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OPTIMIZED COMPOUND CURRENT LEADS 

V. K. Litvinov, V. I. Kurochkin, 
and V. I. Karlashchuk 

UDC 536.483 

A method is  given that p rovides  an acceptable  approximat ion to minimiz ing  the energy  consump-  
t ion on the bas i s  of the finite h e a t - t r a n s f e r  coeff icient  and the additional hea t  sou rces .  

Economy and reliability of the current leads are frequently the decisive factors in the design of a cryo- 
genic magnet system. Here we present some results from theoretical studies on optimized leads that enable 
one to implement designs providing maximum economy and reliability at the drafting stage. 

Detailed studies have been made [1-5] on current leads by means of the recuperation coefficient/3, which 
represents the criterion for nonideal cooling. It is assumed that the recuperation coefficient is known from 
experiment for leads of constant cross section and that the value is in the range 0.5 -< fi < 1; the heat-transfer 
coefficient defines the actual cooling process, and this can be used in a method in which fl is a specified cri- 
terion for minimizing the energy consumption [6]. Then the recuperation coefficient is governed by the spe- 
cified temperature differences along the normal part of the current lead. The method allows one to use a 
specified deviation from minimum energy consumption in calculating the geometrical parameters of the lead 
when this is of variable cross section and the local heat-transfer coefficients are known. 

We consider the heat-balance equation for a lead in the stationary one-dimensional approximation [1-5]: 

d T  r 12p)~ 
dq --  c p m - -  - - ,  (1) 
d T  d T  q 

dx  ~.S 
- -  - -  - -  ( 2 )  

d T  q 

and the expres s ion  for  the cu r r en t  d imens ions ,  which is der ived  by t r ans fo rming  (2) in conjunction with the 
equation for  the heat  balance involving the cooling vapor  in the s t eady- s t a t e  one-d imens iona l  approximat ion.  

We also a s sume  that the t h e r m a l  conductivity of the cooling vapor  is  negligible and that the h e a t - t r a n s f e r  
conditions a re  identical  ove r  the en t i re  sur face  of the lead: 
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dTr 
cr'rn ~ q 

P S =  
~,a (T - -  T~) 

We a s s u m e  that  the shape of the c r o s s  sec t ion  is g iven:  

s = f (p) .  

The bounda ry  condi t ions  a r e  

x-----0, T(0), T , ( 0 ) = r  b, x = L ,  T(L) ,  

where  T(0) is d e t e r m i n e d  f r o m  the condi t ion fo r  heat  t r a n s f e r  at the cold end of the lead:  

q (0) = a l Pt (T (0) - -  Tb). 

At the boundary  be tween the n o r m a l  and supe rconduc t ing  p a r t s  of the lead 

x = t ,  T ( 0 = V s ,  T~(0. 

(3) 

(4) 

(5) 

(6) 

(7) 

The boundary  condi t ions  fo r  opt imal i ty  a re  

q (I) = 0, T (L) - -  T~ (L) = 6. (8) 

K the phys ica l  p a r a m e t e r s  of the n o r m a l  p a r t  fol low the W i e d e m a n -  F r a n z  law, then we put d T r / d T  = cons t  in 
(1) and can use the solut ion of [21. 

In the c a s e  of c u r r e n t  leads  in a c r y o g e n i c  magne t  s y s t e m  

m = q (0) + ~ (9) 
r 

We subst i tu te  (9) into (1) and (3) and c o n v e r t  to the spec i f ic  hea t  flux to get 

dB dT r { B (O) + K ~ p~, 
d r  = c ~ - ' [ f -  ~ . B ' (lO) 

dT,. 
cp --d-f- (B (0) + K) 12 

P S  : ) ~ ( T - - T r ) r  - ~---, (11) 

i . e . ,  the d i s t r ibu t ion  of the spec i f ic  f luxes  by t e m p e r a t u r e  level  is independent  of the c u r r e n t ,  while the p r o d -  
uct  of the p e r i m e t e r  by the c r o s s  sec t ion  is p ropo r t i ona l  to the square  of the c u r r e n t  and i n v e r s e l y  p ro p o r t i o n a l  
to the h e a t - t r a n s f e r  coef f ic ien t .  

ff a c u r r e n t  l ead  is made  of a thin s t r ip  (P = 2h I,  S = hih2), 

h~ = IZ. F iT), (12) 
a 

T(O) 

L - -  l = f r (T_}) dT,  (13) 
2 a 

T(t) 

i .e . ,  the current width of the lead is directly proportional to the current and inversely proportional to the heat- 
transfer coefficient, while the length is independent of the current and is inversely related to the heat-transfer 
coefficient. 

