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The pre l iminary  cooling time for  cryogenic  sys tems  charac te r ized  by a high hydraulic 
res is tance  is calculated in the cases  of laminar  and turbulent modes of coolant flow. 

In the development of c irculat ing superconducting magnet  sys tems (CSMS) and other  cryogenic  de-  
vices of great  length (pipelines, superconducting e lec t r ic  power lines) it becomes necessa ry  to es t imate  
the time for  cooling such sys tems  to the working t empera tu re s .  In the present  repor t  such es t imates  are  
made for the cases  of the absence and presence  of an external  inflow of heat. 

A one-dimensional  model was used in the calculat ions (the tempera ture  is taken as constant over  a 
c r o s s  section). In addition, the following assumptions  a re  made. 

1. The total heat exchange between the coolant and the cooled pipeline takes place in a section dx 
considerably shor t e r  than the pipe length L. 

2. Heat conduction in the longitudinal d i rect ion is absent. 

3. As a consequence of assumptions 1 and 2 the tempera ture  at the exit f rom the sys tem remains  
constant  and equal to the tempera ture  of the surrounding medium during the entire cooling time. 

4. The tempera ture  at the entrance to the sys tem (x = 0) at the time t = 0 becomes equal to the initial 
coolant tempera ture  and remains  constant  to the end of the process .  

5. The working tempera ture  of the sys tem is equal to the initial coolant temperature .  

A d iagram of the cooling p rocess  is presented in Fig. 1. 

At any time 0 < t < tcoo[ the cooling pipeline can be represented  as consis t ing of three sect ions:  1) 
a cooled section of length x; 2) a cooling section of length dx; 3) a warm section of length L - (x + dx). 

Let  us set up the heat balance equation for  the cooling section dx in the case  of the absence of heat 
inflow from the surrounding medium 

6'm(T~ - -  T 0 d M  = mCp (T 2 - -  T 1) dr, 

dt : Cm Pros dx. 
m 

where dM= pmSdx. Hence 

Let us introduce the following notation: 

p m S L  M [ kg ] 
6u - - 0 " ;  pm s -  - -  . 

L L - ' ~  

Then the cooling time is 

(1) 

L 

t = 9o i" dx  (2) 

0 
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Fig. 1.  Diagram of cooling p rocess  without allowance for  heat inflow (T, 
~ x, m; p, N/m2) .  

Fig. 2. Diagrams of cooling p r o c e s s e s :  a) in the presence  of a heat  inflow 
proport ional  to the length of the cooled section; b) in the presence  of a 
heat inflow which is constant  in t ime (T, ~ x, m). 

We obtain the equation for the dependence of the mass  flow rate  on the length x from the equations 
for  the hydraul ic  res i s tance  in the cooled and warm sect ions,  neglecting the hydraulic res i s tance  in the 
cooling section dx: 

hPi = Pin--Ptr '  
APe = Ptr - -  Pout, 

(3) 

where  

2 d 

In the case  of a l aminar  mode of flow (Re _< 2300) the coefficient of res is tance  ~l = 6 4 / R e .  In the 
case  of t ransi t ional  o r  turbulent modes  of flow (Re > 2300) we assume that the Blasius law is satisfied: 

0.3154 

Writ ing the equation for  the Reynolds number  in the form Re = m d / ~ f ,  for the laminar mode of flow we 
obtain 

64m1~ 
Pin - -  Ptr 2psr de x, 

64m1~ (L - -  x). 
[Ptr - -  Pout 2pjd e 

(4) 

Assuming that the flow in the cold and warm sections is i so thermal ,  we obtain the following equations 
for  the mean flow densi t ies :  

Pin "+- Ptx , (5) 
91 2RTx 

Pout @ Ptr 
- �9 ( 5 ' )  

93 = 2RTe 
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Substituting (5) and (5') into the sys tem of equations (4), af ter  t ransformat ions  we obtain the equation 

(Pin - -  P~out) fd 2 (6) 
m = 64R [[hT,x + 9~T= (L - -  x)] 

Integrat ing (2) with allowance for (6), we determine the cooling time as 

329~t~T~RL2 [ '  ~qT~] 
tl = 2 1 -r- - -  �9 

(Pin-- Po2ut ) fd" bt.~T 2 
(7) 

We denote 

32poT2R = Ft, 1 + ~tlT----L = ~I- 
92T,. 

