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RISK FROM A PRESSURIZED TOXIC GAS SYSTEM: 
CONSEQUENCES 

PART II - DISPERSAL 

Sandra J. Brereton, Thomas J. Altenbach, Sarah G. Lane, and Dick W. Martin 
Hazards Control Department 

Lawrence Livermore National Laboratory 
Livermore, California 

ABSTRACT 
During the preparation of a Safety Analysis Report at the 

Lawrence Livermore National Laboratory, we studied the 
release of chlorine from a compressed gas experimental 
apparatus. This paper presents the second part in a series of 
two papers on this topic. The first paper focuses on the 
frequency of an unmitigated release from the system; this 
paper discusses the consequences of the release. 

The release of chlorine from the experimental apparatus 
was modeled as an unmitigated blowdown through a 0.25 inch 
(0.0064 m) outside diameter tube. The physical properties of 
chlorine were considered as were the dynamics of the fluid flow 
problem. The calculated release rate was used as input for the 
consequence assessment. Downwind concentrations as a 
function of time were evaluated and then compared to 
suggested guidelines. 

For comparison purposes, a typical water treatment plant 
was briefly studied. The lower hazard presented by the LLNL 
operation becomes evident when its release is compared to the 
release of material from a water treatment plant, a hazard which 
is generally accepted by the public. 

ACRONYMS 
AIHA: American Industrial Hygiene Association. 
DOE: Department of Energy. 
ERPG-1: Emergency Response Planning Guide, Level 1. 
ERPG-2: Emergency Response Planning Guide, Level 2. 
ERPG-3: Emergency Response Planning Guide, Level 3. 
ID: Inside diameter. 
IDLFb Immediately Dangerous to Life and Health. 
LLNL: Lawrence Livermore National Laboratory. 
NIOSH: National Institute for Occupational Safety and 

Health. 
OD: Outside diameter. 
OSHA: Occupational Safety and Health Administration. 
SAR: Safety Analysis Report 
TLV-TWA: Threshold Limit Value - Time-Weighted Average. 

INTRODUCTION 
The Lawrence Livermore National Laboratory uses a 

variety of toxic gases in support of its research activities. 
Recently, we prepared a Safety Analysis Report (SAR) for the 
Department of Energy (DOE) on our Plutonium Facility. One 
of the future activities in this facility will involve a 
hydrochlorination process. Although many of the hazards 
associated with the operation of this facility are associated 
with plutonium, it was recognized in the SAR preparation that 
a significant hazard will also exist due to the presence of toxic 
gas, once the hydrochlorination activity commences. The 
SAR analyzed potential accidents resulting in radiological 
exposures, and also assessed the non-radiological impacts 
resulting from a release of toxic gas, such as chlorine. 

This paper examines the proposed compressed chlorine 
gas system from an accident consequence standpoint. The 
focus here is the potential consequence resulting from an 
unmitigated release of chlorine from the apparatus into the 
atmosphere. A companion paper presents the results of the 
frequency determination, showing that such an event falls into 
the credible range (frequency > 10'6/yr). Together, these 
papers provide a better understanding of the risk associated 
with the use of the chlorine gas apparatus at Livermore's 
Plutonium Facility. 

A bounding analysis was done to evaluate the 
consequences. Clearly, a range of potential consequences 
could result from failures in the system. This could range from 
very minor impacts associated with very small leaks, to more 
severe impacts resulting from catastrophic failure. A 
bounding analysis provided us with an understanding of the 
magnitude of the impact of the most severe of all events. 

DESCRIPTION OF THE PROBLEM 
A hydrochlorination operation is planned as a future 

activity at the LLNL Plutonium facility. Current planning is 
to use either a 100-lb (45.4 kg) or a 15-lb (6.8 kg) Cl2 gas 
cylinder for this operation (@ 85 psig (0.69 MPa), 21 °C). 
During operation, a single chlorine gas cylinder will be 
installed in a commercially available gas cabinet located 
outside of the facility. The gas cabinet has a CI2 sensor, which 
alarms within the facility upon detecting chlorine in the free 
space of the gas cabinet The delivery line inside of the gas 
cabinet has an excess flow shut-off valve and an emergency 
shut-off valve, triggered either by excess flow or by sensing 
gas in the cabinet Both of these are located near the cylinder 
head. The excess Sow valve closes if the flow reaches 8 slpm 
(standard litres per minute) (1.3X10"4 m 3/s). The system is 
designed to deliver the gas at a flow rate of 2 slpm (3.3x10"5 

m 3 / s ) for normal operations. The apparatus is shown 
schematically in Figure 1. 