As there is no heating in the superconducting part, we assume that (5) and (7) are met by appropriate 
extension of the heat-transfer areas. 

Then the mass flow rate of (9) is determined by the conditions at the boundary between the superconduct- 
ing and normal parts: 

m = q (t) + 
r ~- i (1) - -  i b (14) 

o r  in t e r m s  of the spec i f i c  m a s s  flow r a t e  

M = B (1) + K (15) 
r + i ( l ) - - i b  
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a) e n e r g y  c o n s u m p t i o n  E / I ,  
W/A (1); hea t  f lux  at  the  co ld  end  q (0 ) / I ,  W / A  (2); b) l ength  L ,  
m (of the n o r m a l  p a r t o f t h e  lead)  (1); r e l a t i v e  e n e r g y  c o n s u m p -  
t ion E / E m i n  (2); m a s s  f low r a t e  M / I ,  k g / s e c  .A (3) fo r  v a r i o u s  
a d d i t i o n a l  h e a t f l u x e s  into the l i qu id  h e l i u m :  K 1 = 0; K 2 = 4 - 1 0  -4 
W / A ;  K 3 = 8 . 1 0  -4 W / A .  

The de f in i t ion  of the  r e c u p e r a t i o n  c o e f f i c i e n t  i s  [5]: 

~= dT__._~r. (16) 
dT 

We now c o n s i d e r  s o m e  p o s s i b l e  f o r m s  of coo l i ng  f o r  the n o r m a l  p a r t .  

We a s s u m e  tha t  

~l= Tr(L)--Tr(1) 
r (L) - -  T s (17) 

Th i s  a s s u m p t i o n  s u b s t a n t i a l l y  s i m p l i f i e s  the  a n a l y s i s  wi thout  l o s s  of g e n e r a l i t y ,  s i nce  any s m o o t h  func-  
t ion  can  be  a p p r o x i m a t e d  by  a p i e c e w i s e - l i n e a r  one .  It f o l l ows  f r o m  (17) tha t  t3 > 1 s i n c e  T s > T r ( t )  + 5 on a l l  
o c c a s i o n s .  

F i g u r e  l a  shows  the  n e c e s s a r y  e n e r g y  c o n s u m p t i o n ,  the  s p e c i f i c  hea t  f lux ,  and the s p e c i f i c  m a s s  f low 
r a t e  a s  func t ions  of fl - 1 f o r  v a r i o u s  K as  d e r i v e d  b y  n u m e r i c a l  so lu t ion  by  c o m p u t e r  of (2), (10), (11), and 
(15). The m a t e r i a l  of the n o r m a l  p a r t  i s  b r a s s  [6] and the t r a n s i t i o n  t e m p e r a t u r e  fo r  the  s u p e r c o n d u c t o r  i s  
8~ 

As  /3 = 1 c o r r e s p o n d s  to coo l i ng  the c u r r e n t  l e a d  wi th  m i n i m u m  e n e r g y  c o n s u m p t i o n ,  we have to e n s u r e  
tha t  T s - T r ( l )  = 5. 

M a x i m a l  e n e r g y  c o n s u m p t i o n  i s  i nvo lved  in i m p l e m e n t i n g  the p r o c e s s  wi th  Tr( l )  = T b and /3ma  x.  

