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l l l l  vo r t cx ,  o l  H i l s ch ,  o r  l l r l nquc ,  t ubc  l s  i t  r s  vo t i '

ousLy  ca l l ed  i s  l  r ema tkab l y  s rn rp l c  r i c v r ce  wh i c i t

lnl l  rrn, ler '  vurious opor'{t ing condit ions. This rvork fo|med
ihc  bas i s  f o r  t he  ' h { ' a t  i r ans fe r  t heo ry "  Jdvanced  i n  l he

lhcsls. compl{rtc( l  in l lay 19{9' The present paper lncor_
iroaates nruch ()f  lhe lhcsls wol-k nnd presents the heai
;"ranstcr theort in sl i l . lht ly Ino(i i f ie{ i  form. ' fhis is, to the
rvri ter 's knowledq(' ,  :he t irst -r 'ortex !uhe theory based on
foIce(l  convl,cl ion l tc^! t tansier '  lo i)e publ isned.

O  l h i s  l I r r i f y ,  l r ' r r t  l t l r r r s f t  r  r ) ccu rs  ra ( l i o i l y  f l om  rhe
vol lex corc oLl lwlLr( l  LJ- virtuc ,f  stat ic temperature
gradients in that ( i i lecrion. The heat sink is Provided by
the ou!cI gas lr , t"ers ' , \ 'hlch 4re al lower stat lc !empeia_
tu r !  r l u ( .  t o  L l r ,  r r ozz l0  r ' r l ) i r r l s t on .  T l l i s  h t ) l r t  l r t r ns f c r  I a i aea
lhc  sL l rg ra r i on  l c i l r l ) t ! f r t ! u fu  o f  t hc  oL l : (  l  gas  ' r h i ch  i ) r oduceg
the  I o t  l l ow ,  w i r i ] o  l L l  l h { r  s i l t l l l '  t rm ( :  l he  s l agna t l on  t em_
r ) , ' r i ! 1 l  r , , ) f  L l r (  , ' f ,  , s  l o w r ' r | r l  : r | . , i r r | r r r (  r r  , o i r l  l l o w
' J r r r J r r { r r  l h { '  i  r ! ! r i  -

- cs t  
Resu r ' ,

Trrr class,rs of iests \vl1)e use(i to ( ietelnl ine the l low
patterns. l 'he I irst $as i)y visual methods; the ieconrl by
i ns t rL l | n r ' r r !  l l i t v r ' r s rng .  I n  a l l  r r i  l h i ' so  ! { s t s  r l  r e l : l t i v f i y
r l f t : i .  t u l r r '  , i i r r r r r r ' t ,  r '  r l r j  l r r .  l l r )  \ v l L r  r l r r ! l  l r )  l - x c l l l t l t l { t

r ) t  o i ) i r q  i hc  ! r t r r l r ) r '  r i '  t h t  t t r i r e .  The  nozz ie  { i c s l qn  and
.ube  i r r o l l o r t i r ) l l s ' . v t I c ' i i c : a t c r l  l ) \ '  s rn rp l i c r t y ' ) l  i r ons t l uc -
t l on  i LD( l  con r t r ' c sse , l  . r r r '  supp l y  l i n r l t a t l ons .  As  t as  t o  l l e
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pI'oduces hot and cold fas st l-eems simultan{lousl-v

Jrom ! source of compresserl gas. This Jevico has rrtr

mov ing  pa r t s .  I t  cons i s ! s  r , f  a  o t ra i qh t  i ( : n l ] t h  o f  t u l ) r r r (

rr i th a (oncentl ic ori f ice neal one.rnd xnd l l  l lozzle fn!c! l t1r{

l angen t i l l l l y  nea r  l he  ou te r  | u r i i us  a r i j r r cen r  ' , o  t hc  ' ) r r l l ce

r r l l t o  l s ( {  F i l { .  l ) ,  n y  t h l r t i l i r r s  ' r r r  t l r r '  ' r r r l  1 ) f  t h l  i r r l ! '

i u I t h t . sL  r ' r ' o r r r  t hc  o l l f i c c .  I  co l ( l  s l l can l  r s  l i ' l c r ( l  t l ) r o r rEh

the orr l ice, while a hot stteam issues frol l l  lhe oplosl!e

end of rhe tube. Cold air temperatures i l )( l  i leg F Selos

nozzie tcnlpcrature are reaci i ly obtainalr l{r  at olo(icl : t le

nozzle yrr ' ,  ssules ' ,vl th corresponci ingl] '  high iror xlr tem-

neratufes,
l n te l es t  i n  t he  vo r tex  t ube  has  bcen  i nc leas ing  | ap i r i l !

i n  l h r s  coun t r y  s i nce  t he  pub l i c . t i on  he re  o l  i he  f \D f r i -

men ta l  , vo t k  r i one  i n  Ge rmany  b l '  Rudo l f  l l i l s ch ' .  I n  t h i s

bas i c  wo rk  I l i l s ch  de le rm ined  t ube  p loPo r t i ons  f o r  op t l t n {D r
perfol nrance. and cvea,! l l  periol nruce , iata rvfI .  ;r  \r l ie

ianre of nozzie preasules. The r ievrce \vas actnri l !  r l -
vented in FIance by G. Ranque. rvho obtarnei i  a Frcrcir
r l j l ' l en r  : r  ] J32  end  e  u .  s .  ' i ] I ,  n t  . I r  : : ' i ; { .  l l u r r ' ' r r '' r c s .  

r r l , " , l  ' n ,  : uDA  rn  3n  : r r L r . r c  . i l  J i : : ,  .  U5P  i lS  aAg
Th.!r ihe vor' !cx tube does irctual l ! '  se!)al l l te r rol l l '

pressed gas into higher and lower staqnatlcin IeIn|erir t t l rc
.tren-s rs begond .ruesi ion. How it  doirs ihis is rr Oleserri
a  su ! i ec !  o i  r nuc i r  s t udy  and  con t l l r ve l s r .  To  l he  w f l ! t l - s
inowledrae no , iata have previously i)een !uir l ishel i  rn ' .hf

jn[efnal l low processes iD 4 vorlex iube.
As ihc subject of a master 's ! legrec thesrs' the .r ' r i to'

pe ! l o rm( {1  . xoe ! : imen ts  on  i  vo r ! ex  t u i ) 1 '  : o  i (  i n { ,  r i  . ' n lY
' r pp rox in rn t ,  r ,  i he  l l ow  l t n (L  : en r i ) (  r r t u | |  i r ; i l ! f I ns  , , \ r s i -

- ' f l .  
-  , . , .  r . ' . ! r . , 1  ' ( t o r r  1 : r .  1 l . r r  i r L _ i , :  l r r r  

" l ( , 1 f ( 'l : . ' i r r r ! .  _ r . ! , , r ' t r r  I  r r r v f r s , t ! .  r n e  l l  l : .  l ' : :
: h ' .  . . , , '  . ' , . , ' n  r , , , r . ! ( .  : . [ - ' , r . r ]  \  , r , 1  .  :  , '

( , , 1 i .  r  r i r r  ( ; . r : e  i  t : 1 . . r . , .  I  n , I { , , .
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l h c  i u b c s .  l l r '  l r r ( r i i  ! l s  . r i ) . ) u L  r t  . i r .  l o n r ' ,  ) o r r r i i g
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a
r a d i a l l v ,  a n d  i r . e e  t o  r o t a t e  a n d  s l i r l e  a x i r t l l l ' a l o r r i . a  t h r  ! \ r r t ' .
I n  o p e r a t i o n .  t h e  t h r r a r i  r o t a t e { l  r a p r i l !  a t  r l l  l x r a i  t r o s r -
t i o n s  l t s  l o n r  r r s  t h e  c c n i c r  o f  r o t a l i ( ) n  l t h e  r \ ' t 1 1  )  \ v : l s
r i ' i t h i n  x b o u t  , i  i n ,  o f  t h e  t u i ) e  r r r s .  O r r l s i d e  , ' f  i h i s
d i a n r e t r , r  r h t ,  t h I r u r i  r l i d  o L  I r ) t a t o ,  i ) t l t  r r s s u ! l i ' ( i  i r  l r r r { r ' i r l t i t i

d t fcctron.
T h c  m o s t  f o v e a l i n q  i c a t u f e  o f  i h r s o  1 i : l t ,  i t r , \ L c v r ' r ,

