
fhe adiabatic expansion oi.: q:s rvilh ̂ rL .rr, ,i
r \vork, which may 'ake piace in.r recip,roe:u

.l engf,ne or'. in a turbine, is the most etTective
I, .i:iding process. It requires, however, a consider-
. abh: teclnical efforr, especiellv in rhe region of
. lorr timperatures, ivhere many tecirnicai .iiri-

culties arise. In the technique of gas iiquincation.
therefore, the expansion witi erternai rvork is
usually replaced by tle use of the much simpler
tlrottle effect, which does not require 3ny mov-

i ing,. psrb- This cooling process is much less' efficibnt, and ir only possible because real gases
. deviate from t}te perfect gas law.

. Uider these circumstances it seems important
to investigate an arrangemenl rvhich was de-
scribed by Ranque in 1939.1 In this arrangement
compreceed air is permirted to enter through a
tangential nozzle into a cylindrical container,
formed bya tube of. 12 mm diameter. A turbulent
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I. TNTN,ODUCTION liorv oi gl;. r r ,rcfel\Liikc rlotion, lscaDes
' \ r i  L r ' - .  . .  I - i r i s  i ^ ' - . -un{  .L r r  -L rc . i r i
prorluct's :L r_, i:,)r L)i incrcascri i)rc-.surc ne:t! the
l.all inside the cll inder, and a region of Cecreaseri
pressure near the rxis. If one end of the r:vlinder
is closetl Irr ' . i  Jiaphragm rvhich oermits rhe
escape of air onlv irom the central region, rvhile
the other end is throttleci, the air escaoing
throuqh thc ircntrtl diaphragm hls a reducc<l
temperarure. 'vhiie rhc air escaping throueir : lre
other end sho$'s ii temperature increase, The
observed temperature diffcrence Detwe€n the two
strearns, using r:ompressed :r.ir of 6-atmos. gauge
pressure at 20oC. rvas 70"C, rvhile the lowcsr
temperature of the cold stream was - l2oC.

The purpose of this investigation is to rlesiqn
an arrangement of this kind which can irc used
as a cooiing process of maximum etficjencr., and
to determine the ltrgcst eif icicnclr obtainable.

2. CONSTRUCTION AND FI'NCTION OF A

The results of numcrous preliminarv ex1;eri-
ments showed tl lat for a favorablc r:ooling crlcct'rli:st^"' t M. G. Xanquc, J. dc. phya. et rad. [i], 4, I 12 (19J3). t l-itcrai rransj.rtion of the German woro "lvirbclrnhr.."
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l l r e  , i i . i o i r t 1 r q r r t  ' i t o r r l r l  l ) ( :  i n 5 t . , , . ( r t  i r  : r ( : , i r  i s
rDss i i ) l c  to  thc  nozz le .  Thc  r : i rcu la r . i i r  l l ow ner r
ihe  ! )ozz lc  and thc  C iaphraqm shou ic i  i r r . . s  near ly
. l s  poss iu lc  , ) i  ro ta t iono i  sy r r rncr rv .  

' l ' h is  
i s

acirievcd by a peculiar mc,-ho(j of inrruJucing
the conrpressed air, rvhich is sirorvn in Fig. ib
i lnd  lc .  

' l 'wo  
r - r i cccs  o f  tub inq  o f  in te rna i  ( l iancrc r

R are attached ro the c:., l indcr 
'br, ' 

rncans of
tianges rirtd ,lverlapping nuts; onc o[ the rlanges
acting i ls diaphraqm 3 iocetcd ncar thc nozzie.

l ior an explanation of the rnechanism of the
vortcx iube lve refer to ir ig. la. if i ;oth encis oi
lhe  , r t ta rh(1 i  lL rbcs  are  1)Den,  the  i i r  en tc r ing
r -J  g ( 'n l i , r i i \ '  h rouqh J  c :sc . l l . rus  r  iL ;  : i  sc rc , t ! - l i ke
: r l r t i o r t , . i L , n q  t h t ' v a i l  , r f  t i t c  l , r i i  l l i r r , ,  . r ' h i i c  r i t e
Lrn l r i iu t l i  i o rcc  . rnc i  the  i l t r "n ; l l  i r i r  i i on  o f  ihe

las produce a lower i)rcssllre in lhe rrial region,
IJcnce. rLir rvii l  lre suclied in rhrough B from thc
;iqht tube. 

' l ' lr is 
can be :rvoiricd if rhe dorv

lh rouqh r l re  ie t t  rubc  is  th ro t r l r i l  bv  a  ' .a lve
i t t tac l le , . i  io  t l re  cn t i  o i  i l t i s  l rD , ' .  

