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THE OPERATION OF A FORCED TWO PHASE COOLING SYSTEM 

ON A LARGE SUPERCONDUCTING MAGNET 

M.A. Green, W.A. Burns, P.H. Eberhard, G.H. Gibson, M. P r i ps te in , 
R.R. Ross, R.G. Smits, J.D. Taylor and H. Van Slyke 

Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720 USA 

This paper describes the operation of a forced two phase cooling 
system on a two meter diameter superconducting solenoid. The 
magnet is a th in high current density superconducting solenoid 
which i s cooled by forced two phase helium i n tubes around 
the c o i l . The magnet, which is 2.18 meters in diameter and 
3.4 meters long, has a cold mass of 1700 kg. The two phase 
cooling system contains less than 300 l i t e r s of l i q u i d helium, 
most of which i s contained i n a con t ro l dewar. This paper 
describes the operating character is t ics of the LBL two phase 
forced cool ing system during cooldown and warm up. The paper 
presents experimental data on operations of the magnet using 
e i ther a helium pump or the re f r i ge ra to r compressor to c i rcu la te 
two phase helium through the superconducting co i l cool ing tubes. 
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THE TPC MAGNET AND ITS CRYOSTAT 

The TPC superconducting magnet provides magnetic f i e l d f o r the Time Project ion 
Chamber detector experiment which w i l l operate at the PEP electron-posi t ron 
co l l i d i ng beam f a c i l i t y at the Stanford Linear Accelerator Center. The TPC 
magnet generates a magnetic induction of 1.5 Tesla which is uniform to about 
1 part in 1000 over a cyl inder which is 2 meters in diameter and 2 meters long. 

The TPC magnet i s designed to be t h i n , compact, and of low mass. The TPC magnet 
system including the c o i l , cryostat and TPC pressure vessel i s designed tc be 
about 0.65 rad ia t ion lengths th ick . The TPC magnet co i l operates at supercon
ductor matrix current densit ies of 7 x 108 Am-2. The magnet i t s e l f i s quench 
pro tec ted by shor ted secondary c i r c u i t s made from al uminum. l .2 ,3 The TPC 
magnet is force cooled with two phase helium which flows in tubes around the 
c o i l . The co i l cross-section is shown i n Figure 1 . The basic parameters fo r the 
TPC superconducting magnet are shown i n Table 1 . 

TABLE 1 Basic TPC Superconducting Magnet Parameters With Iron 

Magnet warm bore diameter 
Magnet cryostat outside diameter 
Magnet cryostat length 
Central induct ion in the bore 
Peak magnetic induction in winding 
Magnet current 
Superconductor current density 
Magnet co i l se l f inductance 
Magnet stored energy at design current 
EJ2 l i m i t 

2.04 m 
2.44 m 
3.84 m 
1.5 T 
1.53 T 
2226A 

6.37 x 108Am-2 
4.41 H 

10.9 x 106j 
5.1 x 1024A2m- 4j 

The TPC magnet cryostat has an inside warm bore of 2.04 m. The inner vacuum 
vessel is also an 11 atm pressure vessel made from 19.1 mm thick 5456 aluminum. 
(The pressure vessel gas seals are made on the ends of the TPC magnet cryostat.) 
The outside diameter of the cryostat is 2.44 m at the ends and 2.36 m in the 
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central sect ion. The 40 mm deep well contains d r i f t chambers to track par t i c les 
which have passed through the magnet and i t s cryostat. 

The TPC magnet vacuum vessel is b u i l t in two parts. The outer part contains the 
end wall wi th the magnet services through i t . The magnet co i l package is sup
ported to the outer vessel through 16 bicycle spoke type support rods made from 
NEMA G-10CR. The to ta l heat leak through the support rods is expected to be 
around 5 Watts. The inner and outer vessels are bolted together . A seal band i s 
welded across the bol ts and the j o i n t forming a vacuum t i g h t welded vessel (see 
Figure 2 f o r a vacuum vessel cross-sect ion) . 