The various factors contributing to a toxic gas release 
have been studied through the use of a fault tree to assess the 
frequency of occurrence of a release of toxic gas from Building 
332. This is presented in a companion paper. The 
arrangement that was modeled is that shown in Figure 1. If the 
safety features associated with the toxic gas installation 
function as designed, only a very small release of toxic gas 
would result under any off-normal conditions. A more severe 
release could result if these features, or combinations of these 
features, failed to function. Leak detection and mitigation were 
also considered, i.e., when the toxic gas sensor alarms in the 
facility, a worker wearing appropriate protective equipment 
was assumed to investigate the equipment and prevent the 
situation from developing further (e.g., by shutting off the 
cylinder valve, or replacing the damaged component etc.). 
Otherwise, the leak was assumed to develop into a "large" 
leak, which was modeled for the purpose of consequence 
assessment as a release through a 0.18 inch (0.0046 m) 
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Figure 1. Toxic Gas System Schematic 
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diameter opening. This size was selected because the piping in 
the apparatus is 0.2S inch OD (0.0064 m), with 0.03S inch 
(0.00089 m) wall thickness (therefore, 0.18 inch ID (0.0046 
m). Random failures were considered to be the cause of this 
release, either in the various sections of piping or other 
components making up the system. These contributors to 
release were considered in the fault tree analysis presented in 
the companion paper. 

It is recognized that human error could also contribute to 
the release of chlorine, primarily during cylinder changeout or 
handling. LLNL has established many administrative controls 
for the safe handling and use of gas cylinders. These controls 
are applied by facility personnel and include: 

• Handling and transporting cylinders only with the 
cap securely screwed over the cylinder valve. 

• Securing cylinders durbg transportation, storage, 
and when in use by chains, straps, or bars. 

• Storage outside where possible, in a protected 
location, out of direct sunlight and away from 
sources of intense heat 

• Regular inspection of hoses and manifolds. 
• Clear identification of cylinder contents. 

Despite these controls, release during cylinder changeout or 
handling may be possible, but this is not examined here. 

DETERMINATION OF THE RELEASE RATE 
Two toxic gas releases were studied here, involving a 

100-lb (45.5 kg) and a 15-lb (6.8 kg) chlorine cylinder. 
A source term was developed for the release from the 

apparatus identified in Figure 1. An unmitigated release of CI2 
to the atmosphere, through a small orifice (corresponding to 
the diameter of the piping used (0.18 inch ID (0.0046 m)), or a 
small hole in the cylinder) was considered. Key assumptions 
in the analysis included: 

• initial chlorine gas pressure of 142 psig (1.08 MPa) 
ambient conditions of 38 °C (hot day) and 1 atm (0.1 

- MPa) 
pressure 

• discharge orifice diameter of 0.18 inches (0.0046 
m). 

A computer code was developed to study the release. It 
considered the thermodynamic properties of the chlorine, the 
geometry of the configuration, and energy input from the 
environment. Thermodynamic properties of chlorine were 
interpolated from the tabular data given in Braker (1980). The 
phenomenology of the blowdown process begins when the 
line is breached, or one of the components in the system fails. 
Initially, the gas exists as a mixture of saturated vapor and 
liquid at the initial temperature within the cylinder. After 
discharge of the initial vapor, the liquefied gas flashes to 
vapor and was assumed to exit adiabatically. Most of the 
energy to evaporate the liquefied gas comes from the liquid and 
so reduces its temperature. Additional heat is supplied by 
natural convection from the environment. As long as the tank 
pressure is greater than the critical flow pressure, the flow is 
choked and the velocity of the exit gas is sonic. When the 
pressure in the tank is reduced to a value less than the critical 
flow pressure, the flow is subsonic. Eventually, the tank 
pressure drops to atmospheric. At this point, the upper limit 
on the rate of gas discharge is determined by the rate at which 
heat from the environment can evaporate the liquid. When all 

the liquid has been evaporated, environmental heating will 
cause the pressure to rise slightly - this part of the process has 
been ignored, since only a very small fraction of the original 
mass remains. It was assumed that no liquid is entrained in the 
vapor as it exits, and no ice formation occurs on the tank or 
discharge orifice. 

