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ABSTRACT

Performance cyguations are developed for the cryptosteady-
flow energy separator in its most gencral form and over the
widest range of operating conditions considered so far, including
bearing friction J.° other rotor torque, and unequal discharge
pressures, peripheral velocities, flow losses, prerotation
velocities, and discharge angles.,

Equations arc also developed for the projustioning of

rotor nozzles in accordance with —erxformance specifications.

Conven.ient performance and design charts are also presented,
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NOMENCLATURN

¢ = Zluld particle velocity in Fg

Fs = frame of reference in which the flow is stcady

F, = frame of reference in which the enerqy separation is
utilized

h =~ gpecific static enthalpy

he = specific stagnation enthalpy in Fu

h* = specific stagnation enthalpy in Fy

L = externally-applicd rotor torque (positive if driving
torque)

m = mass flow rate

M = Mach number

P = static pressurc

p° = stagnation prassure in Fu

2 = fluid particle velocity in r

- . .

u' = "prerotation" velocity

v = velocity of Iy relative to Fo

] = 1ratio of total nozzle exit area on b side tc total
nozzle exit area on a side

B = inclination of nozzle axis to normal to ¥ in external-
scparation devices (sec Fig, 2)

Y = ratio of specific heats

6 = cos 0 (negative on a side)

N = (% = hg)/(h* - hy) (nozzle efficiency)

R

6 = angle (V,c)

*Note thac¢ this definition differs from thos used in precvious

papers on this subject. <
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. L] " . N
- = ° = h* P » i ~apacily coefficiont
s “u(hi ha)/mi\:a {cooling capacily coefficient)
= * /1%
A py/p}
H = mb/'mll (mass flow ratio)
V = ﬁa/ﬁi (cold {raction)
o) = density
i w = angular vzlocity of the rotor
P
} Subscript
P
[ a = flow discharged with § < 0
: b = {low discharged with § > 0
4 = rotor nozzle discharge ,
e = rolor nozzle entrance
] . .
i = energy scparator input flow
e} = conditions resulting from isentropic discharge from
b i pi° to Pa Por examplei
2 = ] - -] -
uda = 2hy [i-(py./py) Y )
Superscripts
o} = sgtagnation quantities in F
* = stagnation quantities in Fg
Assumptions

(1) The fluid, when compressible, is assamed to be a calorically
perfect gas.

{(2) In external-separation configurations, the radial distance
between rotor and stator is small comparced to the yotor rad’

(3) Heat exchanges with the surroundings, in the cnergy scparator,
are neygligible,

{4) Prerotation velocities are everywhere parallel to V.
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JNtRODUCTION

Cryptosteady encrgy separvation is a process whereby the
total head or total specific enthalpy of a portion of a flow is
increased at the expensce of the corrcsponding gquancities in the
remaindey of the same {low, through direct and ecssontially non-
digsipative exchanges of cnergy.

It is known that roversible transfers of mechanical eneray
in flow systems arc possible only where the interacting flows
a: 2 nonstoady [l]l. Indeced, in the only known steady-flow
mechanism of redistribution of energy within an initially homo-
geneous flow--that ol the Ranque=-Hilsch tube [2,3]--the transfer
of energy is effocted, rather inefficiently, through the action
of viscous stresses., On the other hand, considerably better

performance has been shown tu be possible when the energy trans-

far
- de

-

5 ciffscted by Tprassure exchange,' i.c., through the work
of interface pressuxe forees; and pressvre exchange is always

a nonsteady process, becaase no work is done by precsure forcas
acting on a stationary intcrface.

In an affort to improve energy separator pexrformancae through
the utilization of pressure exchange, some attention lias been
given during the last decade to devices called "dividers," which
operate on the basis of wave processes [4,5]., There is reason
to believe, howcver, that the development of practical and ef-
ficient dividers would be very difficult, because of the sensi-
tivity of thesc devices to such factors as imperfect timing of

moving mechanical parts to wave and flow processes, diffusion of

Numbers in brackers designate References at end of paper.
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interfaces, noninstantancouc opening and clostng of valve., dine-
tortion of shock fronls, etca., not to mention the usual analytical
complexities of nonstenuy-i1low procosscrn,

This papcr doals with a noncteady-flow method of eneruy
separation in which the difficulticsy jJust mentioncd are overcome
through tne utilization of “cryptosteady" pressure exchangc-=-a
cryptoentaady process being defined a2 one that iz nonsteady but
admits a frame of roferencc in which it is stseady. ‘rhe special
merit of cryptosicady processcs is that they can be generated,
controllced, aud analyzed as steady-flow processes in this unique
frame of referonco, while rectaiiing all the potential advantaqes
of nonsteady flows in the frame of raeference in which they are
utilized.