Then 
~ - -  L2 

tt F~ p ~ 2 2 .~t" 
fd z (Pin - -  Pout) 

(8) 

In the case  of the turbulent mode, af ter  s imi la r  t ransformat ions  we obtain 

2 4 - -  (Pirl--P~ fdS/7 [L-- x (1 T i J / f ~ t l  ) ]  
/TL ~ j~4/7~ 91t2•4/7 ,p4/7 , I/7 - - ~ 7 - z  ~ 

*X v ,o~u ~  ~2 P,2 T, 2 I,' b~2 

and af ter  integration of (2) 

_ FtP L N'r 
t ' t -  -~577--"  (Y 9 2 ,4/7 ~t '  

(PJ.n-- Poud 

where  

(9) 

( 1 0 )  

Ft = I~ -  (0.3164 RT2)4/zVt/7; ~t T, 
1--TT-, 2 l, ~x 2 

It follows f rom Eqs. (8) and {10) that when the working tempera ture  of the sys t em is reduced with a 
constant  p r e s su re  at the entrance its cooling time is shortened. This is explained, f i rs t ,  by the decrease  
in the hydraulic res i s tance  of the cold section at a reduced working tempera ture ,  which leads to an in-  
c r ea se  in the flow rate of the coolant and consequently to a dec rease  in the cooling time. In Eqs. (8) and 
(10) this is expressed by a decrease  in ~l and ~t with a decrease  in the tempera ture  T1. 

A second fac tor  leading to a decrease  in cooling time is a cer ta in  decrease  in the mean heat capacity 
of the busbar in the tempera ture  interval  T 2 - T  1 with a decrease  in T1, while the mean heat capaci ty of the 
coolant remains  a lmost  unchanged in the same tempera ture  i n t e r v a l  and therefore  the specific flow rate 
cr of the coolant is reduced with a decrease  in Tv 

Of course ,  a pre l iminary  est imate  of the mode of flow is necessa ry  when using Eqs. (8) and (10). 

In the derivat ion of Eqs. (8) and {10) it was assumed that heat inflow from the surrounding medium 
is absent. However,  the effect of heat inflow on the duration of the cooling can prove to be very  significant. 

A s t r ic t  determinat ion of the cooling time of the sys tem with allowance for  the heat inflow is ra ther  
difficult, f i r s t  because of the complexity of the analyt ical  solution of the differential  equation 

mCv(T 2 - -  T)dl  -: 9Crr~T~ - -  T)dx  ~ Q(x; T) dT, 

and second because an es t imate  of the size of the heat inflow itseff and its distr ibution law can be made only 
in rough approximations.  Never the less ,  it is useful to find the solution for  the s imples t  types of heat inflow, 
mainly to est imate  the applicability of Eqs. (8) and (10) in the presence  of a heat inflow. 

The most  cha rac te r i s t i c  for l inear sys t ems  of great  length (pipelines, superconducting e lectr ic  
power lines,  etc.) is a heat inflow proport ional  to the length of the cooled section (Fig. 2a): Q = qx (q is in 
W / m ) .  
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We assume that the specific heat  inflow is constant  along the length of the cooled section. 

In this case  the heat-balance equation for  the cooling section is 

m *~  (r~ - T) dt = C~p (T. - -  T) dx 

Hence, 

whe re 

et  = d=, 
-E_,~ m* 

T2 

Cm= 1 i CmdT, 
T~-- T . 

T 

rn* = m* (x; Ti  

(ii) 

(1.2) 

then 

F o r  the cooled sect ion 

[rn*Cp ( T -  T~) qx] d t -  Cm(T)px d T =  O. 

With modera te  heat inflows and a low coolant tempera ture  the term Cm(T)pxdT can be neglected, and 

T =  T x ( qx 
/T/*Cp 

The presence  of a heat inflow leads to an increase  in the coolant tempera ture  T = T1 + AT in front 
of the cooling sect ion and to an increase  in the tempera ture  of the cooled section (which we assume to be 
the same along the length of the cooled sect ion at each moment  and equal to Ta r  = T1 + AT/2 ) .  This, in 
turn, causes  an inc rease  in the mean heat capacity C~n(T) and a decrease  in the flow rate of the coolant, 
which finally resu l t s  in an inc rease  in the duration of the cooling. 

