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Summar

!

In order to achieve the high exhaust gas temperatures, vhich are .
desirable if the full potential of nuclear fission as an energy source
for rocket propulsion is to be reallzed, it séeems essential that the
fissionable material be maintained in a gaseous mixture with the prob
pellant. It is then necessary to separate the fissionable material - .
from the: ‘propellant before discharging the latter, since. the 1oss of o
fissionable materlal is prohlbltive otherW1se°:«

v This report presents an analytical evaluation of the characteristics
of a vortex tube which achieves the desired separation by means of a
centrifugal field. Propellant is fed into the tube tangentially, at
the periphery, and diffuses radially inward through a cloud of fission-
able gas, picking up the fission heat as it goes. The fissionable gas
is held against this radial propellant flow by the centrifugal vortex .
fleld generated by the tangentlally entering propellant.)

¥ The analysis involves several assumptlons, the most 1mportant of
which are that the flow is laminar and that it is inviscid. A set of .
non-linear first order differential equations is obtained which is
gufficient to describe the fissionable . gas concentration, temperature,
-and pressure dlstributlons in the tube. These equations have been inte-
grated numerically for a very wide range of conditions°

“/The analysis predicts that the vortex tube ‘is capable of maintain-

ing rather high concentrations of fissionable gas, such that the density
- of the fissionable gas is of the same order as that of the propellant,

with negligible loss of the fissionable gas, and with ratios of preopellant
exit temperature to entrance temperature up to ten. The/perm1551ble pro-
pellant mass flow is found to be dependent prlncip 1y on the entering
tangential Mach number of the propellant. The permissible mass flow per
unit of tube length is independent of the tube diameter, thus a large » -
number of small tubes, filling a given volume, have a much larger mass
flow capacity than a single tube of the same volume. For an inlet tangen-
tisl Mach number of unity, the permissible mass flow is of the order of
0.01 pounds per second per foot of tube length..
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 heavy gas such as mercury vapor or iodine is suggested for verlfication of
~ the actual separation process° ' :

A set of experiments, designed to verify the most important assumptions T .
of the enalysis, is suggested. The first of these is a room. temperature
experiment intended to verify that vortex strengths approaching those implied
by the analysis can actually be obtained with the low mass flow rates which
are permitted by the diffusion process. Contingent upon the success of this’
first experiment, a second experiment using a mixture of hydrogen and some

o

A discussion of the performance characterlstics of the vortex tube as a
rocket propulsion device is also presented. Some numerical. exanples are given
to indicate the order of magnltude of the various interesting parameters,
however, these should not form a basis for judgement of the performantce, since.
fo attempt at optimization has been made. More critical studies of the nuclear
and performance aspects of the device are being initiated at ORNL, and will be.
the subject of a later report.
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Introduction

The performance of a rocket engine is for most purposes characterized

by its thrust per unit mass flow rate, or specific impulse. Although it

depends somewhat on the pressure~expansion ratio and detalls .of the rocket
motor, the specific impulse is principally dependent on the stagnation tem-
perature of the exhaust gas and its molecular weight. It is proportional

to the square root of the ratio of the temperature to the molecular weight.

The potential advantages of nuclear fission as an energy source for
rocket propulsion are thus two. First; since the propellant is not requlred
to react chemically, it may be chosen to have a low molecular weight. Second,
since the energy release in a nuclear reaction occurs at an extremely high
energy level, the stagnation temperature of the exhaust gases may at least
in principle be very high.

The advantages of low molecular weight may be realized by choosing hydro--
gen, or some readily dissociated substance such as methane or ammohia, as the
propellant. However, in order to take advantage of the high potential stagna-
tion temperatures it seems essential that the fissioning materlal be mixed
with the propellant in the gaseous state, so that the bulk of the fission energy
is transferred directly from the fission fragments to the gaseous propella.n’c°

It is readily demonstrated by simple order-of-magnitude calculations that
in order to add large amounts of energy in this way it is necessary to have
rather high concentrations of fissionable material in the gas. If it is then
assumed that the mixture of propellant and fissionable material is exhausted,

the loss of fissionable material is so high as to be prohibitive. It is there-

fore necessary to separate the fissionable material from the hot exhaust gas

before discharging it

The purpose of the present report is to describe a method of achiev1ng the

necessary High concentrations of fissionable material in the gas, and the neces-

sary separation of the fissionable material. It consists essentially of a -
vortex tube, in which the fissionable material is held by the centrifugal field
while the propellant gas diffuses through it, picking up the fission heat as it
moves inward. The propellant gas, and “enough fissionable material to make up
losses, enter the tube tangentially at the periphery, as shown in Fig. 1. The
propellant then passes spirally inward, through the fissionable material, and
leaves the tube near its center, through a convergent-divergent nozzle at one end.
The heated gas does not come in contact with the walls, except in the nozzle,

so that the process seems superior to one in which a more or less homogeneous
fissioneble-material-propellant mixture is passed through a crltlcal system, then
through a separation device.

. 206 006 ,
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The bulk of the present study consists of .a theoretical analysis of
the separation-heating process, based on an idealized model which is a
first approximation to the physical situation. The principal objectives
are to discover the most important parameters governing the process; and
establish their ranges; therefore the principal results will take the form
of relationships between these parameters. - ’ .

In order to help give a feeling for the significance of these résults,
the performance of the vortex tube as a rocket propulsion device-will be »
discussed, and some numerical examples given. It should be emphasized, how-
ever, that these examples are in no sense optimum, and should not serve as
a basis for judgment of the performance,of the system. . This judgment ‘can
be made only on the basis of thorough nuclear and systems studies. Thus
the present study may be regarded as a rather complete'evaluation of the
fluid mechanical characteristics of the heating-separatlon device, while
" the nuclear and systems analyses are later steps in an overall evaluation
of its performance. '

From another point of view, the study may be regarded as an 1nvest1gation
of a fluid-mechanics problem which is interesting in-itself, qulte apart
from its applications to rocket propulsion.

.
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Analysis of the Heating-Separation Process

The flow in the vortex tube is compressible, with strong diffusion and
high rates of heat addition., It is in general a three-diménsional flow
- process, and may be turbulent. Thus, in order to meke any progress in analyz-
ing it, some assumptlons.must be made. The following have been taken as a
workable set S Ty e et o : S

1. 'The flow is assumed to be two-dimensional, with complete uniformity
along the axis of the tube. To make this assumption compatible with
the flow of propellant through the system, the propellant is con-
sidered to be withdrawn from the tube at some radius, Tos ‘at which
the fissionable material concentratlon is low enough to make the losses
reasonable. The propellant is assumed to enter uniformly at the
periphery, r,,-although it would in fact have to be introduced in
Jjets, as in Fig. 1.

2. The flow isbassumed laminar. This assumptionfis quite possibly in

) error; however, it is felt to be necessary at the present time.
| The validity of this assumption and its importance probably can be
| evaluated only experimentally, although some arguments will be given
- in 1ts defense.
. 3. The flow is assumed inviscid. Again this is felt to be necessary at

' present. An estimate of the validity of the assumption will be given

for laminar flow.

L, It is assumed that fission fragment heating of the gas is local, i.e.,
‘that the range of fission fragments in the gas is small compared to
characteristic lengths for the system. This assumption seems to be of
marglnal valldity, but is probably not crltlcal

5. It is assumed that the molecular concentration of fissionable material
is much less than that of the propellant This is true for dll systems
considered '
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Nomenclature:

The principal notation used: in the ahalysié is as follows: -

cpi ] specific heat at constant pressure of light gas

speéific heat at constant pressure of heavy gas

L

c

pe

dip B effective hard-sphere” . diameter for collisions between
light and heavy gas molecules ’ '

D12 = binary diffusion coefficient

Xa'_s dimensionless diffusion parameter, defined by Eq (23)

g = dimensionless heat generation parameter, defined by Eq (11)

G E energy added per unit volume and per unit fime by fission in
gas mixture : '

HO = enthalpy of gas mixture

k = Boltzmann's constant

my 2 mass of light gas molecuie

m, = mass of heavy gas molecule

Mt E tangentiél Mach number, based on speed of sound in light gas

M ® radial Mach number, based on speed of sound in light gas

mass flow of propellant per unit length of vortex tube

N

.
.
. ¢

-
LT IS

eveon
-
essveoe

. o
sescasn
escene
ve

.
*
. esrcene



)

i

1]

i

il

molecular concentration of light gas

molecular coqcentration of heavy gas

‘total molecular concentration

partial pressure of'light gas

partial pressure of heavy gas

pressure of ges mixture

energy release per fission

~radial coordinate

gas constant for light gas

gas temperature

diffusion velocity of light gas

diffusion velocity of heavy gas

nasgs éveraged radial velocity

mass averaged tangential velocity

ratio of densities of heavy and light gases
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o
i

ratio of specific heats for light gas

h
i

coefficient of heat conduction for gas mixture

Y
j
m

’density.of light gas

0
n
il

density of heavy gas

-
(o
14

density of gas mixture

neutron track length (neutrons/area/time)

AN
it}

v

relative mass flow.capacity per unit vortex tube length
Subscripts:
On independent variable (r or T*)
c - exit from tube
p - periphery of tube
m - point of maximum w
On dependent variables
0 - value for gés mixture
1 - value for light gas
2 - value for heavy gas

o

Superscripts:

|
o ¥ - quantity divided by its value at point‘of‘maximum Wo

L SECRET

o4 b
N

sreeév
-

.
. Pesass
. e
Zeeoen
wan oy

14 ‘s
ce ee0e




.l

SECRET

Mathematical formulations

With the assumption of zero viscoiigy, the equations governing a binary

gas mixture may be written as follows:

Conservation of specie,
. dn, . Ei d(uor)
0 dr r dr

+ 3
r

Conservation of tangential momentum,

vor = constant

Conservation of radial momentum,

“ofé?r9 "’Y{??"" _);__i‘_’g
. PO T
Conseryatiqn‘of_energy,
PooM%EI"Q"“oril';;':%= Y6 - g
where
‘é g;’ldT

Here K is the thermal diffusion ratlo.