- i ' l t i s  
va iv .e

.hou i r l  l , ,  sLr , t i r : i tn t l r  ia r  rL r r ' : r , ,  i i . ,n t  i l l e  i r ( , zz ic  )
. r l x ru l  i { )  i i  )  . ,o  f l l i l t  thc  r l i :  r r . . tL  l r i l t  : t  . i  i i l

i r , L \ i  .  - i  ' 1 , ' : l  , L  : : .  . - . r e r ' . - l : i , .  { , , r , " r  . , ,  J r i : e
o i  i n t c r r t a l  i r i c t i on .  Bv  i ) J . r i l i  c l os i nq  , ) [  l t c
. . . r l r r : ,  i t  i s  r r oss ib i e  t o  f o r ce : r  an i c i i on .  / ,  o [  t i t e
r l r  j t r ca rn  1o  t , sca t x r  t o  i he  nq i t t  t l r r ou ( i l  f he
i i r r r , i t r a q t ' r  F .  f l . : -  f r r r r i , ' . r  : n ,  r .  1 . ,  -  . r ' r ' h  r r -

a r cos r r ) (  i  i {  r - n i r l  . ) I ' (  s s t ] r a  i , ) i  I  i r i L : ] l  i s  : r t e : t s i t I L  r l
t r  i t : , , , , , : : r .  l ' . : r  l t .  . . r , , l t ) , t  ,  , l t t r . .

. : r  ' l l '  r " i i ' . , r  , . L r  : l l ( .  * \ t c  , :  t r ' .  .  . - 1 .  \  . : l  L l , l
i r i t  p,.rrt  ,rr  l l rc !  Llbe. 1'he eir .st: lDinq i l rou,;h !
las ir t ln cxoanrlcci in : i te ceatr i iuqal t icld ironr
| : . 'qiort of i t iqi t  [rressrrre near ihe rvai l  oi  ihe
,r ' j incjer io i i  prcssure f i  in rhe :cgion ncar rhc
,xis; lnci i t  has transferrcrl  r  , .onsicicrabie part
, ) r  i Ls  l i i ne r i c  cne rg l . ' bv  mr ' l Lns  o I  i n r c rna ]  f r i c t i on

,o  i l r c  l r e | i r r 1 l e ra l  l i l \ . e r s .  T l r ese  t 1o ' v  r o  t he  : i qh i
.rrrr l  . ic irLrrr l  i  i r igher lcuJrer.rrurc. I I t 'nce, ,r
r i . lal ioir ;  o[ : i r t :  c-. lolnciei r i .  .r 'avcs the rubc to
: . ,  : i - i t t  . . i  : l  i p ' l r : a c , l  ' ,  r n n r ' f . L I u r e ,  r n , .  . r  r i . ,  -

i i o r r  l 1 -p )  ( s ( ' l p r . s  iO  i hc  i | f t  r v i t h  i nc r case t i

i cn l  Dc r : l t l l r e .

i n  i i r e  absen r :e  , r i  i n t c r t a l  f r i c t i on ,  and  t i r i t  a
i u l i i l l ' ' t l t  i ) r c : ^su re  g rad i cn t ,  l h r  vc l oc i t v  d f  t he

; i r  r r ' oL i l c i  i r r r : r c l sc  t - o  suDeaso r i c  s  ce r . l  r i u r i nq  t oc
L \1 : rns ron  be t \ ! cen  t he  c i r c l n t i l r e l ce  and  rhe
u i s  o f  t he  ro r t c \  t ube .  T I r c  i n r c rna l  f i i c r i l n ,

\ouclcr, is parr iculariv efccaive in this rcgion,

I ' ,  ci i ."es a i low of , tncrg-v iront ine i i \ ls :o ' , t lc

?loioea,osa -qs

lvor.i a - 0O

reL1
\51-::--: -* conDf.t..d,u.- P

F'rc. 1. Vortex tube; (a) schematic sketch; (b) tube

;:::l:O*, 
(chrcaci surfaces black); (c) central piece wirh

' ircumierence bv tryine ro establish a constant
anquiar veiocit-v throughout the cros drdon of
:he tube. There rvill be, therefore, a decrease in
the heat .ontent Di rhe. axiai part of the a.ir
strcarn florving to the i ight anci an increase in
ll le ir( ':u ltontcnt r)i ahe stream Ilowins to the
lfit, i i  ir(,ar L:xci:ange vith l ire surroundinqs
' I r r , ' r ' .  ' he  *ar l  . , i  rhc  ' .u i re  i s  p r revented ,

l ' l r c  r iemons i re t ion  , t f :uc i r  x . /o r tcx  tube is
5irirpi\ '  .!stonisiring. \\ ' ich proper choice of rhe
iraction ,r rncl 1-u, compressed lrir of e few
rtmosphcrcs pressure lnci l0'C wil l easily pro.
,lrcc .t aemperiiture of :-200"C in rhe jefr tube
uri -.-i0'C in :he right rube-

