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TI{EruIAL PI€NOI'{EM IN A VORTEX
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1:4ay L7, 1955

N!TF! Di,E TI ON

II| \952 South,,lest Research Institute carrled cut a program Lo de-

ierrnine 'ie comnerci-al feasibil-ity cf using 
"he 

3i1sch iube prlnciple In

place of a ccnveniional e>pa:rsion turci'ee io Db."ain a slgniflcant lemDeraiure

drop while expanding a gas from high to iov pressure' it was intended that

energy should be taken frorn the systen by transferring heat frorn the hot

outlet +-,hrough a radiator tD atmosphere and ihen rnixing the resultant gas

w i t h L h e c o l d s t r e a m t o c b t a i n a t o t a l f l o l t H : ! t h r e c i u c e d t e m p e r a t u r e ' T h e

heat rernoved at the radiator would be the equival-ent of work done by an ex-

pansion turbine.

For varlous reasons, this progran was not carried t,o conclusion'

the principle 6ns being that no method was found 'uo describe *Jre basj-c mech-

anisrn by which the device worked' Design oredictions for conmercial sized

u n i t s t h e r e f o r e c o u l d n o t b e m a < i e b a s e d o n r e s u l t s o b t a i n e d w i ' t h l a b o r a t o r y

bench mociels ard speculative funds were not avaiiabLe for fu 11 scale lesting'

It ls the puroose of this paogr to f,resent certai"n experinental ciata

t h a t i { e r e o b t a i n e d i n t h e l a b o r a t o r ; r d u r l n g l h l s o r o g r a r n a n d " o c u t L i n e a h y -

Dothesis cf the wrL*"er peltai[ing '"o lhe ilndirnentai mechanism involveri-

a e H o u R  R E s E A R c H  F o u N o A T l o N  o F  L L l N o l s  l N s r l r u r E  o F  T E t H N o L o G Y
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EIPM]},IENTAI RESUITS

Two bench size !{tlsch t:bee were mada. Ona *aa approxlnately } ln'

dl-anster and ,,he othar 5 j.n, diarneter. Due to ijlnltatl.ons and ihg Lebore-

tory alr zupFIXr high velocltles could not be achlevod 1n the largo tubc and

reiative$ srn all tsnoeraturo cijjferenllais were :btehed, Never+'helosa,

the size was such 'Jra" i! was possible to measule local strean l1ne s and

veloci l ies.

l,iith ',he snraIl lube high veloci-tlas and large tanperature dlffertancea

;ere pcssibie but f icre neasurgnents could ; to i  be nade. Tha great 'aet len'

eerature iiff--rence obiai::ed ;as w-ith the sma11 lube lglng e "18 ln, bleed

i,-l-o olr the cold ride d'd 8O irs.t ganp p.resstr?B at tlre i'nro't ,ruzz]:e. ?1'o

followilg resulte were otrbalngd:

Stagnation tanperature cf inccfid.ng air

Hot outlet

tlnll -rrt *i rG

7 )  ' F

r01'r

-JI'T

T?re 1-arg€ tube'was 5 fa. in dlan sbgr and 1? 1:rr. 1org. Ttre bLeed hole slat

t ti't 
" 

sold end was 3/16 in. in dlaneter and the outlet at the hot end Eec

I i:r. a:.aneter with an adJustable valve. Stagnation presaure of the lnl.et

flow was 1]r psl gauge and a tempetature of 83'3,

Under :hese condl--ions a pr:be tt I/1b in, ci:ameter hlpoderflrlc tublng

was rn ad.s +.o neasure iotal head anci static plessure and dlr8ctlon of :.esultant

fLow. This :robe ,tsed. an oaifi"u ,013 in. dianreter. Tiaverees were rnade at

th6 inlet plane and at stations towarcs the hot sicie at the followlng distances

down ttle tube: 1| in., J in., 6 in., and 12 !n. lhe hellx ar:g le of the flow

vas at all times less than the eensltidty 01' the instrumentallon (Iaeg ".han

3 degraes )"
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The experimental dala have been sunmarized on Figure 1. It wilL be

seen that at lhe Inlet plane tangenti,al velocity is hlgh at +,he clrcr.unference

and decleases io a min!'nwn at aoproximately i ibe radius of the tube;

from this point lnward, it increases and aoproximates ttr e dlstrlbution of a

f ree vor tex,  except  1 'or  the cen ' , ra l  ccre in  which lhe resolv i -ng power of  the

probe iuas Lnsufflcient ,uo detect variatlons. At stations further removed from

the in let  p lane,  i t  can be seen lhat  the c i rcumferent ia l  ve loc l ty  decreases,  as

nj-ghi be expec+"ed, and the overall flow aoproximales that of a free vortex,

except  for  inde*"ern inacy ver ; r  c lcse +.o ' "he center .

