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. .  
compression  kind,  comprising  a  compressor  2,  condenser  4, expansion  valve  6,  and  evaporator  8,  a  sub-cooler  12  is  em- 
ployed  to  reduce  the  temperature  of  the  condensed  re- frigerant  to  a  value  at  which  at  least  90%  by  volume  and  pre- ferably  all  of  it  remains  in  the  liquid  phase  on  passage  through the  expansion  valve  6.  The  sub-cooler  12  is  cooled  by  means of  a  supply  of  liquid  nitrogen  from  vessel  14.  Alternatively, 
liquid  nitrogen  is  evaporated  in  a  circulating  heat  exchange 
atmosphere  in  the  sub-cooler  12.  Increased  heat  load  in 
chamber  10  may  thus  be  met  without  there  necessarily  being 
any  increase  in  the  evaporating  temperature  and  pressure 
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DESCRIPTION  OF  THE  INVENTION 

KLrKlbcKAl  1UN  Ml  I  HUU  AND  APPARATUS 

ini5  inven t ion   re laxes   to  a  r e m   ge  rati   on  method  and  a p p a r a t u s .  

Mechanical  r e f r i g e r a t i o n   is  widely  used  for  i n d u s t r i a l   purposes,   f o r  
example  the  r e f r i g e r a t i o n   or  f r e e z i n g   of  food.  Conven t iona l  
nechanical   r e f r i g e r a t i o n   plant   opera tes   a  cycle  in  which  r e f r i g e r a n t  
vapour  is  compressed,  the  r e s u l t i n g   compressed  gas  is  condensed  by 
heat  exchange  with  cold  water  or  a i r ,   the  condensed  r e f r i g e r a n t   i s  
expanded  through  an  expansion  valve,   and  the  r e s u l t a n t   expanded 
f lu id   is  evapora ted ,   whereby  heat  is  e x t r a c t e d   from  (and  hence 
r e f r i g e r a t i o n   provided  for)  a  body  or  f l u id   to  be  r e f r i g e r a t e d .   The 
evaporated  r e f r i g e r a n t   provides  the  vapour  for  compression  so  t h a t  
the  mechanical  r e f r i g e r a t i o n   cycle  is  e n d l e s s .  

Such  a  r e f r i g e r a t i o n   plant  is  c o n v e n t i o n a l l y   operated  with  the  i n l e t  
3f  the  compressor  rece iv ing   r e f r i g e r a n t   vapour  at  i ts  e v a p o r a t i o n  
temperature   under  the  p r e v a i l i n g   pressure   and  with  the  expans ion  
yalve  r ece iv ing   condensed  r e f r i g e r a n t   at  i ts  c o n d e n s a t i o n  

t empera tu re .   It  is  found  that   the  volumic  work  of  compression  and 
fience  the  power  required  to  drive  the  compressor  inc reases   markedly  
tfith  i n c r e a s i n g   condensat ion  t empera ture   without   there  being  a 
cor responding   increase   in  the  volumic  r e f r i g e r a t i o n   e f f e c t .  
:ondensa t ion   is  t y p i c a l l y   e f f ec t ed   by  heat  exchanging  t he  
r e f r i g e r a n t   vapour  with  water  or  air   at  ambient  t empera tu re s .   In 
summer,  t h e r e f o r e ,   when  ambient  t empera tures   r ise  cons ide rab ly   above 

average,  d i f f i c u l t i e s   are  t y p i c a l l y   c rea ted   in  main ta in ing   a  g iven  
condensat ion  temperature  and  p r e s s u r e ,   and  f r e q u e n t l y   the  operator   of 
the  mechanical  r e f r i g e r a t i o n   p lan t   has  to  allow  the  c o n d e n s a t i o n  
temperature   to  r ise  at  the  expense  of  a  markedly  increased  power 
consumption.  Moreover,  since  an  inc reased   condensat ion   p r e s s u r e  
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e n t a i l s   an  i n c r e a s e d   o p e r a t i n g   p r e s su re   in  the  c o m p r e s s o r ,  

compressor   wear  tends  to  be  a c c e l e r a t e d   and  as  a  r e s u l t   a  more 

f r e q u e n t   s e r v i c i n g   of  the  compressor   is  r equ i red   to  m a i n t a i n  

p r e s s u r e .  

Another  problem  tha t   a r i s e s   with  convent ional   mechan ica l  

r e f r i g e r a t i o n   p lan t   is  t ha t   the  p lan t   is  r e l a t i v e l y   i n f l e x i b l e   i n  

meeting  varying  r e f r i g e r a t i o n   demands.  It  is  found  t h a t   the  volumic  

r e f r i g e r a t i o n   e f f e c t   f a l l s   r a p i d l y   with  d imin i sh ing   e v a p o r a t i n g  

t e m p e r a t u r e s .   Acco rd ing ly ,   the  r e f r i g e r a t i o n   capac i ty   produced  by  a 

compressor   of  the  p o s i t i v e   d i sp l acemen t   type  with  a  f ixed  swep t  

volume  ra te   becomes  smal le r   with  decreas ing   t empera tu re s   and  t h i s  

means  tha t   to  produce  a  c e r t a i n   r e f r i g e r a t i o n   c a p a c i t y ,   more 

expensive   compression  p lan t   is  r equ i red   for  low  e v a p o r a t i n g  

t empera tu re   than  for  high  ones.  Where  the  r e f r i g e r a t i o n   p l an t   i s ,  

say,  employed  to  f reeze   food,  an  a t tempt   to  a c c e l e r a t e   the  food  

f r e e z i n g   process   or  to  i n c r e a s e   the  weight  of  food  f rozen  per  u n i t  

time  by  reducing   the  e v a p o r a t i n g   t empera tu re   wil l   r e s u l t   in  a  l o s s  

of  r e f r i g e r a t i o n   c a p a c i t y   and  thus  the  a t tempt  will  be  s e l f -  

d e f e a t i n g   unless   the  p lan t   is  normally  operated  with  the  n e c e s s a r y  

spare  c a p a c i t y .   One  p r a c t i c a l   consequence  of  th is   lack  o f  

f l e x i b i l i t y   is  tha t   the  o p e r a t o r   of  the  p lan t   is  o f ten   unable  t o  

meet  temporary  i n c r e a s e s   in  the  demand  for  frozen  f o o d .  

It  has  p r e v i o u s l y   been  proposed  to  enhance  the  performance  o f  

mecahnical  r e f r i g e r a t i o n   p l a n t   by  spraying  l i q u i d   n i t rogen   into  a 

chamber  r e f r i g e r a t e d   by  the  e v a p o r a t i n g   r e f r i g e r a n t .   This  p r o p o s a l  

has  been  found  in  p r a c t i c e   to  have  a  number  of  major  d rawbacks .  

F i r s t ,   there  is  tendency  for  the  l i qu id   n i t rogen  to  take  over  

e n t i r e l y   from  the  mechanical   r e f r i g e r a t i o n   p lan t   so  t h a t  

s u b s t a n t i a l l y   all  the  r e f r i g e r a t i o n   load  is  met  by  the  n i t rogen   w i th  

the  r e s u l t   tha t   the  p rocess   becomes  uneconomic  and  damage  may  be 

caused  to  the  mechanical  r e f r i g e r a t i o n   p lan t .   This  phenomenon  may 

at  l e a s t   in  par t   be  caused  by  ice  being  depos i ted   on  the  e x t e r n a l  

heat  exchange  su r f aces   of  the  e v a p o r a t o r ,   but  in  any  c a s e ,  

d i f f i c u l t i e s   do  a r i s e   in  c o n t r o l l i n g   the  l i qu id   n i t r o g e n  

i n t r o d u c t i o n   such  t ha t   the  ref  ri  ge ra t i   ve  capac i ty   of  the  mechanica l  

r e f r i g e r a t i o n   p l an t   is  f u l l y   used.  Moreover,  where  the  chamber  i s  

of  the  kind  t h a t   permi ts   or  r e q u i r e s   human  beings  to  have  access  to  
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i t ,   the  c r e a t i o n   of  a  n i t r o g e n - e n r i c h e d   atmosphere  as  a  r e su l t   o f  
the  e v a p o r a t i o n   in  the  chamber  of  the  l i qu id   n i t rogen   sprays  t ends  

to  give  r i se   to  a  sa fe ty   hazard.  Accord ing ly ,   a t tempts   to  employ 

l i q u i d   n i t rogen   in  such  a  way  have  ended  in  f a i l u r e .  

It  is  an  aim  of  the  p resen t   invent ion  to  provide  a  method  and 

appara tus   tha t   makes  it   possible   to  enhance  or  augment  r e f r i g e r a t i o n  

provided  m e c h a n i c a l l y ,   the  enhancement  being  provided  by  u t i l i s i n g   a 
l i q u e f i e d   a tmospher ic   gas .  

