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1. INTRODUCTION 

Compliance with Criterion 19 of Appendix A to IOCFR50 requires a control 

room from which a nuclear power plant can be operated or shut down under 

design basis accident conditions. In this regard, Section III.D.3.4, 

"Control *Room Habitability Requirements," of NUREG-0737 requires 

licensees to assure the protection of the control room operators from 

the effects of accidental toxic chemical releases, i.e., to maintain 

control room habitability. This is accomplished by demonstrating 

compliance with the criteria outlined in Nuclear Regulatory Commission 

(NRC) Regulatory Guide 1.78, Revision 0, Regulatory Guide 1.95, Revision 

1 and NUREG-0800,, Standard Review Plan, Sections 2.2.1, 2.2.2, 2.2.3, 

and 6.4. This demonstration must include the results of an analysis 

which determines control room concentrations of toxic vapors following a 

postulated accidental release occurring either onsite or anywhere within 

five miles of the site. If the aggregate probability of all toxic 

chemical releases, which could incapacitate control room personnel is 

greater than 10-6 per year, monitoring equipment must be installed to 

warn operators of potentially dangerous conditions.  

A report entitled "IP- 3 Control Room Habitability Study, Toxic Chemicals 

Impact" was issued on July 17, 1981 (Ref. 1) which documents that three 

chemicals, anhydrous ammonia, chlorine, and carbon dioxide have the 

potential to incapacitate the Indian Point No. 3 control room 

operators. The purpose of the study discussed below is to determine the 

maximum CO2 concentration inside the control room based on % CO2 storage 

tank integrity and buoyant jet analysis, and to also determine the



aggregate probability of an accidental release of offsite transported 

chemicals leading to a control room habitability problem. The evaluation 

involves the calculation of a toxic vapor concentration time history 

inside the control room for anhydrous ammonia, carbon dioxide, And 

chlorine using several combinations of wind speed and atmospheric 

stability class. The calculation takes into account the plant layout, 

control room characteristics, type and location of potential toxic 

hazards, and meteorology. The resulting toxic vapor concentrations 

calculated for the control room are then compared with the toxicity 

limits to determine the combinations of meteorological conditions that 

cause a habitability problem. The frequency of occurrence of these 

meteorological conditions at the site along with the probability of an 

event causing a major toxic chemical spill, shipment frequencies, and 

length of shipment route within five miles of the plant will, determine 

the probability of an operator incapacitation being caused by a toxic 

chemical accident.  

2. SOURCES OF TOXIC CHEMICALS 

The IP-3 Control Room Habitability Study (Ref. 1) identifies anhydrous 

ammonia and chlorine shipped by Conrail and carbon dioxide stored onsite 

as potential sources of chemicals capable of forming a toxic cloud which 

can incapacitate the control room operators. The ammonia is shipped on 

a rail line that parallels the west bank of the Hudson River and comes 

within 1,450 meters of the Indian Point No. 3 control room. Chlorine is 

shipped on this same rail line along with another rail line on the epst 

bank of the Hudson River that passes within 1,340 meters. of the control 

room. The onsite carbon dioxide is stored in 10-ton tanks in the 
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auxiliary boiler building and the administration building. Therefore, 

there are a total of five individual sources of toxic chemicals to be 

considered in the control room habitability analysis. The quantities of 

the chemicals shipped or stored and their'distances form the control room 

are shown in Table 1.  

3. CONTROL ROOM HABITABILITY DETERMINATION FOR OFFSITE CHEMICALS 

The effect of an accidental release of anhydrous ammonia and chlorine on 

control room habitability was evaluated by calculating toxic vapor 

concentrations inside the control room as a function of time and 

meteorology following the accident.. The calculation was performed using 

the methodology outlined in NUREG-0570, "Toxic Vapor Concentrations in 

the Control Room Following a Postulated Accidental Release,'" and the 

assumptions described in Regulatory Guide 1.78, Revision 0.  

In a postulated accident of anhydrous ammonia and chlorine, the entire 

contents of the largest single storage container are assumed to be 

released,* resulting in a toxic vapor cloud an/or plume which is 

conservatively assumed to be transported by the wind directly toward the 

control room intake. The amount of anhydrous ammonia and chlorine 

released is taken from the shipment quantities given in the !P-3 Control 

Room Habitability Study (Ref. 1).  

The formation of the toxic cloud or plume is dependent on the chemical 

nature and ambient environmental characteristics. Both chemicals are 

treated as liquids with boiling points below the ambient temperature.



As the accident occurs an instantaneous puff forms due to flashing 

(rapid gas formation) of a fraction of the stored quantity upon exposure 

to the atmosphere. The remaining liquid forms a puddle which quickly 

spreads into a thin layer on the ground, subsequently vaporizing and 

forming a ground-level plume.  

The calculations were performed using the Stone & Webster "VAPOR" model 

which is described in Appendix A. The model requires input information 

on the chemical's physical properties, control room parameters, 

meteorology, distance from the spill to the control room intake, 

quantity of chemical released, and toxicity limits. The chemical 

properties used in the computer model runs were taken from NIJREG-0570 

and from the Handbook of Chemistry and Physics (Ref. 2). The Indian 

Point No. 3 control room parameters used as input. in the model runs 

include a normal ventilation rate of 0.708 m3 /sec (1,500 cfm) and a net 

free volume of 1,337 m3 (47,200 ft 3 ) taken from the IP-3 "Habitability 

Study for the Control Room" dated March 23, 1980 (Ref. 3). This 

combination of ventilation rate and control room volume produces an air 

exchange rate of 1.9 volumes per hour. In addition,, a wide range of 

meteorological conditions were evaluated: Pasquill-Gifford stability 

classes A through G, a wind speed range of 0.5 to 10.0 m/sec, and an 

ambient temperature of 40*C. It was conservatively assumed in these 

calculations that the spill and control room air intake elevations are 

at ground level and that the puff or plume centerline directly impacts 

the intake. Control room habitability was then evaluated by comparing 

the. pnedicted control room toxic vapor concentrations with the toxicity
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limits specif ied in Regulatory Guide 1. 78. All information used as 

input data to the analysis is summarized in Table 2.  

