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In spite of abundant literature, the thermal performance of Multi-Layer Insulation (MLI) still
deserves dedicated investigation for specific applications, as the achievable insulation
strongly depends on installation details. Furthermore, less accurate information is available
for warm than for cold boundaries, since errors due to edge effects in small test benches
increase strongly with warm boundary temperature.
We establish here the thermal performance of MLI between 300 K and 77 K or 4 K, without
bringing calorimetric methods into play, through the accurate measurement of a temperature
profile. A cylinder in thin copper, wrapped with MLI, is cooled at one extremity while
suspended under vacuum inside a sheath at room temperature. For known thermal
conductivity and thickness of the tube, the heat flux can be inferred from the temperature
profile. In-situ measurement of the thermal conductivity is obtained by applying a know heat
flow at the warm extremity of the cylinder. Results, cross-checked with a calibrated
heatmeter, compare well with what previously obtained on a large-scale measuring facility.
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I n  s p i t e  o f  a b u n d a n t  l i t e r a t u r e ,  t h e  t h e r m a l  p e r f o r m a n c e  o f  M u l t i -L a y e r  I n s u l a t i o n  
( M L I )  s t i l l  d e s e r v e s  d e d i c a t e d  i n v e s t i g a t i o n  f o r  s p e c i f i c  a p p l i c a t i o n s ,  a s  t h e  
a c h i e v a b l e  i n s u l a t i o n  s t r o n g l y  d e p e n d s  o n  i n s t a l l a t i o n  d e t a i l s .  F u r t h e r m o r e ,  l e s s  
a c c u r a t e  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  wa r m  t h a n  f o r  c o l d  b o u n d a r i e s ,  s i n c e  e r r o r s  
d u e  t o  e d g e  e f f e c t s  i n  s m a l l  t e s t  b e n c h e s  i n c r e a s e  s t r o n g l y  wi t h  wa r m  b o u n d a r y  
t e m p e r a t u r e .   
W e  e s t a b l i s h  h e r e  t h e  t h e r m a l  p e r f o r m a n c e  o f  M L I  b e t we e n  3 0 0 K  a n d  7 7 K  o r  4 K ,  
wi t h o u t  b r i n g i n g  c a l o r i m e t r i c  m e t h o d s  i n t o  p l a y ,  t h r o u g h  t h e  a c c u r a t e  
m e a s u r e m e n t  o f  a  t e m p e r a t u r e  p r o f i l e .  A  c y l i n d e r  i n  t h i n  c o p p e r ,  wr a p p e d  wi t h  
M L I ,  i s  c o o l e d  a t  o n e  e x t r e m i t y  wh i l e  s u s p e n d e d  u n d e r  v a c u u m  i n s i d e  a  s h e a t h  a t  
r o o m  t e m p e r a t u r e .  F o r  k n o wn  t h e r m a l  c o n d u c t i v i t y  a n d  t h i c k n e s s  o f  t h e  t u b e ,  t h e  
h e a t  f l u x  c a n  b e  i n f e r r e d  f r o m  t h e  t e m p e r a t u r e  p r o f i l e .  I n -s i t u  m e a s u r e m e n t  o f  t h e  
t h e r m a l  c o n d u c t i v i t y  i s  o b t a i n e d  b y  a p p l y i n g  a  k n o wn  h e a t  f l o w a t  t h e  wa r m  
e x t r e m i t y  o f  t h e  c y l i n d e r .  R e s u l t s ,  c r o s s -c h e c k e d  wi t h  a  c a l i b r a t e d  h e a t m e t e r ,  
c o m p a r e  we l l  wi t h  wh a t  p r e v i o u s l y  o b t a i n e d  o n  a  l a r g e -s c a l e  m e a s u r i n g  f a c i l i t y .  

