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I. INTRODUCTION
A. Purpose of the Study

This thesis is intended to be a feasibllity study of a
system that utilizes a fissile gas, thermally ionized by its
own fission, for electric power generation by magnetohydrody-
namic means,

It is an effective continuation of some work undertaken
previously by the author, originally concerned with investi-
gating the effects of a magnetic field on a hydrogen-oxygen
flame, which subsequently led to s theoreticel investigation
of the possibillity of a device such as described above. The
theoretical study indicated the possibility of such a devioce
and led to the preliminary design of the specific system which
is the topie of this thesis.

B, Besults of Literature Survey

The concept of thermal ilonization grew out of the study
of hot gases., Until about 1900, when electrical techniques
for energizing gases were developed, the only laboratory source
of a hot gas was a flame., Therefore, most of the early work
concerned with ionization in a hot gas was limited to flame
studiea; Gaydon (1) refers to Volta as having been one of
the first to observe the eiedtrical conductivity of flames,

when, in 1801, he noticed that a flame will discharge a



charged nonconductor, Shortly afterwards, in 1802, Erman (2)
suoceedéd in obtaining minute currents from flames, In 1827
Pouillet (3) noticed that an electric field will tend to
separate the inner and outer cones of a flame, as indicated

" in'Fig. 1. Various other workers, such as Arrhenius, in-
vestigated the conductivity and other slectrical propertles
of flames in the latter half of the nineteenth century. The
first to point out that flame conductivity might be the re- -
sult of ionization was probably Giese (4), in 1877,

Probably the first extensive work on electrical flame
phenomena was that undsrtaken by Wilsom (5), who published a
book on his studies, wherein a chapter is devoted to the Hall
effect in flames. Marx (6) had also made a study of the Hall
effect in flames as early as 1900, Thomson and Thomson (7)
had formulated a theory of this same effect, based on the
microscopic point of view,

Wilson's results mede it possible to calculate the mo-
bilities of the charges present in a flame. These were found
to be of the order of 1 cm/sec per unit potential gradient
for the positive charges and about a thousand tlmes*grpéyef
for the negaflve ones, )

This suggests that the negative charges are free elec-
trons and that the positive ones have sizes corresponding
to the ions of the lighter elements,

The charge separation taking place in a flame can thus

BTl S
BT "



be explained, as the positive ions with their limlted mo-
bilities tend to be swept away from the flame front into the
outer cone of the flame along with the combustion preducts,
whereas the electrons with their small collision diameter are
more or less free to diffuse throughout the entire flawe,
This results in a net positive charge for the outér cone rela-
tive to the inner one,

Becker (8) has published an extensive review of most
of the work done on eleotrical flame phenomena up to about
1929. He also found that the potential gradient of a voltage
impressed across a flame varies as indicated in Fig. 2. It
should be noted that the potential gradient 1s greatest near
the électrodes, i.e., the flame has the greatest eleotrical
resistance in these regions. As the flame is coldest in the
vicinity of the electrodes this suggests that thermal ioni-
zation takés place in the flame, This view was suggested by
Saunders (9) in 1926, s

In 1920 Saha (10) pubnsngd’h‘u“’theory on thermal ioni-
zation in connection with studies of star spectra. This
rendered possibié a more quantitative treatment of lonization
phenomena.

Although mechanisms other than thermal ionization can
cause ionization of flames at low temperatures (=103 K),
as has been shown by Marsden (11), Saha's theory predicts
that at higher temperatures ( >3x103 K) thermsl lomization



must become the prevalent mechanism of ion formation.

A recapitulation of the foregoing will show that it was
notlced sarly that flames possess electrical properties, such
as conduotivity and being affected by an electric fleld.