The results of the habitability analysis from offsite sources are 

summarized in Table 3. This table indicates that the offsite sources of 

potentially toxic chemicals cause a habitability problem, but for 

varying meteorological conditions. The Conrail source of anhydrous 

ammonia is a problem at all conditions except for unstable and moderate 

wind speed cases. Chlorine is a problem at all but A-stability class 

conditions.  

4. CONTROL ROOM HABITABILITY DETERMIINATION FOR ONSITE CHEMICAL (C02) 

The prediction of carbon dioxide (C02 ) concentrations in the Indian 

Point No. 3 control, room as a result of a CO2 tank pipe break accident 

at either -of the two 10 ton tanks (based on tank location and wind 

direction) kept at the site requires the application of three separate 

analytical techniques. First Stone & Webster performed a CO2 storage 

tank integrity analysis using the Structural Design Language (STRUDL) 

computer program. The CO2 tank integrity analysis showed that for the 

postulated accident only the support legs of the CO2 storage tanks will 

fail rupturing the 6-in vertical CO2 exit pipe; however, rupture of the 

CO2 storage tank itself will not occur. The second technique of buoyant 

jet analysis evaluates the nature of the CO2 release from the 6-inch pipe 

on top of the tank (vertical jet) and its trajectory and dilution in 

order to arrive - t a CO2 concentration at the control room air intake.  

The third technique utilizes the "VAPOR" computer program with a constant



CO2 emission rate in order to calculate CO2 concentrations inside the 

control room corresponding to the outside concentrations predicted by 

the second technique. A summary of the bases of the CO2 release/ 

concentration analyses is presented herein.  

In the Tank 

Initially, liquid CO2 is maintained in the tank at OF under a pressure 

of 300 psig. When the tank is full a small pocket of CO2 vapor exists 

above the liquid interface. An accident is postulated in which the 6-in 

vertical exit pipe, drawing from the bottom of the tank, breaks at the 

top of the tank and allows the contents to escape.  

Under the differential pressure of 300 psi., liquid CO2 is ejected out 

the 6-in pipe as a vertical jet. Traditional pipe energy loss analysis 

allows us to calculate a steady state rate of flow as the initial 

discharge flow condition. Acceleration to reach a steady flow condition 

has been ignored. This initial flow was treated in the analysis as one 

of the two extreme conditions encountered as the tank empties.  

As the liquid level drops, the internal pressure drops, and the vapor 

cavity grows. The heat demand for vaporization manifests itself by a 

drop in the liquid temperature. The time required to empty the tank is 

considered so short that heat transfer through the tank walls is 

negligible. Coexistence of liquid and vapor phases of CO2 establishes 

the unique relationship '. tween pressure and temperature, but this 

transient process was not followed in detail in the analysis.



When the temperature of the liquid reaches the fusion temperature, 

further vaporization can only occur by the formation of particles of 

solid CO2. The coexistence of all three phases occurs at the triple 

point, where a unique pressure and temperature prevails, 60 psig and 

-70*F, until only vapor and solid phases remain. Under a constant 

differential pressure of 60 psi, a liquid solid mixture is ejected at a 

constant rate of flow. However, the percentage of solid in the mixture 

will remain small and the mixture was assumed to be all liquid as the 

analysis proceeded. This assumption is justified because the heat of 

fusion (98 Btu/lb) is two orders of magnitude larger than the specific 

heat of liquid CO2  (0.68 Btu/lb0 F at -70 0F). The heat demand f or 

continuing vaporization is easily met by the formation of only a small 

amount of solid CO2 . This sustained steady state flow was treated in 

the analysis as the other extreme condition encountered and represents 

the condition prevailing for mo st of the accident.  

At the Outlet 

The outlet sees a predominantly liquid CO2 discharge at atmospheric 

pressure. However the liquid phase is unstable under this condition: 

CO2 can only exist in gaseous and solid forms. The conversion is 

assumed to occur instantaneously upon leaving the outlet pipe. Heat and 

mass are conserved as the proportions Of CO2 vapor and solid, the 

resultant temperature, and the density are assigned. Momentum is 

conserved when the velocity is recognized to be unchanged. The 6-in



diameter liquid jet emerges as a vapor jet with suspended particles, 

like snow, exhibiting the same velocity, but occupying a substantially 

larger diameter.  

Simplicity in model formulation has been the goal in choosing the outlet 

calculation. At this stage to have carefully described the detailed 

transition of the emerging liquid CO2 jet was considered to be an 

unnecessary refinement. The transition is most likely initiated within 

the pipe where the pressure has diminished to a sufficiently low value.  

Within the Buoyant Jet 

The subsequent behavior of the unconfined CO2 can be described by a 

buoyant jet analysis. Although the composition of the jet is both fluid 

and suspended solid, a single fluid equivalent is assumed. A density 

calculated from the combined mass of both components is assigned. Such 

a procedure has long been utilized for the modeling of sediment plumes 

in evaluating the disposal of dredge spoil.  

Of the many candidate buoyant jet models, the steady state model by Koh & 

Fan (Ref. 4) was selected because of prior experience in successfully 

simulating* the reversal of jet trajectories. Reversal often appears 

when the net buoyancy force opposes the direction of initial motion. Of 

course, the upwardly directed CO2 jet is negatively buoyant. This 

property has been encountered elsewhere with heated circulating-water 

disch:irges in fresh water under near-freezing ambient water temperatures



and with blowdown discharges, especially where high concentration 

factors are allowed.  

