
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=uoeh20

Applied Occupational and Environmental Hygiene

ISSN: 1047-322X (Print) 1521-0898 (Online) Journal homepage: https://www.tandfonline.com/loi/uaoh20

Ventilation to Eliminate Oxygen Deficiency in
a Confined Space—Part III: Heavier-Than-Air
Characteristics

Richard P. Garrison & Muzaffer Erig

To cite this article: Richard P. Garrison & Muzaffer Erig (1991) Ventilation to Eliminate Oxygen
Deficiency in a Confined Space—Part III: Heavier-Than-Air Characteristics, Applied Occupational
and Environmental Hygiene, 6:2, 131-140, DOI: 10.1080/1047322X.1991.10387847

To link to this article:  https://doi.org/10.1080/1047322X.1991.10387847

Published online: 25 Feb 2011.

Submit your article to this journal 

Article views: 45

View related articles 

Citing articles: 4 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=uoeh20
https://www.tandfonline.com/loi/uaoh20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1047322X.1991.10387847
https://doi.org/10.1080/1047322X.1991.10387847
https://www.tandfonline.com/action/authorSubmission?journalCode=uoeh20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uoeh20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1047322X.1991.10387847
https://www.tandfonline.com/doi/mlt/10.1080/1047322X.1991.10387847
https://www.tandfonline.com/doi/citedby/10.1080/1047322X.1991.10387847#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/1047322X.1991.10387847#tabModule


Ventilation to Eliminate Oxygen Deficiency 
in a Confined Space- 
Part 111: Heavier-Than-Air Characteristics 
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 elimi- 
nate oxygen deficiency caused by heavier-than-air (HTA) contam- 
inants in confined space (CS) models. The HTA “contaminant” 
gases were carbon dioxide, halocarbon-22, and sulfur hexafluor- 
ide, having specific gravities (SG) of approximately 1.5, 3.0, and 
5.0, respectively. Neutrally bouyant nitrogen (SG = 0.98) also 
was tested, consistent with previous studies. CS models having 
cubical and vertical noncubical shapes were tested. Other variable 
design parameters included ventilation mode (exhaust and sup- 
ply), volume flow rate, inlet/outlet elevation, and sampling ele- 
vation inside the CS model. Testing confirmed that HTA con- 
taminants would stratify in the CS models. Regressions of 
experimental data provide a means to calculate oxygen recovery 
times from initial deficiencies. Ventilation time was found to 
increase significantly with increasing contaminant SG. The effect 
was most pronounced at low CS model elevations. Supply ven- 
tilation was more effective than was exhaust. A low ventilation 
inledoutlet elevation was considerably more effective than was 
a high elevation. Geometrically similar cubical models of different 
size performed in very similar manners. Results for vertical, non- 
cubical CS models emphasized the importance of introducing 
ventilation near the bottom of the space. Guidelines for CS ven- 
tilation from this and previous studies, additional issues, and 
recommendations are discussed. Garrison, R.P.; Erig, M.: Ventilation 
to Eliminate Oxygen Deficiency in a Confined Space-Part 111: Heavier- 
Than-Air Characteristics. Appl. Occup. Environ. Hyg. 6:131-140; 1991. 

Introduction 

Oxygen can be displaced and diluted inside confined 
spaces (CS) to the extent that the atmosphere inside the 
space is unsafe to breathe. Any air contaminant can cause 
this if present in sufficient quantities. Of course, toxic con- 
taminants can also pose serious hazards in much smaller 
quantities, without causing oxygen deficiency. 

Relatively nontoxic contaminants, for which oxygen dis- 
placement may be the primary potential hazard, and toxic 
contaminants may include gases having densities quite dif- 
ferent from that of air. Gases having greater density than 

air are described as being “heavier-than-air.” The specific 
gravity (SG) of a gas or  vapor is defined as the ratio of the 
gashapor density to that of air. Specific gravity can be 
calculated by dividing the molecular weight (MW) of a 
given gashapor by 28.9, which is the average “molecular 
weight” for air as a mixture of oxygen (approximately 21%, 
MW = 32) and nitrogen (approximately 79%, MW = 28). 

