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3

__tube at station r (see Fig. I- la)

LIST OF SYMBOLS
T.-8¢
2
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flow velocity relative to frame F, in which the flow field is
stationary

. specific heat at constant pressure

coﬁstants
gravitational acceleration

total stagnation enthalpy of a mass occupying a unit length of

static, stagnation enthalpy per unit mass

constant

total angular momentum of a mass occupying a unit length of tube
at station r (see Fig. I-la) ‘

mass of gas which occupies a unit of length of the vortex tube
at station r

mass flow rate

ante,. ! ]
['—' Tw( r")

/71

static, stagnation pressure, respectively

rotor radius

'~ gas constant A :

-radial distance from vortex-tube axis

Cross sectional area of vortex tube

static, stagnation temperature, respectively

2 hP[ ) - (ﬂ/ﬂo)‘f—r/t‘]

flow velocity relative to frame of reference F, in which energy

separation is utilized

"whirl in frame Fy
rotor peripheral speed

iv
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.'/
injection velocity

tangential velocity of flow at station (i)
~inclination of the flow to plane of rotation at runner inlet
see Fig. II-la, 1I-1b and II-2b

ratio of specific heats

v

«

)

¥
Mo Ty
w

P

angular velccity of fluid in the forced vortex

fluid density

Subscripts

a,b cold, hot stream, ¥espectively
d discharge
| i' irrogational'
T _ tbtétional
w wall
71 through'5  See Fig. II-2a
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ABSTRACT
This paper analyzes and compares two methods of energy
separation -~ a steady-flow method proposed by Ranque over thirty years
‘ago and a nonsteady-flow method recently proposed and studied by Foa.
Part I of this paper develops a simple theory for devices |

utilizing the first method (Ranque tubes). Despite its simplicity and

‘extreme idealization, the theory appears to provide-better agreement with - —-

experimental data than any of the available analytical treatments.

~
Part 1II is an extension of the Foa theory of the non-steady-flow .

energy separator. The extension is more idealized than the original theory ——~

but covers a wider variety of embodiments of the concept. A comparison is

also given between the performance characteristics of steady-flqw and non-

steady~-flow energy separators,

Part II1 defines a coefficient of perfo;mance for the two devices
as refrigerators or air conditioners, and compares these coefficients with

those of standard refrigerating cycles.

vi




INTRODUCTION AND HISTORICAL REVIEW

wWhat is known today as ihe Ranque-Hilsch effect was first dis-
covered in 1931 by George Joseph Ranque, a French metallurgisp associated
with a steel company in the town of Montlougon, Central France. It is not
known how Ranque made this discovery, but it is assumed that he noticed
such an offcct'in connection with cyclone separators, whcr9-th§ air drawn
from tho‘ccnter is slightly cooler than ch¢ air drawn from the periphery.
He sought to utilize this effect in the device which is now known és the
vortex tube, Ranque tube, or impfoperly; tﬁe Hilsch tubg. ”FprAthis'dovicé‘ﬂmm_ ‘
he obtained a French patent in 1932 and a United States patent (No. 1,952,281)
in 1934,

The vortex tube is extremely simple and has no moving parts. It
consisfs of a straight tube providgd with an orifice which allows a supply
of compressed gas to be injected tangebtially into the tube. This stream of
comprossod gds diQides into two streams at different teﬁperatures -- the
cold éirgam lcaQing through the center énd the hot stream through the‘peri-
phery. | |

Ranque was obviously hoping to accomplish significant changes.in

refrigeration with h.is invention, but subsequent development showed this de-

___vice to be very inefficient as a refrigerator. Nothing more was heard about

it until 1945, when it was learned that during the war the vcrtex tube had
been studied in Germany by Rudolph Hilsch, a physicist of the University of

Erlangen. Publication of a paper by Hilsch (Ref. 1) aroused much interest

in the devirce in the !nited States.

Since 1946, several attempts have been made to explain the curious

phenomenon taking place inside this tube, It is now understood that when a
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:rean of compressed gas is injected tangentially into a tube of,éonstant

Fi

. /
ross section, a free vortex is formed due to the absence of any external
srque. The velocity profile in this vortex i: that of an {irrotational

low, with constant angular momentum. The total energy of each particle in

1e free vortex is also constant. Therefore there is a continuous drop in

-

/’ -
emperature from the walls of the tube to the aris. A free vortex cannot,

_.oweveir, be maintained in a rgglhgés, due to the presence of viscosity.