'droppeg

d . '
= (rgiui) = 0 , . i=1,2 (1)

(2)

(3)

L (r) ()

+ Mmje njuy + mécpanz‘.‘z) + kKrn_o(“l‘ - uJr

This term is negligible'and”will be

»
-
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Diffusion equation,

e, - 2 {d(_l)+ il m ™) 1 dp°+KTi-‘1?} (5)
\ 1 n,n, 12 (dr B,y nOFO po‘dr T dr( 77/
Again the term involving KT is_negiigible and will be dropped.
Equation of state,
p; = nikT. | i = 0,1,2 (6)

The moméﬁthm, eneréy, continuity, and diffusion equations will now be
considered in turn and put in a' form suitable for integration.

Momentum equatiaons’?

A reference radius, r , will be defined for future convenience as that at
which w, the density ratio, has its maximum value. Then using the subscript m
to denote values at this radius; Eq (2) may be written, v.r = v. r , and

0 Om™ m’
Eq (3) becomes,

" 2
N duo i (vo o m) ) ___l__ ffg v . (7)
0dr ) . fo 4r .

Multiplying Eq (1) by m, and adding the equations for i = 1 and i = 2, we get
by using the fact that mlnlul + m n2u = 0, the continuity equation for the
mixture, namely

Po a,
“OE}" ol a';(r“o) =0
or '
du d ‘
'::3*?%2 +F =0, | (6)
260 01¥
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which has the solﬁtion,

Fbuor = POmuOmrm"s constant (8a)

Using Eq (8) to eliminate duo/dr from Eq (7); we get after some manipulation,

2 (g ot

dr‘ r FO‘ -r PO ar S Om r 7

Now

Po = MM + 00y = Pi(1+w) = TEJ: (1 +w) %v‘”‘ %’l’ (1 +w) %‘Q
Hence,

%‘5 E;Ig =( >2{(20:> a(l\qin_']_’:i'rzl_(3_...»:)l:J_-»-(_,% ff-o-] Yl'f -;-1,@- l+w)}

where M and M are the radial and tepgential Mach numbers at r_, based on
Uom andV an@ ‘the speed of sound in.the light gas; ¥ is the rat?o of spec1flc
heats for gge light gas. Flnally, ‘the equation may be written as,

2

dpo | o r T de Pom 2 Mr 2
2% -t polog B GR)T o

1t will appear later that M /M < 10-5; and the last term in the braces is
therefore quite small. : o : ,
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)

Denote by an asterisk any quantity divided by its value at L eg; .
r¥ = r/rm, Neglecting the small term, Eq (9)-then becomes, '
apx | ,
r¥* 0 2 1l4+w
o= Y M e . (10)
¥ %
PE dr “tm e .

Energy equation:

The factor G in BEq (h) represents the fission heat source. It may be
written as

G = ny0.0R

where o, is the fission cross section for the heavy gas, ¢ is the neutron(flux)

track length, and @ is the energy release per fission. It will be assumed - . -
that these quantities are 1ndependent of'r. The enthalpy, HO, may be written
as; - ' ' : .
4 4 oo 1+w cp2/cpl
0 pl 1+w | ?

but since the molar speciflc heats of the two gases are of the same order of
magnitude;

w..cpe/cpl A= ng/nl < 1,

hence,

SECRET
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If c_. is assumed constant, Eq (4) may then be wrltten in terms of the tem-
peragure as follows:

__q_'[T']: 1 dpo By R

PoSpr & Po 0%p1

‘_d['/\ dT T

Poon & " Po'op ‘mlvlnl“"aaee’] ’

the term in Kp being neglected. Agaip.referring all Quantities tor=r_,

this becomes, . ) , ' m
d [ T* ] ye1m* 1 rx 6P} S
ark ™ e -
dr 1 +wl Y r¥l+w Po ar¥* En™2

. |
d { UAI‘ C r* %%—; + *Twpam 2m nE*ug (EE?_‘ ])}
Pom*on"mCp1 P om“om pl

where* ¢Q T
. _ _ Op Pon’m
&n —-—-—————P _, (11)
pliOm Om™ m

*The negative sign in the definition of -is due to the definition of
velocities as positive if directed outward. Thus, Yom is inherently
negative.

I\
. @ :
=
},—\3
(53]
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' o

_A %(.9! - S)he,

\

|

. . - ) |
Now according to Euchen's formula,(e) ‘ ' -

|

i hence

|

|

A - égy - 50U
T B ,7%mu0mrm

POmuOmrmcpl

other quantities in the equation are of order unity, hence conduction is
negligible. Omitting the conduction (third) term, and using Eq (10), we
get, ' _ s 1A

i This quantity is of the order of-logh for the systems of interest,iwhile

- M2 ) u A g |
.4 [ T* ] (¥ tm ' cgE)PZ’m 2m A, L |
Tro |~ - 1) —5 - g r¥n¥ + (1 - = (r¥pxuzux)  (12)
d?* ]_. + W r*5 &n" 2 ( ,cpl POmu:} dr¥* A e2u2

This is the final form of the energy equation as it applies to the
present problem. It may be put in a more convenient form by eliminating
the derivative of w from the left side and collecting the derivatives of
T* from left and right sides. Thus, the density ratio, w, may be written,

W = — = W )
myny L
whence )
* * %
- U Sl IO Wi S U L |
dr¥ o - m pg ng. dr* T* dr#* pg dr* ’ 4
200 04T
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and using Eq (10) to eliminate the p¥X term,

0
d 2 Pt I S 1+ w '
s (1 + v) = in P l:nige TE T waE - M?:m r*zT*] ° (13)

The left side of Eq (12) may now be ‘expande’d as follows, ' ' E

_z_[_zr_] I O O T*_%_f‘i’:i"_ N
dr*»l+w (l+w)2 ‘I'*dr* (lfw)Q "2('6.
N XMim' Sy PR . (‘l)-l-)
pd LW Dy o

The ;ierivative of T* may be separated from the right hand side of Eq (12), as

follows:
a ' dT : a ‘ PR
: a}; (r*T*n"E"u"z“) = 1% 1’12 -+ T'% a‘F (r*n"a('u"e(') . (15)
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Substituting Eqs (14) and (15) in Eq (12) and collecting coefficients of the
derivatives we get, '

c Osu, -
%"’?23: { = 2 - i1 cp2> ,EmuEm r¥nfulT* }
(1 +w)? “p1) (onom

dn¥ ¢ /o u
1 2 W D2 2m 2m a .
- ™) - (1. Lo (rooxug) =
_ ng dr¥ { } v ( cpl> ()OmuOm dr¥ u2
(16)
2 ‘
1Y -1 Y nz*T* Kth ‘
={ ¥ “"T+w pX r*3 - &y 2*

0

Finally, it is desirable to eliminate upp/ugy in favor of quantities
which have more readily understandable physical significance. Let W(l and
742 be the mass flows of light gas and heavy gas per foot of tube length. Then

K&

- 2’)Trm‘f’lm(u0m + ulm)_

o

- 27rr_m(%m(u0m * u2m) ’

and

()lmu =- f02mu2m’ or

.
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Thus,

uOm

Yom Mo

Now by assumption 1, ?ﬂa/ml = W_, where w_ is the density ratio at the
" " : : Y c’ - C )
exit” radius, Toe Thus : _ ,

(17

Using this relation, and noting that /P = w [(1+v_ ) Eq (16) becomes,
2m'tOm  m m

‘* " C_,4 L4 1-vw /w ,
%‘—"Fgf*i . 2 +(1“ cpe)(lﬁwx 1].+cwm T¥ngugT*
(1 + w) pl T 'm c

' ~

| dn¥ : c W 1-w /w
1 "2 { W ( pa)( m )( c m) e @ ey
o . T%Y 4[] - % = {r¥n¥u¥)= (18)
x ! . *

n"ae dr (1 + W)? } cpl 1 ‘+ L 1+ wc | de* *7 2727

\ : 2
_)yv¥Y-1 Vi ngT* Y Mem
__{ Y T l+w p¥ %3 - g3

One expression relating the‘derivatiyes of T%,n¥, and r¥n¥u¥ has thus been
obtained from the energy equation. “Two additional expressions relating
these derivatives will be obtained from the diffusion equation and the con-
servation equation for the heavy gas.
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Conservation equation for the heavy gas: - -
From Eq (1), for i = 2,

: d d(u'r‘)‘ ‘
L lmgy) < ey 9)

From Eq (8), since Py = mny +my,

L 4(ugr) .. 1 o = - T (m'dn1+m22'2')=
uor dr PO ar : mlnl + men2 1l ar 2 dr

_ 1 (1 i dnz) .
= - = 3 2
l+w n:L dr n, dr

and substitution into Eq {19) yields

2
u

n2 dr (r
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Referring all .quantities to r_ , and using the equation of state to ellmina.te
nl in terms of temperature and pressure

* ¥
Sew M1 80EE) 3 oo OB 1 [ 08 oxoarx
om U% DFuE dr¥ "1l +w n¥ dr¥  l+w p§ dr¥ T dr¥ | ¢

Finally, using Egs (10) and (17) to 'eiiminate dpg/dr* and uzm/uOm’

d(r*nz*u*a)_ l+wc gMim 1 [r* arx ¥ ix:g_]} (20)
. o 2 dr* |

= - - mcmn e ot
- * *
ar¥* 1 wc/w 2% 1 + w|T* d4r © n}

This expression may be used to ellminate the derivative of r*ngu* from
Eq (18). , .

_ A simple relation exists between u¥, 909, and w, since Eq (19) may' be
written as :

2 (ngig) + g (emga) = 0

or

1'112(u0 + u2) = const.
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Referring all quantities to their values at T and using Eq (17), we get

¥ = c uk = S m 1
= - W/ T W - ¥
) l-w /v, 0 w 1 wc/wm r¥n¥

Using the expressions for w and P 0’ this then becomes

' uX 1- wc/w
1_% I Ny y (21)

c''m

Diffusion equation:.