3. DETEFiMINATION OF TIIE MOST FAVORABLE
CONDITIONS FOR TEE OPERATION

OF A YORTEX TUBE

In i-he colsr.ruction of a vortex tube according
to iri,.5. i the results of :eyerai preliminary
lrxr)cn'ncnts ir.rve ireen uril ized, It appears that
thc rJiicienc..- is rot ar1ected by any particuiar
shapc of Lhc cl.Jincirical conraincr, or of the
".varm'' tube. \\ 'c used, t lterefore, a smooth
c., ' i intir icai rube oi sutficient length. The tube
';errving thc ri iaphragm -3 mav have anl. 'shape
rrhich i ioes not ;nrer{ere with the i low of the
r:oid;rir. Attempts ro increase rhe erficiency by
using diaphragms o[ special shapes had no ao-
parcn: i:esuits. 

-lhc 
use of a thin-rvailed German

siiver trrbe and thc arrangement of scre\vs and
{anges ior ihe :.ssembly as clcscribed eariier
ieduces ihe heac transfer ltetrveen .-he warm and
he coid part to a smail vaiue,
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FIc. 2; Temp€t'atur€ of mld and ho! gas stream and
intemal, pre*sure io tube \o. ! 3s function o[ exte.iral
pre3surE, size of diaphraqm, and p. s-6355 of coid/' iss
of totel air.  Constants t , i  -4,6 mm., - l .  I  mm, 1 o: 20'C,
!.= I atmoe. Parameler; prtssure , at the nozzle.

While the gcneral dcsign is t ixeti by the sinrpic
principles l isted lbove. ihere are a number .)f
variables to consider rvhich arlect the operation.
Since it seems rather diff icul[ o derive rhrsc
influences theoretically- from an anailtsis of the
behavior of t ie compressible l low in a quentire-
rive form, thev were subjccted to rn experi-
mental invesdgation. 

' lhe 
tcmpcratures oi rhe

gas in the '-wo ilow ' l irections uepLn,i rn '.h,'

foliowing variables :

( l ) 
'iemperature. f., pr*sure 0t and rarc i,i tlow ; ,i
the expanding cornnresse<i rrir.

2) Exrernal pressure t".,ul.rde rhe r',r le{ uirc.
{3) Diameters of the ruoe (R), Lhe diaphraqm (l), ,rnd

the noz?le iD): these ouanrit ies deternine (;.
a{) I{atio of distnburion of air be$veen rhe tlow in both

clirections,;.-mass oi cold air/mass oi total :rrr.

The measurement of the tcmDerature of.hc
itrcaming gas sfeams prescnts.r scpf,ratc proh-
lem. Thermocouples arranged in the gas streafir
rvould give incorrect results. since it is certain

that the expan<ied coid air has n<-rt completeil '
given off its kinetic cnergy and still r:ootains
a rotating ilow. For this reason. the temDeratures
? rvere simply measured at rhe thermallv jnsu-

lated walls of the tubes. These measrlrements

,vield temperature differences rvhich are certainll
not too favorable. but wil l probablv be ioo small.

.1. RTSWTS

Figure 2 contains resuits obtaincd ',virh :r
', 'orter tube oi' a ciiameter R = 4.6 nrm. The efcct
of the nozzle rl iameter D cannot lre ascertainerl
irom this l igure, but it rvas fouuti b1,r:xllcrinrcrrts

tha t  D:1 .1  mnl  ,vas  ' r  ia lo ra l ' l c  v t luc .  Snr . r i l c r
va iues  o f  ,?  r lo r r i t i  cc r ta in iv  I re  i : ss  i . r r .o r l l r le .  i i
t l te \ '  \ vc re  : i1 (J : . r ,  i r .  ro ta t in (  t lo r ' , '  r ' ou i r l  i , : -
r ' r ( )asc  loo  l , ! \ t  , i r  iaLr r ) ln t  . r i  : i t c  . i r r . r , l  . r i c  , , i
l l o rv  anr i  th t  r r r , r i  in , l x r r ln t  con t r i l - r rL t i i ,n  , , i  ihc
i r i c t ion  l rc r rvc ,  u  , t J r  . r t1 ( i  \ \ ' a l l s .  I - . . rqc r  . , ; r i i r c :  , , t
D  rvou ld  resu l t  i I t  : r r r : i r  ia rqc  ra tcs , r i  r lo rv  rha i  i t
cou lc l  i ro l  be  , 'a r r ie r l  i r v  thc  tubr , .  s , i t t ro r r r  i r r -
creasing the pressLlre ,i Lo too l.rrqe ..alLrcs- -l 

his
rvould makc the trpansion .ario lr , i  Llnft\ 'or-
ab le .  The i r ressr rc  r l i i fe rcncc  p , -p" ,  no icovcr ,
rauscs  losscs . r t  rhc  lh ro t t le .