' r a s  t h e  a x r i r l  r l o t i o n  o f  ' , h ( r  l h f ( r r { l  . r t  ! t r r l o r r s  r r r ' r  i  . L r r , i
, i e g r ' e e s , ' i  n ( r t , n , l  t h r o L t l i r ( -  T h c s t :  t r ' s L I t l . r  r r ( '  i i ) ' , \ ( r t
i n  F i g u r o  i  l ' !  r r l . i  o w s  ) , a r a i l e l  t o  t h ,  i u l ) r '  , r \ r j i .  I r r  l  i r r s
f i g u r e ,  a n d  l l s  L I s e { i  t h r o u q h o u t  l h r s  t ) l l I r r ' .  t h {  i r r ) r l ) ' , i  ' r
r e p L e s e n t s  i h e  f r a c l r o n  o f  I r o z z l c  l l o $ '  p u s . i r n s  l h r o L I { l l
tbe or ' ! f ice.  : rnd r ts vs iue is  , lc tcrnr ined r) \ '  I  h( ,  : r l  ( )Lrr l t

o f  t h r o t t l i n g  o n  1 : h e  ! n d  0 f  t h e  \ o t  ' : l t l ) 4 .  I t  r s  . f r n  i r r
F i g u r e  1 t h t t  a h c r c  o : t l s t s  l o r  a l l  v a l u t . s  o l  , r  r  , l r t i r r l t

h i , . h t r  r J i r a l  v c i o c i r r :r  lore dow. I t  is probsble that

F , t { | 1 . - i l l l .

L_'- s'a'.. .al

] rM. roats i{'*F.1i

l - i9 .  2.  T.r+ r . i !p rhor i .g in3tr !n.n, . t io. .

a n d  s t r o n g  t e v e r s e  f l o w  i n  t h e  c o r c  \ v  i t  h  : r  , l  i r  n r  c  t  r  i r r r t ) r , , \ r -
m a t € l y  q u a i  i o  t h e  r ) l - r f i r { r  ( i i a n r c l l ] r ' ,  x n r i  ' h ' r l  t h i .  l l o w
o r j g r n a t e s  a t  a  p o r n l  v e r y  n { l r l  t h c  l h r l t l l c ,  n d  i , f  t h r  t L r l x .

C h e m r c a i  s m o k e  l e s t i o ! a  ' v i t h  s l a n n i c  l c t r r r c h l , , r ' r , i (  v a : i
i n  g e n e r a l  u n s a t r s f a c t o r y  i l u e  i o  t h c  h i e h  , i c ( r t r '  , r i  t L r r  b r t -
lence,  even a!  !he lou 'est  nozzle pressuras,  I I i ) \ (Lv.r ' ,  thc
smoke did grve sonlc indica! ion of  the pIr 's ,  r rcc , , t  rL nt t t r t '

r  less sol id rota l ion core I low.
O i l  i n  t h e  c o m p l e s s c d  a i r  l { r f t  i t  n t i i t l l  , r r l  t r a t t  , r i

i n c ! e a s i n F  p r ! c h  ' . o w a r d  l h e  h o t  , ' n r i  , ) n  l h e  l L r i i ,  w x l l .
T h e  a n g l c s  o f  t h i s  h e l i \  i n r i i c a l c  t h r t  ' r ( . u -  r h { '  i I r l , ( '  \ ! r l l

t h e  a x i a i  c o m p o n e n !  o f  v c l o c i t ! '  i s  l e s s  t h a r r  t h e  l . u ) { (  | | ! i : L i
component fo l  v i r lual l ,v  the \vhoio tube i .ns1h.

F r o m  a l l  ! h e  f o r c q o i n r a ,  x l ( l  r l  ) : r l t r c u l i r r  l h (  i r \ 1 . r 1
r n o t i o n s  o i  t h e  r h l e a r l s .  x  { r r ' c t  , i (  u l  . r . r n  , '  i , ' , i L l ( , , i  i r i r i ) t l !
t h e  r r d i a l  i l o \ \ ' s  \ s h i c x  o c c u r  i x  l h c  i r i l ) , , .  t : r - u r I  i
s h o w s  t h e  f o u t '  p o s s i i , l , r  , , 1 { . t : t a i n (  1 r r ) n r r i i i , , r r s  i l -  l  ! o r ' ! r ' \
l u O e  a !  c o n s t a n !  | r { r z z L e  i r r . ' s s L l r 1 ,  \ ' a r Y L I l g  r r r L !  l l ! 1  r 1 ' r 1
f r a c ! i o n ,  ' i .  i ) j -  ! h r o t t i i n q  ! h I  i r ( ) !  , ' r r , i -  l ' l r r :  t r { r r I r '  - r r r r r _
m a r l z e s  t h c  I n t r r , ' r a l  1 l o \ \ '  r o r l i r - a u l a l i r J l r s  . J l  . L , r L i i l l r i l l i l v r '
i o r m  a n l l  l s  L , a s r (  ! o  t h e  ! h c o r ]  p r . s e i t t r ( l  I l l r  f .

I n  C a s e  . t  / r  . :  i J J  ̂  s u c t i / ) r  r s  r r l u t ( r i  r t  ' I r '  , r : t l | r '  l L I ,
t o  r n s u l l i c r c r t  ' , h r o t l l i r ( .  ' f l r u s .  

r o o r r r  l r L  s  I r r n r r  r r t i )
t h e  t u b e .  i ' h i r  r r r  p e n e t r ' ; r ! {  s  i t x r a i l 5  l o  r I  s l r ( r r i r l : , , r r  - L r r '

i a c e  o f  r . e v o i u r i o n  s u c h  u s  i - 2  l l .  s h o N n  r , \ '  l 5 c  , i , ) l t ,  L L  x r ' v { ,
l r c r o s s  \ v h i c h  i h e r c  j s  n o ; r \ r r r l  r l . ) ! r .  I i r l L r r r t t r r {  l r r , ' r r  ' i r t '

e x t l e m c  h o t  l u o r '  r ' n d  r p  r , )  : h r r  : ( r | i o ( t  l _ l : i  s  , r  , r ) J r
b a c k  l l o r v  c t u s l r l  b y  a  s r r r k  r l o *  r (  x l  l h (  l r l t r  ,  r t , l .  I  i r l r
b a c k  d o w  i s  t h e n  l t t u I n { ' r i  i r )  i h ( r  , , r . t ( r  i r i l s  l l , , r !  i , :  . r

s o u r c e  l l o \ v  , t s  : u r f : l t c  l - 2 . 1 i  r s  r r l r p r r r r r e h , , 1 .  I i l t r s r r r *  ; l r I

n o z z l e  l ) r c s s u r ' r '  n l o s c s  s u r ' f l c {  i - l - l i  l , ' $ r r l 1 l  l l r '  r , ) t  r r t l ,
. l u e  t o  t h e  L n c r e a s r ' r l  s u c l i o n  

" l f . c t .  
' l ' h r r ) I I i i r r ! a  

1 l ) , '  l r o t
.nO : ] toves suf face 1 '2- ; l  touard ihr '  , r r  l l i r r ' .