In  i t s   b r o a d e s t   aspect   the  present  invent ion   comprises  s u b - c o o l i n g  
the  condensed  r e f r i g e r a n t   by  heat  exchange  with  a  second  f l u i d  

t y p i c a l l y   compris ing   a  l i que f i ed   a tmospheric   gas  or  cold  gas  evolved 
t h e r e f r o m .  

According  to  the  p re sen t   invent ion  there  is  provided  a  mechanical 

r e f r i g e r a t i o n   method  comprising  the  steps  of  compressing  a 

r e f r i g e r a n t   in  i t s   vapour  s t a t e ,   condensing  the  r e f r i g e r a n t ,   sub-  

cool ing  the  condensed  r e f r i g e r a n t   to  a  chosen  t emppra ture ,   r educ ing  
the  p ressure   to  which  said  sub-cooled  r e f r i g e r a n t   is  s u b j e c t e d ,  

e v a p o r a t i n g   the  r e f r i g e r a n t   and  thereby  e x t r a c t i n g   heat  from  a  h e a t  

load  to  be  r e f r i g e r a t e d ,   and  re tu rn ing   the  evapora ted   r e f r i g e r a n t  
for  compress ion,   wherein  sub-cool ing  of  the  r e f r i g e r a n t   is  e f f e c t e d  

by  d i r e c t   or  i n d i r e c t   heat  exchange  with  a  second  f lu id   compr i s ing  
a  cryogenic   medium  or  cold  gas  formed  by  e v a p o r a t i n g   a  c ryogen ic  

l i qu id   and  said  t empera ture   is  chosen  such  tha t   at  l eas t   90%  by 
volume  of  the  sub-cooled   l iqu id   r e f r i g e r a n t   remains  in  the  l i q u i d  
s t a t e   upon  complet ion  of  the  pressure  r e d u c t i o n .  

The  i nven t ion   also  provides  mechanical  r e f r i g e r a t i o n   a p p a r a t u s ,  

comprising  means  for  compressing  a  vaporous  r e f r i g e r a n t ,   a 
condenser  for  condensing  the  compressed  r e f r i g e r a n t   having  an  i n l e t  

in  communication  with  the  out le t   of  the  compressor ,   means  for  sub-  

cooling  the  condensed  r e f r i g e r a n t   by  d i r e c t   or  i n d i r e c t   h e a t  

exchange  with  a  second  f lu id   comprising  a  cryogenic  medium  or  c o l d  

gas  formed  by  e v a p o r a t i n g   a  cryogenic  l i q u i d ,   means  for  reducing  t h e  

pressure   to  which  the  sub-cooled  r e f r i g e r a n t   is  sub jec ted ,   an 

evapo ra to r   having  an  i n l e t   in  communication  with  said  s u b - c o o l i n g  
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neans  and  an  o u t l e t   in  communication  with  the  i n l e t   of  t h e  

:ompression  means,  and  means  for  c o n t r o l l i n g   t h e o p e r a t i o n   of  t h e  

; ub -coo l i ng   means  such  t h a t   in  ope ra t ion   at  l e a s t   90%  by  volume  o f  

the  sub -coo l ed   l i q u i d   remains  in  the  l i q u i d   s t a t e   upon  complet ion  o f  

the  p r e s s u r e   r e d u c t i o n .  

The  method  and  a p p a r a t u s   according  to  the  p resen t   i nven t ion   makes  i t  

Dossible  to  choose  a  r e l a t i v e l y   low  e v a p o r a t i n g   t empera tu re   ( s ay  

-40°c  or  below)  of  the  r e f r i g e r a n t   wi thout   loss  of  volumic  

r e f r i g e r a t i o n   e f f i c i e n c y .   T y p i c a l l y ,   the  degree  of  sub -coo l ing   i s  

chosen  such  tha t   any  t empera tu re   drop  undergone  by  the  r e f r i g e r a n t  

Dn  p r e s s u r e   r e d u c t i o n   is  less  than  10°C  (and  more  t y p i c a l l y   l e s s  

than  5 ° c ) .  

P r e f e r a b l y ,   said  t e m p e r a t u r e   is  chosen  such  that   all  the  s u b - c o o l e d  

l i q u i d   remains  in  a  l i q u i d   s t a t e   on  complet ion  of  the  p r e s s u r e  

r e d u c t i o n ,   i . e .   there   is  no  t empera ture   drop  on  p ressure   r e d u c t i o n .  

The  second  f l u i d   is  p r e f e r a b l y   an  a tmospher ic   gas  tha t   is  t y p i c a l l y  

heat  exchanged  in  i t s   l i q u i d   s t a t e   with  the  r e f r i g e r a n t   in  order  t o  

sub-cool  the  r e f r i g e r a n t   to  the  des i red   t e m p e r a t u r e ,   o r ,  

a l t e r n a t i v e l y ,   the  a tmospher ic   gas  in  its.  l i q u i d   s t a t e   may  be  h e a t  

exchanged  with  an  i n t e r m e d i a t e   f l u i d   which  is  in  turn  heat  exchanged  

with  the  r e f r i g e r a n t   so  as  to  e f f e c t   the  necessary   sub -coo l i ng .   In 

one  example  of  the  method  according  to  the  i n v e n t i o n ,   t h e  

a tmospher ic   gas  in  i t s   l i q u i d   s t a t e   is  evapora ted   in  a  gaseous  

a tmosphere ,   t y p i c a l l y   c i r c u l a t i n g ,   which  is  heat  exchanged  with  t h e  

r e f r i g e r a n t   so  as  to  e f f e c t   the  des i red   s u b - c o o l i n g .   In  a n o t h e r  

example,  the  l i q u i d   n i t rogen   is  used  to  cool  a  bath  of  r e l a t i v e l y  

low  f r e e z i n g   poin t   organic   l i qu id   (e.g.  m e t h a n o l ) .  

The  method  accord ing   to  the  p resen t   method  p r e f e r a b l y   a d d i t i o n a l l y  

inc ludes   the  s teps  of  sensing  the  t empera tu re   of  said  second  f l u i d  

at  a  l o c a t i o n   downstream  of  where  heat  exchange  of  said  second  f l u i d  

with  said  r e f r i g e r a n t   takes  place  (or  a  parameter   dependent  upon 

such  t e m p e r a t u r e ) ,   c o n t r o l l i n g   the  rate  at  which  cryogenic   medium  or  

c ryogenic   l i q u i d   is  brough  into  heat  exchange  r e l a t i o n s h i p   w i th  
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said  r e f r i g e r a n t   (or  is  evapora t ed   1n  said  second  f l u i d )   to  m a i n t a i n  

said  t empera tu re   at  a  set  chosen  value,   sensing  the  t empera tu re   of  

the  r e f r i g e r a n t   at  a  l o c a t i o n   downstream  of  where  Its  sub -coo l ing   1s 

completed  (or  a  parameter   dependent  upon  such  t e m p e r a t u r e ) ,   and 

a d j u s t i n g   the  s e t t i n g   of  said  value  1n  response  to  any  d e v i a t i o n s   1n 

the  t empera tu re   of  the  sub-cooled   r e f r i g e r a n t   from  said  chosen  

t e m p e r a t u r e ,   whereby  the  t e m p e r a t u r e   of  the  sub-cooled  r e f r i g e r a n t  

is  r e t u rned   to  said  chosen  t e m p e r a t u r e .  

The  method  according  to  the  p resen t   i nven t ion   may  be  performed  on  an  

e s t a b l i s h e d   mechanical  r e f r i g e r a t i o n   p lant   by  r e t r o - f i t t i n g   a 

s u i t a b l e   heat  exchanger .   A l t e r n a t i v e l y ,   apparatus  may  be  b u i l t   t o  

custom  to  perform  the  method  according  to  the  i n v e n t i o n .  

The  method  and  appara tus   according   to  the  invent ion  will  now  be 

desc r ibed   by  way  of  example  with  r e f e r ence   to  the  accompanying 

drawings,   in  which:  

Figure  1  is  a  schematic  diagram  i l l u s t r a t i n g   the  e s s e n t i a l   par ts   of  

a  conven t iona l   mechanical  r e f r i g e r a t i o n   c i r c u i t ;  

Figure  2  is  a  graph  i l l u s t r a t i n g   the  changes  in  p ressure   and  t h e  

s p e c i f i c   enthalpy  tha t   the  r e f r i g e r a n t   undergoes  around  the  c i r c u i t  

shown  in  Figure  1;  

Figure  3  is  a  s i m p l i f i e d   schematic  drawing  i l l u s t r a t i n g   mechan ica l  

r e f r i g e r a t i o n   appara tus   in  accordance  with  the  i n v e n t i o n .  