. . Dropping the term involving KT, and using the fact that n2<<' 'nl,
Eq (5) mey be written, '

u, ~u, = =D _l_jd..i'}.,.,»'_l_iiz_q,r_n?.‘_,l‘ 1 _!:.EEQ".
1 2 T 12 \n, dr. n, dr m l+w/p, dr

- Wu,, this becomes;

o e ?_13{[(1'12.- )( 1 >;,1]_1- ip_q_;sz__l;;i“_a}
.2 1+w 1By 1+ w Pg dr T dr n, dr




Referring all quantities to r , and using Egs (10) and (17),

.‘“ - . ’ 2
o Dip I+w, )(L){(me/ml -1 . 1) Mey _
2 - r o 1 -‘wc/wm‘ r¥ L+ w r*ET*
f
S [zoame o 32 (e2)
l+w ™ dr¥ ng ar¥ |,

This is the third relation beWeen5 the derivatives of_ T*, ng,‘ and r*ngu"zh

The diffusi'on coefficient:

The simple theoretical result for D.,, based on hard-sphere collisions,
will be used, partly for the sake of simplicity and partly for lack of infor-
mation about thg(%lyteraction potentials for the molecules of interest. One
such formula is, '

| 1
‘ -I:T( +m,) 2
Dp = —3 "“21Tml —=
m.,m
8n0d12 } 1

where 4., is the effective hard-sphere diametei' for cgllision. Since n --?J

po/kT, 12nis becomes, 0 \
e —
L g o/ 1 V. E>2 p3/2
12 = (27,,)1/2 milediz m, ""*"po |
{ : | |
| - 94 - SECRET
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“Now the‘dimensic‘.jnless group D’lg/rmtlemlbeco?nes

D | 5 32 -
! ) ¥
w Om (2m)2\ w2 N7 "2/ TwlorPom  P5
7 1 12
We write this as,
Dip ) "_,@’ : T*B/?
rmuOm m p"o"
where . 1 . .
o s 3 x3/2 m\ 2 g 2 3
CIrr ( ez )( 2 55) ol
v T %2/ A mom’ o’
Now ‘ :
- ' 1k
rmuOmpOm/ Ta = Tu’ouPon 1+w m
and . . / '
Wl +M2 = - 2TPoUoyTy » bence
ru. p /T -Wl +7'772' 1 —IS- o= % _—l i wc k
m Om“Om’ "m .er 1+wm_ m, - 27I’l.+wm m,
Thus , )
N : . L
=, 1/2 1/2 1 ) /2
o wpl e A W
o =TT, )R (TR m
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Solution for the derivatives of ng and T*:

Equations (18), (19), and (20) give three linear algebraic equations
relating the derivatives of T*, n¥, and r¥*n¥uX. These may be solved for ‘
the derivatives of T* and n¥, and the resultinig two expressions; together
with Eq (10), give three first-order non-linear differential equations,
which may be integrated numerically. Thus, substituting Eq (20) in Eq (18),

and collecting the coefficients of ‘the derivatives,

- * -
r* gT* 1, ( _ cp2)( " )»r*n*u* |:1 v /iy L0 1 ]}_
* ar¥ : e =t
T d’r (l + W)2 Cpl L+ Wm 22 i 1 4+ Wc ,u2 1l +w

. dn¥* . ' ' ' :
i r* dn2 R N cpe. - r*ngug | _ (25)
ok ar% - e )TEw TEw = - (25
, , pl m -

: r;eng | | c W )’M? ‘
. - -1 : 2 . tm.
= -g —F * {X - ,Yﬁ*'@'”fL) z w@?*} o

L ooroamx o 38
1 T* dr¥ 1 ng ar®x —- 9
o
‘% arx N r* dn2 .
g ™ @* ' oof T T %
)
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where,
c W 1-w /v uk
b l 2 + (l - cp?)( l; +mw r*ngu"gf' l:.L 1 A-ui-c-w =+ "% 1 -:t w:}
(1 + w) pl/\ ° c e’
%
b - (1 ) cpz) L r*nguo i v (Eg)
1 cpl l +w l+w (.l + W)2
*2
r* n¥ c w
y-1 W ( 2) m } tm
Cy = = + - + {1 u¥nXr#*
1 &n TTF {y T+ w o1 1+m3§"2 -
1 PS?*“S 1- Wc/wm T A X’Mim
¢ =T33 Tiw (1 +w) + = +W o
Aﬁmi T c 1 T
The derivatives may then be written,
rx amx  ©1 - %P | (27)'
* - ' .
T* dr 8y bl »
* - ' ‘
P R ! (28)
* = -
nX dr* a) bl .

Equations (10), (27) and (28) may be integrated ‘numerically. For convenience,
Eq (10) will be repeated here,

*
2:35. étp()
pg dr* tm

i
x
o)
o+
* |

(10)

H
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The relations needed to complete the above set of equations are,

S
B
e
)
&)
*

=

(32)

The parameters which must be specified, and which govern the process, are .

&@&,th,w , and w_., All of the quantities with asterisks are by definition
equal to unTty at the radius r = r (or r* = 1) where w is a maximum. The
initial conditions for Egs (10), (BT) and (28) are therefore specified, and
the integration can proceed numerically from r¥* = 1; however, the parameters
%H,ﬁ?,m s> and w_ are not all independent, if w is to have & meximum at r¥ = 1,

ismwiif be shown in the next‘seétion,

Méxima and Minima of w:

Because of the fact that the absolute value of w enters Eq (26), rather
than just the ratio of w to its value at some point in the tube; it is neces-
sary to specify the megnitude of w at some value of r*, This specified value
of w is an important parameter, since it effectively determines the fissionable
materisl concentration in the tube. In order that the specified value of w
should be as accurate a measure of the average magnitude of w as possible, it
has been defined to be the maximum value of w which occurs in the tube. However,
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L]

"since the variation of w with r¥ can be found only by numerical integration

<of Eqs (10), (27) and (28), it is . . - possible to specify the meximum of

w only if it occurs at r¥ = 1, the 1n1t1a1 point. 1In this section, conditions
will be obtained which are necessary and sufficient for the 0ccurrence 8fa
meximum of w at r¥ = 1,

The condition that dw/dr = 0 is, from Eq (13),
_ y
rx e oamx 0 14w
ng Tt ™ oEx tm -

¥

Using Eqs (27) and (28)156 eliminate the derivatives, this becomes,

2
p*r*u l-w /w m ‘
Cp = = = 2 l+w (1+w)+(—~2- +v9x*2 Mim l*;: (33)
Dn mx3/2 e ™ r*ep* r*2p . _
Thus, the cqndition-for zero slope of wvat r¥ =1 is,

(1 - wc/wm)(l + wm) . S

'em_ = 2 m, (34)

X tm(a;—il)(l-l-wc) . : _ .

Equation (34) gives the value ofA} such that w shall have zZero slope at r* = 1.
With this value, c, becomes, | -

pgrg (mp/my . - o, 1 ‘
C tm \: __7——*5 5 (l + W) —ETTHI—— +(E-i- + W) r*eT*_'J 5 (35)

and this expression replaces the correSpdnding one of Eqs (26).
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‘at which Eq (33) is satisfied. Substituting Eq (34) in Eq (33), we get,

SECRET

It is interesting to inquire whether there are points other than r¥* = 1

*
L 3ugr L oo | T (33)
1+ T*1/2. 2 | | ’

Now from Eq (31),

* -
Eg. ~ 1 @m/w
* -
.uo 1 V@7Wm
‘ ‘ , l+wm _
= S % * =
Also, pg p *T* , Pg‘l‘ ; and Pgua"r 1,

1 l+w

hence, Eq(33a) redﬁces to

1-w /W/

| /2 _ 1 | * o
1- wc7wm T*t - &2 o y (’56)

A

which is the condition to be satisfied if there is to be a point of zero slope
of w other than at r*¥ = 1., Since T* and w are not known as functions of r#*
before the equations are integrated, it is not possible to give the points of
zero slope of w exactly; however, it is clear that if Egq (36) is to have a root
for r*< 1, then the derivative of the left side with respect to r¥;. evaluated
at r¥ = 1, must be less than that of the right side, ‘while the reverse 1s true
if there is to be a root for r¥*¥>1. ‘
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It was found by integrating the equations that if there is a root for
r*>1, then w is a maximum at r¥ = 1, while if there is a root for r¥*< 1,
W is & minimum at r* = 1., The behavior of w is shown qualitatively for
these two cases in Fig. 2. Clearly, the minimum slope of T¥ versus r¥*
which is permissible if w is to have a maximum at r¥ = 1 is such that the
curve of the left side of Eq (36) versus r* is tangent to that of the right
~ side at r* = 1, From Eq (36), this conditlon is :

aT*

_— = - L
d?* r¥% = 1 '
‘From Eq (27),
- -yt v (- 1)M2 (1 + v X
& | 2) v, Ty "o
» = l 1+ (1~ W
( Atﬁi m _T—:_Ez—-
'Solving for 8y’
cp\ 1-w /w ‘. ‘
gm(max) = h[ 1o+ <l - cp ), m L+ w ] 1 +lw + (7 - l)Mim (37)
. pl c m _ :

The value of g_ given by Eq (37) is to be interpreted as the maximum value,
for given w_ and tm? which allows w to have & maximum at r* = 1., If is
less than this value, w/w_ will behave as in Fig. 2b, if Eq (36) has a root
for r*¥>1.  However, if Eq (36) ‘does’ not have a root for r*>l, w/w will decrease
continuously for r¥*>1. :

This rather complicated behavior of the density ratio can perhaps be better
understood by re-writing the diffusion equation in terms of w. Since w/wm =
*T*/po, we have

*
r* dw r¥ dn2 r* dT* . r¥ de
ar* * ™ arF pg dr* °

=
Qu
H
*
n
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Now using Eqs (21) and (23), the diffﬁsion equation | Eq (22)] may be written:

. . 2 g v ‘ ] .
1+ w, m, yM e
2 2 - tm _ r*. dw -
1l+w ™ / {(m ' ) *¥2 w dr¥ ' (228‘)-' ’

m 1 T*

" The first term in brackets on the right represents the vortex field, or rather
its effect on the diffusion process, while the second represents the combined
effects of the heavy and light gas concentrations. The influence of the radial
mass flow. is contained ind , which is inversely proportional to the mass flow
rate per unit of tube lengtﬁ ”}?fl[see(Eq(ehn

The physical significance of Eq (229.) may be most easily seen by studying
. its form for three physical situations:  the first w1th constant T% and no -
radial mass flow, the second with constant T#¥ and radial mass flow, and the
third with both strong temperature varlatlon and radial mass flow,

If the mass flow rate is zero”& is infinite [see Eq (21&)] and Eq (22&)
reduces to J :

Now if T* is constent; this immediately integrates to:
/Ty 1
.w/wm = exp[ (-ﬁ- 2T* (l > |-
: 1
Thus , for this case W decreases very rapidly, and monotonically as r¥ decreases '

from r¥ = 1, as shown in Fig. 3, case 1.
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Next, suppose T¥ is still constant, bthW is not zero. Then unless w is
very small, i.e. about equal to w., the quantlty in braces in Eq (22a) must
be equal to a positive comstant, say C, which increases as?7/) increases. Now
at rtx— 1, dw/dr* has been set equal to zero, hence the first term is Jjust
equalto C for r* = 1. As r¥* decreases from unity, the first term increases,
hence dw/dr* must become positive, while as r* increases, the first term
decreases; and dw/dr* must become negative in order that the sum of the two
terms may remain equal to C. Thus, the radial mass flow produces a simple
maximum in w as shown in Fig. 3, case 2. : . '

Finally, consider the case in which there is both radial mass flow and sub-
stantial heat addition, which results in a decrease of T* as r¥ increases. -
The sum of the two terms in braces in Eq (22a) may still be considered roughly
a constant, since T*1/2 varies rather slowly compared to the first term in the
braces., This first term depends on both r¥* and T*, If T* varies slowly
enough so that the product r*27* increases monotonically as r* increases, the
behavior of w is substantially the same as that of case 2. However, if T* '
decreases more rapidly than r*2 increases, the first term increases with r¥
instead of decreasing, and dw/dr must increase as r* increases. If r* is
increased enough, dw/dr becomes positive, and very large, because as T* de-
creases, the propellant density, and therefore the fissionable material density
(since ww=l1) increase. The latter increase leads to a high rate of heat addition,
which accelerates thé decrease of T* with r¥*, and the effect multiplies. Thus
w first decreases, then increases very rapidly as shown by Flg 3; case 3.