For the fiow shoun on ligure I, lhe fc1low-ing conditions existed:

qoi si  de f,ernoe rature

t.r ' l  r i  oi  r ia I .p--Frauj.re

lnl-el ,en Je I a -Jre

R^^'r - .e,- np -,  i . , t  re

Tal r* *ro<qrr=a

.in ^.,  ! !-^.,-r^ .^^t 
ou -etr : w n  u r r r  v s 6 r r  r r v

Flow lh rough ccld outlet

8.ralr

<ACF'

I  sq ' r  7f  i

t t  f

lJr psi e'dq€

2\.2 cfln

' | t  <  . f ^

Stagnation pressures were found to declease at the center as. shown

in Figure 1. This i.s consistent r"'Lth the 1o1' ternperahlre measuled at the out-

let; however, it i.;as not possible nith +"he aDparatus at hand to rneasure actual

local tenperatures in lhe flow' 
-.

&npirlcal expressions were set uo to represent the flow ,Dattorn and

esii-nates indicated that cornrnercial feasibility might be cossi-ble, '"hough

not conclusiv-ely predictable.
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MECEq.NI${ OF T}{E IIIISCH T[!E

;- ^^i;^ ^' +i"^ "-i bibilography that sxigts on ths iilLsch tube and4  > P I  U 9  l / r  . / r r s  v d .

related phenornena, the rriter do6s not knor of any phyelcal e4lanation

of ths nechanj.srn by which it operates. A hlpothesis ls presentad, there-

fore, which rs belJ.eved to oresent a ieaaonably orobable plctulo of the ac-

tual beharrlor.

: : r " f . .  eorq l r ip r  - .he  *^ r^^ i ! -  i . i  ^ r - j l . , !+ r^ -  r_n  tHo d l f fe ren t  k1nc i3  o f. - 4 J u , 9 v . r J I u " . " . " ] " * ' . i , J u J . l ' ! ] , : " " * , . .

ci-rcular flow. ihese are as foliows:

4 uE.rwl -r{Bc " . th no :adial  f lot t  
"rra 

* t tn v lsccai ty.

2. A corwentional vorr"ex ri+"hout viscosity and wl.th tedlal

For Type (1) a rtnite quantl-ty of ga"t"a.t be Lnaglned completely an-

closed in a whirllng cylinder. Due l,o vlscosity the steady state conditlon ofl
. :

the spten 1fl1 ;s<rr'r+ 3.n a- velocity dlstrlbutlsn harrlng m vtgsque arter fcr-l

ces. This condition ls rnat when the +"angentlal valcclty lo diroctl.y ploPor-

tional to the radius, that is to say, rrhen the angular veloclty j.s conetant

and the ga6 rotates as a tigrd body.

. lVpe (2) florr consists cf a conventlonal vo rtex cr rhirlpool. This

I  - .  .

I results whan a pressure sini< exlsts in the presence of a lar{e zupp1y :f f1uJ.d.
I

i Neglectlag the effect of vlsccsity, acceleratlon tonalds tha slnk w111 occur ln

resDonse to a smef1 orurui"" gradiont" lhe veloc{ty distlLbutlon rL1I bc ac-

cording to SernoulLJ.rs equation, veloclty heed being gained et ttr e expenac of

staticJressure. This results in clrcul8r flor about the sink, the tangcutlal

veloclty belag lnversely proportional to the :'adl.us.
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Aeceleration will continue as long as the pressure graciient exlsts

and when it rs renoved the ..rcr+-ex 'rill ccniinue r^Ii',h const;rt strength. In

actual prac+.ice, a pressure gradient and a finite f10r nust be nralntalned

of a sufficient n agti !:cie +-o pul energy lnlo lhe syslsn equivalent to lhe

neai energy that is bei-ng generated by vJ-scous effec'Ls.

