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Several problems connmected with vortex cavity reactors have been studied
anslytically. They imclude; the gemerstion of high strengih vortices by ubi-
lization of bleed through a porous tube wall to stabilize the shear leyer on
the wally the muclear eriticality problem; the sultibility of various compounds
of plutonium as gaseous fissionable materials; the problem of retaining the
fission fragments within the vortex 4ube, ' '

1t is comcluded that the shear layer on the vortex tubs wall car He
stabilized if a mass flow greater than or egual to the vortex through flow
is bled through the porous wall, and that the tangential Mach rumbers which
can be obbained are then slightly wore than one half the invigeld valuss.

Beryllium oxide or graphite moderated reectors of remsonable size and
welght can attein criticality if the product of the bydrogen pressure in the
- vortex core and the maximum valus of the ratio of fissiopabls gas density to

hydrogen density in the tube is gresber than about 100 atmospheres. Ths ree-
actor weights are then in the order of 50,000 pounds or less.

Of the several compounds of plutonium considered as gaseous Tuel carriers,
plutonivm trifiusride and plutonium tribromide appear to be the most promising.
It is probable that they can be held in gaseous form in hydrogen, under the
desired concentrabions. , : '

The rate of loss of fission fragments from the vorbex tube can be reduced

- to 8 smell fraction of the rate of thelr generstion by making the vortex tubes
 about twice the minimmm size which is allowable for sabtisfactory retention of
the fissionsble materisl. R ﬁ ' ‘
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INTRODUCTTION

A method was proposed in Ref. 1 for holding gaseous fissionable
material in a vortex tube, againsf the redial flow of a fiuid which
was to be heated to a high temperature. The process of diffusion of a
low molecular weight gas through the high molecular weight fissioning
gas was}cansidered in some detail. It was concluded that if laminar
vorticeé of the required strength;could be generated with the radial
mass fléw rates reguired by the diffusion process; then the vertex tube
heid promise as a device for producing very nigh temperaturé gases, for
example for rocket propulsion. ’ ;

In the first seétion of thisireport, & method for producing laminar
vortices of the reguired strength will be suggested. It canﬁists of a
' recircuiatmry'systemvin which the mass flow ﬁhrough the tangential
vortex-driving nozzles is increased beyon@ the amount allowed by the
radial diffusion process; the excess masé flowiis bied off thréugh a
porous vortex tube wall. The bled fluld must be returned to the nozzle
entrance conditions, and some methods for doing this will be proposéd.
Bleeding of the fiuid through the porous wall is squivalent to sucking
& boundary layer; the shear layer on the vartex‘tube wall is thinned and
its Reynolds® mumber reduced. Thus, there seems to be some possibility
that the shear layer may be stahilized and a laminar vortex pruduceﬂc Thé
scheme has the additibnal advantage that the porous tube wall will be
effectively cooled by the bled fiuid9 : : -

Although the diffusion-heating process considered in Ref. 1 is evi-
dently the key problem to be solved in applying the vortex tube to rocket
propulsion; the high ﬁemperaturea envisioned, and the geseous state of
the fissionable materisl, give rise to other pr@blems which must be studiéd
before the application of the vortex tube taArocket propulsion can be
seriously consideredoi Some of these problems will be indicated, gnd the
progress made to date in studying them will be summariged.

Because of the gaseous form of the fissionable material, and the
limitatlons imposed by the vortex-separation proces&(l), it seems that




the fuel concentration in & reactor composed of vortex tubes must be
rather low. The available fuel concentrations are about one tenth of

the usual values for small, highly poisoned reactors. The critical sizes
(and weights) of the vortex reactors thus tend to be large. A series of
criticality caleculations has therefore been done, with the emphasiz on
minimizing the reactor weight for a given fuel concentration. These
calculations have been carried out by P. G. Lafyatis, and will be dis-
cusged in section IT.

It was implicitly assumed in Ref. 1 that some compound of plutonium,
or uranium, cculd be found, which could be held in gaseous form under the
desired conditions. Rather high concentrations of fisslonable material
must be held at very high temperatures and under reducing conditions, if
hydrogen is to be used as propellant. There is some doubt as to whether
any meterial can be found which will satisfy these requirements, since the
compounds of uranium end plutonium which sre stable at high temperatures
are neither very volatile wnor very resistant to reduction by hydrugen.
This problem will be considered iuo section III.

The Tissioning of uranium or plutonium in the vortex tubes will pro-
duce rather large quantities of very radiocactive fission products. If
these Tission products are discharged to the atmosphere contamination will
result. However, since the fission products will in general have rather
high molecular weights, there is some possibility that a considerable
fraction of those produced will b2 held in the vortex tubes along with
the fissionable material. A calculation of the rate of loss of the fission
Tragments from the vortex tube has been carrisd out by the methods used in

Ref. 1, and will be discussed 1n section IV.




BECTION I

Vortex Recirculation
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Introduction:

In the analysis of vortex heating-separation tubes presented in Ref, 1,
it was assumed that the flow in the vortex tube was laminar and inviscid.
It was demonstrated that, for laminar fiow, viscous effects would not pre-
vent the formation of vortices of sufficient strength to give the desired
separation. It was also pointed out that even thoughk the Reynolds' number
(based on tube diameter and tangential velocity) of the flow is very large,
there is a possibility of obtaining laminar flow because of the large den-
sity gradients produced by the action of the vortex field on the heavy
fissionable gas. However, if this stabilizing effect 1s not sufficient to
maintain léminar flow, there seems to be little possibility of obtaining
vortices of adequate strength in the simple tube described in Ref. 1.

Accordingly, a method of improving the effectiveness of vortex forma-
tion has been consideréd, The essential idea is to reduce the Reynolds'
pumber of the wall shear layer, by bleeding fluid through a porous wall,
to the extent that it will remain laminar. The viscous effects on the
vortex strength will then be predictable, and much smaller than they would
be if the shesr layer were turbulent.

A1l of the fluid which is bled from the vortex tube through its porous
wall must be returned to the conditions at the entrance to the inlet
nozzles, and recycled, at least for rocket propulsion applications. It
seems possible to do this by means of a gas turbine cycle operating between
the reactor as a heat source and the fresh propellant as a heat sink.

It is logical to divide the following discussion into two parts. In
the first, the influence of the porous wall bleed on the veloclty profile,
vortex strength, and radisl diffusion, is ceonsidered. In the second, some

methods of recycling the bled fluid are discussed.

Influence of wall bleed on the vortex:

It was shown in Ref. 1 that the tangential momentum equation for the

vortex flow may be written as follows, if the flow is laminar:

2
d(VS:\:J) + (Vol{"’g) . em ja (vo/'vj) L1 d(vo/‘:j) ] (VO/VJ)} o
" ( dr'2 r dr rt2

o Tl




The taﬁgential veloéity, Vo is referred to the exit velocity from the E
1nlet nazzles, 3 ¢ and the radius bas been wade dimensionless by division
by the radius at which the jets enter the tube (see Fig. 1) is the
radial wass flow rate, and is positive for inward flow. It has been
assumed in writing Eq. (1) that u is copstant. Inclusion of the varia~‘
tion of f would complicete the following analysis greatly, and would noﬁ
change the results significantly.

From Bg. (1), it is clear that the quantity EWh/%& which will be
denoted by K, measures the importance of viscous effects in the vorbex.
If the absolute valué of K iz large, viscous fbrces pre&emiﬁate; if it
is smell, imertial forces predominate. The solution of Bq. (1) may be

written as

e
K

|

B
v

= A {r')
3 7

+ Ag(rf)“1 ) | 1-(2)

The flow consists of two regions. In the inmner region (r' < 1), K
is positive, while in the outer region {r' > 1), K is negative. Appropriate
boundarinOﬂditions are as follows: ‘
1. The velocity must be continuous at r* = 1.
2. The torgue exerted on the exterior region by the interior region;
at r' = 1, must be zero. ‘
3. The velocity must be zero at the tube wall.
b, The torque exerted on the fluid in the tube, by the enterlng
Jets of fluid, must equal that due to v1acous shear at the tube
wall, : ’
The last two conditions are sufficient to gpecify the flow in the outer region,
since the last condition effectively determines Ve at r' = 1, The first two
conditions would then determine the flow in the inner region, but this in-
formation will not be needed in the following analysis. Applying the third

boundary condition we find,

Ty A
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Fig.1. Withdrawal of fluid through Porous Wall.
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where r‘; is the value of r' corresponding to the tube radius. The fourth

condition gives

. v (I v
| AN A (e )2
(wglm?ﬂb) ’EL" v.}”””dr’ v EE%I'W) ?
L | I‘W ‘
whers ‘?7@ and’WZb are the radial and bled mass flows.
We then have,
| 2 - % 2. %
v, {r*) - {r')
Ty = (e s 1-(3)
0 2 - z i
1 (rw);
whers
vo(-]_) ) 1 1-(h)
vj 14 : 1~ 2K :
7 L

LRIt

Effectivensss of vortex formations ‘
The ¢Pfectiveness of vortex formaticn is indicated directly by the
ratio vd(l)/vJs from Eq. (k). This ratic is plotted in Fig. 2, for s
range of@%o/'ffl, foréﬂ’pﬂ{l = 0.02. The va,lueg indicated in Fig. 2 for
‘7721)/%7(1 = 0 are somewhat smaller than were given in Ref. L, Fig. 23.
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Fig. 2. Variation of Effectiveness of Vortex For-

mation, 1o (1) /v; , with Bleed to Radial Mass Flow Ratio,
my, /7, ,and Dimensionless Tube Radius 7.