In Figs.  3 and 4 we present  a* = C~n/Cp and ( l / m * )  as functions of the temperature .  

It is c lea r  that the var ia t ion in the value (1 /m*)  as a function of the tempera ture  in the temperature  
interval  under considerat ion (20-80~ can be neglected. 

In the determinat ion of the cooling time we assume that the coolant tempera ture  in the cooled s e c t i o n s  
is constant  during the cooling p roces s  and equal to T = T 1 + Au where 

L L 

A'] '= 
q x d x ~ .  qs 

c p L  m* Cp o 
0 

and if 

Hence, 

- -  32F~T._RL~q 
tx2T~ >> FxT1, AT = 3 (P~n-- Peout)fd~Cp 

L ~ FlP a* ~[ = tl (~*~l (13) 
tqt = fd~ 2 2 - -  Pin-- Pout (~l 

F o r  the turbulent mode of flow with all the same assumptions we obtain 

qL T=Tlq- 
4f (Pin-- PouO d C~ 

0.3164 RT~L \ ~2 / 

pc* L n/7 * (r*~ (14) F ,  
tqt 

win --/-,out (r~t 

Equations (12) and (13) can be used with a sufficient degree of accuracy  in the ease when T _< 70-80~ 

Let  us examine another pa r t i cu la r  case ,  when the heat  inflow can be considered as independent of 
the length of the cooled section and constant  in time (Fig. 2b). 
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Fig. 3. Ratio of mean heat capacity of copper  to mean heat capacity 
of helium as a function of the helium tempera ture  in front of the coo l -  
ing section [p*(T) is a dimensionless  Value]. 

Fig. 4. Variation in the reduced value (1 /m*)  / ( 1 / m )  as a function 
of the tempera ture  T, ~ 

is 

The heat-balance equation for the section dx in this case  is analogous to Eq. (11). 

The coolant tempera ture  in front of the cooling section as a function of the length of the cooled section 

in the laminar  mode of flow 

and in the turbulent mode of flow 

T - = T  1 ~ - - -  
m * C p  

, m*  = m * ( T ;  x) ,  

= TI -i- 32Rp2LQ 
2. 2 ,~ 

Cv (Pin-- Pout)[d" 

7Q 

(Pin-- Pout) d - -  Cp 
I1 f 0.3164 R L T  2 k t~e ! 

The mean heat capaci ty C* of the sys tem and the cooling time for  the different modes of flow (tql, 
tqt) are  determined from Eqs. (12), (13), and (14). 

The instrumentat ion of a test stand designed for the testing of large superconducting magnet  sys tems  
(SMS), including circulat ing SMS, was used for  the experimental  determinat ion of the pre l iminary  cooling 
time. 

The time for the cooling of c irculat ing SMS from room tempera ture  to 20~ was measured  in the 
experiments .  The c u r r e n t - c a r r y i n g  element had nine channels for the flow of the coolant, each with a 
nominal d iameter  of 2 ram. 

In the f i r s t  tests the SMS consisted of two hydraul ical ly paral le l  branches each 200 m long. La ter  
sys tems  with branches each 400 m long were  tested. 

The cooled helium was supplied to the sys tem through a helium pipeline f rom a n e o n - h e l i u m  lique- 
t ier.  We tried to keep the temperature  and p res su re  of the gas at the entrance to the sys tem constant during 
an experiment.  The values of these pa rame te r s  lay in the following ranges for different tests:  entrance 
gauge p r e s s u r e  f rom 10 to 25 arm, entrance tempera ture  20-30~ 

The p res su re  was measured  with a standard manometer .  A l ien-Bradley carbon res is tance  t h e r m o m -  
e te r s ,  in which the voltage drop was determined with a P-309 potentiometer ,  were used as the pickups 
in the tempera ture  measurement .  

The course  of the cooling process  was observed from the variat ion in the e lec t r ica l  res is tance  of 
the system.  