Figure  4  is  a  graph  i l l u s t r a t i n g   the  v a r i a t i o n   of  p ressure   and 

s p e c i f i c   en thalpy  for  the  r e f r i g e r a n t   as  it  flows  round  t h e  

appara tus   shown  in  Figure  3 ;  

Figure  5  is  a  schematic  drawing  i l l u s t r a t i n g   a  c o n v e n t i o n a l  

mechanical   r e f r i g e r a t i o n   p lan t   tha t   has  been  converted  to  p e r f o r m  

the  method  according  to  the  inven t ion   by  r e t o - f i t t i n g   a  h e a t  

exchanger   for  e f f e c t i n g   sub -coo l ing   of  the  r e f r i g e r a n t ,   and 

Figure  6  is  a  schematic  side  e l e v a t i o n   of  the  heat  exchanger  for  use 

in  the  p lan t   shown  in  Figure  5. 
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In  the  r e s p e c t i v e   F igures   of  the  drawings,   l ike   pa r t s   are  i n d i c a t e d  

by  the  same  r e f e r e n c e   n u m e r a l s .  

Figure  1  of  the  drawings  i l l u s t r a t e s   a  conven t iona l   mechan ica l  

r e f r i g e r a t i o n   cycle   of  the  vapour  compression  kind.   A  compressor   2 

r ece ives   vapour  of  a  r e f r i g e r a n t   at  i ts   s a t u r a t i o n   t empera tu re   a t  

the  p r e s s u r e   p r e v a i l i n g   on  the  suct ion   side  of  the  compressor   2 .  

The  compressor  2  compresses   the  vapour  to  a  s u i t a b l e   e l e v a t e d  

p r e s s u r e .   The  r e s u l t a n t   compressed,   gaseous,   r e f r i g e r a n t   is  t h e n  

condensed  in  a  condenser   4.  The  necessary   cool ing   for  the  c o n d e n s e r  

4  is  t y p i c a l l y   p rov ided   by  water  or  a i r .   Both  the  r e f r i g e r a n t   and 

the  ope ra t i ng   p r e s s u r e   are  often  chosen  such  tha t   the  c o n d e n s a t i o n  

takes  place  at  ambient   t empe ra tu r e ,   or  a  t empera tu re   only  s l i g h t l y  

below  ambient.   The  r e s u l t i n g   condensate   at  the  t empera tu re   o f  

s a t u r a t e d   vapour  at  the  p re s su re   p r e v a i l i n g   in  the  condenser   4  i s  

then  passed  through  a  t h r o t t l e   valve  (or  expansion  valve)  6  and  i s  

thereby  reduced  in  p r e s s u r e .   As  a  r e s u l t   of  th i s   s tep,   there  is  a 

r educ t ion   in  the  t e m p e r a t u r e   of  the  f l u id .   The  r e f r i g e r a n t   is  t h e n  

passed  through  an  e v a p o r a t o r   8  in  heat  exchange  r e l a t i o n s h i p   with  a 

heat  load  (not  shown)  in  the  chamber  10.  Liquid  r e f r i g e r a n t   i s  

evapora t ed   in  the  e v a p o r a t o r   8  ( t y p i c a l l y   tak ing   the  form  of  one  o r  

more  coi ls   formed  of  metal  having  a  high  thermal  c o n d u c t i v i t y )   and 

thus  p rovides   r e f r i g e r a t i o n   for  the  heat  load.  The  r e f r i g e r a n t  

vapour  that   is  thus  formed  is  that   which  is  compressed:  t h e  

r e f r i g e r a n t   thus  passes   around  an  endless   c i r c u i t .  

Figure  2  i l l u s t r a t e s   the  enthalpy  and  p r e s su re   changes  tha t   t a k e  

place  as  the  r e f r i g e r a n t   flows  around  the  c i r c u i t   shown  in  Figure  1. 

At  the  i n l e t   to  the  compressor  2,  the  r e f r i g e r a n t   has  a  s p e c i f i c  

en tha lpy   h  and  a  p r e s s u r e   P  that   place  it  at  po in t   a  on  the  g raph  

shown  in  Figure  2.  Compression  i nc r ea se s   i t s   s p e c i f i c   enthalpy  and 

p r e s s u r e   and  at  the  o u t l e t   of  the  compressor  2  the  r e f r i g e r a n t   has  a 

s p e c i f i c   en tha lpy   and  p ressure   that   place  it  at  point   b.  The 

subsequent   c o n d e n s a t i o n   is  s u b s t a n t i a l l y   i s o b a r i c   but  is  accompanied  

by  a  r educ t ion   in  the  en thalpy  of  the  r e f r i g e r a n t   such  tha t   i t   is  a t  

po in t   c  when  i t   reaches   the  o u t l e t   of  the  condenser   4.  At  po in t   c  a 

change  of  phase  from  s a t u r a t e d   vapour  to  l i q u i d   takes  place  and  t h i s  
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change  has  been  completed  when  the  r e f r i g e r a n t   leaves  the  condenser   . 
Passage  of  the  l i qu id   r e f r i g e r a n t   through  the  valve  6  causes  an 
I s e n t h a l p i c   p r e s su re   r educ t ion   to  take  place  and  the  cond i t ion   o f  
the  r e f r i g e r a n t   at  the  i n l e t   to  the  evapo ra to r   8  is  r e p r e s e n t e d   by 
poin t   d  v e r t i c a l l y   below  point   c.  Evapora t ion   of  l i qu id   r e f r i g e r a n t  
in  the  e v a p o r a t o r   8  r e t u r n s   the  r e f r i g e r a n t   to  point  a.  If  d e s i r e d ,  
it   can  be  a r ranged  for  poin t   a  to  l ie   a  l i t t l e   to  the  r ight   of  t h e  

p o s i t i o n   in  which  it  is  shown  to  ensure  tha t   no  l iqu id   enters   t h e  

compressor   2.  The  s p e c i f i c   r e f r i g e r a t i n g   e f f e c t   provided  by  t h e  

r e f r i g e r a n t   is  thus  h&  -  hQ  where  ha  is  the  s p e c i f i c   enthalpy  a t  

po in t   a  and  hc  is  the  s p e c i f i c   enthalpy  at  point   c.  The  vo lumic  

r e f r i g e r a t i n g   e f f e c t   provided  by  the  r e f r i g e r a n t   is  (h  -  h  ) /Va 
a  c 

where  Va  is  the  s p e c i f i c   volume  of  the  r e f r i g e r a n t   at  point   a  ( i . e .  
the  i n l e t   of  the  compressor  2).  The  s p e c i f i c   r e f r i g e r a t i n g   e f f e c t  
is  r e l a t e d   to  the  amount  of  r e f r i g e r a t i o n   provided  per  unit   mass  o f  

r e f r i g e r a n t   by  the  r e f r i g e r a t i o n   c i r c u i t   shown  in  Figure  1,  whereas  
the  volumic  r e f r i g e r a t i o n   e f f e c t   is  r e l a t e d   to  the  r e f r i g e r a t i o n  
provided  per  unit   power  consumed  by  the  compressor  2  and  is  thus  a 
f unc t i on   of  the  e f f i c i e n c y   with  which  the  r e f r i g e r a t i o n   is  p r o v i d e d .  

In  p r a c t i c e   with  many  convent iona l   vapour  compression  r e f r i g e r a t i o n  
systems,   as  the  heat  load  i n c r e a s e s ,   so  the  rate  of  e v a p o r a t i n g  
l i q u i d   r e f r i g e r a n t   i n c r e a s e s .   This  causes  a  r i se   in  the  e v a p o r a t i n g  

p r e s s u r e   and  hence  a  r ise   in  the  evapo ra t i ng   tempera ture   which  may 
t h e r e f o r e   become  unaccep tab ly   high.  It  should  be  a p p r e c i a t e d ,  
however,  tha t   an  i n c r e a s e   in  the  e v a p o r a t i n g   p ressure   also  r e s u l t s  
in  an  i n c r e a s e   in  the  mass  of  r e f r i g e r a n t   vapour  that   is  handled  by 
the  compressor   per  uni t   time  and  thus  the  r e f r i g e r a n t   capac i ty   o f  
the  appara tus   may  be  i nc reased   with  i n c r e a s i n g   e v a p o r a t i n g  

t e m p e r a t u r e .  

