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The  inven t io n  r e la t e s t o  a  r e fr ige r an t  fo r  a  co o ling d evice  and  t o  a  5  

t e st  cham b er  wit h  t he  re fr ige r an t  and  t o  a u se  o f a  r e fr ige r an t ,  t he  

re fr ige r an t  fo r  a  co o ling d evice  wh ich  co m p r ise s a co o ling circu it  

wit h  a t  least  o ne  heat  exchanger  in  wh ich  t h e  r e fr ige ran t  u nd ergo es a 

p hase  t r an sit io n  co n sist ing o f a  r e fr ige r an t  m ixt u re  co m p o sed  o f a  

m ass fr ac t io n  o f car bo n  d io xid e ,  a  m ass frac t io n  o f p en t afluo r o -1 0  

e t hane ,  and  a  m ass fract io n  o f a t  least  o ne  o t her  co m p o nen t .  

Refr ige r an t s o f t h is kind  t yp ically circu lat e  wit h in  a  c lo sed  co o ling 

circu it  o f co o ling d evice s and  und ergo  a sequence  o f d iffe r en t  chan g-

es in  st at e  o f m at t e r .  Refr ige r an t s sho u ld  be  o f su ch  a nat u re  t hat  

t hey can  be  u sed  in  a  co o ling c ircu it  wit h in  a p red e fine d  t em p er at u r e  1 5  

d iffe rence .  Single -co m p o nen t  r e fr ige ran t s and  re fr ige r an t  m ixt u res o f 

at  le ast  t wo  co m p o nen t s are  kn o wn  fro m  t he  st at e  o f t h e  ar t .  The  

re fr ige r an t s are  c lassified  acco r d ing t o  t he  la t e st  ve r sio n  o f G er m an  

ind ust ry st an d ar d  DIN  8 9 6 0  Sect io n  6  as at  t he  p r io r it y d at e .  

A s p er  st at u t o ry regu lat io n s,  a  r e fr ige r an t  m ust  n o t  sign ifican t ly 2 0  

co n t r ibu t e  t o  t h e  d ep le t io n  o f o zo ne  in  t he  a t m o sp here  o r  t o  glo bal 

warm ing.  Th is m ean s t hat  e ssen t ially no  fluo r inat ed  o r  ch lo r inat ed  

subst ances sho u ld  b e  use d  as r e fr ige ran t s,  wh ich  is why nat u ral 

r e fr ige r an t s o r  gasse s are  an  o p t io n .  Mo reo ver ,  a  r e fr ige ran t  sho u ld  

be  no n flam m able  in  o rd e r  t o  n o t  co m p lica t e  filling,  sh ip p in g an d  2 5  

o p erat io n  o f a  co o ling circu it  b ecau se  o f any safe t y regu lat io ns t hat  

m ay have  t o  be  o b served .  A lso ,  p r o d u ct io n  o f a  co o ling c ir cu it  

beco m es m o re  exp ensive  if a  flam m able  re fr ige ran t  is u sed  because  o f 

t he  co n st ru ct io nal m easu res requ ired  in  t hat  case .  Flam m abilit y r e fe r s 
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t o  t he  r e fr ige r an t ’s p r o p e r t y o f r e act ing t o  am bien t  o xygen  by re lea s-

ing heat .  A  re fr ige r an t  is flam m ab le  in  p ar t ic u lar  if it  is classified  in  

fir e  class C o f Euro p ean  st an d ar d  EN 2  and  DIN  3 7 8  classe s A 2 ,  A 2 L 

and  A 3  in  t he ir  la t e st  ve r sio ns as at  t he  p r io r it y d at e .  

Mo r eo ver ,  a  r e fr ige ran t  sh o u ld  have  a r e la t ive ly lo w CO 2  equ ivalen t ;  5  

i. e . ,  a  r e la t ive  glo bal warm ing p o t en t ia l ( G WP)  sho u ld  be  as lo w as 

p o ssib le  in  o r d er  t o  avo id  ind ire ct  d am age  t o  t he  envir o nm ent  in  case  

t he  r e fr ige ran t  is r e leased .  The  G WP in d icat es ho w m uch  a  d e fin ed  

m ass o f a  greenh o use  gas co n t r ibu t e s t o  glo bal war m ing,  carbo n  

d io xid e  se rving as t he  re fe r ence  value .  The  value  d e scr ibes t he  m ean  1 0  

warm ing e ffect  o ver  a  sp ecific  p e r io d ,  1 0 0  years be ing se t  he re  fo r  

t he  sake  o f co m p arab ilit y.  Fo r  a d e fin it io n  o f t he  re lat ive  CO 2  equ iv-

alen t  o r  G WP,  re fe r ence  is m ad e  t o  In t e rgo vernm en t a l Pane l o n  

Clim at e  Change  ( IPCC) ,  A ssessm en t  Rep o r t ,  A p p en d ix 8 . A ,  Tab le  

8 . A . 1  in  t he  la t e st  ve r sio n  as at  t he  p r io r it y d at e .  1 5  

Refr ige r an t s wit h  a  lo w G WP,  su ch  as <  2 5 0 0 ,  have  t he  d isad -

van t age  t hat  t he se  r e fr ige r an t s t end  t o  have  a sign ifican t ly lo wer  co ld  

cap acit y in  t he  t em p er at u re  r anges r e le van t  fo r  a  co o ling c ircu it  t han  

re fr ige r an t s wit h  a  co m p ar at ive ly h igher  G WP.  A  lo wer  G WP can  be  

ach ieved  wit h  re fr ige ran t  m ixt u r es t h at  have  a co m p ar at ive ly h igh  2 0  

m ass fr ac t io n  o f car bo n  d io xid e ;  h o wever ,  t he se  re fr ige ran t  m ixt u re s 

m ay have  zeo t ro p ic p r o p e r t ie s d u e  t o  t h e  d iffe ren t  subst an ces m ixed ,  

wh ich  is und esir ab le  in  m any co o ling c ir cu it s.  

In  a zeo t r o p ic  re fr ige ran t  m ixt u r e ,  a  p hase  t r ansit io n  hap p ens acr o ss 

a t em p er at u r e  r ange  which  is kno wn as t he  t em p er at u re  glid e .  The  2 5  

t em p er at u r e  glid e  r e fe r s t o  a d iffe ren ce  be t ween  t he  b o iling t em p er a-

t u re  and  t he  d ew p o in t  t em p er at u re  at  co nst an t  p re ssu re .  Zeo t ro p ic 

re fr ige r an t  m ixt u r es t yp ically co n t a in  a h igh  m ass fract io n  o f a  n o n-
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flam m able  co m p o nen t ,  wh ich  is charact e r ized  by a  co m p arat ive ly 

h igh  G WP,  h o we ver .  A t  fir st  glance ,  carbo n  d io xid e  ap p ear s t o  be  a  

su it ab le  co m p o nen t  fo r  a  r e fr ige ran t  m ixt u re  because  it  is n o nfla m -

m ab le  an d  h as a  lo w G WP.  In  a  m ixt u re  o f carbo n  d io xid e  wit h  

ano t h er  co m p o nen t ,  h o wever ,  it  is e sse n t ial t hat  a  m ass fr act io n  o f a  5  

carb o n  d io xid e  has t o  be  co m p ar at ive ly large  if t he  o t her  co m p o nen t  

is flam m able .  Th is is d isad van t ageo us,  ho wever ,  be cause  carbo n  

d io xid e  has a  freezing t em p erat u re  o r  fr eezing p o in t  o f −5 6 . 6  ° C,  

which  har d ly a llo ws t em p erat u re s o f u p  t o  −6 0  ° C t o  be  ach ieved  at  

a  h igh  carb o n  d io xid e  co ncen t ra t io n .  1 0  

A lso ,  t he  use  o f r e fr ige r an t s sho u ld  be  as sim p le  as p o ssib le ,  i. e . ,  no t  

r equ ire  ext ensive  t e chn ical r est ruct u r in g o f a  co o ling d evice .  Wit h  

re fr ige r an t s h aving a t em p er at u r e  glid e  o f >  3  K in  p ar t icu lar ,  an  

exp ansio n  e lem en t  and  a heat  exchange r  o r  evap o rat o r  o f t h e  co o ling 

circu it  in  quest io n  h ave  t o  be  ad ju st ed  t o  t he  evap o rat io n  t em p e r a-1 5  

t u re  o f t he  re fr ige ran t  an d  co r r e sp o n d in g co n t ro l has t o  be  p r o vid ed .  

Fur t he rm o re ,  a  d ist inct io n  m ust  be  d rawn  be t ween  re fr ige r an t s t h at  

are  d e sign ed  fo r  st a t ic  o p e ra t io n  o f a  co o ling d evice ,  i. e . ,  a  co o lin g 

d evice  having a t em p er at u re  a t  t he  heat  exchanger  o r  evap o rat o r  t ha t  

is subst an t ially co nst an t  o ver  a  lo nge r  p e r io d  o f t im e ,  and  r e fr ige r -2 0  

an t s t h at  are  d e sign ed  fo r  a  d ynam ic  co o ling d evice ,  wh ich  exh ib it s 

co m p arat ive ly qu ick t em p erat u re  chan ges at  t h e  heat  exchanger .  

Dynam ic  co o ling d evice s o f t h is kind  ar e  in t egr at e d  in  t e st  cham ber s ,  

fo r  exam p le ,  wh ich  m eans t h at  a  r e fr ige ran t  u sed  h as t o  be  usab le  

wit h in  a  large  t em p erat u re  range .  2 5  

Test  ch am ber s are  t yp ically u sed  t o  t e st  p hysical an d / o r  ch em ical 

p r o p e r t ie s o f o b ject s,  in  p ar t icu lar  d evices.  Fo r  in st an ce ,  t em p e rat u re  

t e st  cham b ers o r  clim at e  t e st  cham bers in  wh ich  t em p e rat u r es in  a 

range  o f −6 0  ° C t o  + 1 8 0  ° C can  be  se t  are  kno wn.  In  clim at e  t e st  
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cham ber s,  d esired  c lim at ic co n d it io ns can  ad d it io n ally be  se t ,  t o  

wh ich  t he  d evice  o r  t he  t e st  m at e r ial is t hen  exp o se d  fo r  a  d e fin ed  

p er io d  o f t im e .  Test  cham bers o f t h is kind  are  o ft en  o r  so m et im es 

realized  as m o b ile  d evice s wh ich  are  m e re ly co nnect ed  t o  a  bu ild ing 

via  r equ ir ed  su p p ly lines an d  co m p r ise  all m o d u les need ed  t o  co n t r o l 5  

t he  t em p er at u re  an d  clim at e .  The  t em p er at u re  o f a  t e st  sp ace  h o ld ing 

t he  m at e r ial t o  be  t e st ed  is t yp ically co n t ro lle d  in  a cir cu la t ing air  

d uct  wit h in  t he  t e st  sp ace .  The  c ircu lat ing a ir  d u ct  fo r m s an  air  

t r ea t m en t  sp ace  in  t he  t e st  sp ace ,  in  wh ich  he at  exchange rs fo r  

heat ing o r  co o ling t he  air  flo wing t h r o u gh  t he  c ircu la t ing air  d uct  an d  1 0  

t he  t e st  sp ace  are  d isp o sed .  A  fan  o r  ven t ilat o r  asp ira t es t he  air  

lo cat ed  in  t he  t e st  sp ace  and  d ire ct s it  t o  t he  resp e ct ive  heat  e x-

changer s in  t he  cir cu lat in g air  d u ct .  In  t h is way,  t he  t e st  m at e r ia l can  

be  t em p erat u re -co n t ro lle d  o r  exp o sed  t o  a d e fined  t e m p erat u re  

change .  Dur ing a  t e st  in t e rval,  a  t em p e rat u r e  can  rep eat ed ly change  1 5  

be t ween  a  m axim u m  t em p er at u re  and  a m in im um  t em p er at u re  o f t he  

t e st  cham b er .  A  t est  cham be r  o f t h is kind  is kno wn fr o m  

EP 0  3 4 4  3 9 7  A 2 ,  fo r  exam p le .  

