
THERMAL INSTABILITY AND TRANSIENT PROCESSES 

IN GAS-COOLED CURRENT LEADS 
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The conditions under which burnup of gas-cooled galvanic current lead occurs are 
investigated theoretically and experimentally. 

The current leads in modern superconducting systems operate, as a rule, under variable 
current loads and flow rates of the cooling gas. Fluctuations in the current and flow rate 
occur due to the characteristics of the superconducting system or due to breakdowns and can 
lead to burnup of the current lead. In this connection, there arises the need for determining 
the time over which the temperature of the current lead reaches the burnup temperature, and 
the relations between the current and the flow rate for which burnup of the current lead can 
occur (boundary of stability). These questions have been examined repeatedly in [1-7], but 
up to the present time the effect of important factors such as the intensity of cooling of the 
current-carrylng part and its shunting by the superconductor on the stability boundary has not 
been adequately investigated. There are no experimentally confirmed dependences for calcula- 
tion of the time at which the burnup temperature is attained. 

In this work we performed theoretical and experimental investigation of the stability 
boundary using the real temperature dependences of the properties of the current-leadmaterlal 
and of the cooling agent and we obtained dependences for calculating nonstatlonary temperature 
profiles of the current lead. 

The stability boundary was determined based on the solution of a system of equations de- 
scribing stationary thermal processes in gas-cooled current leads: 

12p (T) 
s  =0, (1) 

dx , ax / S 

Mcp dO - -  a (O) F (T - -  O) = O. ( 2 )  
dx 

The boundary conditions are: 

T (0) = To, 0 (0) = Oo, r (1) = T~. (3) 

As demonstrated in [8], it is useful to transform Eqs. (i) and (2) by introducing the 
variables m = M/I, q = Q/I, 7 = aFS/I z, ~ = xI/S, L = II/S into the following form: 

dT 
= q / k ,  (4) 

d~ 

dO 
= V ( T  - -  O) / (mcp) ,  (5 )  

dq = 7 (T-- O) -- p. (6) 

In Eqs. (4)-(6), the complex ~ is the independent variable. Knowing the maxlmumvalue 
~max that this complex can attain it is easy to calculate the limiting current of a given 
current lead. To calculate ~max we used the following condition: at the point of maximum 
temperatures dT/d~[r=rmax=O. The calculation began from the cold end, at which the tem v 
peratures of the wall and of the gas are known, and proceeded up to Tma x. The value of the 
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heat inflow (target parameter) was selected so that at T = Tmax, dT/d~ = 0o Then, for this 
value of heat inflow, the calculation was performed up to T Z with dT/d~IT=TI<0o The value of 
the independent variable ~, obtained in this manner, is the value sought. 

The algorithms developed permit calculating the stability boundary for arbitrary depen- 
dences of the parameters. However, within the framework of this work, we restricted ourselves 
to the following, in our opinion, practically important case: the current leads are prepared 
from the copper and the Nu number for the cooling gas is constant. The temperature dependences 
of the resisitivlty and the thermal conductivity of copper were determined, as in [8], starting 
from the quantity Pres. The temperature dependence of the parameter y with Nu = const is the 
same as the temperature dependence of the thermal conductivity of the cooling agent. The val- 
ues of the parameter 7, presented in this work, were calculated at 5~ The following condi- 
tions were used as the boundary conditions: To = 0o = 4.2~ T Z = 300~ The calculations 
were performed on BESM-4M computer. The fourth-order Runge--Kutta method with the error moni- 
tor at each step was used. Stable solutions were obtained in the region of values of the 
parameters investigated: 0 ~ G ~ 5 kg/(m.sec); Pres = i0-*~ ~*m-10-s a-m! 7 = ~; 10-'2 W.m/ 
(A2*K) ~ y ~ 2*I0 -9 W,m/(A2.K); Tma x = 300, 400, and 600~ 

In the investigation of the stability boundary, we examined current leads with a self- 
regulated flow rate and current leads with an independent flow rate. The current leads with 
the self-regulated flow rate are leads that are cooled by gas formed only due to the heat in- 
flow along the current lead, while the current leads with the independent flow rate are leads 
for whose cooling the flow rate of gas is regulated and its magnitude is determined by the 
properties of the cryogenic setup. In the literature they are somethimes called refrigerated 
current leads. Some results of the calculations of the stability boundary for current leads 
with independent flow rate are shown in Fig. i. This figure also shows the dependence (I), 
calculated for optimal, for each value of the flow rate, current leads. It is easy to verify 
that with a constant flow rate for cooling even a small excess above the optimum current can 
lead to burnup of the current-carrying part. The density of the current flowing along such 
a current lead can he increased only by increasing the flow rate of the cooling gas. With 
ideal cooling, due to the high gas flow rate, it is possible to pass a current with practically 
any magnitude along the current lead. With nonideal cooling this is impossible, and the behav- 
ior of the dependence ~(G) (curve 4 in Fig. i) has a different form. Beginning with some val- 
ue of the flow rate, the function ~(G) does not increase, i.e., there exists a limiting value 
of the current above which the burnup of the current lead occurs independent of the magnitude 
of the flow rate of the gas for cooling the current-carrying part. 