/

herefore, the flow cannot maintain a constant energy distribution as it pio-
eeds down. the tube. The fast moving inner layers lose pért of their kinetic
‘nergy to the outer layers and are slowed down. The conversion from irrota-

fonal to rotational flow is completed near the discharge end, where the

ortex becomes completely forced ( & = constant):

fn the forced vortex the flow is highly turbulent and the changes

n state properties associated with the convection of small masses.of fluid

n this turbulent flow obey the isentrcpic law p/p = constant. Therafore

woth the kinetic energy the and static temperature distribution wﬁich complies

" iith this law are higher at the walls of the tube than in the center. If,
. e , )
chen, the flow is divided into two separate*concentric flows along any desired

-adius, two streams at different stagnation temperatures are obtained.

Kasener and Knoernschild (Ref. 2) contributed much to the under-

standing of this phenomenon, through analyses in which they calculated tempera-

constant density.

Part I of the present paper gives a simplified analytical study of

"a compressible flow in a uniflow® vortex tube. In this theory the variation

* " In the uniflow type tube the cold and hot streams leave the vortex
tube throuzh the same end, whereas in.the counterflow vortex tube the two

streams leave through opposite ends. See Fig. I-la,




--to the energy transferred from the one flow to the other. .

in density, which was left ous ia the Kassngr-Knoernschild analysis, is taken
into account. The results obtained from this'theory agree very well with
Hilsch's experimental results given in Ref. 1.

Also treated cn a more general bas{s, in Partlll, is an energy
separatorvp}oposed by.Foa (Ref. 3), which represents the unsteady-flow counter-

part of the vortex tube. In this device, the process by which the original

~ homogeneous stream of compressed gas separates into two stredms at different

temperatures is an essentially nondissipative '"crypto-steady' process. A

crypto-steady process is one which is nonsteady in the frame of reference Fy

- in which-it is observed and utilized but admits a frame of reference Fg in

which it is steady. This prdcess,is easily analyzed as a steady-flow process
in this unique frame of feférencg, while retaining the advantages of nonstead&
flow processes in the frame of reference in which it is used.

The production of cold and hot streams in the nonsteady-flow energy
separater can be explained briefly by i1cference to Fig. ITI-la. Here (i)
represents the initial homcgeneous jet; which divides into gtreamé a and b
upon impinging on a wall. The surface of rontact (s) between the two flows
a and b in the original stream is stationary‘in frame Fg, but is moving in any
other frame of reference F,. The pressure forces acting én this surface are

therefore doing wprk in F.. The work done by these pressure forces is equal

Part 111 of this paper is devoted to the definition and calculation
of suitable coefficients of pe?formance”fofrboth the vortex tube and phé non-
steady-flow energy separator, and to the comparison of these with the co-
effigicnt of performance of a standard‘refrigerating cycle (teﬁgrsed Brayton

cycla),




PART 1

'THE RANQUE-HILSCH TUBE

I<A. Flow in the'Free’Vortex

Imrediately after injection the flow is irrotational and free

from external torque. Therefore, at this injection end

vr = k- o M

where k {8 a constant.

For radial equilibrium,‘

L 22‘ j{l NN
. f ar "j’ r (2)
Therefore, at the injection station
R NP [
h s s ©)

Since the stagnation enthalpy is unifora at station (i), neglect-

ing the axial component of the flow velocity at tha: station one has

B | e
ST = G * ige -
. )

Ccmbining equation (i) with the.equation'of state for a perfect gas and

dé _ 2y = Ridr .
.7‘ Y1 r(2g2T0 A R

which when integrated yields

Ao £ X 4 2GT- R/
7 r- 20¢, T°_ /2
i

.
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Equation (5) gives the pressure distribution in the free vortex.

