  air density. 
 
 Wind infiltration into the cab was presumed to occur when wind velocity exceeded the 
cab exit air velocity out of the three orifices opposed to the wind. Cab exit air velocity was 
initially calculated by assuming that the measured intake air quantity into the cab would exit 
equally through the six 1-in-diam holes with a discharge coefficient of 0.61 (a reasonable circu-
lar orifice coefficient [Streeter and Wylie 1979], also used in the wind penetration Equation E-16 
[Heitbrink et al. 2000]). When wind velocity exceeded this cab exit air velocity, the difference 
was anticipated to be the wind velocity penetration through the opposing front three holes in the 
cab door, with all of the cab airflow exiting out the back three holes. Equation E-15 was used to 
estimate this wind air quantity forced into the front three holes. Wind quantity infiltration into 
the cab was estimated to vary from 0.8 to 1.8 ft3/min only for 10 tests under wind test conditions 
abe and abce. The high-efficiency intake filter (a) under loaded conditions (b) had some of the 
lowest cab intake airflows that could be overcome by the 10-mph wind (e) in these particular 
experiments, confirming the loading (B) and wind (E) regression factor interaction with cab Pen 
in Table 4. The increase in cab pressures measured for tests with wind versus without wind (see 
Figure 7) supports the premise that more airflow is disproportionately discharged out a smaller 
area through the back three holes of the cab. 

The cab operating variables for these experiments were applied in the above mathe-
matical penetration model to examine its agreement with the actual cab penetration measured by 
the particle counters. Intake filter efficiencies measured without leakage for the particular filter 
and loading conditions (shown in Tables 2 and 3) were used in the model, as well as the 72.4% 
recirculation filter efficiency determined above. The other model variables (intake air quantity, 
intake air leakage, recirculation air quantity, and wind quantity penetration) were obtained from 
the experimental data in Appendix B. 

Figure 9 shows the graph for the mathematically modeled cab Pen results compared to 
the experimentally measured cab Pen for all test conditions. A unity line is drawn on the graph to 
visually inspect how well the model compared to the measurements. This figure illustrates that 
the model provides a reasonable estimate of the cab Pen using the cab filtration system operating 
variables. The open points in the lower left of the graph illustrate some of the ab tests conducted 
at lower outside particle count concentrations (<15,400 particle counts/L), noticeably increasing 
the measured cab Pen. Additional ab experimental tests were conducted to measure cab Pen at 
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higher outside particle count concentrations (see Tables B-2 and B-3 in Appendix B). Others 
have also reported unreliable cab Pen measurements if outside cab particle counts are too low to 
show measurable differences with respect to those inside the cab [Heitbrink et al. 1998]. Given 
these experimental variations, the mathematical model seems to provide a reasonable estimate of 
the cab penetrations. 
 
 

 
 
 

Figure 9.—Mathematically modeled cab Pen versus experimentally measured cab Pen. 
 
 

DISCUSSION 
 

The cab Pen measured in these laboratory experiments was conducted by counting 
particles found in ambient air. Figure 10 shows the size composition of ambient air particle 
concentrations measured for determining cab Pen during the last 15 min of all the tests. The 
three lines on the graph illustrate the 10th, 50th, and 90th percentiles for all of the experimental 
test data. Most of the particles were found in the submicron range, with a median (50th-
percentile) submicron (0.3- to 1.0-μm) particle count concentration of 32,394 counts/L. These 
submicron particle count concentrations in the ambient air were found to remain reasonably 
constant during the cab test periods, but changed noticeably from day to day. Tables B-1, B-2, 
and B-3 in Appendix B illustrate this by the smaller differences observed in the average outside 
particle count concentrations (C3) for the last 15 min of the test compared to the complete test 
and by the noticeably larger outside particle count concentrations between tests. This particle 
count variation is part of the experimental error. 