We  be l i eve   tha t   a  key  to  op t imis ing   the  performance  of  the  

r e f r i g e r a t i o n   c i r c u i t   r e s ides   in  ob ta in ing   improved  o p e r a t i n g  
paramete r s   at  the  i n l e t   to  the  valve  6.  In  convent ional   o p e r a t i o n ,  
when  the  r e f r i g e r a n t   l i qu id   passes  through  the  valve  6  a  s i z e a b l e  

p r o p o r t i o n   of  i t   f l a shes   off   as  gas.  The  exact  p ropor t ion   w i l l  

depend  i n t e r   a l ia   on  the  choice  of  r e f r i g e r a n t   but  it  may  t y p i c a l l y  
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be  in  the  order  of  15  to  20%  by  volume  of  the  l i q u i d   e n t e r i n g   t h e  

expans ion   valve.   Consider   now  the  e f f e c t   of  t h i s   f l a sh   gas  on  t h e  

o p e r a t i o n   of  the  condense r   8.  The  l i q u i d   in  the  e v a p o r a t o r   8  makes 

a  much  g r e a t e r   c o n t r i b u t i o n   to  the  r e f r i g e r a t i o n   of  the  heat  l o a d  

than  the  gas,  as  the  former  c o n t r i b u t e s   i t s   l a t e n t   heat  o f  

c o n d e n s a t i o n   to  the  r e f r i g e r a t i o n .   Accord ing ly ,   the  g r e a t e r   t h e  

p r o p o r t i o n   of  l i q u i d   in  the  f l u i d   e n t e r i n g   the  e v a p o r a t o r ,   t h e  

g r e a t e r   will  be  the  i n c r e a s e   in  the  s p e c i f i c   en tha lpy   of  t h e  

r e f r i g e r a n t   in  the  e v a p o r a t o r   and  thus  the  g r e a t e r   the  s p e c i f i c  

r e f r i g e r a t i n g   e f f e c t   (h  =  -  h  )  wi l l   become  (see  Figure  2) 
a  c 

assuming  tha t   there   is  a  s u f f i c i e n t   heat  load  in  the  chamber  10. 

The  method  accord ing   to  the  p r e s e n t   inven t ion   enables   t h e  

r e f r i g e r a n t   to  en t e r   the  e v a p o r a t o r   8  e n t i r e l y   in  the  l i q u i d   s t a t e .  

This  end  can  be  achieved  r e l a t i v e l y   simply  wi thout   n e c e s s i t a t i n g   t h e  

p r o v i s i o n   of  ex t ra   compression  and  wi thout   the  need  to  reduce  t h e  

flow  ra te   of  r e f r i g e r a n t   through  the  c i r c u i t   by  d i v e r t i n g  

r e f r i g e r a n t   t h e r e f r o m .   As  shown  in  Figure  3,  a  s u b - c c o l e r   12  i n  

the  form  of  a  heat  exchanger  is  provided  i n t e r m e d i a t e   the  c o n d e n s e r  

4  and  the  valve  6.  The  heat  exchanger   12  has  an  i n l e t   16  for  l i q u i d  

n i t r o g e n   communicating  with  a  source  14  of  l i qu id   n i t rogen   and  an 

o u t l e t   18  for  n i t r ogen   vapour.   The  heat  exchanger   12  may  f o r  

example  be  of  the  shel l   and  tube  type.  A l t e r n a t i v e l y ,   i t   may  be  of  

a  kind  in  which  cold  gas  is  employed  to  e f f e c t   the  heat  e x c h a n g e ,  

such  cold  gas  being  formed  by  e v a p o r a t i n g   l i q u i d   n i t rogen   or  o t h e r  

l i q u i d   a tmospher ic   gas  (for  example  l i q u i d   a i r ) .   Sub-cooled  l i q u i d  

r e f r i g e r a n t   thus  e n t e r s   the  expansion  valve  6.  The  l i q u i d  

r e f r i g e r a n t   is  sub -coo led   to  a  t e m p e r a t u r e   such  tha t   at  t h e  

p r e v a i l i n g   p r e s s u r e   downstream  of  the  expansion  valve  6  not  more 

than  5%  by  volume  of  the  l i q u i d   e n t e r i n g   the  expansion  valve  6  i s  

c o n v e r t e d   to  f l a sh   gas,  and  p r e f e r a b l y   such  tha t   none  of  the  l i q u i d  

e n t e r i n g   the  expansion  valve  6  is  conver ted   to  f l a sh   g a s .  

T y p i c a l l y ,   in  many  food  f r e e z i n g   p rocesses   it  is  d e s i r a b l e   t o  

e v a p o r a t e   the  l i q u i d   r e f r i g e r a n t   at  a  t empera tu re   s u b s t a n t i a l l y  

below  0°c.  However,  in  a  conven t iona l   system  as  shown  in  Figure  1 

of  the  drawings  the  l i q u i d   e n t e r i n g   the  expansion  valve  6  w i l l  



- 9 -  

0 2 0 8 5 2 6  

t y p i c a l l y   be  at  a  t e m p e r a t u r e   not  s u b s t a n t i a l l y   below  0°C  Thus ,  
the  passage  through  the  expansion  valve  6  is  u t i l i s e d   to  c rea te   t h e  

necessa ry   e v a p o r a t i n g   t empera tu re .   Accord ing ly ,   f l ash   gas  1s  formed 

the  p r o p o r t i o n   of  f l a sh   gas  that   is  formed  i n c r e a s e s   with  i n c r e a s i n g  

t e m p e r a t u r e   drop.  However,  by  using  the  method  according  to  t h e  

i n v e n t i o n   the  p r o p o r t i o n   of  f lash  gas  that   is  formed  can  be  kept  to  
less  than  10%  by  volume  of  the  r e f r i g e r a n t   e n t e r i n g   the  e x p a n s i o n  
valve  even  at  low  e v a p o r a t i n g   t e m p e r a t u r e s .   T y p i c a l l y ,   in 
accordance  with  the  i n v e n t i o n ,   the  t empera ture   drop  across  t h e  

expansion  valve  6  can  be  e l imina t ed   and  thus  no  f lash  gas  formed.  

Re fe r r i ng   now  to  Figure  4  of  the  accompanying  drawings,   this   is  a 

graph  tha t   r e p r e s e n t s   the  enthalpy  and  p ressure   changes  that   t a k e  

place  as  the  r e f r i g e r a n t   flows  around  the  c i r c u i t   shown  in  Figure  3.  
At  the  i n l e t   to  the  compressor  2,  the  r e f r i g e r a n t   has  a  s p e c i f i c  

en tha lpy   h  and  a  p r e s s u r e   P  that  places  it  at  point   a'  on  the  g raph  
shown  in  Figure   4.  Compression  i nc reases   i ts   s p e c i f i c   enthalpy  and 

p r e s s u r e   and  at  the  o u t l e t   of  the  compressor  2  the  r e f r i g e r a n t   has  a 
s p e c i f i c   en tha lpy   and  pressure   tha t   place  it  at  point   b'.  The 

subsequent   condensa t ion   is  s u b s t a n t i a l l y   i s o b a r i c   but  is  accompan ied  
by  a  r educ t ion   in  the  enthalpy  of  the  r e f r i g e r a n t   such  that   it  is  a t  

poin t   x'  when  i t   reaches  the  o u t l e t   of  the  condenser   4.  At  point   x1 

a  change  of  phase  from  s a t u r a t e d   vapour  to  l i qu id   takes  place  and 
this   change  is  completed  before  the  r e f r i g e r a n t   leaves  t h e  

condenser .   The  l i q u i d   r e f r i g e r a n t   is  then  sub-cooled   in  the  h e a t  

exchanger   12.  The  enthalpy  of  the  l i qu id   r e f r i g e r a n t   is  t h u s  
reduced  to  a  valve  r e p r e s e n t e d   by  point  c ' .   Passage  of  the  sub -  
cooled  l i q u i d   r e f r i g e r a n t   through  the  expansion  valve  6  causes  an 
i s e n t h a l p i c   p r e s su re   reduct ion   to  take  place.   The  p ressure   drop 
tha t   takes  place  is  r ep re sen t ed   by  the  l ine  c'  d ' .   Point  d '  

r e p r e s e n t s   the  enthalpy  and  pressure   of  the  l i qu id   at  the  i n l e t   t o  
the  e v a p o r a t o r   8.  Evapra t ion   of  the  l i q u i d   r e f r i g e r a n t   in  t h e  

e v a p o r a t o r   8  r e t u r n s   the  r e f r i g e r a n t   to  Point  a ' .   In  compar ison  
with  the  graph  shown  in  Figure  2,  in  the  event  tha t   the  p r e s su re s   a t  

the  i n l e t   and  o u t l e t   of  the  compressor  2  remin  u n a l t e r e d ,   the  l i n e  

d'  a'  will   be  longer   than  the  co r responding   l ine  d  a.  In  o t h e r  

words,  the  i n c r e a s e   in  enthalpy  and  hence  the  inc rease   in  t h e  
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r e f r i g e r a t i o n   p r o v i d e d   by  the  r e f r i g e r a n t   as  i t   passes   through  t h e  

evapo ra to r   8  wil l   be  g r e a t e r   in  ope ra t ion   of  the  c i r c u i t   shown  i n  