The warm bore of the TPC magnet i s f i l l e d with charged pa r t i c l e detectors, and 
the magnet i s surrounded by nuetral and muon detectors. Space at the end of the 
magnet are l im i t ed by some 15000 signal wires which pass through the high pres
sure seal r ings attached to the ends of the magnet c ryos ta t . Access to the 
magnet fo r cryogenic services, vacuum pumping and e lec t r i ca l leads is l im i ted to 
the outside corner at one end of the magnet. Figure 3 shows the f inished TPC 
magnet mounted i n i t s test stand. One •. .11 note that t h i s i s the end of the 
magnet where there are no service por ts . 

THE TPC MAGNET FORCED COOLING SYSTEM 

The TPC magnet and i t s compensation solenoids are ad iabat ica l l y stable supercon
ducting magnets. Direct contact of l i q u i d helium with the superconductor i s not 
required. As a resu l t , forced cool ing i s a t t rac t ive fo r the fol lowing reasons: 
1) Cooldown is wel l -cont ro l led because the helium flows in a wel l defined path. 
2) The magnet system mass and rad ia t ion thickness is lower than fo r a bath cooled 
system. 3) The amount of helium in d i rec t contact with the co i l i s minimized. A 
two phase cool ing system was chosen instead of single phase cooling because the 
operating temperature is lower and bo i l i ng heat t ransfer can t ransfer large local 
heat f luxes without changing the temperature of the helium stream. The helium 
f low c i r c u i t to the TPC magnet solenoids is shown in Figure 4 . 

(a) Refr igerator 

The TPC magnet re f r i ge ra to r is a CTi Model 2800 re f r ige ra to r which operates on a 
central screw compressor f a c i l i t y . The CTi cold box has Sulzer gas bearing 
turbine expanders and l iqu id nitrogen precooling. The re f r i ge ra to r is designed 
to del iver 200 W at 4.5 K with l i q u i d nitrogen precooling. Recent tests^ of the 
re f r igera to r show that i t can de l i ve r 240 W of re f r i ge ra t i on plus 15 l i t e r s per 
hour of l i q u i f a c t i o n (with nitrogen precool ing). As a l i q u i f i e r the machine can 
make 100 l i t e r per hour. The CTi Model 2800 re f r igera to r was not used fo r system 
tests at LBL. 

(b) Control dewar 

The control dewar is the key element in the TPC magnet cryogenic system. I t 
performs the fo l lowing funct ions: 1) i t holds most of the l i q u i d helium in the 
TPC cryogenic system and J 1 1 of the reserve l iqu id helium (176 l i t e r s versus 
about 90 l i t e r s i n the TPC magnet, compensation solenoids, and the t rans fe r 
l i n e s ) ; 2) i t insures that there w i l l be l i qu id in the two-phase cooling co i l s i n 
the magnets even when the heat load at the magnet co i l s i s as much as 50 percent 
greater than the rate of r e f r i g e r a t i o n ; and 3) i t insures that the pressure drop 
through the magnet cooling tubes i s minimized. 

