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The Thomas Jefferson National Accelerator Facility (JLab) has 3 experimental end stations, Halls A, B, and C. These areas are large underground buildings that contain experimental hardware. They are mostly open spaces with few enclosed areas. This analysis covers the Halls proper.  It does not include small enclosed spaces inside the halls that are part of permanent or temporary installations nor does it include the permanent beam inlet tunnels that contain cryogenic gas feed lines.
JLab contains three refrigeration facilities. They are; the cryogenic test facility (CTF), the central helium liquefier (CHL) and the end station refrigerator (ESR). These three facilities are interconnected by both warm gas and liquid piping systems. The total inventory of the laboratory is approximately 150,000 liquid liters of LN2 and 80,000 liquid liters equivalent of helium. Seventy five percent of that helium is stored as liquid in the accelerator cryomodules, but some is stored as gas in medium pressure tanks, some in liquid storage dewars, and some in cryogenic magnets. There are no significant quantities of stored nitrogen gas. 
Cryogenic systems run 24 hours a day, 365 days a year. They are monitored by computer systems and faults are displayed on the JLab Guard Alarm display. This is monitored by the JLab Security personnel. The cryogenic systems group maintains an on-call program to support the continuous operation of its machinery and in 15 years of operation has never had a non response to an operational alarm. The usual response time is less than 30 minutes and the maximum less than 90 minutes.

An Oxygen Deficiency Hazard (ODH) is identified based on the potential to cause injury or death from an atmosphere that is oxygen depleted. The analysis depends on two factors: probability of a failure and the likelihood of fatality if the failure occurs. Complete detailed calculations for this can require lots of time and effort. As a strategy to simplify the analysis, in this paper I start by assuming worst case scenarios and then analyzing these, if they pass then all other scenarios that are not as bad can be ignored. In some cases I assume the worst will happen. If these events cause a fatality factor of zero then no further work is required.  
The fatality factor is based on oxygen content as shown in Chart 1. The probability of occurrence is taken from various sources and is mostly based on acquired data from operating histories. JLab has a significant cryogenic history and some values have been supplemented by JLab data. The ODH fatality rate comes from the summation formula, equation 1, and the ODH rating comes from table 1, which is table 6 from the EH&S manual.
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Chart 1.  Fatality factor Chart from the EH&S manual.

Probabilities for occurrence can be found in the JLab EH&S manual at:
http://www.jlab.org/ehs/manual/EHSbook-521.html#pgfId-998202
           n

φ = ∑ PiFi

          i=1

Equation 1. Summation of the product of probability and fatality for each occurrence
where:
φ = the ODH fatality rate (per hour),
P i = the expected rate of the i th type of event (per hour)
F i = the fatality factor for the i th type event. 

	Table 6: Oxygen Deficiency Hazard Classification

	ODH Class
	ODH Fatality rate Ψ (hr-1)

	0
	<10-7

	1
	>10-7 but <10-5

	2
	>10-5 but <10-3

	3
	>10-3 but <10-1

	4
	>10-1


Table 1 ODH Classification table from EH&S manual

General Information
In the Halls both nitrogen and helium are used in both gas and liquid forms. The amount of maximum total amount of liquid stored in each hall is listed in table 2
	
	
	Hall A
	Hall B
	Hall C

	Total nitrogen in Hall (liquid liters)
	1242
	470
	1363

	Total helium in Hall (liquid liters)
	3800
	650
	3570


Table 2. Stored liquid inventory in experimental halls including transfer line volumes

	Hall  Volume
	 
	A
	B
	C

	Hall Diameter
	ft
	174
	98
	150

	Hall average height
	ft
	59
	60
	52

	Hall total height
	ft
	70
	75
	60

	Hall Volume
	ft^3
	1402944
	452578
	918916

	 
	liters
	3.97E+07
	1.28E+07
	2.60E+07


Table 3.  Hall volumes

As a first check I calculate the 02 concentration if the entire LHe or LN2 inventory were vented instantaneously. For this calculation I assume that an equivalent volume of normal (21% O2) air is removed from the hall as the cryogenic liquid is dumped in. Then after some time the entire volume equilibrates through normal diffusion. Table 4 shows the results.
	