To estimate the influence of the cooling intensity on the stability boundary, we performed 
calculations that showed that for 7 > 10-**-5.10-** W.m/(A2*K) the heat transfer in the cur- 
lead, in regards to burnup, may be assumed to be ideal. The indicated values of 7 are much 
lower than the values of y corresponding to ideal cooling (7 ~ 10-s-10-9 W'm/(A2.K) [8]) and 
determined starting from the heat inflow along the current lead. And, finally, as the cal- 
culation showed, the influence of shunting of the current-carrylng part by the superconductor 
on the stability boundary is not unique. The stability boundary for shunted current leads 
(curve 5 in Fig. i) expands compared to the nonshunted leads (curve i) only for high flow rates 
of the cooling gas. The reason lies in the fact that as the flow rate increases the length 
of the superconducting section increases substantially and, therefore, liberation of heat in 
the current lead decreases. 

The stability boundary was determined experimentally for current leads made of perforated 
tape (length i m, cross section 0.75.10 -4 m 2) and strand leads (!.i m, 0.6-i0 -~ m=). The op- 
timal current in the current leads made of the perforated tape is i000 A, the minimum reduced 
heat inflow is 1.05 W/kA, and the residual resistivity is 10 -9 ~.m. For the strand current 
leads, these quantities equal, respectively, 1400 A, 1.5 W/kA and 2.7.10 -*0 ~*m. The intens- 
ity of cooling the perforated tape is close to ideal [8]: ~ = 1.35"10 -9 W'm/(A2*K). The in- 
tensity of cooling of the strand leads is low [8]: 7 = 0 .5"10-*~ W'm/(A2"K). The minimum 
possible heat inflow along the current leads made of the same material as the stand current 
leads is ~i W/kA. The current leads were externally thermally insulated by a layer of foam 
plastic -60-100 mm thick. The current leads were placed into a standard helium cryostat with 
a volume of 60 liters. The variable flow rate of gas for cooling the current leads was pror 
duced by an evaporator placed in the liquid helium or by evacuation of gas from the cryostat, 
bypassing the current leads. Alternating current at the commercial frequency was fed into the 
current leads. The temperature of the surface was measured by copper--constantan thermocouples 
and was continuously recorded by an automatic plotting KSP-4 potentiometer. The temperature 
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Fig.�9 i. Stability boundary for copper current leads with residual resistivity of 
i0 -w R.m for different maximum attainable temperatures Tma x and cooling intensities: 
i-- y ffi | Tmax = 300~ 2--~, 400~ 3--~, 600~ 4-- 1.34.10 -11W.m/(A2.K), 
400~ 5 -- ~, 300~ the current lead is shunted by a superconductor with a crit- 
ical temperature of 16~ The arrow marks the reduced dimensions of thermodynam- 
ically optimum current leads. I~/S, A/m; Ml/S, kg/m.sec. 

Fig. 2. Stability boundary of strand current leads: i) calculation (real pro- 
perties); 2) calculation (~ = const, P ffi bT); a) stable regime; b) unstable 
regime. 

of the warm ring was maintained in the range 290 + 20~ and that of the cold ring in the 
range 4.2-5~ The experiments were performed in different order. In most of them, especially 
at high currents and flow rates of cooling gas, the gas was introduced first and then the cur- 
rent was established smoothly over a period of 10-15 sec. The temperature of the surface of 
the current lead was recorded with the current and flow rate maintained at a constant value. 
If the maximum temperature of the current lead exceeded 400~ then the regime was viewed as 
being unstable and, vice versa, if the temperature was stabilized below 400~ then the regime 
was assumed to be stable. In separate cases, the flow rate varied with an established cur-~ 
rent. As tests showed, the character of the regime did not depend on the order in which the 
current and flow rate were switched on. During the course of the experiments, no indications 
that the initial temperature distribution affected the character of the regime were observed. 
It should be noted, however, that this question was not investigated specially. 

The results of the tests are presented in Fig. 2 This figure also shows the computed 
dependences, determined under the condition of ideal heat transfer. These dependences sep- 
arate well the points corresponding to stable and unstable conditions. The coincidences of 
the computed (under the condition of ideal heat transfer) stability boundary and the experi- 
mentally determined boundary confirms the theoretical conclusion that the intensity of cooling 
has virtually no effect on the stability boundary. 

