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Ventilation to Eliminate Oxygen
Deficiency in a Confined Space—
Part II: Noncubical Models

Richard P. Garrison and Muzaffer Erig

School of Public Health, The University of Michigan, Ann Arbor, Michigan 48109

This study investigated characteristics of ventilation to eliminate
oxygen deficiency for confined space (CS) models having several
noncubical shapes. Variations from a basic cubical shape (studied
previously) included sideways expansion (normal to the vertical
ventilation axis), depthwise expansion (parallel to the ventilation
axis), and expansions in more than one direction. Variable design
parameters, in addition to shape, included ventilation mode (ex-
haust and supply), volume flow rate, inlet/outlet elevation, and
location inside the CS model. Regressions of the experimental
data supplement a database from previous studies of a cubical
model. The oxygen recovery data can be used to calculate ven-
tilation times, subject to consideration of limitations which apply
to the results. The findings also suggest general guidelines for
CS ventilation design. Progressive sideways and depthwise ex-
pansions produced progressive increases in ventilation time for
oxygen recovery. This variation was consistent for changes in
flow rate and inlet/outlet elevation. Depthwise expansion expe-
rienced more rapid oxygen recovery than did sideways expansion.
Supply ventilation was generally more effective than exhaust ven-
tilation. Orientation of the ventilation axis parallel to the long
sides of noncubical CS models caused faster oxygen recovery than
when the ventilation axis was parallel to the short sides. Oxygen
recovery for CS locations in direct alignment with the supply
ventilation outlet was considerably faster than for other, non-
aligned locations. Findings suggest that empirical approximations
may be determined for development of a multiparameter pre-
dictive design model for CS ventilation. Garrison, R.P.; Erig, M.: Ven-
tilation to Eliminate Oxygen Deficiency in a Confined Space—Part |I: Noncubical
Models. Appl. Ind. Hyg. 4:260-268; 1989.

introduction

Confined workplaces have many shapes and sizes. Oxygen de-
ficiency is one type of atmospheric hazard which can exist inside
a confined space (CS). A previous study has investigated venti-
lation characteristics for eliminating oxygen deficiency in a closed-
top cubical CS model having a single top opening.(" This pre-
vious study has shown that parameters such as ventilation mode
(exhaust vs. supply), ventilation volume flowrate, ventilation
inlet/outlet (YO) elevation, and location inside the CS model had
significant effects upon the rate of oxygen recovery to ambient
level (nominally 21.0 %O;).
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The subsequent study presented here has investigated CS models
having noncubical shapes. The shapes studied constitute pro-
gressive variations (expansions) from the basic cubical model
studied previously. These shape variations involved, in effect, the
addition of cubical volumes to the basic cubical model to create
several simple noncubical configurations. As in the previous study,
ventilation characteristics were tested as they affected oxygen
recovery from an initial deficiency.

The objectives of this study were to 1) observe and evaluate
ventilation (oxygen recovery) characteristics of noncubical CS
models and 2) add to the data base established by the previous
study. It is planned that this data base can be used subsequently
to develop an empirical design model capable of predicting CS
ventilation performance.

This research was part of a project funded by the National
Institute for Occupational Safety and Health (NIOSH) to test,
evaluate, and develop information on ventilation for work in
confined spaces.

Experimental Facilities and Methods

With the exception of the CS models, the experimental facilities
for this study were the same as the previous study. This consisted
of the CS models and attendant systems for releasing nitrogen
into the models to create oxygen deficiency, ventilating the CS
models, sampling air and monitoring oxygen concentrations at
specific locations, and collecting data (%O, vs. time) using
analog/digital conversion and a personal computer. The oxygen
monitoring system utilized four electrochemical sensors for si-
multaneous continuous measurements from four locations inside
each CS model. A more detailed discussion is provided in the
first study.(V

Figure 1 illustrates the CS model shapes which were studied.
Shapes A and B are cubical. Shape A, measuring 0.61 m (2.0 ft)
on each edge, was the basic shape studied previously and is
“contained” within all of the other models. The overall dimen-
sions of Shape B are twice those of A, with a volume eight times
greater. Shape B represents an expansion from the basic CS Model A
in three directions. Five noncubical shapes (C, D1, D2, E1, and
E2) were investigated in this study.