I; igure 2 sho.,r 's i lrc LemDerarurcs rrf rhc ,:olrl
antl rvarrn trritr:s as iunctions oi p ior iour ri i i lcr-
ent !.] iucs oi the irt ir ial qls pressur(] .,r 

-fhc 
rerio

t  can  t re  '  i r . rng t i  i r l  n , ' rns , ' i . i  . . . r l l c  lL t l r : i r c r l
to  ihe  i rc ( '  , rn r i  r1 t  i l r c  .v ; : rm iu i rc .  , . r ' i r iL  l  r las
, l r o r r r  i ( t . : : :  . .  ,  . . r . : '  '  . i . - r . . . . '  : : l n r ' : r "

i l o z z l c ,  t h c  r r ) t i i l r .  I  ,  i ) r l l l ) o n c t l t  r ) t  i l l a  ( i l s  i t ) o l r ( ) i 1

h a d  c l e c r e a s c , l  - . u t l l ( i c n t l \ . .  
' l - i t e  

v a t u c  , , f  : r  \ \ ' a s

mcasurcd  . , r ' i th  tso  qas  rncLcrs  r r r r ln {c , r  in  .he

lo ld  enc i  \ ! i l rn r  iL rcam,  , -csg tcc . i v r ' i r ' .  i ' i re  to ra l
: a t c  ' i  : l t ' r r '  , s  ' r .  :  . , r t i o n i r l  r o  t n c  , r ' - , j u r r '  r '  s -
: u r c  2 , r i  i h t  r : r i c r i n q  ! a s ,  r r r r t  i s  , r r : r c r i c : i i l v
in rk 'pendcnr  , . l i  r i r r ,  . r . r t i r tq  , ) i  i i r c  , , ' ^ i \ ' ( r  rn (1 .
' i t . r c i o 1 , , , ' i  - .  l  ' r  D -  l . :  r r m  . 1  r  . r r .  1 4  _ . . r o

o f  , lo rv  ' r ' : . s ,  , r '  i r t s tance,  G=7.0  r l j  n r .  io r

. r  = .  10-  r t  i i  . :  . . -  ; rcssure .  l ' l r c  r l t c r l )a i  t ) rcs -
s r l rc  P i  \ \ ' i l s  r i l r r . ' - :1 raL , l  : : r l r r  lhe  th ro t t i c  vaLvc  i in i  I
is aisr-r plottcri rn I- ' iq. .1. 

-fhe 
inducncc of rht:

r l ianrc rc r  o f  i i re  , iLeohraqm .8  i s  s i ro rvn  io r  io r r r
ri i ffercnt r ';r ir ies.

f l t c r c  i s . , i r r . r r . . r ' u r t , l l r ' . : l i u c ' i  . r ' r r o , r u r ' i r r ;
. r  m in imum va lu .  o r  t l l c  tcmDcr i tL r rc  o {  thc  ro i r l
r i i r .  The la rgcr  rhc  ' . ' a lL rc  o i  r ,  rhc  h iqher  ihc
+ ^ - - ^ - - , , , - ^ ^ r  . . , , . t  l s m . r l l , t i l t r r r r : r . l n r

iB=1. .1  mm) is  r l t l i c r  i rn favorab ic ,  espcc i : r l l r '
. r [  I ] i q h  v a , u c s  , r  r .  c t n . c  ' l r c n  r h e  i r r r c r r r , r l
pressurc ti anti :hc ihrottlc losscs l-rccorne too
! . r rgc .  On he  o t t rc r  l ru r rd .  'n ' .  . . r rgc :L  . i i i l r ' l l r jLqnr
(B:2- i  nn t  s ivos  : r  smai le r  { roo i ing  !  r I (  . r  in
the  rn in imum oI  t i i c  curve  becausc  i t  i ) i  rn l i t s  rhc
cr t rancc  ' , [  . r i r  l r "  n  r "q ions  l r ]L , f '  u rc  n t  run t
r iow is  s t i l l  cons i r le rab lc .  i "o r  l l rgc  va iu rs  , ) i  r

. (e .s , ,  0 .8 ) ,  rhe  : ros i  favor lL r ie  coo i ing  , : r f r : c t  i s
ob ta i r tc r l ' , r i th  rhe  i i r ( f s t , i i l p i tmqnr .  

