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The p r o c e s s  of heat  t r an s f e r  in a r e g e n e r a t o r  in a t rans i t ional  and s t eady- s t a t e  r eg ime  is c a l -  
culated with cons idera t ion  of the t e m p e r a t u r e  dependence of v i scos i ty ,  density,  t he rma l  con-  
ductivity of the gas ,  and the specif ic  heat  of the checkerwork .  A mathemat ica l  model of the 
opera t ing  conditions of a r e g e n e r a t o r  in a mic roc ryogen ic  machine is developed.  

The p r o c e s s  of heat  t r an s f e r  in a r e g e n e r a t o r  was invest igated analyt ical ly in [1-11]. A method of 
calculat ing the heating (cooling) of the checkerwork  at the initial instant of operat ion of the r e g e n e r a t o r  is 
p roposed  in [1, 2, 6, 9]. The s teady  operat ing r eg ime  of a r e g e n e r a t o r  was invest igated in [3-5, 7, 8]. The 
effect  of a va r i ab le  specif ic  heat of the checkerwork  on the eff iciency of a r e g e n e r a t o r  in a s teady r eg ime  
was taken into account  in [11]. 

The authors  of the aforement ioned studies cons idered  heat t r ans f e r  in a r e g e n e r a t o r  in a one -d imen-  
sional formula t ion .  An a r b i t r a r y  initial dis tr ibution of the t e m p e r a t u r e  of the checkerwork  over  the length 
of the r e g e n e r a t o r  was a s sumed  and the gas t e m p e r a t u r e  at the entrance was a s sumed  to be constant or  an 
a r b i t r a r y  function of t ime.  In the equation of energy  for  the gas ,  the authors  did not take into account,  except 
in [8], the t e r m  cha rac te r i z ing  the change of gas t e m p e r a t u r e  with t ime,  which in the given case  cannot be 
neglected,  s ince in r e g e n e r a t o r s  of mic roc ryogen ic  machines  t and x /u  a re  quantit ies of the s ame  o rd e r .  
The p r e s s u r e  in the gas flow, and also the p a r a m e t e r s  cha rac t e r i z ing  the the rmophys ica l  p rope r t i e s  of the 
gas and checkerwork  were  cons idered  constant ,  except in [11]. 

The r e g e n e r a t o r  of a mic roc ryogen ic  machine c o m p r i s e s  a cyl indrical  tube filled with checkerwork  
in the f o r m  of a la rge  number  of c lose ly  adjacent l aye r s  of a fine meta l  mesh  a r ranged  normal  to the x -  
ax is ,  which is d i rec ted  along the tube axis .  

The following assumpt ions  were  made in calculat ing the h e a t - t r a n s f e r  p r o c e s s :  a) heat  conduction of 
the cheekerwork  is equal to ze ro  along the gas flow and infinitely la rge  normal  to it; b) heat t r a n s f e r  by 
conduction by the gas and checkerwork  and also by radia t ion is negligibly smal l ;  c) specif ic  heat  capaci ty  
and p r e s s u r e  of gas flow are  constant;  d) heat inflows f r o m  the ambient  medium and gravi ta t ional  fo rces  
a re  sma l l .  

Thus,  h e a t - t r a n s f e r  p r o c e s s e s  in a r e g e n e r a t o r  can be descr ibed  by a s y s t e m  of one-d imens iona l  dif-  
fe ren t ia l  equations for  p a r a m e t e r s  of the gas flow and checkerwork  averaged  over  the c r o s s  sect ion.  