The  re fr ige r an t  circu lat in g in  a  co o lin g circu it  m ust  be  o f such  a  

nat u re  t h at  it  can  be  used  in  t he  co o lin g c ircu it  wit h in  t he  afo re m e n-2 0  

t io ned  t em p er at u re  d iffe rence .  In  p ar t icu lar ,  a  d ew p o in t  t e m p er a-

t u re  o f t he  re fr ige ran t  canno t  be  h igh er  t han  a  m in im um  t em p er at u r e  

o f t h e  t em p er at u r e  range  o f t he  co o ling circu it  t ha t  is t o  be  ach ieved  

because  t he  m in im um  t em p er at u re  wo u ld  n o t  be  ach ievab le  o t he r wise  

when  t he  r e fr ige ran t  is evap o rat ed  in  t he  heat  exch anger  se rving t o  2 5  

co o l t he  t e st  sp ace .  The  d ew p o in t  t em p er at u re  o f azeo t r o p ic  r e fr ig-

e ran t s is r e ached  im m ed iat e ly beh in d  t h e  exp an sio n  e lem en t  in  t he  

heat  exchanger .  St r aigh t  co o ling cir cu it s fo r  t e st  sp aces req u ire  a 

ve ry h igh  sp at ia l t em p er at u r e  st ab ilit y t o  p recise ly co n t r o l t he  t e m -
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p er at u re  o f t h e  t e st  cham b er ,  wh ich  canno t  b e  ach ieved  at  all o r  o n ly 

t o  a  lim it ed  d egree  using zeo t r o p ic  re fr ige ran t s.  High  t em p e rat u r e  

st ab ilit y cann o t  be  ach ieved  in  t h is case  because  t he  d ew p o in t  

t em p er at u r e  o r  a  d ew p o in t  o f t he  ze o t r o p ic  re fr ige r an t  m ay lo cally 

sh ift  as a  fu nct io n  o f a  t em p e r a t u re  in  t he  t e st  sp ace  in  t he  ar ea  o f 5  

t he  heat  exchange r  in  t he  t e st  sp ace  because  o f t em p er at u r e  d iffe r -

ences.  H ence ,  a  u se  o f zeo t r o p ic  re fr ige ran t s,  i. e . ,  o f r e fr ige ran t s 

having a  t em p erat u r e  glid e ,  in  co o ling c ircu it s o f t e st  cham bers  is 

avo id ed .  

Fur t he rm o re ,  co o lin g d evices in  wh ich  a  ze o t r o p ic  re fr ige r an t  m ixt u re  1 0  

is successive ly evap o rat ed  are  kn o wn .  Th is m ean s t hat  co m p o nen t s o f 

t he  r e fr ige ran t s are  evap o r at ed  o ne  aft e r  t he  o t he r  by m ean s o f an  

exp ansio n  e lem en t .  Co o lin g d evice s o f t h is kind  are  also  re fe r red  t o  

as m ixed  flu id  cascad e  syst em s an d  are  su it ab le  fo r  r e alizin g a  su b -

st an t ially st a t ic  cryo gen ic  t em p erat u re .  1 5  

WO  2 0 1 7 / 1 5 7 8 6 4  A 1  d isclo se s a  r e fr ige ran t  wh ich  co n t ains carbo n  

d io xid e  an d  p en t afluo ro e t hane  am o ng o t her  co m p o nen t s.  Ranges o f 

3 0  t o  7 0  wt %  fo r  carbo n  d io xid e  and  2 0  t o  8 0  wt %  fo r  p en t aflu o -

ro e t hane  ar e  ind icat ed  fo r  t he  re fr ige r an t ,  fo r  exam p le .  Difluo r o -

m et hane  as a  m ixin g p ar t ne r  is also  d isclo se d .  2 0  

Hence ,  t h e  o b ject  o f t he  p r esen t  inven t io n  is t o  p ro p o se  a  r e fr ige r an t  

fo r  a  co o ling d evice ,  a  t e st  cham ber  wit h  a  r e fr ige ran t ,  an d  a  use  o f a  

r e fr iger an t  by m ean s o f wh ich  t em p e rat u res u p  t o  at  le ast  −6 0  ° C 

can  be  ach ieved  in  an  enviro n m ent ally fr ien d ly an d  safe  m anner .  

Th is o b ject  is at t a ined  by a r e fr ige ran t  having t he  fea t u res o f 2 5  

cla im  1 ,  a  t e st  cham be r  h aving t he  fea t u res o f c laim  1 2  and  a use  o f 

a  r e fr ige r an t  having t he  fea t u res o f c la im  1 8 .  
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In  t he  re fr ige ran t  acco r d ing t o  t he  inve n t io n  fo r  a  co o ling d evice  

co m p r ising a co o ling c ircu it  wit h  at  least  o ne  heat  exchanger ,  t he  

re fr ige r an t  und e rgo es a p hase  t r ansit io n  in  t he  heat  exchanger ,  t he  

re fr ige r an t  be ing a  r e fr ige r an t  m ixt u re  co m p o sed  o f a  m ass fract io n  

o f carbo n  d io xid e ,  a  m ass fr ac t io n  o f p en t afluo ro e t hane ,  and  a m ass 5  

fract io n  o f a t  least  o ne  o t her  co m p o nen t ,  wher e in  t he  m ass fract io n  

o f carbo n  d io xid e  in  t he  re fr ige r an t  m ixt u re  is 2 0  t o  7 4  m ass p e r -

cen t ,  t he  m ass fract io n  o f p e n t afluo ro e t hane  be ing 8  t o  6 5  m ass 

p e r cen t ,  t he  o t her  co m p o nen t  be ing flu o r o m e t hane .  

Carb o n  d io xid e  ( CO 2 )  is a lso  kno wn as a r e fr ige ran t  o r  co m p o nen t  1 0  

und er  t he  d esignat io n  R7 4 4 ,  fluo r o m e t hane  ( CH 3 F)  is kno wn und e r  

t he  d e sign at io n  R4 1 ,  p en t afluo ro e t hane  ( C 2 HF5 )  is kno wn und er  t he  

d esignat io n  R1 2 5  and  d iflu o ro m e t hane  ( CH 2 F2 )  is kno wn und er  t he  

d esignat io n  R3 2  acco r d ing t o  t he  la t e st  ve r sio n  o f G e rm an  ind ust ry 

st an d ard  DIN  8 9 6 0  as at  t he  p r io r it y d at e  o f t he  ap p lica t io n .  1 5  

The  inven t io n  p r o vid es a  r e fr ige r an t  m ixt u re  o f carbo n  d io xid e  and  

o ne  o r  m o re  fluo r in at ed  re fr ige ran t s wh ich  h ave  a  lo w G WP an d  are  

no nflam m able  o r  flam m able  t o  a  lim it ed  d egree  o n ly.  A  fr act io n  o f 

carb o n  d io xid e  has t o  be  as lo w as p o ssib le  becau se  o t herwise  a  

freezing p o in t  o f t h e  re fr ige r an t  m ixt u r e  wo u ld  r ise  wit h  an  incr easing 2 0  

m ass fr ac t io n  o f car bo n  d io xid e .  H o wever ,  a  lo wer  m ass fr act io n  o f 

carb o n  d io xid e  red u ces a  G WP-red ucin g e ffect  o f t h e  carb o n  d io xid e .  

Th is is why p ar t ly fluo r inat ed  re fr ige ran t s have  a  sign ifican t ly h igher  

G WP t han  carb o n  d io xid e ,  wh ile  also  h aving an  im p r o ved  flam e -

re t ard an t  e ffect .  Pen t afluo r o e t hane  an d  fluo r o m et hane  in  p ar t icu lar  2 5  

co n t ain  sign ifican t  am o un t s o f flu o r ine  at o m s,  wh ich  lead s t o  an  

und esirab ly h igh  G WP.  A s was su rp r isingly fo un d ,  h o weve r ,  a  su ffi-

cien t ly lo w G WP,  i. e . ,  <  2 5 0 0 ,  fo r  exam p le ,  can  be  ach ie ved  wit h  a  

r e fr ige r an t  m ixt u r e  co n t ain ing a m ass fr act io n  o f carbo n  d io xid e  o f 
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2 0  t o  7 4  m ass p e rcen t  wit h  p en t afluo r o e t h ane  and  fluo ro m et hane .  

A s was also  fo un d ,  a  flam e -re t ar d an t  e ffec t  o f p en t aflu o ro e t hane  is 

co m p arat ive ly great e r  t han  t hat  o f carb o n  d io xid e .  Mo re o ver ,  t he  

negat ive  p ro p er t ie s o f p en t afluo r o e t han e  an d  o f carb o n  d io xid e  can  

be  red uced  by ad d ing fluo r o m et hane  as a  t h ir d  co m p o nen t  o f t he  5  

re fr ige r an t  m ixt u r e .  Thus,  a  r e fr ige ran t  m ixt u re  co n t ain ing p e n t aflu o -

ro e t hane  an d  flu o ro m et hane  can  b e  classified  as no n flam m able .  A t  

t he  sam e t im e ,  fluo ro m e t hane  ha s a lo wer  fr eezing t em p er at u re  wit h  

carb o n  d io xid e  t h an  wit h  p en t aflu o ro e t hane .  Co nsequen t ly,  a  m ixt u re  

o f p en t afluo r o e t han e ,  flu o r o m e t hane  an d  carb o n  d io xid e  can  ach ieve  1 0  

a lo wer  fr eezing t em p er at u r e  t han  p en t afluo ro e t hane  an d  carb o n  

d io xid e  alo ne .  Fluo r o m e t hane  t hus lo we rs t he  fr eezing p o in t  o f t he  

re fr ige r an t  m ixt u r e  sign ifican t ly,  a  ce r t ain  m ass fr ac t io n  o f carbo n  

d io xid e  be ing requ ir ed  in  o r d er  fo r  t he  re fr ige r an t  m ixt u r e  t o  be  

no nflam m able .  A t  t he  sam e  t im e ,  ho wever ,  fluo ro m et h ane  lead s t o  a  1 5  

h igh  final co m p r essio n  t em p er at u r e  and  is flam m able ,  wh ich  is why 

fluo ro m et h ane  is su it ab le  o n ly wit h in  lim it s as a  so le  m ixin g p ar t ne r  

fo r  carb o n  d io xid e .  Pen t aflu o ro e t hane  canno t  lo wer  a  fr eezing p o in t  

o f t h e  r e fr ige ran t  m ixt u re  as far  as fluo ro m e t hane ,  bu t  h as a great e r  

flam e -re t ar d an t  e ffect  t han  carbo n  d io xid e ,  wh ich  is ad va n t ageo us.  2 0  

Co nsequen t ly,  t he  r e fr ige r an t  m ixt u re  m ay be  a t e rn ary m ixt u re .  

A  m ass fr ac t io n  o f fluo r o m e t hane  in  t he  re fr ige ran t  m ixt u re  m ay be  

7  t o  2 5  m ass p e rcen t .  A  freezing p o in t  o f t he  re fr ige r an t  m ixt u re  can  

be  sign ifican t ly r ed uced  by ad d in g t he  fluo ro m et h ane  in  t h e  m en -

t io ned  r ange .  Th is r ed u ct io n  can  b e  se t  in  such  a  m anne r  t hat  t he  2 5  

freezing p o in t  o f t h e  re fr ige r an t  m ixt u r e  is lo wer  t h an  t he  in t end ed  

evap o r at io n  t em p e r at u re  an d ,  at  t he  sam e t im e ,  t h e  vap o r  p re ssu re  

asso cia t ed  wit h  t he  evap o r at io n  t em p er at u re  m ay b e  h igher  o r  o n ly 

sligh t ly lo wer  t han  t he  am b ien t  p ressu re .  
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A d van t ageo usly,  t h e  m ass fract io n  o f fluo ro m et h ane  m ay b e  1 3  t o  

2 1  m ass p e r cen t .  