A Factor of iwo . was omitied from the second tprm in the denomlnator of
By. {55) of Raf. 1. e e

It is clear that bl@@dlng tnrougn.the wall reduces the btrength of a
laminar vortexp but not to a very large extent. Asg - K—0 for flxed”W&,
Ey. {4) gives v (i}/v = 1/2 as a limiting value. Thus, if the vortex
can be kept 1am¢nar by bleeding through a porous wall, it seems ithst tanganw
tial velocities grester than ome half the inviscid values will be cbtalned,

Stabilization of the shear layer:

Cal“ula*icns of the stability of laminar shear flows regu*t in curves
glving vh@ Reyneolids® number for which the sh&ar‘layer is neutrally stable
to excitation of & specified wave length. For each such curve thers is
scwe Reynolds® number below which the shear layer is stable to excitation‘
of all wave lengths. This value is usually termed the critical Reynolds®
number Récr“ ' | : ;

The critical Reynolds number is defined in terms of the stream velocity
at infinity and the displac&ment thickness of the shear layefo Its value
depends rather strmng*y oo the velocity profile in the shear layer, ranging
from ak out k20 for a Blasius profile on a Fflat piate to 70, OOO for an
{2)

For the shear layer on the vortex tube wall we may define a displacement
thickneas}(y*g by: ' ’

asymptot1~ suction profile on a flat plate

’i* W 5— VO -\ ' : i
5: =T J; a% - ;;(Ijé dr‘ : I-(5)

Using Eq. {3), we find:

" A w 3o : :
& . — K . 1-(6)
w :




Now the velocity ratio, vo/vo(l) mey be given as a function of (rw - r)kf* =
(r; - r')rwé§*. A typical vortex tube shear layer profile is compared to
the Blasius and asymptotic suction profiles in this fashion in Fig. 3. It
sppears that the vortex tube profile is very close to the plate suction
profile, apart from a scale factor which results from the finite limit in
the above definition ofgy*, Thus, if the densilty were constant through the
shear layer, its critical Reynolids' number would be slightly greater than
O.TxlO5. It will be shown in the next section that thes influence of the
wall bleed on the heavy gas is such as to produce an appreciable positive
density gradient in the directlon of increasing r'. Such a density gradient,
in combination with the radial force field produced by the vortex, will texd
to stabilize the shear layer, hence it is concluded that the critical
Reynoids' number will be somewhat greater than 105,

Ratios of §* to the tube radius, computed from Eg. (6), are shown in
Pig. 4. It is clear that bleeding reduces tlie displacement thickness
markedly, for fixed r;, In fact, for K sufficiently small, and r& not teoo
near unity, d’*/rW is very nearly equal to - X r!.

The significance of the above values will be best illustrated by an
example. From Teble I, p. 61, Ref. 1, the Reynolds' number for case 2 is
found to be: Re = 7.38xlO6Q§*/rw), for a tube radius of one inch. Thus,

we find the following values:

”7730/7/21 -0.17 -0.33 -0.67 -1.35 ~6.7
K =0,04 =0,02 «0.01 «0.005 -0.001
Re 2 .0x105 1 .uxlo5 0. 96x105 0. 38x105 0. TLLxlol*

-
If the above estimate of 10’ for ReCr is valid, the shear layer should be

stabilized by a mass flow ratio (bleed to radial) of sbout unity.

RS B
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ASYMPTOTIC SUCTION PROFILE N
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Re,  0.7%10°

T
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LAYER PROFILE FOR ]
\ riy =1.08, K =0.01:

. ¥*
EQ.(3), WITH 2 =1.18
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. ¥* :
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- Fig. 3. Coymporison of Vortex Tube Shear Laoyer
Velocity Profile with Blasius and Asymp‘ra’nc Flat Plate

Suchon Profiles.
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Flow Rate and Dimensionless Tube Radius.



Effect of wall bleed on the ssparaiion process:‘
The anslysis of Ref. 1 considersd a free vortex with radial flow,

bounded on the outaide by & solid tube wall., It is now proposed that a

region with radial outflow be interposed beitween the frees vortex

core
and the tube wall.

The influsnecs of this regiorn of reversed mass flow

on the separation effect will be estimated in this section, by the methods

of Ref. T,

A model for the flow is shown in Fig. 5. It is assumed that fiuid i

introduced with an effective tangen#ial Mach nuwber M o? of to*al Bmount

47(1.+ W‘) m‘%%(l + wb) per unit of tube length, unifarmly over the
yylindricak surface of radius r' = 1. Of this fntaxameun$§47(1,+ W )
then flows inward, while - %%(& + W, ) flows putward., The mass flows of

ligkt gas are‘%&land,??g while L and W, are the ratios of heavy gasg

§

density to light gas density st tne vortex exit and in the gas bled through

the wallo

It is readily seen from Eg. f22a) of Ref. 1 that the ratic of heavy

gas density to light zas density, w, is goverﬂe& by the following equatioﬁ°

W. 1+ w ={ 1m, FM
P el wd el Rl 2 ) ER o2 Z W
- (913 vw T % m, *‘} T Vo T W drs (v -7
P 1 . ;
where the primes indicate values divided by their respective values at
T o= rp, the jet entry radius. The_qnantity a@égis given by Bg. {2k) of
Ref. 1 a ' '
s & & = &
= 7 3 ) ~ :
| 5 (k% u° .\ (14w | T |
i 1 : ,
g, =320 S e R e I-(8)
v 8 2 m, 1+ w ‘
&12 2 B

where X is Baltzmannfsymcnﬁﬁant- d*2 is the equivalent hard sphere diameter

for collisions between light and heavy gas molecules, and m, and m are the

masses of the light and heavy moleculss. pr is the actusl fangentlal Mach
numbar of ths vortex at the jet entry radius. '
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Fig.5. Model Used for Calculation of Effect of Wall Bleed
on Vortex Diffusion.
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We wish to investigate the bebavior of w in a range of f% from unity
to a value, r%; siightly greater than umnity. Because of the narrow range
of r' to be considered, and the fact that T' varies quite slowly with r°
in regiohs of the tube where w is small, T' will be taken equal to unity.
It is feit that it will be necessary te insist that w be small near the
tube wali if the bleed system is to be used, since otherwise 1arge COn=
centrations of fissionable material would enter the recirculation gystem.

The dlmensionless veloclty v‘, is given by Eg. (3), s0 that for T' = 1,

we have, ,
1 1 2

‘ WS TE uﬁwg

L. ¥ 1+ wy iy 2 1 (r') 7 - A(x)) x av
W 1+ w  \m My 7B ~ 1 W oart{°
P L 7 o -
~ 1 - (z) |
: 1-(9)

The quantity Xﬁ shows the influence of the raﬁlal mass flow on the systamo
It can be written in termg of the characteristlc parameters of the vortez
core and the mass flow ratioﬂﬂqgfnag as follows (see Egs. (25} and {34),
Ref. l)

pI+w m 7, - ; I-{10)
7M2 —— L
tm ny
Equaticn (9) may now be written in the following form:
W 2 (" '
d;-—»«) ¥M wal) 1 -2
X _ tm my fﬁg Wy
T = ; ———
dr W i ﬁ@u r
(1~,—-£)T*2
v.| P
em% 2 - g2 [w
. _ . :
¥ 1, (r*) - {r}) Wy ;
M == - — I-{11)
tp \mg 5 . L- 13
. - % r
: . lw(r‘fr)



This equation is linear, and hence integrable; however, the general solution
is quite involved because the coefficient of w/wb is complicated. On the
other hand, it is expscted that W/wb will be close to unity in the cases of
interest. In this case w/wb may be taken as unity in the last term, to =

first approximation. The integration is then easy and yields,

m 2 2
i 2K 2
7Mz'pm‘"lrw L 27K
1~ - 1 L. J S
Wb 2 = g;2 ax + 2 - 2 r; ré}
(1 o K) ="K
L
o4 K o =2
2 rt rt 1 Tt r’
" po - s e e (1D
1 J ) Ty AT | T r! 1-(12)
a - z W W « w W
where
10
2
e 2. 1)