Whether the system behaves as in case 2 or as in case 3 depends on whether
T* varies more rapidly than r*2 for some r¥ greater than'unity. Now the
variation of T¥* with r¥ is proportional fo g,, at least for r¥ mear unity, “thus
as gy is increased from zero, the behavior of w will change from that of the
second case to that of the third. The value of g, at whlch this change in-
behavior takes place ‘will be denoted gplcrit).

In summary, the condltlons which must be satisfied in order that w have a
maximum point at r¥ = 1 are that co be given by Eq (35) and that gy be less
than the value gp(max) given by Eq (37). If gy is between gm(max) and gm(crit)
w will behave as shown in Fig 3 for case 3. If g, is less than gm(crlt), W
will behave as shown for case 2. 4
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Method of Integration.

Equations (10), (27); (28), (29); (30); (31): and (32): with Eq (55) for
Cp, are in such a form that they may be integrated quite readily by a highe
speed digital computor. Since only the first derivatives of T* and nX are
easily available, a simple forWard«difference scheme was used, and the desired’
"precision obtained by means of a small intervalo . |

Beginning at the initial point, r¥ = 1 whe:e ng = T¥* = p8 =‘95 = gg = u¥ = ;,

and w = wp, the quantities

(ex/mgdams/fars ,  (exfri)arr/arx ,  (e%/og)imgfarx .

were computed. - Values of ng, T% and pg were then estlmated at the next value ‘
of r* by the relatlon,

»*
T

: ; r¥ r¥ - r¥
' id A4l Ti , . _

Yiel = Yy e’q’[ _y-ﬁ“}* TrF J a . (38)
where y = ng, T*, p%X. With these values, 95, ug, 1¥, and w were then estimated.
The derivatives at ghe end of the interval were theh computed from these values,
and final values for each of the above derivatives were obtained by averaging
the estimated values with the corresponding values at the beginning of the interval.
The final values of n¥, T* and pX were then computed by Eq (38), using these
average derivatives. Thls procegure wes repeated for each increment in r¥,

|

|

|

An interval of &r* = 0,005 was used for all the calculations. In order to
estimate the errors;, one case was run with an interval of 0.0l. Since the -
results for the quantities of interest agreed to within one percent; it was con-. - :
cluded that the accuracy was sufficient for englneering purposes°
i

- Parameters of thevheating»separation process:

For each integration of the differential equations, M, , w , ; and w_ were -
specified. The integration then proceeded from r* =.1 toward small r¥*, e
integration was stopped when w equalled w_, and the value of r* at which this
occurred was called r§ For all of the calculations'wc 0.0001 was selected.
This figure implies a loss of 0,000l pounds of fissiongble material for each
pound of propellant expendedn It could be reduced to 0.00001 without qualite-
tively altering the results, '
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The parameters which remain are then M, , w., and g . 'Fof any particular
set of these, the integration gave the variation of n¥X, T¥%, ngfand w with

r*, for r* in the range where w was less than or equal to Vo

In order to interpret the results in terms of real systems it is necessary
first to select the value of r¥* which is to represent the periphery of the tube,
i.e. r¥. Each solution for a given set of My, wy and g, allows a range of
values of r¥*, and the overall characteristics of the system depend strongly
on r¥, The Balues of r¥ have been chosen for the cases where g > (crit) so
as to include the entire range of r¥* for which w< Wine By reference to Fig. 3
it may be seen that r¥* is the value of r¥ ptmwhich'w/wm becomes unity again as
r* is increased from Bnity_° For the cases where g < gm(crit), r¥* has been
selected as the value of r¥* at which w = 0.1 wy. It Will ve sefn later that
this choice gives approximately the maximum overall temperature ratio, from
tube exit to periphery. o ' : ' '

For a given value of r¥, the‘tangéhtial Mach number, M, , and the heating
parameter, s both referged to the fluid conditions at tﬁg tube periphery,
may be computed. From the definition of the Mach number, : '

v .

0
Mp = — ~75 -
(XRTP)
Using Eq (2), this becomes,

M = M ——-lI7§ e _ _ | ‘ (59)

S L
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Similarly; from the definition of g,

_ 2

i ____Lfm”?v - or 2 (40)

- A o 7, (14w, )c ’ '

pl Op Op P 1 pl P
and
BT
gﬁ é €m 'T*P o : (41)
P

‘The physical'significance of Mty is of course clear. It is simply the
velocity of the entering fluid divided by its sonic velocity. Other things
being equal, the strength of the vortex field increases as Mtp increases.

From Eq. (40), it is clear that measures the ratio of the heat:

- generation rate by fission per unit of tube length to the heat capacity
of the fluid flowing through the tube, per unit length and per unit time.
It is therefore a direct measure of the temperature ratio across the ‘tube,
from periphery to core. In the process of integration, gy was fixed, and
for each rg a value of g, was computed, from Eq. (41). This value of
determines the relatlonsgip necessary between the parameters of Eq. (ho) in
order that the heat generatlon rate be that which is implied by the resultant
temperature ratio, T /Tp ,
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A relationshiprbetween the mass flow rate per unit of tube length,’%é,
and the other parameters is implied by Egs (24) and (34). Equating theSe
and solving forﬂ%&, ve get : o _ : '

_ ' 1 1/2
1/2 1/2_ 1/2 m, \ = yT
., = 3(27) K my 14 2 2.&“?.-1 (“'27—‘)—@ (42)
(1 8 2 m m 1l-w_/w -
.dl2 2 .l. ¢ 'm’
where M?
_ Yom
- =,
b
Since T 1/2/‘1'*1/2 T 1/2, the mass flow rate dependé on T , M, , and con-

stants Setermined by the light-heavy gas combination. It ismproportional to
9o, deternine ight-hes . Tt is"propirtio

Tm th'

It is important to note thatqwi is the mass flow capacity per unit of tube
length, and that it is independent of the tube size. Thus, a large number of
small diameter tubes filling a given volume have a much higher mass flow capacity
than one large tube of the same volume. This is felt to be one of the most im-
portant results of the analysis. ' ‘

In order to estimate the critical size of a system composed. of vortex tubes,
it is necessary to know the average densities of the light and fissionable gases
in the vortex tube. These may be obtained by averaging over the density distri-
butions given by the integration, ' .
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If r¥ is the exit dimensionless radius and r* is the periphersal dimensionless
radius, and it is assumed {, is constant for r s and has the value Py » then
the ratio of average light- gas: density ‘to that at he periphery is; o

* ‘
*2 f P X%
_E__ PYTeR + 2 Jx Prr¥ar
folp R A2 :
_'P 1p'p
or
P D T*r*z T* Poopx :
= *2 + 2 = & TXar¥ ' - (43)
(o lp popT*r poprp rg

If it is assumed that w 1s very small for rE rc » the average density
ratio W, defined as w = PQ pl s is- glven by, - o . '

2 Prp T r3 o
Tp P1 oo/ Jr¥ | | - -

The é.verage density .of the fissionable gas in the tube is then given by

lP.a (gip)f)lp ° o N (45)
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In summary, the following parameters are significant in specifying the
overall performance of the heating-separation process: . the overall tem-
perature ratio, TC/T s the overall pressure ratio, POc/PO » the peripheral
tangential Mach number, Mgy, the outlet-to-peripheral radlus ratio, rc/rp,
and the relative mass flow capacity per unit of tube length, . The coupling
between the fluid-mechanical and nuclear characteristics of the system is
expressed by the average f13s1onable -species-to-propellant-density ratio, W,
the average-to-peripheral propellant. density ratio, Pi/?l » and the heating
parameter, gp, which is essentially a statement on the requlred neutron track
length.

Results:

The principal results of the analysis take the form of relationships
between the overall-performance and nuclear-coupling parameters and the
specified parameters, w;, My, and g, ;" ‘however, it is difficult to under-
stand these relationships without a prior understanding of the physical aspects
of the heating separation process. Accordingly, before thése principle results
are presented, the variation of the several physical parameters with r¥* will be
presented for some typical values of the specified parameters. Because of the
large number of possible combinations of the specified parameters, these results

~can be only exemplary.

The calculations have been done for a combination of hydrogen as the light
gas and plutonium as the heavy gas. The quantities involved in the integration
which depend on this choice, and the assigned values are: mz/ml»= 119.5,

c 2/c 1= 0. 008, ¥ = 1.31. The value of ¥ was selected as a reasonable mean
for tg temperature range of interest.