Typical buoyant jet behavior is as follows. As a jet is directed into 

an air mass, turbulence generated at the jet boundary (viz., the region 

of high shear resistance) acts to entrain ambient air and dilute the 

concentration of any constituent of the jet. Models to predict this 

behavior may differ in detail, but they exhibit these characteristic 

properties in common. One can visualize that entrainment may be 

described by defining a lateral- entrainment velocity entering the 

perimeter of the jet. The entrainment velocity has been demonstrated to 

be approximately proportional to the jet centerline velocity.  

Naturally, the volume rate of entrainment flow varies directly with the 

diameter of the jet. Any cause which tends to alter the jet diameter 

similarly alters the entrainment flow. It is this latter property which 

encourages modification of the model.  

The typical behavior of the C02 jet is that a change of phase can 

accompany the dilution process. Ambient air entrainment is also 

associated with ambient heat entrainment. Consequently, any increase in 

heat content will cause some of the solid C02 to sublimate, changing the 

proportion of vapor and solid, the resultant density, and 'the diameter 

of the jet. For a realistic simulation of the C02 jet, a revision of the 

Koh and Fan buoyant jet model became necessary. To achieve this, an 

equation of state was incorporated; no manipulation of either the 

dynamic equatiors or the solution algorithm was performed. Although the 

model revision lacks verification of its extension, the small level of 

modification necessary encourages confidence in the predictions.  
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Finally, the model does not account for any effects of the wind. Those 

available models that include wind effects on trajectory do so with 

limited success. However, lateral displacement of the trajectory 

certainly occurs. As a result, the model describes the time history of 

the veritical component of motion, and one must conservatively assume 

that a wind speed and direction occurs that will position the falling 

plume exactly at the control room air intake. Furthermore, unless we 

are dealing with high wind speeds, the wind is expected to play no 

significant role in dilution. This feature identifies the model as a 

near field model, wherein the hydrodynamic influence of the jet 

discharge prevails. Consequently, the limit of lateral displacement, for 

which this application of the buoyant jet model can yield acceptable 

predictions, is judged to be one or two multiples of the maximum jet 

height.  

In the Control Room 

Given a C02 concentration at the control room air intake over a certain 

period of time from the buoyant jet analysis, the CO2 concentration 

buildup inside the control room was determined. This was accomplished 

using the "VAPOR" computer program (see Appendix A) with a constant CO2 

emission rate from the tank in order to simulate the qua si- continuous 

CO2 jet plume emitted from the 6-inch pipe. The stability class and wind 

speed used in the model were chosen such that the predicted outside CO2 

concentration at the control room equaled the maximum concentration



determined by the buoyant jet analysis. In this way, the effect on 

control room habitability of exposing the air intake to the C02 plume 

resulting from the pipe break could be determined from the maximum 

predicted inside concentration for the period of exposure.  

C02 Habitability Analysis Results 

The results of the C02 jet dispersion and control room habitability 

analyses are summarized in Table 4. As indicated in this table, the jet 

analysis was performed over a range of ambient temperatures that could 

reasonably be expected to occur at. the site. As indicated above, it 

was assumed that the wind speed and direction from either tank were those 

that precisely directed the CO2 jet to the control room air intake.  

Since it was assumed that wind speed does not effect the jet dilution, 

these results apply to either of the CO2 tanks. Table 4 also indicates 

that the duration of the CO2 jet discharge accident is 17 seconds (23-40 

seconds at the intake after the pipe breaks) and presents maximum CO2 jet 

centerline concentrations for this time period. The maximum outside CO2 

concentration of 29.1% by mass (502 g/m 3 ) occurs in conjunction with the 

highest assumed ambient temperature of 1000F.  

The control room habitability analysis using the "VAPOR" program 

indicates that the maximum outside CO2 concentration of 502 g/m3 

persisting for 17 seconds leads to a maximum control room CO2 

concentration buildup of 4.6 g/m 3 . This concentration does not pose a 

control room habitability problem since the conservative Regulatory 

Guide 1.78 toxicity level for CO2 is 18.4 g/m 3 . Therefore no further 

probability analyses for onsite CO2 is considered necessary.  
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5. PROBABILITY ANALYSIS OF OFESITE CHEMICALS

The results of the calculations performed to support Section 3 are 

significant only in terms of a probability assessment, since the model 

conservatively assumes that a series of extremely unlikely events occurs 

in combination with one another. For example, the predicted control 

room concentrations presented for anhydrous ammonia and chlorine assume 

that the entire contents of a rail car are instantly released at the 

closest point to the site with the wind blowing directly at the intake.  

The corresponding impacts for smaller spills, greater distances, or 

under less conservative meteorological conditions will be significantly 

less.  

According to guidance presented in NUREG-0800, Standard Review Plan, 

Section '2.2.3 (Rev. 2) and in Regulatory Guide 1.78 (Rev. 0), design 

modifications to warn control room personnel may not be required if all 

potential toxic chemical accidents and other external man-induced events 

do not occur frequently enough to -be considered design basis events.  

This frequency of occurrence of exposures in excess of 1OCFR100 

guidelines is identified in NUREG-0800, Section 2.2.3 as approximately 

10-6 event per year when combined with reasonable qualitative 

arguments. Therefore, if the aggregate probability of occurrence of all 

toxic chemical releases which could incapacitate control room personnel 

is less than 10- per year, monitoring equipment for these chemicals is 

not necessary.