Two kinds of systems can be used to c i r cu la te low-qual i ty helium through the TPC 
magnet cooling tube. (Quality is defined i n the steam sense, zero qual i ty helium 
is a l l l i q u i d . ) They are: 1) a l i q u i d helium pump used as a c i r cu la to r , or 2) 
the re f r i ge ra to r compressors used as a c i r cu la to r . Both systems use a heat ex
changer to insure that the helium w i l l enter the system at or near the saturated 
l i q u i d l i n e . Figure 5 shows schematic diagrams of the two approaches. 
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The helium pump loop system shown in Figure 5a has these advantages: 1) The 
refrigerator is completely decoupled from the load. One could substitute liquid 
helium from a storage dewar for the refrigerator. 2) The mass flow through the 
system is limited by the capacity of the pump, not the capacity of the refriger
ator. But the system also has disadvantages: 1) The pump work is put into the 
helium, and therefore extra refrigeration must be supplied to overcome the work 
that goes into pumping. 2) The simple pump loop system shown in Figure 5a cannot 
be used to cool the magnet down directly from room temperature; (one can cool the 
magnet down from liquid nitrogen temperature). The LBL helium pump is described 
in Reference 6. 
The refrigerator compressor can be used as a circulator provided a heat exchanger 
is used in an accumulator (the control dewar). The function of this heat ex
changer is to reduce the inlet quality of the two phase helium to the magnet 
cooling tube. The quality change across the magnet remains the same for a given 
mass flow in the circuit. The circuit shown in Figure 5b has two Joule Thompson 
valves (J-T valves) which expand the gas in two stages. The first J-T valve 
expands the gas to a pressure of about 3 bar. The gas is heated while it's being 
expanded from 15-18 bar to 3 bar. The heat is transferred to the boiling liquid 
helium in the accumulator tank as the gas flows through the heat exchanger. 
Expansion of the gas from 3 bar to the final inlet pressure of the load will 
result in an inlet quality at the load which appraoches zero. If there were no 
heat exchanger, the inlet quality at the load would be around 0.4; the pressure 
drop in the tubular coolnig system would be a factor of 2 to 3 higher. The flow 
systems are analyzed from a thermodynamic stanpoint in Reference 5. 

(c) Conditioner system 

The condit ioner system serves two funct ions. The condi t ioner is a storage 
reservoir fo r l i q u i d nitrogen from which a nitrogen pump w i t h i n the condit ioner 
dewar c i rcu la tes l i qu i d nitrogen through the magnet cryostats and t ransfer 
l i nes . The condi t ioner system plays an important role in the cooling down and 
warming up of the TPC magnet system. The condit ioner dewar contains a heat 
exchanger that petmits warm helium gas to be cooled down to 90K in order to cool 
the TPC magnet system to 100 Y. qu ick ly .5 The condit ioner system also contains 
gas heaters that warm gas entering the TPC magnet (during a warm-up) and gas 
leaving the TPC magnet (before i t s re turn to the compressor). 

(d) Forced f low c i r c u i t and t ransfer l ines 

The flow c i r c u i t f o r the TPC magnet, i t s compensators and t rans fe r l ines is 500 m 
long. The TPC magnet contains 350 m of the equivalent of 15 mm ID tube. There 
i s 90 m of t rans fe r l ines and the remaining 110 m of f low c i r c u i t is s p l i t 
between the two compensation solenoids. The flow c i r c u i t i s designed to carry 
helium at the ra te of 12 to 15 g s - l . At 12 g s _ 1 the f low c i r c u i t pressure 
drop ranges from 14 atm (when the magnet is at room temperature) to 0.2 atm (when 
forced two phase flow is established in the tube). The TPC flow c i r c u i t is 
designed to handle pressurs of 70 atm during a quench. 

The 90 meters of t ransfer l ines carry both l i qu id helium and l i qu i d ni t rogen. 
The l i qu id ni t rogen tube acts as a t race to shield the t rans fe r l ines. The 
t ransfer l ines are designed to be s i m i - f l e x i b l e (when they are warm) with a bend 
radius of about 1 meter. The calculated heat leak fo r the t ransfer l ine was 
estimated to be about 0.2 Wrn-1 plus bayonet heat leaks. 

The gas cooled e lec t r i ca l leads f o r the TPC magnet and i t s compensators are 
attached d i r e c t l y to the two phase f low c i r c u i t (there is no separate lead 
pot ) . Both of the TPC magnet leads are buried w i t i j i n the cryostat vacuum. 
One lead operates at a 60° angle (wi th the cold end down); the other lead 
operates nearly ho r i zon ta l . As a resu l t of being part of the flow c i r c u i t and 
having to operate at unusual o r i en ta t i on , we required that the e lec t r i ca l leads 
have the fo l lowing operating charac te r i s t i cs : 1) a reasonable e f f ic iency (0.1 to 
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0.12 gs " 1 of gas per lead pair per 1000 A), 2) the capab i l i t y of withstanding 
pressures of 70 to 100 atm without damage, 3) the capab i l i t y of operation without 
gas fo r 20 to 30 minutes without damage to the leads or the magnet, and 4) the 
a b i l i t y to operate in the horizontal pos i t ion . To meet these c r i t e r i a we chose a 
copper tube lead with a heat exchange enhancing i nse r t . (The so cal led LBL 
"Tampax" lead.) See Reference 7. 