If a heavier-than-air (H’IA) contaminant is released slowly, 
in sufficient quantity and without agitation, then it is pos- 
sible for the contaminant to stratify, causing significantly 
higher concentrations in lower regions of confined spaces. 
Failure to recognize this has lead to accidents, including 
fatalities, during confined space entries. 

This study examined characteristics of HTA contaminants 
in laboratory CS models. The overall objective was to ob- 
serve and evaluate parameters affecting mechanical ven- 
tilation to eliminate oxygen deficiency caused by HTA con- 
taminants. A second objective was to supplement an 
empirical database for CS model ventilation which could 
be used in the development of computer-designed models 
to predict CS ventilation performance. 

This study is Part I11 of a series investigating ventilation 
characteristics to eliminate oxygen deficiency in confined 
spaces. Part I examined characteristics of a cubical CS model, 
using nitrogen (neutrally buoyant, SG = 0.98) with a rel- 
atively broad range of design parameters.(’) Part I1 also 
used nitrogen and investigated characteristics of noncub- 
ical CS models, constituting progressive expansions from 
the basic cubical configuration.(2) These studies have been 
part of a research project funded by the National Institute 
for Occupational Safety and Health. 

Experimental Method 

The experimental facilities and testing methods for this 
study were very similar to those of the two previous stud- 
ies.(1,2) A “contaminant” was used to displace oxygen (02) 
inside a confined space model. Oxygen concentration (%02) 
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was measured at different locations inside the CS model, 
prior to and following mechanical ventilation of the model 
with fresh (uncontaminated) air. The primary differences 
from the experimental procedures followed in the two 
previous studies were: 

Contaminants other than N2-specifically, the H’IA gases 
carbon dioxide ( COz), halocarbon-22 (chlorodifluo- 
romethane, HC22), and sulfur hexafluoride (SF6) were 
tested. The test gases were selected on the basis of 
specific gravity and of having relatively low hazard po- 
tential. They were introduced slowly at the bottom of 
the CS model to minimize dispersion prior to venti- 
lation testing. 
Different sampling locations-with HTA contaminants, 
it was necessary to place greater emphasis on effects 
at different elevations inside the CS model. For this 
study, samples were taken at four elevations on the 
vertical central axis. In previous studies, the sampling 
locations were in different vertical quadrants of the CS 
models. 
Limited CS model configurations-in order t o  have a 
manageable number of tests in the final experimental 
protocol, it was necessary to reduce the number o f  CS 
model shapes and sizes and the variations of ventilation 
design parameters. 

Figure 1 illustrates the CS model shapes, ventilation con- 
figurations, and sampling locations tested in this study. 
Three CS models were used: 1) a basic cubical shape (CS 
Model A); 2) a vertical, noncubical shape (CS Model E2) 
three times higher and greater (volume) than CS Model 
A; and 3) a double-sized cubical shape (CS Model B) geo- 
metrically similar to CS Model A and having eight times 
greater volume. The CS model designations A, E2, and B 
are the same as used in the previous study.(2) Additional 
designations (lower case letters) were also used t o  name 

t I 

I 
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Top View 

:: c 
4k 
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Aa,b,c 

Basic cube 

specific test configurations for each model shape. 
Table I summarizes the six CS modeVventilationIsam- 

pling conhgurations investigated in this study. These con- 
figurations w e r e  selected t o  provide four types of 
comparisons: 

CS Models Aa versus Ah versus Ac-ventilation flow 
rate variation for the basic cubical model, with flow 
rate measured in terms o f  air changes per hour (ACH), 
i.e., the 1-hour (60-minute) volume flow divided by 
the volume of the CS model. 
CS Models Aa versus Ra-doubling all CS Model ven- 
tilation and sampling dimensions (i.e., maintaining 
geometric similarity) and using the same nondimen- 
sional ventilation volume flow rate (ACH) for two cu- 
bical models of different size. 
CS Models Aa versus E2a-expanding the cubical model 
to a vertical, noncubical shape, with ventilation inlet/ 
outlet (I/O) and sampling elevations moving propor- 
tionately t o  maintain the same nondimensional heights 
(%H, percent o f  CS model height, H)  and the same 
nondimensional flow rate (ACH); 
CS Models Ab versus E2b-adding cubical volumes on 
top of the original basic cube t o  form a vertical, non- 
cubical shape, keeping the actual dimensional flow rate 
(cfm) and the I/O and sampling elevations (inches) the 
same. 

