
photocathode; l ,  emiss iv i ty  in middle of spec t r a l  sens i t iv i ty  range of photocathode; 8 = s / l ,  p a r a m e t e r  ch a r ac -  
t e r i z ing  deviation of emiss iv i ty  of object  f rom that of a blackbody.  
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O P T I M A L  GAS D I S C H A R G E  T H R O U G H  C R Y O G E N I C  

F L O W  I N L E T S  IN R E F R I G E R A T O R  C O O L I N G  O F  

S U P E R C O N D U C T I N G  M A G N E T I C  S Y S T E M S  

Y u .  L .  B u y a n o v  UDC 536.483 

A re la t ionship  connecting the d ischarge  of the gas-cool ing  cryogenic  flow inlets to the d ischarge  
of the gas re turn ing  in the r e v e r s e  flow is obtained, forwhich  the co td-produc t iv t tyof  the r e f r i g -  
e r a to r ,  which is requi red ,  is a m i n i m u m.  

Cryosta t ing the t u rnso f  superconduct ing magnets  (SM) with large working volumes is accompl ished,  as 
a rule ,  by using helium re f r ige ra t ion  appara tus .  In the ma jo r i t y  of c a se s ,  the quantity of l iquidhel ium needed, 
which is de l ivered  to the SM cryos ta t ,  is produced in the r e f r i g e r a t o r  and the r e f r i g e r a t o r  cold-product iv i ty  
is l a t e r  used to mainta  in a given level  of liquid hel ium by compensat ing  for  the heat  influxes into the l ow - t em-  
pe ra tu re  zone. 

P a r t  of the cold gas  in the r e f r i g e r a t o r  cooling of SM is ord inar i ly  supplied to cool the flow inlets (this gas 
flow is heated to the t e m p e r a t u r e  of the envi ronment  and is not d i rec ted  Into the r e v e r s e  flow of the r e f r i g e r a t o r ) .  

A d iagram of the lower pa r t  of the r e f r i g e r a t o r  including the J o u l e -  Thomson  heat  exchanger  1, throt t le  
2, and the SM c ryos t a t  3, is shown in Fig .  1. The flow inlet channel being cooled 4 is a lso  shown. 

The liquefiable pa r t  M l of the gas flow M~ pass ing through the thrott le  compensa tes  for the dec rease  in 
the liquid helium in the c ryos ta t ,  while the unliquefied helium goes together  withthe s a t u r a t e d v a p o r  being fo rmed  
because  of the to ta lhea t  influx ZQ to the c ryos ta t ,  into the r e f r i g e r a t o r  r e v e r s e  flow M 2 and into cooling the flow 
Inlets M 3. The total  heat  Influx is compr i s ed  of the c ryos t a t  background Qbgd (the heat  influx to the c r y o s t a t f r o m  
di f fe ren thea t  sources) ,  the heat  influx over  the flow inlets being cooled Qcld (M3)' and the additional heat  influx 
Qadd, which can be considered as the r e f r i g e r a t o r  power r e s e r v e ;  i .e . ,  

~Q ~ Qbgd ~ Qcld(M~) ~ Q-add . (i) 

The max imum r e f r i g e r a t o r  power requ i red  in o rder  to cool the SM is defined by the re la t ionship  

If 
Or= ~O + O~-7-/- ~ --Q~, (2) 

where Q3 =Mar is the cold used to cool the flow inlets and the t e r m  Q3 ( l f / l r )  in (2) is the r e f r i g e r a t o r  co ld -p ro -  
ductivity ensur ing a supply of liquid hel ium in the amount  M s . 

Using the notation ~ , = r [ ( l f / l r )  --  1], we have 

Or= ZQ + 7M 3. (3) 

T rans l a t ed  f rom Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol.  35, No. 2, pp. 266-271, August,  1978. Original  
a r t i c le  submit ted Ju ly  16, 1976. 
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Fig .  1. D iag ram of the lower 
pa r t  of the r e f r i g e r a t o r .  1) 
J o u l e -  Thomson heat  exchanger;  
2) throt t le  valve;  3) o ryos ta t  
with the superconducting magnet ;  
4) flow inlet channel being cooled. 

The energy  expended in cooling the SM depends on the gas consumption in cooling the inlets.  The r e f r i g -  
e r a t o r  power requ i red  inc reases  with the increase  in M 3, but, on the other  hand, a diminution in M 3 will r e su l t  
in magnif icat ion of the heat  influx over  the flow inlets Qcld (M3), whLch also causes  a r i se  in the co ld-produc t iv -  
ity of the r e f r i g e r a t o r  appara tus  to be needed.  Hence,  there  exis ts  an op t imalva lue  of the gas  consumption 
at  which the r e f r i g e r a t o r  cold-product iv i ty  r equ i redwi l l  be min ima l .  