THE TPC MAGNET VACUUM SYSTEM 

The high energy physics requirements of the TPC experiment put space at the end 
of the magnet cryostat at a premium. As a resu l t , the vacuum pumping f o r the 
cryostat i s l i m i t e d . The cryostat vessel is a welded s t ruc ture . A l l vacuum 
pumping i n t o the vesse l , which has a volume of 4 m3 con ta in ing 5000 m2 o f 
super insulat ion, is through a pair of 50 mm diameter por ts . The vacuum pumping 
system is located about 2.5 m from the cryostat. Vacuum pumping i s conductance 
l im i t ed . 

The primary vacuum pumping system is a cryoadsorption pumping system with a 
mechanical roughing pump as a backup. We use a Varian Megasorb pump as the 
primary pump. We have found that i t w i l l pump a l l gases, but i t s a b i l i t y to pump 
neon, hydrogen and helium is very l i m i t e d . Our experience using the cryoadsorp
t i o n pumps indicates that one should have no trouble get t ing pressures i n the 
10-4 j o r r range, once the condensibles ( i . e . , water) have been pumped out or 
frozen on the nitrogen sh ie ld . 

The high-vacuum pumping system fo r helium, which i s required because of small 
leaks in the tubular cooling system, consists of copper cans f i l l e d with Lindi 
molecular sieve 5A. 20-30 kg of get ter material was i ns ta l l ed around the ends of 
the TPC magnet. The molecular sieve getter is capable of pumping large amounts 
of helium gas when i t is cooled to 4.5 K. Nitrogen anc other gases w i l l cryopump 
d i rec t l y to the surface of the magnet co i l package. The 20-30 kg of 5A molecular 
sieve w i l l pump 500-700 g of helium before the pressure i n the cryostat is raised 
above 2 x 10"6 Torr.8 Small helium leaks won't even be seen as long as the 
magnet is co ld . Pro "•""s w i l l ar ise when there is a magnet quench because the 
helium captured by th • getter w i l l be released in to the vacuum space. The 
back-up mechanical pump and d i f f us ion pump w i l l be used to bring the pressure 
back down so that the magnet can be recooled. 

TESTS OF THE TPC MAGNET CRYOGENIC SYSTEM 

Various components of the TPC magnet cryogenic system were tested in the Spring 
of 1979. The f u l 1 TPC magnet cryogenic system was tested in the Spring of 1980. 
A number of problem areas were found and corrections were made in the Dlumbing. 
The fo l lowing tests were made on the cryogenic system: 1) the control dewar heat 
leak was measured by helium b o i l - o f f ; 2) the control dewar and t ransfer l ines 
were operated on a CTi Model 1400 re f r igera to r and the LBL 1500 Watt r e f r i ge r 
a tor ; 3) the control dewar, t ransfer l ines and a set of "Tampax" lead operated at 
near horizontal were measured using l i qu i d helium b o i l - o f f calor imetry; and 4) 
the en t i re TPC magnet system was cooled o f f and operated on l i qu id helium c i r c u 
lated by the pump. 

(a) Component tests 

The control dewar heat leak was measured in Apri l of 1979 using helium b o i l - o f f 
ca lor imetry. When the control dewar had penetrations in the plug, the heat leak 
in to the 175 l i t e r dewar was from 1.2 to 5.0 Watts depending on l iqu id l e v e l . 
(This also includes heat leak down instrumentation connections and the helium 
pump shar t . ) 

The TPC contro l dewar and part of the transfer l ines were successfully operated 
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on the CTi Model 1400 re f r ige ra to r and a 1500 W re f r i ge ra t i on bu i l t by CTi and 
Sulzer. The tests on the TPC magnet cryogenic d i s t r i b u t i o n system and tes ts on a 
series of LBL test magnets have demonstrated how the two phase forced cool ing 
cooling system works on a re f r igerator .9 ,10,11 The re f r ige ra to r compressors 
c i r cu la te helium through a load very '.veil. There is ample evidence t o suggest 
that dual 0-T expansion probably does not have t o be used in the TPC magnet. 

