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Pressure I'rotection of I ,IS1' sc Cavities 

A series of safety tests was undertaken to untlerstarid thc prcssrlrc risks for the superconducting 
cavities under construction at CBRN for 1.151'. A fast pressure rise in the liquid hclium tank around 
the cavity can occur due to the entry of helium or air into thc vacuum eithcr inside thc cavity or in 
the surrounding vacuutn tank. 

4 successive tcsts wen: m d e  of iricreasing initial rate of licat iriprit to the 1,Ile bath and hence 
increasing risk of pressure peak. 

'I'he purpose of this series of tests was to first collect tlic ncccssary experimental data within the range 
of the provisional pressure protection of thc prototype cryostats for at1 extrapolation to a safe 
handling of tlie worst credible case, and then to chcck this prediction. 

The first test simulated a lrclir~m leak into tile vacllrlnl tank with hcat input to the 1,lle tank due to 
gas conduction across the superinsulation surrounding the tank. 

'I'lie second tcst airnrrlated a moclerate air leak illto tllc vacorlln tank (10 mm dia. hole) with hcat 
input from latent heat of tlie air candensing on the tank surface, hut litnitd by the presence of the 
superinsulation. 

'I'lie third and much scvercr test was the fast brcaking of tlic cavity vacllrlna with air (25 mm dia. 
hole) and heat input from condcnsing air on about 5 rn2 of unprotcctcd surface in contact with 
the liquid 1Ie bath. 

'I'he worst cnsc was finally sitnulated in the forth test whcre thc cavity vacuum was brokcn with air 
using a 80 mm i.d. pneumatic valve and the helium bath protcctcd by a 50 mm i.d. rupture disk. 

2. Description of LEPl parameters relevant to the tests 

'I'he prototypc cryostat /,E/'/ was used for the tcsts. Its cavity for 352 MIlz with surrounding liquid 
helium (1,IIe) bath tank arid top manifolcl for phasc separation is shown in Figure 1 on page 3. Figure 
2 on page 5 clisplays a section of tlic I,T;,IB cavity cryostats, for which a more detailed description can 
he found in earlicr reports, e.g. in [l]. 

The cavity is surroundetl by an otidulatcd stainlcss stccl tank for a minimum volume liquid 
lieliurn bath arid installed in a cylindrical vacuutn tank, togethcr with a radiation screen coolcd by 
cold helium gas and operated, during these tests, at about 120 K. 16 layers of superinsulation are 
directly wrapped around the helium tank, 40 laycrs covcr the cylindrical radiation shield and the 
circular end shields. 

For thc present tests, the helium tank was cooled and fillcd from 1,IIe dcwars up to the normal level in 
the lower part of the manifold, but then disconncctcd from this supply. 

Figure 2 on page 5 also displays the special fcatures installed for each of thc first 3 safety tests. 

'The parameters of the I.,I',P cryostat relcvant for the discussion of the tests are listed in Table I on  
Page 4. 
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I'ressure I'rotectic~n of 1.111' sc Cavities 

'I'he 1,lle tank has originally been protectctl against nccidcntnl prcssr~re rises hy a 25 cm long, 40 mm 
i.d. safety pipe, cntling it1 two 1.25-inch srfrty valves nndjr~stcd for brcaking at 0.7 bar ovcrpressure. 
'l'his was also tlic bath protection uscd for '1'ES'l's 1-3. 

170r thc most critical 1'ISS.T 4, one of thc safety valvcs was rcplaced by a 50 mm i.d. rr~ptrlrc disk. 

For the protection of thc insulnt.ion vacuum, n 1 10 tnrn tlia. non-rcturn valve was installed. 

Vi rw  of tllc I,EPI clvify wit11 I,llc tank allcl top 111allifold. (A) and (13) arc 
tlic .IS rntn i.d. cont~cctions availahlc for a safety exliaust line. 'l'he leak into 
the vacuutn tank during 'I'l3S'I' 3 tlcvelopcd :it wclding (C). 
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Pressure IBrotcction of 1,TiP sc Cavities 

7 

Table I: Parameters of the I , I T 1  cryostat important for pressure safety 

Cavity volume 573 dm3 Vacuum tank volume 1.5 m' 

LHe volume at start  180 dm3 LHe mass at  start  22 .2  kg 

GHe volume at  start 28 dm3 GRemass a t s t a r t  0 . 5  kg 

Niobium mass in St.stee1 mass in 
contact with LHe 145 kg . contact with LHe 131 kg 

Niobium surface in  St.stee1 surface in 
contact with LHe 5 .6  m* contact with LIIe 7 . 3  m 2  
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I'ressure I'rotcction of 1,111' sc (':ivitics 

