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CONTAMINANT REDUCTION
BY VENTILATION IN A CONFINED SPACE
MoODEL—Tox1i¢c CONCENTRATIONS
VERSUS OXYGEN DEFICIENCY®

Richard P. Garrison
Kiyoung Lee
Chulhong Park

School of Public Health, The University of Michigan, Ann Arbor, M148109

Airborne contaminants can create hazardous conditions in con-
Jined spaces (CS) across a broad range of concentrations, e.g.,
Jfrom relatively low, potentially toxic levels (ppm) to much higher
levels (%) causing oxygen deficiency. This study investigated
ventilation characteristics for isobutylene (IBE) at relatively low
concentrations, simulating toxic levels. Experimental data were
compared to results from previous studies of oxygen deficiency.
Data were obtained at several locations in a cubical CS model,
with several variable test parameters: ventilation mode (exhaust
and supply), volume flow rate (“air changes” per hour), and
ventilation inlet/outlet elevation (% of model height). Findings
indicated similar ventilation characteristics, in general, for
simulated toxic (IBE) levels compared to oxygen deficiency.
Both IBE and O, deficiency data have shown that supply venti-
lation is typically more effective than exhaust and that CS
locations aligned with supply outlets experience much more
rapid contaminant reduction than do other locations. The data
suggest that highly accurate predictions of ventilation charac-
teristics cannot be expected for all cases with widely different
contaminants and concentrations. Findings from this study in-
dicate that ventilation guidelines for one range of contaminant
concentration (e.g., causing oxygen deficiency) can be extended
reasonably to encompass a broader range of concentration (e.g.,
1o include toxic or flammable atmospheres).

ost fatal accidents in confined workplaces are caused
M by airborne contaminants.”> Mechanical ventilation

is an extremely important engineering control method
for preventing the accumulation of hazardous contaminants in
many workplaces, including confined spaces (CS). Ventilation
can directly reduce contaminant concentrations but administra-
tive controls (e.g., CS entry permits, entry attendants, atmo-
spheric testing, or personal protective equipment) cannot.

*The authors gratefully acknowledge support for this study by
the National Institute for Occupational Safety and Health, as
part of a larger project to investigate ventilation for work in
confined spaces.

Previous studies have investigated ventilation characteristics
for the elimination of oxygen deficiency in confined space mod-
els.“® These studies have produced an empirical database that
describes ventilation performance as specific functions of sev-
eral design/test parameters.

The objective of this study was to test and evaluate ventila-
tion performance for air contaminants in a CS model at concen-
trations much lower than those that cause oxygen deficiency. If
contaminants in relatively low, potentially toxic concentrations
have ventilation characteristics that are similar to those for other
contaminants in much higher concentrations (e.g., causing O,
deficiency), then data obtained from either case (or situations in
between, e.g., flammable concentrations) could be extended to
additional applications—encompassing a broader range of po-
tentially hazardous conditions. Many CS entry situations, such
as waste water manholes, require consideration of both oxygen
deficiency and toxic contaminants.”

The previous studies of oxygen deficiency investigated several
design paramenters: ventilation mode (exhaust versus supply),
ventilation volume flow rate (CS model “air changes” per hour, or
ACH), ventilation inlet/outlet (I/O) elevation (%H, with H being CS
model height), sampling location inside the CS model, and vari-
ations in CS model shape (cubical versus noncubical). The first two
studies®” were conducted by using nitrogen to cause oxygen defi-
ciency. The third study® utilized several “heavier-than-air” (HTA)
contaminants to cause oxygen deficiency.

Nitrogen is neutrally buoyant in air (specific gravity = 0.98).
Findings from this study of simulated toxic concentrations are
comparable to the previous results for nitrogen because the
density of the “toxic” contaminated air is not significantly dif-
ferent from that of fresh air or from air in which oxygen has been
displaced by nitrogen. Oxygen deficiency caused by HTA con-
taminants, which can include many toxic and flammable vapors,
was found to have significantly different ventilation charac-
teristics from those found with nitrogen.

The principal parameter used to describe ventilation perfor-
mance for recovery from oxygen deficiency in the previous studies
was the oxygen recovery time constant which describes the rate of
change in oxygen concentration from an initial deficiency to an
ambient concentration of 21% O,. This parameter was obtained
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from regression of the experimental data against an exponential
model representing oxygen recovery as a function of time. The
empirical regression data from these studies provided relatively
high correlation to the experimental O, deficiency data.“®

EXPERIMENTAL FACILITY AND METHOD

Figures 1 and 2 illustrate the experimental facility used in this
study. The CS model, ventilation system, and sampling locations

were the same as used for oxygen deficiency.”” The CS model
was cubical with each edge measuring 0.61 m (2.0 ft). Ventilation
airflow was generated by a small, centrifugal blower with valves
to control exhaust and supply airflow to the CS model. Ventila-
tion volume flow rate was measured with an orifice-plate flow-
meter and manometer. The ventilation pipe passed through a
circular opening in the top of the CS model, located in the center
of a corner quadrant. Air samples were drawn from four loca-
tions: (1) directly below the ventilation pipe at an elevation of
15% H; (2) and (3) at 50% H in
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FIGURE 1. Diagram of experimental facility

nated air caused by air move-
ment. Mixing effects should not
vary significantly for different
substances in relatively dilute
(e.g., ppm) concentrations.