 
 
 

I N T R O D U C T I O N  
 

A l b e i t  t h e r m a l  p e r f o r m a n c e  o f  i d e a l l y  i n s t a l l e d  M u l t i -L a y e r  I n s u l a t i o n  ( M L I )  s h o u l d  n o t  r e q u i r e  f u r t h e r  
e x p e r i m e n t a l  v e r i f i c a t i o n ,  s t i l l  i t s  i n f l u e n c e  o n  t h e  o v e r a l l  p e r f o r m a n c e  o f  a  c r y o s t a t  m a y  wo r r y  t h e  
c r y o g e n i c  p r o j e c t  e n g i n e e r ,  a n d  a  p a r t i c u l a r  i m p l e m e n t a t i o n  o r  a  n e w s u p p l i e r  a r e  s u b j e c t  t o  c o n t r o l  a n d  
t e s t i n g .  I t  i s  t r u e  t h a t  a c t u a l  i n s u l a t i o n  m a y  d o u b l e  o r  t r i p l e  wi t h  l o c a l  p a c k i n g  d e n s i t y ,  t h e r m a l  s h o r t  
c i r c u i t s ,  d i s c o n t i n u i t i e s .  F u r t h e r m o r e ,  q u a l i f i c a t i o n  o f  M L I  a t  wa r m  b o u n d a r y  i s  d i f f i c u l t  i n  t h a t  a n y  
m o u n t i n g  i m p r e c i s i o n  o r  f r i n g e  e f f e c t  i n h e r e n t  t o  t h e  t e s t -b e n c h  t o p o l o g y  b r i n g s  t o  a  s i z e a b l e  r e d u c t i o n  o f  
a p p a r e n t  i n s u l a t i o n .   

W e  r e p o r t  h e r e  a b o u t  a n  o r i g i n a l  m e t h o d  t o  m e a s u r e  M L I  a t  wa r m  b o u n d a r y ,  b a s e d  o n  a  p r i n c i p l e  
f i r s t  p r e s e n t e d  i n  [ 1 ] .  I t  r e l i e s  o n  t h e  m e a s u r e m e n t  o f  a  t e m p e r a t u r e  p r o f i l e  a l o n g  a  M L I  s u p p o r t i n g  c o l d  
c y l i n d e r ,  s u r r o u n d e d  b y  a  wa r m  s h e a t h .  T h e  m e a s u r e m e n t  y i e l d s  t h e  h e a t  f l u x  ( i . e .  W / m 2 ) ,  i n s t e a d  o f  a  
t o t a l  h e a t  f l o w ( W ) .  R e s u l t s  a r e  v e r i f i e d  wi t h  a  c a l i b r a t e d  h e a t m e t e r  [ 2 ] .  W e  f i r s t  d e s c r i b e  t h e  s e t -u p  a n d  
i t s  p e r f o r m a n c e ,  t h e n  we  p r e s e n t  s o m e  r e s u l t s  o n  l a y e r s ’  n u m b e r ,  p a c k i n g  d e n s i t y ,  a n d  t h i c k n e s s  o f  t h e  
a l u m i n i u m  c o a t i n g .   

 
 

M E A S U R I N G  P R I N C I P L E  
 
A  h o l l o w,  c l o s e d  c y l i n d e r  i n  c o p p e r  s h e e t ,  o f  r a d i u s  r = 1 3 3  m m ,  wa l l  t h i c k n e s s  e = 0 . 5  m m  a n d  l e n g t h  
L = 1 5 2 0  m m  i s  c o o l e d  f r o m  i t s  u p p e r  e x t r e m i t y  b y  c o l d  g a s  o r  l i q u i d ,  c i r c u l a t i n g  i n  a  t u b e  b r a z e d  o n t o  i t s  
f l a t  s u r f a c e .  A  h e a t e r  i s  m o u n t e d  o n  i t s  l o we r  e x t r e m i t y .  T h e  c y l i n d e r  i s  s u s p e n d e d  i n  a n  e v a c u a t e d  
c y l i n d r i c a l  v a c u u m  v e s s e l ,  wh o s e  i n t e r n a l  s u r f a c e  i s  p r o t e c t e d  b y  a  c o p p e r  p l a t e  e q u i p p e d  wi t h  
t h e r m o m e t e r s  a n d  h e a t e r .  T h i s  c o p p e r  p l a t e  p r o v i d e s  a  wa r m  h o r i z o n  a t  a  c o n t r o l l e d  3 0 0  K  t o  t h e  M L I ,  
i n s t a l l e d  o n t o  t h e  c o o l e d  c y l i n d e r .   
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Figure 1 Left: Scheme of the test-b en ch.  R ight: T emp era ture p rofil e ob ta in ed  w ith ty p e A  M LI ,  for 2 0 cm-1 p a ck in g d en sity ,  