A simple interaction of this type is shown in Fig. 1. llcre
tvo flows deflect egach other to a common orientation in a frame
of reference Fe in which they arce both steady. Apart from trans-
port processes, no energy is exchanged bhatweon the two flows in
this frame of reference. A trancfer of cneryy d4oaes, howevar,
take place=-by pressure exchange=--in the frame of reference ¥ of
an observer O moving at an arbitrary velocity ¥ relative to Fo,
The energy so transferred is aqual to the work done by the pres-
sure forces which the interacting flows exert on one another at
their interface. This work is zero in Fg+ where the interface
is stationary, but not in F, where the interface moves. Since
changes of the frame of observation arc reversible, these encrgy

exchanges arce essentially nondissipataive., hote that, because
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of the uvxislonee of a frame of hgervation in which Lhe flow {s
steady (friome FB), the flow in ' a8 epyptosteady. Analyses of
cryptustoe.dy interactions and discyssions of gome of their appli-
cations have been prasonted in previous pupers (6,7,8,9,10),

The operation of the cryptosteady cnerqy pepavator may he
explained in a gimilar manner (111, through consideraticn of a
simple Lwo-dimonsional situation, such as that shown in Fig. 2.
Here a plane and initially homogencous stream 1 is seen iasuing
from a nozzle as a jet and dmpinging on a woll W, Tho flow fiaeld
ig stationary in a framo of reference FS, which i8 the coordinate
system fixed to the nozzle. Body forees arce assumed to be absent,
and visconus stresses and heat exchanges with the surroundings are
assumed to be negligible,

The impingunent causes the jot to divide into two separate
stroams a and b, interfacing with one another at the stagnation
stream surface 8. For example, if the discharge pressure is tha
sama on the two sides, the ratio of the mass flow rates in the
two straams is p = (1- sin B)/(1+ asin B).

The gpecific stagnation onthalpv (or the total head, if the
fluid is incompressible) is, in frame For the same in the deflected
flows as in the original strcam. This, howaver, is not true in any
other frame of referceno:, 1n particular, letting ¢ and U donote
fluid particle velocities relative to FS and to the frame of
reference F“ of an obscrver moving reclative to Fa at an arbitrary

. : - - -*
velocity V relative to the wall, respectively, one has u = ¢ + v,
honce
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2 (uh ua) 5 (‘b yﬂ) 1 (‘b - Qd) V

o Y - -
Lo Jong as V ¢ 0, the term (vb - cﬂ)‘v never vanisheg,
] Ld . _ ‘ . -
becausc cb and <4 have different ovientatioens, Thoyelfore,

% (ui - u;) ¥ % (ci - c;). and sinco the thermodynawmic states

are invariant with respeel Lo chanpes of the Trame of refl-

eronce, there follows
4 - L] * - *
hb ha N hb hn

Thug, i€ hp = hi, hﬁ ¥ h2. 8ivce the original stream i is
a a

soen as a homogencous stream in overy coordinate systom, it must
be concluded Lhat choergy is eranaefericd, in P“, from one portion
t.o the othar of this siream, as thaese two portions arc deflected
to different oicntaticns. This fact can also Le cerplained on
thue basis of the observation that in frame ¥, the intarface 8
is moving and tho intey face yroaagurs feorcen wre therefore doing
work., The ¢nergy that fs8 tranaferred from a to b is, of course,
the wori dohu by a on b in this pressure exchangs intoraction.