The final test protocol involved 96 test cases (6 x 2 x 
2 x 4 )  consisting o f  the following: 6 CS modeUventilation 
configurations; 2 ventilation modes (exhaust and supply); 
2 inletloutlet elevations (25 and 75 %H); and 4 contami- 
nants of different specific gravities ( N L ,  C 0 2 ,  HC22, and 
SF6, having SG = 0.98, 1.50, 3.00, and 5.05, respectively). 
Four sampling elevations were monitored for each test 
case: at 10, 25, 40, and 70 %H for most cases. 

Figure 2 shows the experimental facilities. A test run for 

E2b 
“Add-on “ 

Vertical Noncubes 

-+- denotes sampling point 

yol 

Ba 
Double-size cube 

geometrically similar to basic cube 

FIGURE 1. CS model configurations, with ventilation inlevoutlet and sampling elevations, for testing HTA contaminants, 
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TABLE 1. Characteristics of CS Models Tested with Heavier-Than-Air Contaminants 

Confia- 
Sampling Contaminant 
Elevations 

Ventilation InletlOuUet ,.. Volume Flow Rate Elevations Volume ~- 

uratiin Description (cf) ACH cfm %H inches YoH inches (cf) 
Aa 

Ab 

Ac 

E2a 

E2b 

Ba 

Basic cube and llow rate 8 20 2.7 25 

Basic cube, high llow rate 8 60 8 

Basic cube, higher llow rate 8 120 16 

Vertical noncube, nondimen- 24 20 8 
sional expansion, sampling 
and I/O elevations moved 
upward 

ume expansion, sampling 
and I/O elevations in bottom 
cube 

cally similar lo basic cube 

Verlical noncube, add-on vol- 24 20 8 

Double-sized cube, geometri- 64 20 64 

75 

25 
75 

same 
as Aa 

8.3 
25 

same 
as Aa 

6 
18 

6 
18 

18 
54 

same 
as Ab 

12 
36 

10 
25 
40 
70 
10 
25 
40 
70 

same as 
Aa & Ab 

same 
as Aa 

3.3 
8.3 

13.3 
23.3 
same 
as Aa 

2.4 4 
6.0 
9.6 

16.8 
2.4 4 
6.0 
9.6 

16.8 

7.2 12 
18.0 
28.8 
50.4 
same same 
as Ab as Ab 

4.8 32 
12.0 
19.2 

each case involvccl checking ~uid adjusting all four sam- 
pling locations t o  read ;I nominal ambient concentration 
of 21.0 %OL; introclucing the clesired volume of ;I prticular 
contaminant gas into the CS model; turning ventilation ON; 
and recording %02 versiis time (minutes) using a coni- 
puter with analolr/digital data conversion from the four- 
channel O2 monitor. I h t a  w r c  collec*ted continuously, 
with one measurement approximately every second for 
each sampling location until oxygen recovery was very 
nearly complete (within 0 . 1  '%loL o f  ambient ), 

The CS models were constructed of wood (four sides) 
and clear plexig1;is (two siclcs). The ovecill dimensions 
(width x depth x height) o f  the CS models were as 
follows: Model A W;IS 0.61 X 0.01 X 0.61 111 ( 2  X 2 X 2 
fi) ;  Model E2 WJS 0.6i X 0.61 X 1.83111 ( 2  X 2 X 6 f t ) ;  
and Model 1% WIS 1.22 x 1.22 X 1.22 m ( 4  x 4 X 4 ft). 
The circular CS top opening, located in  the center of ;I 

quadrant, had ;I diameter o f  15.2 cni ( 6  in . )  for CS Moclels 
A and E2, and 30.4 cni ( 12 in. ) for (3 Model 1%. The inside 
diameter o f  the vcntilation pipe W;IS 5.1 cm ( 2  in.) for CS 
Models A and E2, :tnd 10.2 cni ( 4  i n . )  for CS Model 13. 