Thé'&éﬁgity'distributioh 1s easily obtained from equation (4) and the equa-

tion of state, which give

‘ L2
R [2gep70- ®/0 -

f
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By virtue of the conservition of angular momentum, the expression.
for the total angular momentum integrated over the mass m which occupies a

unit length of tube at station r is given by

v

Simildrly,Abecause of the unifrrmity of the total energy distribution the

integrated stagnation enthalpy can be written in the form

o o
"H,;’ = m Cf '7:‘

‘Tﬁé Qélocity;‘accoraing té ﬁhe d{stribution given bf equation (1)
Amwhﬁ;nd shown in Figufe 1-2 would increase indefinitely as the radius tends to
- zero. QTHe fluid is however taken to be irrotational down.to a.nucleﬁs radius
ry, which is érbitrarily specified to be that at which the temperature of the
gas would reach absolute zero. Furthermoré it is assumed that the region

lying xnside rl, and extendlng through the whole length of the tube, 1s re-

placed by a solid core of the same dimensions.




The expression for r) is easily obtained by letting T; equal

zero in equation (4). Thus,

2
n? A

= ™ (9)
1G4 T

~1-B. Flow in the Forced Vortex

The flow in the forced voftex wiil now be studied on the basis of

the following simplifying assumptions:

(a) there is no exchange of energy between the
flow inside the tube and the surroundings.

(b) the friction at the walls is negligible, and

(c) at the discharge end, the axial velocity is
uniform and the radial velocity zero.

As mentioned previously, the pressure and temperature distributions

at the discharge end obey the isentropic law

e

f//éft'.= constant "~ (10)- |

This, combined with the equatioﬁ of state and the expression for
the centrifugal pressure gradient, gives the distribution of temperature

along the radius in terms of the two unknown parameters T, and w .
. ' . ) R . i

To determine these two quantities, use will be made of the fact

.that the totail angular momentum, the tota’ energy, and the total mass crossing

this section in unit of time are the same as at the injection section (where

free vortex flow prevails).

Following the same procedure as before, the exﬁression for radial

equilibrium becomes

(11)

df = fw’rd,-




7
Usihg the equation of state, equation (10) can be rewritten as
¥y | o
f:: ‘2 7_. (12)
vy
or P = €y T -1 :
“"*—*"_5“~~?Mwwfﬁwmwfwwaombining équationé (10) and (12)»9“9»°§t§@9§“@WW;mevw L .H;;w’;’ ‘ ‘ 3
| dT . I8 W dr L
r e, : ™,
which, when integrated, yields the desired expression for the vériatioqngf‘_ o
the temperature along the radius.
' . 1.2
L Wit
7;=‘c+2.7;-(r: /) (13)
On the other hand, by definition

2.3

'T;o = T, + wr

245]

. Therefore, o
’ 2.2 2
irt ar
@t (25-1) (14)
L 4

and pressure are readily obtained

The expressions for the density

—¢Aﬁf«frqm,e4uatipns,(12) and (13), thus giving

L = e, [7; +
o L 2eyg ;
, 2 12 PN
or o = /: (I s Y (E;-l)] ‘
- 287 7
1.1 1 ReaL L
and 4 = 7‘,':[ A 51")] an
[3 2(;"1"; ~

g that m is the mass of gas in a unit length of

Rememberin

Wy,

B




the tube at the rotational end:

_ ~
- r
m = avr//gra(
n
Substituting for r from equatioh (15) and integrating, one obtains
) | o N - N o [ . . .

Wi Y/ .
me, [ J (18)

z —2_ |(A+8r2) - (aser?)
8/ ( ) ( ;
or ,
Z XN 7 VI SN
(A+B%2). = T, - (19)
me,
where

1. Relation Between w and k.

For the rotational flow, the expression for the angﬁlar momen tum

" is given by o ’r

~

H' = ZTf/c Qr’d" )

L3

which when integrated by parts gives

. L /4] | t 7%

rwe o . .
M2 —2 | r¥aser?) - ni(a+sr’y - Am | (20)

2¥-1 B "e,

Y-

Equations (18), (19), and (20) give

rwe fr_ .
W ‘7:/ '(f..‘-r:‘) T _mwr? _ Awm

=B 27 2¥-1g

T-) Y-

- v c——
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Equating the total angular momenta Mi and Mr.one finally obtains
. H
- ,r 2 . ﬁl I - + r‘df, - AW (21)
k -—_zr.‘ wr, (1 r:) - [,- 6_5‘(,_ '-"/r‘j"'" 271 271 g
-ru -

-1
2. Determination of the/Teqperature at the Wall (T )

rotational flow is -

g
3
"
~
3
.‘ﬂ
‘
L]
AR
)
R
3

n v,

f’ a(r 4-7;/r Yl !§:£:1 odr? .
n

= L74 _ '
Mrr) ety wop

Substitutiﬁg mk for Mr in the above expression and integrating one obtains

or 'r4,

°
"