I n  C a s e  B  l r i  - t ) )  t h e  l h r r ) l t l i n q  i s  s u c h  r L s  t , r  i r | ) v |  l h r
s u r i a c e  1 - 2 - : l  p a l t i a l l l '  ! h r o u c h  t h c , ) r ' r f i c c  s o  l h : r t  r , ,  r r r !
f l o w  e x i s t s  ' . h r o u g h  t h e  , r r i i l c e .  T h t l c  l ) r r r i ) a l ' i r  ,  \ r s l s  i .
snrai l  lec l rcuiat ion througir  ihc o l i i icc rvr th rn i lo\v no:rr '
the center  and on tquai  out f low lerk ing rLrouni i  the r ' ,1{( :
o i  the or i f ice.  The back f lorv and reci lculat ior)  . \  i th i r l
tha tube remains r 'ssent ia l ly  : rs In ( }se . \ .

I n  C a s e  C  1 u < r < 1 ) ,  t h !  1 ) n l y  o p e f r t i , , i r  , , , r r r l i r i o n  r t
, v h i c h  a n  o u t f l o w  o l  c o l d : l i r  i s  p | o t l u c c d ,  ! h c  t h r o i i l i r l q  L s
increased to pu6h a net  i low through ahe orr l ic , , .  Thc
back f low inslnta ins i tsei f ,  l rut  as r .  is  fa is.d thc -roufce
f low nesr the nozzle decreases,  prob1lbl j -  ' iue io thr  j lcr(asc

in the stat ic  prcssure gradient  near th{)  Dozzlo,  rnd !he
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r l (akn,{.  txists, as --:rse B, alound the edge oi the
or'rr ire , lut to l l ictror .r :  the ori i ice plate surface lowerlng
ihe  ; r ' i o c i r v  xnd  \ enc { .  i he  cen t r i f u (a l  f oace  on  t h i s  a l r ,
* i r c i r  a l l , ,ws  l h r  l | l 1 ' s sL r - c  g rad ien t  t o  f o r ce  i t  i nwSr r i .

I r )  (  r s ( '  l )  l r {  : :  1 )  i he  ho t  t uhe  i s  c i os€d  o1 l ,  l o r c i ng  t he
lo t r l  l l o ! v  t h rou t . h  l hc  , , r ' i f r ce .  As  i n  a l l  l he  p rev ious  cases
th r  L r r r r . i , ack  l l o \ v  i s  s t r l l  l l l c s r . n t ,  l l u !  t he r -e  i s  p roba i ) i y  r ) o
o rqe r  r r  : . ) u j cc  l o r c : r r . i I I  : hc  r t nzz i t + i . r . .  c l l  r ad ia l  t l o
i . i , n \ \ a r , i .  f hc  i o r v  1 r : r r t i ' r ' n  i s  i n  i h r s  Jase  ve l . y  i i n r r i j r
l o  t ha !  , 1 ) t u rn ! r i  f o r -  r  , ) c i one  sepa ra to t '  wh i ch  i 3  essen_
t i r l l t  l h { r  r ( l u r va leu ! , ) f  r  ! o l t ex  t ube  \ v r t h  no  ho t  end  f l ow

The  11o \ '  i n : r  vo r t r ' x  t ube  may  he  summar i zed  es  con_
srsl ins of iLn outel ; iei ir i  i lowing away from the nozzle'
;rrrr l  l r  .r tnct- L,r cor.:  i ) t l ix lorving back lowsrd the n(,zzle
, , n r l .  l h f  | a r i i a i  t l o r r , l i s t I r bu t i on , l epends  on  i he  amoun t
0 I  t h r , ) r t l i f (  , ) n  i h€  hoL  ( . nd .

In thc instrum€nt lraw.rsrDg tcsts the gia-ss iubes used
,  t bc  v i sua l  t esas  \ { e l f  [ ep lac r r i  by  b rass  p ipe  o f  t he  same
,i i lnrr. tr , ' r ' .  havin( tr !vfrse loles located alonr the pipc.
I r i gu r . : l  r s  a  ske t ch  o t '  t h i s  t es t  3e tup  and  shows  the  i oc i -
t ! ) n  ) f  t he  l l ye  t l ave rse  s ta t i ons  l numbered  0  ro  { ) .  , \ i l
oLher instt.unlentat ion :s also shown. Traverse readingg
\v{re nrAde at .ach ( ' t '  seven radial posit ions inumbered
r) to l i )  spaced 1i ln. rpart,  with poslt ion r) at the axis
, ) f  l ho  l t r be .  Th r .ee  l r avc rse  i ns t run ten t s  we re  used :
i h r , t  n r , ' ( { ) uD ie  t ube ,  '  ; t a t r c  p ressu te  t ube ,  l o ta l '  p r r - \ s r l t e
rL , i . r ' .  I l : r t i r  ' , f  : h r s r ,  " : r ; c s  sas  r ra r l e  w r th  r  r ho t t  l . n ! ' ! h
, , 1  i i . : l : - i n .  ' . ) l )  i t a rn i t ss  s tec i  l ub rns .  l - o r  : he  ' . h r rmo_

coL r t , i t  i u i ) f ,  { n  expose ( l  i used  j unc t j on  . f  coppe r - copn rc
w i r c , ' \ t c r r ( l e { l  abou t  r i  i n .  f l om  the  end  o f  t he  l ube .  The
i n r t r I t ( t  t u b .  w a s  n ) : r ( l e  w r l h  a  N o . 8 0 , l r i i l  h o i e  ( 0 . 0 1 : l - )  r .
' i iart lr  rrrrInrai ro the iube axis and located ?,/16 tn. frottr
! he  p l t r l a ta r . ( l  . i L ( l  , ) '  l h c  t ubc .  The  i ube  was  D rov i . i e { l  w l t h
. ,  . . t r ,  c l l o I  r r ' ' . :  ' n  n r l r ca l i '  : hc  app rox lma te  , l i r . c l l " n  o i
t h t  r r |Nc t  ho l r ' .  The  s t r l t i c  Lube  was  rnade  w r th  a  \ o .  S0
r l r ' i l l  \ o l e  l oca t r r {  i r r  t h r  f nd  : u r f r ce  o f  l hc  t ube ,  con -
r rn t r r c  r v r ! h  t he  t ubc  i ! r i i s .  Be fo re  , l r i l l i ng  t he  ho ie .  t he
.nrl  :Lr| f :rce ,r 'as lnaehrncd f iat and le.pendicular to the
ox i s  [ i t . r  p i u (q ing  l hc  , . n ( l  , ) f  l he  t ube  w i i h  b raz ing  u ra * -
r ' i e l .  

- f he  p r rnc in l e  o f  t b i s  s t r t i c  t ube  i s  i ha t  t he  p r t ] ssu re
hoie is lr)carc, l  in r i l ; r !  iur iace rvhich l ics paraiLl !o ihe
|oratronal io!! '  :n ih. \ 'ortex. This can ol course be valtd
on l v  r f  t ho  ra r l i a l  ve l , r c r r l  co rnponen !  i s  neg l i g l b l l t  sma l l '
r vh i ch  . he  r v r ' i t c r ' l , e i i ev , s  ! o  be  l i ue  i  i he  vo r tex  t ube .  i

I L  s  r ( ' cosn rze ( i  t ha i  i h i s  i ns t run len ta t i on ,  pa r t i cu la r l y
t h i r , i t r t i c  p r r . ssu fe  t u t )e .  i s  r x !he r  c rude  i r nd  j r i aces  ce r t t l n
l i r l ] r r a t r r , l l s  . n  t i c  i Lccu rnc !  o f  l he  da ta  he re rn  p resen ted .
I t  s  f ! i t .  r eve f t h (  l . s i .  ' ha t  t he  l esu i t s  ob ta rne . t  a re
sL r r l i c r . f t l r  r cdu |a r !  : o  . now  the  l ) : r s i c  r n t c rna l  l l o1v  Da t_
t r r f .  Th r ,  r ns r l  r ) n re f r i t i  | r  l r s { ' l l  . xas  chosen  fo r  r t s  con_
r t ruc t t r ) l l a l  s r rn r l i i l r t 1 .  