A contamin;int volume ecliial t o  50 percent of the CS 
model volume W;IS iised for most test C;ISCS, consistent 
with previous stiidics using nitrogen. Each sampling lo- 
cation was connected t o  one sensor of ;I four-channel, 
electrochemical oxygen monitor ( ENMET Corp). The same 
flow rate (approximatcly 0.25 I h i n )  was drawn through 
each sample line, connected to ;I manifold at the inlet of 
a small diaphragm pump. Ventilation flow rate was mea- 
sured with ;I calibratecl oritice plate aid ni;iiionieter. 

have shown that oxygen recovery 
could be described reasonably well with ;I simple expo- 
nential relat ionship, speci t icAl!.. 

I'revious studies' 

%O, = 21-(21 - B)e Ct 

I n  this moclel, the coefficients (21 - H )  and C represent 
the in i t i a l  oxygen concentration and an oxygen recovery 
time const;int, respectively. The time constant (C) de- 
scribes the rate of oxygen recovery from an initial defi- 
ciency This parameter can be used t o  calculate the ven- 
t i la t ion  time required for the oxygen level t o  change from 
an initial value to some tinal value. 

Ventilation time (min) - In [(21 - %O, initial)/(21 - %O, final)] 
for oxygen recovery - C 

I king this model, regressions were performed on the 
experimental data t o  olmin values for C. For the 96 test 
c*;~ses, and four sampling locations for each case, the av- 

FIGURE 2. Experimental facilities showing CS models, with contaminant de- 
livery. ventilation. sampling. and oxygen monitoring systems. 
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erage coefficient of determination (Rz) was 92 percent, 
ranging from 80 to 99 percent. The standard errors of the 
regression estimates of C were within 1-5 percent. These 
results were considered acceptable, although previous 
studies involving only N2 were found to have somewhat 
higher R2 and lower standard errors. 

Results 

Tables I1 and I11 provide the regression values of C for 
all of the test cases except those involving CS Model Ba, 
which are adequately represented by the data for CS Model 
Aa (discussed subsequently). Values of C are given for each 
sampling elevation, for the test configurations, and for ex- 
haust (Table 11) and supply (Table 111) ventilation. These 
tables supplement the database of C values established in 
the previous two The regression database can 
be used to compare ventilation effectiveness for different 
CS model situations. A one hundredfold difference in C 
values represents a one hundredfold difference in venti- 
lation time, e.g., 3.9 minutes when C = 1.2 and 390 minutes 
when C = 0.012 for oxygen recovery from 10 to 20.9 %02. 

Figures 3 and 4 present oxygen recovery characteristics 
(%02 versus minutes) of HTA contaminants for the basic 
cubical CS Model Aa at a flow rate of 20 ACH. Figure 3 
compares results for the lightest (N2, SG = 0.98) and 
heaviest (SF6, SG = 5.05) gases at three sampling eleva- 
tions (10 ,25 ,  and 40 %H) for exhaust and supply ventilation 
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FIGURE 3. Oxygen recovery for the cubical CS Model Aa for N2 and SF6 at 
three sampling elevations (10, 25, 40 %H), with high (75 %H) I/O elevation 
at 20 ACH. 

at high (75 %H) VO elevation. Figure 4 shows O2 recovery 
for the same CS Model Aa at 20 ACH, with high (75 %H) 
and low (25 %H) VO elevations for all four contaminants 
(N2, C02 ,  HC22, and SF6) at the lowest (10 %H) sampling 
elevation. 