. i ' hc  
c i ro ic t :

o f  ihc , l i .Lp i r raqr r r  r l i l r r rc t , r  3  r l cpcr r i l s ,  cor tsc -
quent l ) ' ,  , , r r  . . r 'h l t l t r . r  i t  i s  , l cs i r r< i  lo  r . rc l r  \1 ' r l
low lcnr lx ' r l l tL l rLs  r ) i  : ( )  l ) r ' . , ( lL lc (  l , t r  qc  r lu ln t i t i t ' s
, l i  co ld  .L i r .  l  l r ,  ' : , iuc  |  =  2 .1  n r r t  ' r r r r  bc

:
: n



aous i ( ie r { ' l  . }s  , l  l i tosa  iavorab lc  ,  onrDrornrs t r  so lu -
tton irrr l ircse irvo lactors.

J Ia  rv  morc , . l c ta i l s  mav bc ' .cen  in  i . i r r :  c r r rvcs .

It strouid ire pointed oLit, in parricular. thac the
curiin!{ oi rhe colc.i air end the heating of the
rvitrnt ;rir 1\' i l l l  rcsp(]ct io r()o|]1 tc!npeiaturc alre
fquJ i  fo r  r . r .= r ) .5 .  I t  i s  easv  i t r  - rc ,  rno l rovcr ,  tha t
t l : l  r t  i l l  to r t

' . , c o o i i o g )  : i  1  - / l r  l , ( , ! t r n g )

mLlst be ai\\ ' :r-vs', 'aiicl sincc rite :imouut of heat
ren toved in .m he , ' r ro l r - r - t  L i r  : r rL .s l  I ' e  '  qu l r  ' .

thc  i rmount  , r f  j rea t  g ivcn  lo  lhc  , rea tc ( l  J i . .  l t
, i r ' ,  r i . i  . i "  .  '  .  l r r i : L \ l  : r . r l  1 "  , .  r : i r r i  i  i r t ,
:h ro i t l c  .  L i \1 '  11 \ ' i i r l  i t i r I r r r r ' . r r r r  :a r r i - r ( . i ; t t , . l re  a l t
l ^  : )  l  ( i  f l r : l i !  r ' i t h o u t  r l , . c i a i  r i t ( , : t s i l t r ' r r r I r t s ;

r  i r u i l i n g . o u r r r i  i s  a u d i i r i t  i i  i h c  ' , o i , , c  i s  s e t  i o r
rhe  cor rec t  va l t te  u  le .g . ,  g=0.J  fo r  10  a tmos.
. rnd  3  =  1 .2  n rn ,  I :  - i5 ' ( i  ,  I t  shou ld  l ;e
r ra l i zcd :h i i t  thc  l cml )c ra tL r rc  o f  thc  co id  a i r  i s
:r1casure(i ioo iriqh if ,r is r.cn' smail. .rnd '.he

tt 'nrJ)(.rature oi '- l:e l 'arm .i ir is measurerl roo
io$  i i .  r .  l ca r  I ,  I )ecar rse  in  to tn .ascs  lnc  ra te
r t i  r lL rv  r l t ro r rq i r  ihc  1u i )e  i ; r  ques l ron  rs  u ' r r .
s t l l . r l l .

I t  *oLr l r l  l , , r  ncccssarv  ro  rc l ) { . i i t  a l l  ihe  mcas-
irrenrtttts ior rj i ffercnt .. 'alues 0l the tube ti ialneter
i ,  in . r r r i i : r  to  inves t iqa tc  thc  inducnce o f  th is

o

o t o

a.z a3

111

(luantir\ ' , It is, Lrowever. suiicient to reoort th€
:neasuremcnts in the cold air streem rvith the
mosa [avorablc value oi the diameter of rhe
diaohragm B ior a rvider tube (Fig. 3). The
diameter oi rhe tubc .R has been increased to
rnorc than rrvice its former ..,aiue, and the nozzic
.l iarncter D in proponion. ln this case, the
't l l l lrcri lLurcs or rhe coid air are lower lhan those
in i ' ;,;. I for .rl l  vaiues oi p. ldciit ional daa ior
ihe iowest temperatures obtained rvith a sri l l
lrrgcr tube as iunction of p are given in Fig. {.
' f ire 

totai rate of i iow G for all tubes may be
reprcsented b.v the reiarion

0 : c o n s r . . F . 2 ,

' . r 'hc re  . i  i s  t1 . t " , r . s1  , r [ :he  rozz le  in  inmr ,  p  the
init iai air i)rcssure in ltmos.. G the rate oi air
i low in kg7 hr., and coost. =0.80 kg1(h mmr
atmos. ) ,

Finallv, rve sirow in Fig. 3 the product

i '(To- T) as funcdon of p for tube I 'Io. l. This
product is prooortional to the totai cooling
, .nccr .  I t  i ;  i1 ,p . r r "n r  rhar  the  rnax imum heac
removal Coe.s rot occur at the value of ;r for
rvhich the lowest temperature is obtained,