In order to estimate the aggregate probability of operator 

incapacitation due to a Conrail chemical release, a calculation was 

performed to sum the product of the various probability factors involved 

for those chemicals determined to cause a potential habitability 

problem. These factors include the shipment frequency of each chemical, 

the frequency of an event causing a spill, the length of track in each 

22.5 degree sector within five miles of the site, and the frequency of 

meteorological conditions that cause a habitability problem for winds 

blowing into the appropriate sector.  

The shipment frequency of each chemical transported by Conrail was 

obtained from the IP-3 Control Room Habitability study (Ref. 1). Track 

lengths for the appropriate sectors were developed from USGS 7.5 minute 

topographic maps of the site area (Hayerstaw and Peekskill quadrangles).  

This information is given in Table 5. The frequency of an event causing 

a spill for rail traffic was taken from WASH-1238, "Environmental Survey 

of Transportation of Radioactive Materials to and from Nuclear Power 

Plants" and is 1.5 x 10-9 event per vehicle mile for severe accidents.  

The determination of the frequency of occurrence of meteorological 

conditions causing a habitability problem is a two-step process. the 

first step is to identify those conditions that lead to control room 

chemical concentrations in excess of toxicity limits for each applicable 

wind direction. This was done by repeating the habitability analysis of 

Section 3 but using the shortest distance from the rail lines in each 

22.50 sector to the control room. In this way the effect of increasing 

distance resulting in decreasing control room chemical concentrations



will be accounted for as a function of wind direction. The results of 

this -step are shown in Table 6, which gives the range of meteorological 

conditions that cause a habitability problem as a function of wind 

direction.  

Next, the frequency of occurrence of the meteorological conditions shown 

in Table 6 was determined for each applicable wind direction. This was 

done using a computer program which tabulates the number of occurrences 

of wind speeds within specified ranges for each of the Pasquill-Gif ford 

stability classes (Regulatory Guide 1.23 typing scheme) and for each 

wind direction. for this purpose, two years (1978 and 1980) of 

meteorological data collected at the Indian Point tower were used as 

input to the computer program. Wind speed and direction data at the 

33-ft level and temperature difference between the 200-ft and 33-ft 

levels were utilized. Frequency distributions were generated for each 

year of data separately and the one leading to a higher frequency of 

chemical concentrations in excess of toxicity limits was chosen for the 

probability calculation. These frequencies for each year of 

meteorological data are shown in Table 7. It can be seen f rom this 

table that the frequencies of conditions causing a habitability problem 

are very similar for each year of meteorological data.  

The results of the probability calculation for anhydrous ammonia and 

chlorine are presented in Tables 8 and 9. These tables show that the 

sum of the products of the various probability factors for each sector 

is 3 x 10-7 event per year which is well below the probability level of 

10-6 cited in NUREG-0800,1 Section 2.2.3, as a design basis event 

probability.



6. CONCLUSIONS 

Based on the results of the control room. habitability evaluation and 

probability analysis, it is concluded that neither the offsite toxic 

chemicals nor the onsite stored chemical of CO2 requires to be 

monitored. The control room habitability analysis for CO2 shows that 

the maximum concentrations inside the control room will be well below 

the toxicity level of CO2 .  

The aggregate probability of an offsite source of toxic chemicals 

resulting in exposures in excess of 10CFRI00 guidelines in the event of 

an accidental spill is much less than the design basis probability of 

10- 6 event per year as identified in NUREG-0800, Section 2.2.3.  

Therefore, the offsite toxic chemicals are also not required to be 

monitored.  
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TABLE 1 

POTENTIAL SOURCES OF TOXIC CHEMICALS

Parameter

Ammonia 
(Conrail) 
West Track

Chlorine 
(Conrail) 

West Track East Track

Carbon 
Dioxide (Onsite) 

Aux. Bldg. Admin. Bldg.

Quantity (tons)

Distance from 
Control Room (m) 1,450 

Shipment 
Frequency 
(No./Year) 48

77 

1,450 1,340

213 31

100

0
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INPUT DATA

TABLE 2 

TO "VAPOR" MODEL

A. CHEMICAL PROPERTIES 

Parameter 

Liquid Density (g/cms ) 

Boiling Point (°C) 

Vapor Density (g/cm
3 ) 

Heat of Vaporization 
(cal/g)

Ammonia 

0.674 

-33.4 

0.878xI0 3

327.4

Chlorine 

1.57 

-34.1 

3.67x10 -3

68.8

Carbon Dioxide 

0.468 

-78.5 

2.77x10

137.8 (Heat of 
Sublimation)

Specific Heat (cal/g0 C) 1.1 
Molecular Weight 
(g/mole) 17.0 

Toxicity Limit (g/m-3 ) 0.070 

B. CHEMICAL TRANSPORTATION AND STORAGE

Parameter 

Amount (g) 

Distance from 
Site (m)

Ammonia 

West Track 

5.81x107

1,450

Chlorine 
West Track East Track 

6.99x107 4.54x107

1,450

Carbon Dioxide 
Aux. Bldg. Admin. Bldg 

9.07x10 6 9.07x10 6

1,340

C. CONTROL ROOM PARAMETERS 

Net Free Volume 
Normal Ventilation Rate 

D. METEOROLOGICAL PARAMETERS 

Ambient Temperature - 1000F 

Stability Classes: A 
Wind 
Speeds: 0.5,1.0 
(in/sec) 1.5,2 0 

2.5,3.0

47,200 ft3 (1,336.6 ms) 
1,500 cfm (0.708 m3/sec)

(380C) 