The density ratio, dimensionless temperdture,-and‘dimensionless fuel concentration:

The somewhat complicated behavior of w, which has been discussed qualitatively
at some length in the section "maxima and minime of w", is shown quantitatively in
Figs L4a and 4b, for typical values of My, and wy. For gy < gp(crit), (Fig 4a), w
has a simple maximum, and falls off quite rapidly for r¥* both greater than and
less than unity. This simple maximum results from the fact that for (crit),
the vortex field strength decre@ses monotonically as r increases. If, onggh
other hand, the rate of heat;addition is large enough, i.e. 8n > gm(crit)-the
repid increase in density as r increases causes the field strength first to decrease,
then increase again as r increases. In these cases, w increases again as the field
strength increases, as shown in Fig Ub. - f
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The variation of T* is shown for the same values of M s W, and in
Figs. 5a and 5b. For (crit), T* varies rather slowT . mNear r¥= 1,
where w/wm is near unlty, %& increases steadily; however; as r¥* becomes
small, and w becomes small, T* decreases because the propellant expands
toward the center of the tube. Similarly, if r* were carried to large
enough values, T* would increase as r¥* increased for r* > 1,

For gp > (crit), the variation of T¥* reflects the fact that w/w is
of order unlty for all r* > 1. T% continues to decrease as r¥* increases, .
‘and in fact for g%1 near g (crit), T* decreases very rapidly as w increases
rapidly. As has been pointed out previously, these two effects reinforce
each other, since as the temperature decreases, the derivative of w in-
creases, which gives a higher rate of heat addition and decreases T* further.,

The variation of the dlmen31onless f1881onable -species concentration w1th
r* is shown in Figs 6a and 6b for the cases discussed above. For g (crit),
n¥ is very similar to w (compere Figs 6a and 4a), while for gy > gy cri%? the
large variations in propellant density, which result from the large variations
in T*, cause a rather extreme variation of nX near the perlphery of the tube
for values of g, near gp(crit).

The validity of the analysis for these extreme cases where &n is near
gm(crit) will be discussed in a later section.

'All of the above results have been for wy = 1.0 and Mgy = 0.7. The in-
fluence of wy on the distribution of w is -shown 1n Fig 7. The effect is small,
'even when w, is changed by a factor of 20, ' :

On the other hand, Fig.8 shows that M¢p has a very strong influence on the
distribution of fissionable material. As My, is increased, w veries more rapldly
about its fixed maximum, Ve This is due to the fact that the vortex field
strength increases with Mgy, ‘ Lo

Dependence of the performance parameters on the choice of r;:

Because any value of r¥ may be chosen to represent the periphery of the tube
for a given set of Myy, Wy gm; each choice for these parameters yields a very
wide range of possible physical systems. In order to make the results as con-

. crete as possible, r¥ has been chosen as follows. For g,< g,(crit), r¥ has been
taken as that value of r¥* which gives the largest T /T The variation of T /Tp

with the choice of rg is shown for these cases in Flg a; together with that of
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POC/P0p° For gp > gm(crit); r% has been selected to include the entire region
of r¥ in which w < wy.- This choice also yields the largest value of TC/T
consistent with the requirements that w < wy, as shown in Fig 9b. ‘It is true.
that if, for example, a temperature ratio, T /Tc = 0.7 is desired, it may be
obtained for any of the values of gm/gm(max) shown in Fig b, by choosing r}
suitably; however, the presentation of the results would have become very
cumbersome had all such possibilities been included, and it is felt that the
above somewhat arbitrary choices for r¥* show the general characteristics of
the heating-separation process to best advantage.

The dependence of the peripheral Mach number}-MtP, on the choice of r§
is shown in Fig 10. For g, < gu(crit), My, decreases as r} increases, re-
flecting the decrease in tangential velocity-as r increases. For g, > gm(crit),
Mgp increases as r¥ increases. This reversal is due to the more rapid decrease
in temperature, and hence; in the velocity of sound, for these cases, the
velocity of sound actually decreasing faster than the tangential velocity.

Another performance parameter of considerable interest is { , the relative _
mass flow capacity per unit of tube length. Figure 11 shows that it increases ’
with r for gg both greater than and less than g (crit), though much more
rapidly for the former. It should be noted that Eye actual mass flow per unit °
of tube length,’}??l, is proportional toP times T 2, Therefore s the very rapid
rise inY for g,/g (max) = 0.51 implies a corres%ondingly rapid increase in/
only if T is held constant. If T, is held constant, TP decreases as Tp/Tc »

decreases) and?Wi actually decreases somevwhat as rg increases.

Dependence of the nuclear-coupling parameters on the choice of r;:

The quantities which are needed in computing the criticality of a system of v
vortex tubes are the average fissionable-species and propellant densities. The o
ratio of average-to-peripheral propellant densities is shown as & function of
r¥ in Figs 12a and 12b, together with the ratio of average-to-maximum of the
density ratio, w., Both of these parameters are rather insensitive to r¥ for
& < gp(crit), with the maximum ¥/wy occurring for a somewhat smaller r¥ than
that for meximum Tc/Tp° Thus; if the largest possible value of ﬁ/wm were de=--
sired, rather than the largest TC/TP, rf would be modified somewhat. For
&m > gm(crit), both W/wm and.pi/ D are more sensitive to the choice of r¥
than for gy < gp(crit); however,  here the meximum of W/wy occurs_roughly at
the same value of r¥ as the maximum of T /Tp. The density ratio; { A?lp, de-
creases steadily as r¥* increases. This %s 8imply a reflection of tﬁe increasing
ratio of average temperature to peripheral temperature.
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Finally, the parameter gns which essentially determines the requlred
neutron track length, is shown in Figsll?a and 13b. It increases rapidly
with r¥ for g > gm(crit), reflecting the higher rate of heat release
demanded by the higher temperature ratios. For g < gy(crit), ggrdecreases'

t

" as r¥ increases, instead of increasing, even though the temperatire ratio
increases with r#. . This is reasonable, since gp is proportional to nﬁp
times ¢, and n§P decreases as rg increases.

The overall temperature ratio:

Of the several performance parameters, the overall temperature ratio is
perhaps the best measure of the performance of the system, at least for rocket
applications. Therefore, it has been selected as a basic variable for presen-
ting the results. Its dependence on the heating parameter will first be shown,
then all other performance parameters will be referred to it. ! ,

A curve of T, /T. versus gm/gm(max) for constant My, and w, has two branches,
corresponding to the two cases, g, < gm(crit) and gy > gy(crit), as shown in
Fig 14. Modest temperature ratios can be obtained on either branch; however,
in order to obtain values of T /Tc less than about 0.3 it appears essential
- that gy be greater than. gm(crit) There appears to be no limit to the tempera-
ture ratio obtainable by approaching gm(crlt) from above. Although the end-
points of the curves for gy < gp(crit) were not very well defined by the cal-
culations, it is belleved that the end, points as shown are approximately. correct
That there is s minimum obtainable T; /T for < gp(crit), and not for gy > :
gm(crit) is due to. the sudden rise ig W near %%e periphery in the latter case,
and the lack of it in the former. This rise in w'gives a high fuel concentration
near the periphery which leads t6 a very rapid temperature variation, and the
small values of T./T. shown for gm > gp(crit). For gm < gy(crit) on the other
hand, w decreases steadily to the perlphery, giving a very gradual temperature
variation,

From a comparison of Figs lh a, b and c, it can be seen that the variation
of T /T with g, /gn(mex) is more rapid as Mty increases. This is due to ‘the
more abrupt variation of the concentration proflles with increasing Mi,, which
in turn is due to the higher vortex field strength.
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The overall pressure ratio:

As the overall temperature ratio is a measure of the performance of
the vortex tube as a heating-separation device, the overall pressure ratio
is a measure of the penalty paid for the separation. The pressure drop
results, of course, from the resistance which must be overcome by the pro-
pellant in diffusing through the heavy gas; therefore, the more dense the
heavy gas cloud is, the larger the pressure drop may be expected to be.
That this is true may be seen from Figs 15 a; b and c.

It may also be seen that the pressure ratio decreases as T,/T deéreases.
This is due to increased expansion of the gas toward the center of the tube
as the temperature rise increases. '

The pressure ratio also deCréﬁéesnas M, 1is increased, becahse”of,the
increasing vortex field strength, which tends to concentrate the propellant
near the periphery of the tube, as well as the heavy gas.

The peripheral Mach number: S y Ny :  .

Although Min was specified in carrying out the calculations, the parameter
which is of interest in an actual system is Mgy, the Mach number at the
periphery, since it is the Mach number at whlcﬁ‘the propellant enters the -
vortex tube. '

The variation of M with T'/T is shown in Fig 16 for various values of
M{p. The dependence of %hls relationship on wy was found to be small, and
so is not shown. I

As T /T is decreased, larger values of Mi, are required to give a speci-
fied value of th,since the velocity of sound ag ‘the periphery becomes smaller
compared to that at rp Another interpretation of this same effect is that if
T is held constant, larger values of Mgy are required to generate a given
vortex field strength (or given th) as g decreases. Thus, for a given vortex
field strength, larger pressure drops musg be maintained in the inlet nozzles

‘as T, /T is decreased, These pressure ratios must be combined with those shown

in Fig 15 to obtaln the effective pressure ratlo across the entire .system.
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The relative mass flow capacity:

0f equal importance to ‘the temperatUre ratio is the mass-flow capacity
of the vortex tube, which actually determines the total tube length required
for a glven total mass flow or thrust

The vortex tube is rather unusual, in that the mass flow capac1ty per

‘unit of tube length is independent of the tube diameter. This fact cannot

be too strongly emphasized. It means that the mass flow cepacity per unit,
of tube volume, which is a measure of the system size for a given mass flow,
is inversely proportional to the tube diameter, within limits to be indicated
in the next section,

From Fig 17, it may be seen that the relative mass flow capacity per unit

of tube length increases as My, increases. It is in fact nearly proportional’
to M@m, The’ depe7dence on temperature ratio is not so clear, since"y must be
multiplied by T 1/2 to obtain the actual mass flow capacity per unit of tube

length., If'Tp is ‘held constant, and T. increased, the mass flow capacity in-

creases; however, a simple computation with the aid of these curves will show

that if T, is held constant, while Tp is decreased, the mass flow capacity
actually decreases slightly. ‘

Numerical values of?% » the actual mass flow capacity per unit tube
length, will be given for some sample cases in a later section (see Eq 42).