The control dewar, 34 meters of t rans fe r l ine and a pa i r of single tube "Tampax" 
type leads were tested on the TPC cryogenic system when the l i qu id helium pump 
was used as a c i rcu la to r . These tes ts resulted i n reasonably accurate c a l o r i -
metry and proof posit ive that the TPC magnet e l e c t r i c a l leads w i l l work in a 
sat is fac tory way. Good calor imetry measurements of the t ransfer l i nes was 
d i f f i c u l t t o make. Problems w i th thermal acoustic osc i l l a t i ons , standpipe 
o s c i l l a t i o n s , and pump work confused the issue. The heat leak in to the t rans fe r 
l ines (35 meters), the dummy load box, and the contro l dewar appear to be from 
15 to 25 W depending on how the data is in terpreted. K i s now believed tha t the 
t ransfer l i n e heat leak is 0.25 to 0.4 Wnrl w - j th l i q u i d nitrogen in the t h i r d 
tube. The estimated heat load without l iqu id ni t rogen i n the t h i r d tube i s i n 
the range of 2 to 2.5 Wm'l-

Two s t ra igh t single-tube gas-cooled current leads were used to model the TPC 
magnet leads. The leads were fabr icated from a s ingle 15.9 mm (0.625-inch) 0D 
type L copper pipe with 1.0 mm (0.040-inch) wa l ls . The "Tampax" section i s a 
blocked s ta in less steel tube sized so that the clearance between the ID of the 
copper and the 0D of the stainless steel ti.be is a 0.5 mm (0.020-inch) annular 
space. The length of the lead i s 533 mm (21-inches), exactly the length of the 
TPC leads. Since the lead is one tube instead of f i v e , i t is designed to carry 
one- f i f t h of the TPC magnet 2300 A design current. 

The resu l ts of the "Tampax" lead experiment are described i n deta i l in reference 
7, but a summary of the results is as fo l lows: 

1) The t e s t leads ran well at currents up to 800 A. At the design current of 
460 A the leads ran wel l w i t h a gas f low o f 0.044 gs"* f o r both l e a d s . 

2) The heat leak into the two phase flow c i r c u i t was nearly zero whether or 
not c u r r e n t was f l ow ing i n the leads as long as t h e r e was adequate gas 
f low. 

3) The heat leak into the two phase flow c i r c u i t varied very l i t t l e w i th lead 
angle. Tests were made ar various angles between 22° (the cold end is lower 
than the warm end) and -10° ( the cold end was about 10 cm above the warm 
end). 

4) The tes t leads were run wi tout gas for 27 minutes at a current of 460 A. 
The highest temperature measured on the leads was less than 100°C. Heat f low 
measurements down the leads suggest that the TPC magnet would be dr iven 
normal before i t s e lec t r i ca l leads would burn-out. 

(b) Tests of the TPC magnet cryogenic system 

On 7 May 1980 the TPC magnet became superconducting f o r the f i r s t t ime. The TPC 
magnet was cooled down from room temperature to 4.8 K using the condi t ioner 
system and pumped l i qu id helium from the control dewar. The TPC magnet, which 
has a cold mass of 1700 kg was not cooled down with a re f r ige ra to r . We had 
intended to use the LBL 1500 W re f r i ge ra to r for t h i s t es t but the machine was 
inoperable due to turbine f a i l u r e . Figure 6 i l l u s t r a t e s the cooldown sequence 
when the control dewar and helium pump were used to cool the TPC magnet down. 