- tm ny ??3

= - 7

1 .S T*I,/E 1

v P

According to the estimates given in the previous sections, K must be of
order - 0.0l if the shear layer is to be stabilized, and this gives

%%ﬁ%i = - 0.67, for the example quoted previously. Thus, for the cases
considered in Ref. 1, a is about -~ 100. Since - & and - 1/X are then

large positive numbers, all terms of Eg. (12) except the last ar§ negligible

for r' appreciably iess than r;. We thersfore find,

2
W M - ;
I Mw-gt /2 A4 1-(13)
“o ml \Pem) P e T
r

£ b



For the cases of interest (e g. case 2, Table I, p. 61, Ref. 1), th
factor (M /M ) T;l/g is about unity. Thus at r' = 1, w/w is nearly
equal to 1 +*¢a/9% If - ?@y&? is 2, w /w is then sbout 1.5. Replacing
w/w by unity in the last term of Eq. {17) results in an overestlmate of
wb/wpy Slnuﬁ the last term is positive and wnuldfln fact be evgrywhere
smalier than it has been assumed to be.

The analysis therefore indicates that the ratio of the wall density
ratio to that at the frea vortex periphery will be less than 2, if - @7/77:
is 2 or more. A mass flow ratio of 2 should, accordlng to the previous :
section, be gsufficient to stabilize the shear layer, 80 that it secems
sufficient to produce the desired vortex strength° Therefore in the fol-
lowing anﬁ;vsis of recirculstion syStems, & mass f1ow'ratio of 2 wiil be
regarded ss a minimum which the recirculation aystem must allnw to be

satlspactory.

Rec1rculation systemsg-

The purpose of the recirculation system is to return the fluid bled

through the porous tube wall to a condition such that it can be reintro-
duced to. the vortices through the entrance nozzles. In.passiﬁg through
the wall shear layer and porous tube, the fluid will in«genexal suffer a
total prebsure loss and a stagnation temparature'lncrease, the 1atter
because 1t‘conna1ns fissionable material. Thus, the recircu¢ation svatem
must increaSe the total pressure of fhﬁ fluid, and decrease its stagnation
temperature ‘

The twe devices which are to be proposed for this purpose are sssentially
heat engines, their energy source being in both cases the heat picked up by
the bled fluid during its residence within the vortex tube, and their net
work supplying the desired total preésure rise. Any heat engihe mush
reject a considerable fraction of its input energy, as heat, at some tempera-
ture below that of its heat source. It will be assumed, for ths present
rocket application, that no external heat sink ia‘available, 50 that all of



- o,

this heat must be rejected to the propellant. 8ince the propellant can
only be raised to some temperature below that of the fluid entering the
vortex tubes, its heat capacity is limited, and the total pressure rise

which can be obtained is therefore also limited.

Gas turbine cycle:

The Tirst device which will be considered is a rather conventionsl
gas turbine cycle, shown schematically in Fig. 6. The fluid bled from the
vortex tube expands through a turbine, which drives & compressor and a
pump,; then passes through a heat exchanger, where it rejects heat to the
propeilant. It is then compressed and re-enters the vortex tube. The
propellant is raised from tank pressure to vortex entrance pressure by ths
pump, picks up heat from both the recirculated fiuid and any solid parts
of the reactor which must be cooled, then enters the vortex tube. The net
flow into the system, which is handled by the pump, is egual to the net
radial inflow through the vortex.

The following nobtatiorn will be used:

Tt 2 turbine inlet tewmperature
T = +total temperature ratio
TT =2 total pregsure ratio

71 g efficlency or effectiveness
AH = enthalpy rise of propellant, per unit mass
- (1 * wh)%é/(l + wc)%@ & ratio of recirculated to through wass flows

cp 2 gpecific heat at constant pressure of recirculating fluid

Y # ratio of specific heats of recirculating fiuid.

The values of T, T, 7@ and AH for the various compovents of ithe cycle will
be distinguished by subscripts as follows:

t , turbine & , reactor solids

C ; CoOmpressor h , heat exchanger

v , vortex tube
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Since the fiuid recirculates, it is necessary that

- T T o
Tclvugﬁlm‘k ?

(14

=

and
TEW&WﬁWg =

-
¥

. 1-{15)
A work balance for the turbine, compresscr and pu ives
9 1% b 9

(1 + wcyﬂ& A \

o=l - TH(T, - 1)+ . 2.1, 1-{16)
t t'h'“c (3 + w7, cth)
The energy balance for the heat exchangar gives,
(L +w Y0, . [bE
2 1 s} " o
R Y S 1-(27)
h [ wb?@% T cth

According to the ususl definitions of the efficiencies of the turbine

and comprassor, we have finalily,

- 1 .
A L T 1) 1-(18)
Cc

7
and
- y Z,,,l.;; Tl
T, =3 - qt($ - 7 . T-{19)

Straightforward manipulaiioa of these equations yisids the followling

expression for the mass flow ratios

o2 <
T o 1 7 2
14w |7 B, Lo e | QA e N\ FITR - 3
S A B = L < ’ c'v'h J
1o+ W& cthLt T Zm§w£ 1 QEQ
8 A, 1-(20)
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The fastor ﬁHﬁ/cthIE shows the limitation imposed on the mass flow rabio
by the heat capacity of the propellant. If the enthal py rise of the
prepall&nt in the h@at:exchanger can be incrsasad, the mass flow ratio
can be ilncreased, since a smaller amount of propellant can provide the
required heat capacity. The right side of Eq. (20) is pletted in Fig. 7,
for AH = 0, ag a function of ﬂT‘W& and.ir k '

It seems likely that‘ﬁ’ﬁ% will be less than Oo,, this b@iwg the value
which corresponds to the ratio of static to total pressures at a Mach oSy
of unity. ‘Thus, the lowest obtainab;e vaiue of the quantity plotted in
Fig. 7 is about 0.65. |

The largest possible value of Aﬁh/cthi% is obtained when AH, is the
enthalpy rise of the propellant from tank conditiens to the tewperature
Tt?%o This value can be attained only if AHP is negﬁlglb“a aud the
effectivensss of the heaf exchanger lS unity; hownvar it serves to @mtab¢1sh
an uppsr 1imit to the mass flow ratio. These meximum possible values of
Aﬂh/ T'Z’ ‘are shown in Fzg 8 for hydrogen. The initial stas e has besen
*ak&n as fb@ liguid at its normsl boiling point. Since the values of
Aﬂh/cpTgtééare very close to unity, a reasonable 1ower ilmit foi - {1+ v, }QZ/
(1 + wbﬁ%%;is 0.65 or 0. T0, and the greateet obtainatle mass flow ratic is
1.4 %o 1.5. The gas turbinﬁ system is therefore at best marginal, according
to the criteris establisked by the diffusion and boundary layer stabilization
processes, which rEquiré mass flow ratios of two and unity, respectively.

In order that the cycls operate at a point oﬁ Fig. 7, a certain‘amount‘
of heat must be supplied to it. This heat input may be expressed in terms
of the temperature ratio across the vortex ﬁubeg’t;ot From Bgs. (14) to (19)@

T , : ) : tow Ie{21)
L+w | (7)) ayh . A } Y
y \ S T - e
S (’%;T {l Te [(ﬁgma) 1},, 2 o)
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As is shown in Fig. 9, the temperature ratio required for the mass flow
ratios from 1.4 to 1.5 is about 2.0. This figure does not impose an
importent limitation on the system unless it is so low that it becomes
impossible to circulate the mixture of propellant and fissionable material
through the vortex tube without its temperature ratio exceeding the indi-

cated value.

Propellant turbine cycle:

The second cycle which will be considered is one in which only the
through flow of propellant passes through the turbine. Such a scheme is
shown in Fig. 10. The propellant is pressurized by a pump, picks up hest
from the circulating fluid, then expands through the turbine and passes
into the vortex tubes. The recirculating fluid passes through the heat
exchanger and compressor only.

Using the same notation as for the gas turbine cycle, we must have,

LY =1 I-(22)
Lt AL 1-{23)

The energy balance for the pump, turbine, and compressor is

47(1(1 + wc)
" %%(1 + Wb5 (AHt - AHp) = cpTﬁtthé - 1), I-{24)

where Th is the temperature of the circulating fluid entering the hest

exchanger. The energy balance for the heat exchanger gives,

7%‘1 + wc)
AR O T r-e5)
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From these squations, it is readily shown that,

A
o , ( =S I
:;&(l + wﬂ} AE, i T, { | I-(26)
TR N (e E] ¢ e e
bt , . - :
5 BT \PTh AH,  AH | 3 ,

o+

“
+ C. I

Telag, - 78 *
ctdyg Aﬂﬁ W%ﬁé

It is clegr that Aﬁﬁ/qﬁTh plays the same role for this cycle that
AE&chtt%:dwes for the gas turbine cy§;e§ i.2., it shows the limitation
of the mass flow ratio by the propeliant heat capacity.