Figure  3  than  in  o p e r a t i o n   of  the  c i r c u i t   shown  in  Figure   1.  The 

s p e c i f i c   r e f r i g e r a t i n g   e f f e c t   (ha1  -he ' )   a s s o c i a t e d   with  the  F i g u r e  

3  c i r c u i t   is  t h e r e f o r e   g r e a t e r   than  the  s p e c i f i c   r e f r i g e r a t i n g  

e f f e c t   (ha  -  he)  a s s o c i a t e d   with  the  Figure  1  c i r c u i t .   M o r e o v e r ,  

since  the  p r e s s u r e   at  the  i n l e t   to  the  compressor   2  in  F igure   3 

remains  u n a l t e r e d   as  compared  to  tha t   a s s o c i a t e d   with  the  c o m p r e s s o r  

2  of  the  c i r c u i t   shown  in  Figure   1,  the  volumic  r e f r i g e r a t i n g   e f f e c t  

(ha'  -  h c ' ) / V a '   a s s o c i a t e d   with  the  Figure  3  c i r c u i t   is  s i m i l a r l y  

g r e a t e r   than  the  volumic  r e f r i g e r a t i n g   e f f e c t   (ha  -  hc)/Va  a s s o c i a t e d  

with  the  Figure  1  p l a n t .   The  to ta l   i nc rease   in  the  s p e c i f i c  

r e f r i g e r a t i n g   e f f e c t   is  t h e r e f o r e   he ' -   hx'  and  the  p e r c e n t a g e  

i n c r e a s e   in  the  s p e c i f i c   r e f r i g e r a t i n g   e f f e c t   i s  

(he'  -  h x ' ) / ( h a '   -  hx'  )  x  100%.  S imi l a r l y   when  Va  equals   Va',  t h e  

to ta l   i n c r e a s e   in  the  volumic  r e f r i g e r a t i n g   e f f e c t   is  he'  -  hx'  and 

Va' 

the  pe rcen tage   i n c r e a s e   is  (he1  -  h x ' ) / ( h a '   -  hx1)  x  100%. 

T y p i c a l l y ,   i n c r e a s e s   in  the  s p e c i f i c   and  volumic  r e f r i g e r a t i n g  

e f f e c t s   of  at  l e a s t   10%  may  be  achieved  when  ammonia  is  t h e  

r e f r i g e r a n t   and  g r e a t e r   i n c r e a s e s   can  be  achieved  when  a  Freon  (RTM) 

is  the  r e f r i g e r a n t .   The  pe rcen tage   inc rease   gained  t y p i c a l l y  

approximates   to  the  pe rcen t age   i nc rea se   in  the  volume  of  l i q u i d  

r e f r i g e r a n t   l e a v i n g   the  valve  when  the  l i q u i d   r e f r i g e r a n t   is  s u b -  

cooled  to  the  maximum  t empera tu re   at  which  the  l i q u i d   r ema ins  

e n t e r e l y   in  the  l i q u i d   phase.  Moreover,  i n c r e a s e d   heat  load  may  be 

met  wi thout   an  i n c r e a s e   in  evapo ra t i ng   t empera tu re   since  the  s u b -  

cool ing   t ha t   is  e f f e c t e d   in  accordance  with  the  i nven t ion   i n h e r e n t l y  

prov ides   extra   r e f r i g e r a t i o n .  

The  condensed  r e f r i g e r a n t   may,  if  des i r ed ,   be  sub-cooled   to  a 

t empera tu re   below  the  maximum  at  which  the  r e f r i g e r a n t   r emains  

e n t i r e l y   in  the  l i q u i d   phase.  Thus  the  t empera tu re   at  which  t h e  
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r e f r i g e r a n t   leaves  the  expansion  valve  6  may  be  lower  than  that  a t  
which  it  s t a r t s   to  evapora te .   This  extra   s u b - c o o l i n g   makes 
a v a i l a b l e   a d d i t i o n a l   r e f r i g e r a t i o n   for  the  chamber  10.  The  l i q u i d  
r e f r i g e r a n t   does  not  in  such  an  example  s t a r t   to  e v a p o r a t e  
immediate ly   upon  i t s   entry  into  the  e v a p o r a t o r   8.  As  it   f l o w s  
through  the  e v a p o r a t o r   8  so  the  l iqu id   r e f r i g e r a n t   is  ra ised   in 
t e m p e r a t u r e   unt i l   i t   beings  to  e v a p o r a t e .  

In  the  p r a c t i c a l   ope ra t i on   of  the  method  according  to  the  p r e s e n t  
i n v e n t i o n ,   there   will   t y p i c a l l y   a r i se   a  point   on  the  p r e s s u r e -  
s p e c i f i c   en tha lpy   graph  in  Figure  4  where  any  a d d i t i o n a l   s u b - c o o l i n g  
will  have  the  e f f e c t   of  reducing  the  e v a p o r a t i n g   p r e s s u r e   in  t h e  
e v a p o r a t o r   8  and  the  suct ion  pressure   of  the  compressor  2.  A l though  
such  a d d i t i o n a l   s u b - c o o l i n g   will  produce  an  i nc rease   in  the  s p e c i f i c  
r e f r i g e r a t i n g   e f f e c t   over  i ts  value  at  the  said  poin t ,   there  will  be 
a  decrease   in  the  volumic  r e f r i g e r a t i n g   e f f e c t   in  consequence  of  t h e  
fa l l   in  the  suc t ion   p ressure   of  the  compressor  2.  Whether  and  to  
rfhat  ex t en t   such  a  fa l l   in  the  volumic  r e f r i g e r a t i n g   e f f e c t   i s  
t o l e r a b l e   will  vary  according  to  c i r c u m s t a n c e s ,   and  any  such  f a l l  
nay  be  o f f s e t   a g a i n s t   the  increase   in  the  volumic  r e f r i g e r a t i n g  
e f f e c t   gained  by  the  sub-cool ing   of  the  l i qu id   r e f r i g e r a n t   to  s a i d  
point .   It  is  d e s i r a b l e   to  control  the  ope ra t ion   of  the  compressor  2 
in  the  event  of  a  fal l   in  evapora t ing   pressure   such  that   there  is  no 
cor respond ing   fa l l   in  the  pressure   at  the  o u t l e t   of  the  compressor  2 
since  any  such  fa l l   would  lead  to  a  concomitant   r educ t ion   in  t he  
condensing  t empera tu re   and  thus  a  loss  of  e f f i c i e n c y .  

It  is  poss ib l e   to  make  various  changes  in  the  o p e r a t i o n   and  l a y o u t  
3f  the  r e f r i g e r a t i o n   c i r c u i t   shown  in  Figure  3.  For  example,  i t   i s  
so s s ib l e   to  opera te   the  condenser  4  such  that   some  degree  of  sub-  
d o l i n g   takes  place  in  the  condenser  4,  the  sub -coo l ing   be ing  
completed  in  the  heat  exchanger  12.  Indeed,  it   is  poss ib l e   to  
combine  the  heat  exchanger  12  with  the  condenser   4  such  t h a t  
condensa t ion   and  sub-coo l ing   to  the  des i red   t empera ture   takes  p l a c e  
in  a  s ing le   un i t .   Such  an  example  of  the  method  according  to  t h e  
invent ion   is  however  not  p r e f e r r ed .   It  is  not  e s s e n t i a l   to  use  
l iqu id   n i t rogen   in  order  to  provide  the  necessary  r e f r i g e r a t i o n   f o r  
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the  s u b - c o o l e r .   A  l i q u e f i e d   noble  gas  such  as  l i q u i d   argon  or  c o l d  

gas  evolved  from  such  l i q u i d   may  be  employed  i n s t e a d .   A n o t h e r  

a l t e r n a t i v e   is  to  employ  l i q u i d   air   or  l i q u i d   oxygen  or  cold  gas  

evolved  t h e r e f r o m .   If  the  r e f r i g e r a n t   is  ammonia,  l i q u i d   c a rbon  

d ioxide   or  i t s   cold  vapour  may  be  employed  to  e f f e c t   the  n e c e s s a r y  

degree  of  s u b - c o o l i n g .  

It  is  not  e s s e n t i a l   to  use  as  the  p ressure   r e d u c t i o n   means  a  v a l v e  

such  as  the  expans ion   valve  6,  tha t   is  a  device  which  has  a  p a s s a g e  

t h e r e t h r o u g h   and  means  for  opening  and  c lo s ing   the  p a s s a g e .  