Dif ferent  aspec ts  of the operat ion of flow inlets in the r e f r i g e r a t o r  cooling of superconduct ingmagnet ic  
s y s t e m s  havebeen  examinedby  a number  of authors  [1-3]. This  paper  is devotedto  the question of determining 
a re la t ionsMpbetween  the gas being re tu rned  in the r e f r i g e r a t o r  r e v e r s e  flow and the gas being de l ivered  to cool 
the inlets,  which will a s s u r e  m i n i m a l r e q u i r e d  r e f r i g e r a t o r  power .  

The dif ferent ia l  equation 

d~'T Mscp dO 12p (T) 
= 0 (4) 

dx z ~ (T) S dx 7, (T) S 2 

can be obtained in cons ider ing  the energy  balance of an e l emen ta ry  sect ion dx of the flow inlet. 

The solution of (4) can be obtained in analyt ic  fo rm only upon making spec ia l  assumpt ions  re la t ive  to the 
fo rm of the functions X(T), o(T), 0(x). 

Let us r e p r e s e n t t h e  ehange in t e m p e r a t u r e  of the cooling gas in the fo rm of the function 

0 = 0cld(1 @ KoX), (5) 

where  0cl d is the t e m p e r a t u r e  of the sa tu ra ted  helium vapor  at  the lower end of the flow inlet and K~ = K0/Kcl  d 
is the axial  t e m p e r a t u r e  coeff icient .  

Then for  constant  values  of X and p, Eq.  (4) has the fo rm 

d2r MscpK-~ -i- ]2 P__ = O. (6) 
dx ~ ~S t, 

Integrat ing (6) under  the boundary conditions T [x=o = Told and T ix = l = Thot, we obtain 

T = Tcld @ ~-  -i- -7- AT - -  D , (7) 

where D = MaepK0/LS --  ]2(p/X), and AT = Tho t --  Tcld .  

Then,  the heat  supply over  the flow inlets in the l ow- tompera tu re  zone is 

Ocld(M3)=kS (@)x=o ~Sl [AT--( MscpKo~s ] a ~ _ ) ~ ] .  (8) 

The r e su l t  obtained is a lso  appl icable to the case  of Dewar  cooling of SM, when the heat  e l iminat ion f rom 
the flow inlets is accompl i shedby  the cold gas they genera te  f rom the liquid hel ium. 

Setting Qeld =M3r into (8), we obtain a s imple  a lgebra ic  dependence governing the heat influx over  the 
flow inlets: 
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Fig.  2. Charac te r i s t i c  t e m p e r a t u r e  change along the length of a flow 
inlet opera t ing in the op t ima lmode  T, ~ l ,  m .  

Fig.  3. Dependence of the ra t io  M3/M 2 on the t empe ra tu r e  of p r e l i m i -  
nary  cooling (the p a r a m e t e r  is the fo rward  flow p r e s s u r e ) .  1) 1.5;  2) 
2; 3) 2.5 MPa.  T1, ~ 

( cpKg)-~[ZSAT i2_~ ] 
Qcld = I -j- 2 ~  ~ + " (9) 

It is seen f rom (1) and (3) that when Qcld(M3)=0, the r e s e r v e  in r e f r i g e r a t o r  cold-product iv i ty  is g rea tes t ,  
or  the r e f r i g e r a t o r  power requi red  to cool the SM is min imal  fo rQadd  = eonst.  It should be noted that in r e a l e a s e s ,  
the total heat  influx Qcld(M3)+Qbgd approaches  Qbgdasympto t ica l ly  with the increase  in M 3 and Qeld ~ 0 f o r a n y  
values of M 3. However ,  the nature  of the dependence Qcld(M3), obtained in test ing flow inlets with r e f r i g e r a -  
tor  cooling is s teep [2], and Qcid(M3) <<Qbgd for  some value of M3; hence, when the l inear  function Qcld(M3) 
equals zero,  the quantity M~" obtained f rom (8) can be used to  es t ima te  the g rea t e s t  r e s e r v e  in the r e f r i g e r a t o r  
cold-product iv i ty .  The growth of Qadd with the inc rease  in M 3 is poss ible  under  the condition 3,>(epK0l)/2, 
wh~re (epK0/) /2  is the absolute value of the angular  coefficient  of the function Qcld(M3). La te r ,  when M 3 > M 3 , 
Qadd diminishes  to ze ro  for M 3 = (Qr - Qbgd)/3 ~. 