The right side of Eg. {26) is shown in Fig. 11 as a function of
AH, /6H, and W, Rather large mass flow ratios are obtainable for
AH%/AHh equal o 0.5 or more. However, such large values of AH&/AHh
imply small valuss @f“p%y since

, y¥oe 3
; AH? AHh Th )
M=l = bpe| =] |7 p I-{27)
t ‘ AH& QPTh T@ «

where o and ¥' are values for the pura propellant. If, for sxample,
AfLﬂ/c'pTh and “I‘h/’ft are both wnity, and AH*‘;/AHH is 0.5, 7 is about 0.09.
Such low values of’ﬁ% cannct be tolerated, since the vortex feed pregaure
is already very high(l),
For W;Wg = 0.5, apd the minimsm satisfact@rygvalue of m°%%{1 + wb)/
2&{1 +w )y l.e.; 2.0, we find AEt/AHh = 0.25 ad T = 0.37. Thus, even
to obtain a mass flow ratio of 2.0, the pumping pressure must te increased
by a factor of about 2,7. i ,
The temperatur@‘ratia required for cperationiunder the conditions implied
by Fig. 11 is given by, ‘ ‘

- i L : ' -{28)
T, == ‘ 5 — »  I-{28)
143 ( : ) 19 TR
l To [ %M Tl ) e Ty
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and is shown in Fig. 12. As for the gas turbine cycle; the value of”rv
does not constitute a limitation on the cycle unless it is so small that
the flnid cannot be circulaﬁed through the vortex tubes without its
temperature ratio excesding T, . '

Conclugions:

On the basis of the preceding anslyses, the following conclusions
seem wvarranted. :
| 1. Laminar vortices having tangential velocities greater than one-
half the inviscid velue can be generated by providing wniform wall suction;
with ratiocs of bled mass flow to radial mass'flow of unity or higher.

2. The tendency of the radial outflow through the tube wall to
swaep th@:heavy gas from the vortex is reduced aé the above mentioned
mass Tlow rate increases. For a mess flow ratio‘of 2; the heavy to light k
gas density ratio at the tube wall is less than twice that at the vortex
periphery; I . ;

3. A gas turbine cycle operating with the racircu&atinngluiﬂ as a
working medium is capable of recirculating the fiuild at mass flow ratios
up to 1.5 if the total pressure ratio across the vortex tube is 0.5,

4, A propellant turbine cycle is capable of producing a mass Tlow
ratic of 2.0 at the total pressure ratio of 0.5, if the pumping pressure
can be ingreased to 2.7 times the vortex feed pressure. f

5+ From the abové four conclusions, it is probable that e recircula-
tion system can be devised, which will enable laminar vortices, of suf-

ficient sirength for separation; to be produced.
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SECTION IT

Criticality




Introduction:

The criticality problem for vortex reactors is urmmsual in that the
reactor weight is of extreme importance. In addition to‘its influence
on the performance of a rocket vehicle through the thrust to weight ratio
of the rocket reactor, the criticality requirement in a sense determines
the size of vehicle to which a given rocket reactor is applicable. Thus,
vortex reactors are not scaleable in the usual sense. A characteristic
length has been introduced by the neutron transport processes.

Because of the rather low figsionable material concentrations allowed
by the vortex-separation process, the sizes and welghts of vortex reactors
tend to be large, in the sense that the voritex reachtor is suitable for
very large rocket vehicles. The fusl concentration can be incrsssed, and
the reactor weight reduced, by increasing the pressure in the veortex tubes,
but the containment problem is then aggravated. It appears that, for a
given vortex tube design, it will generally be desirable to select the
reactor configuration so as to miniwize the rveactor weight. Thus, the
apprcach teken in the present calculations is to minimize the reactor weight,
by varying the reactor configuration, for fixed vortex tube designs. The
vortex tube designs which have been selected as examples are those given in
Table I, p. 61, of Ref. 1.

Since the calculations are exploratory, hence parametric in naturs, a
simple two-group, two-rsglon nuclear model is used. The reactor core is
assumed to be a cylindrical matrix of vortex tubes in pure moderator, of
diameter equal to the length of the ftubes. A beryliium reflector of unifornm
thickness surrounds the core on all sides. Thus, for & given vortex tube
design, the characteristics of the reactor are determined by the reflector
thickness and the ratio of tube volume to total core volume, which will be

called the moderator void fraction.

Derivation of Nuclear Constants from Separation Calculatbion:

Representative nuclear constants for the two-group, twe-region criticality

calculations were derived from the examples of Ref. 1, Table I, as follows.



Thermal average Tission and absorption cross secltions were computed for

reactor cores consisting of either graphite, hydrcgen,and plutonium or
berylliium, hydrogen, aaﬁ plutenium, :The concentrations of hydrogen and
plutonium in the veortex tubes were détermined for each vortex tube design,

from the date given in Ref. 1, Table I. Then for an sssumed moderator void
fraction, the cross sections were compubted for a bomogenizeﬁ5 ﬁnifarm core .

It wes assumed; in campating the thermsl aversge crossz sections, that the
thermal neutrons were distributed in energy according ¥o & M&XWE&I*BO*thaﬁn
distribution at the temperature of the maaerator,;whlch in turn was taken

as the vortex tube euntrance tewperature. ‘

Examples were given in Ref. 1 of vortex configurations capable of
producing tww different temperature ratios. The first three examples ware '
for veortex entrance and exit temperatures Qf»&Scojand TOEOOR, while the last
three were for entrance and exit temperatures of 2420 and 1030000R° The
three cases for each temperature ratio were for values of v egual to 0.5,
1.0 and 4.0, where L is the maximum value of the ratic of fissionable ges
&“ﬂSl*J to hydrogen densxﬁy pocurring in the tuheo

It waq found that for all th@bﬁ cases, the macroscaplc fiSSlOn TTOSS

section of the hﬁmogenlzed reactor core depended on the product of Wy and
the vortex~€x1t preasure, P_., in the simple way shnwn in Fig. 13. For =
given moderator vold fraction the dependence of Ef on w ig small for w
bebween zerc and unltyy but becomes appr@01abie for Vo equal to four. The
variation of the 1nfin1+e nedium multipliaation cong ant, Koo 5 with Zf is
shown in Fig. 14 for the same cases. By camblnigg Pigs. 13 and 1 k, could
be given as a function of p W ALE0. '

For the two group - two region calculations, representative cases were
selected for the two moderators as indicated by the peints in Fig. 1L,

A moderstor void fraction of O. 6 was assumed in Figs. 13 and 4. To
determine the influence of the void fraction, reactors with a flxed vortex
design, {case 5 of Ref. 1, Table I, with Poe = 200 atm) and various void
fractions, were also ﬂompated. : ,

The neutron diffusion coefficient for the thﬁrmal group was taken as
the moderatmr diffusion coefficient, corrected for the moderator void fraction.
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In choosing the nuclear constants for the fast neutron group, several
simplifying assumptions were made. The resonance escape probability was
taken as unity, and fast fission was neglected, The cross section for
removal of neutrons from the fast group to the thermal group was taken
as the diffusion coefficient divided by the Fermi age to Indium resonance.
The age to Indium resonance was selected because of the high thermal uneutron
temperatures envisioned. The Tast diffusion coefficient and the age were

assumed to be those for pure moderator, corrected for the void fraction.

Reactor code:
The code used for computing the fully reflected, cylindrical reactors,

consists of a three group, three region, one dimensional code, modified to

two-groups and two-regions for this case, and a three-dimensional reflector
savings program. The three group, three region code has been described in

Ref. 3. BSince a description of the reflector savings program is not avail-
able in the literature, it will be briefly described here.

Multiplication constants are computed Tor two series of reactors, one
series consisting of side reflected cylinders with bare ends, the other of
end reflected cylinders with bare sides. In each case the cross section in
the reflected dimension is the same as that of the fully reflected reactor
for which the multiplication is to be found. By an iterative procedure,
the code determines the height and diameter, respectively, of the side and
end reflected cylinders of the two series which have the same multiplication
constant as a bare reactor with this same height and diameter. The multipli-
cation constant which is common to the bare cylinder, end reflected cylinder
and side reflected cylinder is then taken as the multiplication constant for
the fully reflected cylinder.