The exitnto-peripheral‘radius'ratio:

In all of the preceding results, 1t is implied that w is reduced to a
small value, w., at some radius, r., within the tube, and that the propellant
leaves the tube at this radius, with only a very small amount of heavy gas. As
was mentioned previously, wc = O 0001 was selected for all of the present cal-
culatlons. : :

The resulting values of the ex1t to-peripheral radius ratio are shown in
Fig 18. As might bBe expected, this ratio increases as My, increases, since
the concentration profiles become more abrupt as Mgy increases. It also in-
creases as T /Tc increases, because heating of the propellant increases its-
radial velocity, which tends to sweep the heavy gas toward the center of the
tube,
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From the standp01nt of the overall performance of the vortex tube as a
rocket propulsion device, the significance of rc/r is that it sets an upper
limit on the ratio of exit. nozzle throat radius to tube peripheral radius.
Referring to Fig 1, it is clear that if the throat to tube radius ratio, say
rt/r , is greater than rc/r , the cloud of fissionable material will be swept
from the tube. If rt/rp is less than rc/r s the results of the calculations
are in some sense conservative, since then,’ the actual value of w in the
exhaust nozzle may be somewhat less than w.. For a given set of separation
parameters, the mass flow capacity of a vortex tube is 81mply9W'L, where L
is the tube length, and the throat radius is determined by this mass flow.
‘A lower limit on the tube radius is then set by the fact that r. must not be
less than Tt Numerical examples of this relatlonship will be given in a
later section.

Nuclear coupling parameters:

In order to estimate the critical size of a system of vortex tubes it
is necessary to know the average fissionable and light gas concentrations
in the vortex tubes. These may be obtained from w/wm, the ratio of average-
to maximum density ratios, and Pi PlP’ the ratio of average to peripheral
propellant densities.,

The dependence of W/wm on T /Tc, wm and Mty is shown in Fig 19. For
given wp and Mgy, if gy > gp(crit), there is a value of Tp/T. which gives
the largest W, because of the large region of r¥ with low w which occurs in
‘the cases with small T./T, (see Fig 4b). Also, ¥/w, decreases as My, in-
creases, because of the more rapid variation of w with r* as M,, increases.
The cases with gy < g,(crit) have lower values of W/wy than those with
&m > gm(crlt) because the former do not have the extended region of high w
which occurs:n the latter near the periphery.

The density ratio depends principally on the temperature ratio, as may
be seen from Fig 20. As T /T decreases; the average density in the tube de-
creases compared to that ag the periphery. There is also a small effect of
Mgy and wy, which is due to the fact that increasing either of these decreases

POC/POp’ hence lowers the average density compared to that at the periphery. -

. The flnal nuclear coupling parameter is &p> whrch is a measure of the
neutron track length required to give the heat addition rate implied by the
specified value of gp. It depends very strongly on the temperature ratio,
and somewhat less on M, and vy, as may be seen from Fig 21. The actual
requirements placed on the neutron track length ¢ (see Eq 40) are somewhat
masked by the fact that g, is also proportional to np /T As T T is reduced,
for & given value of T, npp increases very rapidly 1? TP is mall (see




Fig 6b). Thus, ¢ does not 1ncrease as rapldly as it appears to from Fig 21.
Again, the reason g for the systems with g, < gm(crit) falls far below that
for the systems w1tE gplcrit) is that np, for the former is much less
than that for the latter (see Fig 6). Representative numerical values for
¢ will be given later in examples. '

Discussion of the Principal Assumptions

and Prgppsal for Experimental Vérification

The two most important assumptions involved in the precedlng analy81s
of the vortex heating-separation process are that the flow in the tube is
laminar and that it is inviscid. Of these, the most critical is the first.
It will be shown that if the flow is laminar, the neglect of viscous effects
is probably not serious; however, if the flow is turbulent, the effect of
the turbulent mixing on the separation process cannot be predicted at present.

The purposesof the present section are: (1) to present an argument which
indicates that it is not obvious that the flow will be turbulent; (2) to give
an estimate of the viscous effects for laminar flow; and (3) to propose a
series of experiments designed to check the assumptions in a logical order.

Stability of the flow in the vortex tube:

The gas flow in the vortex tube is of a type with which there is no
previous experience, and there seems to be no sensible criterion based on
Reynold's number which will give an indication as to whether the flow will
be laminar or turbulent. Since the propellant must be introduced through
small jets, as in Fig 1, it seems, intuitively, at first sight that the flow
will in all probability be turbulent.

'However, the heating effect in the tubes should tend to stablllze the
flow, that is, prevent its becoming turbulent. This may be seen by remembering
first that the transition from laminar flow to turbulent flow occurs when in-
ertial forces in the fluid become large enough so that a random fluctuating
motion can exist despite the dissipative, or damping, effect of viscous forces.,
In fact, the Reynold's number has been characterized as the ratio of inertial
to viscous forces. Now in the vortex tube there is an additional stabilizing
force which will help to prevent the formation of random fluctuations, at least
in the radial direction. This is the body force which results from the vortex
field and the temperature gradient. In order to move a small element of fluid
instantaneously from some radius to another radius where the temperature is
lower and the demsity higher, a buoyant force must be overcome, which may aid

SECRET

%]

<
2
2
NS
57}

. seeves

esasee
.

sseces
sesses
assoss
XYY YY)
sseeces
.

.
; .
. ececesn

.
.
.
.
.



SECRET _ » 48

in suppressing turbul?gse, This effect, or its inverse, has been termed
"Taylor instability". The general principle is that the interface
between two fluids of different densities is destabilized by an accelera-
tion toward the denser fluid, and stabilized by an acceleration toward
the less dense fluid. In the present case, there is an extremely largg
acceleration toward the center of the tube (of the order of lO to . 10
times the acceleration of gravity). It therefore seems quite possible
that the flow may be laminar in the cases where the temperature increases
rapidly toward the center of the tube.

Estimate of viscous effects:

It is clear that viscous shear forces at the periphery of the vortex
tube will tend to cause the actual tangential velocity, and hence the
actual vortex field strength, to be less than that predicted by the pre-
ceding calculations, which assume that viscous effects are negligible.
In order to estimate this effect, it will be assumed, as in the separation
calculation, that the flow is laminar. It will be further assumed that the
entering fluid is introduced uniformly over a cylindrical surface which has
a dimensionless radius r* = a, where a < r¥, as shown in Fig 22. '

The equatj expressing conservation of angular momentum of the fluid
%gg 2 bl
may be written ' . . . :

.

dav Vo av - av Vo

59*?0’-4{ g@a_r_g__g.}, (46)
Po"o ar ¥ R » o

where the notation is the same as has been used previously.

This equation may be made dimensionless by d1v1d1ng Vo by the tangential
veloc1ty of the entering jet, v 3 “and d1v1d1ng r by The Thus,

dr¥ T* = f%uor 2 *t T Tar¥ - *2

alvp/ry) . o) {ae(vo/vj) L /vy (vo/vj,)}
m
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Now fodoTy, = PonSon™d’0°8 = = 5F (2 +¥e) 7 o

and Eq (46) finally becomes,

d(vo/v.) . KVO/V' _ o ” {d (vo/vj) L L d(vo/vJ.) ) (vo/vj)} o)
1 T dr¥ ¥ A 1+wc) : *2 r¥% = dr¥ L %2

dr T

It can be seen immediate%{‘that the parameter which measures the effect
of viscosity on the system is 1/27&(«(_ . If it is large, then we have, - -

d(vo/vj) + ——__(vo/vj)_ = 0 | (48)
T = ’ |
or v.,r = const. This means that the angular momentum of the fluid is ‘con-

served as it moves radially. On the other hand, if 74 /27U is small, we have,

EM'_)_ + L M . vo/v'j ~ 0 (49)
» dr*2 r*‘ dr#* _ . 'r*2 _ . | |

: The magnitude on"'l’ is set by the binary diffusion process, as expressed
by Eq (42). A formuls %or the viscosity of a gas mixture is given in Ref (5).
Assuming the hard-sphere model for molecular collisions, that mp> > my , and
that np << Dy, this expression may be reduced to: o

' d
3912'7r
1+ 35

4
M= My

k)‘l\)}-'l\)

B 3
410

2 o\
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where,ll is the viscosity of the light gas, 'd) and 4, are the effective
hard-sphere collision diameters for light and heavy molecules, and d,, is
the effective hard-sphere diameter for collisions between llght and heavy
‘molecules. .

To the’same approximation as used in Eq (so)a/ll is given by,

( kmlT)'/Z/va/ 2 di | , (51)

‘ , A : : f
Now taking the value ofﬂ%&vgiven by Eq (QQ),?%&/2QXL'may be written,:

‘ . _dg -ml 1/2 _
2 : _32_._ 1 +OJ+16T<F) W

M1 4y /my Sy - dp\ 2 o

1 +0.h16—-,:.:,—— W
g2 P
- p-B -

~.

N
Assuming that the quantity in braces is of order unlty, i.e. w_ is not too
large,. and that T* and r¥ are of order unity, it is clear thatpfor and
Pu or U gas, W4 /2% s of order 100") . Since W varies between 'l/4 and 1,
Q%i/QHZlvarles from about 25 to 100. : . ' ; :

Thus Eq (48) is a good approximation to the flow if r* is less than a,
the dimensionless radius at which the fluid is introduced, and in this region
the flow is essentially inviscid. However, if r¥* is greater than a,ﬂn{l is
effectively zero, and Eq (49) applies. In this region, viscous forces are
dominant, while in the reglon of r¥ less than a, inertlal forces are dominant
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The viscous torque tending to retard the vortex flow is therefore due - .
to the shear layer between r* = .a and r* = r¥, 1Its magnitude may be esti-
mated from Eq (49), the solution of which is; -

- o
= 3 —
vO/vj,f Alr + A2 =

. _ x
where Al and A a?e constants. Clearly vo/vj O at r* = rp,vhence

*2

v. v.la) r , , , : b',. /
0 ol a ( D ) o .
— = - - T¥* ) .(55)
Y3 Vi r;e_ a2 ko ' : L

where v.(a) is the actual tangenfiél velocity at the dimensionless radius, a,
wherevt e fluid.is introduced,, : ' C

Now v,(a)/v, may be:determiﬁed by equating the torque exerted on the
fluid in tge tubé, by.the entering fluid, to the torque caused by shear at

the periphery. Thus,

aaﬁavj (l - f%§i1>f=-«;)(§;g 

- ) * | : ';
‘2'/7'rpr.p - (54)
J- r.
, P ‘
From Eq (53),
A(vo/7;) vola)
dr¥ . 4 *2_v 2.
B J Tp-e
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Substituting in Eq (54), and solving,

e Myema

= . . . | (55)
"3 My femu + %2/ (2= a%)

From Eq (55), two points are clear. First, if a approaches r¥, v (a)/v
becomes small, and the effectiveness of vortex formation is poor° Secoﬂd,
for a given ratio of rg/a, the effectlveness is improved as@ﬁi/élﬂ increases.
This is shown in Fig 2

For the range of?%&/EQZL of interest, i.e. from 25 to 100, the effec-
tiveness of vortex formation predicted by this simple model is adequate°

A more general conclusion which can be drawn from the simple analysis
is that the effectiveness of vortex formation is determined by the magnitude
of Q%i/Q’UM This quantity must. therefore be considered an important simi-
larity parameter in any experlmental study of vortex heatlng—separatlon devices.