Par t icu lar ly ad van t ageo usly,  t he  m ass fr act io n  o f fluo r o m et hane  is 1 5  

t o  1 9  m ass p e rcen t .  

The  m ass fract io n  o f carb o n  d io xid e  m ay be  2 6  t o  3 4  m ass p e rcen t .  5  

Pen t afluo ro e t hane  is n o nflam m able ,  wh ich  m ean s t hat  a  m ixt u re  o f 

carb o n  d io xid e ,  p en t afluo ro e t hane  an d  fluo ro m et h ane  in  t h e  m ass 

fract io n s in d icat ed  abo ve  is n o nflam m able ,  as we ll.  The  G WP o f 

p en t aflu o r o e t hane  o f 3 1 5 0  is sign ifican t ly h igher  t han  t hat  o f o t he r  

p o ssib le  co m p o nen t s.  Hence ,  it  m ay also  be  p ar t ly rep laced  wit h  1 0  

o t her  subst ances in  t he  r e fr ige ran t  m ixt u re  in  o rd er  t o  r ed u ce  t he  

G WP o f t he  re fr ige r an t  m ixt u re .  Fur t h e rm o r e ,  t h e  flam e -re t ar d an t  

e ffec t  o f p en t aflu o r o e t h ane  is gr eat e r  t han  t h at  o f carbo n  d io xid e ,  

wh ich  m eans t hat  a  m ass fr ac t io n  o f car bo n  d io xid e  in  t he  r e fr ige r an t  

m ixt u re  can  be  red uced ,  wh ich  lo wers t he  freezing p o in t  fu r t he r  an d  1 5  

st ill ensu re s no n -flam m abilit y bu t  in crease s t he  G WP.  

A d van t ageo usly,  t h e  m ass fract io n  o f carbo n  d io xid e  m ay be  2 8  t o  

5 1  m ass p e r cen t .  

The  m ass fract io n  o f p en t afluo ro e t hane  m ay be  4 9  t o  5 7  m ass 

p e r cen t .  A s d escr ib ed  abo ve ,  a  m ixt u re  o f carbo n  d io xid e  wit h  2 0  

p en t afluo r o e t hane  and  flu o ro m e t hane  has p r o ven  p ar t icu lar ly ad va n-

t ageo us.  A cco r d ingly,  t h is r e fr ige ran t  m ixt u re  m ay co nsist  so le ly o f 

t he  t h ree  co m p o nen t s ind ica t ed .  Th is r e fr ige ran t  m ixt u re  m ay have  a  

t em p er at u r e  glid e  o f 4 . 1  K t o  1 5 . 6  K at  evap o rat io n  p r essu res 

aro un d  1  bar .  Fu r t h e rm o re ,  t h is r e fr ige ran t  m ixt u re  lead s t o  a co n -2 5  

cen t r at io n -d ep en d en t  r ed uct io n  o f t he  freezing p o in t .  Hen ce ,  fla m -

m ab le  an d  n o nflam m able  re fr ige r an t  m ixt u re s fo r  d iffe r en t  t em p er a-
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t u re  ap p licat io n s m ay ar ise  when  m ass fract io n s d evia t e  fr o m  t he  

ind icat ed  m ass fr ac t io ns.  

A d van t ageo usly,  t h e  m ass fract io n  o f p en t afluo ro e t hane  m ay be  5 1  

t o  5 5  m ass p e rcen t .  

In  t he  fo llo wing T ab le ,  exam p le s o f r e fr ige r an t s acco r d ing t o  t he  5  

em bo d im en t s d escr ibed  abo ve  are  in d icat e d .  

 

Refrigerant 
R7 4 4  

[mass%] 

R1 2 5  

[mass%] 

R4 1  

[mass%] 
GWP [– ] 

Glide 

[°C]  

Boiling point 

[°C]  

1  2 0–7 4  8–65  7–25  3 0 3–22 8 2  1 5 .6–4 .1  −8 6 .1  to −7 6  

2  2 6–3 4  4 9–5 7  1 3–2 1  
1 7 3 4–

2 0 0 7  

1 4 .8–

1 2 .7  
−8 0 .8  to −7 8 .1  

3  2 8–3 2  5 1–5 5  1 5–1 9  
1 8 0 0–

1 9 3 9  

1 3 .8–

1 3 .1  
−8 0 .4  to −7 9 .3  

Tab le  

Fur t he rm o re ,  t he  re fr ige ran t  m ay have  a t em p er at u r e  glid e  o f 4  K t o  

1 6  K.  A  t em p erat u r e  glid e  o f t he  re fr ige ran t  sh o u ld  n o t  be  >  1 6  K 1 0  

so  t h at  a  co o ling d evice  can  be  o p e ra t ed  in  a r easo nab le  way.  

The  re fr ige r an t  m ay have  a  r e la t ive  CO 2  equ ivalen t  o f <  2 3 0 0 ,  

p re fe r ab ly <  2 0 0 0 ,  p ar t icu lar ly p re fe r ab ly <  1 0 0 0 ,  o ve r  1 0 0  

years.  Co nsequen t ly,  t he  re fr ige ran t  m ay be  o f lit t le  h arm  t o  t he  

envir o nm ent .  1 5  

The  re fr ige r an t  m ay be  n o nflam m able .  If t he  re fr ige ran t  is no nfla m -

m ab le ,  t he  co o ling circu it  an d  a t e st  ch am ber  in  p ar t icu lar  can  be  

d esigned  m o r e  co st -e ffec t ive ly because  no  sp ecial safe t y m easure s in  
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t e rm s o f flam m abilit y o f t he  re fr ige r an t  will have  t o  be  o b served .  In  

t h is case ,  t he  re fr ige ran t  m ay at  least  n o t  be  classified  in  fir e  class C 

and / o r  r e fr ige r an t  safe t y gr o up  A 1 .  Mo reo ver ,  sh ip p ing an d  

t r ansp o r t  o f t he  co o ling c ircu it  is e asie r  because  t he  co o ling c ircu it  

can  be  filled  wit h  t he  re fr ige r an t  be fo r e  be ing t r ansp o r t ed ,  ir r esp e c-5  

t ive  o f t he  m o d e  o f t r ansp o r t .  If a  flam m able  re fr ige r an t  is u se d ,  

filling m ay n o t  be  p o ssib le  un t il st ar t -u p  at  t he  in st allat io n  sit e .  

Fu r t he rm o re ,  u se  o f t he  no n flam m able  re fr ige r an t  in  t he  p r esence  o f 

ign it io n  so urces is p o ssib le .  

The  t est  cham ber  acco rd ing t o  t he  inven t io n  fo r  co n d it io n ing air  1 0  

co m p r ise s a t e st  sp ace  which  se rve s t o  r ece ive  t e st  m at e r ia l and  

which  can  be  sealed  against  an  envir o n m ent  and  is t em p er at u re -

insu la t ed ,  an d  a  t e m p er at u r e  co n t r o l d evice  fo r  co n t r o lling t he  

t em p er at u r e  o f t he  t e st  sp ace ,  a  t em p er at u re  in  a  t em p erat u re  r ang e  

o f −7 0  ° C t o  + 1 8 0  ° C be ing e st ab lish ab le  wit h in  t he  t e st  sp ace  by 1 5  

m eans o f t he  t em p e rat u r e  co n t ro l d e vice ,  t he  t em p erat u re  co n t ro l 

d evice  having a co o ling d evice  co m p r ising a  co o ling c ircu it  wit h  a  

r e fr ige r an t  acco r d in g t o  t he  inven t io n ,  a  heat  exchanger ,  a  co m p re s-

so r ,  a  co nd en ser  an d  an  exp ansio n  e lem en t .  Regar d ing t he  ad van t ages 

o f t h e  t e st  cham ber  acco rd ing t o  t he  in ven t io n ,  r e fe rence  is m ad e  t o  2 0  

t he  d e scr ip t io n  o f ad van t ages o f t he  re fr ige r an t  acco r d ing t o  t he  

inven t io n .  

By m ean s o f t he  t em p er at u r e  co n t r o l d evice ,  a  t em p erat u r e  in  a  

t em p er a t u r e  r ange  o f −8 0  ° C t o  + 1 8 0  ° C,  p re fe rab ly −9 0  ° C t o  

+ 1 8 0  ° C,  p ar t icu la r ly p re fe rab ly −1 0 0  ° C t o  + 1 8 0  ° C,  m ay be  2 5  

est ab lished  wit h in  t he  t e st  sp ace .  U n like  in  a  m ixe d  flu id  cascad e  

syst em ,  t he  re fr ige r an t  wit h  all co m p o nen t s co n t ained  in  t he  re fr ige r -

an t  can  be  evap o rat ed  at  o nce  by m eans o f t he  exp ansio n  e lem en t .  

Since  a fr eezing p o in t  o f t h e  carb o n  d io xid e  is −5 6 . 6  ° C,  r e fr ige r an t  
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m ixt u res t h at  co n t ain  a  large  m ass fract io n  o f carb o n  d io xid e  are  n o  

lo nge r  su it ab le  fo r  ach ieving t em p er a t u r es be lo w −5 6 . 6  ° C,  o n  

p r incip le .  The  use  o f t he  re fr ige ran t  acco r d ing t o  t he  inven t io n ,  

ho wever ,  allo ws a d ew p o in t  t em p er at u re  o f t he  r e fr ige ran t  o f le ss 

t han  -7 0  ° C t o  be  ach ieve d .  5  

The  co o ling c ircu it  m ay have  an  in t e rnal heat  exchanger ,  and  t he  

in t e rnal heat  exchanger  m ay be  co nnect ed  t o  a  h igh -p ressu re  sid e  o f 

t he  co o ling cir cu it  up st ream  o f t he  exp ansio n  e lem en t  and  d o wn-

st ream  o f t he  co n d enser  and  t o  a  lo w-p ressu r e  sid e  o f t he  co o ling 

circu it  up st r eam  o f t he  co m p resso r  and  d o wn st r eam  o f t h e  heat  1 0  

exchange r .  By u se  o f t he  in t e rnal heat  exchanger  and  co o lin g o f t he  

liquefied  r e fr ige r an t  o f t he  h igh -p ressu r e  sid e  by m eans o f t he  in t e r -

nal heat  exchange r ,  t em p erat u re s be lo w −5 6  ° C can  be  r eached  

easily.  The  evap o r at io n  t em p e rat u re  o f t he  r e fr ige ran t  co o led  by 

m eans o f t he  in t e rn al heat  exchanger  can  be  r e d uced  at  t he  exp an -1 5  

sio n  e lem en t  r e lat ive  t o  an  evap o rat io n  t em p erat u re  o f an  unco o le d  

re fr ige r an t .  The  co ld  cap acit y t r ansfe r r ed  fr o m  t he  lo w-p re ssu re  sid e  

t o  t he  h igh -p ressu re  sid e  via  t he  in t e rnal heat  exchanger  can  t hus be  

used  a t  least  in  p ar t ,  p re fe r ab ly exclusive ly,  t o  r ed uce  t he  evap o r a-

t io n  t em p er at u re  o f t he  re fr ige r an t  a t  t he  exp an sio n  e lem e n t .  Fu r -2 0  

t he rm o re ,  u se  o f a  zeo t ro p ic re fr ige ran t  having a  t em p erat u re  glid e  is 

m ad e  p o ssib le  in  t h e  fir st  p lace  be cau se  t he  lo cat io n  o f t h e  d ew p o in t  

t em p er at u r e  o f t he  re fr ige r an t  o r  t he  d ew p o in t  o f t he  r e fr ige ran t  

can  be  sh ift ed  in t o  t he  in t e rn al heat  exchanger  in  t h is case .  A s a  

co nsequence  o f t he  t em p er at u r e  glid e  o f t he  zeo t r o p ic  re fr ige ran t ,  2 5  

t he  ach ieved  d ew p o in t  t em p er at u re  o f t he  re fr ige r an t  m ay be  co m -

p ar at ive ly h igh  and  t hus p reven t  t he  he at  exchanger  fro m  co o ling 

fu r t he r .  
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Hence ,  o n ly p ar t  o f t he  re fr ige r an t  m ay be  evap o rat e d  in  t he  heat  

exchange r  and  t h e  u nusab le  p ar t  o f t he  we t  vap o r  p o r t io n  o f t he  

re fr ige r an t  can  be  sh ift ed  in t o  t he  in t e r nal heat  exchange r .  O n  t he  

who le ,  t h is allo ws r e fr ige r an t s wh ich  co n t ain  a  m ass fract io n  o f 

carb o n  d io xid e  an d  which ,  wh ile  be ing envir o nm ent ally fr iend ly,  have  5  

zeo t ro p ic p r o p er t ie s t o  b e  used  t o  est ab lish  lo w t e m p erat u r es in  a 

t e st  sp ace .  M o reo ve r ,  if p ar t  o f t he  t em p er at u re  glid e  o r  p ar t  o f t he  

we t  vap o r  o f t he  re fr ige r an t  is sh ift e d  fr o m  t he  heat  exch an ger  in  t he  

t e st  sp ace  in t o  t he  in t e rnal he at  exchan ger ,  a  co m p arat ive ly im p r o ved  

t em p er at u r e  st ab ilit y can  be  ach ieved  wit h  t he  zeo t r o p ic  r e fr ige r an t .  1 0  