B 

0.5,1.0 
1.5,2.0 
2.5,3.0

C 

0.5,1.0 
1.5,2.0 
2.5,3.0 
3.5,4.0 
4.5,5.0

D 

0.5,1.0 
1.5,2.0 
2.5,3.0 
3.5,4.0 
4.5,5.0 
7.5,10.0

).226 

70.9 

).045

0.639 

44.0 

18.4

E 

0.5,1.0 
1.5,2.0 
2.5,3.0 
3.5,4.0 
4.5,5.0

F 

0.5,1.0 
1.5,2.0 
2.5,3.0

G 

0.5,1.0 
1.5,2.0 
2.5,3.0



TABLE 3 

OFFSITE RESULTS OF "VAPOR" RUNS 
(Shortest Distances)

Maximum Control Room Concentrations (g/m3 )

Stability 
Class/Wind 
Speed (m/sec) 

A: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

B: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0

C: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 

D: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
7.5 

10.0

Anhydrous 
Ammonia 
(Conrail W) 

0.023 
0.012 
0.008 
0.006 
0.005 
0.004 

0.2* 
0.1* 
0.07 
0.05 
0.04 
0.03

0.5* 
0. 3* 
0. 2* 
0. 1* 
0. 1* 
0. 1* 
0. 08* 
0.07 
0.07 
0.06 

1.7* 
0.9* 
o. 6* 
0.5* 
o. 4* 
0. 3* 
0.3* 
0. 2* 
0.2* 
0. 2* 
0.1* 
0.1*

Chlorine 
(Conrail W) 

0.037 
0.020 
0.014 
0.010 
0.008 
0.007 

0.3* 
0.2* 
0.1* 
0.08* 
0.07* 
0.06*

0. 9* 

0.5* 
0. 3* 
0. 2* 
0. 2* 
0. 2* 
0. 1* 
0.1* 
0. 1* 
0. 1* 

2.9* 
1.5* 
1.0* 
0. 8* 
o. 6* 
0.5* 
0.4* 
0.4* 
0.3* 
0. 3* 
0. 2* 
0.2*

Chlorine 
(Conrail E) 

0.061 
0.032 
0.022 
0.017 
0.013 
0.011 

0.4* 
0.2* 
0.1* 
0.1* 
0.08* 
0.07*

1.0* 
0.5* 
0. 4* 
0.3* 
0. 2* 
0. 2* 
0. 2* 
0. 1* 
0. 1* 
0. 1* 

3.1* 
1. 6* 
1.1* 
o. 8* 
0. 7* 
0.5* 
0.5* 
o. 4* 
0.4* 
0. 3* 
0. 2* 
0. 2*



TABLE 3 (Cont'd) 

Maximum Control Room Concentrations (g/m3)

Stability 
Class/Wind 

Speed (m/sec)

E: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 

F: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

G: 0.5 
1.0 
1.5 
2.0 
2.5 
3.0

Anhydrous 
Ammonia 
(Conrail W)

3.4* 
1.7* 
1.2* 
0.9* 
0.7* 
0.6* 
0.5* 
0.5* 
0.4* 
0.4* 

7'2* 
3.7* 

2.5* 
1.9* 
1.5* 
1 .-3* 

15.0* 
7.7* 

5.2* 
3.9* 
3.2* 
2.7*

Chlorine 
(Conrail W) 

5.9* 

3.0* 
2.0* 
1.5* 
1.2* 
1.0* 
0.9* 

0.8* 
0.7* 
0.6* 

13.0* 
6.6* 
4.5* 
3.4* 

2.7* 
2.3* 

28.8* 
14.6* 
9.9* 

7.5* 
6.0* 
5.1*

Chlorine 
(Conrail E) 

6.2* 
3.1* 
2.1* 
1.6* 
1.3* 
1.1* 
0.9* 
0.8* 
0.7* 
0.7* 

13.5* 
6.9* 
4.6* 
3.5* 
2.8* 
2.4* 

29.2* 
14.9* 
10.0* 
7.6* 
6.1* 
5.1*

* means exceeds toxicity limit 
W means track on west side of Hudson River 
E means track on east side of Hudson River
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TABLE 4 

ONSITE RESULTS OF C02 IMPACT EVALUATION

A. CO2 Jet Dispersion Analysis At Air Intake

Ambient 
Temperature 

(OF) 

-15 

0 

70 

100

Time After 
Break 
(Sec) 

23-40 

23-40 

23-40 

23-40

Maximum CO2 
Concentration 

(% Mass) (% Volume)

18.5 

20.2 

26.4 

29.1

* 16.7 

17.1 

22.0 

24.3

Plume 
Temperature 

(OF) 

-111 

-111 

-111 

-111

B. Control Room CO2 Concentration

Maximum Outside 
CO2 Concentration 
(% Mass) (g/m3)

Maximum Inside 
Co 2 Concentration 

(g/m 3)

R.G. 1.78 
Toxicity Limit 

(g/m3 )

29.1 503

Nominal 
Width 
(ft) 

48 

47 

44 

42

Maximum 
Height 
(f t) 

80 

79 

74 

73

4.6 18.4



TABLE 5 

CONRAIL TRACK LENGTHS & DISTANCES

Track 
Segmnent** 

1 
2 
1 
1 
1 

1 
2

CONRAIL (EAST)* 
Track Shortest 
Length Distance 

(in) (mn)

1,540 
1,370 
1,200 
1,920 

650 
620 

1,080 
2,570 

360 
3,890

Downwind 
Sector 

N 

NNE 
NE 
ENE 
E 
ESE 
SE 

SSE 
S 
SSW 
SW 
WSW 
w 
WNW 
NW 
NNW

2,950 
7,120 
2,930 
1,620 
1,370 
1,340 
1,560 
2,330 
7,730 
4,220

3,740

CONRAIL (WEST)* 
Track Shortest 
Length Distance 

(mn) (mn)

1,250 

5,160 
1,420 
1,060 

770 
620 
670 
670 

6,580

1,660 

3,410 
2,590 
1,970 
1,680 
1,660 
1,460 
1,450 
2,640

*East refers to track on east side of Hudson River while west refers to track on 
west bank.  