Shape C had the same height, 0.61 m (2.0 ft), as the basic cube
(Shape A), with twice the width and length, 1.22 m (4.0 ft). Shape C
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was, in effect, the top half of Shape B and represented two-
directional sideways (perpendicular to the ventilation axis) ex-
pansion from the basic CS Model A.

Shapes D1 and D2 were the same model but with different
ventilation configurations. The D shapes each had twice the vol-
ume of CS Model A. Shape D1 involved sideways (horizontal)
expansion from CS Model A, with the vertical ventilation axis
parallel to the short sides of the model, measuring 0.61 m (2.0 ft).
Shape D2 was configured vertically, representing depthwise ex-
pansion from CS Model A, with the ventilation axis parallel to
the long sides of the model, measuring 1.22 m (4.0 ft).

Shapes E1 and E2 also were the same model, except for the
orientation of the ventilation axis. The E shapes had three times
the volume of the basic cubical model. Shape E1 involved side-
ways expansion from CS Model A and was configured with the
vertical axis of the ventilation inlevoutlet parallel to the short
sides, measuring 0.61 m (2.0ft). Shape E2 involved depthwise
expansion from CS Model A and was configured with the venti-
lation axis parallel to the long sides, measuring 1.83 m (6.0 ft).

Figure 2 shows the experimental facility with the CS models,
C, D (D1/D2), and E (E1/E2). The models were constructed of
plywood on their top, bottom, and two sides, with clear plexiglas
on the other two sides. The interior wooden surfaces were painted
black. The size and position of the top opening was the same
for all of the CS model shapes in Figure 1, i.e., 15.2 cm (6.0 inches)
in diameter and centered in a corner, 15.2 cm (6.0 in.) from each
of the two closest walls of the model. The inside diameter of the
ventilation pipe, 5.1 cm (2.0 in.), was the same for all of the models.

The four sampling locations were set at the same nondimen-
sional positions for all models. This was done to accommodate
development of a predictive model and involved different actual
positions for each model. These locations may be described as
follows:

* Location 1 was the lowest, at 15 percent of the total model
height from the bottom, centered in the vertical quadrant
containing the ventilation pipe.

* Locations 2 and 3 were diagonally opposed to each other, at
the midplane (50% model height) and centered in quadrants
adjacent to that of Location 1.

* Location 4 was diagonally opposed to Location 1, at an ele-
vation 85 percent of model height.

Atotal of 108 (2 X 3 X 3 X 6) cases were tested, consisting
of two ventilation modes, three volume flow rates, and three
inlev/outlet elevations for each of the six new CS models. These
cases can be specified as follows:

* Exhaust and supply ventilation modes.

¢ Volume flow rates of 20, 40, and 60 ACH (air changes per
hour obtained by dividing the actual ventilation volume flow
rate by the volume of the CS model).

* Inlet/outlet (VO) elevations of 25, 50, and 75 %H (percentage
of model height measured from the bottom).

* CS Models B, C, D1, D2, E1, and E2 (CS Model A was studied
previously).

The test procedure for measuring oxygen deficiency was the

same as in the previous study.(!) An oxygen deficient atmosphere
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FIGURE 2. Experimental facility showing CS Models C, D, and E (bottom,
right, and left, respectively) and the ventilation, nitrogen release, air sampling,
and oxygen monitoring Systems.

was created by releasing nitrogen into a CS model. Samples of
air from the four locations inside the model were drawn past
the oxygen sensors and O, (%) vs. time (minutes) was recorded
by the computer. Data for each test were collected continuously
until all locations had recovered to the ambient oxygen level,
with one measurement approximately every second for each lo-
cation in sequence.