The submicron particles in the ambient air were found to be a convenient and reasonable 
cab Pen test medium in these experiments. Only several particular run conditions were repeated 
because of higher cab Pen variability (standard deviation > 0.035) observed from lower ambient 
air particle count concentrations. Furthermore, coincidence error from high ambient particle 
concentrations (uncounted particles hidden behind other particles) seemed to be negligible in 
these experiments. The particle counter instrument coincidence error is specified at 5% for 
2,000,000 particle counts/ft3, or 70,670 particle counts/L. Only 25 of the 216 tests exceeded this 
concentration, with 7 tests exceeding 100,000 particle counts/L. Since most of the experimental 
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runs having some of the higher ambient air concentration tests resulted in cab Pen standard 
deviations below 0.035, coincidence error was considered inconsequential. 
 
 

 
 
 

Figure 10.—Ambient air size classified particle count concentrations. 
 
 

The experimental results and mathematical model developed have several limitations. 
First, the intake air leakage was placed in the negative air pressure plenum of the filtration sys-
tem. Leakage into a negative air pressure plenum can be estimated by using the general orifice 
flow equation. If the leak is on the positive air pressure plenum of the filtration system, air leak-
age into the filtration system is very unlikely unless air velocity pressure is extremely high near 
the leak to induce air suction (venture effect) into the system. Secondly, experimental wind 
infiltration was more readily estimated from the general orifice equation because a portion of exit 
air was discharged directly into the wind. Wind infiltration through other cab exit air discharge 
configurations is much more difficult to determine and model. Wind infiltration into the cab for 
various discharge configurations can be minimized by maintaining cab pressure higher than wind 
velocity pressure. Finally, the mathematical model does not account for any internal cab 
contamination sources, such as transporting and dispersing contaminants inside the cab by 
the operator. 

In addition, examining various levels of cab enclosure integrity was not part of this 
experimentation. These experiments were conducted on a laboratory cab test stand with reason-
ably tight, consistent, and well-controlled enclosure integrity. Exhaust air was discharged 
through three 1-in-diam holes on the front and rear of the cab test stand for a combined area of 
0.033 ft2, or 4.7 in2. It was able to be pressurized to 0.10 in w.g. with 30 ft3/min of intake air and 
had a minimum pressurization of 0.03 in w.g. with 13.8 ft3/min of intake air under calm wind 
conditions (see Figure 7). Therefore, the cab pressure and exit air velocity were only low enough 
to be affected by the 10-mph wind velocity for a small subset of tests, when the higher-efficiency 
intake filter was under loaded conditions. 

In previous NIOSH field studies, cabs were found to have varying degrees of enclosure 
integrity, indicated by their differences in cab pressures. In these field studies, five older 



 20

 

enclosed cabs were retrofitted with air filtration system improvements, and their cab dust reduc-
tion efficiencies varied from 64% to 99% or cab penetrations of 0.36 to 0.01, respectively 
[Chekan and Colinet 2003; Organiscak et al. 2003; Cecala et al. 2003, 2005]. Table 6 
summarizes these results in ascending order of performance achieved with these retrofitted 
installations. All of these cabs had a new roof-mounted HVAC unit installed with a pressurizer 
and filtration system. The Davey M8B drill, CAT 980B loader, and DrillTech DK40 drill had 
Red Dot roof-mounted HVAC systems and a Clean Air Filter intake filter pressurizer. The 
Euclid R-50 and IR DM45E drill had International Transit/Sigma HVAC systems with a single-
stage fan pressurizer and a dual-fan pressurizer, respectively. Intake and recirculation filter 
efficiency performance specifications on the retrofitted cab systems were at least 95% on 
respirable-size dust. Pressurizer airflow specifications for these systems were equal or greater 
than 70 ft3/min. 
 
 
 

Table 6.—Summary of NIOSH enclosed cab field studies 
 

Cab evaluation Cab pressure, 
in w.g. 