In s t ead ,   a  simple  o r i f i c e   p l a t e   or  other   such  means  may  be  employed.  

Re fe r r i ng   now  to  F igure   5  of  the  drawings,   there   is  i l l u s t r a t e d   a 

typ ica l   commercial  p l a n t   for  mechan ica l ly   r e f r i g e r a t i n g   a  chamber  10 

which  has  been  f i t t e d   with  a  heat  exchanger  12  for  e f f e c t i n g   sub-  

cool ing   in  acco rdance   with  the  i n v e n t i o n .   Many  of  the  f e a t u r e s   o f  

t h i s   p lan t   are  i d e n t i c a l   to  those  descr ibed   with  r e f e r e n c e   to  F i g u r e  

3  and  will   not  be  d e s c r i b e d   herein   again .   The  p l an t   has  however  a 

number  of  f e a t u r e s   not  inc luded   in  the  c i r c u i t   shown  in  Figure  3 .  

Thus,  the  p l a n t   shown  in  Figure  5  is  provided  with  an  oil  s e p e r a t o r  

20  i n t e r m e d i a t e   the  compressor   2  and  condenser   4.  The  purpose  of 

the  oil  s e p e r a t o r   12  is  to  s epa ra t e   any  oil  e n t r a i n e d   in  the  gas  

l eav ing   the  compressor   2  and  to  re turn   such  oil  to  the  compressor  2 .  

The  p l an t   shown  in  F igure   5  also  has  a  l i q u i d   r e c e i v e r   22 

i n t e r m e d i a t e   the  s u b - c o o l e r   12  and  the  expansion  valve  6.  The 

l i q u i d   r e c e i v e r   enab le s   a  r e s e r v o i r   of  l i q u i d   r e f r i g e r a n t   to  be 

s to red   in  the  c i r c u i t   during  per iods   in  which  the  compressor   2  i s  

not  o p e r a t e d .   The  s u b - c o o l e r   12  may,  i n s t e a d   of  being  p r o v i d e d  

i n t e r m e d i a t e   the  condense r   4  and  the  l i qu id   r e c e i v e r   22,  be 

p o s i t i o n e d   ups t ream  of  the  expansion  valve  6  and  downstream  of  t h e  

r e c e i v e r   22.  In  a d d i t i o n ,   the  p lan t   shown  in  F igure   5  is  p r o v i d e d  

with  a  surge  drum  24  a s s o c i a t e d   with  the  e v a p o r a t o r   8.  The  o u t l e t  

of  the  expans ion   va lve   6  communicates  with  a  lower  i n l e t   to  t h e  

surge  drum  24  and  the  o u t l e t   of  the  e v a p o r a t o r   8  communicates  w i t h  

another   i n l e t   above  the  lower  i n l e t .   The  surge  drum  24  f u r t h e r   has 

an  o u t l e t   for  vapour  above  said  i n l e t s ,   which  o u t l e t   communicates  

with  the  i n l e t   of  the  compressor   2.  In  o p e r a t i o n ,   t y p i c a l l y   not  a l l  
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of  the  l i q u i d   r e f r i g e r a n t   is  evapora t ed   in  the  e v a p o r a t o r ,  

unevapora t ed   l i q u i d   being  r e tu rned   to  the  surge  drum  24.  Thus  a 

level   of  l i q u i d   r e f r i g e r a n t   is  main ta ined   in  the  surge  drum  24.  The 

surge  drum  24  is  p rovided  with  upper  and  lower  level  sensors   26  w i t h  

which  the  expansion  valve  6  is  o p e r a t i v e l y   a s s o c i a t e d .   The 

a r rangement   is  such  tha t   with  normal  heat  loads  in  the  chamber  10 ,  

and  wi thou t   o p e r a t i o n   of  the  s u b - c o o l e r   12,  the  l i q u i d   level  is  t h e  

surge  drum  24  remains  below  tha t   of  the  upper  sensor  26  so  that   t h e  

expansion  valve  6  remains  open.  In  the  event  of  the  heat  load  i n  

the  chamber  10  becoming  l e s s ,   there  is  a  tendency  for  more  l i q u i d  

r e f r i g e r a n t   to  be  r e t u rned   to  the  surge  drum  24.  The  level  of  t h e  

l i q u i d   in  the  surge  drum  24  t h e r e f o r e   r i ses   to  that   of  the  uppe r  
sensor   26.  The  sensor   26  then  genera tes   a  signal  e f f e c t i v e   to  c l o s e  

the  expansion  valve  6.  The  surge  drum  24  then  becomes  the  on ly  

source  of  l i q u i d   r e f r i g e r a n t   for  the  e v a p o r a t o r   8  so  tha t   the  l e v e l  

of  l i q u i d   r e f r i g e r a n t   in  the  surge  drum  24  f a l l s   to  tha t   of  t h e  

lower  sensor   26.  At  th is   j u n c t u r e ,   the  expansion  valve  6  is  c a u s e d  

to  open  and  normal  o p e r a t i o n   of  the  r e f r i g e r a t i o n   c i r c u i t   r e sumes .  

When  s u b - c o o l i n g   of  the  l i q u i d   r e f r i g e r a n t   leaving  the  condenser   4 

is  employed  in  accordance  with  the  p resen t   i nven t ion ,   a  g rea t e r   r a t e  
of  l i q u i d   flow  out  of  the  expansion  valve  6  takes  p lace .   T h i s  

g r e a t e r   rate  of  l i q u i d   format ion  is  u t i l i s e d   by  employing  a  l a r g e r  
heat  load  in  the  chamber  10  than  would  o therwise   be  employed  i n  

e f f i c i e n t   o p e r a t i o n   of  a  r e f r i g e r a t i o n   plant   (at  a  chosen  

e v a p o r a t i o n   t e m p e r a t u r e )   opera ted   c o n v e n t i o n a l l y ,   that   is  o p e r a t e d  
wi thou t   the  la rge   degree  of  sub-coo l ing   tha t   is  provided  by  t h e  

method  accord ing   to  the  p r e s e n t   i n v e n t i o n .  

It  will  be  a p p r e c i a t e d   tha t   the  plant   shown  in  Figure  5,  and  in  

p a r t i c u l a r   the  o p e r a t i o n   of  the  sub -coo l e r   12,  will  need  to  be  a b l e  

to  cope  with  i n t e r m i t t e n t   c losu res   of  the  expansion  valve  6  and 

thus  care  needs  to  be  taken  to  avoid  f r eez ing   the  l i q u i d   r e f r i g e r a n t  

during  such  c losure   pe r iods .   It  is  in  any  event  d e s i r a b l e   t h a t  

there   should  be  no  risk  of  the  l i q u i d   r e f r i g e r a n t   being  cooled  i n  

the  s u b - c o o l e r   12  to  a  t empera tu re   at  which  it  begins  to  f r e e z e .  

A  heat  exchange  system  able  to  be  used  wi thout   such  risk  in  t h e  

p lan t   shown  in  Figure  5  is  i l l u s t r a t e d   in  Figure  6 .  
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Re fe r r i ng   to  Figure   6,  the  heat  exchanger  inc ludes   a  chamber  30 

provided  with  an  i n l e t   32  for  l i qu id   r e f r i g e r a n t   l oca t ed   at  the  t o p  

of  the  chamber  30  and  communicating  with  two  arrays   of  v e r t i c a l ,  

f inned ,   heat  exchange  tubes  34  and  36,  the  array  36  being  d i s p o s e d  

v e r t i c a l l y   below  the  a r ray   34.  The  arrangement  is  tha t   feed  f rom 

the  i n l e t   32  to  the  f i r s t   array  34  of  heat  exchange  tubes  is  by  way 

of  a  t u b u l a r   heat  exchange  p l a t e   38  and  feed  of  l i qu id   from  t h e  

ar ray   34  of  heat  exchange  tubes  to  the  array  36  of  the  heat  exchange  

tubes  is  by  way  of  an  i n t e r m e d i a t e   t ubu la r   heat  exchange  p l a t e   40. 

The  p l a t e s   38  and  40  are  ar ranged  gene ra l ly   p e r p e n d i c u l a r l y   to  t h e  

tubes  34  and  36  and  are  e f f e c t i v e   to  extend  the  flow  path  of  t h e  

l i q u i d   thereby  f a c i l i t a t i n g   the  heat  exchange  between  it  and  c o l d  

gas  tha t   c i r c u l a t e s   wi th in   the  chamber  30.  This  ar rangement   o f f e r s  

the  advantage  of  reducing   the  overa l l   space  r equ i rements   for  t h e  

heat  exchanger .   The  o u t l e t s   of  the  heat  exchange  tubes  36  f o r m i n g  

the  lower  array  communicate  with  a  th i rd   tubu la r   heat  exchange  p l a t e  

42,  s i m i l a r   to  the  p l a t e s   38  and  40,  and  in  turn  conmuni  ea t ing   w i t h  

an  o u t l e t   44  for  sub -coo l ed   l i q u i d .  