The iterative procedure is as follows. A height is assumed for the side
reflected cylinder, and its multiplication constant computed. The diamelver
of a bare reactor with the same height and multiplication is then found. The
multiplication is then computed for an end reflected reactor with this diameter.

Finelly, therheight of a bare reactor with the same diameter and multiplication



is found., This height is then taken as an improved estimate for the height
of the side reflected cylinder, and the procedure is repeated until the

multiplication constants for the end and side reflectad reactors agree.

Resultss
The variation of reactor core plus reflector welight with reflector
thickness is shown in Fig. 15 for each of the core compositions indicated
by points on Fig. 1k, and for a moderator void fraction of 0.6. For given
core composition, the minimum weight occurs for refiecteor thicknesses of
about 20 cm for the graﬁhite cores and aboubt 10 cm for the beryllium coreaof
For each value of Efg the minimum weight beryllium core reactor is considerably
lighter than the minimum weight graphite reactor. This difference is due to
the betterfnéutren modefating'propertiea of beryllium as comparsd to graphite.
Critical core radii are shown in Fig. 16 for the same cases shown in
Fig. 15. From a comparison of the two figures it is clear that the minimu@
reactor weignt is atbtained for a reflector thic kneSs considerably below |
the value which is effectively infinite. This is due ir part to the fact
that the core density is only about O.% of the reflector density for the
baryllium corss, and even less for the graphite cores. ; ,
That th@ higher values of ﬁf, and the lower resctor weighta shmwn in
Fig. 15, correspond to very high vortex-tube pressures can be seen from Fig. 13.
The lmweﬁtfraactcr weighﬁ shown, 4800 1bs, requires that Bo¥y be equal to :
about 500 atm. It was pointed oubt in BRef. 1 that, for LA k, this pressure
ilevel in the tubes would reguire a puwping pressure of about 1000 atm.,
Critiﬁal magses are glven in Fig. 17 for theéminimum welght reactors
from Fig. 15. The masses are quite low, as a result of twe effects. First;
the reactor core has been assumed to:be—free of structural péisansa Second;
the fission cross section of plutoniﬁm actually increases with nsutron tempéram
ture, up bo abodt lGOOQK while the absorption cross sections of graphite,
bery¢11um§ and hydrogen decrease. : '
The effects of void fraction on reastor core plus reflector weight and
core radius ars shown in.Figso 18 and_l9, for a core comp051t;on which gives

L, = lu15x10W3 and ¥, = 1.7h and 1.62 respectively for graphite and beryllium
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noderators and a void fraction of 0.6. Neither the welght nor the core
radivus are very sensitive to the void fraction for the cases shown.

They would be somewhat more sgensitive for thinner reflectors, however.

Conciugsions:

The principéd conclusion to be drawn from these simplified criticality
calculations is that voft&x reactors of reasonable size and weight cen be
ohtained if the pressure and meximum fuel to hydrogen density fatio in the
tubes are such that Dot is greater than about 100, and if the core 1s
free of structural poisons. Under these conditions, reflector thicknesses
efyébout 20 and 10 om give the lowest reactor weights for graphite and
beryllium cores. The optimum moderator void fraction is between 0.5 and

0.6 for both moderators.
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SECTION IIT

Gaseous Fissionable Compounds

for Vortex Reactors
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Introductions

It was implicitly assumed in Ref. 1 that some compound of plutonium,
or uranium, could bes found, which it would be pessible to hold in gassous
form under the desired conditions. Raitber high concentrations of fission-

able maberial muast be held at very high temperstures and under reducing

conditions, if hydrogen is to be used as ;rapellan% There iz some doudbb
as to whether any materisl can be found which J*iL satisly % se regquires

ments, since the compcunﬁs of uranium and plutonium which avs atablﬁ at
high tewpsratures are neither very volatile nor very resistant %o reduchion
by hydrogen.

ir *h@rm is any sppreclable tendency toward reduction of the [issionable
material by hydrogsn, this tendency wx;l be increased hy the separative :
effact of the vortex fisld, which will tend to separate the products of the
reduction from the resctents. A guantitstive description of this effect
involves a very meplicst&d multimcompan&nt diffwsion pyoblemj‘with chemical
resciicns heﬁween the cémgonentay and will not be atbempted at the present
time. Rather, the reguirement of chemical equili&riwm‘will be indicated by
giving the concentrations of reduction products whick must be @aintained, in

crder that the reduchion be restricted to the dssired extent.

Possible fue» cayrrierss

Of the many compounds of p*atrrlum and uranium, only s few gppear to

be promising for the present epplication. These are the @xmdea; halides,

the metals'thamaelvesg and possibly the hydrides. The hydrides sre eliminat ted

immediately on the basis of ingtability at bigh t&mg@raturaﬁa The decomposie
tion pressure of PuHé at 2000°K is abouﬁ 5000 atmﬁkj“ The balides and oxides
of plhfanlmm and ursnium are guite Slmlua? in behavigry put plutonium hes
ruclear cbaracteristics somewbst supericr to t%m@@ of wuranium, Furth@rmor@g
the legtm%i*y of metailic plutonivm is much mlghm” than that of wetallic
uraniam, ao it sesms sufficisnt to consider wmetailic plutonium; the plutonium

halides ané plutonium oxides a8 tbe‘moﬂt promiﬁiv- fuel carriers. Since the
& b

hlgh@r halides are guite readily reduced to the tri-halides by hydrogen at mn;y

slightly elevated temperaturss {225.-600°C for Pth}Q7)g only the tri-halides

will be aonsidﬁredo




Volatilitys

The concentrations at saturation are shown as functions of tempersture
in Fig. 20, for the interesting fuel carriers. The curve for Pu 013 would
lie between those for PuF3 and PuBr3, but has been omitied because of the
high neutron abscorphion cross section of chlorine.

These curves have been computed from the Clausiuvs~-Clapeyron sguation;

Lo
logp = - 5 + ¢,

where Lo is the latent heat of vaporization. The gmpirical valusg of LO
and ¢ for PuF3 and PuBr$ were obtained over tempsraturs ranges of 1440 to
1770 and 929 to 1100 OK\6), respectively, and have not besn corvected for
the temperaturs depend@gce of L_. The data for PuOE are for the vaper in
egquilibriwn with solid(Y), at temperatures up to 1800°C, hence, the vapor
The range of applicability of the data for Pu was not given in Ref. 8.
Criticality calculationﬁ(l) bave indicated that fissionable material
concentrations of st least O.,b'xlol8 cmm3 are necsssary in the low Lempera-
ture regions of the vortex tube. Thus, if 2 metallic tube siructurs is o
be used, PuﬁrB is probably the only fuel carrier with sufficient velatility.
If the lowest temperature in the tube is of the order of 2100%K or above,
PuF3 is sufficiently volatile; however, BOOO?K is necessary to ailow the

desired concentration if wetallic Pu is the fissionadble zas.

Chemical eguilibriums

If the reaction of the fuel carrier with hydrogsn,

EPuXB(g) + 3H2‘S-:2Pu(g) + 6HX IIT-(1)

proceeds so far toward the right that the concentration of Pu(g) exceeds

that correspeonding to the plutonium vapor pressurse al the existing tempera-

ture, the plubtonium will condense. Thus, an uppsr limit is placed oun the

permiszible concentration of Pu by its vapor pressure. The permissidle cou-
)

centration of PuX., is related to the concenbrations of Pu, HX, an Hb by

the equilibrium constant,
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2 6
K = (Bu) g”‘) 5 TI1-(2)
(pux)2(8,)

where (X) is the partial pressure of X, in atmospheres. Equation (2) may

be re-written as,

2/3
02 _ /3 P
() P | "m
If n, is the total fissionable material concentration, and Dpv is the
2

concentration of plutonium at saturation, then we must have

2/3 '
%—>K;/3 (-n-;?-- - 1) / , TIT-(3)

0,V

in order that the plutonium shall not condense. Since nP is only
dependent on the Jemperauure, the equilibrium problem can be described
in terms of the value of (HX) /(H ) which is necessary in order to
maintain 8 given total fuel concentration, Y at a given temperaturn

The equilibrium constant is related to the free energy change of
the reaction, Eq. (1), by,

log K = - AF®/RT 11L-(k)

Values of AF° have been given at 298 16°K for the reaction,

2Pu(s) + 3X2(g)—>2PuX3(s)

(9)

They are: = 712 K cal for PuF3 and - 367 K cal for PuBrg.