C - LEP l cryosta t  with simplified f low scheme 
3 

1:igurc 2: 1,EPI crymtat with si~nplificcl flow schc~nc. 1)irncnsional parameters rclcvant 
for thc safety tcsts arc indicalcd. 'l'hc specific arrangrncnts for each of thc 
first 3 tcsts arc shown: a) for 'l'l'S'T I ;  h) for 'I'TrSI' 2; c) for '1'l;Sr1' 3. 
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3. TEST I : Loss of the insulation vacuum by a leakage of lielhml gas 

'I'lie spccific sct-up for the first accitlcnt simulation ('I'I'S'I' I )  is shown in 17igurc 2 on page 5, dctail 
a. 'l'lic vacuuln tank was connectctl by a solcnoid valvc (l:V) and a small pipc to tlic Ilc rccovery 
litle. Iluring tlic test, with a prcssurc of about 2 bar' at thc critry of the rccovcry linc, tlic pipe 
delivered a l~c l i r~~n  flow of ahout 0.6 g/s into thc vacuum tank. 

'I'hc cavity was coolcd, tJic Ilc tank fillcd up to its normal lcvcl of some 850 mm hcight and tlicn thc 
1,llc dewar disconncctctl. 'I'lic cavity was kcpt at a vacuutn of a fcw rnbar and scaled off. 

At start time to = O the vacuum tank was scalcd olT with a fcw 10-' rnbar and the solcnoid valve 
opcnctl for some 35 S. 'l'liis rcsultcd in a lieliurn prcssurc of alrnost 40 mbarl (which iticreascd later 
to ahout 60 rnbar due t o  the warm-up of tlic 1.11~ tank). As a conscqucrice of hcat conductcd by the 
lielium gas bctwccn the w;lrm vacuum tank walls and the outcr wall of the I ,llc tank, the 
prcssurc in this tank iricrcasctl quicklv. 'l'he safcty valvcs opcncti aftcr 1 1  s and blcw off cold Iicliutn 
for ahout 7 min l~ntil all liquid hclium was cvaporatcd. 

The most itltercsting observations are summarizecl in 'l'ablc 2 on pagc 7. 

'I'hc dcvclopmcnt of 1,llc tank pressure, vaclltlnl tank prcssurc and 1,lle level over thc first 600 s after 
the start of hcliurn admission at to arc shown in Iiigurc 3 on page 8. 

'The cool-down of Hie vacrllan tank envclopc as a conscqucncc of the heat transfcr turncd out to bc 
rather limitcd. 'I'hc tcrnpcrature of tlic top of tlic v;lculltn tank tlropped from 292 K to a tninimutn of 
283 K and that of tlie bottom to 277 K. 

'l'he cavity prcsqerc! rcmaitietl bclow 10-8 mbar until all I .llc was cvaporatcd and tl~cn rose closc to 
10-"nhar (from to + 15 minj. 

Prcssures valucs quoted are absolut or identified as differential. 

- 786 - 
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Pressure Protection of I ,El' sc ('avitiea 

Table 2: Summary of vacuurn failure tcsts I Rr. 2 carried out with U'i' 1 

TEST 1 TEST 2 

Simulated accident  He gas i n t o  vacuum tank A i r  i n t o  vacr~um tank 

Size  of leak =3 m of  4 mm i . d .  l i n e  10 mm d ia .  valve 

Gas flow About 20 g (120 dm3) About 10 dm3/s (12 g / s )  
over 35 S f o r  4 s h o r t  i n t e r v a l s ,  

then continuous flow 
Pressure r i s e  
- A t  1 .2 bar  abs.  ~ 0 . 2  b a r / s  -0.1 b a r / s  
- A t  1.7 ba r  abs . <0.1  b a r / s  ~ 0 . 0 8  ba r / s  

Safe ty  valves t o  + 11 S 

s t a r t  blowing a t  

Pressure maximum 2.02 bar  abs.  
a t  t o  + 36 s 

Pressure below t o  + 420 S 

s a f e t y  v. s e t t i n g  

Apparent LlIe l eve l  t o  + 140 S 

<50% of s t a r t  l e v e l  

LHe tank empty, t o  + 510 S 

bottom temp. r i s i n g  

Coldest tamperat. 292 K -> 277 K 
on vacuum tank a t  t o  + 20 min 

t o  + 14 S (not  counting 
in te r rup t ions )  

2.08 bar  abs. 
t o  + =40 S 

292 K -> 271 K 
a t  about t o  + 1 h 

Estimated heat  = l 0  kW =5 kW 
input a t  s t a r t  50.15 W/cmZ -0.07 W/cm2 
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I'rcssurc I'rotcction of I ,lrl' sc Cavities 
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Figure 3: 'I'FST 1, 20 g of Ile gas illto the vacutln~ tank. I ,lie tank pressure, vacuum 
tank pressure, and lcvel of 1,Ilc versus time since start of Ile injection. 
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Pressure I'rotection of I ,El' sc Cavities 

4. TEST 2: Loss of the itra~lation vacurlm by an 10-mm air hole 

'T'he specific set-up for the second accidcnt simulatioti ('1'I'S'r 2) is shown in Figure 2 on page 5, 
dctail b. I'he helium line of 'TlrS'T' 1 was rcplaccd by a solenoici valve of 10 mm nominal diamcter 
permitting the breaking of tlie insulation vacuurn with arnbicnt air. At room temperature with this 
set-up a pressure risc of about 7 mbar/s was obscrvcd in the 1.5 m3 vacuum tank, corresponding to a 
an air flow of some 10 dm3/s at STP or 12 g/s. 