The  heat  exchanger  shown  in  Figure  6  is  provided  with  a  condui t   46 

having  a  valve  48  d i sposed   t h e r e i n   at  a  loca t ion   ou ts ide   the  chamber 

30.  The  condui t   46  extends  into  the  chamber  30  and  t e r m i n a t e s   in  a 

l i q u i d   n i t rogen   spray  nozzle  50.  The  conduit   46  communicates  with  a 

source  of  l i q u i d   n i t r ogen   (not  shown  in  Figure  6 ) .  

A  fan  52  is  l oca t ed   wi th in   the  chamber  30  and  is  able  to  be  d r i v e n  

by  means  of  an  ex t e rna l   motor  54.  The  chamber  is  provided  w i t h  

d e f l e c t o r s   or  b a f f l e s   56  which  promote  c i r c u l a t i o n   of  cold  gas 
wi th in   the  chamber  30  as  shown  by  the  arrows  58  when  the  fan  52  i s  

o p e r a t e d .  

In  o p e r a t i o n ,   l i qu id   n i t r ogen   is  sprayed  into  the  chamber  30  t h r o u g h  

spray  nozzle  50.  The  r e s u l t i n g   evapora ted   n i t rogen  merges  with  t h e  

c i r c u l a t i n g   gas  flow  c r e a t e d   by  opera t ion   of  the  fan  52.  The  c o l d  

n i t rogen   gas  that   is  thus  formed  passes  over  the  heat  exchange  t u b e s  

34  and  36  and  over  the  heat  exchanger  p la tes   38,  40  and  42  t h e r e b y  

e f f e c t i n g   the  r equ i r ed   s u b - c o o l i n g   of  the  l i qu id   r e f r i g e r a n t  
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e n t e r i n g   the  i n l e t   iZ  from  +  ne  condenser   4.  Cold  n i t rogen   gas  
leaves   the  chamber  30  through  an  o u t l e t   60.  It  is  then  t y p i c a l l y  
vented  to  the  atmosphere  at  a  l o c a t i o n   where  no  hazard  to  people  i s  
c r e a t e d .   If  de s i r ed ,   the  cold  n i t rogen   leaving   the  chamber  30  v i a  
the  o u t l e t   60  may  be  used  to  provide  a d d i t i o n a l   cool ing  for  t h e  

condenser   4  so  as  to  u t i l i s e   any  r e s idua l   cold  in  the  v e n t e d  

n i t r o g e n .  

The  heat  exchanger  shown  in  Figure  6  is  provided  with  t e m p e r a t u r e  
cont ro l   means  to  enable  the  spraying  of  l i q u i d   n i t rogen  through  t h e  
nozzle  50  to  be  c o n t r o l l e d   so  as  to  enable  the  t empera ture   of  t h e  
sub-coo led   l i q u i d   leaving  the  heat  exchanger  through  the  o u t l e t   34 
to  be  kept  at  or  close  to  a  chosen  t e m p e r a t u r e .   In  order  t o  
f a c i l i t a t e   the  p rov i s ion   of  a  s t ab le   control   system,  it  is  p r e f e r r e d  
not  to  control   the  opera t ion   of  the  valve  48  and  hence  the  s p r a y i n g  
of  the  l i q u i d   n i t rogen   through  the  nozzle  50  d i r e c t l y   by  means  of  a 
t empera tu re   sensor  loca ted   in  the  o u t l e t   44.  In s t ead ,   it  i s  

p r e f e r r e d   to  employ  a  cascade  control   system  as  i l l u s t r a t e d   in  

Figure  6.  A  f i r s t   t empera ture   sensor  64  is  adapted  to  t r ansmi t   a 
s ignal   r e p r e s e n t a t i v e   of  the  t empera tu re   of  the  l i qu id   in  t h e  
o u t l e t   44  to  a  master  c o n t r o l l e r   66  which  genera tes   a  control   s i g n a l  
and  t r a n s m i t s   it   to  a  slave  c o n t r o l l e r   68  so  as  to  s e l e c t   a  s e t  
point   for  the  slave  c o n t r o l l e r   68.  The  slave  c o n t r o l l e r   68  a l s o  
r ece ive   an  input   from  a  second  t empera tu re   sensor   70  loca ted   in  t h e  
o u t l e t   60.  The  slave  c o n t r o l l e r   68  gene ra t e s   a  control   signal  f o r  
the  valve  48.  Any  changes  in  the  t empera tu re   of  the  l i q u i d  
condensa te   e n t e r i n g   the  i n l e t   32  of  the  heat  exchanger  r e s u l t   in  t h e  
master   c o n t r o l l e r   66  r ece iv ing   a  signal  i n d i c a t i v e   of  th is   change  
from  the  f i r s t   tempera ture   sensor  64.  The  master  c o n t r o l l e r   66  t h e n  
c a l l s   for  an  a p p r o p r i a t e   change  in  the  rate  of  i n t r o d u c t i o n   o f  

l i q u i d   n i t rogen   into  the  chamber  30  so  as  to  provide  more  or  l e s s  

r e f r i g e r a t i o n   as  the  case  demands  to  re turn   the  sensed  t e m p e r a t u r e  
to  the  chosen  value.  This  is  e f f e c t e d   by  the  master  c o n t r o l l e r  

a l t e r i n g   the  set   point   of  the  slave  c o n t r o l l e r   a p p r o p r i a t e l y   and  t h e  
slave  c o n t r o l l e r   68  then  ad ju s t i ng   the  p o s i t i o n   of  the  valve  48  t o  

bring  the  t empera tu re   sensed  by  the  second  t empera ture   sensor  70 
into  conformity   with  that   requi red   by  the  set  point .   Changes  t h a t  
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take  p lace   in  the  l i q u i d   n i t rogen   flow  ra te   i n d e p e n d e n t l y   of  any 

change  in  the  set  poin t   of  the  slave  c o n t r o l l e r   68  wil l   r e s u l t   in  a 

v a r i a t i o n   in  the  t e m p e r a t u r e   sensed  by  the  t e m p e r a t u r e   sensor   70  a t  

the  o u t l e t   of  the  chamber  30  and  will  be  c o r r e c t e d   for  by  the  s l a v e  

c o n t r o l l e r   68  p roduc ing   an  a p p r o p r i a t e l y   a d j u s t e d   cont ro l   signal  t o  

the  valve  48.  A  s u i t a b l e   cascade  cont ro l   system  of  th is   type  f o r  

the  use  in  a s s o c i a t i o n   with  the  heat  exchanger   12  shown  in  Figure  6 

is  a v a i l a b l e   from  Gulton  Limited  of  Brighton  under  the  t rade  mark 

OPUS  72 .  

The  t e m p e r a t u r e   con t ro l   system  may  also  be  provided  with  means 

e f f e c t i v e   to  c lose   the  valve  48  once  the  expans ion   valve  6  shown  i n  

Figure   5  is  shut  for  any  reason.   S i m i l a r l y ,   the  t empera tu re   c o n t r o l  

system  may  be  p rov ided   with  means  for  reopening  the  valve  48  upon 
the  expans ion   valve  6  being  r e - o p e n e d .  
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n  uicuiiaii  i  i*a  i  rei  r  i  gera  ti  en  metnoa  compr is ing   the  s teps  o f  
compressing  a  r e f r i g e r a n t   in  i ts  vapour  s t a t e ,   condensing  t h e  
r e f r i g e r a n t ,   s u b - c o o l i n g   the  condensed  r e f r i g e r a n t   to  a  chosen 
t e m p e r a t u r e ,   reducing  the  p re s su re   to  which  said  s u b - c o o l e d  
r e f r i g e r a n t   is  s u b j e c t e d ,   evapo ra t i ng   the  r e f r i g e r a n t   and  t h e r e b y  
e x t r a c t i n g   heat  from  a  heat  load  to  be  r e f r i g e r a t e d ,   and  r e t u r n i n g  
the  evapora ted   r e f r i g e r a n t   for  compress ion ,   wherein  sub -coo l ing   o f  
the  r e f r i g e r a n t   is  e f f e c t e d   by  d i r e c t   or  i n d i r e c t   heat  exchange  w i t h  
a  second  f l u id   compris ing  a  cryogenic  medium  or  cold  gas  formed  by 
evapora t ing   a  c ryogenic   l i q u i d ,   and  sa id   t e m p e r a t u r e   is  chosen  such 
that   at  l e a s t   90%  by  volume  of  the  sub-coo led   l i q u i d   r e f r i g e r a n t  
remains  in  the  l i q u i d   s t a t e   upon  complet ion  of  the  p r e s s u r e  
r e d u c t i o n .  