We have alsc the following data at 298.16°K,

PuF(s)—PuF5(g) 5 AF° = 91.9% K ca1ld)
PuBr3(s)~ﬂquBr3(g) ; aF° = 59.89 K cal(9)
Pu(s)-»Pu(g) H AFC = Th K cal(*)
SH(g) + 2 () 5 68° = - 64.7 K ca1(20)
aF° = - 13.10 K cal(lo)

Ha(g) + %Bre(g) — HBr

A 12

*Bstimated from vapor pressure data



Thus, the free energy changes for Eq. (1) are,
Pul

3¢ ,

AFSQB s 4 Ti2 - 2(91.98) + 2(7h} + 6(- 6&;7) = 288 K cal TTI-(5)
PuBrB ]

AFgog = 36T - 2(59.89) + 2( 74) + 6(« 13. 10) = 317 K cal 1I1-{6)

At 298qu PuBrB is evidéntly somewbat more atablegin hydrogen than PuF35
because the free energy of formation of HBr is so much less than that of

In order to compube the free energy change , AFO} at elevated tempsra-
turas, it is nscessary to egbimata the free energy changes of the products
and reactants of Egq. (l) The free snergies are available for H, and HF
or HBr. They must bz computed for PuFBQg)ﬁ PuBr3 g) and Pul{g).

. ~ Caleulaticn of free energies:
8ince Pulg) is ma»n’zadr,omic,9 its free energy can be computed guite
readily unless its electrounic degreeé of freedom are excited. It will
be assnmedifor prasent purposes thatiﬁh@y are not. For the PUFS and
R PuBr3 a knowledge of the vibrational frequencies of the molecule is
~ needed for compubting the free energy. Such informa+ion is not available
for the PuBrsy and only rough estzmane& {from data on PuF6) are avallsble
for PuF3 chordingly the followdng gquilibriue estimates wzil be restricted
to the PuF3 system.
The fres energy of & parfect gas with internal degress of freedom ia

glven.by(Ll)

= RT {log{ kﬁﬁ] - log an%} s Z IIT-{7)

is the internal partitlon function, and the other notation is

{QWERT

where ant

conventional.,




In the case of gaseous Pu, without electronic excitation, tha frze
energy is given by the first term of Eg. (7). After substitution of the

appropriate values, the expression becomes,

F/RT = log(o,0105/T5/2), T = °K, Pulg) ITI-{8)

In the case of PuF3 it is necessary to eveluate the internal
partition function. In the absence of rotational-vibrational inter-

actions and electronic excitation,

Unt = Yot Wib I17-(9)

It will be assumed in evaluating the rotaticnal partition function,
Qrot’ that the molecule is a symmetrical top, i.e., that the F atoms are
arranged with 120 degree separation in a plane. The rotational partition

11)

function is then( 5

8ﬂ2(zﬁkt)3/2lllé/2

Q . = s 111-{10)
rot 6 h3
where Il is the moment of inertia about an axis perpendicular to the plane
of the molecule, and I, is the moment of inertia about sn axis in the plane.

2
. - . 12)
To evalugte Qrof9 we need ths interatomic distance. Following Hawking et alg “y

we take this distence as 1.97 A°. The rotational partition function %then
beconmes,
o =57 732 0. % TIT-{11)
rot L ‘9 e e
For the purpose of computing the vibrational partition function, the
molecule may be replaced by a set of six harmonic oscillators, in which

(11)

cage

6 1
Uip 7 igﬂ [l - exp( - ui)} 111-(12)

whers ug = hv&/kT and 1& is the freguency of the ith vibrational mode.



There is no precise informstion on the vibrational frequencies of

the PuF3 molecule; however, the wave:numbaraila) and degeneraciesﬁlh)
Tor PuF6 are ags follows:
a&cm“l ‘  degeneracy
631 , | 1 |
523 2
202 3
173 3
210 3
615 3

Tt seems reasonable to assign the higher of these freguencies to
"stretching” vibrations, and the lower to "bending” vibrations for the
Pu~F bondui Then for the average sbretching frequency we get, ,
[(1)(631) + 2(523) + 3(615)] /6 = 587 cu™~, and for the bending frequency,
[(3)(202) + (3)(210) + 3(173ﬂ /9 = 195 em™*. Since the heat of formation
éf PuF3, per F atom, is conéiderably:higher than ﬁhat of PuFg; it is te
be expected that the "atretching” frequencies far‘PuF3 will be higher than
those for PuF6° The heats of formation are AH298 « » 125 and - 76 K cal
per mpole of F. ,

if the interatomic force law can be approximaied by a Morse potential,

' L 2
Ulr w;re) =D, l:m amﬁ(r - ré)] 5

the frequency of cacillation about the eguilibrium point, Ty is
YV = (ZDeﬁE/m}ljgg where m is the rgduead mass for the mode ih guestion.
For lack of information, £ and r& will be aasumed %o be the same for the

Pu-F bonds in PuF3 an.d;PuF’éj when

| DezPuF3 1/
Y, o ] g Vo 5
PuF, ne,EmFg Pu¥ g ;

and if De§{:m AH?98 as given above, then

Vo p ~1.28 1
PuF, — T TPaFy




°

Applying this corrascticn to the ”;tr@tahing freguency found for PUF69

we have the followirg freguencies for PuF ¢
ot

q

w,cm”™ Segeneracs
3 LI degeneracy

751
9

f o]
i
w

The vibrational pariiticn function Is now,

o
n

I E o P
: 1/[1 - e”“&J bﬁm @ “E} © III-{13)

Q

] 1008x103/T . T o= %k

=
v

= 0.281x10° /T s T =YK,

=
1]

Substituting Egs. {11) and {13) into Eg. {7); we find for the

{ ~1. ]3 { “ch}3
Ot 100200132 L =0 “] § . & <
F'/Rt = log I

o
Pu;sy

; T = K, PuFs(g) TIT-{1k)

With Egs. (8} ana (14) for the free energles of Pu(g) and Pqu(g}ﬁ
e . O =3 v p
and tabulated values for 9F and Hﬁ; the valus of AFT for Bg. {1) may be

computed according iy

AF

Q [#)

0 & 0o 187 e o {w w'a“o
T * 8Fogn + 2(F, Fa08)puray + 6(Fg Foo8)ux

0 (%] G (o]
- 2{F - Fo 5) = 3(F, - F N
{Fp 298)PuF3(g) 3(Fy 298)Hé
The results are showa iv Fig. 21, teogether with iog Kb computed from BEg. (k).
It is <lear that as the temperature rises the reaction tends more and more

. . - G o]
toe procead to the right sz would be expected. The values of FT - F298 ngad

hyl

o

in the calenlation of Fig. 20 ars shown in Fig. 2
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2. In order to stabilize either PuF3 or Pui?r3 against reduction by
hydrogen &t the temperatures of interest, appreciable concentrations of
the reduction productsg(HF or HBr) must be maintained in the vortex tube.
The attendant loss in specific impulse, due to dilution of the exhaust
gas with HF or HBr, may be more than 20 percent for PuF3, if the average

8 -1

fuel concentration is 107 cm 7, and will increase if the fuel concentration

is increaged.




Reguirements imposed by vapor pressure and equilibrium:

The ratio of the square of the partial pressure of HF to the partial
pressure of Hé, regquired to prevent condensation of Pu, may be estimated
from the vapor pressure data of Fig. 20 and the wvalues of Kp estimated
above. It is clear that Eq. (3) has no meaning if n, < nPuﬂv’ since then
all of the Tissionable material may exist as gaseous Pu, and no PuF3 need
be stabilized: (HF) is then zero. On the other hand, if n, > Py, v
PuF3 must be held in gaseous form, and Eq. (3) gives the ratio (HF)E/(HQ)

s, SOme

required to stabilize this concentration of PuF3 against reduction. These
results are shown in Fig. 23.

Curves of concentration versus temperature are shown for two htypical
vortex configurations. HEach regquires a maximum value of 1log, [(HF)Q/(HQﬁ
of about - 0.6, hence (HF)Q/(Hé) > 0.25. Now if (Hg) is 100 stm, (¥F) is

v,

5 atm, and a mole fraction of HF of 0.05 is reguired to stabilize the

PuFB° The average molecular welght of the propellant is then M = (0.95)(2)
+ {0.05)(20) = 2.90. The specific impulse is thus reduced by about 20
percent.

It must be borne in mind in considering the above examples that the
influence of the vortex field, in separabting products and reactants of
the reduction, will tend to increase the reguired concentratiouns of HF.
Also,; higher concentrations will be required if the averags f%ssionabl@

. . - N 18
material concentration, iy, is to be increased beyond 107 om

Conclusions:

On the basis of the preceding analysis, the following tentative con-
clusions seem Justified. They should be reviewed if more exact thermo-
chemical data becomes available.