Considerable work on flame cbﬂductivity was undertaken in

v

Fig. 1. A flame in an electric
field

the late nineteenth and early part of this century,
Explanations for the conductivity were first offered by'
Giese in 1877 and after the publication of Saha's theory in
1920 the electrical prOpert}es of flames were understood to
be, to a large extent, due to thermal ionization.
After 1900 electrical techniques for energizing gases
became available, and much higher temperatures were obtainable

than with flames,
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Relatively little investigation concerning thermally
ionized gases was carried out in the period between 1930 and
1950,

After 1950, due to greatly renewed interest in combustion:

for Jet propulsion purposes, there was again increased in-

s

2

Fig. 2. The potential gradient
, in a flame

terest 1n thermal lonization, Much of this work was carried
out under the ausplces of project SQUID (12),

During this period, however, the important field of
magnetohydrodynamics was being developed by such ﬁloneering
workers as Alfven (13), Cowling (14), Spitzer (15) and Chand-
rasekhar (16) in connection with astrophysical investigations,

After 1954, in connection with project Sherwecod, the



attempt to harness fusion energy, the activity in this field
has been greatly intensified. Bishop's (17) book on Project
Sherwood is a good sourcse of further references in this re-
gard,

Finally the development of magnetohydrodynamics has
made possible ite application to the analysis of electric
power generating devices (magnetohydrodynamic generators)
wherein the classical éolid conductor moving through a mag-
netic fleid is replaoedABy'a high velocity stream of a moving
ionized gas, '

A fow such devices nave been suggested in recent years
and for a short survey of progress in this field the reader
is refefred to an article by Lindley (18).

As contrasted with the macroscopic approach of magneto-
hydrodynamiocs, gas oonductivity studies of partly ionized
gases must also be studied from a microscopic point of view,
Brown (19) givéé a comprehensive summary of work done on this
aspect of the problem. The theoretical treatment of the in-
teraction of iow-energy eleotrons with atoms was pioneered
by Allis and Morse (20). Massey (21) discusses the applica-
tion of their theory to electron-molecule interactions,

With the developments mentioned above taking place
conourrently with the development of nuclear fission as a
source of power, nuclear reactors seem promising as heat

sources for magnetohydrodynamic generators when contrasted



with chemlcally powered heat sources, _

The 1dea'then naturally suggesti itself to use as the
working fluid in the gemerator a.gas whioh itself is fisslle,
in order to simplify the heat transfer and materials prob-
lems at the high ﬁemperatures required for the operation of
such a devioce, '

Gaséoqs core reactors have received considerable ocon-
sideration in connection with the nuclear rocket program,
Meghreblian (22), Rom (23) and Gray (24) all describe some
of the conocepts that have been forwarded for gaseous oore
reactors,

As mentioned before some limited studles have previous-
ly been made by the author (25, 26) of a system consisting
of a magnetohydrodynamic generator powered by a gaseous

phase fission reactor,



II, THEORY
A. The Concept of Thermal Ionization

According to Saha's theory the thermal ionization of'
a gas may be treated like a conventional reversible chemi-

cal reaction:
A== At + o~

The methods of thermodynamics can then be applied as to
any other chemical equilibrium to calculate the equilibrium

constant, Kpe Lot x be the fraction of A ionized, then:
2
kp = —E5-p 1

where p is the pressure in the system in atm.

Saha derives the equation for K :

P
log Ky bos7aT + %.logT 6.49 + log :. 2

where,

U 1s the heat of ionization in cal/mole,
T is the temperature in degrees Kelvin,

Kp is the equilibrium constant in atm.

The last term is a quantum mechanical correction fac-

tor. g refers to the total number of energetically equiva-



lent ground states of the particle in question, with the
subsoripts e, 1 and a referring to the electron, ion and
nentrel atom, respectively. U, the heat of ionization in
cal/mole is related to the ionlzation potential, I, in
volts, by the expression:

U = 23050 I 3

Solving for x from equation 1:

x=_ / 5_§EE; "

The kinetios for recombination will be those of a sec-
ond order reaction. Letting n_ and n_ 8signify the particle
concentration of positive and negative particles, respec-

tively, then:

dn dn
at dt 0.2 <n. 3

as n_ = n_. « 18 the rate constant. When the equation 18

solved for n_, the result is:

[n.] t=o
1+ K¢t [n.]t_o

Once a gas has been thermelly ionized it wlll be af-
fected by the presence of electric and megnetic filelds. In

order to analyze ite behavior it must be studied from the
microscoplc as well as the macroscopic point of view,
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B. The Conductivity of a Partly Ionized Gas