It is evldent '',h at temperature in the rortex will decrease loward

the center as the velocity increases according to the ccnventlonal laws of

'.he expansj-cn of idoal gas. !{owever, neglectlng riscosity, there Ls no con-

ceivabie lvay in i.thich +,hj-s high veloclt1 iow +,enperalure gas can ba slowed

down flthout raturning to stagnation .rrndltJ.ols -- 1t canno| *harcfnrs be usod

as a 1ow tenperature siak. Due to 'l'l,scosity, the taagontlal- velrteJtiesr of

course, carrnot reach infj-nity and, as nentioned previousiy, there must be a

central core rotaling essentially as a rigid body. There w111 also be a

tral8ltl-on sectj.oD ov€r a d€lijoita rarijus j.n Eiricb i,b€ l3.cr cawt bo lT#-

nated. by al tber oJ tbe I i mi + i ng lJrDe.6-

The veloclty dlstribution in the core wi.I1 be of Type (1) as described

prev-iousIy, having. constant angular velocity and no visccus forcas. Sinca,

by defiaition, no radlal flon exists in a centrifuge, tsernouJ-llrs theorem w111

have no effect upon veloclty distribution under steady s'"ate condltions. fhe

radi aI pressure gradient at any radius will- be directly proportional to ttr e

density and angular acceleration. -" This means thaL gas at Lhe circumference of

the centrifuge will have ma.:anum pressurs and it lri1l decreasa as the canter

ls approached. 
- 

Effectively, t}re gas wiIL flnd itselJ in a gravlty -field set

up by the action of ihe centrlfuge. This i-s equivalent to the situation that

A P H O U I  l € S E A I C H  T O U N D ^ T I O N  O F  l L L l N . O i S  I N S T I T U T E  O F  T E C H x O L O G Y
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exists in lhe atnosphere. It is veIL lnown that the steady stale ccnciiticn

resrlts in a stable )-aose rate, nith the tsnPerature decreasing as the pressurc

decreases. The relaiionship cefieen pressure and '"ernPerature is a func',lon

of heat conductiwity in the gas. If it were zero, an adlabatic lapse rate woul

exlst as one sxtreme, and iJ it were infinite, an isoltrer:naL laose rale :+:u-'

exist as ',,h e other. Without solvi-ng 'ube exac*. gas equations for eq:ilibrium

,rithin a centrifuge, it can be seen by i:tspection -fi at under steady state con-,

ditlons with no raciial f1ow, a lapse ra''e nus t erist';rith tamperabrre decreas-,

ing torards '.,he center.

In a iiilsch tube, 'Lherefore, i{e can imagine conventional 'rortox flcw

frcm the eirornference in to some critical radius, centriiuge flon frcrn +"he '

center out to a somewhat slal1gr c:it1cal radius, and transltional flor:

-betreen these trro critical :'aciii" Secause of v-iscous ef.lec+.s, a to tal- pressura

ilreg enrl a -fi-eite radlal- f ]as i5 essenti-aL thr:::gb i].e vr:rtex regioa i-o order

tD mairrhfi:r the vsri€rx ab a csrs-tart strEx€-btt. Ttris ;a*iz]- fll'f rftrst iawe an '

outl"et 1n ordsr to naintain steadv state corditions.

r- - r--i -^r ':1^^h lrbe in which the cold oriJice i-s plugged the entijel r r  4  u _ r y r v 4 4  r D  y r g S 6 s u  v r r e

flor goes out '"he hot orifice" fts tanperature rise ,ril1 be duo to viscous

heat generated in ihe vortex" As the fl-ow approacres lhe hot outLet, brr-

buience '"ri1i- tend +.o break down the vortex pattern, as weJJ- as the steady

state condition cf 'Jre core and too, rd-1l tenci io mj:< and pass out of ihe hot

orj-fice as a irrbulent strear. At an aopreciable distance up stream from +"he

hot oriJlce, however, arlaL .iIow wiIL be slight and i)r ere rs nothing to prevent

the fonnation of a solici ccre acting as a steaciy state c entri-fu ge ',ri',h zero

ra<iial l1bw, ard exhibiting a tenperature lapse rate tolrards tie cenier.



Tisualize now a plane :erpendicular to the axi-s of the tube and t,aken

ciosc lo  i l rc  s tat ion of  lhe cold cr i f rce and wel i  renoved . f rorn the hot  or i fLce.

/  r -  - . . t i ' r t ' '  : n - . ' n - r c  . - M  ! h ^  - . r  '-  * -  - . ' - iJ  L_-cwl ference,  increasing veloc l t les

wi l l  cb e{oer ienced wi th lecreasing pressut 'ss . ;nd lemDeraU.rres,  Sone a-x ia1

ccnocnent  of  l fow wi l l  ex is t ,  rLnt i l  i rna l l ] '  rne approaches the ' . rans i l ion :egion.