It follorvs from Fig. .l that increasingly larger
temperarure reductions and cooling efTects may
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be obtained with larger wortex tubes at the same

initial pressure. 
'fhe 

rares of dorv, i iouitvcr. irc-

come considerable, and the L-apacirv ol the coltr-

pressor rvhich was availablc rl id not pernttL rlre

use of larger tubes. lt is cas-"- to see thitt thc

efficiency increases for larger tube rl i lnrctcrs'

because for larger lube diameters tl le heat losses

due to heat conduction from the oiis to Lhc

circumference of the vcrtex tube become less

important. The larger the tube diameter R, the

smaller is the ratio 3,/R, where B is the ntost

favorable diameter oi the diaphraqm. lt shouid

be remembered, irowever, that a reiatively -.mail

diaphragm favors transrnission of coitl ; ir ' .,{t ich

has been ',vcil cxpenrleci .trtt i  .s ;- 'raitt:r: l ir irtr,:

lrom revoiviag ttotion.

5. TMRMODYNAMIC EFFICIXNCY OF .{
VORTEX TUBE

The caicLri;t ion of the cooiing ,:rhcictr, 
" 

,,f l

vortex tube rvil l  be carrieci,)ut l l ] 'coml)rrrirrq rl

w i th  the  coo l ing  - r i c ien , i -o i  -hc  rc i i . ,bar i  s '

pans ion  o f  , r  pc r iec r  qas  rn  . ln  '  \pJ l l s lu t l  ,  r l \ i l l c

delivering e\ternai work. Sucir an engirc wii l,

theoredcally, deliver a continuotts Ilo*'of , 'old

air oi the temperature ? 1, produced b1'expantlins

a ga9 of the temperature Io front lhe pressttr(] 2
to the pressure pn. For this proccss,

To l  Ty=,  P , ,  P" ' t t t - t ' r t .  11)

The work  E  , le l i vc red  5r '  thc  expans ion  ,  t r t ine

per unit mass is n = c,(Io - ir) and is cquivaient

to the amount of heat Q removeci frorn the gas.

The minimum amount oi work requircd ior

+
I ,@ 2q1 

t 
,,o,o-," .-,.

-'.----.-..-.---.io-5.

Frc ,  5 .  I i l l i . i cn^ t  , , i  I  . r f  i r c r . r r . " {  r t r r  l , i r r ' .
r i )r  comp.tnstrr,

i  isothernr.Lli LlLc or:rpr,:ssiort is

i ,4

Srrbs t i ru t i rq  io r  :1 , 'P , ,  i rom l l c l .  . l i ,  u r t r ' , , i , t . l i n :

- 1 : , . r i ,  1 n  .  r l

The nc t  rvork  ; ' r ' q t t i r c r l  i s  - l - l i ,  Ln t i  l l r r :  rcsLr i t
, , b  L i n e d  t u r  l l r u  I h (  L (  t l (  \ '  ' 1  . 1 1 g  .  1 1 . . 1 1 1 c i "  1

f [ q l n c  l s

'.1 .-, - ...

- i  ,

f )
r "  l n . t -  . i - -  l )

rvhcrr '  .r-  - .  r", ,  ,r ' , .
' l - l r L  

,  t l i c i r ' ' r ,  i  . hc  r ' , r t ' l c . ' ;  i L r i , ,  i - -  l , ' : s  i h i i r :

: h . . r . i  r r .  . - .  r r  , r t i i t t . .  - i  : \  : . !  :  r

, ,  , r i  l l r r :  q l - -  r :  ( . . r ) , ! n ( i ( r ( l  i t t l o  . .  c l r t L L  s l r (  . l i 1  : r l l l L

l i ca t  i s  l cn ro rc t i  . r v  l no the r  i r acL to t t  , , i  i l r c  r . r s

1 - , r , t .  \ l o reove r ,  no  r r xpans io r r  r r ' o r k  i s  l e r r t c l i

, \ c cc rc i i nq  t o  t he  cxp lana t i on  o i  t ] t e  t r t c t  t t l t i t t s i i t

g i vcn  i n  Scc t i o t  l .  t hc  Jas  i s  c rpa t r c i c t i  . t l o t t l  I

sp i r a l  pa t i t  anc i  l i l h c l r a *n  l l t r o t t q i t  i t , l i a t l i r r aq i l t
' [ 'he 

interl :r i  i r ic.. i .rn tcnrls to i)r . ]( iu(.c :r i :ni lorrn

t n i t l L a f  r i  ' "  l r '  1 . '  n ' l  : l l \ '  ' \ l l l )  |  \ L '  ' r l : i " n  I

r he  cen t r i h rqa l  L l e l c i -  I hc  s r t r n r :  t l f ec t  l r r L r r t i  i r e