-4
.\\‘
‘ﬁ
{i

"

X

&
Jo

o e, e 2¥-1gmk *r v b
M f ¥ < am e M A w m
s 2¥-1 g ;:th i ﬂ’: * = + 2
7 I 3 3 o me, J

- Equating the total stagnation enthalpies Hio’and Hro and making use

" of equation (18)'and (20), one obtains

or

A+
’T;'="T[- N

.3. Numerical Solution

Equation (21) cannot be solved explicitly for w . It becomes
therefore necessary at this point to determine the temperature distribution

numerically for each specific case.

e e -

 The total stégnation enthalpy per unxt length of the ‘tube in” the’“f“"

wh @y




Given k, the corresponding values of w and T, can be determined
as follows: :
' %
. ‘ . 8 r_’ 7 3
Assigning first the wvalue zero to the juantity £y = - :F-(“'c:)
in equation (21), the corr:sponding values of W and ij can be obtained.
The yuantity P5+1 is calculated using these values. By substitution back
in equation (21), new values @ 41 and<ij‘1 are obtained. The proéess
is continued till successive values of Pj&n become sufficiently élose to

one another.

e K [ R of - L1 K-S § & ] 'andlyzed h’ere,————pertdining torinjECtion velocities ... . i

(V; = k/r,) of 1000 and 750 fps. Tables I-1 and I-¢ list the results of
such computations. The ratio rj/r, in equation (21) is determine& in each

case by equation (9).




TABLE 1-1: V, = 1000 £.p.s., ry/r, = 0.4, T,° = 528°R and ¥ = 1.4

'

1st iteration 2nd Iteration

3rd Iteration

11

4Lth Iteration

Pj = 0 ‘Pj+1 = 0,132

wr, = 1758 f.p.s. wr, = 1625 f.p.s.
T, - 4% 0 T, = 479°R

Py = 0132 Py, = 0.181

: ' * i o o ‘
TABLE 1-2: Vg = 750 f.p.s., ry/r, = 0.3,{Ty = 528'R and =14

1st lteration 2nd Iteration

Pj+2 =

wrw

0.181

1570 £.p.s.

472°R

=
"

0.203

v

3rd Iteration

P = 0.203

J+3
wr, =

"Téﬁi 470 R _m;hm_mw.uw

1555 £.p.s. -

0.209

4th Iteration

Pj = 0 | Pj+1 = 0.194
wr,, = 1643 f.p.s. wr, = 1460 f.p.s.
o o ‘
T, = 548 R R 523"R

Pj+1 = 0.194 Pj+2 = 0.275_

Sth Iteration

wr, = 1295 f.p.s.
- o
T, 506°R

Pyas = 0.362

R L e

Pisg = 0.341 P,

v —— _SE————

: < 0.2
.Pj+2 0.275

wr,, = 1378 f.p.s.
T = 514°R
v,

Pj+3 = 0.316

i.

J‘l

. 6th Iteration

w!

j+5

wr, ~1290 £.p.s.

T 505°R

w

0.365

Pive

P

j+3

L}

wrw

T
w

“6.362

0.316
1335‘f,p.s.
510°R

0.341




1-C. Comparison with Experimental Results

Setting prmin = py

2. A A
L AL

Furthermore, since the pressure at the wall remains substantially

uniform throughout (Ret. 4, Part 1), the ratio piﬁ/pd cén be written as

~ —?‘; [} .fﬁ. ..Z.u , .(23).
A A R
. "/fg L - . S

“where " ~"( fi/t.')"“_:‘(-n‘/r;)

and pr‘"/prmin is obtained from equétio# (17) with r = ry. Equation (23)
'gives, for the two velocities of 1000 and 750 f.p.s. considered hefe,'theb'
pressure ratios of 8.15 and 3.78 respectively.

Figure I-3 shows the variation of the pressure albng the.ra&ius in
the irrotatioﬂal flow. Figures I-4 énd I-5 show the variation in density and
| pressure along the radius for the rotational case. |
Now define

A - .-ﬁk‘//tha
A Q-rrel)

S A RT)

w

‘W‘Qﬁefehfa;rédAquantities'tépféseﬁENEQE}EééMJéhﬁifiéé given by
Fa_..;_.é;fi.