Wind velocity 
equivalent,1 

mph 

Average 
inside cab 
dust level, 

mg/m3 

Average 
outside cab 
dust level, 

mg/m3 

Penetration, 
in/out 

Davey M8B drill None detected 0 0.08 0.22 0.36 
Euclid R-50 truck 0.01 4.5 0.32 1.01 0.32 
CAT 980B loader  0.015 5.6 0.03 0.30 0.10 
IR DM45E drill 0.20–0.40 20.3–28.7 0.05 2.80 0.02 
DrillTech DK40 drill 0.07–0.12 12.0–15.7 0.07 6.25 0.01 
1Wind velocity equivalent = (4000 √ Δpcab) ft/min × 0.011364 miles · min/ft · hr @ STP. 

 
 
 During these retrofits, any reasonably repairable cab enclosure cracks, gaps, or openings 
were sealed with silicon and closed-cell foam tape. The cabs had varying degrees of enclosure 
integrity, indicated by their differences in cab pressures. A wind velocity equivalent for the 
measured cab pressures was also calculated using the velocity pressure relationship of the 
general orifice equation (Equation E-15), assuming air density at standard temperature and 
pressure (STP, 70 °F and 29.92 in Hg). These wind velocity equivalents are also shown in 
Table 6 and generally indicate the wind velocity resistance of the cab. Field evaluation of these 
cab systems were conducted with personal gravimetric respirable samplers during three to seven 
operating shifts. 

These field study results show that all of the cab filtration systems reduced outside dust 
penetration into the enclosure, but suggest that enclosed cab integrity was a factor for their range 
of penetration performance. Lower respirable dust cab penetration was observed for two tighter 
cabs that operated from 0.07 to 0.40 in w.g., or wind velocity equivalents of 12 to 28.7 mph, 
respectively. The three cabs that operated from 0 to 0.015 in w.g. or wind velocity equivalents of 
0 to 5.6 mph, respectively, had higher respirable dust penetrations. Since these three cabs had 
achieved cab pressures ≤0.015 in w.g. with 70 ft3/min or more of intake airflow, one can infer 
that these cabs had significantly larger leakage areas than the laboratory cab test stand. These 
leakage areas comprised tough-to-seal enclosure openings around movable mechanical control 
linkages, behind control panels and from other unidentifiable openings on the cab, which are 
susceptible to penetrating air velocities by wind or the equipment itself such as engine fans 
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and/or tire movement. Also, the Euclid R-50 truck could easily exceed the wind velocity 
equivalent of the cab pressure during its traveling operation. Although all of these field studies 
showed that enclosed cab filtration systems reduced outside dust penetration, they also imply that 
better enclosure integrity ensures increased pressurization and resistance to outside penetration 
from wind or high air velocity sources during field operations. 
 

CONCLUSIONS 
 

Cab air filtration system factors were experimentally studied in the laboratory for sub-
micron particulate penetration into the cab enclosure. Both series of experiments indicated that 
the intake filter efficiency and recirculation filter were the two most influential factors on cab 
penetration. The higher-efficiency intake filter (>99% capture efficiency) changed the cab pene-
tration by an order of magnitude over the lower-efficiency intake filter (from 29% to 44% cap-
ture efficiency). Using a recirculation filter (72.4% capture efficiency) further reduced cab 
penetration, usually by an order of magnitude over the intake air filter alone. The recirculation 
filter also significantly decreased the decay time needed for the cab interior concentrations to go 
down and stabilize after the cab door was closed. The average decay times ranged from 16 to 
29 min without the recirculation filter and from 6 to 11 min with the recirculation filter. Thus, 
a recirculation filter mutually reduced cab penetration and exposure time to higher peak concen-
trations after the cab door was closed. 

Air leakage around the intake filter was another significant factor on cab Pen and was 
directly related to the pressure differential across the leak. Loading and leakage interactions 
with the intake filter efficiency were also found to be statistically significant with cab Pen. Wind 
had the least impact on cab Pen between the calm and 10-mph wind velocities tested and was 
only found to be significant as an interaction with intake filter loading without the intake pressur-
izer fan. 