In  t h is case ,  a  co ld  cap acit y o u t p u t  via t he  heat  exchange r  can  be  

genera t ed  in  a sec t io n  o f t he  t em p er at u re  glid e  o n ly,  wh ich  m eans 

t hat  a  sh ift  o f t he  d ew p o in t  o f t he  r e fr ige ran t  in  t he  co o ling circu it  

has h ard ly any im p act  o n  a  t em p erat u re  st ab ilit y o f t he  heat  e x-

changer .  Fur t he r m o re ,  a  single  heat  exchanger  m ay be  used  t o  co o l a  1 5  

flu id ,  i. e . ,  t he  air  in  t he  t e st  sp ace ,  in  t h is case .  

The  heat  exch anger  m ay be  d im en sio ned  in  such  a m anner  t hat  o n ly 

p ar t  o f t he  re fr ige ran t  can  evap o rat e  in  t he  heat  exchange r .  Th is 

r esu lt s in  t he  ad van t age  t hat  t he  d ew p o in t  o r  t he  lo cat io n  o f t he  

d ew p o in t  t em p erat u re  o f t he  r e fr ige r an t  can  be  sh ift ed  o u t  o f t he  2 0  

heat  exchanger  in t o  t he  in t e rnal heat  e xchanger .  Becau se  o f a  t e m -

p er at u re  glid e  o f t h e  ze o t ro p ic r e fr ige r an t ,  p ar t ial evap o r at io n  o f t he  

re fr ige r an t  in  t he  h eat  exchange r  ach ieves a  lo wer  t em p er at u re  in  t he  

heat  exchanger  t han  t he  fo llo wing re m ain ing evap o r at io n  o f t he  

re fr ige r an t  in  t he  in t e rnal heat  exchanger .  2 5  

In  o ne  em b o d im en t  o f t h e  t e st  cham ber ,  t he  heat  e xchange r  m ay be  

d isp o sed  in  t he  t e st  sp ace .  In  t h is case ,  t he  heat  exch anger  m ay also  

be  d isp o sed  in  an  a ir  t r ea t m en t  sp ace  o f t he  t e st  sp ace  so  t hat  air  

cir cu la t ed  by a  fan  can  co m e  in t o  co n t act  wit h  a  heat  exch anger .  In  
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t h is way,  a  cir cu la t ed  am o un t  o f air  o f t he  t e st  sp ace  can  be  co o led  

d irect ly in  t he  t e st  sp ace  by m eans t h e  co o ling d evice  via t he  heat  

exchange r .  The  t est  cham ber  m ay have  t he  co o ling cir cu it  as a  so le ,  

single  co o lin g cir cu it .  In  t h is case ,  t he  co o ling circu it  is co n nect ed  

d irect ly t o  t he  t e st  sp ace .  5  

In  ano t her  em b o d im en t  o f t he  t e st  cham ber ,  t he  co nd en ser  m ay be  

realized  as a  cascad e  heat  exch anger  o f an o t her  co o ling cir cu it  o f t he  

co o ling d evice .  A cco r d ingly,  t he  t e st  cham ber  m ay have  at  le ast  t wo  

co o ling cir cu it s,  in  wh ich  case  t he  co o ling circu it  m ay fo rm  a  se co n d  

st age  o f t he  co o ling d evice  and  an o t he r  co o ling c ircu it ,  wh ich  is 1 0  

d isp o sed  up st r eam  o f t h e  co o ling cir cu it ,  m ay fo r m  a fir st  st age  o f 

t he  co o ling d evice .  In  t h is case ,  t he  co nd enser  se rve s as a  cascad e  

heat  exchanger  o r  a  heat  exch anger  fo r  t he  co o ling c ircu it .  Th is 

em bo d im en t  o f a  t e st  cham ber  allo ws p ar t icu lar ly lo w t em p erat u res 

t o  be  est ab lished  in  t he  t e st  sp ace .  1 5  

The  t em p erat u re  co n t ro l d evice  m ay have  a heat ing d evice  co m p r is-

ing a  heat e r  and  a  h eat ing heat  exchanger  in  t h e  t e st  sp ace .  The  

heat ing d evice  m ay be  an  e lect r ic  r esist ance  heat e r  wh ich  h eat s t he  

heat ing heat  e xchan ger  in  such  a m anne r  t h at  t he  t em p er at u re  in  t he  

t e st  sp ace  can  be  r a ised  by m e ans o f t h e  heat ing heat  exchanger .  If 2 0  

t he  heat  exchange r  and  t he  h eat ing heat  exchanger  can  be  sp e cifically 

co n t ro lled  by m eans o f a  co n t r o l d evice  t o  co o l o r  heat  t he  air  

cir cu la t ed  in  t h e  t e st  sp ace ,  a  t em p erat u re  in  t he  t em p er at u re  r ange  

ind icat ed  abo ve  can  be  est ab lished  wit h in  t he  t e st  sp ace  by m eans o f 

t he  t em p er at u re  co n t ro l d evice .  A  t em p er at u re  st ab ilit y o ver  t im e  o f 2 5  

± 1  K,  p re fe rab ly ± 0 . 3  K t o  ± 0 . 5  K o r  le ss t han  ± 0 . 3  K,  m ay be  

est ab lished  in  t he  t e st  sp ace  d ur in g a t e st  in t e rval ir r e sp ect ive  o f t he  

t e st  m at e r ial o r  o f an  o p er at ing st at e  o f t he  t e st  m at e r ial.  A  t est  

in t e rval is a  segm en t  o f a  fu ll t e st  p e r io d  in  wh ich  t he  t e st  m at e r ial is 
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exp o sed  t o  a  subst an t ially co nst an t  t em p er at u re  o r  clim at ic  co nd i-

t io n .  The  heat ing h eat  exchange r  m ay be  co m bined  wit h  t he  heat  

exchange r  o f t he  co o ling c ircu it  in  such  a  m anne r  t hat  a  sh ared  heat  

exchange r  b o d y t h r o ugh  which  t he  re fr ige ran t  can  flo w an d  which  has 

heat ing e lem en t s o f an  e lect r ic  r e sist ance  heat e r  can  be  realized .  The  5  

co n d ense r  m ay be  co o led  wit h  a ir ,  wat e r  o r  ano t her  co o lan t .  In  

p r incip le ,  t he  co nd enser  can  be  co o led  using any su it ab le  flu id .  The  

essen t ia l asp ect  is t hat  t he  t he rm al lo ad  genera t e d  a t  t he  co n d ense r  is 

d ischar ged  via  t he  co o ling air  o r  t he  co o ling wat e r  in  such  a m anner  

t hat  t he  r e fr ige ran t  can  co n d ense  un t il it  is co m p le t e ly liquefied .  1 0  

A  fir st  byp ass havin g a t  least  o ne  co n t r o llab le  se co nd  exp ansio n  

e lem en t  m ay be  rea lized  in  t he  co o ling circu it ,  in  wh ich  case  t he  fir st  

byp ass m ay be  co nn ect ed  t o  t he  co o ling circu it  u p st re am  o f t he  

in t e rnal heat  e xchanger  and  d o wn st r eam  o f t he  co n d ense r  and  t he  

fir st  byp ass m ay be  realized  as a  co n t r o llab le  ad d it io n al in t e rnal 1 5  

co o ling syst em .  The  fir st  byp ass m ay t h us fo r m  a re -in ject io n  d evice  

fo r  r e fr ige ran t .  A cco r d ingly,  r e fr ige ran t  can  be  r ecycle d  fr o m  t he  

co n t ro llab le  seco n d  exp ansio n  e lem en t  in  t he  in t e rnal heat  exchange r  

o n  t he  lo w-p r essu r e  sid e .  In  t h is case ,  t he  fir st  byp ass m ay be  co n-

nect ed  t o  t he  lo w-p ressu r e  sid e  o f t he  co o ling circu it  u p st ream  o f t he  2 0  

in t e rnal heat  exchanger  and  d o wn st r eam  o f t he  heat  exchanger .  The  

re fr ige r an t  co o led  o r  having it s t em p e rat u re  leve l lo wer ed  b y t he  

seco nd  exp an sio n  e lem en t  m ay be  led  t h ro ugh  t he  in t e rnal heat  

exchange r  and  in t en sify co o ling o f t he  r e fr ige r an t  o n  t he  h igh -

p re ssu re  sid e  o f t he  in t e rnal heat  exchanger .  A lso ,  a  co o ling cap ac it y 2 5  

o f t h e  in t e rn al heat  exchange r  can  be  co n t r o lled  e ven  m o r e  p recise ly 

in  t h is way.  

A  seco nd  byp ass co m p r ising a t  le ast  o n e  t h ird  e xp ansio n  e lem en t  m ay 

be  fo r m ed  in  t he  co o ling c ircu it ,  in  wh ich  case  t he  seco n d  byp ass 
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byp asse s t he  exp ansio n  e lem en t  d o wnst ream  o f t he  co n d en ser  and  

up st ream  o f t he  in t e rnal heat  exch ange r  an d  t he  re fr ige ran t  can  be  

m et e red  by m eans o f t he  t h ir d  exp an sio n  e lem en t  in  such  a  m anne r  

t hat  a  su ct io n  gas t em p er at u r e  and / o r  a  suct io n  gas p re ssu r e  o f t he  

re fr ige r an t  can  be  co n t r o lled  u p st ream  o f t h e  co m p r esso r  o n  t he  lo w -5  

p re ssu re  sid e  o f t he  co o ling c ircu it .  In  t h is way,  p o t en t ia l o verheat ing 

and  d am age  o f t he  co m p r esso r ,  wh ich  m ay be  a co m p resso r  d evice ,  

fo r  exam p le ,  can  be  p reven t ed  am o ng o t her  t h ings.  Co nsequen t ly,  

gaseo us re fr ige r an t  lo cat ed  up st ream  o f t he  co m p re sso r  can  be  

co o led  via t he  seco nd  byp ass by ac t uat io n  o f t he  t h ird  exp ansio n  1 0  

e lem en t  by ad d ing st ill-liqu id  r e fr ige ran t .  The  t h ir d  exp an sio n  e le -

m en t  can  be  act uat ed  by m e ans o f a  co n t ro l d evice  wh ich  it se lf is 

co u p led  t o  a p re ssu re  and / o r  t em p er at u re  senso r  in  a co o ling c ircu it  

up st ream  o f t he  co m p re sso r .  Par t icu lar ly ad van t age o usly,  a  suct io n  

gas t em p erat u re  o f ≤ 3 0  ° C can  be  se t  via  t he  seco nd  byp ass.  A lso ,  1 5  

t he  r e fr ige ran t  can  be  m e t e r ed  in  such  a m anner  t hat  an  o p er at ing 

t im e  o f t he  co m p resso r  can  be  co n t ro lled .  O n  p r incip le ,  it  is d isa d -

van t ageo us fo r  t he  co m p r esso r  o r  co m p re sso r  d e vice  t o  be  swit ched  

o n  and  o ff r ep eat ed ly.  A  se rvice  life  o f a  co m p re sso r  can  b e  p r o -

lo nged  if t he  co m p r esso r  o p er at es fo r  lo nger  p e r io d s o f t im e .  A  2 0  

re fr ige r an t  can  be  led  p ast  t he  exp ansio n  e lem en t  o r  t he  co nd en ser  

via  t he  seco nd  byp ass in  o r d er  t o  d e lay an  au t o m at ed  d eact ivat io n  o f 

t he  co m p resso r  and  t o  p r o lo ng an  o p er at ing t im e  o f t he  co m p re sso r ,  

fo r  exam p le .  