After cooling and filling the Ilc tank, tlie cryostat \vas scparated from the supply dcwar and kept 
connected to the warm gas recovery line, stabilizing tlie pressure at I. 1 bar. 

'The air admission to the vacuum tank was then opcned for 4 short periocts (2+ 3 + 4 + 14 = 23 S), 
separatecl by observation times between 30 S and 60 s , before thc valve was kept continuously 
open. Each time there was a sharp rise of the prcssure by scveral hundreds of millibars in a few 
seconds, followed by a slower pressure drop ovcr about onc minute due to thc evacuation of the 
evaporated helium through the recovery line. At tlie 4th valve opening the safety valvc started 
blowing for about 10 s and thcn blew, during the continuous opcning, for about 4 min. 

'The most interesting observations from TEST 2 are summarized also in Table 2 on page 7 

Graphs for 3 key parameters recorded during TEST 2 are shown in Figure 4 on pagc 10. l'he start 
time to = 0 was chosen at 23 s before the continuous opcning, so that from then on the time t was 
equal to the total duration of air entry into the vacuum tank. 

'I'he tlevelopment of the 1,IIe tank pressure rcveals that the safety valves had no problem in 
handling heat loads of the kind simulated in 'I'l'ST 2. 'I'lie prcssures measured in the safety pipe 
just in front of the safcty valvcs were very similar, apart from superimposed oscillations, showing that 
the pipe had ample size for use with the safety valves. 'I'hese wcrc set for a breaking pressure of 0.7 
bar gauge; they opened and re-sealed well between l .7 and 1.8 bar. 

1;igure 4 on pagc 10, bottom, displays thc vacrlrlnt tank prcworc as recorded in the filling line 
between solenoid valve and tank. The real pressure in the tank could only be seen while there was no 
flow, whereas, when the valve was open, a dynamic value appeared betwcen atmospheric prcssure 
and tank pressure. It is interesting to note tliat, within tllc I-second time resolution of the 
monitoring system, the air line pressure dropped below the dctection limit of 1 mbar at each closing 
of the air valve. This shows how very efficiently the cryopumping operated at the air flow rates of 
'I'ES'T 2. In fact, only after more than 500 s of air blowing into the tank at the maximum rate of 12 
gla was a clear sign of rising static pressure in the vacuum tank visible on top of the dynamic line 
pressure. Only at this moment did the surface of the frozen air seem to have reached the triple point 
lemperature (63 K) with vapour presssures of more than 0.12 bar. Thus some 6 kg of air must have 
been condensed, almost 3 times what was needed to fill the vacuum tank with all its contents at 
ambient temperature. At to + 16 min the atmospheric pressure was reached, and 3 min later the 
vacuum tank safety valve opened to blow off the excess air. 

'I'he third parameter shown in Figure 4 on page 10 is the temprrature of tlte L l Ie  tank; there is a sharp 
rise at the end o f  1,IIe evaporation some 250 a after to. 

Also during TEST 2 only a moderate cool-down of the vacuum tank walls was observed. 
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I'ressure Protection of I ,FP sc Cavities 

LHe TANK PRESSURE (bar) 
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1:igur-e 4: 'IEST 2, 10 dln3/s SI'P of air into the vacnem tank. 'Top: I J le  tank 
pressure. Dottom: Vacuum tank pressure and temperature of coldest point on 
the I.,IIe tank. The air admission was interrupted 4 times before it was 
maintained permanently. 

5. TEST 3: Loss of cavity vacuum by air leaking thror~gh a 25 mm hole 

?he specific set-up for the third accident simulation (TEST 3) is shown in Figure 2 on page 5, 
detail c. A large pneumatic valve was installed on the beam line flange of the cavity and equipped 
with an orifice of 25 mm i.d. to  break the cavity vacuum with ambient air. I h e  result of a room 
temperature calibration was that the orifice limited the air flow into vacuum to about 100 drn3/s at 
s r P  or 120 g/s. 
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I'ressure Protection of 1,171' sc Cavities 

When the air valve was opcned with 1,IIe around the cavity, a very fast pressure rise occurrcd(1;igure 5 
on page 14. 'l'lie safety valvcs started blowiilg violently lcss than 2 S after the opening of the cavity 
valve, without having any noticeable effect on the rising pressure. At to + 3 S, when the L,IIe tank 
pressure rcached almost 5 bar, a hollow sound was heard from inside the vacuum tank, and 
altnost immediately afterwards cold l~clium started blowing fiercely from the vacuum tank 
protection valve. 'The prcssure in the 1,llc tank droppecl within 10 s to less than 2.5 bars, while a 
rain of particles of supcrinsulation comc down from thc hall roof. 
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-1 0 0 10 20 30 4 0 50 
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Figure 5 :  'I'ES1' 3, 1 0  dmvs SI'I' of air into the cavity vacuum. Top: LlIe tank 
pressure versus time. 13ottom: (.';~vity pressure and temperature of the lower 
part of thc I ,Ile tank. 