	
	A - He
	A- N2
	B - He
	B- N2
	C-He
	C- N2

	Liquid  Volume
	liters
	3800
	1242
	650
	470
	3570
	1363

	300 K  volume
	liters
	2.8E+06
	8.8E+05
	4.8E+05
	3.3E+05
	2.6E+06
	9.7E+05

	O2 concentration (with complete mixing)
	 
	19.5%
	20.5%
	20.2%
	20.5%
	18.9%
	20.2%

	Fatality from Fig 3 of EH&S manual
	 
	0
	0
	0
	0
	0
	0

	ODH Rating
	 
	0
	0
	0
	0
	0
	0


Table 4. Analysis of the dump of entire cryogenic liquid volume of a Hall
One can see that even a complete instantaneous loss of a cryogen into a Hall will not cause the O2 concentration to dip below 18% and thus even if the probability were 1.0 this failure would not raise the ODH rating above ODH-0. There would be an ODH hazard at the location of the plume, thus ODH training is required to enter an experimental Hall.
HELIUM ANALYSIS

Venting the inventories of each hall into its atmosphere.

Liquid N2 and He warm quickly when vented into large volumes of air, and both tend to diffuse to equilibrium concentrations in the space no matter the height. But, there is a time dependence of this diffusion. It is well known that a helium balloon will rise in air, and one with Argon will sink. It is also true that a flow stream with high concentrations of gases lighter or heavier than air will also rise or fall. In an LN2 spill test that was conducted in Hall B and documented in JLab TN 94-068, it was concluded that there was complete mixing, except in the area of the fog bank, and that no significant stratification occurred. For a helium spill that conclusion is not so obvious. The density of helium gas at 70K (condensing air temp) is only 60% of warm air so it will rise. The question is how far and fast will it rise before it fully mixes and the entire volume comes to equilibrium. For this analysis I assumed that the largest magnet or dewar in each hall would fail.  Then instantly that helium would rise to the top 10% of the halls height, again a conservative assumption. Table 5 gives the ODH rating for this case.
	Failure of Largest Helium volume magnet or dewar volume venting to top 10% of the Hall
	 
	Hall A
	Hall B
	Hall C

	Largest cryogenic helium volume
	liquid liters
	500
	350
	1000

	300 K  volume
	liters
	3.7E+05
	2.6E+05
	7.4E+05

	10% hall volume
	liters
	3.97E+06
	1.28E+06
	2.60E+06

	% helium in top volume
	 
	9.31%
	20.21%
	28.44%

	%O2 in top 10 %
	 
	18.87%
	16.42%
	14.60%

	Fatality factor from Fig 3 of EH&S manual
	 
	0.0E+00
	1.6E-06
	3.9E-05

	ODH Rating event occurs 
	 
	0
	1
	2


Table 5. ODH conditions for largest helium reservoir failure rising to top of the Hall.

Table 5 shows that if the largest magnet in Hall C (the dipole) was to fail and all the helium collected in the dome for some amount of time, then an ODH-2 condition would exist. A rising helium balloon will reach the top of a hall in less than 1 minute. The assumption that some and maybe all the helium will go to the ceiling is a conservative one. The most recent helium spill test of in the CEBAF tunnel showed that while the vapor cloud rose to the top of the tunnel even the lower sections had 16% O2. 
Time will allow diffusion to become dominant and then diffusion will distribute the helium evenly throughout the Hall. So one question is how long it will take for the other magnets to vent their inventory. The answer to this will tell us whether it is better to use the entire halls helium inventory in the calculation or just the failed magnet since these are common through the supply and return lines. Table 6 shows the heat load for the magnets and the time to vent the total inventory of the magnets. 
	Boil off rate in each hall
	 
	Hall A
	Hall B
	Hall C

	Heat load in each Hall less transfer line load
	watts
	180
	80
	185

	Mass flow due to boil off in Hall
	g/s
	12
	5
	12

	Time to vent all magnets at this flow rate
	hours
	11.1
	4.3
	10.2


Table 6. Time to vent all other magnets of helium.
The time to vent the rest of the inventory is much greater than an hour. When Hall B is looked at independently, even a complete loss of the entire inventory (650l LHe) one only gets to a rating of ODH2 in the event that all inventory would be lost and collect in the dome. 
One can expect that diffusion will equilibrate the helium concentration in the Hall after the primary rupture. In all Halls there are very powerful HVAC fans at the top that move the air and will aid in warming the vent gas and diffusing it. Also in Hall B there are three 30” anti stratification fans that will aid in this diffusion. Thus only the initial failure has a chance to move to the top of a hall without diffusing. What we do note is that there exists a possibility that a catastrophic failure of the dipole in Hall C could cause an ODH 2 condition in the dome. Now one can look at the likely hood of that to occur.