~'~° TPC magnet is designed to be cooled down in 24 to 36 hours using a combina
t i on of r e f r i ge ra to r and the condi t ioner . The f low c i r c u i t is designed to carry 
12 g s _ 1 during cooldown and normal operation. Before the cooldown was s ta r ted , 
l i qu id n i t rogen was circulated through the l i qu id ni t rogen sh ie ld . The shields 
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reached temperatures of between 90 and 115 K. When the shields cooled down, the 
cryostat vacuum ve i l from 2 X 10-2 Torr to 2 X 10-4 Torr . (The 5000 m2 of 
inized mylar outgasses badly.) Once the nitrogen shie ld was cooled helium 
gas from a pa i r of CTi 1400 compressors c i rcu lated at the rate of 10 gs-1 through 
the l i q u i d nitrogen in the condi t ioner cryostat (see Figure 6a). During the 
f i r s t par t of the coldown, the magnet cooled down at rates as high as 40 K 
per hour. Temperature gradients as high as 40 Km-1 were also observed. Af ter 
the f i r s t three hours of the cooldown, the helium mass f low from the compressors 
had to be reduced to about 4 g s - l because the condi t ioner dewar emptied too 
quick ly . A temperature of 95 K was achieved a f ter 36 hours. The resistance of 
the superconducting co i l dropped from 106 ohms to 18.7 ohms, the pure aluminum 
resistance dropped from 15.7 ohms to 2.01 ohms. The vacuum wi th in the cryostat 
envelope was about 5 x 10-5 j 0 r r when the magnet temperature reached 95°K. 

The second phase of the cooldown (from 95 K to about 5 K) used the pos i t i ve 
displacement l i qu id helium pump to c i rcu la te l i q u i d helium from the control dewar 
through the magnet cooling c i r c u i t to the vent. This phase, which is i l l u s t r a t e d 
in Figure 6b, uses both the la ten t and sensible heat i n the helium. Approximately 
30 MJ of thermal energy was removed from the c o i l . About 1600 l i t e r s of l i q u i d 
helium was used to cool the c o i l . During th is phase of the cooldown, the helium 
pump operated at pressure d i f f e r e n t i a l s as high as 4 atm. The rate of cooldown 
was l im i t ed by the rate at which l i q u i d helium could K e transfered from 500 l i t e r 
storage dewars. I t took 11 hours to cool the magnet from 95 K to 4.8 K. Just 
before the TPC magnet went superconducting the superconducting co i l resistance 
dropped t o 0.65 ohm; the pure aluminum co i l resistance dropped to 0.0183 ohms 
( inc luding stainless steel leads to room temperature). The vacuum i n the cryo
stat dropped to 1 0 - 6 Torr wi th no external vacuum pumping. 

The l i q u i d helium c i rcu la t ing system was switched to the normal operating mode 
where c i rcu la ted l i qu id helium was dumped back in to the control dewar (see Figure 
6c). The pump speed was turned up so that the pump was c i rcu la t ing l i qu id helium 
through the TPC magnet at the rate of about 20 gs~ l . Gas which came back w i th 
the l i q u i d was separated in the control dewar and was vented through a gas f low 
meter t o the atmosphere. The TPC magnet cryogenic system to ta l heat load , 
including helium pump work was measured to be about 80 W using l i qu id b o i l - o f f 
gas as a measure of the heat input in to the system. The breakdown of the system 
heat loads (based on measurements made during the en t i r e series of tes ts ) was 
approximately as fo l lows: 1) magnet cryostat heat leak 20 W, 2) control dewc r 

heat leak 5 W, 3) helium pump work about 20 W, and 4) t ransfer l i ne heat leaks 
and thermal acoustic osc i l l a t i ons in the standpipes about 35 W. The cryogenic 
system tes t of the TPC magnet was terminated by f a i l u r e of a shear pin i n the 
l i qu i d helium pump. 
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Fig. 4 The Flow Circuit For The TPC 
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Fig. C A Schematic Of The Cooling Procedure For the TPC Magnet Using The 
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