5.2 Observations 

The most interesting observations made during 'I'EST 3 are summarized in Table 3 on page 12 and 
graphs for LIIe tank and cavity pressures displayed in Figure 5. The warm-up of the LIle tank wall 
by the condensing air is also shown. 

Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SRF89G28



Fast analog recordings had to be used to get exactly the sliarp prcssare pcak in the 1,lIc tank: a 
maximum of 4.9 bar was reached 3.2 S after vdvc opening time to. 'The safety valve blowing started at 
to + 1.5 S and stopped already at to + 20 S. 

The cavity pressure (bottom graph of Figurc 5 on page l l started rising surprisingly early, from to + 
4 S); this is an indication of a fast saturgtiotl of cryopumping at the air flow rates used. This 
point will be analyzed in more detail in Chapter 6. 

The tcmpcratt~re of the 1,lle tank bottom, as sllown in thc satne graph, rose this time rathcr 
continuously without a clear jump at the end of 1,IIe evaporation, due probably to the strong 
tcrnperature gradicnt existing across the layer of  solidified air and the cavity wall. 

7'ahle 3: Summary of vacuum failure tcsts 3 & 4 cxrricd out with I.,I;,Pl 

TEST 3 TEST 4 

Simulated accident A i r  i n t o  c a v i t y  vacuum A i r  i n t o  c a v i t y  vacuum 

Size  of leak 25 mm d i a .  ' o r i f i c e  80 mm i. d. pneum. valve 

Gas flow About 100 dm3/s (120 g/s )  About 1 m3/s ( l .  2 kg/s) 
continuous flow up t o  
atmospheric p ressure  

Pressure r i s e  
- A t  1.2 bar abs. "0.8 b a r / s  =8 b a r / s  
- A t  3-4 bar abs. ~ 2 . 5  b a r / s  

Safety valves t o + l s  
s t a r t  blowing a t  

Safe ty  v. : t o  + 0 .2  S 

Rupt.disk : t o  + 0.35 s 

Pressure maximum 4 . 9  bar  ( r u p t u r e  bath  8 . 9  bar abs. 
a t  t o  + 3 S tank welding) t o + 3 s  

Pressure below t o  + 20 S 
s a f e t y  v. s e t t i n g  

Apparent LHe l eve l  t o  + 12 s 
<SO% of s t a r t  level  

Coldest temperat. 292 K -> 253 K N o  l o s s  of i n s u l a t i o n  
on vacuum tank a t  about t o  + 45 min vacuum 

Estimated heat  =SO kW$ 
input a t  s t a r t  "1 W/cm2 
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I'ressure Protection of I.JW sc Cavities 

5.3 Discharge into vacuiznt tank 

Although this time most of the cold helium wa.. directly blown across the vacuum tank, again 
only a rather limited cool-down of the vactlnm tank walls occurred. At the coldest point observed 
on the bottom of the cylindrical envelope, the ternpcrature reachcd 253 K at about to + 45 min. 
I'verywhere else on the envelope (thickness 10 mm of aluminurn and 1 mm of st.steel) and on the 
flanges (thickness 36 mm of alutninum) the temperatures remaincct higher. 'I'11e minimum seen at the 
top of the shell was 271 K. 'I'he corresponding maximum tcmpraturc gradient across the height of 
the vacuum tank (x 18 K) can probably be considered as close to the worst case possible. 'This is 
important for an estimate of the risk of deformations on longer modules combining several cryostats. 

Already from the beginning there was no doubt that the safety valves installed on IJEPI were 
too small for major insulation accidents; nevertheless, we were struck by the fast pressure rise 
beyond 3 bar in the case of air leaking into the cavity through a 25 mm diameter hole only. It 
was rather fortunate that the pressure was finally prevented from rising further by some weak 
points in the 1,lle tank outer shell. After 'I'I'ST 3, the vacuum tank was opened to know what 
damage the pressure peak had done, where the outer shell of the 1,Ile tank had yielded and whether 
the niobium cavity had been deformed. 

'I'he first observation after opening the vacuum tank was the impressive destruction of the 
superinsulation produced by the discharge of the cold helium. This remindcd us that special 
attention rnust be given to  the fixation of the superinsulation upstream of the safety exhaust to exclude 
a partial obstruction. 