Figures 2 and 3 present the results of the release rate 
calculations. The dashed lines correspond to the base case at 
38 °C ambient temperature; the solid lines are for comparison, 
and correspond to the results with an ambient temperature of 
21 °C. A more rapid release occurs at the higher temperature. 
Since this could result in greater consequences, the higher 
temperature case is the focus of the discussion here. Table 1 
summarizes the information for the 38 °C case. A rapid initial 
release rate of fairly short duration occurred (forced flow 
regime), followed by a longer duration, much lower rate release 
(evaporative flow regime). For the 100-lb (45.5 kg) of CI2, 
an average initial rate of 0.013 kg/s for 12.6 minutes was used 
for modeling the consequences of the initial phase. This was 
followed by a release at a rate of 9 .1xl0 ' 4 kg/s for 
approximately 10 additional hours. For the 15-lb (6.8 kg) 
cylinder, the same average initial rate was determined, but this 
lasted for only 109 seconds. This was followed by a release at 
a rate of 23x10"* kg/s for approximately 6.5 additional hours. 
The initial rates are the same for both cylinder sizes because 
the release rate during forced flow is determined by the orifice 
size. This is identical for both cylinders. In the evaporative 
phase, the release rate is driven by heat transfer from the 
environment, and is a function of the cylinder dimensions. 
The 15 lb (6.8 kg) cylinder is smaller, and hence a slower rate 
is determined during the evaporative phase. Since the 
consequence evaluation code can not accept time dependent 
input, the release was modeled as two distinct regimes using 
the above approximations as the release rates during each 
phase. 

CONSEQUENCE EVALUATION 
With the source release rate known, the downwind 

consequences from the event can be evaluated. This section on 
consequence evaluation is divided into three subsections. 
First some basic background information on industrial 
hygiene is presented. Next, the transport of the released 
material in the environment is discussed, and the impact at 
points of interest is given. Finally, the impact is compared 
with suggested guidelines. 

Industrial Hygiene Background Information 
Chlorine is a greenish-yellow gas, which is 2.5 times 

heavier than air. It is readily recognized by its bleach-like 
pungent odor. As a liquid, it is clear and amber-colored, and is 
1.5 times heavier than water. Generally, chlorine is shipped 
and stored as a compressed, liquefied gas with a vapor pressure 
of 85 psig (0.69 MPa) at 70 °F (21 °C). Chlorine is non
flammable, but it is a strong oxidizer, capable of supporting 
the combustion of hydrogen, ammonia, fuel gases, ether, 
turpentine, and most hydrocarbons (NIOSH, 1990). Finely 
divided metals may react violently with chlorine. Chlorine 
reacts with water to form corrosive solutions of hydrochloric 
and hypochlorous acids. 
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Figure 2: Release of Chlorine from 15 lb (6.8 kg) Cylinder 
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TABLE 1: SOURCE TERM INFORMATION FOR CHLORINE 
RELEASE SCENARIOS (@ 38 °C) FROM LLNLS 

PLUTONIUM FACILITY 
• 100 lb 

Cyl inder 
15 lb Cylinder 

Initial Mass (kg) 45.5 6.82 

Initial 37.8 37.8 
Temperature (°C) > 

Time to end of 759 109 
forced flow (s) 

Mass (liquid) 
remaining at end 
of forced flow (kg) 

35.2 5.33 

Average Release 
Rate during forced 
flow stage (kg/s) 

0.0135 0.0136 

Time to remove all 
liquid (s) 

4 .0x10 4 2 . 3 x l 0 4 

Average Release 
Rate during 

9 .1xl0" 4 2.3xl0" 4 

evaporative stage 
(kg/s) 

Mass of gas 0.17 0.026 
remaining (kg) 

Chlorine is corrosive and highly toxic. It is primarily 
known as an irritant to the mucous membranes of the eyes, 
nose, and throat, and to the linings of die entire respiratory 
system. Exposure to chlorine may cause skin burns, eye 
damage, and damage to the respiratory tract. The threshold of 
odor perception is roughly between 0.2 ppm (0.59 mg/m3) and 
0.4 ppm (1.18 mg/m') (Clayton, 1981), with considerable 
variation among individuals. The lowest toxic concentration 
producing respiratory distress is reported to be 15 ppm (44.3 
mg/m-') (Clayton, 1981). The lowest lethal concentration is 
known to be 430 ppm (1,269 mg/m 3 ) for a 30 minute 
exposure (Clayton, 1981). Inhalation of higher 
concentrations can be fatal. 