ob ta ined  l ) \ '  i n s ta l i i ng  . r  t u rb ine  r v l r ee i  i r t  i r r , r r t

of ihc aozzle. 
' l 'his ' ,r 'otr ld lr l t l ls lo. l l l  r l le \ ' ()rtr ' \

t uhe  i n ro  l r n  cxp i t t t . . i on  t u rb ine ,  l hc r c  i i l t  '  c , r t l -

l r c s> {  0  - i t s  I l Lc l s  neJ r  ' - l l c  ! r /  l l l  l l F f '  l l L  '  l l l ' i

i eavcs  a t  l o r v  I r cssu rc  oua r  l he  . l \ i s  , r h i i t '  t t l c -

\ h J n r r . r l  ! o r i i  . : . . , , , r ' c r . d  5 r '  l l t  t  l r r ' i : , e  ^ t  r '

i n  t h i s  t j r co re t t c l r i  , . : asc  a i l  l h t  eas  Lou ld  t l e

re r r rovc r l  . r s  co i r l  l as  t i r r ouqh  t h t '  , i i l l r h r r t qn t :

anc i  t hc  t : . . f c i r nc ' ,  l ou ld  l r t :  t r  . i s  . l c r i \ t ( l  l r

[ , , .  I ' .  t l . r  \ 1 , r {  l r ' \ ' c l , ' o r \ l  i r t  l ] r ' t t l i  b i  l "  " l
, ' ou l , l  b , '  ,  ha rq t r l  i t : t o  l r ca t  i r y  i  i r i c t i on  ,  i L r t c i l

o r r  i l r r  : l l L i 1 .  i l r i s  hc , r t  cou i t i  i r c  i cn lo \ - c ( l  i r r "

b ran l i t i ; r q  i ) i J  . i  ' . 1 ' r v  sma i l  i r ac l i o i r  o f  i hc  t x -

" ; 1 1 1 1 i ,  r i  i , r -  , , ' r . r r ' , i s  L l t c  t v l r t l t  s i r l ,  o i  t i l l  v o r t , r

r r r i r c  r r l l r . l .  , . t , r L  i , i  '  t t r t i t c  \ l l l l  . r l l v  i c : ' i r t r l  l r i ' { i l

i ( ] t i l i ) c t  l l  lU rc .
' l ' l t e  

c l i i c i t ' r r r r '  r i  : l l ( : l l  r t  I t v l r , t h t t i c l t l  r t ' t t ' r '

t t r l r r :  l l i t h  r r  l r i r l r l L r l  Lu r l l i nc  r vo t l l r l  l l t  l r t r i L  r  t l t : t r t

. !

E

6

a
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r i r L  r ' \ ' . , r  , 1 r  r  \ o ,  , 1 .  . t -  l i . 5  r r r r r r .  i 3 -  t 8oC ,  po -  l  . r rmos .

68 "C
1tr.I'c

t) .47
17 .S 'C
0 . l 9
i).72
0 .14

'1 ,  
I ' ressur€ r i l io  r , ic(  ,  n. ,

l ,  I laxrmunl  ternr)( r i i r i rc  r : r ' , ' r  i  1 ' , r -  I  r r r  rx
J .  l l r c o r l t r u r l i r , r 4  r . r r , r i  r . , l '  . '  . - ;  . /
.1.  Tempeft lurc t l i icr , ,nc l  c  =,  ? 'o-  f ) r ; t r  ( I , -  ? ' r )
5.  [ r i f " -  I ) t -mar
6,  Coor ing "r j icrcncv . I  = . j  lo- f )  

' ,nax 
]"o- : - :

, .  I  neOrCt lc i l  . tnCICni : \ '  ry
8. I'racri(ri criicicncv i'rx.

. i  7  l t2.5

n i ' c
i ) . . i6

0. )3
0 .3E

i6 'c
9.5 "C
0..18

: l " c
0.12

0.';7
0.22 a.n
0.8 r

rhat 1){ a real vorter lube. sincc almost ail the
{as lvould elcaDe ts ;l cold strcam through the
{jiaphragm. \o exoansLon ',vork lvoulci be de-
\ t lopcd in  ih is  fase :  i t s  i rcu t  equ iva icn t  .vou ld
' ' ( .  