The p h y s i c a l  m e a n i n g  of t h i s  i s  tha t  m a x i m u m  use  m u s t  be  m a d e  of the  c o l d  conten t  of the  coo l ing  v a p o r  
o v e r  the s u p e r c o n d u c t i n g  p a r t  in o r d e r  to conduc t  the p r o c e s s  wi th  the  m i n i m u m  p o s s i b l e  e n e r g y  c o n s u m p t i o n  
whi le  m a i n t a i n i n g  s e t  t e m p e r a t u r e s  in the l e a d ,  In tha t  c a s e ,  one can  p r o v i d e  s t ab l e  p o i n t s  of t r a n s i t i o n  a long  
the c u r r e n t  l e a d  and r e d u c e  the  d e p e n d e n c e  on the v a r i a b l e  l e v e l  of the  l i qu id  h e l i u m  by  u t i l i z i n g  the v a p o r  wi th  
a t r a n s v e r s e  r a d i a t o r  hav ing  an e x t e n s i v e  s u r f a c e ,  which  i s  i n s t a l l e d  a t  the  t r a n s i t i o n  po in t .  The c a l c u l a t i o n s  
on th i s  r a d i a t o r  a r e  p e r f o r m e d  by  s t a n d a r d  m e t h o d s  [6]. 

F i g u r e  I b  shows  the  l eng th  of a s t r i p  l e a d  (h 2 = 5 �9 10 -4 m) a s  a func t ion  of t3 - I f o r  v a r i o u s  K;  the d i f -  
f e r e n c e  in t e m p e r a t u r e  b e t w e e n  the c u r r e n t  l e a d  and the  c o o l i n g  v a p o r  at  the  w a r m  end  i s  0.05~ whi le  the 
h e a t - t r a n s f e r  c o e f f i c i e n t  i s  a = 9 . 1 0 2  ~ r .  

The t r e n d  in the c u r v e s  in  the  r e g i o n  g - 1 ~ 0 c o n f i r m s  the  obv ious  f ac t  t ha t  i m p l e m e n t a t i o n  of the  
i d e a l  p r o c e s s  i s  m e a n i n g l e s s  f o r  a f in i te  va lue  of the  h e a t - t r a n s f e r  c o e f f i c i e n t ,  s i nce  then L --* % 
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The relat ive excess  over  the minimum consumption is a function of /~ - 1, and the values for different K 
allow one to utilize a given K to draw up an ~mambiguous relationship between fl - 1 and the deviation f rom 
minimum energy consumption. Therefore  fi, or  more  conveniently ~ - 1, can be used as the cr i ter ion for 
implementing minimum energy consumption. 

In the design of a cryogenic  magnet ,  it is somet imes  n e c e s s a r y  to tap off cooling vapor to cool var ious 
additional devices;  this case is rea l ized for  K < 0 in this method. 

In o rde r  to build a completely gas -cooled  cur ren t  lead it is neces sa ry  to provide an elevated value for 
the specific additional heat flux or  else some other  source of cooling vapor such that q(0) ~ 0. 

Figure  l a  show that the energy consumption in maintaining the tempera ture  conditions is reduced as the 
additional source is activated for/~ - -  1, i . e . ,  it is be t te r  to operate cur ren t  leads with K > 0. 

However,  Fig.  lb shows that real izat ion of cur ren t  leads at elevated values of the specific additional 
heat flux results in an increase in the length of the lead if a given ratio to the minimum energy consumption is 
to be preserved. In that ease, in order to obtain acceptable dimensions it is necessary" to increase the heat- 
transfer coefficient, as (11) shows. 

The calculations on the lead are performed in the following stages. 

From the given K, which is governed by the design of the cryogenic magnet, and the acceptable deviation, 
we establish the recuperation coefficient (Fig. Ib). 

Equations (2), (11), etc. are solved to determine the geometrical parameters and the temperature dis- 
tribution along the current lead. 

The heat-balance equation is solved for the boundary between the normal and superconducting parts to 
determine the n e c e s s a r y  a rea  of the radia tor .  

If the length of the lead exceeds the maximum permiss ib le  s ize,  then design measures  are introduced to 
inc rease  the hea t - t r ans fe r  coefficient.  

The following conclusions are drawn f rom the above. 

1. This method of designing optimized compound cur ren t  leads allows one to implement a cooling mode 
with a given deviation f rom minimum energy consumption. 

2. The recuperat ion coefficient is the cr i ter ion for  deviation f rom mInimum energy consumption for 
given specific heat fluxes. 