The irritation caused by chlorine is explained by its 
strong oxidizing capacity; it splits hydrogen from the water in 
moist tissue, causing release of oxygen free radicals and HC1. 
The oxygen free radicals produce the majority of tissue damage 
and this is enhanced by the HC1. 

Exposure limits for hazardous chemicals are typically 
expressed in terms of a limiting dose. This dose is typically 
defined as a concentration for a given period of time. The 

exposure limits correspond to various levels of discomfort or 
adverse effect, which might occur after exposure to the 
specified concentration for a corresponding period of time. 
Table 2 summarizes various exposure limits for chlorine. 
Terms are defined in the table. The first of these is to be 
applied to routine or chronic exposures; the others are 
applicable to short term, acute -accidental releases. 

In some instances, concentrations may exist for some 
time period other than that on which the toxic limit is based. 
It may be possible to apply "Haber's Rule" to determine if the 
impacts are within those corresponding to a given toxic limit. 
Haber's Rule considers the dosage (total quantity inhaled in 
mg) and allows this to be incurred through exposure to 
different concentrations for different periods of time, as long 
as the concentration times the duration is equivalent. For 
example, to be below the ERPG-2 limit, one would have to be 
exposed to a chlorine concentration of less than 8.7 mg/m3 for 
1 hour. Application of Haber's Rule would allow one to argue 
that similar impacts would be observed if one was exposed to a 
concentration of 17 mg/m3 for 30 minutes, or 4.3 mg/m3 for 2 
hours. The law typically applies over a range of 2 to 3 times 
(or one-half to one-third) the experimentally derived dose-
response relationship. 

Atmospheric Dispersion 
Consequences of chemical releases were modeled using the 

ALOHA (Areal Locations flf Hazardous Atmospheres) code 
(NOAA, 1992a and 1992b). ALOHA estimates the dispersion 
of hazardous material from accidental spills or releases. This 
code has evolved over the years and now (Version 5.1) includes 
the ability to model heavy gases, in addition to its Gaussian 
dispersion model. The ability to model heavy gases, which 
form collapsing clouds and spread by gravitational forces as 
they are dispersed by wind and atmospheric turbulence, was 
important. Chlorine has the potential to form a heavier-ihan-
air gas at the release point. Heavier-than-air gas dispersion is a 
complex interaction of atmospheric turbulence, entrainment, 
advection, and gravitational spreading. ALOHA calculates 
downwind concentrations of the released material under 
specified weather conditions, using the heavy gas model where 
appropriate. 

The major input values to ALOHA for the toxic gas 
releases included: 

• chemical of interest 
• distance of interest 
• weather conditions 
• source release rate. 
The chlorine release receptor location was at the southern 

site boundary of LLNL, 425 m from the release point. A 
ground level release under F atmospheric stability (very stable, 
minimal mixing) and, 1 m/s wind speed was assumed. These 
meterological conditions are conservative and tend to 
maximize downwind concentrations. The gas cabinet actually 
has a ventilation system, with an elevated release point (2 -
2.5 m). Neither hold up within the cabinet, nor die elevated 
release point provide any significant benefit in terms of lower 
downwind consequences. 
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TABLE 2: EXPOSURE LIMITS FOR CHLORINE 

Exposure Limit Value 

Threshold Limit Value-Time 
Weighted Average (TLV-TWA): This 
is the time-weighted average concentration 
for a normal 8-hour workday and a 40-hour 
work week to which nearly all workers may 
be repeatedly exposed, day after day, without 
adverse effect. 

1.51 

mg/m3 

(ACGIH) 

Immediately Dangerous to Life or 
Health (IDLH): This represents a 
maximum concentration from which a 
healthy worker could escape within 30 
minutes without any escape-impairing 
symptoms or any irreversible health effects. 