Figure 5 provides a general comparison of the two cu- 
bical models of different size (CS Models Aa and Ba) which 
were geometrically similar and were ventilated at the same 
nondimensional volume flow rate of 20 ACH. Data were 
taken from O2 recovery curves of all 32 test cases for these 
models. The purpose of this comparison was to evaluate 
whether findings for small-scale laboratory models could 
be applied reasonably to larger models, perhaps ultimately 
to actual confined spaces. 

Estimating the length of time needed to ventilate a con- 
fined space is a fundamental design objective. For O2 de- 
ficiency, it is obviously a function of the rate of recovery, 
which can be represented empirically by an O2 recovery 
time constant (C). Previous studied1,*) have compared dif- 
ferent CS models using ventilation times calculated using 
regression values of C; specifically, “delta T,” the time for 
nearly (99%) complete recovery from a 10 %02 initial level 
to 20.9 %02. For consistency, this same time parameter 
was used for comparisons in this study. However, it should 
be kept in mind that recovery often required more time, 
sometimes considerably more, for HTA conditions involv- 
ing initial oxygen levels below 10 %02 and, therefore, 
requiring additional time to reach 10 %02. 

Figure 6 illustrates effects of changing ventilation vol- 
ume flow rate on ventilation time, delta T, for oxygen 
recovery from 10 to 20.9 %02, calculated from time con- 
stants in Tables I1 and 111. These data are for the basic 
cubical shape (CS Models Aa, Ab, and Ac) for all four 
contaminants under exhaust and supply ventilation with 
low (25 %H) YO elevation. 

Figure 7 provides comparisons of ventilation time char- 
acteristics for cubical (CS Models Aa, Ab) and larger, ver- 
tical, noncubical (CS Models E2a, E2b) configurations. These 
comparisons present data for the lowest sampling eleva- 
tion, for which oxygen recovery times were greatest. Con- 
sequently, the HTA characteristics illustrated are more pro- 
nounced than they were at higher sampling elevations. 

The comparisons of Figure 7 include significant differ- 
ences in ventilation design. CS Models Aa and E2a utilized 
the same nondimensional design parameters: ventilation 
flow rate of 20 ACH (2.7 cfm for Aa; 8.0 cfm for E2a); VO 
elevations of 25 and 75%H; and sampling elevation at 10 
%H. CS Models Ab and E2b had the same dimensional 
design parameters: ventilation flow rate of 8 cfm (60ACH 
for Ab; 20 ACH for E2b); UO elevations of 6 and 18 inches; 
and a sampling elevation of 2.4 inches. Figure 7 can be 
described as involving comparisons between the basic cu- 
bical CS model and a proportional, threefold, vertical “ex- 
pansion” of the cube and the ventilation design parameters 
(Aa versus E2a) and comparisons between the basic cube 
and a vertical noncube made by “adding on” two cubic 
volumes on top of the basic cube, leaving the ventilation 
design in the bottom cube unchanged (Ab versus E2b). 
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Discussion 

In all of the test cases, mechanical ventilation caused 
more rapid air mixing and contaminant dilution than would 
have occurred without it. Figures 3-7 show that recovery 
from HTA contaminant stratification and oxygen deficiency 
occurred within periods of time ranging from minutes with 
effective ventilation design to hours for heavy contami- 
nants with poor ventilation design. Preliminary testing in- 
dicated that O2 recovery by diffusion alone would take 
much longer-roughly 24-36 hours for the basic cubical 
CS model containing SF6. 

Contaminant density had a significant effect upon ven- 
tilation effectiveness. Figures 3, 4 ,  6, and 7 show that ven- 
tilation time generally increased with increasing contam- 
inant density. This effect was most pronounced for the 
lowest (10 %H) elevation in the CS models, as shown in 
Figure 3. Differences between contaminants were least ev- 
ident for effective air mixing, such as caused by low (25 %H) 
outlet supply ventilation in Figures 4, 6, and 7. 