In this study, isobutylene
(IBE) was selected to simulate
toxic concentrations because it

Computer IBE Cylinder

FIGURE 2. Experimental facility

was relatively safe to use and rela-
tively easy to monitor. It was sup-
plied through the bottom of the CS
model from a cylinder containing
a 1.0% mixture (10 000 ppm)
of IBE in air. IBE concentrations
were measured with a photoion-
ization detector (PID). The PID
was used with a Model 511A por-
table gas chromatograph (Thermo
Electron Instruments, Franklin,
Mass.), although a separation col-
umn was not used because no con-
taminant separation was needed.
Analog signals from the PID were
converted to digital data and re-
corded on a personal computer.

A multiple-point sampling
system was used because there
was only one PID. This system
utilized four three-way solenoid
valves, which were activated by
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relays operated by the computer. A purge pump was used to
maintain fresh samples at each solenoid. Another pump was used
to draw samples at a rate of 200 mL/min from the solenoids to
the PID. The sampling system measured IBE concentration
every 10 sec (i.e., every 40 sec at each of the four sampling
locations). Measurements of oxygen concentration in the pre-
vious studies were made by using four electrochemical sensors
with measurements at each location approximately every second.

The experimental testing included 24 (2 x 4 x 3) cases:
two ventilation modes—exhaust and supply; four volume flow
rates—10, 20, 40, and 60 ACH; and three ventilation inlet/outlet
elevations—25%, 50%, and 75% H. Several different initial
concentrations (C,) of IBE were also tested (100, 350, 700, and
1400 ppm) encompassing a range representative of toxic con-
taminant hazards. A test run involved setting up the desired
ventilation mode, volume flow rate (ACH), and I/O elevation (%
H); establishing the initial IBE concentration in the CS model;
starting the ventilation system; recording IBE concentration as a
function of time; and terminating the test when the IBE concen-
tration had fallen to about 1% of the initial value.

FINDINGS AND DISCUSSSION

Figure 3 presents experimental data from four typical test cases
(volume flow rates of 10, 20, 40, and 60 ACH; supply ventilation;
outlet elevation 25% H; Location 3, C, = 700 ppm). The concen-
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FIGURE 3. Typical contaminant (IBE) reduction as a
function of time and CS ventilation air volume (CSV) at
four volume flow rates (ACH)

tration of IBE is expressed nondimensionally as a fraction (C/C,)
of the initial concentration. The change in C/C, is shown as a
function of time (minutes) in the upper plot and as a function of
the total CS model ventilation air volume (CSV) in the lower plot
(CSV = ACH multiplied by ventilation time in hours).

Nondimensional parameters were selected for this and the
subsequent figures because they have the potential for broader
application in describing ventilation characteristics. The concept
of total “air change” volume is sometimes applied for dilution
ventilation, including confined spaces. The sizes of confined
spaces vary greatly, from only slightly larger than the size of a
man to many thousands (or even millions) of cubic feet. The
capacities (flow rates) of ventilation equipment also vary greatly.
Answers to questions on how long to ventilate a CS prior to entry
are dependent upon CS size and ventilation flow rate and can be
stated in terms of a total number of “‘air change” volumes.

It is important to understand that an air change is strictly a
calculated parameter and that it is something of a misnomer. It
does not mean complete, discrete displacement of contaminated
air with fresh replacement air. Contaminant dilution by ventila-
tion is a continuous process that involves the mixing of contami-
nated air and fresh air. It might be more appropriate to describe
dilution ventilation in terms of total air volume expressed in units
of CS volumes (CSV).

Regardless of how it may be designated, the total ventilation
air volume is an overly simplified parameter. As shown (upper
plot) in Figure 3, contaminant reduction is considerably more
rapid at 60 ACH than at 10 ACH. However, it is also shown
(lower plot) that the lowest flow rate (10 ACH) provided the most
effective dilution as a function of the total CS ventilation air
volume (CSV). The CSV concept is further complicated by the
fact that contaminant concentrations may vary significantly with
location inside the CS. Location characteristics can vary with the
shape and size of a CS, the size and location of contaminant
sources, and the ventilation design (number and size of CS
openings, number and elevation of inlets/outlets, and exhaust/
supply modes).