- f he  . i c s l Lan  an (  cons t ruc t i on  o f  3
Dmr ( ,  l L ( l e ( ru i l t c  , ns ! ru r ) ! n l i l r i on  i o r  t h r s  comp icx  l l o * '  r i e l d
*as lr :r 'onri  thL. sroDr ' f  :hr: ' ,vork un,ief iokon. In this
i i r r , (  1  r r  c t i r ' . s c r l l i l r r v ( '  l r r r l (  , r n l v  o f  t he  , ' r r ! a rna i  l a ta
' i ) l r i r r ! l  t s  D r r . s rn r , . , i .  I l { , l i  r r ' r r c ( !  : l  r on t i r i ns  l J r {  - . n rp le t {

S t :  i c  r n ( l  t o t i r l  I r ' r ' s su I c  vs  I ad ia l  pos l t l on  . v : r s  ' neas '

u f r ! l  l !  i ) u I  t i : l v e I j . : t i r t i o n s : ! l o n g  i h e  i u b e .  T h e  ! o t a l
i ) r { : s i r r r , s  n r ' L ' (  l l r i L \ r n ru | l r  v r r i ues  , r o ta i ned  l ) y  | . o t8 ! l r r r  i he
: r r , r r ( t  l ub r .  \ r r ! l r ' s  r t t  r h i ch  i h i s  r ead in ! f  n rax lm lzeu
r i i l i i L l l l  I f L i l { s )  \ \ ' r ' f { '  n r ) t  r r e : r su fe { l  r u t  r t  r vas  l Jbse rved
' , i ) r l  l h I  s ! r r ' r n r  r l l s l es  $ {  r ( '  r ' s scn r i a l l } '  t angen t i a l .  i n ( i l c s l -
i r i r  r , l i r t r \ r ' l \  s r r r l l  : r x rL r l  v f l ( ) c r t l t . s .  Th i s  l c su l t  i s  l n  r q r ce '
r l l r ' r t  r r i t h  t h { r  1 )e i i c . r l  , , r l  t I . accs  r , i r se | ve r l  i n  i he  v i sua i  t es l s
r s (  u i : '  -  l  n f '  v ruus i \

\ ' ,  , e r t r r s  \ \ ' c re  cu iLu la t c r l  i ) n  r l  compress ib i e  i l ow  bas i s
wr rh  t he  n id  o f  l l e i e | cnce  i .  The  rhe lmocoup le  e tnpen_
iur(s ,r ' rrc corrcctc(i  tor lnrprct aecover] '  by :he rse of a
r r  n  ' v ,  r r  i : r L  t , r r  .  i  t . d : ' .

j \ t  :rxj ;r i  s!rt ions I rnrt - . i  the f lorv f ieid is essentiai ly one
) f  so l i r l  r o ta t i on  up  ! o  i r hou !  l i  i n .  o f  t he  t ube  wa l l  { r dd i s l
oosrt ion i) .  Berrv{ 'en lhis radius and the lvai l  ihe veloci ly
r i istr ' i l )ut ion aDproaches lhrt of a f iee vorter ln whicn
tansen t i r l  ve loc j l v  i s  i nve rs { r i r  p ropo r t i ona i  t o  r ad ius .  T }e
vr' locrt ies obtaincd irre , ,ssentir l l ] '  equal lo the lanqentlsl
i ,)r) lponents. -{t  the sxrs ,)f  rhc tube, hortr 'eve!, ihe a' lsl  

,
' ' | d r l .  . t n ! n i . n n .  r n d  , x i r , a . t  i . .  ; y n o t t m o u t  r . r h 3  i s  ; r ' r i r . d  l o  9 r t  ,

;r
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lf velocity componert dominales g,nd \ence rhe measut.cd
ll vetocity does not go to zerc. There may aiso be some lack
I of rotarional symmetly.

Fi8ure 3 is a piot oi total and stat ic temperatute vs
radius ior a nozzle pressure of 15 psig and cold fract iorr
(&) of 0.!6. At this condit ion the cold r ir  temperatulo \vr ls
43 F with a nozzle air tcrnt lera!uIe ()f  r ; .1 l ' .  The si,- | l r i i i -
cance  oJ  t hese  cu rves  w i t h  l espec l  l { )  t he  hea t  t r ans i r '
l heo ry  o l  ope ra t j on  l i es  i n  t h ( ' l ' a c t : ha t  t hc  co ld  a r r ' : t r r ' a r r
which emerges i ' r 'om ihe cor'e rrI  ihe rbc has rr ir ! .hr 'r '
stat lc temperature than lhe surrounding outel hel i \ .

Figure 4 is a plot of totai tempel-ature vs :rxial r i istancc
from the nozzle for radiai postt ions l  and 5 ,! .bich r\ ,ere
chosen to be representative ol the core f low and outer hol ix
f low lesp€ctively. The arrows on lhe culves indicatr ' l r t

axial f low direct ion at these trvo ladi i .  In rhis drs(. coi, l
f lact ion (&) was zerc, the nozzje condit ions bcrnr i( ienricxl
to those of Figure 3. I t  is observed from Figure I lh !
coid tedperatures are prcdDced even though no dorv sor's
through the onfice. ln accordance with the .eouitr 'nrcrr l
oJ an overal l  heat baiance, assuming no hcat transfcr. bc-
tween the air and the metal of lhe tube wall ,  th( 'r .c is |o

i-aor^L zosrlDN

F i g .  l .  S t . r c  d n d , o r . l  . c F p . . . , J r .
ihr . .  l r .v .  .  r1.r 'o. r .

n e t  i n c l . e a s e  r n  t e m p e r a t u l . c  o i  r h e  , j u t e l .  \ c l i t  t l o r v  r I r i . i r
i s s u r ' s  i l o m  t h e  t h ! o t t l e  v a l v e .  ! ' i g u r c s  j i  e n r l  . . i  l r a i l  r L I n r t
d i a t c l t  t o  r h e  h e a !  r t . a n s i e r  t h e o r v  o f  t h e  v o r t c ) i  l u b L .

1 3 e f o r ' r :  l e a v r n g  i h i s  s e c t j o n  o n  t e s t  r r , s u l t s  L r  : h o u l t i  i ,
p o l D t e { 1  o u L  t  h . i l t  l h e  ! e m a l n d e r  t f  t h e , l a t a  i ( ' .  r r ( j s r t r r , .
t e m ! ) r r a L u r e ,  ; r n d  v e l o c l ! )  o b r a l n e d  j r 1  t h e  o r r i a r n a l  I  r , s ,  : r I c i r
t !  - r r ) n r r  o t h c r  o p c t i l t i n I ]  c o n ( 1 j t i i ) n s  l s  ! 1 , r t  s t n l t l i t r  t o  : l i .
e u r v e s  l r e r e r n .  t h e  n r a l n  , l i l i t . r e n c e  l r | r n {  I  g ( ' n e r : r l  . i t l f t
o f  t h e  r n a g n i [ u d e s  a !  a : a i v € n  t r r v e t s e  s t a t i o n .

Theory oi Operaiion

I t  I r as  l Jeon  sho rvn  t ha t  t hc  l l o r v  p : r t t o r  n  i l l  r L  r r l I ' l o \
tub{] consrsls basrcal l !  oi  two countcr. current a\rxi t lo\\ .s.
lr l !h an approxlma!e],"" soi id rorarion. The inner core Ixral
i l o r r ' rme fges  f r on r :he  o l t f i ce  r s i t h : r  r ' e r i uce r j  t o !a i  o )  , i r ag -
nation temperature. The axr.r l  f lolv ol the outer n(] i ix
r r ne rges  f r om the  oppos r te  end  o i  t he  rube  x t  t he  t h ro r t l e
vaive ivi th an incl.eased total temperature. The cor-e s s.t
A  h iqhe r  s ta t i c  t en lpe ra tu re  t han  t he  ou te r  hc l i x .  Thcsc
condit ions form !he basls ior the heat tr .ansfor. th|ol.y i j i
lhc vnft.x t t ib(,.  : \ 'ntch fo, lo!r 's.