The 1,I~Ie tank itself had suffered very little. 'I'he leak across which the helium was blown into the 
vacuum tank consisted of three 14 mm dia. holes produced by the rupture of reinforcement struts 
welded into the walls of the rectangular helium gas collector ("C" in Figure l on page 3). It had 
already been rcplaced by a more solid solution in the cryostats built later. 

'I'he resonant frequency of the niobium cavity had also been re-measured. No clear frequency shift 
was observed (Af < 100 kIIz) and thus no noticeable deformation of the wall geometry occurreti. 

6. Analysis of initial pressure rise and estimate of heat loads 

6.1 Initial pressure rise 

Iiigure 6 on page 14 shows the pressure values recorded during the first seconds after the start of the 
3 tests. For the lowest curve with the initial pressure development in TEST 2, the 4 intervals 
between the 4 short periods of air admission to the vacuum tank were suppressed to fit all interesting 
data points to the same time range covered on thc graph. 'Ille comparisorl of initial pressure slopes 
provides very useful qualitative information; however, in view of the sampling interval of 1 S and the 
limited number of mcasurcments, only rough quantitative information can be extracted. 

TEST t [le into vacuum tank: Tlt: slope between the 1,lle tank initial pressure and the 
opening of safety valves is not constant. During the first 2 s there is an initial slope 
of 0.2 barls, falling then to less than 0. I barls. 

TFSr 2 10 dm3/s of air STP into vacuum tank: 'The air valve was opened 4 times on a 
trial basis and then lcft open continuously. ?he pressure slopes for the 5 start 
situations are surprisingly close to each other at about 0.1 bar/s. 
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Pressure Protection of I ,FP sc Cavities 

'I'EST 3 100 dm3/s of air SI'P into cavity vacuum: Only 4 valid digital readings are 
available between to and to+  3 S. Comparison with the analog recording 
confirmed that the pressure maximum occurred indeed just at to+ 3.3 S with 
about 4.9 bars, but showed also that the rcal start of pressure rise occurred 
slightly later than to at about to + 0.3 S. 'The initial slope is therefore about 0.8 
bar/s, increasing to about 2.5 barls above 3 bars. 

LHe TANK PRESSURE (bar) 

- 2 0 2 4 6 8 1 0  

Time (S) 

1:igure 6: Comparison of the initial pressure rises ohscrvecl in 'l'ESl'S 1-4. I'he 
interruptions o f  air admission in 'l'ES1' 2 were suppressed to fit into the 
-30 s intcrval displayed. 

6.2 An estimate of initial heat loads 

In order to be able to compare the observed test situations to a thermodynamic model for the 
behaviour of the cold helium in the Idle tank, it is useful to make an estimate of the heat load 
contributing to the pressuriiation of the tank filling. 'Tllis can only be reasonably done for the initial 
phase before the opening of the safety valves with liquid helium in contact with most of the 6-7 mZ 
of surface exposed to either the vacuum tank or the cavity side. 

An estimate of the initial heat load is quite simple in the case of complete cryopumping of air. The 
full enthalpy of air between room temperature and the solid state (450 .I/g) is then transmitted to the 
tank surface and, in view of the very low specific heat of metal helow 20 K, to the helium inside. It 
thus can he concluded that 'TEST 2 corresponded to an initial heat load of about 5 kW (x0.07 
W/cm2) and 'I'EST 3 o f  about 50 kW (rz I W/cm2). 
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I'ressure Protection of I,I!P sc Cavities 

'The case of helium gas in the vacuum tank ('I'I'ST l) is not so simple for making an estimate, but 
typical values for practical cascs are quoted in cryogenics textbooks. With helium pressures of 1 - 
50 mbar in the vacuum tank atid many layers of superinsulation, the heat transmission is mainly 
determined by simple gas conduction (thermal conductivity at 150 K: 0.1 W1m.K) over distances of 
typically 3 cm. Assuming a tcmperature difference of 280 K, we can roughly expect a steady state 
specific heat load of 0.05 W/cinZ. 

On tlie othcr hand we can, for this simple qualitative analysis, use the similar initial prcssure rise in 
'T'ES'T 1 and 'TEST 2 atid conclude from the known hcat load in 'l'EST 2 that there was in TEST 
l m initial hcat load of about 10 kW (MO. 15 W/cm2), falling later to a steady state value of less than 
5 kW. 'l'liis is it1 reamlinable agreement with our estimate for the specific heat load. 

6.3 The developnzent of air conderzsntiorz irz  TEST 3 

In order to be able to extrapolate from 71'1?SI' 3 the safety requirements of a worst case, it is 
necessary to make also an estimatc of the maxirnutn heat load which has to be expected from air 
condensation. 'I'his question had heeti studicd at the IF,KP Kartsruhe in 1976 [2]. 'They found that 
thc specific heat load to riiobium surfaces at 4.2 K dcvelopcd during 6 s after thc start of air admission 
(32 mm i.d. line for 0.5 mZ of cold surface) up to a maximum specific load of 3.8 W/cmz, but falling 
thcn quickly to less than 2 W/cmz (from 10 s aftcr start). Covering the cold surfaces with 10 layers 
of supcrinsulatiot~ rcduccti tlic peak hcat load to about 1.8 W/cmZ. The slow development of the 
hcat load over more that1 5 s is probably inainly due t o  the specific arrangement used at 
Karlsruhe with evaporation near atmospheric prcssure and presence of a gas volume (w30 dm3) 
similar to the liquid volume. 