The energy  equation for  the gas is 

0_~T + u  0 T  _ ~ (Tc--T) .  (1) 
Ot Ox pcpr h 

The energy  equation for  the checkerwork  is 

OTc 

Ot 

m 

Oc Ccrh I - - m  
- -  ( T  c - -  T ) .  ( 2 )  

The equation of continuity is 
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Fig.  I. Change of the d imens ionless  t empe ra tu r e  
of the checkerwork  ~ in the t rans i t ional  r e g i m e ,  a) 
Over the length of the r e g e n e r a t o r  V: 1-4) c h a r a c -  
t e r i s t i c  dis t r ibut ion of the t e m p e r a t u r e  of the 
checkerwork  ~ during cooling of the r e g e n e r a t o r  
(the number  of blowings Z inc rea se s  accordingly 
f r o m  0 to Z r at which the r e g e n e r a t o r  a r r i v e s  at 
a s teady opera t ing regime) ;  5-7) dis t r ibut ion of the 
t e m p e r a t u r e  of the checkerwork  in a s t eady- s t a t e  
r e g i m e :  5) c e = Cc($), a = a ( 0 ;  6) c c = ce($) , a 
= const; 7) Cc = const ,  o~ = const; b) on the coldend 

0 
0--x (p u) = O. (3) 

Es t ima tes  show that the t e r m  8p/St in Eq. (3) need 
not be taken into account.  

The equation of s tate  for  a pe r fec t  gas is 

P = oRT. (4) 

The coefficient of heat transfer between the 
gas and checkerwork  was calculated by the fo rmula  
obtained in [12]: 

St Pr = A (Re) -~, (5) 

f r o m  where  

~ r-n ~' (6) 

The t e m p e r a t u r e  dependence of v i scos i ty  and 
the rma l  conductivity is exp re s sed  by the Sutherland 
equation [14]: 

of the r e g e n e r a t o r :  1) c c = const ,  o~ = const; II) c c 273 + C [ T ~3/2, 
= Cc(~), a = const; III) c c = Cc(~), a = o~(O), rtr = ~OT--- ~ ~2-~) (7) 

L 273 -F C (T____) 3/2 
)~r = o - - ~ - ~ \ 2 7 3 /  �9 (8) 

The t e m p e r a t u r e  dependence of the specif ic  heat  of the checkerwork  ma te r i a l  [14] is approximated  by 
a power  function of the f o r m  

C c = aTVc. (9) 

After transformations of Eqs. (1)-(4) with consideration of (6)-(9), we obtain a system of partial dif- 
ferential equations descr ib ing  the change of t e m p e r a t u r e  of the checkerwork  and gas:  

OT OT _ a ~  B (T c - -  T), (10) 
p - ~  ~- p u Ox rhcP 

t T , OT c _ a o m B ~ ( e--  T) (11) 
Ot Pc~a 1 - - m  c 

P = p RT, (12) 

where  

~o Aa~n(Ou)X-.  ~o . 

( 2 7 3 + C ] " [  TT__]3n/2 
B = k T ~ - ' ~ ]  ~273l " 

Introducing the re la t ive  va r i ab le  
T ;  ~ - - "  

0 = To ~ Tc t 
To , "r= rhStUo 

- - ;  ~ l = - -  
X 

rh/St ' 

we t r a n s f o r m  Eqs .  (10)-(12) to the d imensionless  fo rm:  

1 O0 O0 
T o--q- +-~-n 

~(~--0) ,  

~  = - N x + 0  --0), 
0v 

where  

(13) 

(14) 

~ =  ~,OTo+ C] 
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F i g . 2 .  Change of the d imens ion less  t e m -  
p e r a t u r e  of the gas  0 and checkerwork  ~ dur -  
ing the cycle  (heating and cooling) in four  
sec t ions  of the r e g e n e r a t o r .  
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Fig. 3. Distr ibut ion of the d i f ference  of t e m -  
p e r a t u r e  of the gas 0 and checkerwork  $ over  
the length of the r e g e n e r a t o r  V in the s teady 
r e g i m e ,  a: 1) A = Oho- 0co , II) A = ,~ho-~co,  
and change of t e m p e r a t u r e  of the checkerwork  
during the cycle  in the s teady reg ime;  b: 3) c c 
= const ,  a = const; 2) e c =Ccfk),  a = const;  1) 
e c  = C c ~ ) ,  a = a (o ) .  

o c p m  
N =  

pc % (1 - -  m) ' 

Pc m and pc c ^ ( 1 - m )  a re  the volume specif ic  heats  of the P cu , 
gas and cheekerworK, respectively. 