**Track segment refers to track which passes through the samne downwind sector 
inore than once at different distances.

4,180

..................... 0.~



TABLE 6

METEOROLOGICAL CONDITIONS CAUSING A HABITABILITY PROBLEM

Wind Speeds (m/sec) 

Downwind Track Anhydrous Ammonia Track Chlorine (W) Track Chlorine (E) 
Sector Segment B C D E F G Segment B C D -E F G_ Segment B C D E F G

1 <1.5 <4.0 All All All All

- <1.0 <4.0 All All All 
- <1.5 <7.5 All All All 

<1.0 <2.5 <10.0 All All All 
<1.5 <5.0 All All All All 
<1.5 <4.0 All All All All 
<1.5 <4.5 All All All All 
<1.5 <4.5 All All All All 

- <1.5 <7.5 All All All

All All All All All All

<1.0 <2.5 <10.0 All All All 
<1.5 <4.0 All All All All 
<2.5 All All All All All 
<3.0 All All All All All 
<3.0 All All All All All 
All All All All All All 
All All All All All All 1 
<1.5 <4.0 All All All All

1 <1.0 <2.5 <10.0 All All All 
2 - - - <5.0 All All 
I <1.0 <2.5 <10.0 All All All 
1 <2.5 All All All All All 

1 <3.0 All All All All All 
1 <3.0 All All All All All 
1 <2.5 All All All All All 
1 <1.5 <4.0 All All All All 
2 - - - <5.0 All All 
1 - <1.0 <4.5 All All All 

- <1.5 07.5 All All All

a
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TABLE 7

FREQUENCY OF OCCURRENCE OF METEOROLOGICAL 
CAUSING A HABITABILITY PROBLEM

CONDITIONS

Anhydrous Ammonia 
1978 1980

Chlorine (W) 
1978 1980

Chlorine (E) 
1978 1980

0.089 0.075

0.075 
0.035 
0.027 
0.045 
0.048 
0.064 
0.056 
0.054

0.078 
0.054 
0.027 
0.037 
0.038 
0.043 
0.062 
0.056

0.493 0.469

0.093 0.080 0.086 
- - 0.049 
- - 0.147 
- - 0.098 
- - 0.028 
- - 0.018 
- - 0.011 
- - 0.013 
- - 0.010 
- - 0.023 

0.078 0.080 
0.038 0.056 
0.028 0.028 
0.046 0.039 
0.049 0.038 
0.065 0.047 
0.057 0.068 
0.056 0.060

0.510 0.499 0.483 0.470

1980 refer to year of onsite meteorological data used

Downwind 
Sector

Track 
Segment

N 

NNE 
NE 
ENE 
E 
ESE 
SE.  
SSE 

SSW 
SW 
WSW 
W 
WNW 
NW 
NNW

0.073 
0.032 
0.076 
0.133 
0.070 
0.030 
0.014 
0.015 
0.011 
0.017

TOTAL

Note: 1978 and



TABLE 8 

OFFSITE PROBABILITY CALCULATION RESULTS 

(1978 KET. DATA)

Downwind Event 
Sector Prob.  

(Event/m)

9.32xi0
-1 3 

9.32xi0
-1 3 

9.32xi0
-1 3 

9.32x10
- 13 

9.32xi0
-1 3 

9.32x10
- 13 

9.32x10
- 13 

9.32xi0
-1 3 

9.32x10
- 13 

9.32x10
- 13 

9.32x10
- 13 

9.32xi0
-1 3 

9.32x10
- 13 

9.32x0
- 13 

9.32x10
-1 3

Total 9.32xi0
-1 3

Anhydrous Ammonia 
Shipments Track met* Total 

(No./Yr) (m)
Shipments 

(No./Yr)

48 1,250 0.089 4.977x10- 9 213

5,160 
1,420 
1,060 

770 
620 
670 
670 

6,580

0.075 
0.035 
0.027 
0.045 
0.048 
0.064 
0.056 
0.054

1. 731xi0
2. 223xi0

- 9 

1. 280xi0
- 9 

1.550xi0
- 9 

1.331xi0
- 9 

1.918xO
- 9 

1.678xi0
- 9 

1.590xi0
- 8

Chlorine (W) 
Track Met* 

1,250 0.093

5,160 
1,420 
1,060 

770 
620 
670 
670 

6,580

48 18,200 0.493 4.817x10-

0.078 
0.038 
0.028 
0.046 
0.049 
0.065 
0.057 
0.056

18,200 0.510

Total Shipments 

(No./Yr)

2.308x10 -8  31 
31 
31 
31 
31

7.990xi0
1.071xlO

-8 

5.892x10
- 9 

7.031xi0
- 9 

6.031x1O
- 9 

8.645x]0
- 9 

7.581x10
- 9 

7.315xi0
8

2.220x10
- 7

Chlorine (E) 
Track Met*

Total
Total

1,540 0.086 3.826xi0
- 9 

1,370 0.049 1.940xi0
- 9 

1,200 0.147 5.097x10
- 9 

1,920 0.098 5.436x10
- 9 

650 0.028 5.258xi0
- 0° 

620 0.018 3.224xi0
-
1
0 

1,080 0.011 3.432xiO
-

1 
° 

2,570 0.013 9.653xi0
- 0O 

360 0.010 1.040x10
-
1
0 

3,890 0.023 2.585xi0
-9

31 15,200 0.483 2. 114xi0
-8

3.188xi0 -8 

1.940xi0
-9 

5.097xi0
-9 

5.436x10
-9 

5.258xi0
-
1
0 

3.224xi0
- 0 

3.432x10
9.653xI0-W 
1.040x1O

2.585x10
- 9 

9. 721xi0
- 8 

1.293x10
- 8 

7.172x10
- 9 

8.581xO
- 9 

7.362xi0
- 9 

1.056x10
- 8 

9.259xi0
- 9 

8.905xi0
- 8 

2.913xl0
- 7

*Frequency of occurrence of meteorological conditions causing a habitability problem.