3 5,
e
and computed using Figure I-4.

From equation (14), (22), (24) and using the data given in the last

! can be made for the

/+fl

column of Tables I-1 and I-2, a final plot of T° vs




tﬁo values of the parameter Pio/Pd of 8.15‘and 3.78 and is shown ;9(/,“r
Figure I-6. Also plotted on the same graph for comparison are the éxbéri-
mental resuits obtained by Hilsch in Ref. 1 and the simplified theory due

to Kassner and Knoernschild (Ref. 2). Thé agreement between the theory pre-

sented above and Hilsch's result is surprisingly good vepecially for large

values of ,i.e., in the range where this device would be expected to

" be most useful as a refrigerator. .. ... . -

L e e wes - . — I - R e w— SN




PART 11

THE NONSTEADY FLOW ENERGY SEPAPATOR

11-A. General Equations

The Fea concept of non-steady-flow energy separation lends itself

to embodiment in a great variety of arrangements. Only the simplest of these

‘ (shown in Fig. 1I-1b) is analyzed in Ref. 3, for the purpose of illustration,

‘does not account for any dissipation or losses, but it is considerably more

. general, in that it covers most of thée conceivable embodiments of the Foa con-

- cept.

In the simplest form of this separator, continuous flows exchangé

mechanical energy directly through the action of mutually exerted pressure

" forces at their interfaces. 1In more complex arrangements the energy transfer

© function is performed, in part or in full, by turbines and compréssors, but

" the principle of operation is still the same, in that one portion of the

initially homogeneous flow is made to do work.on the remaining portion.  The

v:study of nun-steady flow separation as a turbine-compressor action has the
advantage of leading in a direct manner to the determination of the effects

" of the various controls that may be applied to the two flows.

The ''generalized eﬁergy separator' considered here is diagréﬁ-

»two ‘impulse turbines which, together, drive the compressor. The two turbines

are taken to be of the same diameter, and it is stipulated that t; is so de-
signed that the whirl at its exit is zero. Therefore, when t; is present, the
system is designed to produce the maximum extraction of pcwer from flow a.

Thus, u,., = Uy, Cos »x“‘ = o - The assumption is now made that

un"zu":—'u, and V‘-_-‘/‘s\/ :

““The following-treatment is an extension of Ref. 3. It is less exact, since it . .. .~ ~

~matically shown in Fig. II-2a. There C denotes a compressor and tj and t; ‘



F}om inspection of Fiz. 1I-25, the following relaticns avre obrained:

u = u, cos «_

‘2 ;'
2 } § 2 i v u oS o
tﬂ, - C“J - “° +* V - 2 o 9'1
ul 2 1 v
ay = Cay +V s 2Ve, cos8,,
u
a = [¥§
* s (1)
“v“z Uy, Cos o
uv“,. = Ca, cos 6,’ +V
a a a 1
\ w
Ca.,: Ca‘ = u‘+V - 2V Ve
2 2 2
Ll¢ = C‘,_ -V
5
Sinmilarly
« . )
S ey T _uo cos Q(‘z
2 2 2 2
Coy = €, = u;, + ¥'-= 2Vu, Cos Xy, ]
' (<)
u, = +Vi4y2ve, cos @ '
by = by b; by
u.,.,: ‘cb3 cos 95, + V
Thtreforo; one obtains
: ’ ‘ Y2 . . .
2 2 2 2 : .
U, = U 2 V--+2‘V[ (4 + V- 2Vu, Cas X a }-ces »9.;-'_-7-u°r-cos % Q{l»»--m )
2 2 : ‘ ) ' ‘
u, T U -2 Vua’ Cos x, = - - » (4)
and
Y,
ul : v (WP evi ave, cosw ‘ - U, oS
L(‘.’: uo +2V + ( . . 51) Cos 9‘, ° ., (5)




From equations {6) und (7) the following expressions can be deduced

 and ) . L .
' o

The energy equation can be written in the following form

o T o - . ‘ -] ’ .

RO 4phe, = Copdhe )
and since the static enthalpy is the same at station 5 as at station ]

0 ' 2 -

R~ b= 4 (u - ) M

b.\' ‘5 2 3 - L) /

o o 2 a . e ’
hO-hl, = A (M - ) (8 .

u? L+ M 2 ul '

° ' 2 ‘ v
h,) - h? ' (Us, - uly) : (9)

i

: EY 2u”s - B .