a n d  v a ria b l e tota l  n umb er of l a y ers ( 10 ,  2 0  a n d  3 0 ) .  Lin es a re p a ra b ol ic fits w ith q/k a s a  free p a ra meter.  
T h e  t e m p e r a t u r e  p r o f i l e  a l o n g  t h e  c o l d  c y l i n d e r  i s  o b t a i n e d  f r o m  t h e  o n e -d i m e n s i o n a l  h e a t  e q u a t i o n :  
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o v e r  a n  i n f i n i t e s i m a l  v o l u m e  o f  c y l i n d e r ,  o f  c o n s t a n t  t h e r m a l  c o n d u c t i v i t y  k a n d  t h i c k n e s s  e ,  i r r a d i a t e d  b y  
a  h e a t  f l u x  q .  I n  a n  e v a c u a t e d  s p a c e ,  q i s  g e n e r a t e d   b y  r a d i a t i o n  o n l y :  f o r  a  s u f f i c i e n t l y  l o w  t o t a l  ∆T a l o n g  
t h e  c y l i n d e r ,  i t  c a n  b e  c o n s i d e r e d  a s  c o n s t a n t  w i t h  T.  W i t h  b o u n d a r y  c o n d i t i o n s :  
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w h e r e  To i s  t h e  c o l d  e x t r e m i t y  t e m p e r a t u r e  a n d  Q1 t h e  h e a t  f l o w  o n t o  t h e  b o t t o m  p l a t e  o f  t h e  c y l i n d e r ,  w e  
o b t a i n  t h e  t e m p e r a t u r e  p r o f i l e :  
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w i t h  S = 2 πre c o n d u c t i n g  c r o s s  s e c t i o n .   I f  Q1 i s  p r o d u c e d  o n l y  b y  r a d i a t i o n  o n  t h e  b o t t o m  p l a t e  A = πr2 ,  w e  
h a v e  Q1 = qA ,  a n d  t h e  t e m p e r a t u r e  p r o f i l e  b e c o m e s  
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f e a t u r i n g  t h e  u n k n o w n  p a r a m e t e r  q/ k .  W i t h  a n  a d d i t i o n a l  h e a t i n g  Qh f r o m  t h e  e l e c t r i c a l  h e a t e r ,  w e  o b t a i n :  
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We can therefore infer q/k from  a firs t m eas u rem ent of the tem p eratu re d ifferences  T ( x 2)-T ( x 1) ,  then 
k al one b y  ap p l y ing  an ad d itional  heating  p ow er Qh to the col d es t ex trem ity .   

T he v al u e of k( T ) inferred  from  the tem p eratu re p rofil e w as  com p ared  w ith w hat ob tained  from  
res id u al  res is tiv ity  ratio R R R  m eas u rem ents ,  accord ing  to the N I S T  p aram etriz ation for k( T ) of cop p er 
w ith R R R  [ 3 ] .  A  g ood  ag reem ent is  ob tained :  for ex am p l e,  R R R = 2 3 0  is  m eas u red  el ectrical l y ,  w here 
R R R = 2 6 7   is  ob tained  from  the m eas u red  k v al u e.  F or d ata ev al u ation,  the N I S T  p aram etriz ation is  
s u b s eq u entl y  ap p l ied .  T w o s heets  of d ifferent R R R  v al u e,  R R R = 8 9  and  2 3 0 ,  w ere tes ted  s u cces s fu l l y .   

I n ord er to v al id ate the m ethod ,  w e ins tal l ed  a cal ib rated  therm al  im p ed ance,  or heatm eter [ 2 ] ,  
b etw een the col d  u p p er p l ate and  the cool ing  circu it.  T he heatm eter m eas u res  the total  heat fl ow  [ W] ,  
w hereas  from  the tem p eratu re p rofil e w e ob tain a net heat fl u x  [ W/ m 2 ] .  R es u l ts  ob tained  w ith the 
heatm eter or b y  l inear interp ol ation of the T -p rofil e es s ential l y  coincid e.  E rror for the T -p rofil e 
m eas u rem ents  is  es tim ated  at ab ou t 1 0 % ,  d eterm ined  b y  the u ncertainty  on the therm al  cond u ctiv ity  v al u e 
of cop p er,  and  at ab ou t the s am e v al u e for the heatm eter,  d eterm ined  b y  res id u al  heat l oad s .  M L I  
ins tal l ation is  al s o critical  for the rep rod u cib il ity  of the m eas u red  heat fl u x .  