1. To provide the gaseous fuel concentrations necessary for vorbex
reactors, a polyatomic compound of plutonium is necessary, since metallic
plutonium has insufficient volatility. The most promising compounds appear

to be PuF3 and PuBrao
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SECTION IV

Fission Product Retention




Introduction:

In five minutes operating time é 300,000 1b thrust vortex reactor with
a specific impulse of 1400 will produce one-fifteenth the comtamination of
a Hiroshima-type bomb, if all of the Pission products are releésed to the
atmosphere. It is theréfore importent to determine teo what extent [ission
fragments produced within the vortexftubes will be contained by the vortex
field. i ' ‘

Figgion fragments having a rangé of masses will be produced locally in
the vortex tube at a rate proportional to the fiséionable maberial concen-
tration, and will diffuse toward the vortex tube exit under the combined ,
influences of the vortex field and radisl flow. The distribution of fissi@h
fragments within the tmbe will start from zero initially and grow to an
egquilibrium distributioh at some later time. After this eguilibrium diatri;
bution has been attained, the rate of loss of fiaéian fragmenté will equal
the generation rate within the vortex tube. Thus, the rate of loss of fission
fragments will increase:from zero initially tc the maximum poséible value
when the &iatributiqn has attained eguilibrium. The objective of the fol-
lowing analysis is to determine the variation of the loss ratefwith time.

Bach Tission will be assumed togresult in two fission fragments, having
half the mgss of a fissile atom, deposited as neuiral particleé at the poini
of fission. Since the concentratioﬁ of the fragments will be small ccmparea
to that of the prepellant and that of the Fissioneble material, the latter
concentrations will not be effected:by the fisgion fregments. Thus, the
pressure, the temperature, and the densities of propellent and fissionable
material will be those given by the analysis of Ref. L. The variasbles
describing the benavior of the fission fragments are then reduced to the
fission fragment concentration and diffusion Vel@city»

In the following sections, the differential equations governing these
variables will be giveﬁyband their salutibn presented for an example selecied
from Ref,‘l, |



néh\m“ :

Nomenclature:

The principle notation used in the analysis is as follows:

dl2 2 effective hard sphere diameter for coliisions betwsen

fissionable and propellant molecules.

o
W

effective hard sphere diameter for collisions between

13

fission fragments and propellant molecules.

D = aiffusion parameter (Eq. (5)).

k = Boltzmann's constant.

m, = mass of propellant molecule.

m, 2 mess of Tissionable mciecule»

m3 ¥ mean wass of fission fragment.

Mt 2 tangential Mach number, based on speed of sound in light gas. .
423 = mass flow rate of propellant per unit length of vortex tube.

oy % molecular concentration of propellant. -
n, = molecular concentration of fissionable gas. )
n3 = molecular concenbtration of fission fragments.

n, = total molecular concentraition.

Py & ‘total pressure.

r g redial coordinate.

3
i

gas temperature.

uy E diffusicn velocity of propellant.

u, = diffusion veloclty of fissionable gasg

u3 2 diffusion velocity of fission fragments. -
Uy # nass averaged velocity. .
w # ratio of densities of fissionable and propellant gases.



Nomenclature {cont)

y = ratio of specific heats for propellant.
g total density of gas mixture.

¢ = neutron track length.

Subscripts:
On independent varisble {r or r*%
¢ - exit from tube |

T ~ periphery of tube

m - point of maximum w

On dependent variables,

0 - value for gas mixture

1 - value fcr‘propel&ant

2 ~ value for fiséionable gas

3 - value for Tission fragments.

Superscripts:

* . quantity divided by its value at point of maximum w.




Differential equations:

It n3 iz the concentratior of fission fragments, u3 their diffusion )
velocity, Uy the mass-averaged velocity, r the radial coordinste and S
the rate of generation of fission fragments per unit volume, the contimiit
{4 & )

equation for the fission fragments is,

on

N S u_b_” ? ] o ") TVe{ 3
R~ [fn3(u0 + u3) S V(1)

By making use of the facts that the fissiomable malerial concentration,

n., and the fission fragment concentration ars much smaller than the pro-

2:
peliant concentration, the equation connecting the Aiffusion s

neities of

{15}

the fission fragments and propellsnt may be writtsn as fallows,

I ~ nO 2 n3 m3 n3m3‘ 1 dpo _ .
.13 » Uy oo D 13 5 150 ln + T " eyt w-{2]
- <73 0 0 0 ] " .

Here D13 is the bipary diffusion coefficient for Flssion fragments and

propeilant, nQ is the total mclecular concentration, m3 is the fission

fr&gmenﬁ wass, and ¢, and By Bre total density and pressure, The

o
ource of Tission fragments, S, iz given by

—
(eV
o

8 = 26f¢n2 5 V.-

vhere 7. and ¢ are the fission cross section and neubron Tlux.,

"or the concentration,

T
%)

Equations (1), {2) and {3) are sufficient to solve -
na, if proper boundary conditions are specifisd. These will be given later.
Tt is convenient to reduce tbs equaitions to a dimensionless Torm bafore

2

abtempting Thelir solution. ALl of the guantities given by Ref. 1 will be
g y

nopdimensiovalized as they were in Ref. 1, by dividing them by their -

values at the point in the tube where w = ﬂ?mﬂ/nlml bas its maximum value.

ndicated by an asterisk. If Yom and T

Hc

These dimensionless quantiliss are
are the mass averaged velecity and radius at the point of meximum w, we may

then write Eg. (2) as;

7

pw



1 - : ! % %

M3 D3 fao a2 (1 | mB/ml) 1 dpo}
; = - = -y 7 o |
90m rmuOm n3 brg Ql dr : 1+ w po qr*

Now ul/u()m: is found from Ref. 1 to be

u, 1w /v

A [ :
ammugww p
Om ~ c '

where w_ 1s the value of W at the vortex exit. Also,

: 5 ¥*
e I e O
n§ ar¥ pg dr¥ ~ T gr¥ 2

and using Eq. (10) of Ref. 1, we find,

= Wk W i Wc/w 713 [-—-«1’ 2% R 3.1 T*} IV-{k)
= u¥ - - ; = % - i ) -
Uom C 1+ L rmu: n3 or T d:tj tm ml r*3

Here th is the tangential Mach number in the vortex at the pbin‘c of

maximum w. ;
By aualogy to Eq. {24) of Ref. 1, we take

Dyg ] -=:38m px3/2 ’
T Yom Am3 p‘g
Where
| g 1/2 1/2 1/2 4, 1/2
. o demMe (XTET L m L)
‘?3 8 d??.?) : my AT+ v |7,

and‘?/é‘ ie the mass flow rate of propellant, per }mii: of tube length.

dl’j is the effective hard-sphere diameter for collisions between fission




fragments and propellant. Now if A )» 1s the quantity defined by Eq. (2k)
of Ref. 1, then

m, 1/2
1+ Ei a,. \?
9 ) 2] p
m3 m:L dl3 m2
+~—.-a
=

' but from Eq. (3L4), Ref. 1,

m2 m
2 2
7th(—n;—~ ~ l) 1+ wc}
1
and
m, 1/2
1+ s 2
B (1 - wc/wm)(l + wy) " omg d)s o
m3 = m m I\V‘"(;‘)
7M§-%«-l(l+w) 14+ 2 13
m{m c m
1 2
The continuity equation, Eg. (2), may also be written in dimensionless
form,
on. u u
3, Yom 3 { 3 }
¥ + = (T¥n(u¥ + —= )| = r¥s .,
ot r o 3V70 o,

Eliminating 113/11Om from this equation with Eq. (4), we find

on on

u ‘
O )
r* aé + rmm ag* [aa.(;nr%)n3 + b(r%)é?_?g:i = r¥5,




where
14w rx3/2 3 amx M3 |
a(r*) = r¥u¥ (:;-aw-—m + 9 TR oo fomm e = Y e s IVw(@)
; 0 11+ w, m3 pE |T dr#* . tmo oy #3p
and
T*3/2 ,
% - . s o——— : o
b{ r#) Bm3r* 3 w-{7)

Carrying out the indicated differentiation,

2 N
bn3 . 2 n. u , on., .
{ om 3 . om ab{r¥*) 3
s+ Wrm b{r*) ar*e +5?m {a(r*) + ] %

, | 1v-{8)
u :
* ‘
+ Om da{r*) = 155

o k=
ro d?* 3

Now S is given by Eq. §3)o We define a mean lifetime, 77, for a

2
figssionable atom as

1

2 %53 | 1v-{9)

and write 5 as

A guantity which is charactzristic df the fluid residence time in the

tube may be defined as.

r : : :
T B e, : : IV-{10)
0 Fom

£

We then find that if & new variable, N; is defined as

I
. 3
g -
ﬂ zngm

i




and a new time variable is defined as
§= t/77, 1v-(12)

the differential egquation takes the final form,

2
§1‘§- - £(r*) -5-3% - g(r¥) %—1@; - B(r*)) = o} TV-(13)
dT
where
7%3/2
£(r*) = P%:;)‘ = f3 ni/ IV-{ 1)
25
1+w 1,5 1 ar* 2 [3 1 e
(=) =g T | 1) [—:; T ar® - Mfm * 1Y W] ;:’3;;} v-(15)
1 4 o
n(rx) = X =S [a(e0)] TV~{16)

The perticular advantage of this form is that all of the coefficients
in the equation aré of order unity, since all the quantities with asterisks

are unity at at least one point in the tube.