. l r r : : . \ - l  , t l  l r  ' l r "  :n . i l l l fe  t rno l ln l  r i  {As
,:scitoinq rhrou:ir ihe \iarm:ubc. The ,.rlf iciencl,.
,rt jucir arl ideel vorrex tubc shall bc comoared
*  i rh  rhar  o f  Lhe ac tua i  lo r tcx  tube i  i t  i s  ob ta ined
i ) ! . ' )m i r t inq  thc  o \Dr lns ion  \vork  -E  in  rhe  ( l cnom-

inaror  o f  l iq .  ' .1 ) .  ' l ' he  
rcsu l t  i s

l ' . = ' ..: - 1)/.r lnr. (5)

i : i , tu rc  5  shorvs  rhe  r l cpenc icncc , r f ,T ! ,  and 4r
,r1.r.: i iso, anci for cornparison onir', the erhcienc;,.
. i  . r  r ' l rno t  cnq in r '  ; . .  ' , \ ' L i ie  sL tch  . rn  eng ine  is
'o t  ( , rv  p rac t ica l  lo r  : i r |  p to , i t rc t ro l r  . t  J  Lon-

, l l i , ' l r i  5 : r (  i r r n  " t  r , i "  , r l  . l  L l t c  : (  ! n t / r ' r t t L r o  r _ 1 .

.r . ircqucntlr ' ' .rscrl in .rractice ior ,;uch a

1,ur1x,se. 
. l 'he 

uppcr ::c:rics rn Fiq,5 shorv ';he

)rt: isrrrc .atro p,,1t" :or witich i lre temperature
'atiu J',, 1'r is reachcd ior mono- anci rj iatomic

. . , ) . . . s .  l : , J r  - j=  1 ,  r " . l r l i l  1 r : ropro i l ch  o ,  . , vh i ie  a l l
,r iues ,,f t approacli zcrrr ioi l.rrqe valucs of;,

' l r c  r l rcnrc t i c . r l  : i i '  l ' .nL  , I  he  ,o r r t . r  r r r i rc
' r  I l l . t l c r  i Jvor lb .L ,  \ l - '  ( : . r ' l v  i , l r  i . r rge  l l ressurc
-,lr i(rJ \ 'h(rrc Lt .1.pl)roirches Lhe Yalue iE.

'fhc resLrits oi these rhcoreticai consideratirtns
sra\'nov Itc cornoare<-i ' ,vith rlata ior acruai
!a1tc,\ tubes iound irv r:xperirnent r-fable I).
ihc . : r r . r  - i r -n  .n  r , i s  r . r l , l ,  r ' c i ,  r  ro  : l re  Ia rqcs t
: !&  ) ,o .  3  , r , i th  , r  i i i a rne ' .e r  r t :  17 .5  tnm.  Data

11r'trl in j inc I alc ti icn irorn tlre curr.es in Fig. -1.

; ' ' : tc l alues ior the ,iLlanrit\ '  .-,r l,- I).t--., ;n
' jtc 5, rvhich is proliortionai :o ihc Jmount ()[

ccid f, lre takcn lronr thc curves in Fig. i anci
J\,e De]en nrulti l) l icrL ,.r ' i th e factor i.1 (sec l i ig.

t), i | .rrder to obtain corresponding vaiues for

0 .20  0 .17  0 .15

tube )qo. 3. It is apparent thar rhe obtained
teml)erature drop c reaches almost 50 percent
of the theoretical r-alue. The " cooiing etnciencl,,,
'ts is cierined as the ratio betl'een the rctuaily
obtainetl ,:rf iciencv and rhe theoreticail.v- caicur
I . r rc r l  ' .d ic ienc1 .  i r  emounts  ro  abour  20  perccn t .
The irractical therrnod.vnamic eticiency in Iine 8
is dcnned as 8rr: this cieiinit ion rvould be valici
if an ideal air compressor would be used.

It is probable that rhe reai etficiencies are
somewhar better than tie dara in Table I
inri icate. This is caused bv, nrsrly the merhod
of temperature measurernent rvhich gives un-
favorabie values, and seconcily, ro rhe prcsence
of moisturc in the compresseci air, 'vhich appears
i r r  r l rc  .  o rJ  s r ream ;s  a  fog  o f  i ce  c ls ra is .

6. APPLICATIONS OF TIIE VORTEX TUBE

Sincc resutts for the eti icienc..r of a rvell-
tiesigneci vortex tube operated with complesser_r
alr are now available, : i n:av be in ordc,r to
discuss possible appiications,

There is i i tt le probabii it l '  rhar vorre\ tuhes
rvil l  replace :he cusromarl. reirjgeraring mJ-
chines, sincc their eif iciencies are much better in
the region oi small pressure raios.'fhere ma_v,
irou'cver, be special ,:ases where a vortex tube
rvould be more desirabl.r because of its simpie
constructiorl r.c.g., air cooiing in mine shafts).

The situarion is different at low init iai tcmper-
:rtures and high pressure iacios. It ma),r be
expected that rhe vorrex tube wil l be superior to
the throttle expansion Joule-Thompson efiect)
for gas l iquefaction. For these applications to
lowest temDeratures additional measurements
are pianned and vil l  be reported larer.