Re fe | r i n r  ! o  ! ' i { u res ; j  r nd  l ,  t he  i nc r r . asc  o i  t he  t o ta l
l en1pe ra tu re  o f  l he  ou te r  dow  ; s  a t t r i bu tab l c  , ) n l v  i o  i r cu t
transfer from lhe inner core, since no ln€rhanic:t l  Nork
is involved. The core, being at :r  i iqher statrc temFcl.:r tulc
than the outer hel ix. transfers Iear by _forced ronvoctlon
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NOMENCLAIUN€

A=. i { .c i ;v .  ruf ic .  arcr ,  rq { t
C=spcci f ic  hc. t  , i  conrt .n i  pmrrur ! ,  gt !  pcr  lb,  de9 F
lV: : .ool in9 . f f .cr iv . i . ! !  d incnr ion[ : r
P:  norr ic  n i . i  prc$$r a inorph. l  abrolu i r

O  f . . r  n o v  r a r c .  B h ,  p u  h r
I - t o t . l  { ! t 6 9 n . t i o . l  i . m p . r . t ! r c  F
l -  ! t . i  c  i . m p . r . r u r . ,  F
i / :coid Uo".cr ior . .  d; . t1.nt ioni . ' !

U-oe.r . l l  f . .1 r . . i r t . r  co.{ i . i .n i ,  8tu pcr  hr ,  rq f t ,  dcg F
, :w. ight  l lor  ratr ,  ib  oar hr
8 h. . r  t f . . r l . r  m?.n r l . i ic  i rhp.r . i ! r .  d i f icrrncr ,  do9 F

. . ! l :  is . . t ropi . .orr ia t .hp.r . tur .  drop,  dca F

Subtdip i !  on I  or  i

N .  : . i  n o ! r .  c i l c h . r c a
C - c o l d  { o - . .  o . j f i c .  d i i c h . 1 9 .
H:hor f ior  . t  thro l .  y . iv .  d i r .h.rg.

to ihc outrt  l rr l ix, and as a consequence reduces i ts own
total tcnrprfature. The analogy to a concenlr ic pipe
counteti low. hcat cxchanger is cvident. I f  we imacine a
z r ' r o  ' n r ck r r ,  i s  l r he  wa l l .  hav rn (  a  , i i amc te r  epp rox rma te l y
, . qu t l  t o  r ha t , , l  r he  ro i d  o r . i 6ce .  *h i ch  r s  i . o ta t i ng  a t  eve ry
. r \ l x l  i r , s l t r ' n  . l !  i h { r  same  anqu i , 3 l .  ve ioc i t y  aS  the  vO ! !C -1 .
l h r ,  r ( . r t  r - i u r : l . r ' . l c l oss  rh i s  :mag in : r l - v  ; ube  su r l acc  i s
i ' f op r ) f t ! , r i l i  t , r  l h r '  l r u i k  s ta ! ) c  i en r t ) e ra tu re  r l i f f e rence

Fi9.  4 Toi . l  ramo.r . i ! r .  v  r i . l  d i r i6n.6 iom ioul .  . i  rv6 r .d i . l
. o ! i i i o i ,  q  -  0 .

r n , l  l r )  r l | l  , , v ,  ] ; r i l  i l l r r r  r , ) ( ' r i i c t c n t  o f  h r , a t  l r : r n s f e r  o c c a s i o n e d
r i v  l h (  r r . l i r r r ! r .  i r r r i r l  v r ' t o L i r r ' , , i  i h e  i w o , , p p o r i t c l y  n r o v r n g
s r r r ' a n r s .  \ \ - i r h  t h t  t s s u ,  D r i o n  o f  s u c h  a  I . o t a t i f i g  t u b e ,
: l r '  I a n l j (  n t r i r l  ! (  i , ) c r t i f s  , l o  n o t  , : o n I r i L u t e  { i i r e c t l y  t o  t h e
i i l n r  ( i r  r l i L  | l  r ) t  . , l  h (  a t  : r a l r s f r r .  n o r -  , l o r , s  t h e  t l o w  l l e k l
l x  c . r ) r .  . L l l i . , ,  , 1 .  ; r s  ! o l l i r l  r , c  t h { '  f a s e  . , \ , i t h  a  j t a t i o n a r y
l L r r ,  ' l u r . r i )  i i r  ( ( . !  u i  l v a l l  i r i | ! r o n .

T | r  l , r ( l k  l )  t h .  u r v { ,  o f  I r i g u r . e  1  n e a r  t r ' a v e r s e  s t a t i o n
I  L s  l ) (  i r r  v r , r i  l , )  l x .  ' i u ( .  : .  r a ( i i a i  i D r _ t i n F  , , f e c t s .  s i n c e  i t  h a s

I  h l r  , . : r , t r : r i  , i r ! l l o ! r  , ) c c u r s  , n  : h i s  r e g t o n  ( s e e
i ' i { .  1 ,  (  r t s r ' s  J l  r n ( l  i  ) .

I I  t h I  r ' 0 l L , w  r s  l r r i l t r c a l  : r . e a t m e n t  ! . a ( j i a l  m i x r n g  l s
I r ( l ( ( t { , 1  i . r  : | l  p i i , ' i c x r l o n .  a n r l  r l s o  D c c a u s ( }  i t s  e t l e c t  j s
i , r , i i I v ( 1 j  r o  l j o  , i  ; r  . . , c o n d 3 r v  n a t u r e .  I i i r u r e  ;  s h o w s
l h r  j i l l ) D i i t i r ' , t  : 1 , , \ y  ! r ! t e r n  r L s s u m e d  a n r l  r i s o  * i v e s  q u a i i -
t a t i r r '  l r \ l ) , , t h r ' t r r l l l  r c n t l ) {  [ r t u r . i '  . s  i c n s t h  c u r v e s  i o  i ] i u s _
l r l r t c  i h { '  i (  D r r r f r x t u r e  n o m e n c l a L u r e  u s e d ,  l r n d  l o  c l a r l f y
t h e  I  h c 0 r ' . t  i c  i  r n a i ! s r s .

T o  s : a t r s i r  t h { r  n r ' c e s s a l \ '  , ) v e r a l l  h e a t  b a l a n c c  i n  t h e
r l r s r ' n c r '  ' , f  r  r ' c h e n r c a i  \ 1 ) r k  o r  h e a t  l r a n s f e r  t o  t h e  - c ! L -

r ( 7 , - 7 , ) . ( 1  - u . ) ( T t - T t /  ( r )

\ ( 7 , ,  -  T ,  )  - 7 , - 7 ,  ( 2 )

. 1 s  i I  r h I  r j s r . . i f  r o n v , , n t r , ) n l r l  h e a t  e x c b a n g e r s .  a  c o o l i n f
, . l L ( t i v ' r ( s s  ( l l n  h o  ( l I t i n e r l ,  \ v h i c h  i s  l h e  I a t i o  ( , f  t h e  h e s t
l  r ' : r t t s l c r t  o { l  l D  t h o  m x \ t m u n r  p o s s i b l e  i r e a t  t r a n s i e r a b l e
r v i t h  t  h f '  r L v . r i i x b l e  t c m n c r a r u r . i . s ,  x s  f o i b \ \ s :

. \ . -  ( T r -  f ,  t i t T n - t , )  ( 3 )
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I n  Equa t i on  3 .  I '  j s  t he  l owes t  ava i l abk :
ture in the vicrnity cf ahe ozzle. I i  a
nozzie expansion rs assumeri,  then

l \  - =  / .  - - l l
lVhere

a t :  f  , . c  / l ( t ' ) )
Comnrn rn r .  I i . r u t r l o r  s  : 1 ,  : ,  x l r . i  l .