In 'uhe +,ransition region, 'riscous icrces ',ri11 'r-end +,o ciecelerate the gas irorklng

against ',he rressure ;radient in nuch '"he sane i,ray as in a boundary layer.

4 ! ^ - ^ ^ * - - , , - ^ -  . , . ;  t  t  .iemperalures wrrr  r ise but s ince the nain ef iect  of  the rr iscous forces is to ,

change ihe acceieration and not the .relocity, '"he 'Uanperatr:re rise in lhe

transi t ion region rr i l1 be srnaLi.  As the transi t lon region Ls passad, one
T

approaches the circu|nference of the sclid core where the heatlns effect and

radial- co;n:cncnt 3f f1*r rriLl- boLh aDDroach zero, and nher.e teml:erahrre and

\ . -  ve loc i ' , "v  both decrease tcwards ihe center .

The forogoing explains the cresence of a 1ow temperabtre ccre in a

il.orring vortq. F1.or thrcup,h the cold ori-fice ol a Eilsch tnbe can be vl saa1- 1
I

izsd as foll-ows: bagine i,hat steady state conditions have been establ-1shed

arrd a cold core exists. A bleed tube mav be installed and the col.-d core re-

rnoved. Thls cperation w111 lmmediateLy produce radlal flow in ',,he cgntrifuse.

Such raCjai Jlow w-111 result in Coriolis acceleration a-nci momentarily increase

arlgular veloci-iy at the center anci cons equently the generation of viscous heat.

This  increase in  heat  generat ion q l l  be the equiva lent  of  the brake horsepower
i.

ihat must be rsnoved from an expa nsicn lurbine in orcier '.o Jbrain ccorins :f

a cornoressed gas. 'r{hen 
the ccld a-ir in ',he core has been rcmoveci, ihe breed

hole n4;r be closed, After a short ',.j-roe, steady state ccrriiLions will acain be

A A h O U Q  I E S E A ! C H  F O U N  D A T I O N  O F  I ! L I N O I S  I N S Y I ' U T E  O F  T ? C I I N O L O G Y
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set 'rD and arother s&riple of air fron the cold cors nay be rdthdrarm" It

can be soen +,hal each ,.!n e a cold sall'ple 1€ drawn r addltlonaL hoat i3 gen€-

rated ard passed cut of lhe hot orlfica' thls process can be carried out

uniformly by reducing ':]1e l'ate of flo.If thrcugh the bleed and lncreasing }'hc

freo.uency of samp Ling r:-ntil ii becomes contimrous'

It is evj-dentt :ierefote, ^"hat r'!re Hl1sch tube nechanim is sirnllar

to lhat of an expansion '"urbine in shicn viscous forces rlth1n the gag ara

:seci --o :emove energy ircrn +,he gas '*henever cold air is rithdrarn' Con-

',inuous ilor thrcugh tbe hot cri-f1ce nust !e malntained ln ordel 
"o 

pr3;:is

the energr nscassa4r to kecp tJre vortex at stsady state condltions' This

is essentially ,ra fluld drive tra:rsuissj.od, uhjch 1' -":j * bep the cen-

trifuge going, in order to increase effi'ciencl' of a i{i1sch tub6' thersto'e'

it 1s necessary to lirDrove Lhe effj-ciency bf the ttfluid drivetr' Just bos to do

+..hi. js tle $6.b quelrbistr. In general, tl1e' r:equiranent is !o keel :rorlar llos

to a:n:i-nj-ouru and mejnta:ln as much centrifuge type flor as posslble' Once

,"hls has been achieved trr ere i_s no reason to $rppose that lhe f,tr:rbine poner'!

shich nusf, be :'dtloved ai the hot side -;i: ea actral- cold flor exlsts' rri1l be

appreclably dLfferent frorn +'he actual brakB horsepcwer +"aken frou an ex-

panslon til rbi ne and clssipated in the fono of heat through a dlmamone ler '

There is no reason *,hat by suitable desi'gn of the fLow chamber' t'ber-

nociynamic efficiencres of.' +,he Hil"sch irrb e cou}i not be made to apploach those

of an ex-Darsion turb i.l]e ithout the iatroduction of novlng parts'

- 1 9  *
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