A no t her  byp ass co m p r ising a t  le ast  o n e  o t her  exp ansio n  e lem en t  m ay 2 5  

be  fo r m ed  in  t he  co o ling c ircu it ,  t he  o t her  byp ass byp assin g t he  

co m p r esso r  d o wnst r eam  o f t he  co m p re sso r  an d  u p st ream  o f t he  

co n d ense r  in  su ch  a  m anne r  t hat  a  suct io n  gas t em p er at u re  and / o r  a  

suct io n  gas p r essu r e  o f t he  re fr ige r an t  can  be  co n t r o lled  u p st ream  o f 
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t he  co m p resso r  o n  t he  lo w-p ressu re  sid e  o f t he  co o ling c ircu it  and / o r  

t hat  a  p re ssu re  d iffe rence  be t ween  t he  h igh -p ressu re  sid e  and  a lo w-

p re ssu re  sid e  o f t he  co o ling c ircu it  can  be  equalized .  The  seco n d  

byp ass m ay ad d it io n ally be  equ ip p ed  wit h  a  se t t ab le  o r  co n t ro llab le  

valve ,  such  as a  m agne t ic valve .  Co nne ct ing t he  h igh -p re ssu re  sid e  5  

and  t he  lo w-p ressu r e  sid e  via  t he  o t he r  exp ansio n  e lem en t  ensu res 

t hat  t he  gaseo us r e fr ige r an t  t hus co m p r essed  gr ad ually flo ws fr o m  t he  

h igh -p ressu re  sid e  t o  t he  lo w-p r essu re  sid e  o f t he  co o ling c ircu it  in  

t he  even t  o f a  syst em  st an d st ill.  Th is also  ensu r es gr ad ual p re ssu re  

equaliza t io n  b e t ween  t he  h igh -p r essu re  sid e  and  t he  lo w-p r essu re  sid e  1 0  

even  when  t he  exp ansio n  e lem en t  is clo sed .  A  cro ss-sect io n  o f t he  

o t her  exp ansio n  e lem en t  m ay be  d im en sio ned  in  such  a  m anner  t h at  

t he  r e fr ige ran t  flo wing fro m  t he  h igh -p r essu re  sid e  t o  t he  lo w-

p re ssu re  sid e  has o n ly a m arginal im p act  o n  t he  no r m al o p e rat io n  o f 

t he  co o ling d evice .  A t  t he  sam e t im e ,  a  gaseo us re fr ige ran t  lo cat e d  1 5  

up st ream  o f t he  co m p re sso r  m ay be  co o led  by ad d ing t he  liqu id  

re fr ige r an t  via t he  o t her  byp ass.  

Fur t he rm o re ,  t he  in t e rnal he at  exchanger  m ay be  rea lized  as a  sub -

co o ling sect io n  o r  a  heat  exch anger ,  in  p ar t icu lar  a  p lat e  h eat  e x-

changer .  The  sub -co o ling sect io n  m ay sim p ly b e  realized  by t wo  line  2 0  

sect io ns o f t he  co o ling c ircu it  t h at  ar e  in  co n t act  wit h  each  o t her .  

The  exp an sio n  e lem en t  m ay have  a t h ro t t le  and  a  m agne t ic  valve ,  in  

wh ich  case  re fr ige r an t  can  be  m et e red  via t he  t h r o t t le  and  t he  m a g-

ne t ic  valve .  The  t h r o t t le  m ay b e  a se t t ab le  valve  o r  a  cap illary via  

wh ich  re fr ige ran t  is ro u t ed  by m ean s o f t he  m agne t ic valve .  The  2 5  

m agne t ic  valve  it se lf m ay be  ac t uat e d  b y m e ans o f a  co n t r o l d evice .  

A lso ,  t he  t em p erat u re  co n t ro l d e vice  m ay co m p r ise  a co n t r o l d evice  

co m p r ising at  le ast  o ne  p re ssu r e  senso r  an d / o r  a t  least  o n e  t em p er a-
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t u re  senso r  in  t he  co o ling circu it ,  in  wh ich  case  a m agne t ic valve  can  

be  act uat ed  by m eans o f t he  co n t ro l d evice  as a  funct io n  o f a  m ea s-

u red  t em p erat u re  and / o r  p r essu re .  The  co n t r o l d evice  m ay co m p r ise  

m eans fo r  d at a  p ro cessin g which  p ro cess se t s o f d at a  fro m  senso rs 

and  co n t r o l t he  m agne t ic  valve s.  In  t h is case ,  a  funct io n  o f t he  5  

co o ling d evice  m ay also  b e  ad just ed  t o  t he  r e fr ige ran t  u sed  via an  

ap p r o p r ia t e  co m p ut e r  p r o gr am ,  fo r  exam p le .  Fur t he rm o re ,  t he  

co n t ro l d evice  m ay signal a  m alfunct io n  an d  in it ia t e  a  shu t -d o wn o f 

t he  t e st  cham ber ,  if nece ssary,  in  o r d er  t o  p r o t ect  t he  t e st  cham ber  

and  t he  t e st  m at e r ia l fro m  d am age  d ue  t o  cr it ical o r  und esirab le  1 0  

o p erat ing st a t es o f t he  t e st  cham ber .  

When  used  acco rd in g t o  t he  inven t io n ,  a  r e fr ige r an t  co nsist ing o f a  

r e fr ige r an t  m ixt u r e  co m p o sed  o f a  m ass frac t io n  o f carb o n  d io xid e  o f 

2 0  t o  7 4  m ass p e rcen t ,  a  m ass fr ac t io n  o f p en t aflu o r o e t h ane  o f 8  t o  

6 5  m ass p e r cen t ,  and  a m ass fr ac t io n  o f a t  le ast  o ne  o t he r  co m p o -1 5  

nen t ,  t he  o t her  co m p o nen t  be ing flu o r o m et hane ,  t he  re fr ige ran t  is 

u sed  t o  co nd it io n  air  in  a  t e st  sp ace  o f a  t e st  cham ber ,  t he  t e st  sp ace  

se rvin g t o  re ce ive  t e st  m at e r ia l and  be ing sealab le  against  an  env i-

ro nm en t  and  t em p e rat u r e -in su la t ed ,  a  co o ling d evice  o f a  t em p e ra-

t u re  co n t r o l d evice  o f t h e  t e st  cham ber  co m p r ising a  co o ling circu it  2 0  

wit h  t he  re fr ige r an t ,  a  heat  e xchanger ,  a  co m p r esso r ,  a  co n d ense r  

and  an  exp ansio n  e lem en t  is u sed  t o  est ab lish  a  t em p er at u r e  in  a  

t em p er at u r e  r ange  o f −6 0  ° C t o  + 1 8 0  ° C,  p re fe rab ly −7 0  ° C t o  

+ 1 8 0  ° C,  p ar t icu lar ly p re fe rab ly −8 0  ° C t o  + 1 8 0  ° C,  wit h in  t he  

t e st  sp ace .  2 5  

The  re fr ige r an t  can  be  co o led  by m eans o f an  in t e rnal heat  exchange r  

o f t h e  co o ling cir cu it ,  wh ich  is co nnect ed  t o  a h igh -p re ssu r e  sid e  o f 

t he  co o ling cir cu it  up st ream  o f t he  exp ansio n  e lem en t  and  d o wn-

st ream  o f t he  co n d enser  and  t o  a  lo w-p ressu r e  sid e  o f t he  co o ling 
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circu it  up st r eam  o f t he  co m p resso r  and  d o wn st r eam  o f t h e  h eat  

exchange r ,  o f t h e  h igh -p ressu re  sid e ,  t h e  co o ling o f t he  r e fr ige r an t  o f 

t he  h igh -p re ssu re  sid e  by m eans o f t h e  in t e rnal heat  e xchanger  be ing 

usab le  t o  lo wer  an  evap o r at io n  t em p erat u re  at  t he  exp ansio n  e le -

m en t .  Dur ing lo wer ing o f t he  evap o r at io n  t em p er a t u r e  o f t he  re fr ig-5  

eran t  o f t he  h igh -p r essu re  sid e ,  a  su ct io n  p r essu re  o f t he  re fr ige ran t  

o f t h e  lo w-p re ssu re  sid e  can  be  kep t  co nst an t .  A  great e r  syst e m  

co m p lexit y,  such  as in  t he  fo r m  o f ad d it io nal co n t r o l o f t h e  su ct io n  

p re ssu re  an d  co n t r o l o f t he  exp ansio n  e lem en t  as a  funct io n  o f t he  

suct io n  p ressu re ,  is no t  nece ssar ily requ ired  in  t h at  case .  In  p ar t ic u -1 0  

lar ,  t he  co m p resso r  m ay also  be  o p er at e d  at  co nst an t  o u t p u t  ir r e -

sp ect ive  o f an  o p er at ing st a t e  o f t he  co o ling c ircu it .  When  p ist o n  

p um p s are  used  as co m p re sso rs in  p ar t icu lar ,  it  is e ssen t ial fo r  t hem  

t o  be  in  o p er at io n  fo r  lo n g p er io d s o f t im e  and  at  a  co nst an t  sp eed  in  

o r d er  t o  ach ieve  a  lo ng se rvice  live .  1 5  

The  re fr ige r an t  o f t he  h igh -p r essu re  sid e  m ay be  co o led  by t he  

re fr ige r an t  o f t he  lo w-p re ssu re  sid e  at  a  co nst an t  su ct io n  p r essu re  o n  

t he  lo w-p re ssu r e  sid e  by m ean s o f t he  in t e rnal he at  exchan ger .  

Co nsequen t ly,  t he  r e fr ige r an t  can  evap o rat e  a t  co n st an t  su ct io n  

p re ssu re  o n  an  evap o rat io n  sect io n  o f t he  co o ling c ircu it  fr o m  t he  2 0  

exp ansio n  e lem en t  up  t o  an d  inclu d ing t he  in t e rnal heat  exchanger .  If 

t he  suct io n  p ressu re  o r  evap o r a t io n  p re ssu re  o f t he  re fr ige r an t  is 

co nst an t ,  t he  r e fr ige ran t  can  evap o rat e  fro m  t he  exp ansio n  e lem en t  

at  a  lo w evap o r at io n  t em p e rat u re  t o  t h e  in t e rnal heat  exch anger  a t  a  

h igh  evap o r at io n  t em p er at u r e  acco rd ing t o  t he  t em p er at u r e  glid e  o f 2 5  

t he  r e fr ige ran t .  The  d ew p o in t  t em p er at u re  resu lt in g fr o m  t he  t e m -

p er at u re  glid e  m ay be  h igher  t han  t he  t em p e rat u re  o f t he  flu id  t o  be  

co o led  o r  o f t he  air  in  t he  t e st  sp ace .  O nce  an  evap o r at io n  t em p e ra-

t u re  o f t he  re fr ige ran t  is equal t o  t he  t em p er at u r e  o f t he  air  t o  be  
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co o led  in  t he  t e st  sp ace  at  t he  sam e su ct io n  p r essu r e ,  t he  air  canno t  

be  co o led  any fu r t he r .  Ho weve r ,  t he  d ew p o in t  t em p erat u r e  re ached  

in  t he  o t he r  heat  exchanger  is lo wer  t h an  t he  liq u id  t em p er at u re  o f 

t he  r e fr ige ran t  o n  t he  h igh -p r essu re  sid e  o f t he  in t e rnal h eat  e x-

changer ,  wh ich  m eans t h at  a  liqu id  t em p er at u re  o f t h e  r e fr ige ran t  can  5  

be  red uced  fu r t he r .  A cco r d ingly,  an  evap o rat io n  t em p e rat u re  d o w n-

st ream  o f t he  exp ansio n  e lem en t  can  be  lo wered  wit h o u t  ch anging 

t he  suct io n  p ressu re ,  allo wing fu r t he r  co o ling o f t he  a ir  in  t he  t e st  

sp ace  t o  be  ach ieved .  