From Table 2 of section 6500-T3 of the EH&S manual the likely hood of occurrence of a spontaneous failure of a magnet or dewar is 1E-6/ hr. Multiplying this by the fatality factor from Table 5 above 3.9 E-5 gives 3.9E-11. We could use this for each magnet in each hall to get a fatality from the combined magnet/dewar string 

	 
	 
	Hall A
	Hall B
	Hall C

	Probability of a magnet or dewar rupture
	1/hr
	1.00E-06
	1.00E-06
	1.00E-06

	Fatality factor from event
	-
	3.9E-05
	3.9E-05
	3.9E-05

	Number of magnets or dewars in a hall
	n
	10
	3
	7

	n x Pi x Fi
	 
	3.9E-10
	1.2E-10
	2.7E-10

	ODH Rating of Dome for Magnet failure
	 
	0
	0
	0


Table 7.  ODH ratings for catastrophic failure if the worst case magnet (the volume of the Hall C Dipole is used in each hall for every cryogenic vessel) 
The above analysis shows that there is no case that venting a halls inventory produces an ODH rating of greater than ODH-0. 

Steady state helium input to the halls and the ODH implications.

The CHL and ESR share warm helium inventory. Connected by medium pressure gas pipe lines to the on line tanks, the compressors supply the high pressure gas to the cold boxes. These tanks are called clean gas and the online clean gas tank inventory is monitored at all times by the guard alarm system. Typical maximum pressure allowed before alarm is 16 atm and minimum pressure is 6.5 atm. Most of the time there are 4 tanks on line throughout the facility, sometimes there are 5. These tanks store warm gas and have a capacity of 30,000 gallons each. The cryogenics group alarms are set to warn the operations staff when the tank pressure falls below the 6.5 atm limit. If it falls further the refrigerators may trip off. Once the refrigerators trip off, they will warm up and flow rates will drop quickly.
Helium is supplied to each hall in both warm and liquid states. There is a limit to how much cold flow can be sent to individual end stations. The normal magnet flow 4K limit is preset by the Venturi flow meters in the ESR valve box. These meters are capable of passing 75g/s maximum. The maximum warm gas flow is set by the capability of the warm gas flow regulator and is 24 g/s. For this analysis I will use 100g/s because that amount can be provided through the target circuit when 4K liquid is used to cool high power targets. This is also the maximum flow that the ESR can provide when boosted by both the CHL and the 10,000 liter dewar at the ESR. One must realize that this flow can only be sustained as long as there is “clean gas” available.
	Helium Warm Gas storage tank volume (gallon)
	30000

	Helium Warm Gas storage tank volume (Liters)
	113550

	Number of tanks on line max 
	5

	Alarm pressure high (atm)
	16

	Alarm pressure low (atm)
	6.5

	Pressure swing max (atm)
	9.5

	Total gas liters that could be vented (Liters)
	5.39E+06

	Total gas liters that could be vented (Liquid liters)
	7289

	Total grams of helium to be vented (grams)
	9.11E+05

	Flow rate (g/s)
	100

	Time to vent maximum inventory (1hr)
	2.53


Table 8 Time to vent maximum gas inventory calculation.
Table 8 shows that it will take at least 2.5 hrs to dump the entire inventory of 7300 liquid liters. While this is over 7 times the volume of the Hall C dipole, the time is also relatively large and thus the helium will diffuse into the air and stratification will not play a significant role. Therefore we must analyze this amount plus 1,000 liquid liters as a diffuse amount in each hall. There is one other effect that will further reduce the ODH possibility: each Hall has a fresh air intake. These are 1,000 cfm fans that bring in outside air through 12 inch diameter ducts.
First we look at 8300 liquid liters in each hall. The charts 2, 3 and 4 are the result of time step calculations for each Hall. 
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Chart 2. Hall A O2 concentration vs. time for the worst case helium spill
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Chart 3. Hall B O2 concentration vs. time for the worst case helium spill
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Chart 4. Hall C O2 concentration vs. time for the worst case helium spill

The previous plots are summarized in Table 8 below.
	Amount of Liquid Helium vented
	liquid liters
	8300
	 
	 