Adding an intake pressurizer fan to the cab filtration system increased intake airflow 
and cab pressure significantly with negligible changes to recirculation airflow and only small 
changes to cab Pen. The lower-efficiency intake filter showed decreased capture efficiency at 
higher intake airflow rates, slightly increasing cab penetration with the pressurizer. The higher-
efficiency intake filter showed negligible changes in filter efficiency and cab penetration at 
higher intake airflows with the pressurizer. Higher intake airflows from the pressurizer increased 
the negative differential pressure across the intake filter and increased the positive differential 
pressure inside the cab. Although cab pressure was directly related to intake air quantity, it does 
not necessarily reflect the intake air quality and overall cab penetration. 

Regression analyses of the laboratory cab test stand results corroborated the significance 
of these experimental test factors on cab Pen, but a more general mathematical penetration 
model was formulated with respect to the cab’s filtration system operating variables. It models 
cab Pen in terms of intake filter efficiency, intake air quantity, intake air leakage, recirculation 
filter efficiency, recirculation filter quantity, and outside wind infiltration. This mathematical 
model was validated by the experimental test data and can be used to assess cab filtration pene-
tration based on these cab filtration design variables. 
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APPENDIX A.—HALF-FRACTION EXPERIMENTAL DESIGN 
 
 

Table A-1 shows the construction of two experimental half-fractions. The lower intake 
filter efficiency, unloaded intake filter, no intake leak, no recirculation filter, and no wind factor 
levels were coded with −1. The higher intake filter efficiency (a), loaded intake filter (b), intake 
leak (c), recirculation filter (d), and wind (e) factor levels were coded with +1. Each half-fraction 
has a full two-level factorial design for the four cab factor configurations (ABCD), with the plus 
and minus wind factor (E) levels in each half-fraction identified by the plus and minus sign of 
the highest-order interaction (identity (I) = +ABCDE and –ABCDE). This partitioned the experi-
mental runs into two identity test blocks with the highest-order interaction (ABCDE) confounded 
[Myers and Montgomery 1995]. 
 
 
 

Table A-1.—Half-fraction experimental design 
 

Factor level Block 1 I = +ABCDE Block 2 I = −ABCDE 
A B C D E Treatment E Treatment 

Run 
Experi-
mental 

condition 
Intake 
filter 

efficiency 

Intake 
filter 

loading 

Intake 
air 

leakage 

Recircu- 
lation 
filter Wind Combination Wind Combination 

1 1 −1 −1 −1 −1 +1 e −1 1 
2 a +1 −1 −1 −1 −1 a +1 ae 
3 b −1 +1 −1 −1 −1 b +1 be 
4 ab +1 +1 −1 −1 +1 abe −1 ab 
5 c  −1 −1 +1 −1 −1 c +1 ce 
6 ac +1 −1 +1 −1 +1 ace −1 ac 
7 bc −1 +1 +1 −1 +1 bce −1 bc 
8 abc +1 +1 +1 −1 −1 abc +1 abce 
9 d −1 −1 −1 +1 −1 d +1 de 

10 ad +1 -1 −1 +1 +1 ade −1 ad 
11 bd −1 +1 −1 +1 +1 bde −1 bd 
12 abd +1 +1 −1 +1 −1 abd +1 abde 
13 cd −1 −1 +1 +1 +1 cde −1 cd 
14 acd +1 −1 +1 +1 −1 acd +1 acde 
15 bcd −1 +1 +1 +1 −1 bcd +1 bcde 
16 abcd +1 +1 +1 +1 +1 abcde −1 abcd 
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APPENDIX C.—STEPWISE REGRESSION ANALYSIS OF FILTRATION SYSTEM 
WITHOUT PRESSURIZER 

 
 