The coefficient of hydraulic resistance of the system was somewhat higher than that determined 
from the Blasius equation. This is evidently explained by the presence of local resistances and the 
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TABLE 1. Exper imenta l  and Calculated Values 

Pin, t L, m ata~ r~ Q, W" X Re 1/4 tts h tqt, h tex p, h tx, % 

200 l 8,9 400 22,0 
400 15,5 
400 15,5 

40 
4O 

40 
lt)O" 
20 
30 

0,44 
O ,42 
0 42 
0:43 

7.47 
6.53 
9,4 

,4 

9,00 
7,83 
9,9 

t0,0 

1"2,0 
9,5 

11,0 
l i  ,5 

29 
17,9 
14,5 
13 

# 

0 3 6 9 t 

Fig. 5. Compar ison  of exper imenta l  and ca l -  
culated curves  of va r i a t ion  in e l ec t r i ca l  r e -  
s is tance R in p~ of the sys tem as a function 
of the t ime t, h. 

hydraul ic  r es i s t ance  of the input and output pipelines 
which was not taken into account in the model. The 
constant  in the Blasius equation was determined ex -  
per imenta l ly  for  the calculations.  

The exper imenta l  and calculated (both without 
allowance for  heat  inflow and with such aUowance) 
cu rves  of the var ia t ion  in the e lec t r i ca l  res i s tance  
of the sys tem as a function of the t ime (the dynamics 
of the cooling process)  are  compared  in Fig. 5. Fo r  
the curves  presented 

Pimav = 15.5 �9 105 N / m 2 ;  T!av = 40~ 
Q = 20 W; kRe i/4 = 0.42. 

A compar i son  of the exper imenta l  and calculated 
data for  different  exper iments  is presented  in Table 1. 

A ce r ta in  excess  in the actual cooling time 
over  the calculated t ime is connected with the fact 
that the rea l  cooling p roces s  di f fers  f rom the ca t -  

culated model  by the p re sence  of a finite heat  conduction between the coils  in the radial  and axial 
d i rec t ions .  

This resu l t s  in the incomplete  uti l ization of the coolant,  reducing its t empera tu re  at the exit  f rom 
the sys tem.  The d i sagreement  between the exper imenta l  arid calculated values can be par t ia l ly  explained 
by the ignoring of ex te rna l  heat  inflow to the sys tem in the comparison.  

Never the le s s ,  as  seen f rom Table 1 the resu l t s  of the exper iment  a re  in sa t i s fac tory  agreement  with 
the calculated dependences,  which pe rmi t s  one to recommend the la t te r  for  the es t imate  of the cooling 
t ime of c i rcula t ing  SMS. 

W' 

M 

Pm 
T2 

C m =  -~T .i' CmdT 
T, 

T~ 
~p 1 

- AT,i' CpdT ~ C p  
TI 

T1 
T2 
01,2 
Pin 
Pout 
Ptr  
f 
d 
01,2 
S 

N OTA T I O N  

is the flow velocity,  m / s e c ;  
is the mass  being cooled,  kg; 
is the density of ma te r i a l  being cooled,  kg /m3;  

is the mean heat  capacity of ma te r i a l  being cooled in the t empera tu re  interval  
T1, T2, J / k g . d e g ;  

is 
�9 deg; 

is  the 
is the 
is the 
is the 
is the 
is  the 
is the 
is the 
is the 
is  the 

the mean heat  capacity of coolant in the t empera tu re  in terval  T 1, T2, J / k g  

coolant  t empera tu re ,  ~ 
t empera tu re  of  surrounding medium,  "K; 
mean  densi ty of coolant in cold and w a r m  sect ions,  k g / m 3 ;  
p r e s s u r e  at ent rance  to sys tem,  N / m 2 ;  
p r e s s u r e  at exit  f rom sys tem,  N / m 2 ;  
t ransi t ion p r e s s u r e ,  N / m 2 ;  
c r o s s - s e c t i o n a l  a r ea  of channel,  m2; 
channel  d iamete r ,  m; 
dynamic viscos i ty  of coolant in cold and warm sect ions ,  k g / m . s e c ;  
c r o s s - s e c t i o n a l  a rea  of body being cooled,  m2; 
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m is the flow rate Of cootant, k g / s e c ;  
R is the gas constant, J / k g . d e g ;  
L is the length of system, m; 
t is the coolant time, sec; 
Re is the Reynolds number; 
q is the specific heat inflow per l inear meter ,  W/m;  
Q is the heat inflow, W; 

is the coefficient of hydraulic resis tance in Blas ius equation. 
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