As pointed out in references [11) and {12?), a situation
approximating that of Fig. 2 may be obtainod, with a strcam of
finite transversc dimensions, through laroral confinement of
the defloction region by means of end plates or vanea, These

vanas must bo shaped to lcad the deflected {.ows into separate

spuaces. A8 a conscquanaa, the flow can be sirictly cryptostcoady

only if the cenfining vanes are stationary
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Ly the reacticon of tae iasuing joet {lnelfs In the ajtualion of
Pags ¢, the mecpee may be oa aoesle which in constrained to mowe
in g diveotion paraticl to the wall Wo A wore practical arpasge-
ment in that of Pig. 3, where jets jusuing from slanted nozzles
or alntyg on Lhe awrface of o freesspinaing votor jmpinge on tho
internal surtaece of an enzhroufing wall., This arrangument ap-
proximaten that of Flg. 2, so long as the radinl depth of the
annul ar dapitigoenenti-deflcection space ia spall compared to its
mean raciug,

Tn contrest to the “extern 1 seraration” confiquration of
Fig., 3 (wheve the separation of Lhe lwoe flows takes ploce oul-
tide Lhe rotor), Fig., 4 shows an “inteornal scparatlon" arrange-
menl o here the separation of the two [lows takes place inside
the rotor. The twe flows are digchareed thiouah separale naozsolos,
of which anly two arce shown, A schopatic view of another intarnal-
separation arrangenent, dofining some of the nomenclature uaed
in this paper, is gshovn in Fig. 5. In cither case, say tny
swaplicity that bearing friction is negligible, the discharge
pressuwre is uniforia, the nozzle inclinalions to the rotor surfacc
arce oaqual aml opposite, and the interral flow losces arce the same
for botli flows,  Yhen, if fae nozz2le arcas are uncqual, the rotor
wiil rotate at the anqular veiecity waich is rogquired for the
contervation of the total anect:a motontum of the flow in the
laboratory fraame of referconce (fiame ru), thus preducing the

rogquired rotion of V| relaltive to F
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Soveral voriaticens of hono o rotaees pby e sdeseribed in
roference (12]).

Crvplestoody encrgy sebaration vorn firval proponced ond analyves
in vefoerence [11), whioh Yoo ~antains an accoanl of aone- of the
aexperiments in which Lhe validity of the coneept was firnt tested
and confliyned,

The anclysis of rﬁfifﬂHCﬁ:[l]) accounts for most of the
pertincent paramcters, inaluding rotor tordque and flow losses,
but covuers only situations in which (he pevipheral velocity, the
Gincharae precaure, and tho catropy rise are the geme on the b
as on the a side, the inclinations of the discharg clocitioes on
the two sides are oqual and opposite, and prerotation of the input
flow ig aboont.  The ¢ffects of depavtures fron such symmotrics
have receivea vrelatively little attention untidl yeeontly, oucopt
for a study by llashem [13] on the effccl of prerotation and for
a serdices of punforiance analyses of iaternal=sewaration devices, i
which the offoets of prerotation (assumed to be uniform throuch-
out the input flow) and of diffarences of nogzle ineclination,
perinrheral velocity, and discharge pressure on the two sidesn
have been individoally examined by this writer.

A more conjprehensive study of the subbjoect has recently buoen
corpleted by Graban [14), as part of a comparative analysis of
the three classces of cnerqy soparation techniques--steady, non-
steady, anel cryprtontewdy,  In dealing with the latter techniqgue, J
the Graham paper analyees in detail the cffeclt of unceoual preg-

surcs on the behavior of the emcrging jet in external-separation
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devices and also examines two output {low collecticn effects
which arc critical with these dcvices. Viscous realttachment of
the doflected jots to the collector walls is found to be poten-
tially beneficial, whereas flow pulsations--i.e¢., departures
from cryptesteadiness--in the collection process, rcsulting

from the use of confining vanes stationary in Fu' are found to
be detrimental. The latter dctermination is of particular
impogtance, in that it provides, for the first time, a firm
rationale {or focussing atlention on those devices of this class
in which the flow is truly cryptosteady.

For such devices, whether they be of the internal- cx of
the external-separation variety, the Graham analysis develops
"core performance" cequations in which the most importaont design
and opcrational parameters appear simultancously, with full

account of thcir nonlinear interactione, llowev

oo -~
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tions require iterative solution in most cases, and their use

i1s again limited in practice, because of their great complexity,

to the individual evaluation of the scparate effects of pre-
rotation (égain assumad to be uniform), rotor torque, and unequal
back pressurecs, nozzle efficiencies, and exit flow orientations,

The prescnl analysis approaches the same problem, for strictly
cryptosteady situations, by a different route, which leads to
simple, closed-form solutions in all cases. The analysis accounts
for all design and operational parameters so far identified, as
well as for their conceivuable asymmetries (including unequal pre-
rotations) and nonlinear interactions. Equations are also '
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develeopued for tho design of cryptustecady-flow encrgy separators
in accordance with any given sct of fceasible pexformance speci-

fications.