3. The geometr ica l  dimensions can be reduced for  large specific heat fluxes or with pure gas cooling 
provided that the cooling is acce lera ted  and that the lead has an increased rat io of pe r ime te r  to c ro s s  section 
(thin strip).  

4. In o rde r  to reduce the energy consumption it is neces sa ry  to accelera te  the cooling at the boundary 
between the superconducting and normal  par t s  by install ing additional hea t - t r ans fe r  surfaces .  

5. In o rder  to reduce the minimum energy consumption required to maintain the temperature  conditions 
it is neces sa ry  to make the maximum possible use of additional heat fluxes in the cool ing-vapor  source .  

NOTATION 

x, cur rent  coordinate;  L, lead length; l, superconducting length of lead; p, res is t iv i ty  of the normal  
lead; k,  thermal  conductivity; Cp, specific heat of coolant vapor;  ;t r ,  thermal  conductivity of vapor;  a, local 
hea t - t r ans fe r  coefficient;  m,  mass  flow rate of vapor;  M = m / I ,  specific flow rate of vapor;  ~, additional 
heat inflow; i, vapor enthaipy; it), vapor enthalpy at the boiling point; Tr ,  instantaneous vapor tempera ture ;  
Ts,  superconductor  t ransi t ion t empera tu re ;  Tb, boiling point; q, heat flux; B = q/ I ,  specific heat flux; /3, 
recuperat ion coefficient;  I, cu r ren t ,  P,  pe r ime te r ;  S, c ross - sec t iona l  a rea ;  r ,  heat of vaporizat ion,  5, small  
quantity; hi, bandwidth; h2, band thickness;  al,  hea t - t r ans fe r  coefficient for  liquid helium; Pl,  wetted 
pe r ime te r ;  K = ~ / I ,  specific additional inflow; T, instantaneous lead tempera ture .  
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ESTIMATING THE RANGE OF APPLICABILITY OF THE 

HYPERBOLIC THERMAL CONDUCTIVITY EQUATION 

K. V. Lakusta and Yu. A. Timofeev UDC 536.24.02 

A genera l ized  thermal  conductivity equation is considered.  The geometr ic  dimensions of regions 
in which t empera tu re  fields may be descr ibed  by hyperbolic or  parabol ic  the rmal  conductivity 
equations are  es t imated .  

In the las t  decade wide use has been made of the hyperbolic  thermal  conductivity equation 

02T (x, "~) k OT (x, "0 02T (x, T) (1) 
% O~ ~ 0"~ - -  a Ox 2 

fo r  descr ipt ion of high-Intensity p r o c e s s e s .  In this equation, proposed in [1], T r is the relaxat ion t ime;  a, 
t he rma l  diffusivity coeff icient ;  W = 4 - ~ - r ,  ~, c ,  p, ra te  of propagation of heat ,  the thermal  conductivity,  the 
specif ic  heat ,  and densi ty.  

In a l aye r  of mate r ia l  of thickness l we will cons ider  the mathemat ical  model of the thermal  conductivity 
p roce s s  descr ibed  by Eq. (1) with initial conditions 

7" (x, o) = ,a (x), aT  (x, o) _ % (x) (2) 
0~: 

and boundary conditions 

O T ( ( i - -  I) l, ~) a u + (-- 1)ialz T ((i - -  1) I, x) = (Pc+, (T), i = 1, 2. (3) 
Ox 

The coefficients  a l l ,  ai2 take on the values 0 and 1, depending upon the form of the boundary conditions. 

Following [2], we cons t ruc t  the solution of the sys tem (1)-(3) in the form 

T (x, ~) = ~ A. (T) X~ (x) -k ~ (x, T). (4) 
n=l 

An auxi l iary,  sufficiently smooth function ~(x, T) which reduoes  inhomogeneous conditions to homoge- 
neous is cons t ructed  in a manner  such that 

(x, 0) = ~ (x), 0 ~ ( 4 ,  0) ~2(x), 
0v 

o ~  ( ( i - -  1) l, ~) 
aii ~- (-- 1) i a~2T ((i - -  1) l, T) : ~2+i (~), 

Ox 

F ( ( i - - 1 )  l, "O : O, i : 1 ,  2, 
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