The boundary conditions are: 

o (o, ~) = o~ (~), o (~, o) = o~ (~), o (o, ~) = ~ ( %  
(15) 

0 ~ . ~ % ;  0.<~ ~ ~ .  

The s y s t e m  of pa r t i a l  different ial  equations (13)-(14) together  with boundary conditions (15) is solved 
by the method of finite d i f ferences  [13] on the M-20 compute r .  For  this purpose ,  the s y s t e m  of equations 
(13)-(14) is approx imated  by a s y s t e m  of di f ference equations (explicit scheme)  

1 o~ '+~ - -  O~ O~ - -  0~_, m t@m+l _ _  0~+1), (16) 
o~ k h 

o~ = o~(i), o~'~ = o~ (0, G~ = ~ ( / ) ,  o ~ - ~ . 4 5 . 1 o  ~, o.<~q .< 5.1o ~. ( iv)  

We invest igated the p r o c e s s  of heat  t r ans f e r  in the r e g e n e r a t o r  as the machine a r r i ved  at the r eg ime .  
T h e r e f o r e ,  we take as initial conditions the dis tr ibut ion of the t e m p e r a t u r e  of the checkerwork  over  the 
length of the r e g e n e r a t o r  which is es tabl ished na tura l ly  in the nonoperat ing mic roc ryogen ic  machine,  i .e . ,  
the t e m p e r a t u r e  of the checkerwork  is constant  and equal to the t e m p e r a t u r e  of the ambient  medium '~a. It 
is a s sumed  that during heat ing of the checke rwork  the gas is blown with t e m p e r a t u r e  01 = ~a + AO, where  
A$ is incomplete  r ecupera t ion  in the condenser  (thereby s imula t ing the  p r e s e n c e  of a c o m p r e s s o r - c o n d e n s e r  
c i rcui t ) ,  whilst  the t e m p e r a t u r e  of the gas at the entrance of the r e g e n e r a t o r  r e m a i n s  constant  during b low-  
ing. After  the end of heating the c l ieckerwork,  blowing of the r e g e n e r a t o r  with cold gas with t e m p e r a t u r e  
02 = e0' begins  (0 v is the t e m p e r a t u r e  of the gas on the cold end of the r e g e n e r a t o r  at the end of w a r m  blow-  
ing; e is the degree  of d e c r e a s e  of the t e m p e r a t u r e  of the gas flow simulat ing the c o m p r e s s e d - g a s  motor  
- h e a t e r  c i rcui t ) .  Multiple repet i t ion  of the descr ibed  p r o c e s s e s  of heating and cooling of the checkerwork  
p e r m i t s  an approx imate  reproduct ion  of rea l  opera t ing conditions of a r e g e n e r a t o r  in a mic roc ryogen ic  
machine .  

The calculat ion was made for  hel ium for  N = 1.3 �9 10 -3, 1.86.10-3; y = 0.64, 0; A = 0.63; n = 0.45; 
T 0 = 300~ g = 0.97. 

When the r e g e n e r a t o r  a r r i v e s  at the r eg ime  the t e m p e r a t u r e  of the checkerwork  on its cold end (Fig. 
la) drops  rapidly .  Then cooling gradual ly  extends to the w a r m  end of the r e g e n e r a t o r .  The ra te  of cooling 
of the cheeke rwork  depends on the t e m p e r a t u r e  drop e on the cold end of the r e g e n e r a t o r .  L a r g e r  values  
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of ~ allow a lower tempera ture  to be obtained and a reduction of the time to a r r ive  at the required t empera -  
ture regime,  but increase  the losses .  

