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Background

On E940 (MECO) safety meeting (December 2002), Dana Beavis raised a question about possible explosion risks due to the activation of liquid nitrogen in the production solenoid (PS) 80 K shield. I was appointed by Ed Lessard to study this issue. I acquired many documents from Ed, Dana, and late on, from Don Crabb (University of Virginia). 

Regardless the fact that the mechanisms of these explosions are very complex and are not yet fully understood, it is now widely accepted that these explosions are caused by the very rapid decomposition of ozone, which is formed by the action of ionizing radiation on oxygen dissolved in liquid nitrogen. The decomposition (from O3 to O2) generates 3 kJ for 1gram ozone at very rapid speed.  Most explosions in the reactors happened during the warm up (for maintenance) while liquid nitrogen boiled off and the temperature was rising. Some explosions (in reactors and polarized beam targets) happened during the low temperature operations only if the ozone concentration achieved the critical point (4.4 mole %). 

Ozone and oxygen do not disappear from the vents easily, simply because of their physical properties: oxygen’s boiling point (90.18 K) is much higher than the nitrogen (77.35 K); ozone’s melting point (80.7 K) and boiling point (161.3 K) are all higher than the liquid nitrogen temperature. 

Calculations

In my early estimate, I just simply used ozone yield rate in Ref [1][2]: in high purity liquid nitrogen (52 ppm O2), 2.6 O3 molecules are produced under 100 eV radiation dose (mainly due to gamma and fast neutrons); I came up with 9 gram ozone in PS 80 K system after 1000 hour beam time. 

In this note, I try to estimate the ozone yield under the considerations of possible ozone boil off and fresh liquid nitrogen flowing in. The detailed computations are in a separate Excel spreadsheet (filename: appendix.xls). 

Reference 18 [1] in CERN note [2] was based on the accident analysis done by University of Missouri. The experiment setup mainly consists a cryostat (without refill), vent tubes and Drager gas-analysis apparatus which was used to determine the amount of ozone presented in the cryostat by measuring the ozone vapor concentration in the vent. The total net volume of the cryostat was 7.8 liter, and the boil off took 13 hours for a single cycle (without refill during the study). Initial impurity 0.005 (O2 mole fraction) in the liquid nitrogen was assumed [1].

From the theory, the partial vapor pressure of ozone above the liquid nitrogen-ozone solution was calculated according to the following equation [1]:

    P = Po * exp[C*X(N2)] * X(O3)                                                       (1)

where C is a constant related to the mole volume of ozone and the solubility parameters of nitrogen and ozone; it was mentioned that the best number (by fitting) is C=7.0;  X(N2) and X(O3) are the mole fractions of nitrogen and ozone in the liquid mixture, respectively; Po is the pure ozone vapor pressure at 77 K. 

Part I of the Appendix lists the available pure ozone vapor pressure data from references [3], [4] and [5]. I choose the fitted crystalline ozone equation from [5] 

      Log P = 10.460 – 1021.6/T                                                              (2) 

to get the pure ozone vapor pressure at liquid nitrogen temperature, since this is the only equation based on the measured data covers the low temperature range (from 66 K to 87 K).

In Part II of the Appendix, I computed the conversion factor from the ozone vapor relative pressure in the vent (in ppm), to the boil off rate (in gram/hour). The amount of ozone expelled from the vent is proportional to its vapor pressure except a constant. I then use this constant for evaluating Column P, in Part III of the Appendix. 

In Part III of the Appendix, it calculated each parameter in the time interval of one hour, up to 1000 hours (assuming one fiscal year beam period):

Column B is the time, marked as the end of each hour.