Consider a stream of a moving, ﬂartly ionized gas,
where the icns are uniforzly distributed throughout the
stream,

The force exertedAby a magnetic field,-g, on a parti-
cle of charge @ that has a veloclty v with respect to the

field, is given by the relation:

F = vxeB (in a right-hended coordinate
system)

In the absence of other effects the particls will
simply gyrate around a magnetic line of force with an
orbital velocity v. The angular frequency of gyration
(the so-called cyclotron or gyromagnetic frequency) can be
found by equating the centrifugal acceleration vZ/a,
where a 18 the orbit radius, with the acceleration due to

the magnetic fleld:
2
L-m
a m

where m 18 the particle mass; hence,
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where,

fo is the.cyclotron freqﬁency

<, 18 the ocorresponding angular veloocity

In & partly ionized gas there will, however, be neutral
partioioa which will collide with the charged ones. Con-
sider en infinite slab geometry wheréathe gas velocity
vector is perpendicular to the magnetic field vector, such
as is i1llustrated in Fig., 3. If the gas stream velocity
18 V then this will be the average velocity of the neutral
particies and, consequentiy, also that ofvthe charged ones,
(except at véry‘loi pressures).

Upon collislon & charged particle will shift 1its center
of gyration to angther line of force., A succession of such
collisions will cause a gradual drift in the direction
perpendicular to both'$ andig. 6ppositely charged parti-
cles will drift in opposite directions (See Fig. 3).

This will give rise to a current within the gas that
can be used to cause a potential gradient due to acoumu-
lation of charge at the gas boundaries. The electrio
. field thus established will aot on a charged particle as
desoribed by the equation:

F-- eVE 10
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Thus the total force on the particle will be:
F=e(VE + vxB) 11

When an aggregate of particles 1s considered, the
effect of the random velocities due to thermal agitation

will cancel out and only the net effect due to the average

g C) ] $ 5 $ r
or°;:- & 6 6 ,/6
per & | |—/

8 &
287

Fig. 3. Transport of ions in
a partly ionized gas
moving in a magnetic
field

velocity ¥V will manifest itself. The electric field will
build up until the electric and magnetic forces on the
particles are balanced., The criterion for such an equi-

librium is:
eVE = :\7er 12

When equilibrium is attained the particles will ocon-
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tinue undeflected through the magnetic field, The po-
tentlal gradient may be considered essentially uniform
(corrésponding to no space charge, as mey be seen from
Polsson's equation). ThusVE may be replaced by E/L,

where L 1s the slab thickness, and hence,

E = BLV 13

The above equation is the familier induction formula
and represents the limiting potential that can be es-
tablished across the gas,

wnen fhisAsituation prevails, there is no current
flowing through the gas, aﬁd, conversely, the current will
be at a maximum when E = 0, i.e., there 1s no potential to
countereffect the magnetic field,

Next, the effect of the viscous dreg forces on the
motion of the charged particles ﬁiphin the gas must be conQII
sidered. These are the result of collisions wlth the gas
molecules, and encounters of the charged particles with one
another, The macroscoplc effect of the drag forces manl-
fests itself as electrical resistence, |

Consider first a free electron in a slightly lonized
gas. Let v be the magnitude of electron veloclity, n the
gas molecular density and o the corresponding cross sectlion
for an electron-molecule collision, As the electron mass

is vefy small in comparlison with that of the lons and gas
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molecules, the magnitude of the electron velocities will
be very much larger than that of the other particle velo-
citles. Hence, as a first epproximetion, it may be assumsd
that the electron veloolty, v, can also be regarded as its
velooity relative to the ions and the gas.