s t a t r c  t (  r ' i , f - r -
i d e a L  l s e n t r o p r c

( { )

! ' i ,au re
h i s  \ o .  i  t uo .
per' | l ture drop

i f l i lscA's , la!a (sol id curvea) for,
.rs used rn ! ' igure 6), gtving tem-

o r  P :  l  a n d  1 1 .
i t  l row becor'r.s necessar-y to Doint out a Sasic dis-

'  r ' r0rLnc! rvhicir sirows up in al l  rhe i iata of i l i lsch \ i 'hen
ro rDrred to thc \vnter 's exDerimentai tesuits. -trs Fi,aure
d r ir( l icales. ihe I-{ i isch r lata show the tempe!ature r lrop as
zcro rt  .r  = a. The wrlrer 's du!a indicate that the tem-
i r L l . l t u r e  i r o n  L s  ) o t  z e r o  a t  r r : 4 .  F i t u r e . l ,  f o r  r r  : 0 .
: ho rvs  l haL  i n  i he  i o re  j us t  r ns ide  o f  t he  co id  r ) l . j f i ce , : he
L ! i r '  . s  i n  f ac t , r o l { i e r  ! han  i t  i s  f o r  a  va lue  o f  l .  =  0 .36 ,
t h { r  l a ! t t r '  v l i ue  1 ) f  r r  be rng  acco rd ing  i o  H i l sch ' s  ( i a ta
rea re r  l he  n ra \ rmum lempera tu re  d rop  va lue .  I t  i s  b€ !
l ie\ ' .{ l  ih.rt  'h s Li iscr{.pancy l ies in the location of anri

,NAZZLE

Nozzle diameter
Tube diameter
0ri f ice diameter

t ! - u )  L t

( 5 )

. 
( 1r'\ ') - ' '

Then us ing  Equat ion  l  wr th  Equat ion  i .

( ( i )
( l /  \ ' )  -  r '

Equa t i ons ;  and  6  A i ve  t he  ove la l l  l , r r l f o l r n l nce  r r f  l
Yortex lube as a function of the ope!atin( va| iablca , l  an{l
At and the cool ing effect iveness, . \ : .  Kno\\rng the l)er-
lormance data for a grven yortex tube, . \ '  can be calculated
from Equation i  rrr 6. In the hol)c thar .V corr ir l  ser-ve
3! a correlat ing factor in vonex tubo perfor ' Inance, lhe
I t r i t e r  has  cs l cu lo ted  i t  f o r  n )dnV  o f  ! he , )p { , r x r i n l I  i ) ( , i n t s
i n  : he  ro th  I  t ho rouqh  , l a ra  , r i  R .  I l i l s ( l r ' .  ' l ' h , r  

r . { , su l t s
3 re  j r r ven  i n  F iqu f cs  ' i  r n ( l  ; .  wh r ' r { r . \ '  . s  ] l i ( ) t t ( ' ( i  v s  r / .
F i r u r o  ' ;  . ' r v r s  l o u I u r v a s  J L  , n s t a r t  . . 7 2 ,  r r . . . : u r , . s .  / '
va r - v i ng  i l om  l - 5  i o  l l  r tmosDhor . r s  r L i r s , r i L r t , .  l . ) r  t h (  \ o .  j
H i l s ch  ruoe  r vh i ch  has  rhe  f o i l ow ins  p r rnc rpa l  , i i n r ( , us io r r s :

;2.5 
E tN AT.

.4.o1 A B-

2

;

;

(,
z
)

(-)

2 .5

2.3 mm
, . l i  r r l r r
.1. : i  lnru

I igure ? i ; ives four cur'ves ai i  ar. l ' :  11 atm lbs, Lu!
vith iour dif ferent ori f ice r l iameters, end 1)ne cu|ve rt

, I M A G i N A R Y  T U B E "
SURFACE COLD FRAC TION -  U

Cool ins . f r .c i iv .n.r t  ' .  cold f r .c i io.  for  No.
2 Hi l lch tub.  a i  {our noal .  pr . ! rur . r .

ihe nrerhod of thc cold temperature measurement. Hi lsch
chose to messule the temperatu!e of the metal wail  of
the iube on tbe ( i ischarre si{ ie of the ortf ice as rn indics-
tron of toid r ir  ' -emperalure. In Hilsch's lvords, "These
Inorsurements .. ' ic ld tenrperalure dif ferences which are cer'
t a i n l f ' no r  l oo  i avo rab le .  bu r  w i i l  p robab l y  be  i oo  sma l l . "
This nrust certarniv be so. rnd part icularly so as the cold
f lorv approacnes zem, :r l  rvhrch point ihe metal temperature
nrusL l)e very ne:rr room arr !emperature. I lorvever, even
if a tenlperature measurement is taken in or near the
ccn le l  o i  t he  cc ld  t ube  on  t he  d i scha rge  s l de  o f  t he  o r i f i ce
{as  . ! ^ s  done  i n  t he  w r r t e r ' s  t es t s ) .  ! h l ee  s l de  e lTec t s  aan
ir lcrease the readin!a rbove lhat which cxists in the cenler
, r i  t he , r l i f i ce ,  name ly :

1 )  Hea t  p r ckup  f r om !he  " co l . i "  t ube
:l) Orif ice r( iqe leakaqe isee Fig. l ,  Cases B anri C)
i l )  i l c c r r cu l r t l i on  i n  t he  ' co ld "  t ube  ! vh i ch  csn  n l i x

i q ) rn  a r r  , \ r t h  i h r  co id  a i r  { see  i r i g .  1 ,  Case  B }
R . i e r r rn (  r ga in  i o  F iqu res  r ;  and ; ,  i t  can  be  seen  tha l

- r l nc r  I l i l s ch ' s . l a te  s l ] ow :e ro  t empera tu re  ( i r op  a t  ze ro
colr l  l lorv, the|e is i !  pornt ior raci l  curve ir t . \ '  -  {)  and
&  -  l l ,  i ) u !  i n  no  cxsc , i oes  t h i s  po ln t  f a l l  l easonab l y  on  xny
of rhe curves. The !vr l ter bei ieves that this apparent drs-
continuit ,v in the cool inq cfectiveness, .V, betNeen x = 02
r,r, ,  {  -  1) sul)stantiates ihe aforementioned contention
thal :r  ieml,r- ' r 'arure . iro! exists at r :  0, even though i t  rs
rcriuced bv the three si( le efects mentloned.

The lar 'raer circles shown on the culves ol Figures 6 and
? r 'cpresen! the loints et ,vhich the :emperature drop is
r l  nraxi 'rrun1 accolci ing lo l l i lsch's da!a. This occurs in gen_
,.ral i )ct\1en '{  :  ,r . :  . .nd rr :  0.5, depending o^ t\ozt le
l)fessufe irnd 0fr l ice ( i iameter' .  I t  can be noted that the value
r) i  - \ 'Jt rrraxinrun temp{:rarule irop varies onl} '  l rom l),15
to  . i i l  f o l  F i | j L l r ' ( '  i i .  xnd  f r om, ) . 41  Lo  r1 .46  f o r  ! - i su le  ? .
' Iho ir i(rer rvcrase Yalue . i  -V for Fjraure 6 is artr ibutable
I,o a l i r lge. srze tube (about iwice Lhe l i iameter) ihan that
of Fi, .aure i .

l

?ef r ioerar ing  Eng ineer ing  i

t)

F i 9 . 6 .

2 . 4 6 . 0

L,l.J

E

F

trJ

r.L/
F

L E N G T H
F i 9 .  5 .  F l o w  p . t l . r n  . n d  i . 6 e . r . i ! r .  n o m e n c l ! i u f e  i o r

l h . o r . r i c a r  d . r i ' . i ' o n .