Thus,  a  fir st  p o r t io n  o f t he  re fr ige ran t  ro u t ed  via t he  exp ansio n  1 0  

e lem en t  can  be  evap o rat ed  in  t he  heat  exchange r  and  a  seco nd  

p o r t io n  o f t he  re fr ige ran t  can  be  evap o rat ed  in  t he  in t e rnal heat  

exchange r .  A n  evap o r a t io n  sect io n  o f t he  co o ling c ircu it  wit h in  wh ich  

t he  r e fr ige ran t  evap o rat e s m ay ext end  fro m  t he  exp ansio n  e lem en t  as 

far  as t o  t he  in t e rnal heat  exchanger .  The  evap o r at io n  sect io n  m ay 1 5  

run  t h r o ugh  t he  in t e rnal heat  exch ange r ,  in  wh ich  case  a  d ew p o in t  

o f t h e  r e fr ige ran t  m ay be  lo cat ed  a t  an  exit  o f t he  in t e rn al heat  

exchange r  u p st ream  o f t he  co m p re sso r .  A  fir st  p o r t io n / seco nd  p o r -

t io n  r at io  m ay chan ge  d ur ing o p e ra t io n  o f t he  co o ling c ircu it  as a  

funct io n  o f a  t em p e rat u r e  in  t h e  t e st  sp ace  o r  at  t he  heat  exchanger .  2 0  

Fo r  exam p le ,  a  co m p ar at ive ly large  t em p er at u re  d iffe rence  be t ween  

t he  t em p er at u re  o f t he  heat  exchange r  and  a  t e m p er a t u re  in  t he  t e st  

sp ace  m ay lead  t o  acce le ra t e d  heat ing o f  t he  re fr ige ran t  in  t he  heat  

exchange r ,  wh ich  re su lt s in  a  sh ift  o f t h e  d ew p o in t  o f t he  re fr ige r an t  

t o war d  an  en t ry o f t he  in t e rn al heat  exchanger  o r  an  exit  o f t h e  he at  2 5  

exchange r  u p st ream  o f t he  co m p re sso r .  Th is kin d  o f sh ift  o f t he  d ew 

p o in t  can  be  t o le ra t ed  as lo ng as n o  co m p arat ive ly lo w t em p er at u r e  

o r  t arge t  t em p e rat u re  has b een  e st ab lished  in  t he  t e st  sp ace  ye t .  

When  t he  t em p er at u re  o f t he  heat  exchanger  ap p r o aches t he  t e m p e r -
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at u re  in  t he  t e st  sp ace ,  t h e  d e w p o in t  sh ift s and  t h e  seco nd  p o r t io n  

t hus gro ws re la t ive  t o  t he  fir st  p o r t io n  o f t h e  r e fr ige ran t .  

The  evap o r at io n  t em p er at u r e  o f t he  re fr ige ran t  o f t he  h igh -p r essu re  

sid e  can  be  lo wered  in  a  se lf-co n t r o lle d  m anne r .  Dep en d ing o n  t he  

t em p er at u r e  at  t he  heat  exchanger ,  r e fr ige ran t  n o  lo nger  evap o rat ing  5  

can  be  d ischar ged  fro m  t he  he at  exchanger  in  t he  flo w d ir ect io n  

because  t he  t em p e r at u re  a t  t he  heat  exchanger  is n o  lo nge r  su ffic ien t  

t o  cause  a  p hase  t r ansit io n  o f t he  re fr ige ran t  in  t h is case .  Thus,  we t  

vap o r  o r  liqu id  re fr ige ran t  is r e -evap o r at ed  in  t h e  in t e rn al heat  

exchange r  becau se  he re  a t em p er at u re  d iffe rence  be t ween  t he  h igh -1 0  

p re ssu re  sid e  and  t h e  lo w-p ressu re  sid e  can  always be  gr eat e r  t han  at  

t he  heat  exchange r .  If a  t em p erat u re  o f t he  liqu id  re fr ige r an t  u p -

st re am  o f t he  exp ansio n  e lem en t  is r ed u c ed  by m eans o f t he  in t e rnal 

heat  exchanger  by t he  heat  exch ange  at  t he  in t e rnal heat  e xchanger ,  

t he  en ergy d ensit y o f t h e  r e fr ige ran t  u p st ream  o f t he  exp ansio n  1 5  

e lem en t  and  t h e  t em p er at u r e  d iffe ren ce  t hu s ach ievab le  at  t he  heat  

exchange r  increase .  The  in t e r act io n  o f t he  exp ansio n  e lem en t ,  t he  

heat  exchanger  an d  t he  in t e rn al heat  exchanger  d o e s n o t  have  t o  be  

co n t ro lled ,  in  p r incip le .  

Par t icu lar ly ad van t ageo usly,  t he  co o ling d evice  is o p e ra t ed  exclu siv e -2 0  

ly be lo w t he  cr it ica l p o in t  o f t he  re fr ige ran t .  If t he  co o ling d evice  is 

o p e ra t ed  be lo w t he  t r ip le  p o in t  o f t he  r e fr ige r an t ,  r each ing o f a  

sup er cr it ical st at e  o f t he  re fr ige ran t  can  be  p reclu d ed .  Thus,  t he  

co o ling d evice  d o es no t  h ave  t o  b e  co n figu r ed  fo r  o p e ra t io n  in  t he  

sup er cr it ical st at e ,  wh ich  saves co st s fo r  p ro d uct io n  o f t he  co o ling 2 5  

d evice .  

In  p ar t icu lar ,  t he  co nst an t  suct io n  p ressu re  m ay also  be  m ain t aine d  

d ur ing lo wer ing o f t he  evap o r at io n  t em p er at u re  o f t h e  r e fr ige ran t  o f 
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t he  h igh -p re ssu re  sid e  by m eans o f t h e  in t e rnal heat  e xchanger .  

A cco r d ingly,  t he  co o ling o f t h e  r e fr ige r an t  o f t he  h igh -p r essu re  sid e  

via  t he  in t e rnal heat  exchanger  can  also  be  exp lo it ed  in  p ar t  o r  

exclu sive ly t o  lo wer  an  evap o rat io n  t em p er at u re  o f t h e  r e fr ige ran t  at  

t he  exp ansio n  e lem en t .  5  

A  d ew p o in t  t em p er at u re  o f t he  r e fr ige r an t  m ay  be  h igher  t han  a  

m in im um  t em p er at u re  o f t he  t em p er at u re  r ange .  In  t he  t e st  cham bers 

kno wn  fr o m  t he  st at e  o f t he  ar t ,  t he  m in im um  t em p e rat u re  o f t he  

t em p er at u r e  r ange  can  no  lo nge r  be  e st ab lished  wit h  a  r e fr ige ran t  o f 

t h is kin d  in  t hat  case ,  bu t  a  co m p ar at ive ly h igher  m in im um  t e m p er a-1 0  

t u re ,  wh ich  subst an t ially co r resp o nd s t o  t he  d ew p o in t  t em p er at u re  

o f t h e  r e fr ige ran t .  In  t he  t e st  cham ber  acco r d ing t o  t he  inven t io n ,  

ho wever ,  a  r e fr ige ran t  wh o se  d e w p o in t  t em p erat u re  is h igher  t han  

an  ach ievab le  m in im um  t em p e r at u r e  o f t he  t em p erat u re  r ange  can  be  

used  because  t he  liq uefied  re fr ige ran t  o n  t he  h igh -p r essu re  sid e  can  1 5  

be  co o led  by m eans o f t he  in t e rnal heat  exchanger ,  wh ich  m eans t h at  

an  evap o r at io n  t em p er at u re  o f t h e  r e fr ige ran t  at  t he  exp an sio n  

e lem en t  can  be  co m p ar at ive ly lo wer .  

The  re fr ige r an t  can  be  evap o r at ed  abso lu t e ly a t  a  suct io n  p ressu r e  o r  

evap o r at io n  p ressu r e  in  a  p ressu re  range  o f 0 . 3  t o  5  bar .  U se  o f t he  2 0  

re fr ige r an t  wit h in  t hat  p r essu re  range  a llo ws co st -e ffe ct ive  p r o d uct io n  

o f t h e  co o ling cir cu it  becau se  no  sp ecia l p re ssu re -re sist an t  m o d u les 

and  co m p o nen t s have  t o  be  used  t o  co nst ruct  t he  lo w-p ressu re  sid e  

o f t h e  co o ling cir cu it .  

A lso ,  t he  re fr ige ran t  can  be  co n d ensed  abso lu t e ly at  a  co n d ensat io n  2 5  

p re ssu re  in  a  p ressu re  r ange  o f 5  t o  3 5  bar .  H ere ,  t o o ,  t he  h igh -

p re ssu re  sid e  can  be  co nst ruct ed  using m o d u les and  co m p o nen t s t ha t  

d o  no t  have  t o  be  ad ap t ed  t o  co m p ar at ive ly h ighe r  p re ssu r es.  
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O t her  em b o d im en t s o f a  use  ar e  ap p aren t  fr o m  t he  d escr ip t io n  o f 

fea t u re s o f t he  claim s d ep en d ing o n  d evice  c laim  1 .  

Here inaft e r ,  p re fe r r ed  em b o d im en t s o f t he  inven t io n  will b e  e x-

p la ined  in  m o re  d e t ail wit h  re fe ren ce  t o  t he  acco m p anying d rawings.  