Furthermore, in & gas that is only slightly ionized
(lesé than 1 part(per 105), encounters between electrons
‘and gas molecules will greatly predominate over encounters
between electrons and 1on§.and the effect dge to the latter
may be left out without appreciable error., Then the col-

lision frequency, vV ,, can be expressed as:
vounﬂ" ‘ 14

In a unidirectional force field, such as an electric
.rleld or an equivalent magnetio field where the collision
' frequency 18 very great in comparison with the cyclotron
frequency, Newton's second law may be applied to the elec-

tron moving in the direction of the fleld:
-
F = d(mv)/dt + vcuvzl-coae ) 15

6 represents the scattering angle of the electron
and m its mass. The first term on the right-hand side of
the equation represents the inertial force due to the
acceleration of the particle by the field, whereas the lat-

ter term 1s the average value of the viscous drag force in
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the fleld direotion. It is convenient to introduce a symbol
for the fréquonoy of collision for momentum transfer as

definsed by the equation:

vy = Y (1-cos5 ) 16

If the assumption is made that v is constamt, (1.e.,
that the electron 1s not accelerated in the field direoc-
‘tion but that all the work done on it is expended in over-
coming the viscous drag forces), then the equation may be
solved for v, yielding the expression:

vet 17

l\)m

Now the elecotric ourrent density due to the electromns,

J-, will be:
J_ = n_ev . 18

Hence, replacing F in equation 17 by e VE and making the

approximate substitution for v,

n_ez VE
n D.

= 19
For low energy electrons the average scattering

angle in electron molecule collisions is generally close

"to 90°. Therefore, V_ = V,, which in turn may be re-
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placed by nov., The conductiﬂty,q, is equivalent to j/ VE;

~ therefore:
2
= L n"'

This last equation represents the conductivity of a
partly ionized gas that 1s due to the free electrons. A
corresponding treatment for ﬁhe positive ions will yleld
the ion conductivity. However, because the mobility of
these 18 very much more restrioted than that of the elec-
trons, the total conduotivity is found to be almost exclu-
sively due to the latter (except for very rarefied gases).

Furthermore, the above equation is not rigorous, as the
electron-ion interactions were ignored, but this is per-

missible 28 long as the degree of ionizetion is less than

about 1073,
C. Magnetic Effects on the Conductivity

Consider a partly ionized gas as a mixture of three
different gases, namely, the neutral gas, the electron gas
and the ion gas., For the sake of simplioclty, only the case
where the atoms and the ions are of a similar kind will be
considered, In the case of more than one kind of gas
being present in the system, the treatment is essentially

the same, whereas the magnitude of the drag forces will be
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somewhat different,

Let the mass as a whole have a velocity'¢, the ions a
‘velocity ¥ +'§;, where V, is their average veloeity rela-
tive to the mass as a whole, and, similarly, let the
electrons have an averesge veloclity v with respect to the
lons and therefore the total velooity of ¥ + V, + V. If
the mass of the electrons 1s neglected, the momentum per
uhit volume of the mass as a whole is seen to be (n+ +n)u;:;
therefore, the neutral gas velocity 1s v — m,V,/n, It 18
convenlent to replace the magnetic flux denslty,-g, by
,;ﬁ, where « is inm thls case the permeabllity of the gas
and E the magnetic field intensity., Let ¥ represent the
collision frequency of electrons and ions and »_ amd V,
represent the collision frequenocy of each of these with
neutral gas atoms, Let.g'refer to ocurrent density, as be-
fore, and © to mass density., Consider first the electron

gas. The forces accelerating it are:

a. the partial pressure gradiemt - vp,,

b. gravity, n m_g, where g is the gravltatlonal
vector,

¢, electric and gggngplc forces:
-n_e{VE'+«(V + V,_)xH}, where VE' = VE+ «VIH,

d. drag forces., On collision with ions or neutral
atoms an electron loses all its veloclity with
respect to the corresponding gas, on the aver-
age.
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Because the mass of the electrons- 18 so small the
inertial and gravitational forces may be ignored. The
drag forces due to collisioms with ions will be -n_mggv
and those due to the neutral gas ‘-n_m.{v + ;r:(l + n_/n)} v_.