Regression of Experimental Data

Tables I and II present the results of nonlinear regressions of
the experimental data (%O, vs. time). This was done using the
same exponential model, Model 1, used in the previous study.("

%0, = 21 - (21-B)e-¢

In this model, the coefficients (21-B) and C represent the initial
oxygen concentration and a recovery time constant, respectively.
The value of C describes the rate of oxygen recovery from an
initial deficiency. Model 1 was selected over Model 2 of the pre-
vious study because it is simpler and yielded strong enough
correlation with the experimental data to satisfy design purposes.

The regressions were performed in the same manner as the
previous study, on a personal computer using commercial sta-
tistical software (SYSTAT). The regression data describe the ex-
perimental data quite well. For the 108 test cases, the coefficients
of determination (R2?) averaged 99.6 percent, ranging from 94.8
percent to 99.9 percent. The regression data were determined
to represent the experimental data with a confidence of greater
than 99 percent. The standard errors of the model estimates were
less than 1 percent of the experimental data.

Tables 1 and 11, for exhaust and supply ventilation, respectively,
provide the regression data for the CS model shapes tested in
this study, i.e,, Shapes D1, D2, El, E2, C, and B, and for Shape A
from the previous study.(" Values of C are given for each of the
four sampling locations. Regression values for (21-B) were not

APPL IND. HYG. VOL 4, NO. 10 . OCTOBER 1989

included because they do not enter into calculations for venti-
lation time using the exponential model. These tables supple-
ment the database for the cubical CS Model A provided in the
previous study.("’ The complete database, for cubical and non-
cubical models and other subsequent studies, may be utilized in
subsequent development and evaluation of multiparameter pre-
dictive computer models for CS ventilation design.

It should be noted that oxygen recovery was much (five or
more times) faster for Location 1 under supply ventilation for CS
Models A, D2, and E2, for which this location was aligned with
(directly below) the ventilation outlet. The C values for Location
1 in Table Il are significantly greater than 1.0 for low (25 %H)
VO elevations at all flowrates (ACH) for these models. This effect
was less pronounced as the models expanded in a depthwise
direction. This characteristic emphasizes the general importance
of directing supply airflow towards a specific location whenever
possible to maximize contaminant dilution at that location.

It should also be noted that oxygen recovery was generally
faster for supply ventilation than for exhaust. This can be char-
acterized by the average C values for Tables 1 and 11, which are
C = 05 (exhaust) and C = 0.63 (supply), respectively. The
“average” for supply is conservative because C values for Location
1 which exceeded 1.0 were averaged as being 1.0 in order to
avoid biasing the overall average.

Ventilation Time and Limitations

The most useful direct application of the recovery time constant
(C) regression database is for calculating approximate ventilation
time for oxygen recovery. Ventilation time can be derived from
the regression model. It is a function of the initial and final oxygen
levels and the recovery time constant.

Ventilation time (minutes) _ In [(21-%0; initial)/(21-%0; final)]
for oxygen recovery - c

Table 111 is a condensation of the data in Tables 1 and II. Data
for different locations have been eliminated. The C values in
Table 11 are regression data for application throughout the CS
model. These data are the minimum values of C for the four
sampling locations for each test case. These approximations do
not account for situations in which a specific location is directly
aligned with a supply ventilation outlet, for which oxygen re-
covery is much faster and C may be significantly greater than 1.0.
However, for practical applications, C = 1.0 represents very rapid
recovery, and there is no benefit for design in specifying C values
greater than 1.0.

It is useful to consider some example situations. The C values
in Table I range roughly from C = 0.2 (low flow rates, 20 ACH,
and high, 75 %H, VO elevations) to C = 1.0 (high flow rates, 60
ACH). Two possible recovery situations would be 1) 90 percent
recovery (e.g., from 10 %0; to 20 %O;) and 2) 99 percent re-
covery (e.g., from 10 %O; to 20.9 %0,). Ventilation times would
be calculated to be 1) 2.4 minutes for 90 percent recovery with
C = 1.0, 2) 12.0 minutes for 90 percent recovery with C = 0.2,
3) 4.7 minutes for 99 percent recovery with C = 1.0, and 4) 23.5
minutes for 99 percent recovery with C = 0.2, These data, subject
to their limitations, suggest that mechanical ventilation can elim-
inate oxygen deficiency within a relatively brief period of time.