A stepwise linear regression analysis of the dependent variable (ln Pen) with respect to 
the single factors and two-factor interactions was conducted using SPSS Version 15.0 for 
Windows. Table C-1 shows the regression model coefficients with their statistical significance, 
and Table C-2 shows the ANOVA model statistics. The stepwise regression model parameters or 
coefficients shown in Table C-1 were successively selected by the highest level of significance 
on cab penetration with no variable removal in the process. The stepwise regression analysis 
provided a very efficient model with coefficient of multiple determinations (standard and 
adjusted) above 0.98 for the cab filtration system configured without a pressurizer. Figure C-1 
illustrates the goodness of fit of the regression model to the observed response variables. 
Figures C-2 and C-3 illustrate that the normality and equal variance assumptions were 
reasonably met by the natural logarithm transformation of cab penetrations for the regression 
model. This regression model is considered reasonably good, but others could be formulated 
from these experiments. 
 
 
 

Table C-1.—Stepwise regression model without pressurizer 
R2 = 0.983,  R2

adj  = 0.982,  n = 148 
Standard error of regression = 0.220, Durbin-Watson statistic = 1.173 

  

Regression model 
ln Pen = Coefficient Standard 

error t-statistic Significance 
level 

Intercept −2.598 0.018 −142.145 0.000 
Recirculation filter (D) −1.146 0.018   −62.349 0.000 
Intake filter efficiency (A) −1.108 0.018   −60.744 0.000 
Intake filter efficiency × loading (AB)   0.260 0.018     14.203 0.000 
Leakage (C)   0.230 0.018     12.578 0.000 
Intake filter efficiency × leakage (AC)   0.201 0.018     10.932 0.000 
Intake filter efficiency × recirculation filter (AD) −0.168 0.018     −9.136 0.000 
Loading × recirculation filter (BD) −0.162 0.018     −8.766 0.000 
Loading × wind (BE)   0.050 0.018       2.728 0.007 
Loading × leakage (BC) −0.040 0.018     −2.198 0.030 

 
 
 

Table C-2.—ANOVA for stepwise regression model 
without pressurizer 

 
Regression 

model 
      Sum of 
      squares 

Degrees of 
freedom 

Mean 
square F-statistic Significance 

level 
Regression 396.161     9 44.018 906.988 0.000 
Residual 6.697 138   0.049 — — 
    Total 402.858 147 — — — 
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Figure C-1.—Standardized predicted values for regression model without pressurizer. 
 
 
 
 

 
 
 

Figure C-2.—Normal probability plot of standardized residuals without pressurizer. 
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    Figure C-3.—Standardized residuals versus standardized predicted values 
without pressurizer. 
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APPENDIX D.—STEPWISE REGRESSION ANALYSIS OF FILTRATION SYSTEM 
WITH AND WITHOUT PRESSURIZER 

 
 

Regression analysis was conducted with the additional pressurizer test data to statistically 
examine the effect on cab penetration. This regression analyzed the enclosed cab filtration 
system data with and without an intake pressurizer fan and no wind. The cab filtration tests with-
out the pressurizer were considered one block of experiments coded with −1. The cab filtration 
tests with the pressurizer (P) were considered another block of experiments coded with +1. 
A stepwise linear regression analysis of the dependent variable (ln Pen) with respect to the intake 
pressurizer blocks, the single factors, and the two-factor interactions within the blocks was 
conducted using SPSS Version 15.0 for Windows. Table D-1 shows the regression model 
coefficients with their statistical significance, and Table D-2 shows the ANOVA model statistics. 
The stepwise regression model parameters or coefficients shown in Table D-1 were successively 
selected by the highest level of significance on cab penetration with no variable removal in the 
process. Figure D-1 shows the plot of the standardized predicted values for the regression model. 
Figure D-2 shows the normal probability plot of the standardized residuals, and Figure D-3 
shows the plot of standardized residuals versus standardized predicted values. This regression 
model is considered reasonably good, but others could be formulated from these experiments. 