Fig. 1 is a  p r essu re -en t halp y d iagr am  fo r  a  r e fr ige r an t ;  5  

Fig. 2 is a  schem at ic illu st rat io n  o f a  fir st  em bo d im en t  o f a  

co o ling d evice ;  

Fig. 3 is a  schem at ic illu st rat io n  o f a  seco n d  e m bo d im en t  o f a  

co o ling d evice ;  

Fig. 4 is a  schem at ic illu st rat io n  o f a  t h ird  em bo d im en t  o f a  1 0  

co o ling d evice ;  

Fig. 5 is a  schem at ic illu st rat io n  o f a  fo u r t h  e m bo d im en t  o f a  

co o ling d evice ;  

Fig. 6 is a  schem at ic illu st rat io n  o f a  fift h  e m bo d im en t  o f a  

co o ling d evice .  1 5  

Fig. 2 sho ws a  fir st  em bo d im en t  o f a  co o ling d evice  1 0  o f a  t e st  

cham ber  ( no t  sho wn) .  Co o ling d evice  1 0  co m p r ises a co o ling c ircu it  

1 1  wit h  a  r e fr ige ran t ,  a  heat  exch anger  1 2 ,  a  co m p resso r  1 3 ,  a  

co n d ense r  1 4  an d  an  exp ansio n  e lem en t  1 5 .  Co nd en ser  1 4  is co o led  

by an o t her  co o ling circu it  1 6  in  t he  case  at  han d .  Heat  exchanger  1 2  2 0  

is d isp o sed  in  a  t e st  sp ace  ( n o t  sh o wn)  o f t h e  t e st  cham ber .  Fur t he r -

m o re ,  co o ling c ircu it  1 1  has a h igh -p re ssu re  sid e  1 7  and  a  lo w-

p re ssu re  sid e  1 8 ,  t o  wh ich  an  in t e rn al h eat  exchange r  1 9  is co nnec t -

ed .  
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Fig. 1 sho ws a  p ressu re -en t halp y d iagr am  ( lo g p / h  d iagr am )  fo r  t he  

re fr ige r an t  c ircu lat ing in  co o ling circu it  1 1 ,  t he  r e fr ige ran t  be ing a  

zeo t ro p ic re fr ige ran t .  A cco r d ing t o  a  co m bine d  view o f Figs . 1 an d  2,  

st ar t ing fr o m  p o sit io n  A ,  t he  re fr ige ran t  up st ream  o f co m p re sso r  1 3  

is asp ir at ed  an d  co m p ressed ,  whereby a p re ssu re  is ach ieved  d o w n -5  

st re am  o f co m p re sso r  1 3  acco r d ing t o  p o sit io n  B.  The  re fr ige ran t  is 

co m p r essed  by m eans o f co m p re sso r  1 3  an d  is subsequen t ly liquefie d  

in  co nd enser  1 4  acco r d ing t o  p o sit io n  C.  The  re fr ige ran t  p asses 

t h ro ugh  in t e rnal heat  exchanger  1 9  o n  h igh -p r essu re  sid e  1 7 ,  where  

it  is co o led  fu r t he r ,  p o sit io n  C´  up st ream  o f exp ansio n  e lem en t  1 5  1 0  

t hus be ing reached .  By m eans o f in t e rn al heat  exchanger  1 9 ,  t he  

p o r t io n  o f t he  we t  vap o r  ar ea  ( p o sit o n s E t o  E´ )  n o t  u sab le  in  heat  

exchange r  1 2  can  b e  used  t o  fu r t he r  r ed uce  a  t em p er at u re  o f t h e  

re fr ige r an t  ( p o sit io ns C´  t o  C) .  A t  exp ansio n  e lem en t  1 5 ,  t he  re fr ig-

e ran t  is r e laxed  ( p o sit io n s C´  t o  D´ )  and  p ar t ially liquefied  in  heat  1 5  

exchange r  1 2  ( p o sit io ns D´  t o  E) .  Then ,  t he  we t  vap o r  o f t he  re fr i g-

e ran t  en t e r s in t e rn al heat  exchanger  1 9  o n  lo w-p ressu re  sid e  1 8 ,  

where  t he  re fr ige r an t  is r e -evap o rat ed  un t il t he  d ew-p o in t  t em p er a-

t u re  o r  t he  d ew p o in t  o f t h e  r e fr ige ran t  is r eached  a t  p o sit io n  E´ .  

Hence ,  a  fir st  subsect io n  2 0  o f an  evap o rat io n  sect io n  2 2  o f t h e  2 0  

re fr ige r an t  runs t h r o ugh  heat  exchange r  1 2 ,  a  seco n d  subsect io n  2 1  

o f evap o r at io n  se ct io n  2 2  runn ing t h r o ugh  in t e r nal heat  exchanger  

1 9 .  The  e ssen t ial asp ect  is t h at  a  su ct io n  p r essu re  o f co m p r esso r  1 3  

o n  lo w-p re ssu re  sid e  1 8  is kep t  co n st an t  o n  evap o rat io n  sect io n  2 2  

even  if t he  evap o r at io n  t em p e r a t u re  a t  exp ansio n  e lem en t  1 5  chan g-2 5  

es.  

The  re fr ige r an t  is a  r e fr ige r an t  m ixt u r e  co m p o sed  o f a  m ass frac t io n  

o f carbo n  d io xid e  o f 2 0  t o  7 4  m ass p e rcen t ,  a  m ass fract io n  o f 

p en t afluo r o e t hane  o f 8  t o  6 5  m ass p e rcen t ,  an d  a  m ass frac t io n  o f a t  
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least  o ne  o t her  co m p o nen t ,  t he  o t he r  co m p o nen t  be ing flu o r o -

m et hane .  In  p r incip le ,  it  is p o ssib le  fo r  t he  r e fr ige ran t s list ed  in  t he  

Tab le  abo ve  t o  be  u sed  in  co o ling c ircu it  1 1  an d  t he  co o lin g c ircu it s 

d escr ibed  be lo w.  

Fig. 3 sho ws a  schem at ic  illu st ra t io n  o f a  sim p lest  em b o d im en t  o f a  5  

co o ling d evice  2 3 ,  co o ling d evice  2 3  be ing se lf -co n t r o lling.  Co o ling 

d evice  2 3  co m p r ise s a co o ling cir cu it  2 4  wit h  a  heat  e xchanger  2 5 ,  a  

co m p r esso r  2 6 ,  a  co nd en ser  2 7 ,  an  exp ansio n  e lem en t  2 8  an d  an  

in t e rnal heat  exchanger  2 9 .  Dep en d ing o n  a  t em p erat u re  a t  heat  

exchange r  2 5 ,  r e fr ige ran t  n o t  fu lly evap o rat ed  e scap e s fr o m  heat  1 0  

exchange r  2 5  becau se  t he  t e m p erat u re  at  heat  exchan ger  2 5  o r  in  a  

t e st  sp ace  ( n o t  sh o wn)  is n o  lo nger  h igh  eno ugh  t o  cau se  a  p h ase  

t r ansit io n .  In  t h is case ,  r e fr ige ran t  st ill liqu id  is r e -evap o rat ed  in  

in t e rnal heat  exchanger  2 9  because  a  t em p e rat u re  d iffe r ence  t he re  

has t o  be  gr eat e r  t h an  a t  heat  exchange r  2 5  a t  all t im es.  O nce  t he  1 5  

t em p er at u r e  o f t he  liqu id  re fr ige r an t  up st ream  o f exp an sio n  e lem en t  

2 8  has been  red uced  by heat  exch ange  in  in t e rnal he at  exchanger  

2 9 ,  t he  energy d ensit y an d  t h e  t em p e rat u re  d iffe ren ce  ach ie vab le  

wit h  it  at  heat  exch anger  2 5  increase .  Co o lin g d evice  2 3  d o es no t  

r equ ire  e labo r at e  co n t ro l by way o f senso rs e t c .  2 0  

Fig. 4 sho ws a  co o ling d evice  3 0  which  d iffe r s fr o m  t h e  co o ling 

d evice  o f Fig. 3 in  t hat  it  has a fir st  b yp ass 3 1  and  a  seco n d  byp ass 

3 2 .  A  co n t r o llab le  seco nd  exp an sio n  e lem en t  3 3  is d isp o sed  in  fir st  

byp ass 3 1 ,  fir st  byp ass 3 1  be ing co nfigu red  as an  ad d it io nal in t e rnal 

co o ling syst em  3 4 .  Fir st  byp ass 3 1  is co nnect ed  t o  co o ling circu it  2 4  2 5  

im m ed iat e ly d o wn st ream  o f co nd enser  2 7  up st r eam  o f in t e rnal h eat  

exchange r  2 9  and  d o wnst ream  o f heat  exchange r  2 5  and  up st ream  o f 

in t e rnal heat  exchan ger  2 9 .  Fir st  byp ass 3 1  t hus byp asses exp ansio n  

e lem en t  2 8  wit h  heat  exchanger  2 5 ,  in t e rnal heat  exchanger  2 9  
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be ing sup p liab le  wit h  evap o ra t ing re fr ige ran t  via  seco n d  exp ansio n  

e lem en t  3 3 .  A  su ct io n  gas m ass flo w in t ro d uced  in t o  in t e rn al heat  

exchange r  2 9  can  b e  co o led  ad d it io na lly by m ean s o f fir st  byp ass 3 1  

in  case  o f h igh  suct io n  gas t em p er at u re s,  wh ich  m ay be  caused  by 

heat  exchanger  2 5 .  In  t h is way,  evap o r at io n  o f r e fr ige ran t  up st ream  5  

o f t h e  exp ansio n  e lem en t  can  be  p reclud ed .  Hence ,  fir st  byp ass 3 1  

can  be  used  t o  re act  t o  ch anging lo ad  case s o f co o lin g d evice  3 0 .  

Seco n d  byp ass 3 2  has a  t h ird  exp an sio n  e lem en t  3 5  an d  is co nn ect ed  

t o  co o ling c ircu it  2 4  d o wn st r eam  o f co nd enser  2 7  an d  u p st ream  o f 

in t e rnal heat  exchanger  2 9  an d  d o wnst ream  o f in t e rnal he at  exchan g-1 0  

er  2 9  an d  u p st ream  o f co m p re sso r  2 6 .  Th is allo ws a  suct io n  gas m ass 

flo w up st r eam  o f co m p re sso r  2 6  t o  be  r ed uced  far  en o ugh  via  seco n d  

byp ass 3 2  t o  avo id  inad m issib ly h igh  final co m p ressio n  t em p er at u r es.  

Fig. 5 sho ws a  co o ling d evice  3 6  which  d iffe r s fr o m  t h e  co o ling 

d evice  o f Fig. 4 in  t hat  it  has ano t her  co o ling circu it  3 7 .  O t her  1 5  

co o ling cir cu it  3 7  se rves t o  co o l a  co nd e nse r  3 8  o f a  co o ling c ircu it  

3 9 .  Co nd en ser  3 8  is r ealized  as a  cascad e  heat  exchanger  4 0  in  t he  

case  at  han d .  Fur t h e rm o re ,  co o ling cir cu it  3 9  h as an o t he r  byp ass 4 1  

having ano t her  exp ansio n  e lem en t  4 2 .  O t her  byp ass 4 1  is co nnect ed  

t o  co o ling c ircu it  3 9  d o wn st r eam  o f co m p re sso r  2 6  and  u p st ream  o f 2 0  

co n d ense r  3 8  an d  d o wnst ream  o f in t e rn al heat  exchanger  2 9  an d  

up st ream  o f co m p re sso r  2 6 .  Thus,  r e fr ige ran t  n o t  ye t  lique fied  bu t  

co m p r essed  can  flo w back t o  u p st ream  o f co m p re sso r  2 6  via  o t he r  

byp ass 4 1 ,  whe reby a  su ct io n  gas t em p erat u re  and / o r  a  su ct io n  gas 

p re ssu re  o f t he  r e fr ige ran t  can  be  co n t r o lled .  2 5  

Fig. 6 sho ws a  co o ling d evice  3 0  having a  co o ling c ircu it  4 4  an d  

ano t h er  co o ling cir cu it  4 5  an d ,  in  p ar t icu lar ,  an  in t e rnal h eat  e x-

changer  4 6  in  co o ling circu it  4 4 .  In  t h e  case  a t  hand ,  a  heat  e x-
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changer  4 7  is d isp o sed  in  a  t em p erat u r e -insu la t ed  t est  sp ace  o f a  t e st  

cham ber  ( no t  sho wn) .  
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Claims 

 

1.  A  re fr ige ran t  fo r  a  co o ling d evice  ( 1 0 ,  2 3 ,  3 0 ,  3 6 ,  4 3 )  h aving a  

co o ling cir cu it  ( 1 1 ,  2 4 ,  3 9 ,  4 4 )  co m p r ising a t  le ast  o ne  heat  ex-

changer  ( 1 2 ,  2 5 ,  4 7 )  in  wh ich  t h e  r e fr ige ran t  un d er go e s a  p h ase  5  

t r ansit io n ,  t he  re fr ige ran t  be ing a r e fr ige ran t  m ixt u re  co m p o se d  

o f a  m ass fr ac t io n  o f carb o n  d io xid e  ( CO 2 ) ,  a  m ass fr ac t io n  o f 

p en t afluo r o e t hane  ( C 2 HF5 ) ,  and  a  m ass frac t io n  o f at  le ast  o n e  

o t her  co m p o nen t ,   

charact e r ized  in  t hat   1 0  

t he  m ass fr ac t io n  o f carbo n  d io xid e  in  t he  re fr ige r an t  m ixt u re  is 

2 0  t o  7 4  m ass p e rcen t ,  t he  m ass fr ac t io n  o f p en t afluo r o e t hane  

be ing 8  t o  6 5  m ass p e r cen t ,  t he  o t her  co m p o nen t  be ing flu o r o -

m et hane  ( CH 3 F) .  