It is important to keep in mind some of the major limitations
of these data which will affect ventilation time to eliminate oxygen
deficiency in a confined space. These limitations include the
range of CS model configurations studied, different contaminant
characteristics causing oxygen deficiency, and the application of




TABLE lI.

Minimum Recovery Time Constants (C) for Calculating Ventilation

Time for Different Confined Space Configurations with a Single Top Opening
when Oxygen Deficiency is Caused by a Neutrally Bouyant Gas or Vapor

Oxygen Recovery Time Constant (C)

CS Ventilation
Design Parameters CS configurations
Inlet/ Basic Sideways Depthwise Multi-
Outiet Volume Cubical Expansion Expansion directional
Elevation Flow Rate Shape (x2) (x3) (x2) (x3) (2D) (3D)
(%H) (ACH) A 1] E1 D2 E2 c B
Exhaust
25 20 0.27 033 024 029 030 025 028
40 0.61 053 042 059 058 047 048
60 0.81 070 054 080 082 057 058
50 20 0.30 030 023 030 030 02 027
40 0.65 055 035 058 055 045 045
60 0.81 071 055 080 080 052 058
75 20 0.17 024 025 032 033 020 02
40 0.24 047 038 050 058 027 032
60 0.48 063 048 076 079 030 041
Supply
25 20 0.44 032 028 042 043 027 027
40 0.81 046 045 068 056 048 050
60 0.98 067 068 090 083 073 072
50 20 0.42 030 025 040 042 027 026
40 0.70 050 043 060 064 047 051
60 0.92 076 065 09 090 070 077
7% 20 0.49 028 022 040 037 028 034
40 0.64 048 041 069 068 048 061
60 0.86 071 063 092 100 071 090

In[(21 - %0, initial)}/(21 - %0, final*)]

Ventilation time (min) =

C

*Final %0, must be less than 21.0 to avoid division by zero.

findings for small laboratory models to larger actual confined
spaces.

Extension of the data from this study to significantly different
CS configurations will have uncertain effects. If other CS config-
urations have a larger opening or more than one opening, the
ventilation time probably would be less (higher C values). A fully
open top, for example, was found to be unable to sustain an
oxygen deficiency caused by nitrogen, even without mechanical
ventilation.(V) Different locations of the top opening could change
the ventilation effectiveness. For example, moving the CS open-
ing closer to the center of the space would be expected to im-
prove ventilation effectiveness, increasing C values and decreas-
ing ventilation times. The less effective “corner” location was
selected for these studies as a means of providing more con-
servative results.

If other CS configurations involve expansions beyond those of
the CS models of this study, it is likely that ventilation times
would increase (lower C values). The presence of internal sur-
faces and structures could also greatly affect airflow patterns,
ventilation effectiveness, and necessary ventilation times inside
confined spaces.

The previous study of the cubical CS Model A has indicated C
values as low as about C = 0.1 for very low volume flowrates,
e.g., 6 ACH® In fact, the previous study has shown that measured
recovery times for the cubical model increased substantially for
low flowrates (less than 20 ACH) and high inlet /O elevations
(above 75 %H).

264

It is also important to note that oxygen deficiency in these
studies was caused by nitrogen which is effectively a neutrally
buoyant “contaminant.” Preliminary testing conducted as part of
this project has indicated much slower oxygen recovery (lower
C values) in the lower regions of CS models when oxygen de-
ficiency is caused by heavier-than-air substances.

Questions will always be raised concerning how well small
laboratory models can predict characteristics inside actual con-
fined spaces. Testing was conducted to evaluate ventilation ef-
fectiveness for CS models of significantly different size. This in-
volved modifications to CS Model A to make it geometrically
similar to CS Model B—specifically, using a one-half smaller top
opening and ventilation VO pipe diameter and moving the top
opening one-half the distance closer to the nearest corner of the
model. Geometric similarity and equivalent nondimensional flow
rate (ACH) were found to be necessary and sufficient for the
smaller model to perform in the same manner as the larger
model. Field studies with actual confined spaces will be another
important means for validating findings from laboratory studies.