GLNERALIZED PERFORMANCE ANALYSTS

The following equations apply to botb flows a and b:

* - 0 o u' ‘ (ll""\,)2
R h{ = =5+
V?.
= [ ] e c— o ]
h$ + 3 u'v (1)
and
2 —3 ]
cy = 2(112*1 hg)
u?
= ’ * [N ._O.
2n(hy - ng + =) (2)
with
pgyY-l
2 = [+4 - __(.i‘)
w = 2hg [ (p; Y (3)
Eqguation (3) is plotted, for y = 1.40, in Figure 6.
From Equations (1) and (2) there follows
2 2 _ 2
cy = n{v 2u'V + uo) (4)
Bquation {(4) is plotted in Figure 7.
Also,

ué = °c21 + V2 o+ 2¢4V8 (5)
and, by definition,

hg - hi o= 3 () -c?) (6)




Lgquations (1), (4), (5), and (6) yield
[} ° — 2 2 2 1 .1/2 |
he - h? = V2 + V[n(us + V° - 2u'v)] - u'v (7)
d 1 o
Thus,
6, 10 t 2 '
hizha = éﬂ - 1= Ga[ﬁa(ufa *1-2 ;E)]l/z (8)
Va a Va a
ho~ho u! u? a2
bl-l—\-,llrab[nb(-_"barl—z-ﬁ] (8)
vf) b vf) b

.The use of V as an independent variable is analytically

convenir. & (as shown by the development above) and is justified

by the speci»’ constraints to which the sclection of this param~
cter is subjected in practice (constraints of rotor size and
structural sirength, of hearing characteristics, etc.).

Eqguations (8) an 1) cover the greatest variety of con-

figurations aind ope 4g counditions so far ( usidered, includ-

ing such asymret .es a&s nequal peripheral velocities, discharge

pressures, flco prerotation velocities, and discharge

angles., Ro... + _ =2 is implicitly accounted for through the

mass flow ratio, as will be seen below and under DESIGN EQUATIONS.
The mass flow ratio 1s related to the specific enthalpy

increments through the energy equation

: o M 1] - ¢ o
maha + mbhb = mihi + Lw
whe ce Lo
he-'  + jn,
i
e (10)
hy . = =
L 1 mj
; 2.
i 3
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The "eccld fraction" is

- L
VoEIE (1)
and the "cooling capacity coefficient" is, by definition,
o= °.1,0 2
K o(hi ha)/va (12)

Equations (8) and (9) are plotted, for y = 1.40, in
rigs.'a(a) through 8{p). These Liwo equations are uncoupled,
in the sense that the stagnation enthalpy increments on the
a and b sides can be obtained separately from them or from the
charts. Fig 8(a) illustrates the use of the charts for a casc
in which the two stagnation enthalpy increments can be read eon
the same chart because Gb = - Ga and Ny, = Ng- The example
chosen is that of an cnergy separator in which §h = - Ga = 0,95
and n, = n,, = 0.90, operating at prescribed nozzle-exit paripheral
velocities Va and Vb' with prerotation velocities u; = 0.5Va and
u, = - 0.435vb, and under such pressures pi, P3a and Pab that
Uoa and U, - as obtained from Eq. (3) or from Pig. 6 -- are
egual to 4Va and 4Vb, respectively, To obtain the stagnation
enthalpy drop on the a side., enter the prescribed value of ué/va
on the pertinent scale (point A), read down vertically to the
curve for uoa/Va = 4 (point B) and then horizontally to the
(h;—h;)/v; scale for the sought information (point C): The
stagnation enthalpy rise on the b side is similarly obtained by
entering the known value of ul')/Vb on the pertinent scale (point
D), and proceeding from there horizontally to the curve for the