Thus the equation of motion of the electron gas will be:

- ~»
0 =-Vp_ - n_e{VE! +4(V + V+)x-ii’}- n_e_Vv

- . >
-n_m { V+V(1+ n_/n)}v_ 21

>
Let ' J = J_ equal the current density due to the electrons:

similarly for the lons:

L d ->

Jp = nyeVy 23
then,
0 = - Vp_ -n_e VE' + (3 = 3,)xH 4u(w /v )" 1H)
AR/ TE] -?,(i + n_/n)} 24

where «“= «eH/m_ and denotes the angular velocity corres-
ponding to the cyclotron frequency of the electrons, For
brevity, let (“’/\?)"1 be replaced by # , and f denote the

fraction of the gas not ionized (= 1-x).
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Then,
1+n_/n=t1 : 25
hence,

' > > >
0 =-Vp_ - n_eVE! +4 (3=, )xH

+oc (K + K_)HY ./u/(__f"lﬂ-j:. | 26

The equation of motion for the ion gas is obtained
in a similar manner, e;cept in this case, lnertial and
gravitational forces must be taken into account. Drag
foroces will also be different, The drag force due to en-
counters with electrons will be equal and opposite to the
corresponding force exerted on the latter., On the average,
the ions will only lose half their veloclity in collisions
with the neutral gas atoms (or molecules Af they are mole-
cular ions). The mass acceleration 1s taken to be
/o+(d;7dt),'§; being supposed small in comparison with v,

Accordingly, the equation of motion for the ion gas

will be:
' -
£, (aV/at) = ~Vp, + O + ne(VE 4.V, xH)

+o_mVy - in+m;$;(1 + /)y, 27
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In this case let K = (2a4+/y;)°1 and as @, = (1-f)FP,

then:
(1-f) 0(a¥/at) = - yp, + (1-f) PE + n_e VE!
. - > - -l -»>
) XH - uKHY - uKETCHY 28
The equation of motion for the gas as a whole is:
p(av/at) = -yp +p& + wixi 29

3; may be eliminated between equations 26 and 28, By
adding them:

(1-f) £(a7/dt) = - V(p + ps) + (1-f)/o§’+/43'xé'
+ uK_HY - ulk_ + K )17 H3, 30

Then, by use of equation 29, d??dt may be eliminated,
then, since p_ = p, = (1-f)p/(2-f), the result will be:

(K + K HY, = - tu"yp_ + £3xd + KHY 31

Subsequent substitution for 3; from equation 26 will

yleld the expression:
-> -> =
n_ eVE' + (1-f8)vp_ = u(K + 3K )HY +(1-21/3) §xH
+ 228 K+ k0" {gpal

- u(3xH)xH } 32
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Where,
VAR VICATAY 33

Equation 32 describes the electric behavior of a part-
ly ionized gas in the presence of magnetic and electric
fields, It 1s interesting t§ note, however, that even in
the absence of these, there may still exist a current
within the gas as a result of the pressure gradient.. This
is because of the greater mobility of the electrons as com-
pared to the ions. Consequently, they tend to outrun the
ions under a pressure gradient and thus, a net current will
result, This, in turn, causes a space charge to acoumulate
at the gas boundaries that will effect a counterpotential
that, in turn, prevents the leakage of eleotrons from the
gas, thus maintaining its overall neutrality.

When there is no partial pressure gradient in the

region of gas under consideration equation 32 reduces to:
n_e VE' = «(K+ AK,IHY +4(1-2£4 )3xH
- =
+ 020l ¢ )TN u()aE] sk
Now let:

A ﬂ/a.( /(*ﬂ/(,‘,) ,
c -/a(l-Zfﬂ ) 35
D = ut?(n_ + #,)"2
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then,

- —

n.e VE' = AHJ + C3xH - DH™I(jxH)xH 36

In the infinite slab geometry referred to before,
the induced current w:.ll‘ be in a plane perpendicular to

the magnetic field vector.
Upon examination of Fig. 4 it is easily seen that

with the infinite slab geometry JxH is equivalent to
- e e -y — -~
-1HJ end ()xH)xH may be replaced by -iH(-1HJ) = 12H2) = -HZj,

Making these replacements in equation 36 yields:
n_e VE' = { (A+D)-1C} HY 37
Therefore,

-~ n_8VE' (A+D)+1C

= 38
H  (A+D)%c? |
. Now, since <« > %, assume . 0; then,
lim 4, = 1im Yy /20, = oo 39
Lmpa=lax /(x_+4) =0 ko

A’+—-§w



lim/f /\_"_ = 1lim
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K. Ky ) K
KAk, 'mTT =K
L O n o]
H out |’ .
of pa- qu-_____ﬁ,J
per . It
3 . l .
HIR 13, VE!
| (3xH)xH . x
|- \ x|
R <>-1H]' L
Fig. 4, Vector relationship in

Furthermore, when f=1,

encounter ions and A, C and D are given by:

infinite slab geometry

lfl

k,- V/w =0, as electrons rarely

A -/‘(A’-i' /(_)-:‘/“4/.