We can conclude from 'f'ES'1' 2 that therc is no noticeable heat load limitation due to the presence of 
superinsulation in the 1 E P l  vacuum tank, at least with air flows of 10 dm3/s and complete 
cryopumping for quite some time. 'T'EST 3 showed further that with stronger air leaks, hcat loads of 
I W/cmZ cievelop very quickly, at lcast for the geomctry used with tlic 1,EP cryostats. The stceperling 
of the initial slope in thc uppcr graph of Figure 6 on pagc 14 is mainly due to the thermodynamics of 
cold helium around the critical point, as will be clear from the following model discussion. 

We have, however, to assume from the measurements at Karlsruhe that peak values of heat load 
around 4 W/cmZ without superinsulation and around 2 W/cmZ with a few layers of superinsulation 
are possible if air lcaks are produced with cross-scctions o f  more than 10 cm2. 

On the other hand, 'l'ES1' 3 revcalcd also that such peak loads cannot last for more than a few 
seconds. 'I'he early rise of the cavity pressure in Figure 5 on page 11 is an indication that the 
heat transfer is quickly limited by the heat rcsistancc of the developing layer of solid air. Using 
this argument, we tried to extract from the observed cavity pressure the time dependance of the total 
heat load. This is done in Figure 7 on page 16. 

We can assume that the cavity pressure is, for values below the critical pressure of nitrogen (0.12 bar 
at 63 K), identical to the vapour pressure of the gas-solid interface. For pressures between 0.12 bar 
and atmospheric pressure, liquid instead of solid air is formed until the LIle tank walls are 
warmer than 77 K. We can further interpret the rising pressure in the cavity as corresponding to air 
at a mean temperature bctween room temperature and that of the solid surface. The balance 
between the air flowing into the cavity at a constant rate (as long as the cavity pressure is below 
50% of the atmospheric pressure) of x 120 g/s and the air contributing to the gas pressure must have 
been cryopumped with heat transmission of 450 .I/g. 

Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SRF89G28



Pressure Protection of I ,FP sc Cavities 

'T'he distribution of the air quantities are shown in 17igure 7 on page 16, b, the corresponding 
integrated heat in Iiigure 7 on page 16, c and the time development of the instantaneous power 
input to the cavity in Figure 7, d. 

Our conclusion is that, at air flow rates higher than those used in 'TEST 3, probably peak powers of 
up to 200 kW can occur, but they last only for 1-2 S, and from an accurnulatcd heat load of 200 kJ 
on, the power load should alreacly have dropped to less than 50 kW. 

'I'his seems not unreasonnable, looking at the equivalent thicknesses of air "snow". 200 k.1 total load 
corresponds to 4 J/cm2 or 10 mg of solid air per cm2 and an equivalent thickness of a compact 
solid layer of 0.1 mm. 
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Figure 7: Analysis of tlre cavity pr-ure during TFnCT 3 
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7. Sttrdy of a thermodynamic model for the discharge from the LHe tank 

'To understand thc relation between the instantaneous heat input to the cold helium and the 
pressure build-up, we studied the thermodynamics of a simple nicnlel. It consists of a closed 
volume of 205 dm3 with, at start, 180 dm3 of liquid and 25 dm3 of gaseous helium at 4.3 K. We 
introduce heat into this volume and assumc cqual distribution and good mixing, such that a 
uniform tcmperature is maintained over the full volumc. Once a given prcssure ceiling is reached 
(2, 3 or 5 bar are studied), discharge through a safety valve at constant pressure is assumed. The 
helium flowing into thc safety valve is supercritical at 3 and 5 bar; at 2 bar it is fust liquid and then 
gaseous as soon as with the rising tcmpcrature a gas phase can again exist. 

'The model seems, dcspite its simplifying assumptions, to correspond quite well to the observed 
behaviour our LIIe tank. 'The assumption of tcmperature uniformity is certainly close to 
reality during the first 100 s in 'TESTS 112 and during the first 10 s in 'I'ES'T 3, where distribution of 
the incoming heat over a very extendcd surface and violent convection prevail. This is no longer 
true, once the apparent liquid level dropped, but this sccond phase is anyhow of secondary interest 
for our risk evaluation. 