2.  The  re fr ige r an t  acco r d ing t o  claim  1 ,   1 5  

charact e r ized  in  t hat   

a  m ass fr ac t io n  o f fluo ro m et h ane  in  t he  re fr ige ran t  m ixt u re  is 7  

t o  2 5  m ass p e rcen t .  

3.  The  re fr ige r an t  acco r d ing t o  claim  2 ,   

charact e r ized  in  t hat   2 0  

t he  m ass fr ac t io n  o f fluo r o m et hane  is 1 3  t o  2 1  m ass p e rcen t .  

4.  The  re fr ige r an t  acco r d ing t o  claim  3 ,   

charact e r ized  in  t hat   

t he  m ass fr ac t io n  o f fluo r o m et hane  is 1 5  t o  1 9  m ass p e rcen t .  
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5.  The  re fr ige r an t  acco r d ing t o  any o ne  o f t he  p r eced ing c la im s,   

charact e r ized  in  t hat   

t he  m ass fr ac t io n  o f carbo n  d io xid e  is 2 6  t o  3 4  m ass p e rcen t .  

6.  The  re fr ige r an t  acco r d ing t o  claim  5 ,   

charact e r ized  in  t hat   5  

t he  m ass fr ac t io n  o f carbo n  d io xid e  is 2 8  t o  5 1  m ass p e rcen t .  

7.  The  re fr ige r an t  acco r d ing t o  any o ne  o f t he  p r eced ing c la im s,   

charact e r ized  in  t hat   

t he  m ass fr ac t io n  o f p en t a flu o r o e t h ane  is 4 9  t o  5 7  m ass p e rcen t .  

8.  The  re fr ige r an t  acco r d ing t o  claim  7 ,   1 0  

charact e r ized  in  t hat   

t he  m ass fr ac t io n  o f p en t aflu o r o e t h ane  is 5 1  t o  5 5  m ass p e rcen t .  

9.  The  re fr ige r an t  acco r d ing t o  any o ne  o f t he  p r eced ing c la im s,   

charact e r ized  in  t hat   

t he  r e fr ige ran t  has a t em p er at u r e  glid e  in  a  r ange  o f 4  K t o  1 6  K.  1 5  

10.  The  re fr ige r an t  acco r d ing t o  any o ne  o f t he  p r eced ing c la im s,   

charact e r ized  in  t hat   

t he  r e fr ige ran t  has a r e la t ive  CO 2  equ ivalen t  o f <  2 3 0 0  o ver  

1 0 0  years.  

11.  The  re fr ige r an t  acco r d ing t o  any o n e  o f t he  p r eced ing c la im s,   2 0  

charact e r ized  in  t hat   

t he  r e fr ige ran t  is n o nflam m ab le .  
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12.  A  t est  cham ber  fo r  co n d it io n ing air ,  t h e  t e st  cham be r  co m p r ising 

a t e st  sp ace  which  se rves t o  re ce ive  t e st  m at e r ia l and  which  can  

be  sealed  against  an  enviro nm ent  and  is t e m p erat u re -insu la t ed ,  

and  a  t em p erat u re  co n t r o l d evice  fo r  co n t ro lling t h e  t em p er at u re  

o f t h e  t e st  sp ace ,  a  t em p er at u r e  in  a  t e m p er at u r e  range  o f 5  

−7 0  ° C t o  + 1 8 0  ° C be ing est ab lishab le  wit h in  t he  t e st  sp ace  by 

m eans o f t he  t em p e rat u r e  co n t ro l d evice ,  t he  t em p erat u re  co n t ro l 

d evice  having a co o ling d evice  ( 1 0 ,  2 3 ,  3 0 ,  3 6 ,  4 3 )  co m p r ising 

a co o lin g cir cu it  ( 1 1 ,  2 4 ,  3 9 ,  4 4 )  wit h  a  r e fr ige ran t  acco rd ing t o  

any o ne  o f t he  p r eced ing c laim s,  a  heat  exchanger  ( 1 2 ,  2 5 ,  4 7 ) ,  1 0  

a co m p r esso r  ( 1 3 ,  2 6 ) ,  a  co n d enser  ( 1 4 .  2 7 ,  3 8 )  and  an  exp a n -

sio n  e lem en t  ( 1 5 ,  2 8 ) .  

13.  The  t est  cham ber  acco rd ing t o  cla im  1 2 ,   

charact e r ized  in  t hat   

t he  co o ling cir cu it  ( 1 1 ,  2 4 ,  3 9 ,  4 4 )  has an  in t e rnal heat  e x-1 5  

changer  ( 1 9 ,  2 9 ,  4 6 ) ,  t he  in t e rnal heat  exchanger  be ing co n-

nect ed  t o  a h igh -p r essu re  sid e  ( 1 7 )  o f t he  co o ling cir cu it  u p -

st re am  o f t he  exp ansio n  e lem en t  ( 1 5 ,  2 8 )  an d  d o wnst ream  o f t h e  

co n d ense r  ( 1 4 ,  2 7 ,  3 8 )  and  t o  a  lo w-p ressu r e  sid e  ( 1 8 )  o f t he  

co o ling cir cu it  up st r eam  o f t he  co m p re sso r  ( 1 3 ,  2 6 )  an d  d o wn -2 0  

st re am  o f t he  heat  exchange r  ( 1 2 ,  2 5 ,  4 7 ) .  

14.  The  t est  cham ber  acco rd ing t o  cla im  1 2  o r  1 3 ,   

charact e r ized  in  t hat   

t he  heat  exchange r  ( 1 2 ,  2 5 ,  4 7 )  is d im ensio ned  in  su ch  a  m anne r  

t hat  o n ly p ar t  o f t h e  re fr ige r an t  can  evap o rat e  in  t he  heat  e x-2 5  

changer .  
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15.  The  re st  ch am ber  acco rd ing t o  any o ne  o f claim s 1 2  t o  1 4 ,   

charact e r ized  in  t hat   

t he  co n d enser  ( 1 4 ,  2 7 ,  3 8 )  is r ea lized  as a  cascad e  he at  e x-

changer  ( 4 0 )  o f an o t her  co o ling cir cu it  ( 3 6 ,  4 3 )  o f t he  co o ling 

d evice .  5  

16.  The  t est  cham ber  acco rd ing t o  any o ne  o f claim s 1 2  t o  1 5 ,   

charact e r ized  in  t hat   

t he  t em p er at u re  co n t ro l d evice  has a h eat ing d evice  co m p r ising a  

heat e r  and  a  hea t in g heat  exch anger  in  t he  t e st  sp ace .  

17.  The  t est  cham ber  acco rd ing t o  any o ne  o f claim s 1 2  t o  1 6 ,   1 0  

charact e r ized  in  t hat   

a  fir st  byp ass ( 3 1 )  having a t  least  o ne  co n t ro llab le  seco n d  exp a n-

sio n  e lem en t  ( 3 3 )  is r ealized  in  t he  co o ling c ircu it  ( 2 4 ,  3 9 ,  4 4 ) ,  

t he  fir st  byp ass be in g co nnect ed  t o  t he  co o ling cir cu it  up st r eam  

o f t h e  in t e rn al heat  exchange r  ( 2 9 ,  4 6 )  an d  d o wnst ream  o f t he  1 5  

co n d ense r  ( 2 7 ,  3 8 ) ,  t he  fir st  byp ass be ing r ealized  as a  co n t ro l-

lab le  ad d it io n al in t e rnal co o ling syst e m  ( 3 4 ) .  

18.  A  u se  o f a  r e fr ige ran t  co nsist ing o f a  r e fr ige ran t  m ixt u re  co m -

p o sed  o f a  m ass fr act io n  o f carb o n  d io xid e  ( CO 2 )  o f 2 0  t o  

7 4  m ass p e r cen t ,  a  m ass fr ac t io n  o f p en t afluo r o e t hane  ( C 2 HF5 )  o f 2 0  

8  t o  6 5  m ass p e rcen t  an d  a  m ass fract io n  o f a t  le ast  o ne  o t her  

co m p o nen t ,  t he  o t h er  co m p o nen t  be ing fluo r o m et hane  ( CH 3 F) ,  

fo r  co n d it io n ing air  in  a  t e st  sp ace  o f a  t e st  ch am ber ,  t he  t e st  

sp ace  se rving t o  re ce ive  t e st  m at e r ial and  be ing sealed  against  an  

envir o nm ent  an d  t em p er at u r e -insu lat ed ,  a  co o ling d evice  ( 1 0 ,  2 5  

2 3 ,  3 0 ,  3 6 ,  4 3 )  o f a  t e m p erat u re  co n t ro l d evice  o f t he  t e st  

cham ber ,  wh ich  co m p r ise s a co o ling circu it  ( 1 1 ,  2 4 ,  3 9 ,  4 4 )  
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wit h  t he  re fr ige r an t ,  a  heat  exchanger  ( 1 2 ,  2 5 ,  4 7 ) ,  a  co m p re s-

so r  ( 1 3 ,  2 6 ) ,  a  co nd ense r  ( 1 4 .  2 7 ,  3 8 )  and  an  exp ansio n  e le -

m en t  ( 1 5 ,  2 5 ,  2 8 ) ,  be ing used  t o  est ab lish  a  t e m p erat u re  in  a  

t em p er a t u r e  o f −6 0   ° C t o  + 1 8 0   ° C,  p re fe r ab ly −7 0  ° C t o  

+ 1 8 0  ° C,  p ar t icu la r ly p re fe rab ly −8 0  ° C t o  + 1 8 0  ° C,  wit h in  5  

t he  t e st  sp ace .  

19.  The  use  acco r d ing t o  cla im  1 8 ,   

charact e r ized  in  t hat   

an  in t e rnal heat  exchanger  ( 1 9 ,  2 9 ,  4 6 )  o f t he  co o ling c ircu it  

( 1 1 ,  2 4 ,  3 9 ,  4 4 )  co nnect ed  t o  a  h igh -p re ssu re  sid e  ( 1 7 )  o f t h e  1 0  

co o ling cir cu it  up st r eam  o f t he  exp an sio n  e lem en t  ( 1 5 ,  2 5 ,  2 8 )  

and  d o wn st r eam  o f t he  co n d enser  ( 1 4 ,  2 7 ,  3 8 )  an d  t o  a lo w-

p re ssu re  sid e  ( 1 8 )  o f t h e  co o ling cir cu it  up st ream  o f t he  co m -

p re sso r  ( 1 3 ,  2 6 )  an d  d o wnst ream  o f t h e  heat  exch anger  ( 1 2 ,  2 5 ,  

4 7 )  is u sed  t o  co o l t he  r e fr ige ran t  o f t he  h igh -p ressu re  sid e ,  t he  1 5  

co o ling o f t he  r e fr ige ran t  o f t he  h igh -p r essu re  sid e  by m ean s o f 

t he  in t e rn al heat  exchanger  be ing exp lo it ed  t o  lo wer  an  evap o r a-

t io n  t em p er at u re  at  t he  exp an sio n  e lem en t .  

20.  The  use  acco r d ing t o  cla im  1 8  o r  1 9 ,   

charact e r ized  in  t hat   2 0  

t he  r e fr ige ran t  o f t he  h igh -p ressu re  sid e  ( 1 7 )  is co o led  by t he  r e -

fr ige ran t  o f t he  lo w-p ressu re  sid e  ( 1 8 )  at  co nst an t  su ct io n  p re s-

su re  o n  t he  lo w-p re ssu re  sid e  by m eans o f t he  in t e rnal heat  e x-

changer  ( 1 9 ,  2 9 ,  4 6 ) .  

2 5  