C-/u

D=0

2
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Then, solving for the real part of-g; 3gt

n_eVE' A4 n_evE' v/
= = et

X
B ~% K% ug 1e(v/w)?

3

Finally, dividing both numerator and denominator by 'u2/g32
and replacing <«by .He/m and v by nov_ (where, for the
,.sake of convenience, the electroﬁ velocity v +'§; +-; is
designated by —;_) before solving for )y, or ig/ VE?, will

give the result:

7X-JX/VE'-£-n- 1

my. noC 1+("’/v)2

This last equation shows that the conductivity in the
x direction is reduced by the factor 1+(w/\))2 by the iag-
netic field, |

It should be noted that when <°/y < 1, 1.e., when the
cyclotron frequency 1s less than the collision freqﬁency,
the electrons cannot spiral freely between collisions, and,
hence the effect on the conductivity is not very great.
This corresponds to a weak magnetic field or a fairly dense
gas., - Conversely, when the gas 1s very rare or the mag-
netic field very strong, the conductivity transverse to the
magnetic field may be drastically reduced, as the electrons

can spiral freely, and hence spend much time orbiting
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around a line of force with a cprf88p§qd1ng decrease in
mobility. | | '

o Generally, most of the current 1s‘oar"1ed by the
electrons, as these have a greater mobility than the lons,
However, the situation may prevail where the electrons
spiral freely but not the ions, and hence the latter wbuld,
in this case, be the main charge carriers, This could be
the case in a rarefied gas in not too strong a magnetic

field.
D. The Electron Scatter Cross Section

When a low energy electron is elastically scattered
by an atom, the oross section is found to be energy depend-
ent, This 18 because the de Broglie wave length of the eloc-
tron is energy dependent and the scattering is due to the
diffraction of the wave by the potential field of the atom.
The energy dependence of the cross section is quite remi-
niscient of the energy variation in nuclear neutron cross
sections,

The quantum mechanicel treatment for computing the
cross section was developed by Allis and Morse (20),

For any given element the cross section depends on
fhe electron energy and the charaoteflstics of the po-
tential fileld surrounding the atom. For molecules the

process is more complicated, one reason being that the
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électron ®may lmpart rotation to the molscule.

Massey (21) states, however, that highly symmetrical
molecules, such as methane and various tetrahalides, may
be treated as individual atoms. For example, when the po-
tential distribution of the methane molecule 1s averaged
to an even, spherically symmetrical distribution, a cal-
culation of the cross section based on the one atom concept
ylelds resultﬁ which are in good agreement with experimen-
tal data (and, inoidentally, corresponds very closely with
the values computed similarly for an Argon atom).
| The Schrosdingser egquation for an electron ét kinetio

energy E in a potential field V(r) is:

2
Vi, BZR (E-v(r)) ¢ =0 ks
h

The equation may also be written as a function of the wave
number, k, of the electron. Since k2 - 2mE/h2, when
(8'W2-/h2)V(r) is further replaced by U(r), the equation

takes on the form:
v2¢ 4+ (K-U(r)) ¢ = 0 u6

It can then be shown that the total elastic scatter-

ing cross section of the atom for the electron will be
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given by:

o= .5.2.7.’.2(2(14,1),1,,2 e SR ¢
K2 4 g <

th

where 9q represents the phase shift in the q°* mode of

the diffracted wave. The value of 9q depends on the form
of V(r). However, in the case of very ldi energy electrons
(#1 e.v.) only &, 18 lmportant, As e1n? 6, ocan, at most,
have & value of unity, then, in the case of very low energy
electrons, the maximum value of the cross section can be

computed approximately from the relation:

o_ P /1 ua
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III. PRELIMINARY DESIGN OF
THE GENERATING SYSTEM