No. t
s l ons :

{  a t m  a b s  w l t h  e : l - !  n l m  l i i a n l e l r r  o | r l i c r .  : r i i  f o I  t i r |
H i i s c r r  t u L e  h e v r n (  h e  : J l r o s  r n (  ;  r r r r r . t  i . r  l i l r ' r r -

Nozzlc , l iametcr ]  1 | l l |
Tube t l ianreter .1.{ i  rxnr
Or i f i ce  ( l i ame tea  va l - i e r i  f l om  l . l  1o  1 .6  rnn r

These data were caiculatcd from points rei l , l  ol l  tbe
publishcd culves',  * 'hich were feIroduccd ro rL v.11' snrei l
size, and hencc some accuracy ))as l)cen los! ir  i r i (urrs r i
and  

' i .  
I n  F i su re  r i  t he  va r rd t i ons  o l  \ " , r r t h  ,  a | e  r ve l l

l ep resen ted  w i t h  s t r a i ! . h t  l i nes .  I n  F igu r r r  i  i h l  i . r f r c t  o i
ori f lce size on the variat ion oi . \ '  rs aDt)ar '{  nt.  ( ' , }r l l ) l r ison
of lhe curves ior the 1.1 cn(i  1.3 rnrn o|rt icrs rnukcs ic
appear thal rt  ;ome intermediaLe ,rr ' i l ice j ize, -r:r t  1. l j  n1n1,
N wouid be vir ' lual ly constant a! r vaiue of uboLl! ) .1i1.
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Norr by assuming a constsnt value of .V of 0.46 for No. l
Ei lsch tube (Figs.6 and 3), Equation 6 becomes

( 1  -  ? t )  A f

.tu
T E - t \  =  2 e - i - - t J

,OC
Substrtut ing lquation 12 jn Equation 10 gives

/ . r r ' ' ,  / l  . r I ' \
. v =  { - l  /  l : - - l

\ , r , c /  /  \  c t

E r t u a t j o n  1 3  i s  i n  t h .  , l e s i r € \ l  i ' o r m .  I t  i s  r n t e r e s t i n g  t o

n o r l ]  ' h i '  , i n r l i r r l l ]  l e ! . Y r . n  t n ) s  1 ' o l l a t i o n  r r n ( 1  r h : r I  i o r  a

(x,nv( . l l l l r ) r : r l  corrnrer i lo$ '  h|at  cschanget lv i th tquai  he8t

crpacrt ] -  ( r td)  on l roth s ides,  fo l  qhich

2 '1 i  -  ' r
Equation l represents in simpLified form the periotmance

oi s vorte-\ tub€ of the size and design of the l lt lsch -\o :
tube- This equation ha8 been plottcd for f: l  : lno 1[ :n
Figure 3 ({ lsshed curves). The , l i l f { ' r(rncc l ,et\v. i 'n :hi l
so t r c i  r r , d  r r sned  . r r ves  l i | s  n  l hc  s : - l l l n t i  ' l  I  ' r s ' j t  :

cooi ing efectiveness, .V, in E(luation i ,
The next step is ro look inro a theoretical derivation of

N, and to see i f  the values oi .Y ontaineri  from the iest

r i )

COLD FRACTION-U
Fiq.  7.  Cool inq r f i rc t i ' rnr t r  vr  cold { raci ion {or  No. I  HiLch'  

rubr for  {our or i f io  d i rmotor.

dgta could 5e reasonably rt tr ibuted soiei) to a hcat irnnsicr

D roc r .bs .  I n  t he  f o . l ow lnc ,  an  : r p l l o \ l l na le , l . r l v ' I t i on  '  i  \

as  a  f unc t ron  , t f  hea t  i r sns fe r  c "e tnc lPn t .  f ec t i ve  su r f r ce

alea, and f lot l '  is qrven.
Reierrrng agarn :o ihe diagram oi Fi 'Jure ; '  ihe r-t l tc oi

heat trdnsier irom the core i lo\! '  iv i thin ihe inaglni lr l '  iubc

sirrface rs
Q : = u C  t T , - T  \

From Dquation 13 i t  can be seen lhat lor lJ to be 0'50'

lhe rppl-o\rnrate vaiue calculated for lhe l l i isch tube6'
' r L i l u 'C  :  2

if  approxitr latcly )-cpresantative vaiues of ._t 3nd u are

used, lh; value oi i , :  .equired for this th€orJ' io match the

:rc!uol performance is easl ly caiculated' Takinf for ex-

i \mpLe, the No l  l l i lsch tube (Fis. ? data):
- i  :  0.011? sq i t ,  based on an assumed efiect ive length ol

r; ;  Irercent of the hot lube ]ength and a diameter equal lo

I  hc  , r ) l ( i  . r r i i ce  i 2 .2  l nm)
(I -  . .1I Btu pel iLr. r ler F
i/ .  r-  r l .?5 r,  r jcr ' l r .  'Lhieh i !  the !otal nozzie i lo\\ f  3l

1 )  =  1 . 0  i r l l n  r b s .
T h t l

!  r  t j . i ;  ) {  r ) . : l l
= 186 Btu per hr, sq ft .  deg F

1 ) . t ) l  l : l
. \ s . l e t i n r ' r l  I o r  t he  : o f cgo i r r r  ana l ] ' s i s ,  l f  i s  t he  f l ow  i ns ide

thc lmagirrar) '  tube, DLre to i :he radial oul l iow l ' tear the
rrrr i icc ivhich \ '^s sho!!n to fxlst rrnder most operating con_

l t t , \  / 1 .  . t t ' \
l _  I  /  l r  - -  l' ,  r,u' l -/ \ toC I

( 1 4 )

2

o
U'
tll
z
ul

|-
o
ul
u-
LL
uJ

<9
?
)

o l 120,

o l

An(1 also,
Q _ ..t u{r (9)

\ lhefe .{ is the {rtTective surface aLea ̂ l  the im:lgrl lar l
tube, {,  is lhe mean stat ic iempetature,r19"'"n1o. nnd /, f  is

the overai l  heat transfe! eoei icien!. Combining I-)qustrons

8 snd 9 rvlth Equation l l  giv€s

Ltl

l
' <12

lr4
o-l
>l
!!l
F I

( 3 )

I t  is r lotable that due to the unusull  I l : r lule of the out{ l l '

hel ix f low in which stat ic temperature lncreas{ls more than

total lernpersture r lue to lhe large ne'Iat ive velocitv qrr l l l i

en!, the conventional log-m€an tcmperature di i lerencc is I)ot

aDDiicable h€re for o, I{owever, by nraking thc simpli f)1ni l

isurnption that the tempelatule dif ferencc varies l in.arl l
with -1, a very simple expression lor \  can be rrbtainr ' , i

shich should be adequate since the efective area, . l  is nol

klown close enough to just i i l '  ref inernent in {}.  .r incc ihc

cole Jlow is at:r rclal ively low veiocltJ-, i i  i3 also rssLlnlc' i

th8! i"he totai gnd stat ic tcmperatures are oqtal her..  Thcn,

leferr ing to Figure 5,

. -  t t '  /  "  \
- \ = - l - l

I ' r L l  \ L - f .  /
1 L { ) )

c  -  ( ? "  -  i . ) / : r t l )

Fiq. 8, Iempcrafuro droo 'r  cold ir .cr ion fo. No. 2
H lrch tuoc .f  1*o norr l .  prorturtr.  bY l . t l  .nd by

ih.orct icr l  .q0.i ion.