The maximum value of the current fed along the current leads was 2800 A. The current den- 
sities attained along the perforated tape and strand current leads equal 3.5,10 T A/m 2 and 
4.18-107 A/m 2, respectively. The computational procedure developed also permitted determining 
the stability boundary of current leads with the self-regulated flow rate (Fig. 3). They can 
operate stably:for currents only insigniflcantly above the optimum value. This is explained 
by the fact that an increase in the temperature of the current lead on a section close to the 
warm end has virtually no effect on the axial heat inflow to the liquid helium and practically 
does not increase the flow rate of the cooling gas. Thus, for example, for copper current 
leads with a residual resistivity ofl0 -g R-m the heat inflows along the optimal current leads 
and current leads with a maximum temperature of 600~ constitute 0.99 and 1.03 W/kA, respec ~ 
tively. 

Shunting of the current leads by the superconductor with the self-regulated flow rate 
does not extend their stability boundary. 

The solution of the stationary problem permitted establishing the conditions for stable 
operation of current leads with a current of constant magnitude and for constant flow rate of 
the cooling gas. For short-time current excesses accompanying drops in the flow rate, the 
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Fig. 3. Stability boundary of current leads with the self-regulated flow rate: 
a) unstable region; b) stable region, p, ~.m. 

Fig. 4. Dependence of the time for attaining a temperature equal to 350"K in 
strand current leads at the point with a coordinate of 1.06 m on the current: 
1) M ffi 10 -s  kg / sec ;  2) 5~10-5; 3) 10 -4 kg / sec ,  r ,  see ;  I ,  A. 

c o n d i t i o n  fo r  s t a b l e  ope ra t i on  must be determined from the  s o l u t i o n  of the  n o n s t a t i o n a r y  prob- 
lem, which can be fo rmula ted  as fo l lows .  One or both parameters  change in  the  c u r r e n t  lead 
with  a f i x e d  f low r a t a  of coo l ing  gas and c u r r e n t .  I t  i s  necessa ry  to determine the temper- 
a t u r e  p r o f i l e  a long cu r r en t  lead  a t  each time a f t e r  t h e  change in  the  regime parameters  and 
the  time a t  which the  maximum tempera ture  of  the  c u r r e n t  l ead  a t t a i n s  the  burnup tempera ture .  

The system of  d i f f e r e n t i a l  equa t i ons ,  d e s c r i b i n g  the  thermal  p rocesses  occu r r ing  in  the 
gas -cooled  c u r r e n t  l e ad ,  have the  form 

c"PMsaTo.r axO( aT) = ~S_~x _ ~ F ( T _ O ) . _ F l z p l S ,  (7) 

Mcp ~dx = v~F ( T - - O )  (8) 

with the boundary conditions 

r ( 0 ,  ~) = To, T(l, '  x) = T,, O ( 0 ,  "0 = Oo. (9)  

As an initial condition we can choose the temperature distribution corresponding to 
thermodynamlcally optimal conditions [5] : 

To ob ta in  the q u a n t i t a t i v e  c h a r a c t e r i s t i c s  of  the  t r a n s i e n t  p rocess ,  we s h a l l  f i n d  an 
a n a l y t i c  express ion  f o r  the problem formula ted  under the  fo l l owing  assumpt ions:  the  thermal  
c o n d u c t i v i t y  and hea t  c a p a c i t y  of the c u r r e n t  lead  m a t e r i a l  and of  the coo l ing  gas a re  con- 
scant, heat transfer in the current lead is ideal, and the resistivity is a linear function 

of temperature" p = Pres + b(T -- To). 

Under these assumptions, the system of equations (7) and (8) reduces to the form 

cMpMS 07" ~S 02T OT , = - -  - - M c p ' - ~ "  x "I- [Pres ~ b (T --To)] IZ/S. (ii) 
o'~ Ox 2 

Equat ion (11) wi th  the c o n d i t i o n s  (9) and (10) i s  the  gene ra l  f i r s t  problem of  hea t  con- 
duc t ion .  The s o l u t i o n  of (11),  ob ta ined  by the  method of  s e p a r a t i o n  of  v a r i a b l e s ,  has the  
form 

T(x, x)= --exp (~)b {.__~ [(C,~ + | D.) exp {[h-- !---7--)'" nn X~a2 j'~ "~}-- D.] • (12) 

•  nn X+Pre~ + x [ P~es+b(Tz--To)  ]} Pres 
l ~ [ exp(B/) - -  Pres ,-F To-- - - ' ~  
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w h e r e  

" Mcp ( MZc~)  1 
Ix= ~ ; h =  12b 4~, ~ cMpr~S ~ ' pMcr~ ' 

2h " . b (T~- -  To) - - P r e s ]  
D,~ = [ ' zn-S-'2 2 exp 0xl) 
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. T o  