Supply ventilation was generally more effective than ex- 
haust ventilation. Figures 3, 4, 6, and 7 show supply ven- 
tilation causing oxygen recovery in less time than for ex- 
haust under otherwise identical conditions for all of the 
CS models. This advantage tended to improve with in- 
creasing contaminant density (Figures 3, 4, 6, and 7), was 
greatest at low elevations (Figure 3), and was not affected 
significantly by CS shape variations (Figure 7). The mag- 
nitudes of the differences between supply and exhaust 
ventilation can be dramatic, e g ,  from several minutes for 
complete recovery under supply ventilation to an hour or  
more for HTA contaminants under exhaust ventilation. The 
reason for more rapid contaminant dilution under supply 
ventilation is the increased dynamic mixing caused by the 
airflow jet discharged from the ventilation outlet. 

I/O elevation was found to have very significant effects 
upon ventilation characteristics. Figures 4 and 7 show that 
ventilation time was less for low (25 %H) I/O elevations 
compared to higher (75 %H) elevations. This advantage of 
low I/O over high 1/0 was most pronounced for high 
contaminant densities and low CS model sampling ele- 
vations (Figure 4) .  

Ventilation volume flow rate can significantly affect ven- 
tilation time for oxygen recovery. Figure 5 shows venti- 
lation time, delta T, dropping substantially for increasing 
volume flow rate (ACH) for both supply and exhaust ven- 
tilation. This increase was not in proportion to change in 
flow rate. A three-times change from 20 to  60 ACH reduced 
ventilation time for HTA contaminants by less than 50 per- 
cent for exhaust ventilation and by variable amounts with 
different contaminants for supply ventilation at the lowest 
(10 %H) sampling elevation, with different characteristics 
at higher elevations. Reductions in ventilation time were 
observed over the full range (20-120 ACH) tested for ex- 
haust, but there was little improvement above 60 ACH for 
supply ventilation for the cubical CS Model A. 

Geometric similarity is necessary for two CS models of 
different size to experience similar ventilation perfor- 
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FIGURE 6. Oxygen recovery times, delta T(10-20.9 YOO,), for different ven- 
tilation volume flow rates (cubical CS Models Aa, b, c) for different contam- 
inants, with low (25 %H) I/O elevation. 

mance. Similarity must apply for both the CS configuration 
and the ventilation design. Figure 6 shows that geometric 
similarity was sufficient for the two cubical CS models (Aa 
and Ba) of this study to exhibit nearly the same oxygen 
recovery. Empirical results such as found by this study 
(Tables I1 and 111) are limited to the CS model and ven- 
tilation design parameters which were tested. Geometric 
similarity may make it possible to extend application of 
the data to larger field CS situations. However, it may be 
unlikely that any field spaces will conform closely enough 
to the test data to allow highly accurate predictions of 
ventilation time. 

This study allows limited consideration of CS shape ef- 
fects; specifically, Figure 7 provides comparisons o f  cubical 
and vertical, noncubical CS models. The effects of differ- 
ences between cubical CS Model Aa and the “expanded,” 
noncubical Model E2a include a three times greater ven- 
tilation rate and amount of contaminant. Higher flow rates 
(cfm) for CS Model E2a resulted in increased vertical air 
flow velocities through the unchanged horizontal cross- 
sectional areas of the CS model and the ventilation pipe. 
Higher velocities caused increased air mixing within CS 
Model E2a. Low (25 %H) elevation supply ventilation was 
most effective for eliminating O2 deficiency in both the 
cubical and noncubical CS models. Findings for the “ex- 
panded,” vertical, noncubical CS model indicate a signif- 
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icant advantage in reducing ventilation time when using 
low YO elevation for HTA contaminants. 

Findings for the “add-on,” vertical, noncubical CS model 
also show the importance of providing ventilation near the 
bottom of a CS containing HTA contaminants. Ventilation 
characteristics for the cube and vertical noncube were 
similar, suggesting that ventilation design for the “cubical” 
bottom of a vertical noncube may be predicted reasonably 
well using cubical CS model data, with relatively little shape 
(depth) effects. 

Data in Figures 3, 4, 6, and 7 show that N2 was not a 
good predictor for HTA contaminant effects. Nitrogen was 
the only contaminant used in the previous studies of cu- 
bical and noncubical CS models.(lJ) Findings for nitrogen 
may be more useful for dilution ventilation to control toxic 
Contaminants in low concentrations for which the mixture 
density is nearly the same as that of air. 