T em p eratu re is  m eas u red  res p ectiv el y  w ith p l atinu m  and  carb on res is tor s ens ors  at l iq u id  nitrog en 
and  l iq u id  hel iu m  tem p eratu re.  T he cry og en is  trans ferred  from  one D ew ar to a s econd  v ia the tes t-b ench;  
cons u m p tion is  then es s ential l y  d eterm ined  b y  the tw o trans fer l ines ,  attaining  ~ 1 0  W.  L ong  s tab il iz ation 
tim es  are res p ected ,  s ince at l eas t 3 6  h are neces s ary  for the s y s tem  to reach eq u il ib riu m  at 7 7  K .    
 

 
M L I  P E R F O R M A N C E  WI T H  L A Y E R  T H I C K N E S S ,  P A C K I N G  D E N S I T Y ,  L A Y E R  N U M B E R  

 
T w o ty p es  of M L I  b l ank ets ,  d iffering  in the thick nes s  of the A l  l ay er ( ty p e A  featu ring  a  4 0 0  Å  and  ty p e 
B  a 1 5 0  Å  coating )  w ere tes ted .  T he thick nes s  had  b een d eterm ined  ind ep end entl y  b y  room  tem p eratu re 
el ectric m eas u rem ent.  F u rther,  w e m eas u red  one of the b l ank ets  ( ty p e A )  w ith v ariab l e l ay er nu m b er ( 1 0 ,  
2 0  and  3 0 ) ,  k eep ing  the p ack ing  d ens ity  cons tant at 2 0  cm -1 .  T he other b l ank et ( ty p e B )  w as  tes ted  w ith 3  
d ifferent p ack ing  d ens ities  ( 3 0 / 6  m m -1 ,  3 0 / 8 . 5  m m -1 and  3 0 / 1 5  m m -1 ) ,  accord ing  to tw o p os s ib l e 
ins tal l ation s cenarios  for the ins u l ation of the therm al  s creen of the A T L A S  b arrel  toroid  [ 4 ] ,  as  w el l  as  in 
the nom inal  p ack ing  d ens ity  for the L H C  cry om ag net’ s  cry os tat,  2 0  cm -1 .  F or m os t tes ts ,  the b l ank ets  
w ere ins tal l ed  l ay er-b y -l ay er and  cl os ed  w ith al u m iniz ed  ad hes iv e tap e.  F or the three A T L A S -ty p e 
ins tal l ations ,  w e m ou nted  tw o b l ank ets  of 1 5  l ay ers  each,  cl os ed  w ith al u m iniz ed  ad hes iv e tap e w ith an 
ov erl ap  of 1 0 0  m m ,  the tw o ov erl ap p ing  s ections  d is p l aced  az im u thal l y  b y  2 0 0  m m ,  in ag reem ent w ith 
the s p ecification.  A l s o,  in thes e tes ts  the ex ternal  l ay er of the b l ank et is  cov ered  w ith a g l as s -fib er net.  

T ab l e 1  g iv es  the heat fl u x  for v ariab l e nu m b er of l ay ers  at a cons tant p ack ing  d ens ity  of 2 0  cm -1 ,  at 
tw o d ifferent col d  b ou nd ary  tem p eratu res .   F or com p aris on w ith l iteratu re,  w e refer to the rev iew  of M L I  
b y  N . T . N as t [ 5 ] ,  q u oting  v al u es  for id eal l y  ins tal l ed  M L I  at 1 5  cm -1 ,  v irtu al l y  ind ep end ent on col d  
b ou nd ary  tem p eratu re.  T he v ery  s m al l  ap p arent d ep end ence of ou r d ata on col d  tem p eratu re is  b el ow  
ex p erim ental  p recis ion.  

 
Table 1 Heat flux versus layer’s number for type A MLI at two low boundary temperatures Tc. 