In ordcr to have results which can be interprctcd independently of specific tcst conditions, the 
development of all properties studied for the modcl system arc shown as function of the total 
hcat input to the helium prescnt. 'Thc solid lines in Iiigure 8 on page 19 correspond to a pressure 
ceiling of 3 bar. In addition a few points arc shown for comparison at 2 and 5 bar 

'The first phase of the pressure incrcasc from 1. I to 1.6 bar Figure 8 on  pace 19, a +  b) 
corrresponds to the warm-up of the liquid helium from 4.3 to 4.8 K and the recondensation of the 
gaseous helium present at the beginning; it requires 50 k.1. 'l'hen follows a much faster pressurization 
without gas phase, resulting at (2 bar, 4.9 K) with a total of 58 k.1, at (3 bar, 5.16 K) with 74 kJ 
and at (5 bar, 5.76 K )  with l l l k.1. 

'Then starts the discliarge of helium as shown in 17igure 8 on page 19, c. 'I'his happens at constant 
tctnperaturc for pressure ccilings below the critical pressure of 2.3 bar and at increasing temperature 
for higher pressures. At 3 bar, half of the helium mass is ejccted by a total heat input of 300 kJ; at 
the 5 bar limit, 450 kJ are ncccssary. 'I'hc differencc in energy is due to the fact that at higher 
pressure more energy is convcrted into the kinetic energy of the hclium jet. 'I'he Ile temperature 
has risen, at 50°/n discharge, to 5.8 K in the 3 bar case and to 7.3 K at 5 bar. 

Figure 8 on page I9d gives the heat content of tlie tiietal (145 kg of niobium + 131 kg of st.steel) in 
contact with the helium (temperatures as in Figure 8 on page 19, b), It becomes evident that below 
temperatures of 20 K,  no dclay of heat transfer can bc expectcd from the heat capacity of the metal 
walls on either side of the tank. 

At heat loads of 1-2 W/cm2, the limited thermal conductivity across the wall thickness certainly 
produces a temperature difference, but the effcct on the heat load is small, as the enthalpy 
difference for air between room tcmperature and solidification is vcry much the same, whether the 
solidification occurs at 50 K or at 5 K. At an extrctne hcat load of 4 W/cmZ, the temperature of 
the air-side wall surface would be about 8.5 K for the cavity (3 mm of niobium, typical conductivity 
0.3 W1cm.K) and 40 K for the l.,lIe tank (21nm of st.stecl, 0.8 W/cm integrated conductivity). 

The most important information for our safety discussion is in Figure 8 on page 19, e+f .  For 
Figure 8 on page lye we calculated the niaxiniutn fluid speed one can achieve when expanding the 
cold helium from the cciling prcssure to atmospheric pressure. It is cqual to the square root of twice 
the enthalpy difference between the 2 prcssure levels, assuming an isentropic expansion. After 
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expansion, a 2-phase mixture is formed with, at the hcginning, a high fraction of liquid. Speeds 
are typically below 80 m/s for 3 bar and below 100 m/s for 5 bar, which is in good agreement with 
the fact that cold helium has a sound velocity only slightly above 100 m/s. 

Combining the excess mass ejected of Figure 8, c with the maximum speed possible, we obtain the 
~nininium rffcctive crmq-section per unit input power, required for venting to atmospheric pressure 
without exceeding the given pressure ceiling. 'l'hc results are shown in Figure 8, f. l'he values arc 
slightly above 0.1 cm2/kW for a 5 bar Ihnit, rrach 0.2 cm2/kW for 3 bar, and go close to 0.3 cm2/kW 
for 2 bar if phase separation and ejection of gaseous hclium is assumed. 
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i r e  8 Strldy of a thcrnicwlynaniic n ~ d c l  for the discharge from the L l ie  Tank of 
1,EP I. Are shown as function of the integrated heat input to the I-Ie in the 
1,Ile: The pressurc in the 1,tIe tank (a); the temperature of the Eie assumed 
uniform (h); the mass of the helium left in the tank (c); heat absorbed by the 
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pressure (e); rcquired vent line cross - scction per unit of power input (0. In 
gneral a pressure limit of 3 bar abs. is assumed. For comparison some 
results are shown with limitation to 2 or 5 bar 
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8. TEST 4: 80 mm air leak into cavity as worst case 

'To achieve heat loads and pressure rise titnes close to the worst possible case, a fast-acting pneumatic 
valve of 80 mm i.d. was installed on the bcam pipe of thc tcst cavity and onc of the safety valves 
replaced by a 50 mm i.d. rupture disk. Ilowever, for reasons of constraints imposed hy other tests, its 
conncction to the 1,IIc bath had to he donc via a I-m long pipe of generally 40 tnm i.d., which 
however had only 35 mm i.d. on the first 10 cm (conncction "B" in Figure 1 on page 3)and consisted 
for othcr 45 cm only of ondulated bcllows. 'I'hc flow capacity of thc rupturc disk was thus considerably 
influenced by this safety line. 

I'rcliminary tests showed that the valve opened within 0.2-0.3 s and that at room temperature the 
cavity prcssure rose in 1 s from vacuum to closc to atmospheric pressure. I'he equivalent initial air 
flow rate is about lm3/s. 