The relationships between CS ventilation design param- 
eters (e.g., CS shape, contaminant SG, ventilation YO, ACH, 
and locationlelevation in CS) are very complex. Combining 
these with other relevant parameters (many not yet stud- 
ied) would result in an empirical database so complicated 
as to defy almost any effort to establish a rational, accurate, 
and comprehensive computer design model based solely 
on empirical findings. A truly comprehensive design model 
for confined space ventilation probably must come from 
an analytical basis. This requires developing user-friendly 
computer programs to solve difficult mathematical models. 

Research should continue towards development of prac- 
tical guidelines for effective CS ventilation. More field test- 
ing is needed. This will enhance working experience and 
improve the predictive capability of laboratory experi- 
ments, particularly when done in conjunction with scale 
model testing. The development of analytical models should 
be encouraged. Such models could be tested and evaluated 
against the empirical database obtained in these studies 
for oxygen deficiency. There are many additional and un- 
tested design parameters, such as different CS model shapes 
(e.g., cylindrical), internal CS surfaces, more than one CS 
opening, and CS opening size variation, to list a few. 

Guidelines and Recommendations 

The conclusions from this study, and those from the two 
previous studies,(lv2) help to establish a framework of de- 
sign guidelines for CS ventilation which can be summa- 
rized as follows: 

Air movement caused by mechanical ventilation will 
greatly enhance contaminant dilution inside a CS. Con- 
taminant dilution by diffusion and/or natural ventila- 
tion can be much slower than with mechanical 
ventilation. 
Heavier-than-air contaminants can stratify inside con- 
fined spaces. Rates of contaminant dilution tend to 
decrease as contaminant density increases, especially 
near the bottom of a confined space. 
Supply ventilation is generally more effective than ex- 
haust in reducing the length of time required for di- 

lution of atmospheric contaminants because air mixing 
is enhanced by the supply jet. Decisions to ventilate 
by either supply or exhaust methods should also in- 
clude considerations of other advantages and disad- 
vantages (discussed subsequently). 

* A  directed supply jet of fresh air can provide very 
effective air mixing and dilution, such as rapid oxygen 
recovery, at locations aligned with the jet. It is highly 
advisable in many CS ventilation situations to direct 
fresh air to the breathing zones of workers. 
Low ventilation VO elevations (e.g., less than 25 %H) 
are generally more effective than higher VO elevations 
(e.g., above 75 %H). This characteristic can be pro- 
nounced for HTA contaminants, increasing with con- 
taminant density. 
Ventilation volume flow rate can have significant effects 
upon ventilation time. Reductions in ventilation time 
typically are not proportional to increases in volume 
flow rate. Benefits from exceeding 60 ACH may be 
minimal for supply ventilation. Flow rates below 20 
ACH are not recommended for most CS situations. 
If geometric and air flow similarity are maintained be- 
tween two confined spaces of different size (Le., same 
CS and ventilation geometry and same ACH), then they 
will probably have similar ventilation characteristics. 
If geometric similarity is not maintained, then venti- 
lation characteristics may be very different. 

*The shape of a CS can have significant effects upon 
ventilation characteristics. HlA contaminants may cause 
substantial differences between characteristics of cu- 
bical versus noncubical shapes in vertical and hori- 
zontal orientations. A cubical CS model may be able 
to predict ventilation effects in the “cubical end” of a 
noncubical CS. 
Variations in ventilation effects with CS shape (e.g., 
cubical versus noncubical) are less pronounced when 
contaminant density is not significantly different from 
air, such as for neutrally buoyant nitrogen and for toxic 
contaminants in relatively low concentrations. 

Findings from these studies do not address all important 
issues of ventilation control for confined spaces. Consid- 
eration should be given to other important engineering 
and administrative control measures, to advantages and 
disadvantages of different ventilation alternatives, and to 
ventilation equipment, testing, and training. 