A, @Qalitative Design Considerations

The possibility of extracting electric power from a
Jet of hot gases can be demonstrated experimentally by a
relatively simple means, such as the device illustrated in
Fig. 5 (25). The question then arises about the feasibility
of a system utilizing the same principles for large socale
power production, '

From Saha's equation it 1s seen that as high an opera-
ting femperature as possible is desirable to promote .ioni-
zation. A high temperature is obviously also desirable
from the thermodynamic point of view, As the temperature
of chemical heat sources 18 generally limited to less than
about 2000-3000°K, a fission powered source would seem to
"be prefersble. Furthermore, because of the high tempera-
ture, a fisslle gas reactor seems the logical choioce,

The construction material for such a reactor must have
a low neutron absorption croaé section, be cépable of with-
standing very high temperatures, and, if the reactor is to
be thermal, have good moderating properties, This limits
the choice in the latter case essentially to graphite.

Graphite has a sublimation point of approximately

4200°K under a pressure of one atmosphere. It has the



R Int. Circ. |

i M = |
Y Electrodes

v
L]
Electrodes [ ] )
—\ v Cesium Nitrate Solution
é I 1 @ 8‘2
Magnet__- 1 -
. H
Atomizer Nozzle_ |
] ;;
: ©2
\ -—
Mixing Chamber
and Regulator

U

Orifice Flow Msters

Pig. 5. Apparatus for demonstrating induced cherge separation in a hydrogen-oxygen flame

62 .



30

somewhat unique property that its tensile strength actually
increases up to about 3000°K where a maximum of 7000 p.s.1i.
is reached, whercafter the tensile strength again decreases
rapidly up to the sublimation polnf (2?). Consequently,
30009K will be selected as the upper temperature limit in
the system,

The fuel will have to be a U235 compound which is
gaseous at 3000°K, will not dissociate (to form free ura-
nium) at that temperature and must not react with graphite,
The reason that chemical stability is required is that even
at 30009k the vapour pressure of uranium 18 still low enough
s0 a8 to cause condensation of the liquid metal to take
place in the system unless the partial pressure of free
uranium vapour is very small., In the cooler parts of the
system the free uranium might also react with the graphite
to form 1iquid uranium carbide which would flow away from
the regions where it would be formed and thus erode away
the graphite, Furthermore, the gas itself should not
react with graphite elther, Another desirable characteris-
tic should be a small neutron capture (as contrasted with
fission) cross section of the fuel.

A compound which seems to fulfill all these criteria
is enriched uranium tetrafluoride. Brewer, et al,, (28)
have tabulated some of the thermodynamic properties of ura-

nium halides,
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Under a pressure of one atmosphere uranium tetra-
fluoride 18 stable up to at least 3000°K, The fluorine
atoms in the molecule will increase the neutron capture
cross section but slightly, Qp fluorine occurs only as one
1sotope, F*9, with a cross section of 9 millibarms.

The lower limit of the heat sink temperature in the
system will, of course, depend on the pressure. Fig. 6
shows the vapour pressure temperature relationship for
urenium tetrafluoride.

The choioe‘of urenium tetrafluoridé poses one problem,
however, for the very reason that it 1s so stable at high
temperatures it 1s likely to have a high ionization poten-
tial. Fluorine itself has an ionization potential of
17.34 v. In order to promote ion formation, therefore, the
uranium tetrafluoride must be laced with some other gas
that has a low ionization potentisl, Tﬁe edditive must,
in addition to not rescting with the graphite, also be
chemically stable in the presence of the fuel.

The logical choice would seem to be cesium fluoride,
At 3000°K it will dissociate to some extent into free ce-
sium and fluorine gases. The cesium which has the lowest
jonization potential of any element will ionize to a slight
extent, thus increasing the conductivity of the mixture.