Then 

M~ = (cpKo) -i (2~,SA._____f_TI z _L, 12pS ) (10) 

or  we obtain the leas t  value elMS, fo r  which the requ i red  r e f r i g e r a t o r  cold-product iv i ty  will be a min imum,  

(M~)min = 21 (2LTAT)I/2/cpKol , (11) 

f rom the condition of the min imum of the functionM3(S ) and, m o r e o v e r ,  the use of t h e W i e d e m a n n - - F r a n t z  
law (2t o = LT). 

The r e f r i g e r a t o r  cold-product iv i ty  can be de te rm ined by the following dependence: 

Qr = Mi (hit - -  cpht - -  qen), (12) 

where Ai T = i b -- i a is the isothermaleffect of the throttling on the temperature level Ta, and At is the under- 
recuperation at the warm end of the Joule- Thomsonheat exchanger (the letter subscripts of the enthalpy i 
correspond tothe points in Fig. 1). 

Substituting (ii)and (12) into (3), we obtainthe ratio M3/M I ensuring the minimal required refrigerator 
power for  SM cooling for  Qcld(M3) = 0: 

M 8 Air - -  (CpAt -+- qen) 
Mt 7 + [cpKo 1 (Qadd + Qbgd)]/[21(2LThT) 1/21 (13) 

Since M 2 =M 1 - Ms, we obtain 
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M 3 / M  2 = A/(1 - -  A), (14) 

where A is the express ion  in the r ight -hand side of (13). 

The quantity - / in  (13) can be obta [ned f rom the equation ~, = r [(l f / / r )  --  1], which can be wri t ten in the fo rm 

~' = (renAs--  Ai) e c - - r .  (15) 

for  an ideal r e f r i g e r a t o r  operat ing ina Ca rno tcyc l e .  

Here  AS and Ai a re  the d i f ferences  be tweenthe  values of the entropy andenthalpy of the working gas at 
the t e m p e r a t u r e  of the cooling medium and the liquid hel ium corresponding to the p r e s s u r e  of the r e f r i g e r a t o r  
r e v e r s e  flow. 

The quantity ~/is evaluated in [1] and it has been obtained that "y=80 J / g  f o r a  4.4~ c ryos t a t  t e m p e r a t u r e  
level .  

The coefficient  K~ can be de te rmined  in t e r m s  of the m e a n t e m p e r a t u r e  of the cool inggas:  

! 

= (l/l) .f [0cld(1 + Kox)] dx. (16) 
0 

We obtain a f t e r  integrat ing (16) 

K0 = (2/0 o~id 1 

The t e m p e r a t u r e  profi le  obtained in an exper tmen ta l  investigation of 12 different  flow inlets operat ing in 
the opt imal  mode (i. e . ,  in the mode cor responding  to a min ima l  value of the quantity qeld =Qcld/I)  is shown in 
Fig .  2. The s t ruc tu re  pecu l ia r i t i es ,  as well as the e l e e t r i c a l p r o p e r t i e s  of the m a t e r i a l  of the c u r r e n t - c a r r y i n g  
e lement  of the inlet, a r e  p resen ted  in [4]. The t e m p e r a t u r e  of the cooling gas,  corresponding to the upper  sec -  
tion of the flow inlet, is a lso  superposed  in Fig.  2. 

Refe r r ing  the lower curve  bounding the t e m p e r a t u r e  profi le  of the flow inlet to O =fix), we obtain that  
~ 70~ inthis  c a s e .  

Neglecting the unde r - r ecupe ra t ion  at the w a r m  end of the J o u l e -  Thomson  heat  exchanger  and the heat  
influx f rom the env i ronment to  the lower pa r t  of the r e f r i g e r a t o r ,  the upper  bound of the quantit ies M3/M 2 can 
be obtained f rom (13) and (14) for  (Qbgd+Qadd) =0. 

The change inthe ra t io  between the quantity of gas going into cool ingthe flow inlets andthe quantity of gas 
supplied to the r e v e r s e  r e f r i g e r a t o r  flow is shown in Fig .  3 as a function of the p re l imina ry  cooling in the r e f r i g -  
e r a t o r  for  s eve ra l  fo rward  flow p r e s s u r e s  and a 4.4~ c r y o s t a t t e m p e r a t u r e  level .  