One customary method for dealing with uncertainties in design
is to apply a safety factor. This is done in conventional dilution
ventilation design for health and fire protection. The greater the
uncertainties and the potential hazards, the greater the safety
factor. There is very little information available at this time for
recommending appropriate safety factors for the data in Table IIL
For very low flow rates, findings from the previous study(" sug-
gest that safety factors of 2—3 should be applied to increase

APPL. IND. HYG. VOL. 4, NO. 10 - OCTOBER 1989



ventilation time calculated using 20 ACH data in Table III. Rec-
ommendations for safety factors for other variable conditions,
such as heavier-than-air contaminants, highly toxic contaminants,
and substantially different CS configurations, cannot be made
until more data is available. Combinations of these variable fac-
tors could lead to very large overall safety factors and long ven-
tilation times, measured in hours rather than minutes, to assure
recovery from an oxygen deficiency.

Experimental Findings

The CS models from this study involved three types of progressive
shape variation (expansions) from the basic cubical CS Model A.
These were 1) sideways expansion by adding one (for CS Model D1)
and wo (for CS Model E1) cubic units the same size as CS Model
A, 2) depthwise expansion by adding one (for CS Model D2) and
two (for CS Model E2) cubic units, and 3) multidirectional ex-
pansion in two sideways directions by adding three cubic units
(for CS Model C) and in three directions by adding seven cubic
units (for CS Model B). These variations allowed evaluation of
characteristic effects of different CS model shapes in a systematic
manner.

Figure 3 presents the minimum oxygen recovery time con-
stants (C) of Table III and illustrates the effect of flow rate (ACH)
variation on this important parameter. It is evident that C in-
creases with ACH and that it does so in a roughly linear manner
for all CS model configurations over the range from 20 ACH to
60 ACH. It is believed that this characteristic will facilitate de-
velopment of a multiparameter predictive design model, for which
ACH will be a major parameter, to approximate ventilation per-
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formance for confined spaces.

Figures 4 through 8 present selected comparisons of some of
the CS models to show characteristics of different shape varia-
tions. Delta T, the time for essentially complete (99%) recovery
from 10 %O, to 20.9 %0,, was calculated from the C values in
Tables I and II. Delta T is used for these comparisons because
it is a more tangible or inwitive parameter than the oxygen
recovery time constant (C). Comparisons are made at both low
and high flow rates (20 ACH and 60 ACH) and at a low /O
evaluation (25 %H). The low /O elevation was selected because
it is more representative of actual CS situations. The character-
istics shown in these figures (25 %H) are generally more pro-
nounced for higher /O elevations (50 and 75 %H), with one
exception being the very rapid oxygen recovery for Location 1
under supply ventilation for some CS configurations (Models A,
D2, and E2).

Figure 4 shows the changes in oxygen recovery time for side-
ways model expansion (CS Models A, D1, and E1). It is clear that
delta T increased progressively in the A—-D1-E1 sideways expan-
sion. This characteristic is apparent for both exhaust and supply
ventilation, with recovery times for supply being less than for
exhaust. Location 4, most distant from the /O opening, was gen-
erally slowest to recover for low flow rates (20 ACH) with less
variation for the different locations at high flow rates (60 ACH).
Location 1, closest to the IO opening, is shown to be significantly
different from the other locations only for CS Model A, for which
it is in direct alignment with and close to the supply ventilation
outlet.

Figure 5 provides a comparison of oxygen recovery times for
depthwise expansion in the progression A-D2-E2. These re-
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expansion from CS Model A to CS Models D2 and E2 at 1/0 elevation 5 %H.

covery times are generally less than for sideways expansion (Fig-
ure 4). Depthwise expansion indicates progressive increases in
recovery time, but the effect is less pronounced than for sideways
expansion. Location 4 shows slower recovery for 20 ACH but not
for 60 ACH, suggesting that the higher flow rate caused more
complete mixing. Location 1 shows consistent rapid recovery for
supply ventilation for all three of these models, for which it is
close to and in alignment with the ventilation outlet.