2 [Pret + b (T, - -  7"o)1 (__ 1). 2totes 
Crt 8 ~ ,  

~xn exp (l~l) un 

The solution (12) shows how the temparture profile of the current lead with the current 
and flow rate established at the time T ffi 0 wlll change. The nature of the change in the 

2 
temperature profile wlth time is determined by the sign of the exponent H=h-[--~ a 2 in front \l! 
of T. A stationary temperature distribution is established along the current lead for H < 0, 
while for H >0 the temperature of the current lead wlll increase indefinitely. The stabil- 
ity boundary corresponds to the value H = 0. The relation between the current and the flow 
rate at the stability boundary has the form 

l = =2~, + - - T f -  1 - F �9 

As expected, the stability boundary, determined form the solution (12), completely coin- 
cldes with the stability boundary obtained in [i] from the condition of singularity of the 
solution of the stationary equation. The solution of the equation shows that the reason for 
the indefinite growth in the temperature of the current lead for currents exceeding the crlt- 
tical value is the resistivity of the material of the current lead which increases with tem- 
perature. In a current lead prepared form a materlal wlth 0 = const, a stationary temperature 
profile must always theoretically be established. However, it does not follow from this that 
such a current lead wlll not burnup, since the maximum value of the temperature of the current 
lead is not bounded and for sufflclently high currents it can exceed the melting temperature 
of the current-carrylng part. 

The maln purpose Of solving (ii) was to obtain a dependence for calculating the tlme for 
attaining the burnup temperature wlth transient processes. Direct use of (12) can lead to 
large errors, slnce the real stability boundary and the stability boundary determined from 
(13) do not coincide. An analysis showed that the maln reason for the disagreement Is the 
inadequate accuracy with which the llheratlon of heat is taken into account in the model 
adopted in solving the nonstatlonary equation. In thls connection, it was proposed that a 
more accurate value be found for the amount of heat liberated using in (12) instead of the 
mean integral value of the temperature coefficient of the resistivity, its effective value 
(bef). It (bef) was chosen so that for values of the current and flow rate corresponding to 
the real stability boundary, the value of H would equal 0. An experimental check was made 
for strand current leads and perforated tape leads. The results are presented in the form of 
dependences of the tlme at which the burnup temperature is achieved on the current (Fig. 4). 
Comparison of the computed and experimental data show that the disagreement between them does 
not exceed 50%. 

NOTATION 

x, coordinate along the current lead; T, time; T, 0, temperature of the current lead and 
of the cooling gas; Q, heat inflow; Tmax, maximum attainable temperature of the current lead; 
S, Z, F, cross section, length, and cooling parameter of the current-carrylng parts; 0, ~, 
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Cm, Pm, b, resistivity, thermal conductivity, heat capacity, density, and temperature coef- 
fient of the resistivity; I, current; M, Cp, flow rate and heat capacity of the cooling gas; 
e, heat-transfer coefficient. The indices are: O, Z correspond to quantities referring to 
the cold and warm ends of the current lead; res indicates residual, and ef indicates effec- 
tive. 
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GETTERING EFFICIENCY DURING MASS TRANSFER IN A VACUUM 

A. V. Kondratov, V. L. Laska, and A. A. Potapenko UDC 539.216.2 

The results of an investigation of the composition of the residual atmosphere 
in an "open" vacuum and inside a quasiclosed volume during electron-beam va- 
porization of molybdenum and niobium are presented. 

The comparison of the efficiencies of getterlng gas particles caused by the vaporization 
of a substance in an "open" vacuum and inside a quaslclosed volume located in a vacuum [i] is 
of great practical interest. Here it is important to note the presence of two simultaneously 
occurring processes of mass transfer: the transfer of the substance being vaporized and the 
transfer of the residual atmospheric gas. 

The experiments were carried out on a vacuum installation, from the working chamber of 
which air was evacuated by a VN-2 roughing pump and a VA-2-3 diffusion pump in series. The 
working chamber of the vacuum installation, made of stainless steel, consisted of a hollow 
cube 600 mm on a side with a wall thickness of 10 mm. The chamber was equipped with a U-530M 
electron-beam gun operating jointly with a U-250A apparatus. The vauum was measured with 
standard PMT-2 and PMI-2 gauges connected to a VIT-I vacuum meter. The partial pressures of 
the residual gases were determined on an APDM-I monopolar mass spectometer with an MMS-2A 
sensor. The quasiclosed volume, made of niobium or molybdenum foil 0.5 mm thick, consisted 
of a cylinder i00 mm in diameter and 350 mm long. This cylinder and the MMS-2A sensor were 
fastened to an interchangeable flange so that the target being vaporized was on the opposite 
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