TABLE 9

OFFSITE PROBABILITY CALCULATION RESULTS 
(1980 MET. DATA)

Downwind Event 
Sector Prob.  

(Event/m)

9.32xi0
- 13 

9.32xi0
-1 3 

9.32x0
- 13 

9.32x10
-1 3 

9.32xlO
- 13 

9.32x10
-1 3 

9.32x10
- 13 

9.32x10
- 13 

9.32x0
- 13 

9.32x10
- 13 

9.32x0
- 13 

9.32x10
-1 3 

9.32x10
- 13 

9.32xi0
- 13 

9.32xi0
-1 3

Anhydrous Ammonia 
Shipments Track Met* Total 
(No./Yr) (m)

Shipments 
(No./Yr)

48 1,250 0.075 4.194x10
- 9

213

5,160 
1,420 
1,060 

770 
620 
670 
670 

6,580

0.078 
0.054 
0.027 
0.037 
0.038 
0.043 
0.062 
0.056

1.801xlO - 8 

3.430x10
- 9 

1.280xlO
- 9 

1.275x10
- 9 

1.054x10
- 9 

1.289x10
- 9 

1.858x10
- 9 

1.648x10
- 8

Chlorine (W) 
Track Met* 

1,250 0.080

5,160 
1,420 
1,060 

770 
620 
670 
670 

6,580

0.080 
0.056 
0.028 
0.039 
0.038 
0.047 
0.068 
0.060

Total Shipments 

(No./Yr)

1.985x10- 8  31 1,5 
31 1,2 

31 1, 
31 1,' 
31 
31 
31 1,( 
31 2,! 
31 
31 3,f 

8.195x10-8 
1.579x10

-  

5.892x10-9 
5.961x0

- 9  

4.677x10-9 
6.251x10-9 
9.044x10-

9  

7.837x10-8 -

Chlorine (E) 
Track Met* Total

140 0.073 3.248x10-9 

170 0.032 1.267x10-9 

!00 0.076 2.635x10
120 0.133 7.378x10-9 

iso 0.070 1.315xi0 -9 

i20 0.030 5.374xi0 - 10 

)80 0.014 4.368x10-10 

70 0.015 1.114xlO -9 

160 0.011 1.144x10- 10 

190 0.017 1.911xlO -9

Total 9.32xi0
- 13 48 18,200 0.469 4.887x10- 213 18,200 0.499 2.278x10- 7 31 15,200 0.470

*Frequency of occurrence of meteorological conditions causing a habitability problem.

Total

2.729x10- 8 

1.267x10- 9 

2.635x10- 9 

7.378x10- 9 

1.315x10 - 9 

5.374x10-1 0 

4.368x10- lo 

1.114x10- 9,0 
1. 144x1O
1.911x10- s 

9.996xl0
1.922xi0 - 8 

7. 172xi0 - s 

7.236x10-
9 

5.731x10- 9 

7.540xi0
- 9 

1.090xI0 - 8 

9.485x10- 8

1.996x10- 2.966x10
- 7



APPENDIX A 

STONE & WEBSTER VAPOR MODEL 

The Stone & Webster Engineering Corporation (SW'EC) computer program used 

to calculate the time history of toxic vapor concentrations in the 

control room as a result of a toxic chemical spill is based on the 

methodology described in NUREG-0570, "Toxic Vapor Concentrations in the 

Control Room Following a Postulated Accidental Release." 

In a postulated accident, the entire contents of the largest single 

storage container is released, resulting in -a toxic vapor cloud and/or 

plume which is conservatively assumed to be transported by the wind 

directly toward the control room intake. The formation of the toxic 
cloud or plume is dependent, upon both the chemical nature of the release 

and the ambient environmental characteristics. The entire amount of a 

chemical stored as a gas is treated as a puff or cloud which has a finite 

volume determined from the quantity and density of the stored chemical.  

A toxic substance stored as a liquid with a boiling point below the 

ambient temperature forms an instantaneous puff due to flashing (rapid 

gas formation) of some fraction of the quantity stored. The remaining 

liquid forms a puddle which quickly spreads into a thin layer on the 

ground, subsequently vaporizing and forming a ground-level vapor plume.  

A liquid that has a boiling point above the ambient temperature forms a 

puddle which evaporates by forced convection, resulting in a ground-level 

plume with no flashing involved. In all cases, the puff and/or 

ground-level plume is dispersed by atmospheric turbulence as it is 

transported by the wind toward the control'room intake.  

In the evaluation of liquid spills, the vaporization or evaporation of 

the spill is a function of its surface area. This area is estimated by 

assuming that the initial shape of the spill is in the form of a 

cylinder, with the height equal to the radius of the base. The surface 

area can then be calculated by the following equation: 

A~t) n ~ {r 0 2 + 2t [R0  (P -P) ]}(A-1) 

where: 

A = surface area of the spill (cm
2) 

r = initial radius of the spill (cm) 

g gravitational acceleration (cm/sec) 
V 0 volume of the spill after flashing (cm3) 

Pi density of the liquid (g/cm3) 
p density of air (g/cm3) 
t = time (sec) 

The area does not expand indefinitely but reaches a maximum size

depending on the vaporization or evaporation rate. Since the contour of 

the ground cannot normally be well describi. .', the maximum surface area is 
conventionally calculated by assuming a spill thickness of I cm.