Column C is the constant in equation (1) above; 

Column D is the energy deposition in the unit of 100 eV per liter liquid per hour (18 μW/g was assumed as the radiation specific dose [6]); 

Column E is the liquid (N2 and O2) volume in liter. It begins with 13.4 liter (MIT assumed 10.7 kg liquid nitrogen, with the density of 0.8 in the PS 80 K system); as time goes on, it reduces slightly, due to the production of ozone; 

Column F is the oxygen mole fraction at the end of each hour. It begins with 52 ppm impurity, and also slightly reduces due to the production of ozone. The same impurity is assumed for the incoming fresh liquid portion; 

Column G is the nitrogen mole fraction at the end of each hour, with the consideration of slight reduction due to accumulated ozone volume; 

Column H is the electron fraction of the oxygen ε defined in Ref [1]; it begins with 59 ppm (equivalent to 52 ppm mole fraction);

Column I is the ozone forming rate at the end of each hour, in the unit of molecules per 100 eV energy deposition, as a function of ε, based on the equation (5) in Ref [1];

Column J is the ozone yield rate averaged over each hour, in the unit of molecules per hour, based on the modification of equation (10) in Ref [1]; and I have neglected its variation within one hour period;

Column K is the integrated ozone molecules from initial time t=0 to the end of each hour, after taking the boil off into account; 

Column L is the ozone mole fraction at the end of each hour; 

Column M is the pure ozone vapor pressure at liquid nitrogen temperature (77.35 K), in unit of mm mercury height (torr). The constant was interpolated by using equation (2) in this note (see the discussion above, and Ref [5]); 

Column N is the ozone vapor pressure above the liquid, according to equation (4) in Ref [1] (or equation (1) in this note), in the unit of torr; 

Column O is the ozone vapor pressure above the liquid normalized to one atmosphere pressure (760 mm Hg height), in the unit of ppm; 

Column P is the ozone mass boil off rate averaged over each hour according to the early discussion in this note, in the unit of gram per hour. 

As shown in summary cells, J1045, K1045 and P1045, after 1000 hours beam period, the total ozone produced will be around 9 gram, the total ozone boil off will be 2 gram, and the remaining ozone in the system will be around 7 gram.  

Above calculation agrees with our previous simple estimate on the yield (in which the boil off ozone was ignored, and the incoming fresh liquid portion was also ignored). It basically agrees with the prediction from Univ. of Missouri’s experiment: “…no appreciable amount of ozone is given off until the very end of the cycle, when the vapor pressure is such that concentrations are greater than 10 ppm in the vent gas. This means that, if a system is refilled while appreciable liquid nitrogen remains, essentially all the ozone formed goes to the next cycle”[1]. 

In Ref [7], author used pure ozone pressure data (Po=0.002 torr) from Ref [5] to estimate ozone boil off in MECO case, by applying on the ideal gas law directly; therefore, the ozone boil off (10 gram, after 1000 hours) was over estimated. If we use high purity liquid nitrogen in the PS system, the ozone will not reach the high concentration until near the end of the warm up; only towards that time, X(N2) approaches zero and X(O3) approaches to 1, as stated  in equation (1) above, and the ozone vapor pressure P then approaches to the pure ozone vapor pressure Po. Ozone boil off rate actually is an indirect measure of its concentration in the liquid. 

Issues

Above calculations show that the ozone concentration in the liquid is well below the critical level (see Appendix Column L), so that it is unlikely that explosion would occur during the operation (low temperature). The concern now is what could happen during the warm up for annual maintenance. Can 7gram ozone inside PS system cause potential risk during the warm up process? We need to address engineering studies. According to Ref [2], the energy (21 kJ, if high purity liquid nitrogen is used) will be released in a rapid speed (6000 m/s). We may argue that it would not damage the cryostat wall. Could it damage the 80 K shield, which is not designed for resisting much force? If the deformation causes the copper sheet to contact the coil cover or the cryostat wall, or locally compress the super-insulation layers too much, then the magnet will not be cooled down for the second year operation. Such “warm spot” problem has no simple solutions, and large equipment protection is part of our safety issues. Ref [7] also described an interesting idea of purging the 80 K system (copper pipes) before the warm up; the feasibility needs to be evaluated and developed, since this might have the impact on the engineering design of the magnet. 
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