89 l 

mg/m3 

(NIOSH) 

Emergency Response Planning 
Guide, Level 1 (ERPG-1): This is the 
maximum airborne concentration below 
which it is believed that nearly all 
individuals could be exposed for up to 1 hour 
without experiencing other than mild 
transient adverse health effects or without 
perceiving a clearly defined objectionable 
odor. 

2.91 

mg/m3 

(AIHA) 

Emergency Response Planning 
Guide, Level 2 (ERPG-2): This is the 
maximum airborne concentration below 
which it is believed that nearly all 
individuals could be exposed for up to 1 hour 
without experiencing or developing 
irreversible or other serious health effects or 
symptoms which could impair an individual's 
ability to take protective action. 

8.71 

mg/m3 

(AIHA) 

Emergency Response Planning 
Guide, Level 3 (ERPG-3): This is the 
maximum airborne concentration below 
which it is believed that nearly all 
individuals could be exposed for up to 1 hour 
without experiencing or developing life-
threatening effects. 

58 1 

mg/m3 

(AIHA) 

For the release scenarios considered, the chlorine was 
released as a gas from the apparatus. As the release progresses, 
the pressure and temperature in the cylinder decrease, slowing 
the release rate. Eventually, the material in the cylinder cools 
to its boiling point (-34 °C), taking energy from the 
surrounding environment for vaporization. Because chlorine 
gas is heavier than air, a heavier than air plume is formed at uw 
source. The plume initially spreads out at ground level. As it 
mixes with the air, and its density is reduced, the plume 
evolves to that of a passive contaminant (in this case, it is 
modeled as a Gaussian). 

The results are summarized in Table 3. Similar 
concentrations were calculated for the initial rapid release of 
chlorine from both sizes of die gas cylinder. However, the 
duration of this elevated concentration is much shorter for the 

lppm = 2.89 mg/m-

15-lb (6.8 kg) cylinder release. The downwind concentration 
resulting from the long duration, slow release rate mat follows 
the initial rapid release, is lower for the 15-lb (6.8 kg) cylinder 
man for me I00-Ib (453. kg) cylinder. But, the concentration 
during this phase is not a significant concern in either case. 
Thus, it appears that consequences from the release from a 100-
lb cylinder are not substantially greater than a release from the t 
15-lb cylinder for the arrangement considered here. 

TABLE 3: CONSEQUENCES OF UNMITIGATED 
CHLORINE GAS RELEASES 

Scenario 
Consequence 

at Site 
Boundary 
(mg/m 3 ) 
(425 m) 

Offsite 
Evaluation 

Guideline (EG) 
(mg/m 3 ) 
ERPG-2 

Unmitigated 
Chlorine Release, 
100 1b 

23 mg/m3 for 
12.5 min 

2.3 mg/m3 for 
10 h 

8.7 
for one hour or 

less 

Unmitigated 
Chlorine Release, 
IS lb 

23 mg/m3 for 109 
sec 

0.6 mg/m3 for 
6.5 h 

8.7 
for one hour or 

less 

Comparison to Guidelines 
Evaluation guidelines for chemical releases are 

concentration values established for the purpose of evaluating 
the adequacy of the results associated with the analyzed 
accidents. Failure to meet guidelines normally leads to special 
equipment designation, the establishment of special controls, 
or die possibility of major reconfiguration as determined 
through cost-benefit analysis. Meeting the evaluation 
guidelines at a DOE facility is considered sufficient 

: was demonstration of safety assurance with regard to hazards and 
esses, accident analysis required by Nuclear Facility SAR 
>wing requirements, as set forth in DOE Order 5480.23 (DOE, 1992). 
cools I" performing the accident analysis for die Plutonium 

the Facility, the degree of conservatism was only reduced so far as 
• • was necessary to meet established guidelines. Additional 
at die rigorous analysis was not performed if die guidelines were 
A. j t easily met widi fairly simple, conservative analyses. 
, The guidelines used for comparison in this SAR are those 
it is provided in DOE (1994). For chemicals, die toxicological 

public evaluation guideline is that no internal, external, or 
•< natural phenomenon event could cause a member of die public 

r be exposed above die ERPG-2 (see Table 2 for definition). 
L This guideline is independent of event frequency. If the 

* „ guideline is not met, it is expected diat some action would be 
taken to further reduce die risk. 