\  method  as  claimed  in  claim  1,  in  which  any  t empera tu re   drop 
jndergone  by  the  r e f r i g e r a n t   on  said  p r e s su re   r educ t ion   is  less  t h a n  
10°C. 

K  method  as  claimed  in  claim  1  or  claim  2,  in  which  any  t e m p e r a t u r e  
drop  undergone  by  the  r e f r i g e r a n t   on  said  p r e s su re   r educ t ion   is  l e s s  
than  5 ° c .  

\  method  as  claimed  in  any  one  of  the  preceding   c la ims ,   wherein  s a i d  
tempera ture   is  chosen  such  that   all  the  sub-coo led   l i q u i d  
r e f r i g e r a n t   remains  in  the  l iqu id   s t a t e   upon  complet ion  of  t h e  
temperature   r e d u c t i o n .  

\  method  as  claimed  in  any  one  of  the  preceding   c la ims ,   in  which 
said  t empera tu re   is  lower  than  the  t empera tu re   at  which  the  l i q u i d  
r e f r i g e r a n t   e v a p o r a t e s .  
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5.  A  method  as  claimed  in  any  one  of  the  p receding   c l a ims ,   in  which  

the  l i qu id   r e f r i g e r a n t   e v a p o r a t e s   at  a  t e m p e r a t u r e   of  or  be low 

minus  40°C. 

7.  A  method  as  claimed  in  any  one  of  the  preceding  c l a ims ,   in  which 

the  second  f l u i d   is  an  a tmospher i c   gas  tha t   is  heat  exchanged  i n  

i t s   l i qu id   s t a t e   with  the  r e f r i g e r a n t   in  order  to  e f f e c t  

s u b - c o o l i n g   of  the  r e f r i g e r a n t   to  the  chosen  t e m p e r a t u r e .  

8.  A  method  as  claimed  in  any  one  of  claims  1  to  7,  in  which  t h e  

second  f l u i d   is  formed  by  e v a p o r a t i n g   an  a tmospher ic   gas  in  i t s  

l i q u i d   s t a t e   in  a  c i r c u l a t i n g   gaseous  a t m o s p h e r e .  

9.  A  method  as  claimed  in  any  one  of  the  p receding   c l a i m s ,  

a d d i t i o n a l l y   i n c l u d i n g   the  s teps   of  sensing  the  t e m p e r a t u r e   o f  

said  second  f l u i d   at  a  l o c a t i o n   downstream  of  where  h e a t  

exchange  of  said  second  f l u i d   with  said  r e f r i g e r a n t   t akes   p l a c e  

(or  a  parameter   dependent   upon  such  t e m p e r a t u r e ) ,   c o n t r o l l i n g  

the  r a te   at  which  c ryogen ic   medium  or  cyrogenic   l i q u i d   i s  

brought   into  heat  exchange  r e l a t i o n s h i p   with  said  r e f r i g e r a n t  

(or  is  evapora t ed   in  said  second  f l u i d )   to  main ta in   s a i d  

t e m p e r a t u r e   at  a  chosen  set   va lue ,   sensing  the  t e m p e r a t u r e   o f  

the  r e f r i g e r a n t   at  a  l o c a t i o n   downstream  of  where  i t s  

s u b - c o o l i n g   is  completed  (or  a  parameter   dependent  upon  such  

t e m p e r a t u r e ) ,   and  a d j u s t i n g   the  s e t t i n g   of  said  chosen  value  i n  

response   to  any  d e v i a t i o n s   in  the  t e m p e r a t u r e   of  the  s u b - c o o l e d  

r e f r i g e r a n t   from  said  chosen  t e m p e r a t u r e ,   whereby  t h e  

t e m p e r a t u r e   of  the  sub -coo led   r e f r i g e r a n t   is  r e t u r n e d   to  s a i d  

chosen  t e m p e r a t u r e .  

10.  A  method  as  claimed  in  any  one  of  the  preceding   c l a ims ,   in  which 

the  c ryogen ic   medium  or  c ryogen ic   l i qu id   is  l i q u i d   n i t r o g e n .  
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u .   n e c n a m c a i   r e m g e r a t i c -   opara tus   compr is ing   means  f o r  

compress ing  a  vaporous  r e f r i g e r a n t ,   a  condenser   for  c o n d e n s i n g  
the  condensed  r e f r i g e r a n t   having  an  i n l e t   in  communication  w i t h  
the  o u t l e t   of  the  compressor ,   means  for  s u b - c o o l i n g   t h e  
condensed  r e f r i g e r a n t   by  d i r e c t   or  i n d i r e c t   heat  exchange  with  a 
second  f l u i d   compris ing  a  cryogenic   medium  or  cold  gas  formed  by 
e v a p o r a t i n g   a  c ryogenic   l i q u i d ,   means  for  reducing   the  p r e s s u r e  
to  which  the  sub-cooled   r e f r i g e r a n t   is  s u b j e c t e d ,   an  e v a p o r a t o r  
having  an  i n l e t   in  communication  with  said  s u b - c o o l i n g   means  and 
an  o u t l e t   in  communication  with  the  i n l e t   of  the  compres s ion  
means,  and  means  for  c o n t r o l l i n g   the  o p e r a t i o n   of  t h e  

s u b - c o o l i n g   means  such  that   in  o p e r a t i o n   at  l e a s t   90%  by  volume 
of  the  sub-cooled   l iqu id   remains  in  the  l i qu id   s t a t e   upon 
comple t ion   of  the  p ressure   r e d u c t i o n .  

12.  Mechanical  r e f r i g e r a t i o n   appara tus   as  claimed  in  Claim  11,  in  
which  said  heat  exchange  means  inc ludes   a  chamber  through  which 
at  l e a s t   one  heat  exchange  tube  for  the  r e f r i g e r a n t   e x t e n d s ,  
means  for  c i r c u l a t i n g   atmosphere  within  said  chamber,  and  means 
for  i n t r o c u i n g   cryogenic   l iqu id   into  said  a tmosphere ,   whereby  in  
use  said  c ryogenic   l iqu id   evapora tes   in  said  a t m o s p h e r e .  

13.  Mechanical  r e f r i g e r a t i o n   appara tus   as  claimed  in  Claim  11  o r  
Claim  12,  wherein  said  c o n t r o l l i n g   means  comprises   a  t e m p e r a t u r e  
sensor   for  sensing  the  t empera tu re   of  said  second  f l u i d   at  a 
l o c a t i o n   downstream  of  where  heat  exchange  of  said  second  f l u i d  
with  said  r e f r i g e r a n t   takes  place  (or  means  for  sensing  a 
parameter   dependent  upon  such  t e m p e r a t u r e ) ,   valve  means  f o r  
c o n t r o l l i n g   the  ra te   at  which,  in  use,  c ryogenic   medium  o r  
cyrogenic   l iqu id   is  brought  into  heat  exchange  r e l a t i o n s h i p   w i t h  
said  r e f r i g e r a n t   (or  is  evapora ted   in  said  second  f l u i d ) ,   a 
s lave  c o n t r o l l e r   for  c o n t r o l l i n g   the  p o s i t i o n   of  said  v a l v e  
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means  in  response   to  s i g n a l s   from  said  t e m p e r a t u r e   s enso r ,   s a i d  

s lave  c o n t r o l l e r   having  means  for  p rov id ing   a  set  p o i n t  

t e m p e r a t u r e   whereby  in  o p e r a t i o n   the  s lave   c o n t r o l l e r   a d j u s t s  

said  valve  as  neces sa ry   to  mainta in   the  t e m p e r a t u r e   sensed  by 

the  t empera tu re   sensor  at  said  set  point   t e m p e r a t u r e ,   a  m a s t e r  

c o n t r o l l e r   having  means  for  ad ju t ing   said  set  po in t ,   and  a n o t h e r  

t e m p e r a t u r e   sensor  at  a  l o c a t i o n   downstream  of  where  t h e  

s u b - c o o l i n g   of  the  r e f r i g e r a n t   is  completed  (or  means  f o r  

sensing  a  parameter   dependent   upon  such  t e m p e r a t u r e )   o p e r a t i v e l y  

a s s o c i a t e d   with  said  master  c o n t r o l l e r ,   whereby  in  o p e r a t i o n   t h e  

master   c o n t r o l l e r   is  able  to  ad jus t   as  neces sa ry   the  set  p o i n t  

t e m p e r a t u r e   of  the  slave  c o n t r o l l e r   to  main ta in   the  t e m p e r a t u r e  

to  which  the  r e f r i g e r a n t   is  sub-cooled   at  a  chosen  v a l u e .  
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