r l i t i ons  { ; r ' c  I r i ( .  1 ) ,  t he  l l ow  f r on r  t he  o r i f f ce  i s  l ess  t ha t t
t he  v t l u { r , r t  : r '  i n s i ( i e  l he  t ube .  Thus  even  l | t  l t  =  0  (no  co ld
Jlo\vt ! ,  tr .rv l ,e fai l ly l .rrge. but probably no iarser ihsn
lhc lozzit  f low. l t  rs for this reason tha! the lotai nozzle
rlo\!  s usr '( i  in lhc foregoing rveluation ni t , i .  I l  the actuai
! r o r l '  t l ( , ! r ' . , r ,  i s  j r , s s  l h I l n  t he  nozz le  t l ow .  t hen  U  requ i red
is t ,r 'or)orl ior i Ir l ly loLver' .  , ' \ . lso i t  can ire seen that aE P i8
r : r r s r . , l  , r ' l , ) ! ve le , l .  t hc  L I  r cqu r t l t i  ' , v i l l  i n c rease  o r , . l ec rease
:  I  I  I  )  I  )  o  I  t  i  (  )  r  |  :  L  i  l r '  t hc  l l ( rw ,  hu r  t h  i s  r s  compe , l sa !e ( l  f o r  by  t he
:L . ,  r i l r Lo l r '  l r r ' r l !  I l : r ns l e r  co€ t i i c i on t  va r - v i ng  11mos !  p ropo r_
r i r n r i  t , )  t he  n rass  f l ow  ] - a t c .

i h r  l r ss  l l ( , \ '  ! r r e  i n  r he  p rpced ing  : r umer i ca i  r xamp ie
is rrr) l | t  l i ;  l l )  i )r)r sec, ia i t  in the ior 'e. r ' ;hicir lor lesponds

tCon tD tue t l  , ) r  i n rqe  1018  )

S incc  ? , ,  - f ,  :  Tc  -  t ,  - 7 "  -  7 , ,
Tn - t ,  =  I c - t s  I  ( , 1L ' l . r )  ( r / 'C ) ,  us in ! .  I l , r ua -

tions 8 and 9.
And therefore, using Equalion 11

- :  P . l 1 .0  n l  Ae .
-  -  - :  P .a .O  A l  A8

.P . l | .O  AT  48 .

HILSCH

COLD FRACTION.  U
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t ltne  Yor tex  tuDe
(Continlted. iront t ' ! tq( !19 )

1n  r  t u i r e  ! ) t  L j - r r n r  , i i a rne re r  i o  t L  i l l n  .  x r l j i c i r ' r r l  i f  i r l , , ,  r t
l 4 t r  l J t u  l ) e I  h r ,  r q  i t  b f  r t  conve l r ! i ( ) na l  r l t i l t  i i a l r s l i r L  r ' 11u | l -
t r on  i o r  dow  i n  a  s t ra i gh t  t ube ' .  Th i s  r s , ' ne  i r a i f  r f  l n t
requireo overai l  coelf iclent. The fol loNin( t \ !o facto!s r)ra!
be suif fcient to r 'aise the above heat r lansier c01' l l le:{rn! ul)
:o the value ol L/ reqrr ircd by ihe heat frrnsfcr thcol].

1 )  - {  l a rge  r i eg lee  o f  t u rbu lence  , i ue  l . r t { t i r -  t o  t h r '
he l i ca l  na tu re  o f  t hc  l l ows ,  wh i ch , t ouk i  r a r se  t h ( '  h ( ' i \ t
transt 'er coetl ic)ents. I t  rs known. ior rnsLancc. i i lat ior '
i low inside hel ical ly coi led piDe. ieat t lanslt l  c). i i i_
cieDts rnay be severai t imes hi,ahef !han rn slruiqir:
pipe Jor the same Reynolds number'-

2) The absence ol a sol id 1e3l l  at lhe inte!fact lxr-
tween the core and the ou[er f lolv l \ 'ould seenl lo rnl l ie
i t  losical lor the l i lm coe ictent to be l)ased on thc iotal
rclat ive axlai velocity ol the lnner cn{l  outt,r  s! l i ' tnls.
Since lhesc f low count€rcurrently, therr velocit i t 's rLIt
add i t i ve .  Due  to  i he  absence  " f  r  i o l i d  t ube  s t r l l  t he i i '
: r r e  no t  lwo : i l n1  r ' c s l s !anc ( ' s ,  : i u l  , ' n i t  r ) ne  r ' f s r s l i l r i ( { l
,  va lu r t c r i  j r om :he  r ' e i aove  i r \ r u i  yL loc i i ! .  Th ( '  ,  l I ( : r l
r i  us r rq  a  re l a tLse  r . l oc i l v  r n  l ho  I ) r eccd in r i  I uu r f r ' r r x i
example lvould be to rarse lhe calculate(l  l i in co.i l i t r(  r l
by  abou t : j 0  pe rcen t , : r om 1 {0  t o  18 :4 .

Conch.rsions

The heat transfer theory r)f  vol lex ttr l)?  ̂ ct ion rs pr '( :
sen ted  i n  t h i s  pape l  i s  no t  comp ie !e  l n  i t se l f  an ( i  i nus t  r f i v
on  emp i l i ca l  r esu l t s  i n  t he  pe r i o l .manc ( :  r qua i i ( ) r l  rEq .  ' ; ) .
The  coo l i ng  e fec t l veness , .V ,  has  bcen  sho rvn  t o  l ) e  a  us r ' au l
co l ' r e l a ! rng  i ac !o r ' .  - { l t houRh  l he  re , l u r red  ove r : r l l  1 r r3 (
transier coeficient is., l leater than can be rccounteri  for '  l )r
conven t i ona l  ca i cu [a t i ons .  t hc  two  a re  su t f i c i cn ! l !  r v i i h i r l
range rs to be encourag)ng. The theor'1 r ior:s not l f l 'c iu(ic
t he  poss rb i l i t y  t ha t  o l he t .  mcchan i sn rs  rna l_  l ) e  s rn l r r l t an f l r t r s -
l y  ac t i ng  : o  pao r i uce  coo l i nq  o f  t he  x r r .  i ) t he r  t hu l r  i os  hav {

":ir
c

L" "n  l l uo l ' snn ' i  r c . en t l I ,  , vn i ch  x re  o t '  r n  pn r i r e i y  d i t r e r cn t  !
xa tu le ,  i r u t  \ 1h i c i 1  r i o  no r  app { ' a r  t o  have  i ) een  based  on  p r i o r  I
tcsts ao,rc|r ' r l l l ]  tne at!rrr r f  rhe inte|nal do\r processes- |
l ) s cL l ss ro r  , , i  : h r ' se  t h to I r r s  Ls  ! , t o  ( i  : h€  scope  , r i  t h i s

' f l r r ,  
. r ' r r t , . r  . : u s A f s t s  : r  l o s !  j e ! u l r  r r r  ' , , r n r c i .  r i  l n y  c o l d

i u r  \ \ ' ( '  '  i i r r n l l l c { 1 i .  : h e  i ( ' r !  t r a n s t f f  l h e o r y  r v o u l d  b e
i r  | ' l r l l r  1 . n i r ; r r i c r , ( l . . r s  l o i l , ) \ \  s :

I i L r n  r , , , o r l r , x  t u l ) 1 ,  i n  w r r c i  ! h e  ' , m a s l n a r y  t u b e  s u t f a c e ' '
' ) f  t h e  : ) i ( c t : ( l i n (  : h { r o r }  : s  r p i r l x c { , { l  w i t h  r .  r h i n  r n e t a i l i c
t u i ) r ,  \ \ ' h i . N  r s  r , J t i r t . ( l  l r r t ' c h a n i c . l l l ! '  r t  r n  r n , j u j a r  v e l o c l t l .
, r ( ' r r ) l ) r r r r  r  t ( ,  t h r !  o l  l h ( :  x r r  l r l  t h e  ! u i ) e  r c d r u s .

! t & , n a t  i /  i ' h \ ' r q r .  ? t  t .