 
 Tc = 8 0  K  Tc =  5  K F r o m  [ 5 ],   1 5  c m -1    
L a y e r ’ s  n u m b e r  [ W / m 2] [ W / m 2] [ W / m 2] 
1 0   0 . 9 5  0 . 9 7  0 . 9  
2 0  0 . 4 9  0 . 5 1  0 . 4 7  
3 0  0 . 4 3  0 . 4 4  0 . 3 1  

 
I n T ab l e 2 ,  w e p res ent the heat fl u x  m eas u red  for ty p e B  M L I  at v ariab l e p ack ing  d ens ity ,  for tw o 

col d  b ou nd ary  tem p eratu res .  A g ain,  w e can com p are thes e v al u es  w ith [ 5 ] ,  w here fig u res  are g iv en for 3 7  
l ay ers  at v ariab l e p ack ing  d ens ity .  T he ag reem ent is  ex cel l ent,  in s p ite of v ol u ntary  ins tal l ation 
im p erfections  ( ov erl ap  of b l ank ets ) ,  w hich w ere introd u ced  to res p ect the A T L A S  s p ecification,  and  in 
s p ite of a g l as s -fib er net w hich cov ers  the ex ternal  l ay er of ty p e B  b l ank et.   

F inal l y ,  w e hav e s een that the thick nes s  of the A l -coating  d oes  not infl u ence the therm al  
p erform ance of the b l ank et ( tab l e 3 ) .  T o ens u re id entical  cond itions ,  the g l as s -fib er net p rotecting  the 
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external layer of the blanket was removed. Literature on the subject is spare, however, emittance is 
foreseen to increase by 3 0 %  from 4 0 0  Å to 1 5 0  Å coating  thickness [ 6 ], and this chang e should reflect in 
a siz eable ( 2 0 % )  chang e in heat flux [ 5 ]. F urther effort to increase the precision and the reproducibility of 
the measurement is under way. 

Table 2 Heat flux versus packing density for type B MLI at two low boundary temperatures Tc. 
 

 Tc =  8 0  K Tc =  5  K F r o m  [ 5 ],  3 7  l a y e r s  
P a c k i n g  d e n s i t y  [ W / m 2] [ W / m 2] [ W / m 2] 
3 0 / 6  m m -1 2 . 5 2  - 2 . 5  
3 0 / 8 . 5  m m -1 1 . 4 8  1 . 4 4  1 . 3  
3 0 / 1 5  m m -1 0 . 4 0  0 . 5 1  0 . 4 1  

 
Table 3  Heat flux versus A l-coating th ickness for 3 0 / 1 5 mm at two low boundary temperatures Tc. 

 
 Tc =  8 0  K Tc =  5  K 
 [ W / m 2] [ W / m 2] 
4 0 0  Å ( type A )  0 . 4 3  0 . 4 4  
1 5 0  Å ( type B )  0 . 3 2  0 . 4 3  

 
I n T able 4 , we compare data from this paper with the results obtained on a facility built to verify the 

performance of thermal insulation for the LH C  dipole cryostats [ 7 ] . W e observe that the laboratory 
installation yields values closer to the “ ideal”  performance predicted by [ 5 ] than the real-scale field 
installation in a 1 5 m long  cryostat. H owever, the deviation from ideal behaviour is small, confirming  that 
installation procedure and techniq ue of M LI  for the LH C  mag net’ s cryostats is well optimiz ed. 

 
Table 4  C omparison between th is paper,  3 0  layers type A  MLI,  and  [ 7 ]  in real-scale installation.  

 
T his paper R eal-scale installation [ 7 ]  
[ W / m2] [ W / m2] 
0 .4 3  0 .4 7  

 
 
C O N C LU S I O N S  

 
A  new, rapid method for precise measurement of thermal insulation at warm boundary temperature is 
operative and has been applied to evaluate implementation of the M LI  for the thermal shield of the 
A T LA S  barrel toroid. A s a result of hig h packing  density, larg e heat flux is obtained with respect to ideal, 
~ 1 5  cm-1 density installation.  I n spite of only 1 5 0  Å thickness of the A l coating , the thermal performance 
for ideal packing  density is identical to blankets of 4 0 0  Å coating  thickness. 
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