 
 

 
Table D-1.—Stepwise regression model with and without pressurizer 

R2 = 0.988,  R2
adj = 0.976,  n = 144 

Standard error of regression = 0.260, Durbin-Watson statistic = 1.085 
  

Regression model 
ln Pen = Coefficient Standard 

error t-statistic Significance 
level 

Intercept −2.538 0.022 −116.028 0.000 
Intake filter efficiency (A) −1.156 0.022   −52.844 0.000 
Recirculation filter (D) −1.075 0.022   −49.057 0.000 
Leakage (C)   0.241 0.022     11.011 0.000 
Intake filter efficiency × loading (AB)   0.206 0.022       9.416 0.000 
Intake filter efficiency × leakage (AC)   0.217 0.022       9.890 0.000 
Loading × recirculation filter (BD) −0.176 0.022     −8.026 0.000 
Intake filter efficiency × recirculation filter (AD) −0.157 0.022     −7.172 0.000 
Loading (B) −0.067 0.022     −3.058 0.003 
Pressurizer (P)   0.051 0.022       2.329 0.021 

 
 
 

Table D-2.—ANOVA for stepwise regression model 
with and without pressurizer 

 
Regression 

model 
Sum of 
squares 

Degrees of 
freedom 

Mean 
square F-statistic Significance 

level 
Regression 364.014      9 40.446 597.659 0.000 
Residual     9.068 134   0.068 — — 
    Total 373.082 143 — — — 
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    Figure D-1.—Standardized predicted values for regression model 
with and without pressurizer. 

 
 
 
 

 
 
 

    Figure D-2.—Normal probability plot of standardized residuals 
with and without pressurizer. 
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    Figure D-3.—Standardized residuals versus standardized predicted values 
with and without pressurizer. 
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APPENDIX E.—MATHEMATICAL MODEL FOR CAB FILTRATION SYSTEM 
 
 
 Development of this cab filtration model is based on a time-dependent mass balance 
model of airborne substances within a control volume. Equation E-1 below is a differential equa-
tion describing the mass balance of an airborne substance in a cab filtration system control vol-
ume shown in Figure E-1. This is a reformulation of the basic equation for general dilution 
ventilation [Hartman 1961]. The left-hand part of the equation describes the mass of the 
contaminant in the control volume. The positive terms in the right-hand part of the equation 
describe the addition of contaminant mass into the control volume, including intake air leakage, 
intake filter penetration, and wind infiltration. The negative terms describe the removal of the 
contaminant mass from the control volume, including intake air dilution and recirculation filter 
removal. 
 
Mathematical model: 
 

( ) dtxQdtxQdtCQdtCQdtCQdxV RRIwIFLc ηη −−+−+= 1       (E-1) 
 
 
Model assumptions: 
 
(1)  Outside contaminant concentration is constant. 
(2)  Contaminant leakage into the filtration system is proportional to the air quantity leakage 

around the filter. 
(3)  Wind penetration into the cab occurs when the wind velocity (vw) exceeds the opposing cab 

exit air velocity (vI). 
 
 
where    Vc  =  cab volume, 
    x    =  inside cab contaminant concentration, 
   QF   =  filtered intake air quantity, 
   ηI   =  intake filter efficiency, fractional, 
   QL  =  air leakage quantity around the intake filter, 
   QI  =  intake air quantity into the cab, 
   l     =  portion of intake air leakage, or QL /QI , 
   QR  =  recirculation filter airflow, 
   ηR   =  recirculation filter efficiency, fractional, 
   C    =  outside cab contaminant concentration, 
   Qw  =  wind quantity infiltration into the cab, 
   t     =  time, 
   vI     =  cab intake air exit velocity, 
and   vw   =  wind velocity. 
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Figure E-1.—Schematic of basic cab filtration system. 
 