8.2 Observations 

When the air admission valve was opcncd on the cold cavity with tllc 1,lle tank filled to normal level, 
a very violent discharge through the rupture disk occured within a fraction of a second and, 
t~evertheless, a peak prcssrirc o f  almost 9 bar was rcached in thc tank. No leak into the vacuum tank 
was observcd and, after warm-up, no mcasurablc shift of thc cavity resonance and only a limited 
deflection of thc safety linc bcllows was found. 

'The main observations are summarized in right column of Table 3 on page 12 and the fast rise of the 
pressurse in cavity and 1 ,l lc tank arc displayed in Iiigure 9. 

8.3 Analysis r! f prcssure rise irt TEST 4 

'T'hc cavity pressure rcached nearly atmospheric presstirc in only 2 S. There was no appreciable delay 
in thc initial pressure risc. 'I'liis means that thc air inflow is faster than the initial cryopumping and 
tnorc flow would hardly influence any more thc heat load. The load reached in 'I'BST 4 can be 
consiclcretl as worst casc. 

The initial slope of the 1,IIc tank prcssurc, as shown in Figure 6 on page 14 with an increase from 1.2 
bar to 5 bar in about 0.5 s correspotlds in our modcl(liigure 8 on  page 20, a) to a heat input of about 
100 kJ, a power of 200 kW and a specific load of x4 W/an2. 
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I;'igure 9: 'l'L!l' 4, z1 m3/s of initial air flow illto the cavity vactlum. Top: IJIe tank 
pressure versus time. Bottom: Cavity prcasure. 
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9. Conclusions for the pressure protection of the sc cavities at LEP. 

Maximum specific heat loads of 4 W/cm2 into the 1,lIe bath can occur when the vacuum of 
IXP type niobium cavities is broken with air through a hole of more than about 50 mm 
diameter. Such accidents are unlikely in nonnal operation, but can happen either by damaging 
the beam pipe or by a complete failure of thc ceramic window in the main rf coupler. 

A simple isothermal m d d  for the fast heating of the LI-Ie tank gives satisfactory agreement 
with test results. 

For handling the worst case, we have to combine a maximum heat load of 200 kW with a 
value of 0.1-0.2 cmz/kW as minimum requirements for the specific safety l i e  cross-section as 
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found from the rnodel calculations. .l'he rcsult for the necessary vent line cross-scction of the 
I.,Ile tanks surroutiding the sc I.,EP cavities is 20 cm2, if peak pressures of 5 bar can be tolerated 
for the very unlikely worst casc, or 30-40 cm2 for peak pressures below 3 bar. 

In addition, the vent line pipe must be short and wide enough with smooth transitions to assure 
that the helium dischargc is mainly determined by an isentropic expansion to the atmosphere. 

'I'he l.,EIJl cavity with 3-mm thick niobium of RRR < 50 resisted to a yeak overpressure of 
almost 8 bar, apparently without damage. Thc first scrics of cavities in I,EP will be made of 
niobium with higher RRR and accidental overpressures must therefore not exceed 4 bar. 

With the present design, i t  turned out to he very difficult to fit a safety lime with more than 20 
cm2 cross-scction. A 50-mm rr~pturc disk will thcreforc bc fitted to the safety line of each of the 
first 32 sc cavities, which will be installeci in I RP  by groups of 4 during the next 2 years. 

It is, however, expected that the pcak overprcssurc seen in 1'EST 4 can be reduced to half by 
using all possibilities to lower the line impedance. 'l'liis will be checked in a final safety test with 
I,EP 1. 

'I'ESl's I and 2 showcd that all current accidcnts with heat load to the 1,IIe bath, such as a 
helium lcak into thc insulation vacuum and air lcaks into cavity or insulation vacuum through 
holes of up to 10 mm diameter, can safely be handled by a 1.25-inch safety valve. Such a 
safety valve with a 1 bar hreakirig pressurc will bc rnaintaincd for the L,EP cavities to protect the 
rupture disk with its 2-bar set point. 

Acknowledgments: We arc indebted to ILChiaveri and the whole technical team of ET;-RI; for 
preparing I ,EP I, and to 1%-CR for cryogenics support. We thank in particular .J.P.Gris and J.C.Ix 
scornet' for setting up efficiently the test arrangement and 11.l3loess for his assistance in fast 
recording of data. las t  not Icast, continuous iritcrest and support by P.Dernard, 1l.lxngeler and 
.I.Schmid arc gratefully acknowledged. 

References 

1.  Rernard,P. et al., "Superconducting Rf Cavities for LEP", CERN/I.',T: 88-7 (1988) 

2. G.Zahn et H.J.Spiege1, "Study of Vent 1,ine Cross-sections Required for the Safety of 
LIle Bath Cryostata", IEKP Karlsruhe, int. report 6/76 (1976) 

' lnstitut de Physique Nucldrite (lN2P3), Orsay, Prance 

- 803 - 

Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SRF89G28