Figure 6 illustrates characteristics of multidirectional expan-
sion from CS Model A to CS Model C (two directions) and to CS
Model B (three directions). Multidirectional expansion caused
increases in recovery time for both CS Models C and B. These
increases were generally more pronounced for supply ventilation
than for exhaust. There was little significant difference between
CS Models C and B, nor was supply ventilation significantly dif-
ferent than exhaust for these two models. Multidirectional ex-
pansion tended to reduce ventilation effectiveness, but it did not
appear to make much difference whether the expansion was in
two or three directions.

Figures 7 and 8 provide comparisons of effects for changing
the orientation of the ventilation axis, parallel to either the short
sides (sideways expansion) or long sides (depthwise expansion)
of the noncubical CS models (Shapes D and E). These are the
same data as in portions of Figures 4 and 5, providing different
comparisons.

Figure 7 shows that oxygen recovery was slightly faster for CS
Model D2, having the ventilation axis parallel to the long sides
(depthwise), than for CS Model D1 having the ventilation axis
parallel to the short sides (sideways). Recovery time decreased
with increasing flowrate (ACH) and was shorter for supply than
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for exhaust ventilation. The variations in delta T were generally
consistent with very little difference between locations, except
for Location 1 for CS Model D2 under supply ventilation.

Figure 8 indicates similar but more pronounced results for
larger (Shape E) models. Ventilation in the direction of the longer
sides for CS Model E2 (depthwise) experienced faster oxygen
recovery than did ventilation parallel to the shorter sides for CS
Model E1 (sideways). Supply ventilation recovered somewhat
more rapidly than exhaust, and delta T decreased with increasing
ACH.

Conclusions and Ventilation Guidelines

The study of CS models has provided information which can be
useful in designing ventilation for work in confined spaces. It
can be argued that some findings simply confirm what would be
intuitive to industrial hygienists and others with experience in
ventilation control. However, it is sometimes reassuring to know
that these principles can be supported by experimental
measurement.

Conclusions and guidelines for CS ventilation resulting from

this study may be summarized as follows:

« Oxygen recovery time is a function of the initial deficiency,
the desired level of recovery, the CS shape, the ventilation
configuration (exhaust/supply, VO elevation) and volume flow
rate (ACH), and location inside the space. It can be repre-
sented reasonably well by an exponential model, for which
a recovery time constant (C) describes the rate of recovery.
Table III provides conservative (minimum values from this
study) estimates of C values for different CS configurations,

20.0

Exhaust
_-; -
15.0+ N
.y \: )
vl \! Vi
1ot NN \f /
o ‘ \ ¢
° f NtaSp f
o 50l N[ 7 :’ / [
o ] b R A / NW
N \ 9\ \ / Ny
2 HINGE NG f
= 0.0 e 7l N 5 N
e 200 Model A Mode! C Model B
:‘ -
E Supply
- 9 - N
2 150l 1 : fl
a M NI
! \(gf
4 LN
(]
10.01 ' AN
' \hlo
e qn
5.0 I !
o N \[flo
4N \g?
L{EN U
b N
0.0 ' ! 1
Model A Model C Model B
20 ACH: [ (] (wal =i
60 ACH : I (o]

Location 1 Location 2 Location 3 Location 4

FIGURE 6. Oxygen recovery times, delta T (10-20.9 %0,) for multi-dimen-
sional expansion from CS Model A to CS Models C and B at I/0 elevation
25 %H.
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which can be used to calculate ventilation time for specific
CS configurations. Ventilation time varies inversely with C.

Mechanical ventilation can cause relatively rapid oxygen re-
covery from a deficiency caused by a neutrally bouyant con-
taminant (e.g., nitrogen). For the range of CS model shapes
studied, the minimum ventilation time for complete (99%,
eg., 10 %0, 10 20.9 %0O;) recovery ranged between about
5 minutes (for C = 1.0) and 25 minutes (for C = 0.2) for
volume flow rates not less than 20 ACH.

Ventilation time decreases (and C increases) in a roughly
linear manner with increasing flow rate for a given CS con-
figuration. The specific characteristic (slope) of this variation
is different for different CS configurations. This characteristic,
based upon regression data for C, may tend to underestimate
actual ventilation time for very low flowrates (less than 20
ACH). It is recommended that a minimum flow rate of 20
ACH be used for CS ventilation design.