Table 3 compares die consequences of die Cl2 releases to 
die evaluation guidelines. Most leaks will be much less severe 
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than this. The resulting initial concentrations are similar for 
both chorine cylinder sizes, but it is of shorter duration for the 
15-lb (6.8 kg) cylinder. Although the site boundary 
concentrations exceed the ERPG-2 concentrations for a short 
time, this does not necessarily mean that the ERPG-2 level is 
exceeded for chlorine. The ERPG values are based on a 1-hour 
exposure. Applying Haber's Rule, and making use of the 
available experimental data, it is technically possible to show 
that for chlorine, the predicted dosage at the site boundary is 
less than ERPG-2 (Lane, 1995). The predicted physiological 
response to an off-site exposure would fall with in the ERPG-2 
definition: nearly all individuals could be exposed to 23 
m g / m 3 for up to 12.5 minutes without experiencing or 
developing irreversible or other serious health effects or 
symptoms which could impair the individual's ability to take 
protective action. Reversible and significant irritation of the 
eyes, nose and other mucous membranes are likely. Thus, the 
evaluation guideline is met. Again in accordance with DOE 
guidance it is assumed that -protective action is taken to 
preclude exposure after 1 hour. 

COMPARISON TO A RELEASE FROM A WATER 
TREATMENT PLANT 

Water treatment plants commonly use gaseous chlorine to 
disinfect the drinking water supply. Large quantities of 
chlorine, on the order of 1 ton or more, are typically used. A 
possible arrangement has the chlorine tank hooked up to 
deliver the gas to a chlorinator unit, where the gaseous 
-chlorine is injected into the raw water. 

It is interesting to compare the consequences of potential 
accidents associated with the use of the relatively larger 
quantity of chlorine at a water treatment plant with the 
consequences of the release from LLNL. As sample cases for 
comparison, unmitigated releases through a 0.5 inch ID 
(0.0127 m) and 1 inch ID (0.0254 m) pipe were studied. This 
range'of size of piping is more appropriate for the larger 
system and the process of water chlorination. The release 
information and consequences are summarized in Table 4 and 
compared to the LLNL releases. The initial conditions for the 
source and the conditions for atmospheric dispersion are the 
same for all cases. Significantly higher concentrations were 
determined for the water treatment plant releases. A higher 
concentration results for the larger pipe size (1 inch (0.025 m) 
during the forced flow regime. During the evaporative flow 
regime, the same concentration was determined for both cases 
because the same size tank was assumed. This was 
considerably larger than the cylinder size in either of the 
Plutonium Facility release cases (and therefore the release rate 
during this phase is much larger for the water treatment plant). 

Because the LLNL peak concentrations are within a factor 
of three of ERPG-2, for less than 1/3 of an hour (or 12.5 
minutes), Haber's Rule can be applied and it can be argued that 
the evaluation guideline is met. It is not possible to make a 
similar argument for the water treatment plant because the 
concentration exceeds the ERPG-2 level for the entire 28 hr 
release. However, unless a water treatment plant like this is 
located at a DOE facility, the DOE requirements for safety 
analysis and the evaluation guidelines provided earlier do not 
apply. The concentration from the water treatment plant 
release is certainly in the range where significant adverse 
health effects would be experienced by the receptor, but 

assuming protective action is taken to remove the receptor 
from exposure at 1 hr, not so severe as to be lethal. 

The evaluation for the water treatment plant was done at 
425 m to be directly comparable with the LLNL results. It 
should be noted that the receptor could be located at a much 
closer distance than this (possibly as close as being right 
beside the chlorine cylinder), as access to such facilities is not 
normally restricted. It is clear that the consequences 
associated with the water treatment plant can be more severe 
than the LLNL release. Despite this, this is a risk that is 
widely accepted by the public. 