. : 2 2 '
By means of equations (3), (4) and (3), U., and u" can be expressed

in terms of V ar. i1, only. V is obtained as a function bf/u- by equating

the power output of the turbines to the work required to drive the compressor.

Power outp. t of turbines =\’ﬁ.“/(“v“‘ u".’\’ + ":I‘V('_"v.“ u";s)
= m_v (u,‘-‘-.‘uvg’* “v;‘) - C
Power required to drive the compreésor = ﬁkv (u.,.'- u,h)
Therékore'; B
u,“z.., u,ﬂ > uv“ SR . (10) o

Vbz

/“': . avb - u
3 .

B. Comparison with Vortex Tube

-Eduatiuns (8) and (9) were solved. for each of the following four

cases:
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~ solid curves refer to the particular case at hand.

Case 1,
This is the only case involving the use of a turbine t., for
maximum power extraction from the cold flow. This turbine
helps to drive the rotor, thereby increasing its rotational
speed and the stagnation temperature of the hot flow.

Case 2.
Prerotation is imparted to the entire flow at the entrance
to the runner passages. This can be done eituer by means of
stator vanes or by injecting the gas tangentially inside the
rotor, as is done in the Ranque tube.

Case 3,
Prerotation is imparted to the cold flow only, by means of

— _stator vanes at the entrance of the cold flow to the runner . . .
passages.,

Case 4.

This is the case treated in Ref. 3. It involves no pre-
rotation, no turbine t,, and no stator vanes.

In each case, the performance was calculated for different values

of the angles 9b s ei‘ , o and o . Table II1-1 lists the differ-
] a v, , Y )
ent valucs given to these angles in each case. For simplicity, the angle GL,

was stipulated to be equal to 180°L9.in all cases.
H

The results are plotted in Figs. II-3 tﬁrough 11-26. The results
of the analysis of Part 1 are also plotted, for comparison, on the same
graphs,. as dctted curves, The numbers next to these curves refer to the pres-

*

sure ratio (Piolpd) to which they correspond, whereas the numbers next to the

Xa, s, HXa, 6s, :
Case 1 90° 90°  $£90° 180° - @,
(o] [o]
Case 2 # 90 Xa, 90 180° - ©Oa,
Case 3 # 90° 90° 90° . 180° - 6,
Case & 90° 90° 90° 180° - O,

TABLE 1I-1




Looking at Figs. I1-3 through I1-26, 1t 1s noticed that the
curves corresponding to Case 1, above, give the highest temperature differ-
ence. 1In fact, this difference increascs indefinitely us/;t approaches

zero. This, of course, is physically impossible. However, a closervlook

mEévcalsfthat‘thé'prérﬁtation“in“thewflow~ahead—of~tufbinv ts cannot be

completely eliminated by expansion through this turbine if the magnitude of

the velocity Ca, is less than V. Therefore,’

(C‘.C )mun = (C‘! )mu\. =V
From equation (1),
(4o, ) = 2V cosa,, - (1)

The corresponding value of (i.e., the minimum value of 4 con-
potible with the stipulation of zcre exit whirl in flow a) is caleulated by
means of- equation (16), with the valug'of V determined through simult ineous
solution of the second aﬁd third of eqpations (1), and equation (11). .

Therefore, in|Higs. 11-3 througﬁ 11-26, only the parts of the

curves beyond /p‘min are |physically meaningful.

[}
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PART 111

THE COEFFICIENT OF PERFORMANCE

111-A. Conventional Gas Refrigérating Machine

The coefficient of performance of the enefgy separators will be
-~¢alculated and compared with the coefficient of performance of a sténdard
gas refrigerating méchine,-using a cenventional compressor-turbine_arrapge-
ment. Thé C;Ele normally used in such machines is the'reversed_Braytdn
”f“‘tycie;"(see‘Ref;”S)iwhere“bv“ideally“;-“the gasxiS"compressed~isentrop£callyw~w~"~'¥ww
in a compressor from a state a' to & otate b' (scetfiggre I11I-1a), coolgd at
'cdnstant pressure from b' to c¢', then expanded throuéh a.turbine from ¢' to
(where the pregsure is the same as at a'),while doing Qofk} ‘This work |
is utilized to help drive the compressor. The cold gas is then discharged
‘ producing a continuous flow of cold gas.
The coefficientlof performance for such a device may be défined
as the heat removed from the cold flow divided by the Qork of isenﬁropic

compression. Therefore

(her - hJ')
“)"(h )

C.P. =

Since //ai| = 7ﬁ/€¢ , the expre551on for C,P. reduces to

(1)

TS )"’r 1]

I1II-B. Energy Separators .