Mechanical ventilation of a confined space does not pre- 
clude the importance of strict administrative control mea- 
sures for safe CS entry. Both engineering and administra- 
tive controls are needed unless either can be confirmed 
to be unnecessary (and this can be difficult to do). Entries 
should be avoided whenever possible. Confined spaces 
should always be opened as much as possible prior to 
entry. 

Advantages of supply.ventilation for a CS can include: 
rapid and moveable localized dilution directly to worker 
breathing zones; it can cause more effective air mixing 
throughout the CS; and it can accomplish mancooling. Dis- 
advantages include: enhanced dispersiodevaporation of 
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dusts/liquids; contaminant discharge from CS openings; 
contaminant buildup if supply air is not fresh; and possibly 
hazardous mancooling with cold ambient temperatures. 

Advantages of exhaust ventilation include: the tendency 
to be nondispersive of contaminants; contaminants can be 
discharged away from CS openings; localized control is 
possible if inlets are positioned close to localized sources; 
and lower general air flow velocities can reduce man- 
cooling effects. Disadvantages of exhaust ventilation in- 
clude: less effective general air mixing and dilution; the 
possibility of drawing contaminants through breathing zones; 
and the possibility of high localized contaminant 
concentrations. 

Local exhaust ventilation (LEY) can be used effectively 
in confined spaces provided the inlets (hoods) can be kept 
close enough to localized contaminant sources. LEV offers 
the possibility of air cleaning to remove contaminants. LEV 
may not have sufficient volume flow rate to satisfy needs 
for dilution ventilation if contaminants are not captured at 
the hood(s). 

Natural ventilation, typically caused by wind and/or ther- 
mal convection, can have significant effects upon contam- 
inant concentrations in confined spaces. Natural ventilation 
has the advantage of not being subject to mechanical fail- 
ure. However, it can also be changeable without warning 
and should be used only with strict administrative controls. 
Natural ventilation should be utilized to whatever extent 
it may exist. However, mechanical ventilation should be 
required whenever highly toxic contaminants are present. 

Equipment limitations can be significant factors in ven- 
tilation design for a particular CS entry. Ventilation time 
is a function of the fan volume flow rate. Planning and 
designing for CS ventilation should be made well before 
an entry is needed in order to be certain that proper 
equipment will be available. Ventilation equipment can 
cause problems for egress, visibility, communication, un- 
desired mancooling, and other aspects of CS entry safety. 

Testing before and during CS entries should always em- 
phmize monitoring for atmospheric contarninants, even 
when effective ventilation is in place. Testing during CS 
entries should also include observations and measure- 
ments of ventilation parameters to help evaluate ventilation 

effectiveness. 
Training for CS entries should include setup and op- 

eration of all ventilation equipment for all persons in- 
volved in routine entries and emergency rescues. Training 
should address ventilation testing and the calibration and 
operation of gas/vapor/oxygen monitoring instruments. It 
should emphasize “hands-on” experience. Training drills 
at actual confined spaces, with potentially hazardous con- 
taminants present, are highly recommended in addition 
to classroom instruction. 

There will be some CS entries for which ventilation is 
impossible, such as when air must be excluded from the 
CS (e.g., pyroforic catalysts) or when space size and ge- 
ometry prevent effective ventilation (e.g., long, complex 
utility tunnels). It is advisable to provide ventilation as 
close as possible to work areas that cannot be ventilated 
directly. It is necessary in such situations to place special 
emphasis on administrative controls to offset the loss of 
safety resulting from poor or nonexistent ventilation. 

Poor ventilation is a defining characteristic of a confined 
space. There is great need to improve the awareness of 
potential atmospheric hazards in CS and of ventilation as 
a primary means of control. More specific information is 
needed on  methods for implementing effective CS 
ventilation. 

Mechanical ventilation, even lacking solid comprehen- 
sive quantitative design criteria, should be used for most 
confined space entires. Mechanical ventilation does what 
no administrative control can do (e.g., entry attendant, 
permit, atmospheric testing, or personal protective equip- 
ment)-it will directly reduce concentrations of potentially 
hazardous air contaminants in confined spaces. 
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