Operations of this nature at any facility are subject to the 
"PSM Rule", the Occupational Safety and Health 
Administration (OSHA) Rule 29 CFR 1910.119, "Process 
Safety Management of Highly Hazardous Chemicals". The 
PSM rule requires that a Process Hazard Analysis be performed 
at a facility using quantities of hazardous material in excess of 
the OSHA threshold quantities (TQs). For chlorine, this rule is 
triggered at 1500 lb (680 kg). The objective of the PSM rule is 
to protect employees by preventing or minimizing the 
consequences and impacts of chemical accidents involving 
highly hazardous materials. The objective is partly fulfilled 
by performing a process hazard analysis to identify hazards 
and to recommend safety improvements in the design and 
operation of the particular process. This will also identify 
accident scenarios. The process hazard analysis should cover 
the following: 

• identification of the hazards of a process 
• evaluation of previous process incidents that had the 

potential to cause catastrophic consequences or 
impacts in the workplace 

• evaluation of the engineering and/or administrative 
controls applicable to the process hazards and their 
interrelationships 

• identification of the consequences of failure of 
engineering and/or administrative controls 

• review of facility siting issues 
• evaluation of the importance of human factors on the 

likelihood and/or consequences of process accidents 
• qualitative evaluation of the range of possible safety 

and health effects on employees from failure of 
engineering and/or administrative controls 

• identification of procedural or process safety 
improvements to better control process hazards. 

Facilities of this type are also subject to the Emergency 
Planning requirements of 40 CFR 355, "Emergency Planning 
and Notification". This rule applies to facilities using 
quantities of hazardous materials in excess of the Threshold 
Planning Quantity (TPQ). For chlorine, this is 100 lb (45.5 
kg). The rule outlines significant emergency planning 
requirements and includes specific planning for emergencies, 
emergency notifications, and community right-to-know 
reporting requirements. 

Releases of hazardous substances to the environment are 
required to be reported under 40 CFR 302 ("Designation, 
Reportable Quantities, and Notification"), if the quantity 
released exceeds the Reportable Quantity (RQ). This is 10 lb 
(4.5 kg) for chlorine. Any release exceeding this quantity 
(including those at DOE facilities) are subject to reporting to 
the National Response Center in Washington D.C., as well as 
state and local reporting. 
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TABLE 4: COMPARISON OF SOURCE TERMS AND DOWNWIND CONCENTRATIONS OF CHLORINE RELEASES FROM 
LLNL-S PLUTONIUM FACILTIY AND A TYPICAL WATER TREATMENT PLANT 

15 lb 
Cylinder 

100 lb 
Cylinder 

2000 lb 
Cylinder 

2000 lb 
Cylinder 

Initial Mass (kg) 6.8 45.5 90.7 90.7 

Tube inner diameter (in/m) 0.18/0.0046 0.18/0.0046 0.5/0.013 1/0.025 

Time to end of forced flow (s) 109 759 1,904 450 

Average mass flow rate during forced flow (kg/s) 0.013 0.013 0.109 0.45 

Time to remove all liquid (s) 2.3xl0 4 4.0xl0 4 1.0x10s 1.0x10s 

Average Release Rate during evaporative flow stage (kg/s) 2.3xl0- 4 9.1X10"4 6.9xl0"3 7.0xl0- 3 

Concentration at 425 m during forced flow (mg/nr) 23 23 105 331 

Concentration at 425 m during evaporative flow (mg/nr) 0.6 2.3 14.4 14.4 

Evaluation Guideline (mgAn') 8.4 8.4 N/A N/A 

SUMMARY AND CONCLUSIONS 
In closing, a release of chlorine at LLNL's Plutonium 

facility was studied so that the maximum potential 
consequences from a severe failure would be understood. 
Consequences were found to be of the level to cause adverse 
effects, including sensing an objectionable odor, but not so 
severe as to cause irreversible or other serious health effects or 
symptoms, which could impair the exposed individual's ability 
to take protective actions. 

In contrast, the consequences of a similar event at a 
typical water treatment plant are much more severe. Life 
threatening effects would be expected if indiviuals could not be 
sheltered or evacuated within one hour. Assuming a one hour 
exposure, irreversible or other serious health effects or 
symptoms which could impair an individual's ability to take 
protective action, including pulmonary edema, may be 
expected. If such effects were anticipated at a DOE facility, 
some actions such as equipment modification, inventory 
reduction, etc., would be taken to reduce the impact of the 
event The standard against which DOE judges itself is more 
stringent than for other types of installations. Activities at a 
water treatment plant are routinely accepted by the public 
despite the potentially significant consequences of a severe 
accident. 
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