	Hall  Volume
	 
	A
	B
	C

	Hall Volume
	liters
	3.97E+07
	1.28E+07
	2.60E+07

	gas volume vented
	liters
	6.14E+06
	6.14E+06
	6.14E+06

	Time to vent
	hr
	2.50E+00
	2.50E+00
	2.50E+00

	Minimum %O2 w/ fresh air make up
	-
	18.1%
	14.4%
	16.9%

	Fatality Factor
	 
	0
	5.546E-05
	6.982E-07


Table 9. Minimum O2 concentration for worst case helium vent
One can see that due to the smaller size of Halls B and C the O2 content drops below 18%, thus the fatality factor is non-zero and we must now look at probabilities. To get a leak that can vent the entire volume of the ESR at 100 g/s requires a significant failure. Possible items are magnet rupture, magnet relief valve rupture, control valve rupture, and warm pipe rupture of line to a relief valve. Failure of a vacuum jacketed transfer line would be enough because the transfer line vacuum space relief valve is set high enough to stop the flow of the 2.8 atmosphere LHe circuit. A U-tube inner line failure could be big enough. Jefferson Lab has several control valve failures, but all of these leaks have proven to be quite small. The other major item one should consider is a problem with a U-tube change. With JLab procedures this event is even more unlikely because during this operation an operator from the cryogenics group would be able to completely shut down the supply to the hall.
	Valves (relief)
	Premature open
	1 x 10 -5 /hr

	Control Valve leak
	Leak (JLab data)
	1 x 10 -5 /hr

	Magnet (cryogenic)
	Leak or rupture
	1 x 10 -6 /hr

	Fluid line (cryogenic)
	Leak or rupture
	3 x 10 -6 /hr

	U-tube change release (cryogenic)
	Large Event
	4 x 10 -5 /hr


Table 10 Equipment failure rates from the EH&S manual 
	Amount of Liquid Helium vented
	liquid liters
	8300
	 
	 

	Hall  
	 
	A
	B
	C

	Hall Volume
	liters
	3.97E+07
	1.28E+07
	2.60E+07

	gas volume vented
	liters
	6.14E+06
	6.14E+06
	6.14E+06

	Time to vent
	hr
	2.50E+00
	2.50E+00
	2.50E+00

	Minimum %O2 w/ fresh air make up
	-
	18.1%
	14.4%
	16.9%

	Fatality Factor
	 
	0
	5.546E-05
	6.982E-07

	Valves (relief) Premature open
	/hr
	1.00E-05
	1.00E-05
	1.00E-05

	Number of relief valves
	 
	14
	3
	10

	Control Valve Leak
	/hr
	1.00E-05
	1.00E-05
	1.00E-05

	Number of control valves
	 
	14
	3
	10

	Magnet (cryogenic) Leak or Rupture
	/hr
	1.00E-06
	1.00E-06
	1.00E-06

	Number of magnets or dewars
	 
	10
	3
	7

	Fluid line (cryogenic) Leak or Rupture
	/hr
	3.00E-06
	3.00E-06
	3.00E-06

	Number of fluid lines
	 
	28
	6
	20

	U-tube change release (cryogenic) Large event
	/hr
	4.00E-05
	4.00E-05
	4.00E-05

	 
	 
	1
	1
	1

	ODH fatality rate
	 
	0
	6.711E-09
	2.144E-10

	ODH rating
	 
	0
	0
	0


Table 11. ODH Rating Calculation for worst case helium spill in each hall.
Table 11 show the summation calculation and ODH rating for the each hall. It combines failure rates, from table 10, fatalities from Chart 1 and compares the result with ODH Hazard Classification shown in table 1. The worst case is Hall B (ODH 1 starts at 1e-7) but Hall B is more than an order of magnitude below that.
NITROGEN ANALYSIS

Steady state nitrogen input to the halls and the ODH implications.

For LN2 spills we are concerned about steady state only because there are two 20,000 gallon liquid nitrogen dewars at CHL that have connections to the experimental halls. Thus we can consider these as infinite sources. Two cases must be looked at. Each will include dumping the entire inventory of the transfer line and the magnets into the hall at the onset of a rupture, and then venting liquid nitrogen at the maximum available flow rate. The maximum available flow rate for each hall is limited by the maximum aperture of the supply valve in parallel with the flow meter in the ESR valve box. This flow rate is 100 g/s.
Again, the assumption of complete mixing outside of the plume per JLab TN 94-068 is used. 
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Chart 5.  Hall A O2 concentration vs. time with all inventory dumped and 100g/s N2 venting
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Chart 6.  Hall B O2 concentration vs. time with all inventory dumped and 100g/s N2 venting
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Chart 7.  Hall C O2 concentration vs. time with all inventory dumped and 100g/s N2 venting