N O T A T I O N  

x, axial  flow inlet coordinate;  l ,  flow inlet length; S, a rea  of the c u r r e n t - c a r r y i n g s e c t i o n ;  T,  flow inlet 
t empe ra tu r e ;  Thot,  t e m p e r a t u r e  of the hot end of the flow inlet; Tcld,  t e m p e r a t u r e  of the coldend of thef low 
inlet; Ten,  envi ronment  t empera tu re ;  T 1 , p r e l imina ry  cooling t empera tu re ;  0, t e m p e r a t u r e  of the cool inggas;  
Qr ,  r e f r i g e r a t o r  cold-product ivi ty;  ZQ, total  heatf lux;  Qbgd, heat  influx to the cryos ta t ;  qcld, t he rma l  flux 
density a t  the cold end of the flow inlet; Qadd, r e s e r v e  of r e f r i g e r a t o r  cold-product ivi ty;  Q3, co ldused  to cool 
the flow inlet; qen, specif ic  heat  flux f rom the envi ronment  to the lower p a r t o f  the r e f r i g e r a t o r ;  / r ,  specif ic  
power expenditure in the r e f r i g e r a t o r ;  l f, specif ic  power expenditure in the r e f r i g e r a t o r  to obtain the fluid used  
a f t e r  evapora t ion  to cool the flow inlets; MI, quantity or  consumption of fo rward  gas  flow through the thrott le  
valve;  M2, quantity or  consumption of gas in r e v e r s e  r e f r i g e r a t o r f l o w ;  M/ ,  quantity of fluid or  ra te  of l ique- 
faction of the gas;  M 3 , quantity or  consumption of gas a twhich the requ i red  r e f r i g e r a t o r  cold-product iv i ty  is 
minimal ;  r ,  heat  of evapora t ion  of liquid helium; Cp, specif ic  heat  of the eool inggas;  I, e l e c t r i n a l c u r r e n t  inten- 
sity; j, cu r r en t  density; X, coefficient  of heat  conduction; p, specif ic  e l ec t r i ca l  res i s t iv i ty ;  K~, axial  t e m p e r a -  
lure coefficient;  i, specif ic  enthalpy; s, specif ic  entropy; Ai r ,  i so the rma le f f ec t  of throttl ing; At, under  r e c u p e r -  
ation; L, Lorentz  constant;  SC' cold coeff icient  of the Carnot  cycle .  
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A M O D E L  F O R  C A L C U L A T I N G  T H E  A T T E N U A T I O N  

F A C T O R  O F  A M U L T I C O M P O N E N T  M E D I U M  

E .  Y a .  L i t o v s k i i  UDC 561.21 

A model and procedure are  presented for calculating the attenuation factor  ofa multicomponent 
medium, taking account of the size distribution of part icles  and pores .  

The attenuation factor  is one of a number of important parameters  of mater ia ls  which a re  semi t ransparent  
to thermal  radiation needed to est imate the radiation component of heat t ransfer ,  and to solve the radia t ion--  
conduction hea t - t r ans fe r  equation. When the attenuation factor  is known, radiation heat t ransfer  in an optically 
thick layer  of a heterogeneous medium can be est imated from the Rosseland formula [1]. Expressions are  given 
in [1-4] and in other places for the attenuation factor  of a two-component medium with identically sized par t ic les .  

In the present  paper we propose a model for calculating the attenuation factor  of two-component and multi-  
componentmedia which takes accountof  the size distribution of part icles and pores .  

To explain the proposed procedure,  we consider  in more  detail the s implest  model of a two-phase medium 
consisting of a regular  chain of part icles  (plates) of the f i rs t  phase of identical size dwith the part icles  of the 
second phase in between. We choose a segment of a rb i t r a ry  length L in the medium and consider  the attenuation 
of radiation withan initial intensity I 0 in penetrating this segment. The attenuation occurs both because of true 
absorption and because of reflection from the phase boundaries. We assume that the reflection is specular and 
obeys the Fresnel formulas. 

Suppose there are N particles of the first phase in the segment L. Then the number of reflections from 
them is 2N, and the total length of particles of the first phase is h = Nd. In this case 

I = l0 (1 - -  R) 2 ̂ ' exp (-- c~,h) exp [--a 2 (L - -  h)], (1) 

where ai and a 2 are  the absorption coefficients of the f t r s t  and second phases,  respect ively .  

Introducing the effective attenuation factor  K e 

I = lo exp (-- /(e L), (2) 

equath~g the r ight-hand sides of Eqs.  (1)and (2), and usingthe fact that R<<I, we obtain 

C 
Ke = az + (czi - -  az) C + 2 --~ R, (3) 

where C = h / L  =Nd/L is the concentration of par t ic les  of the f i r s t  phase. 

If a 2 =0, i . e . ,  the secondphase  consists  of pores,  C =1 -- p, where p is the porosi ty,  

K e = (1 - -  p~ (a t + 2R/d). (4) 

This relation is given in [5]. 

Th ree -Phase  System. The particle s izes are  identical and the third phase occupies the spaces between 
phases 1 and 2, e . g . ,  a g lassy phase in which there are  crystal l ine precipi tates ,  

2R2 Ke = 2Rt Ci ..~ Cz ~ % ~ (o:i - -  %) Ci -k (cz2 - -  r Cz. (5) 
di 

n-Phase  System.  The particle sizes in each phase are  identical, and the n-th phase occupies the spaces 
between the remaining phases,  
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