Boundary conditions:

The region of interest extends from the tube exit, at r*, to its
periphery, at r; At the periphery, the physical boundary condition is
that the mass flow of fission fragments must be zero. This requires that

(u + u ) be zero at r¥. Since n3 will in general not be zero at r¥,

33 P
we find from Egs. (4), (6), and (7)
1 ar¥)
ﬁ SJL' =T b(r¥ -7
r¥* b

P



At the tube exit, the phiysical boundary condition is that the gas
mixture is rapidly swept from the tube, This is équivalent te saying
that at that point u, is smell compare& to U e Wg therefors put Uy @qual
to zero at r¥. From Eqs. (4), (6} and (7) again,

| al{x®) - x¥ uy (r#) | |
B0 S B - | 1V-{18)

1 ar? ¥ b{r?)
: <

With the initial conditlon that ngr*yo) : 0, the pr@b em is then
compietely defined.

For complete conslsgency it is necessary that the value ré, which
i taken as the inner boundary of the 1 ow, ba the sams a3 thet prescribed
for & given case in Ref. 1, i.@., the value of r¥% at which w 15 reduced
to some specified valus, W However, it was shown in Ref. 1 that the
valus of W, which was *hasenﬁ namely 0.000L, resulted in vortex tubes of
very small diameter. It ‘Beems likely that an increase in tube diameter
from the Valuea computed in Ref. 1, and a @:*eapoqding decrease in rg,
will be necessary in an actual vortex resctor. Acectrdingly, in the mumerical
example which will be given later, the figsion product leakage rate will be
computed for values of:rg 1ess than the value specified oy Ref, 1 for
W, 00,0001 .

Leakage rate:

In accmrdanc@ wit” the above boundsary condition at r* the rate of
flow of fission rragments Lfram. the +tubey per unit of Lube iengthy mey be

wrlut@n a8y

L = 2T o Bl o)

In terms of the dimensionless gquantities,

R | | "
,((g) =252 E; ﬁﬁe 2L w et uE N E) v-(19)




£ is the loss rate in particles paer unit time, and use has been msde of

the relation

¢6Kl‘+ wc) :lzuimpOmuOm °

For large values of £, after the equilibrium distribution is attainsd,

we must have

Lee) = 212 Py .3, IV-(20)

where ﬁé is the mean fissionsble material concentration in the tube.

Combining this with Eq. (19), we find as the asymptotic value of Q(ri),

r¥*2
P

(%) = BT Iv-{21)

o *

mw)(iiuﬂ(fga
T

Vi 1\ Papl\ Tp

This relation gives a useful check on the integration of Eq. (13).

Numerical exsmple:

.(16)

A machine cods has been prepsrod for CRACLE » to solve the gene-

ral linear, time dependent diffusion equation; as typified by Fa. (13).
. . ’ ‘ * i

With this code Eg. (13) bas been integrated for an exsmple relecited from

Ref. 1. Some pertinent dats for this exarple are summsrized in Table 1.

TABLE 1 ~ Dats Por Numerical Examglg

M ' 0.7 M

T to 0.640
W 1.0 pi/ﬁlp 0.599
&/ (max.) 0.338 Poc/Poy 0.575
r; 1.2k pzé‘ 1e224

* The' authors are indebted o F. Jo Witt for preparing this progesn [Ref.(16)]

end carryiag out the machine cal\Utauumns,
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r¥
C

u,'l(“
ocC

TC/TP

wiv,

0.725
k213
1.35

Q.36x

The coefficients, £{r%), glx¥), and h(r*) have been computed from

(14), (15) and (16), and are tebulated in Teble 2, along with nfe

r¥%

1.245
1.205.

C 14165

1,125

1.085
1,045
1,005

0,925
0,885
0.845
©.805
0.765
0,725

' 0.685

0685
6.605
04565
0.525

Teble 2 - Coefficients for Eg. (13)

(%)

C.01kT5
0401529
0.,01628
0L0LT79
0.01993
0.02268
002594
0.0291L7
0.03223
£.03451
0503617
0.03756
0.03873
004022
0.04199
0.0lk2k
0MTIT
00,0510
0.05656

g(r%)

0,6ko2
0.6482
0.6634
0.5914%
0. 7347
0.8053
0.8876
0.9798
1.0473

10719

“1.0190
'0.8?99
0.6I73
0+2961

. =0,1728

"l &0213
~242569
It 42530

~T.6432

B{r*)
0.1925
0.0505

-0,2400
-0,6086
~1.0219
~1.+3200

=1.3100
»0;7305,

G.h222
2, 0747
3.9093
5.8188
7.9166
10,9466
15,3106

22,3705

3h,0T64
sk, 6482
935551*

25(r*)

0,1530
0.270k
0.,4609
0.5870
0.8947
1.0195
1,0115
0.8576
0.596k
C.3175
$.1169
0.0260
0.,0029
0.0001
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In the range of r¥ from 1.24 to 0.725 the data were %aken directly frou
the results of Ref. l. In the vange from C.725 to 0.525, the Punctions
ware computed by assuming w = O and en isentropic expansion. As 2
approximetion, dlg/d13 was taken as unity.

The time dependence of q}is shovm in Fig. {24) for r¥ = 0,725, the
value which led %o a ratio of heavy gas mass flow Go Light ges mass flow
of 0.,0001 in the solution of Ref. 1. The sclution grows from a shape
similsr to that of ng to a shape beaked at a somewnst smeller value of r¥,
This imwerd shift is of course‘due to the Tact that thg’fission fragmeuss
are only one helf as heavy as the fissionable moleculeée

The variation of Q(rj:?, £) with £ is shown in Fig. (25) for this seme
case. I{ will be reealled from Eg. (19) that the fission fragment loss rabe
15 §rop0rtiQnal to Q(ré, é Yo The most importent Tacht Lo be gained Lrom
= 0.725, Tthe maximum loss rate ie

Fige (25) ie that, for r

.a!“w
o

an interval of time corresponding approximately to g = Lo

definition of £ [Eqe (12)] , we see that the relaxsbion ti

v

caese of the order of the fluid residence time in the vortex tube. It is

then ciear that for r¥ = 0,725, no apnreciable storage of Tisslon Tragments

«

occurs. After the Tirst smell frachion of a second of operalling time they
lez’x oul as fasl as they are genevabed.
It i then reasonable to ask what will happen if the inner boundary of
“the flow is moved inward,; to a smaller radius than thet required for comtaine
se Tissionable material. The effect of so reducing the core diameter

forl

oun the asymptotlc fission fragment distribution is shown in Fige. (26). The

gquentbity of Tission fragments which can be retained increases very rapidly.

The steady~state soluticns could aot he computed for values of rg less than
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0.605 because of machine difficulties, however the transient solution is
ghowvn in Fig. (27) for rg = 0,525, For this value of rﬁ, the guantity of
fission fragments which is stored is more than one hundred times as large
as for r§ = 0,725, Asg would be expected, the time required for the loss
rate to resch its maximum value is also wore than one hundred bimes as
large. This is shown in Fig. (28),

For s typical vortex tube as described in Ref. 1, the value of ?;,
iz gbout 0.1 seconds. Thus, the time reguired to attein the maximum FTission
product loss rate; for r§ = 0.525, is about 10 seconds. While this is still
& small time compared to the burning time of & typical large rockeb, it scems
clear that by reducing r§ to a value somewbat smeller than 0.525, the relaxa-

tion time could be increased to 100 seconds or longer.

Conclugions:
It is therefore conciuded that, by raducing r? to a value spproximately

one-half of that reguired for adequate retention of the fissionsble material,

-

4

see rate of loss of fission Cragments can be reduced %o a swell fraction of

their rate of generation, at least during the firet portion of the rocket's
fiight,

Because of the complexity of the problem and the large numbar of inde-
pendent variables, it does not seem feasible to make this sialement more
guantitative at the present time,‘ However, the method oublined should e

cagpable of yielding a falirly precise estimate of fission product loss rates
£
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 Fig. 27. Development of Dimensionless Fiss-
ion Fragment Concentration, 7, with Dimensionless Time,

£, for r,* =0.525.
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