The change of the tempera ture  of the checkerwork on the cold end of the regenera tor  in the transient  
p rocess  is shown in Fig. lb for the cases :  c c = Cc(,D, c~ = const (N = 1.3 �9 10 -3, 7 = 0.64, ~ = 1); c c = const,  
c~ = const (N = 1.86.10 -s, 7 -- 0, ~ = 1); and c c = Cc(,)), ~ =oL(O) (N = 1 .3 .10 -s, 7 = 0.64, ~ = X(0)).A de-  
c rease  in the specific heat of the checkerwork and hea t - t r ans fe r  coefficient with decrease  in temperature  
has a substantial effect on heat t ransfer  in the regenera to r  and on the value of the final tempera ture  which 
can be attained on the cold end of the regenera tor ,  their effect on heat t ransfer  being identical. The use of 
the average value of the specific heat of the checkerwork ra ther  than the initial value as Cc0 does not lead 
to any detectable changes of the tempera ture  of the checkerwork (an appropriate calculation was made). 

A l inear  distribution of the temperature  of the checkerwork over the length of the regenera to r  is ob- 
served in  the steady regime (Fig. la) .  The temperature  of the checkerwork descr ibes  a charac te r i s t ic  
hys te res i s  loop, whereby the average temperature  difference A,~av = (~ho-,~co) has a maximum value at the 
ends of the regenera tor  (Fig. 2). However, this difference is small  and the change of the tempera ture  of 
the checkerwork during heating (cooling) can be considered l inear .  

The difference of temperature  of the gas and checkerwork during heating (cooling) for c c = const and 
o~ = const (Fig. 3a) is constant over the length of the regenera tor  (on the assumption of no heat inflows f rom 
the external medium), but for c c = Cc(,~ ) and c~ = c~(0) it increases  toward the cold end of the regenera tor .  
When c c = const and v~ = const the temperature  of the checkerwork (Fig. 3b) fluctuates in a nar rower  range 
during the cycle.  

The calculations of heat t ransfer  in the regenera to r  of a microcryogenic  machine showed that the rate 
of a r r iva l  at the regime depends considerably on the temperature  difference on the cold end of the regen-  
e ra tor ;  the distribution of the tempera ture  of the checkerwork over the length of the regenera to r  can be 
considered l inear ,  including also its ends [5]. In this case the average tempera ture  difference of the checker -  
work during heating and cooling is insignificant, and therefore  we can consider  that the tempera ture  var ies  
l inear ly  with time; a decrease  of the specific heat of the checkerwork and hea t - t r ans fe r  coefficient with a 
decrease  of temperature  acce lera tes  the a r r iva l  of the regenera to r  at the regime and introduces a sub- 
stantial cor rec t ion  into the determination of  the final temperature  on the cold end of the regenera tor  in the 
transit ional regime in compar ison with the calculation with constant average (during the process)  values of 
the thermophysieal  charac te r i s t i cs  of the gas and checkerwork.  
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N O T A T I O N  

are the t empera tu res  of the gas flow and checkerwork,  OK; 
are  the dimensionless temperatur  e of the gas flow and checkerwork;  
is the t ime, sec;  
is the length of regenera tor ,  m; 
are  the dimensionless time and length; 
is the p re s su re  of gas flow, N/m2; 
lS the velocity of gas flow, m/ sec ;  
is the gas density, kg/m3; 
is the density of checkerwork mater ia l ,  kg/mS; 
is the gas viscosi ty ,  N.  sec/m2; 
is the thermal  conductivity of gas,  W / m . d e g ;  
is the specific heat of gas at P = const,  J /kg  .deg; 
is the gas constant,  J / k g .  deg; 
~s the Stanton number,  dimensionless hea t - t r ans fe r  coefficient; 
is the Prandtl  number; 
~s the Reynolds number; 
is the hydraulic radius,  m; 
is the porosi ty;  
is the heat t ransfer  coefficient, W / m  2 �9 deg; 
is the specific heat of checkerwork J / k g  �9 deg. 
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S u b s c r i p t s  

0 initial; 
ho hot; 
co cold. 
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