Spills involving liquids with boiling points below the ambient 
temperature produce an instantaneous puff release with the mass given by 
the following heat balance equation: 

M Cp (Ta - T) = Mvo Hv  (A-2) 

where: 

M = total initial mass of the liquid (g) 
C = heat capacity of the liquid (cal/g*C) 
Tp  = ambient temperature (OC) Ta 
Tb = normal boiling point of the liquid (°C) 

= mass of flashed liquid (g) Hvo = heat of vaporization of the liquid (cal/g) 
v 

For compressed gases such as liquid nitrogen or helium, T is set equal 
to the actual storage temperature of the liquid. a 

The remaining liquid in the low-boiling-point spill vaporizes by 
absorption of heat from long-wave atmospheric radiation, short-wave solar 
radiation, convection of air, and ground conduction. The value of the 
atmospheric and solar radiation flux (q r) is conservatively assumed to be 
275 cal/m 2-sec, which is the highest noon value occurring onJune 1 and 
July 1 at a latitude of 30'N. The heat flux due to forced convection 
(q ) is calculated using the following relationship: 

qc =hc (Ta -Tb) (A-3) 

where: 

h = heat transfer coefficient determined to be 1.6 cal/m 2 sec-OC 
c at a wind speed of I m/sec.  

Heat transfer due to conduction from the earth's surface (qd) is 
calculated according to the expression: 

q = 197 (Te - Tb)/t (A-4) 

where: 

T e ground temperature (OC), assumed to be the same as the air e 
temperature 

The vaporization rate of the liquid (dm /dt) can then be determined from 
the total heat transfer to the liquid according to the following 
equation: 

dmi = A(t) [qr + h (T a - Tb) . + 197 (Te - Tb)/t ] (A-5) 
Tv H c 

v 

The spill of the liquid with a boiling point above the ambient 
. t,:aperature evaporates by forced convection when exposed to the wind, 

forming a ground-level plume. In this case, an evaporation rate is 
calculated using the formula:

A-2



dMv/dt = hd M A(t) (Ps - Pa) (T + 273) (A-6) 

where: 
h d 0.037 (D/L) Re 0.8 Sc 1/3 (cm/sec) 

Md = molecular weight (g/mole) 
P = saturation vapor pressure at T (mm of Hg) 
P = actual vapor pressure of the liquid (mm of Hg) 
Re = Reynold's number = LU p/p 
Sc = Schmidt number = p/DP 
L = characteristic length (cm) 
p = density of air (g/cm 3) 
P = viscosity of air (g/cm-sec) 
D = diffusion coefficient (cm2/sec) 

The value of the parameter L is chosen to be the diameter of the spill 
area A(t) which decreases with time as the liquid evaporates. If the 
diffusion coefficient D is not known for a particular substance, a value 
of 0.2 cm2/sec is used.  

Given the amount of a toxic substance released as a puff and the emission 
rate from a spill, the downwind concentration due to dispersion by 
atmospheric turbulence is calculated by assuming that the material is 
distributed in the puff or plume in a Gaussian manner. For an 
instantaneous puff release with an initial finite volume, the chemical 
concentration in the puff is described by the following equation: 

X(x,y,z,h) = 2Q . exp [- (x2 + Y22)] 

(2p)3 / z -x- -y z1 OY X1 a 2 

{exp [- (z-h)2 ] + exp [exp - (z+h)2]) (A-7) 

where: 

X = concentration (g/m3 ) 
Q = source strength (g) 

al XI, c19azl adjusted standard deviations of puff 
y concentration in the downwind (x), crosswind 

(y), and vertical (z) directions from the puff 
center, respectively (m) 

h = height of source above ground (m) 

The initial volume of the puff is accounted for by adjusting the standard 
deviations of concentration in the following manner: 

SxI2 = axi 2 + Co2 (A-8) 
1 2 Oy2+I 

yI2 + 02 

aZI2 " zI o

A-3



0e 0 
2 - 02 

°xl - yl 

where: 

a = [Mvo (2k 13/2Pv )]1/3 (W) 

pv= density of the plume (g/cm3) 

The value of x in the exponential term of Eq. (A-7) is determined by: 

x = x - a t (A-9) 0 

where x is the distance between the source of the spill and the 
receptor. The diffusion equation for a continuous ground-level plume 
release is given by:, 

X(x, y, z, h) = Q exp [_ ( 
27ru a z 0 

y y 

.{exp[- (z-h)2 ] + exp [- (z+h)2 ]} (A-10) 

z z 

where: 

Q = continuous source strength (g/sec) 
a-, z = standard deviations of plume concentration in the y and z 

Z directions, respectively 

The finite initi l size of the spill is accounted for by replacing a 
with (a y2 + a YO2) -2, where ay is approximated by: 

a = Tf /4.3 yo 

and r is the radius of the spill. The values of the dispersion 
coefficients (a and a ) in Eqs. (A-7) and (A-10) are taken from the 
Pasquill-Gifforccurves.  

The concentration (C ) of a toxic substance outside the control room at 
the air intake vent can now be determined from the combination of the 
puff and ground-level plume concentrations at time ti, according to: 

CO (ti) = MV (puff) (X/Q)ti + (dM v/dt)ti (plume) (X/Q') (A-l1) 

The concentration inside the control room (C ) at time t. is calculated 
b:r 1 by: 

Cr(ti) = C r(ti-) + [C0 (t i ) - Cr (ti-1)] [l-exp(-Wnt/V )I (A-12) 

where: 

W = control ronm ventilation rate (m3/sec) 
V = control room volume (m) 

A = calculational time step (t. - ti) 

A-4
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