) /{/-
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appropriate value of uob/Vb (point E), and thence vertically fox

the sought r=ading at F. IFf éb # -6a and,’.r ny, # Nyt :he read-
ings C and I must be obtained scparatcly, ecach from the appropriatd
chart. The corresponding value of p is obtained from Zg. (10).
If rotor torgue is absent or negligible, and if the two reacings
C and F are transposed to the same chart, the valuc of n is that
which pertains to the radial line through point G, whose coordi-
nates are the two readings € and F.  I. the case of the illustra-
tive oxample of Fig. 8(a) u = 0.6 V;/Vz. Fig. 9 is a convenient
chart for the comparative evaluation of solutions from the stand-
point oi cooling capacity, for situations in which rotor torque
is negligible and v, = vy, .
Figs., 6 through 9 can be uscd, of course, also in the solution
of the reverse problems resulting from interchanges of dependent
and independent variables (e.q., in the determination of the
rotor specea and input and discharge pressures that are required
to produce a specified cooling capacity coefficient)., Further-
more, visuai inspection of these charts readily uncovers a good
deal of useful information on the magnitude, sizes, and relative
importance of changes of various parameters in relation to their
separate oxr combined cffects on performance. Thus, for example,
the charts confirm the existence of an optimum positive pre-
rotation on the a side when the pressﬁre ratio on that side is low;
they reveal that opposite prerotations--positive on the a side
and negative on the b side--can be remarkably beneficial from the

stendpoint of cooling capacity for any given rotor rczeed; and
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they provide a Lool for the gquick selection of the operational

parawelers that will bLest combine to produce any desired result.

DLESICIT LOUATY ONS

’

The equationé develoned in the preceding scaetion apply; of

course, to hoth internal- ond eunternal-separation devices, Thus,

once a satisfactory solution has been identified, the determination
ol Lic vombination of operaticnal paramcters (rotor speed, mass
flow ratio, etc.) that will produce this solution is the same

-
+

for both subgroups. The same cannot be said, however, of the

manncey in which the selected combination can be implemented. In

the first place, in internal-separation devices the controlling

design parameter is the nozzle area ratio o, whercas in external

separation devic it is the impingemont angle 8. In the sccond

place, the cffect of unequal discharge prassures on rotor specd :

and mass flow rat

ig is markhedly different in the two subgroups E

[(14). Finally, impingement wall boundury layer effects on per-

formance, absent in internal sgparation, are believed to be

o bt it T el

Azl
R

potentlally significant in external separation, although very

little is yet known about them.

The latter point is particularly

important, in that it points to residual uncertainties that still %
make the correlation of design to performance a good deal less i

reliable with external than with internal separation. For this :
3 > v ) 13 s =
reason, only the internal=-secparation version will be considered

here. : i

Iwo cases will be discussed: .

PR 9

(a) the case in which the two flows a and b are both
fully expanded, within the rotor nozzles, to their
respective discharge pressures P, and Dqr and

i}};f“ ’Ci




(b) tho casce in which the rotor nozzles arc underxr=
expanded and both flows are sonic at the nozzle
exits.,

If the nozzle flows are fully expanded, Gy = Gy On hoth
sides. Tiese velocltics car be obtalned from Lg. (4) or from
Pig. 7.

FProm thae equation of stata, -

Pab _ Pap Naa
Paa  Paa Nan \
* da
_ Pap hyg - 3 (13)
Paa c?
Nk - Qb
db 2
and, from the definition of u,
C . P
boe oo SR_db (14)
“da Yada
Finally, Lgs. (1), (13), and (14) yicld
. 2 -l
6= | Cga Paa 2h§ * Yy zuﬁvb Cap (15)
Cwn. P 2 _ _ 2
db ¥db 2h£ + Va 2ué‘l\/a Cau

4 is calculated from Eq. (10), and it is through Lhis purametcr

that rotor torque is accounted for.

Case (b).

since My, = i1, . the mass flow retio is [15]
ca (G} &)

pgb haa 1/2
W= o= | e (16)
Pea (ldb)
/7
13-r
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Eid

Now, on cach gidce, pé = Ap; = Ap?

i ﬁ;: Thus,
41,
A ‘1* Pal
bs a2 (m‘l)ﬁ‘ Rl (17)
a da
Egs. (J) and (17) yield, for vy = 1.40,
A g2h? 4 V2 L2uly 43
o = | XE ( i & = n) (18)
b

G+ V4 =9t
2hi b Vb 2ubVb

where, as before, u is obtainced from lig. (10) and accounts

for L.

SYMMETRICAL UASES

For thosec cases in which Gb = - Ga’ Ny, ° N, (or Ay, ° Aa),

u =1

log Vb ) Va = V, ub' = Ut =0, and I = 0, lLqs. (8)
through (12), and (15) or (18), yiold

ob

hy,® = by o« hi° - h,° + 2v’? (19,
and
(hi° - ha°) = u(hb° - hi°) (20)
henco
R A (21)
= a (22)
and
€= piay (23)
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