Figure 4 presents contaminant reduction curves, C/C, versus
CSV, for a typical test case (exhaust 60 ACH, 25% H, Location
3). This figure shows that the relative reductions in IBE concen-
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FIGURE 4. Typical contaminant (IBE) reduction for dif-
ferent initial concentrations (C)
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tration were quite similar for different initial concentrations (i.e.,
C, = 100, 350, 700, and 1400 ppm). This supports use of the
nondimensional parameter C/C,,.

Figure 5 shows IBE reduction and oxygen recovery (nitrogen
reduction) data for three test cases (I: supply, 20 ACH, 25% H;
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FIGURE 5. Comparisons of contaminant reduction for
IBE and oxygen recovery for three test cases

I/III; supply/exhaust, 60 ACH, 50% H; all at Location 3). The
curves for oxygen recovery were calculated by using the empiri-
cal time constants and the same ventilation times as for the
experimental IBE data. Cases I and II indicate very similar
ventilation characteristics. Case III, on the other hand, demon-
strates that IBE reduction and oxygen recovery can also be
significantly different.

Figure 6 is a plot of C/C, for eight test cases of IBE reduction
and O, recovery (exhaust and supply, 20 and 60 ACH, 25% and
75% H). This figure includes all IBE data in the range from C/C,

=0.05 to 0.95. O, recovery data were obtained by interpolation
between the two experimental O, data points nearest the time for
each IBE data point.

The data in Figure 6 generally cluster around the line of
agreement (i.e., a slope of 1.0). The points are more diffuse for
higher contaminant concentrations (higher C/C,). Regressional
analyses of these data yielded an overall slope of 1.10 with a95%
confidence interval ranging from 0.99 to 1.22. Regressions for
the specific locations (1, 2, 3, and 4), flow rates (20 and 60 ACH),
and I/O elevations (25% and 75% H) provided similar results—
slopes ranged between 0.96 and 1.29 with all 95% confidence
intervals containing 1.0.

Figure 6 indicates that ventilation characteristics varied sig-
nificantly but not greatly even for these greatly different con-
taminants and concentrations. The largest differences between
simulated toxic contaminant (IBE) reduction and O, recovery
were observed in the early stages of dilution. The tendency for
regression slopes to be greater than 1.0 suggests that oxygen
recovery was slightly faster than IBE reduction.

These findings indicate that general ventilation guidelines
observed for specific contaminant conditions may apply across
a relatively broad range of conditions. The results also suggest
that highly specific characteristics and design data (e.g., the
empirical database from the previous studies) may not always
apply with great accuracy for significantly different contaminant
conditions.

Figure 7 provides a comparison of exhaust and supply
ventilation for two IBE test cases (40 ACH, 50% H). Supply
ventilation was consistently more effective than was exhaust.
Location 1 was very different from Locations 2, 3, and 4,
showing much more rapid contaminant reduction for the sup-
ply mode because the location was in alignment with the
supply outlet. These same general observations were made for
oxygen recovery.®
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CONCLUSIONS

This study has shown that ventilation causes contaminant reduc-
tion in a generally similar manner across a broad range of
concentrations, from potentially toxic (ppm) to oxygen-deficient
(%) levels. Findings indicate that general guidelines learned
under specific test conditions may be reasonably applied to other
conditions. For example, supply ventilation is generally more
effective than exhaust ventilation for reducing contaminant con-
centrations ranging from the simulated toxic (IBE) levels tested
in this study to much higher levels associated with oxygen
deficiency (previous studies). Results also suggest that specific
empirical data (e.g., time constants for oxygen recovery) may
have good accuracy for some CS ventilation situations and may
have limited accuracy for other contaminant conditions. Empiri-
cal test data could be used in conjunction with safety factors to
provide conservative estimates of ventilation time for contami-
nant reduction.

These observations may be intuitive. However, it can be
reassuring to have data that confirm what is expected to happen.
Experience with effective CS ventilation under one set of condi-
tions can be applied to other conditions. Practical guidelines
based on experience need to be studied and published to promote
and facilitate CS ventilation.

Results from this study encourage the use of mechanical
ventilation to reduce contaminant levels for a wide range of
potentially hazardous concentrations. If mechanical ventilation
were used more often for work in confined spaces, there would

be fewer overexposures, accidents, injuries, and deaths during
CS entries. However, ventilation alone is not sufficient to ensure
safe entries in the presence of airborne contaminants. Atmo-
spheric testing should be conducted to confirm safe levels, and
other procedures should be followed to ensure safe CS entry.
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