In the case of the energy separators, the gas is first compressed




<0

isentropically through a compressor, then cooled at constant pressure in
a heat exchanger before being allowed to separate into cold and hot sﬁreams.
Therefore, using the same definition as before, the expression for the

coefficient of performance of steady and nonsteady-flow energy sepurators

becomes:

(m +7e  )(hD- hy)

C.P =

I1f the energy of the hot stream can be regained, then - - ‘o

hl- A2
(p) (RO~ ) - (kG- h)

COP =

-] o

- |
TE (- (Ppe) T (T

i

33“ (2)

I111-C. Comparison of Energy Separators With
Standard Refrigerating Machines

The coefficient of performance of a standard refrigerating
machine oﬁeratihg in a closed cycle is independent of/;; » whereas that

of the energy separators is not, as can be seen from equation (2). The

quantity (1§ - Tg) and therefore the coefficient of performance,vary with
/AL . By inspéction of Figs. 11-3 through T1-26 it becomes evident that
this quantity {s largest for small values of//t , high values of the ratio
.pio/pd and for the smallest possible angles a,‘s , c::(a“2 ’ d":. and o(c‘ .
Fig. III-1b compares the coefficient of performance of the non-

steady-flow energy separator (Case 2, with 9;, = 15° and “‘z- a(b;- 30%),




/

7

/
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) ;
with those of the vortex tube and of the standard refrigerating machine.

The coefficient
separator is far superior
than that of the standard

decreases as the pressure

ct e < —— s ang! (0w et '

of performance of the nonsteady flow energy |
to that of the vortex tube although still lower
refrigerating machine. This difference, however,

ratio pio/pd is increased.




DISCUSSION OF RESULTS AND CONCI !SIONS

The results of the steady-flow energy separator theory (Part I
of this paper) are summarized in Fig. 1-6, which shows how well the new
theory developed here agrees with‘the experimental resu}ts obtained by
. Hilsch over the whole range of mass flow ratios. The agreement is be;t
for the smallér mass flow ratios, which are the ones of greatest interest
when the deviée fs usé( as a réffigeratof. The simplified theory of‘Kassner
and Knoernschild agrees very well with the experimental dat; fo; small mass
w{}py ratios but no£ at all for the larger ratios.

The reégi;;“§f‘tﬂe 6§n§£eady-flow energy séﬁarator tﬁeory, pre-
sented in figs. I1-3 through 11-26, point to the possibility of substantial
performaﬁce improvements over the statorless device uhich is analyzed as an
illustrative example in Réf. 3. The statorless device, identified here as
case 4, operates only.fot/ﬁk'<fl. Scme of Fhe modifications éoéered by the
extended theory developed in Part Il -- more specifically, those identified
as cases 1, 2, and 3‘-- produce bettér perforﬁance and are éapable of operating
over wider ranges of the mass flow ratio.‘ In general, the performance can be
improved by increasing the pressure ratio piolpd and also by making the angles
8y, Ko, o/, and ﬂ(a‘ as small as possible.

LY
The coefficient of performarée of the nonsteady-flow energy separa-

_comparable to that of the standard refrigerating gggb}pglmand may even exceed
it over a certain range of/AL and for pressure ratios piolpd above 10, as

can be seen from Fig. III-1b.

In summary the mechanism by which cold and hot streams are obtained

in the Ronque tube is a highly dissipative one, and the only advantage of




of the ratio piolpa.

L g © c—— <47+ AN e o 4 i

this device as a refrigerator is in its extreme simplicity.

s The performance of the non-steady flow energy separator is much
better than that of the Ranque tube, due to the fact that essentially non-

dissipative processes are responsible for the separation of energy. The

-

thepretical coefficient of performance of this device is comparable to that!

~ of p standard refrigerating machine for low values of/ﬁl and for high values

- ,m,“»,-.:/
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