 
 
 
Since:   QI = QL + QF  and  QL = QI l;  QF = QI (1− l) 
 
 

( ) ( ) ( ) dtxQQdtCQdtClQdtClQdxV RRIwIIIc ηη +−+−−+= 11           (E-2) 
 
 

( ) ( ) dtxQQdtCQdtlCQdxV RRIwIIIc ηηη +−++−= 1               (E-3) 
 
 

 ( ) ( ) ∫∫ =
+−++−

2

1

1
1

t

tc

x

x RRIwIII

dt
VxQQCQlCQ

dx

o
ηηη

  (E-4) 

 
 
Let:   ( ) ( )xQQCQlCQu RRIwIII ηηη +−++−= 1        and       ( )dxQQdu RRI η+−=  
 
 

( ) ∫∫ =
+−

2

1

11 t

tc

u

uRRI

dt
Vu

du
QQ

o
η

             (E-5) 

 
Integrate and rearrange: 
 

( )( )
c

RRI
o V

ttQQuu 12lnln −+
=−

η       (E-6) 

 
 

( )
c

RRI

o V
tQQ

u
u Δ+

=
ηln          (E-7) 
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Substitute for u: 
 

( ) ( )
( ) ( )

( )
c

RRI

oRRIwIII

RRIwIII

V
tQQ

xQQCQlCQ
xQQCQlCQ Δ+−

=
+−++−
+−++− η

ηηη
ηηη

1
1

ln   (E-8) 

 
 

( ) ( )
( ) ( )

( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ+−

=
+−++−
+−++−

c

RRI

V
tQQ

oRRIwIII

RRIwIII e
xQQCQlCQ
xQQCQlCQ

η

ηηη
ηηη

1
1

         (E-9) 

 
 
The steady-state solution as  Δt→∞;  e−∞→0 
 
 

( ) ( ) 01 =+−++− xQQCQlCQ RRIwIII ηηη          (E-10) 
 
 

( )
RRI

wIII

QQ
CQlCQx

η
ηη

+
++−

=
1

             (E-11) 

 
 

( )
RRI

wIII

QQ
QlQ

C
xPen

η
ηη

+
++−

==
1

               (E-12) 

 
 
Rearrange into other useful forms: 
 

R
I

R

I

w
II

Q
Q

Q
Ql

Pen
η

ηη

+

++−
=

1

1
         (E-13) 

 
 

R
I

R

I

w
I

I

L
I

Q
Q

Q
Q

Q
Q

Pen
η

ηη

+

++−
=

1

1
         (E-14) 

 
 
 The air quantity leakage around the filter (QL) and the wind quantity infiltration into the 
cab (Qw) in the above equations may be estimated by applying orifice flow equations derived 
from Bernoulli’s principle [Streeter and Wylie 1979; Heitbrink et al. 2000]. The orifice flow 
relationship for air at atmospheric and turbulent flow conditions is shown in Equation E-15  
[Streeter and Wylie 1979], assuming the air is incompressible with a Reynolds number ≥ 4000. 
A particularly developed wind infiltration relationship into cabs when the wind velocity pressure 
exceeds cab static pressure is also shown in Equation E-16 [Heitbrink et al. 2000]. 
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air

o

do

o
o

p
CA

Q
v

ρ
Δ

== 2 ;   orifice flow from high to low pressure              (E-15) 

 
 

( )
air

cwair

o

o
o

pv
A
Q

v
ρ

ρ −
==

25.0
261.0 ;   wind penetration when cwair pv >25.0 ρ   (E-16) 

 
 
where    vo     =  fluid velocity through an orifice, 
    Qo    =  airflow quantity through an orifice, 
    Cd    =  orifice discharge coefficient, 
    Ao    =  area of orifice, 
    Δpo  =  air pressure differential across orifice, 
    ρair  =  air density, 
    vw    =  wind velocity, 
and    pc    =  cab pressure. 
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