Suggestions for experimental verification of the analysis:

As has already been mentioned, the principal questions which require
experimental investigation involve the nature of the flow in the tube, and
may really be reduced to one question. The question is whether or not it is
possible to create a vortex field of the strength required to achieve separation,
with the low mass flow rates which -are required by the diffusion process.

Except for the unknown effect of heat addition on the flow stability, this
question can be answered by a simple experiment which involves no diffusion. '
The experiment should be so designed that three similarity requirements are
satisfied. First, in order to insure dynamic similarity between the experiment
and the actual vortex tube; the inlet Mach numbers should be the same. Second,
the Reynold's number, based on some tube dimension, such as its diameter, ,
should be the same. Finally, the mass flow rate per unit of tube length divided
by the dynamic viscosity, i.e.?%&/2nz¢, should be the same for the experiment
and-the actual device. In order to verify the strength of the vortex field it
should be sufficient to measure the radial pressure dlstribution, say at a
closed end.
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" If the result of this experiment is negative; in the sense that the
vortex field is much weaker than is predicted by theory, it must be con-
sidered inconclusive, because of the possiblefstabilizihg effect of heat
addition. Thus, should the result be negative, it is suggested that the

stabilizing effect of a positive density gradient (in the direction of
increasing radius) be studied. '

At present it appears very difficult to simulate, in an experiment,
the volume heating which is expected to produce such a density gradient
in the actual vortex reactor. However, there is a possibility of pro-
ducing a stabilizing density gradient by adding a heavy gas to the light
gas in the tube, and choosing the mass flow rate of light gas and its
entrance Mach number so that the concentration of heavy gas decreases
rapidly from the periphery of the-tube toward the center. For example,
if, in Fig. 7, the value of r* corresponding to the tube periphery is ‘
taken as 0.9, then for large values of w_, a considerable favorable density
gradient is produced. It is of course necessary that separation of the
heavy and light gases be cbtained before this stabilizing effect can
occur; however, a very heavy gas (for example tetraethyl lead) might be
used, to make the separation possible at lower vortex strengths.

If the result of the viscous experiment is favorable, then it is
"suggested that the next logical step is to attempt to effect the separa-
tion itself. For this second experiment, some mixture of gases such as
‘hydrogen and mercury vapor, or hydrogen and iodine vapor, might be suitable.
A complete formulation of the separation experiment must await the results
of the viscous experiment; however, two limitations should be noted.

First, unless a volume heat source can be incorporated into the
experiment, the concentration profiles obtainable will be limited to the
_type shown in Fig. (6a) for &y < g.(lcrit). The more extreme concentration:
variation shown in Fig. (6b) Tesults from the heating effect. '

Second, success in.obtaining the type of concentration profile shown
in Fig. (6a) will not guarantee that the more extreme profiles shown in
Fig. (6b) (end the associated high temperature ratios) are also obtainable.
Viscous effects may be expected to be most important near the periphery of’
the tube, just where the most extreme concentration variation .occurs for _
the high temperature ratio cases. Thus, it appears that experimental proof
of the feasibility. of obtaining temperature ratios greater than about 3 can
be obtained only by incorporating a volume heat source into the -separation
{experimentp ' S S '
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Performance and Criticality Estimates

The significance of the results obtained from the preceding analysis
of the heating-separation process may perhaps be better revealed if incor-
porated into the performance analysis of a vortex-cavity reactor for -
rocket propulsion. In the present section the characteristic performance
parameters of the rocket are calculated in terms of the parameters derived
from the separation analysis and from the nuclear configuration. ' To be
definitive, such an analysis would have to include an coptimization of the
entire system for some mission, and this would imply a detailed study of
many aspects of the vehicle configuration; as well as those of the power
plant. The intent of the present analysis, however, is much more modest;
it is simply to provide a physical feeling for the several parameters
which characterize the performance of the vortex tube as applled to rocket -
propulsion.

To this end, the requirements imposed on the reactor system by the-
overall heat balance, and by criticality, will be estimated. The weight,
thrust- to-weight ratio, neutron flux and various other parameters w1ll
then be glven for some representative examples.

It is assumed in these computations that the reactor core consists of
a cylindrical bundle of vortex tubes such as that shown in Fig. 1, the
dismeter being équal to the length, L, of an individual tube. Both graphite
and beryllium oxide will be considered as moderators. In those cases where
the temperature ratio, T /T s is such that heat must be added to the pro-
pellant, by fissionable material, before it enters the vortex tubes, it will
be assumed that the fissionable material not contained in the tubes is
uniformly dispersed in the moderator. Some reduction in overall size and
weight should be possible by concentrating this solid fuel in as small a
volume as possible, but this refinement will not be considered here. On
the .basis of the results of Ref. 7, the volume fraction of moderator in the
core will be taken as O.k4.

Heat balance:

Since the gas in the vortex tubes is essentially transparent to
penetrating radiations, it may be agsumed that all radiation originating
in the tubes deposits its energy in the moderator. This is equivalent to
assuming that some fraction, £, of the total heat generated by fission in
the gas is actually deposited in the gas. Now if the fraction of the total
reactor core volume occupied by the gas is B, ¢ and ¢5 are the average
neutron fluxes in the gaseous and solid regions; nes and T, are the
respective mean fissionable material concentrations, and Opg and cfg
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are the fission cross-sections in the'geseous and solid regions, a simple
heat balance gives,

Polhogedle (56)
g) 2g fg¢ + (l - B)nQS fS¢

As B, is decreased, T /Tp 1ncreases, and a maximum attainable value of

T /T is %gached when n2S Ou In this case;
T < ' _
s .
-,i‘-q(max) =l+:P—- 1—% . (57) .
P c '
. - P&
Because of dissociation, cpg depends rather strongly on Poc and T It increases

with increasing T. and decreasing poc. The dependence of Tc(max)7T on p,. and
T. is shown in Fig. 2L, for % 0.90. It should be noted that even though the
vortex tube itself is capable of very large temperature ratios, (see Fig. 14)
this limitation imposed by the heat deposition from penetrating radiations limits
a real system to moderate temperature ratios. This limitation applles, to. §ome
extent, .to 311 gas-phase flss10n heating .devices.

Criticality:

Estimates of the critical size of. the reactor have been obtained from two
group, two region calculations for a completely reflected cylinder. ) he cal-
culations were done on ORACLE using a three group, three region codé modified
for two groups and two regions, and a reflector savings program”.

The reactor core was taken to be a clean homogeneous mixture of moderator,
plutonium and hydrogen. The proportiomsof the latter two were determined from
the separation analysis. Fast fission was neglected and the resonance escape
probability wwas taken as unity.

The thickness of the beryllium reflector for each reactor was selected
to minimize the comblned core and reflector weight.

* These calculations were done by P. G. Lafyatis and M. L. Nelson.
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The fission cross section of plutonium has a merked resonance at a
neutron energy of 0.3 electron volts, which coincides with the mean
thermal neutron energy (Maxwell distribution) for a temperature of 2330 K.
Thus, the neutron temperature has an important effect on the critical mass
for the systems considered here. It was assumed that the neutron temperature
was equal to the moderator temperature, which in turn was taken equal to T .

Performance:

For the present purposes, the perfermance of the vortex tube reactor
may be characterized by the specific impulse, the total thrust, and the
ratio of thrust to reactor (core and reflector) weight.

| The specific impulse will be taken as,

b 1 2 Y Py ¥ e
Tp "% | 7L e {l (P ) ] ‘ - o8

where g is the gravitational constant, and P, is the atmospheric pressure
at the exit of the rocket nozzle.

The overall thrust of the critical assembly of vortex tubes is
given by: A

F = Ng?I | | (59)

where L is the length of the tubes s N is the number of tubes , and 7 is
the mass flow per unit of tube length. Now the product7%rL is related
to the nozzle throat radius by the simple relation,

L = ’lrri /Ot,ﬂR_Tt ’ , (60)
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while
E o 5 a1l : S
_ o -1\7-1.
fi'" fic (i f; 2 ) S S
and
-1
T‘t = Tc @+.- 5 )
so that

%I‘I’"T ) 10)/71—3?6.+

The quantity T /r is the ratio of nozzle throat radius to the redius at
which w is equal to Vo .in the vortex tube. . Thus, rt/rc can be assigned .
any value less than unity With this expression far4ﬁjL, Eq (59) becomes,

e e

NOW’WTPNL/B is the reactor core volume, which equalsTﬂL3/h for a square
cylinder; hence,

, . y .
\*" V-1 r r N\
F = E 6_ + 5_;_1) ‘Leﬁ/olc{zRTcl (ﬁ) gIsp (}—1—’) _ (62_)
, P - ' ,

Substituting the expression for I, s !
: u * o
] : 6-»-1_-,3
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It can be seen from Eq (63) that the thrust of the vortex reactor is
actually limited by the size of the area which can be provided at the
back face of the reactor for the exhaust nozzles, without allowing the
fissionable material to be blown out. This .area is precisely,

_ 2
N r
D
The thrust is also proportional to the pressure, Poe? but independent
of T . The ratior /r is of course determined by °%he diffusien

procgss in the tubes . It depends prlnC1pally on-M m? increasing as
M, increases. '

Equation (65) contains the factor (rt/r ) , which may have any
value from zero to unity. Thus, for a glvencset of vortex tube parameters
and critical size, the thrust may have any value from zero to that given
by Eq (63) for ry/r. = 1. As ry/r_ is increased, the number of tubes in
the reactor is increased, each tube decreasing in diameter. This may be
seen by equating Eqs (59) and (62) and solving for N. We get,

, L
3 L\ T /" / o
vN==g(1+¥l> ol < (64)
2 1
For a given set of vortex tube parameters, and rc/rp are fixed. Then

for fixed Poc -and T s ‘the number of tubes is proportional to (r /r

The neutron track length required to give the heat release rates
implied by these performance estimates may be determined from Eq (»0),
which gives,

(lfw )cplg b ﬁ”a

g =& -
P 2npfa - Z

Using Eq (61) to replace 7%&/rp,

,. oy
g = (L Je T (7, 2 (e VIRT, 5_._1_) J-t ¢
‘.gp,'rzngpfa 5 T U7 o

(’)"‘!I H
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200 05%

.
.
.
-
°
[

o =
sesvee

SECRET

ssvesn
.