Low ventilation inlet/outlet elevations (25 %H) generally cause
more effective ventilation (faster oxygen recovery) than higher
elevations for both exhaust and supply ventilation. This in-
dicates that dilution is improved throughout the space by
increasing the distance between the points at which air enters
and leaves the confined space.

Supply ventilation generaily causes more rapid oxygen re-
covery than does exhaust. Supply ventilation at low elevations
and at locations in alignment with the outlet caused very
rapid oxygen recovery (five or more times faster) than for
locations not aligned with the outlet. This indicates that op-
timum supply ventilation design would be to locate the outlet
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close to and directed towards where work is being con-
ducted. This, however, must also involve consideration for
moving work locations, possible adverse “wake” effects with
airflow directed past a worker’s body, and possible disper-
sion of contaminants enhanced by the supply airflow “jet”
Sideways expansion of a CS (from a basic cubical shape) will
increase ventilation time for oxygen recovery. This applies
for situations where the ventilation inletvoutlet axis is per-
pendicular to the direction of the expansion (i.e., parallel to
the short sides of the CS configuration).

Depthwise expansion also increases oxygen recovery time.
However, the increases are generally less than for sideways
expansion. This applies for situations in which the ventilation
inlevoutlet axis is parallel to the direction (long sides) of the
expansion.

For a given noncubical CS shape, oxygen recovery time is
less when the ventilation axis is parallel to the longer sides
than it is when the ventilation axis is parallel to the shorter
sides.

Expansion of a CS configuration in two or three directions
also increases oxygen recovery time. However, relatively little
difference was observed between two-directional and three-
directional expansions for equal expansion factors (i.e., two
times in this study).

Findings from these studies should be considered to have
significant limitations. It would be appropriate to apply rough
“safety factors” for calculations of ventilation time. Major lim-
itations include oxygen deficiency having been caused by a
neutrally buoyant material (nitrogen), limited CS configu-
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rations (e.g., a single top opening, specific opening size and
location, and limited CS shapes), and uncertainties in ex-
tending model data to actual confined spaces.

Recommendations

Mechanical dilution ventilation is effective and should be used
to eliminate oxygen deficiency for work in confined spaces. This
and the previous studies have shown that oxygen recovery time
can be approximated for specific situations using a simple math-
ematical model.

It is recommended that Table Il be used to approximate ven-
tilation time for oxygen recovery, subject to limitations discussed
previously. It is also recommended that general guidelines, dis-
cussed in the previous section, be considered and applied in
designing ventilation for confined spaces.

Individuals responsible for CS ventilation should be mindful
of the significant limitations of current knowledge. These limi-
tations are best dealt with by application of safety factors, causing
ventilation times to increase by multiples of the safety factors.

Further studies are planned to help provide data for quanti-
fying some of the limitations. These include characteristics of
heavier-than-air contaminants causing oxygen deficiency and for
characteristics of trace level (e.g., “toxic”) contaminants. Work is
planned to develop a multiparameter interactive microcomputer
model for aiding in CS ventilation design and to conduct field
studies which could help to validate or revise findings based on

laboratory testing.

It is strongly recommended that greater emphasis be placed
upon mechanical ventilation as a primary means of control for
potentially hazardous atmospheres inside confined spaces. Ad-
ministrative controls are and always will be important. Ventilation
design models, no matter how well they predict ventilation ef-
fectiveness, will not preclude the need for safe procedures. How-
ever, administrative controls do not diminish a hazardous con-
dition—engineering controls, such as ventilation, do cause
conditions to be less hazardous.

It is hoped that the publication of findings from studies such
as these will help to stimulate discussion on ventilation for con-
fined spaces. There exists much practical experience which is
unknown and unavailable to the vast majority of individuals re-
sponsible for safety in CS activities. There is much need for
improved and expanded guidelines and regulatory standards to
reduce the needless incidents of injury and death resulting from
work in confined spaces.
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