Charts 5, 6 and 7 show the time evolution of the oxygen concentration for each hall in this scenario.  One sees that the equilibrium concentration is just below 18 % for each hall. It takes 15 hours for Hall B to reach 18% and the other halls take longer due to their larger volume. A calculation of the ODH level is shown in table 12.
	N2 ODH calculation
	 
	 
	 
	 

	Hall  
	 
	A
	B
	C

	Hall Volume
	liters
	3.97E+07
	1.28E+07
	2.60E+07

	gas volume vented
	liters
	0.00E+00
	0.00E+00
	0.00E+00

	Time to vent
	hr
	2.50E+00
	2.50E+00
	2.50E+00

	Minimum %O2 w/ fresh air make up
	-
	17.7%
	17.7%
	17.7%

	Fatality Factor
	 
	1.72187E-07
	1.722E-07
	1.722E-07

	Valves (relief) Premature open
	/hr
	1.00E-05
	1.00E-05
	1.00E-05

	Number of relief valves
	 
	14
	3
	10

	Control Valve Leak
	/hr
	1.00E-05
	1.00E-05
	1.00E-05

	Number of control valves
	 
	14
	3
	10

	Magnet (cryogenic) Leak or Rupture
	/hr
	1.00E-06
	1.00E-06
	1.00E-06

	Number of magnets or dewars
	 
	10
	3
	7

	Fluid line (cryogenic) Leak or Rupture
	/hr
	3.00E-06
	3.00E-06
	3.00E-06

	Number of fluid lines
	 
	28
	6
	20

	U-tube change release (cryogenic) Large event
	/hr
	4.00E-05
	4.00E-05
	4.00E-05

	 
	 
	1
	1
	1

	ODH fatality rate
	 
	7.12854E-11
	2.083E-11
	5.286E-11

	ODH rating
	 
	0
	0
	0


Table 12. ODH rating calculation for the worst case nitrogen spill in each Hall
Because the Fatality factor is so close to 1e-7 the fatality rate is more than 3 orders of magnitude below that of ODH 1.
In October of 2002 I was asked to analyze the ODH for the End Stations during a site wide power loss. During a power loss the cryogenic system will warm up, so liquid helium will not flow. LN2 may also be restricted due to poor vacuums but I assumed that it will remain at full capacity. See Attachment 1 or the full text of that report.
Conclusion
Through the analysis above I conclude that each of the three experimental end stations should have an ODH rating of zero at all times. The only possible exception is during an extended power outage when the fresh air fans are not running. Then after five hours ODH 2 should be posted.

Attachment 1

ODH Analysis for

Loss of Power and Total Nitrogen Line Rupture

in any or all of 3 Experimental Halls

D. H. Kashy 10/10/02

This analysis determines the Oxygen concentration as a function of time during a power outage. The assumption is that there is no air exchange from outside “fresh” air while the power is off. The only possibility to reduce the O2 concentration is by Nitrogen, as Helium will vent due to its buoyancy. A LN2 spill test was conducted in Hall B and documented in JLab TN 94-068. One conclusion was that there was complete mixing except in the area of the fog bank. 

A control valve, which has a maximum allowed PID position of 47.5% and mechanical stops at 50%, limits the flow rate to each hall. The full-open Cv of the valve is 3.0 but at its maximum position the Cv is 0.267.  With that position the maximum flow that could be delivered to any hall is 100 g/s. In addition to this steady state flow, it was assumed that the entire liquid inventory in every magnet in each Hall dumps into the air at the time of the rupture. This is the scenario that was analyzed, and plots for each hall are included.

Results. 

The ODH rating of an area is based on the product of the Probability of an occurrence and the Fatality of the resulting O2 concentration. The small size of Hall B makes it the worst case.

 There have been many power outages on the accelerator site, there has never been a rupture of a nitrogen circuit, but it could happen. For this analysis we are taking the combined probability as 1.0 even though this is highly unlikely.

From the EH&S manual, an ODH 1 space has a fatality factor between 1x10-7 and 1x10-5, this corresponds to an oxygen concentration between 15.4% and 18%, and for an ODH rating of 2 or higher the concentration must be less than 15.4%. The oxygen concentration in Hall B would drop to 18% after 5.25 hours and below 15.4 % after 11 hours. To reach those values in the other halls would take significantly longer.

Conclusion

All three experimental Halls can remain ODH 0 for a duration of 5 hours while the power is off on the accelerator site.

[image: image8.emf]Hall B 100g/s LN2 w/o make up air

12

13

14

15

16

17

18

19

20

21

22

0 2 4 6 8 10 12 14 16

Time (hrs)

Oxygen Concentration (%)


[image: image1]