SECRET

. .
ow / , pOC (39_2 Tc>
. n, =w_ R . /m, = W == | MHm ) »
2p p '1Ip’ 2 P meRTc Poc ‘Tp
- hence ' ) ' oy -
(1 +w )c VKRT m,, 2 Poo T T-1 2 '
plg c ~2 c X 1 r
¢ =&, —&ica ‘“ o =t} (es)
p £ op ' r.
It can be seen from Eq. (41) that youghly proportlonal to (T, /T ) 5 8O
¢ is essentially proportional to T. pl 3 rt/rc) ‘Since cpig 1ncreases as
Te 1ncreases, @ increases quite raplgly with T.. The proportlonallty to

(rt/rc) simply reflects the fact that the total propellant mass flow rate is
proportlonal to (rt/r )=, ,

Numerical examples:

It has been mentioned previously that the temperature ratio, T T s is the
most important parameter in determining the characteristics of the vor%ex tube.
On the other hand the fissionable material concentration determines the overall -
i : size and weight of the reactor. Accordingly, examples have been selected with
two representative values of T /T , and three values of w,. The exit pressure
has been taken as 100 atmospheres for all cases, 80 Wy, is nearly a dlrect
measure of the fuel concentratlon in the gas phase°

Cases 1, 2, and 3 have T /Tp = 1,56, This temperature ratio corresponds
to about half the heat being added to the propellant by solid fuel elements,
and half by the vortex tubes. The temperature leaving the solid reactor, T p’ ’
has been set at the upper limit for graphite fuel elements, namely 4500°R;

" hence, the chamber temperature, T, is TO20°R. This is of the same order as
the chamber temperature for contemporary chemical rocket motors (eg liquid
Op and JP=k give T ~63000R)

Cases 4, 5, and 6 have the largest values of T /T possible for T. = 10,000°R.
They represent systems with chamwber temperatures consigerably higher tﬁan the
best obtainable with chemical rockets. At the same time, the temperatures
entering the vortex tubes are considerably below the limits for graphite or the
refractory metals. These systems have all fissionable material in the gas phase.
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Some characteristice of these reactors are shown in Table I. The values
for beryllium oxide moderated reactors are shown in parentheses. The first
few quantities listed are characteristic of the vortex tube itself, hence are
independent of the moderator used. : .

Although the reactor weights (corg plus reflector) are very high for fuel
concentrations of the order of 0.5x10% cm’3, they are quite reasonable if the
concentration can be increased to about 5.0x10% cm=3. These higher fuel con-
centrations imply high pumping pressures, however. For case 3, Pop is 498
atmospheres or 7320 psi. The pumping pressure must be taken as about twice

this figure, to allow for the pressure drops in the inlet nozzles and solid
reactor. It should be noted that the increase in average fuel concentration,

, by a factor of 10 from case 1 to case 3 requires only a little more than
doubling of the pumping pressure. This increase is due to the higher pressure
drop caused by increasing wp. To achieve the same concentration increase by
raising the general pressure level with constant wp, it would be necessary to
inérease the pumping pressure tenfold, to about 4000 atmospheres. The beryllium
oxide moderated reactors are in all cases lighter than the corresponding graphite
moderated reactors. This is due to the smaller neutron slowing down and diffusion
lengths in beryllium oxide as compared to graphite.

Although the reactor weights are rather high, the thrust-to-weight ratios
are also quite high if r /rC is near unity. It may, however, be more realistic
to take rt/rc a little less than unity, to allow for three dimensional flow >
effects in the long, thin, vortex tubes. If rt/rc is taken as 0.5, for example,
the beryllium oxide moderated reactor described in case 3 has a thrust of

‘325,000 1bs., and a thrust-to-weight ratio of 61. The latter figure is somewhat

lower than that for a chemical system; however, the specific impulse is at least
twice that of the best chemical rockets. In order to give this performance the
reactor would contain 3,300 vortex tubes, each 0.68 in. in diameter. The
average neutron flux would be 0.65x10L7 neutrons/sec cm2. :

It seems from comparison of cases 3 and 6, for example, that as T, is
increased, the critical size, and weight, of the reactor increase. This effect
is due to a lower average fuel concentration in the higher temperature reactor.
The gas-phase fuel concentrations, Tp,, are about the same in the two cases, but
the lower - temperature reactor contains considerable solid fuel.

Finally, it must be emphasized again that these results are only exemplary.
It is obvious that reactor weight is a very importaent parameter in these systems;
therefore, a detailed criticality analysis must be made before definite conclusions
can be drawn as to the advisability of further development of the vortex tube for
rocket propulsion.
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Case
, Number
Parameter 1 2 3 L 5 6
/T, ' 1.56 1.56 1.56 .05 k.05 .05
v 0.5 "1.0 5.0 - 0.5 1.0 .0
Moo 1.0 1.0 1.0 1.0 1.0 1.0
T, 7020 . 7020 7020 10,000 10,000 10,000
TR 4500 4500 4500 - 2,k70 2,470 2,470
Doos etm 100 . 100 100 100 7100 100
pop’ atm 213 231 . RLE 171 188_ 338
r /T, ~0.66 0.66 70,65 0.59 ~ 0.59 0.58
W 0.3% 0.35 0.36 0.56 0.56 0.5k
&, , 0.96 0.96 1.50 56 56 8L
7 1b/sec Tt 0.0198 0.0198 0.0198 0.0121 0.0121  0.0121
e 151 159 135 108 5. 57
Isp, sec (pa=0) 1196 1196 1196 _1&26 1426 1426
Ty cm™> 0.kox10®  0.8x10%°  5.2010°  0.kgx10t - 1.01x10™° 5.32x10%°
15.5 10,2 3.8 16.8 11.7 L5
L, £t (14.0) ~(8.5) (L.1) 16.7) (20.1) (4.5)
5 18.7x1067 ¥ 8.2x106' 1.1x106 17.7x106 8.6x106 1°2x106
F/(ry/r )5tp 6 & 6 6 6 6
Lo (15.4x107) (5.7x10°) (1.3x107) (17.5x10°) (6.4x107) (1.2x10")
Weight, 1b 180,000 75,000 ~ 10,000 230,000 100,000 . 15,000
3 . S :
(120,000)  (35,000). (35300 (180,000) (55,000)  (6700)
F/(rt/rc)e/Weight 104 109 - 110 7 86 '. . 82
‘ (129) (162) (2k42) (97) (117) (183)
/(x. /r )2 51,200 33,900 12,200 61,200 42,600 . 15,800
e (46,500) (28,200) (13,200) (60,800) (36,800) (15,800)
a/( e y2, Bt 0.85x100  0.60x10%°  0.28x10*°  1.8x10°  0.93x10'0 0.32x10%°
r. /r — . "5
voe ’cmeseb (o.9ux1618), (O.7lx1018) (0.26x1018) (1.uxlol8) (l.lx1018) (0,32x1018)
?p(rt/rc)’ in, 032 ,0.26 0.16 0.31 9.26 0.I7T
- (0.30) (0.23) (0.17) (0.31) (0.24) (0.17)
Table 1 -~ Numerical Examples of Vortex Tube Reactors
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Dependénce of the tangential Mach number at the periphery,
Mgy, on the choice of the value, r§, of the dimensionless
ragius which‘cqrresponds to the tube periphery

a) for gy less than gplcrit)

b) for g, greater than gp(crit)
Dependence of the relative mass flow capacity,jy, on the choice
of the value, r¥, of the dimensionless radius- whith corresponds
to the tube pergphery

a) for'gm less than g (crit).

b) for g, ereater than gm(crit)
Dependence of the averagentofﬁeriphéral propellant density
ratio, and the ratio of average to maximum density ratio on

the choice of the value, r¥*, of the dimensionless radius which
corresponds to the tube pePiphery '

a) for g, less than'ga(crit) ' "
b) for g, greater than gm(nrit)

Dependence of the heating parameter, gp on the value, r¥%, of the
dimensionless radius which corresponds®to the tube periphery

a) for g, less than gm(crit)
b) for g, greater than g (crit)

Dependence of the overall temperature ratio, T‘/Tc, on the ratio \
of the heating parameterfgm, to its maximum permissible value N

~a) for th = 0,5
b) for Mgy = 0.7
c) for My, = 1.0

Dependence of the overall pressure ratio, Poc/Pop’ on the
overall temperature ratio, T /T '

p' "¢
a) for My, = 0.5
b) for Mg, = 0.7
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SECRET

200 063

esee

sens

seee
seness

.
svee
[ XYY ¥
.
.
sesee
.
seeee




SECRET

-65-

16. Dependenee of the tangential Mach number at the perlphery,
M%p, on the overall temperature ratio, TC/TP.
7. Dependenee-of the relative mass flow capacity,jﬁ',~on the
: overall temperature ratio, Tp/Tc' : : .
18. Dependence of the ratio of exit radius to tube radius on the
: overall temperature ratio, TP/T .
19. Dependence of the ratio of average to maximum density ratio
on the overall temperature ratio, TP/T
&) for th‘; O:S
b) for th = 0.7
c) for M, = 1.0
20. Dependence of the ratio of average to peripheral propellant
denslties on the overall temperature ratio, T /T .
~a) for th,: 005
b) for My = 0,7
c) for M, = 1.0
21. Dependence of the heating parameter, gp, on the overall
temperature ratio, TP/T . LA
a) for My, = 0.5
b) for M = 0.7
c) for Mt = 1.0
22 Introduction of the fluid at a dimensionless radlus a.
2%. Dependence-.of the ratio of effective to inlet tangentlal
velocities on the fractlon of the tube radlus at which
the fluld enters 4
2k . Dependence of the maximum obtainable temperature ratio,
T (max)/Tp, (all fissionable material in gas) on exit.
temperature, TC, and pressure, Poc -
\
- Tables: _ ‘ ' ‘ :
Table 1 Numerical examples of vortex-tube reactors.
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