The cesium will not react with the uranlum tetra-

fluoride gas as long as there is free fluorine present,
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wlth which it will react preferentially. Nor will the
fluorine react witb the graphite, as carbon tetrafluoride

is completely unstable at the operating temperature. The
degree of dissoclation of the cesium fluoride may be cal-
culated from the free energy of formation of cesium fluoride
gas. Quill (29) gives the free energy function ‘
(AF-AH298)/T at various temperatures., This data is repro-
duced in Fig. 7. _

It 1s fortunate thet cesium also has & very low neu-
tron capture cross section, for if the contrary were true,
all its other advantages as an additive to the fuel might
be nullified by its polsoning of the fission reaction. Ce-
sium consists of but one isotope, Cs133, with an absorp-
tion cross section of 17 m.b.

The gas velocity of the uranium tetrafluoride in the
reactor would probably not be great enough to render me-
chanical erosion of the graphite a problem, However, at
high temperatures graphite is quite permeable to many
gases, although it is debateble whether the uranium tetra-
fluoride molecule might not be large enough to be an excep-
tion. Should the uranium tetrafluoride prove to diffuse
through graphite at high temperatures 1t might prove neces-
sary to coat the gas ducts with pyrographite, which 1s
reported to be much more impermeable.

The hot gas from the reactor would next be expanded
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through a nozzle into a generating section as is schemati-
cally indicated in Fig, 8.

An eleotrical insulator will be required to insulete
the graphlte from the electrical generating section as the
graphite is a conductor and might otherwise short out the
potential generated in this section. Again byrographite
looks like a promising prospect. This 1s beceuse 1t is
verw‘anisotrOpic with respeot.to electrical conductivity
having a very slight electrical conductivity in the direoc-
tion crosswise to its molecular layers as contrasted with
1ts greater (by a factor of 1000) conductivity in a direc-
tion parallel to the molecular plenes. When oriented
- acoordingly, it can serve as an insulator, a conductor or
both, Alternatively, one could use a ceramic materilal
capable of withstanding high temperatures, such as nioblum
carbide, which has a melting point of about 3773°%K.

In the scheme presented in Fig. 8 the divergent portion
of the nozegle is simultaneously used to serve the function
of electrodes in the generating section. The gas will be
accelerated to a supersonic speed and, upon entering the
magnetic field region, a current will be induced in it. If
the divergent portion of the nozzle could be constructed
from a single section of pyrographite (which is not feasible
at present), then the pyrographite could also be used to

electrically connect the gas to an external load, This



T Coolant out

/ Heat exchanger

‘.'.JJ‘._.J

. . b
e .
EYRTPRNR B T

L .4.-'--.; M

l'““:‘ et

¢ n./cn?

——— < Coolant in
Sec /
/ .
Pyrographite Pump——
: Co r
Regular — + elgcp:rode
graphite ' . Pyrographi
4&_’
TE

Magnet

t } 1o fuel reprocessing

plant Cross sectional

view of nozzle

Fig. 8. A schematic diagram of a postulated device for power
generation from a gas thermally ionized by fission

9¢



37

could be accomplished by conmnecting the external load to
the nozzle in such a manner that the current flow to the
load would be in fhe direction parallel to the molecular
layers within the graphite, At the same time it would not
short out the potential established across the gas Jet in
the direction perpendiocular to the planes of molecular
stratification, because of its aoting as an insulator in
that direction. However, this is all speculative, A more
down to earth solution would be to incorporate in the walls
of the nozzle two graphite electrodes electrically insu-
lated from one encther, excepting the comnection through
the external load. There are some serious doubts about the
abllity of graphite to withstend erosiorn by hot gases at
the high velocities that would prevall in the nozzle., Py-
rographite uould be more resistant.

Barring both of these, though, it might be necessary
to contemplate using some other conductor capable of with-
standing high temperatures, Tungsten might be a possible
material. Bom (23) suggests that tungsten may be used for
structural purposes at temperatures up to about 3000°K, at
which it has a tensile strength comparable to graphite at
the same temperature, The trouble with tungsten 1s that
it has a large neutron absorption oross section. If it
were to be eroded from the generating section and would

carry over into the reactor section it might cause a
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bothersome reduction in the reactivity.

~ For any apprecieble field strength the megnetic field
would have to be formed by an electromagnet, With conven-
tional copper colls a fleld of the order of 10 kilogauss
~ might be feasible. A more promising approach might be to
usge superconductive coils conseideted of a niobium-tin
alloy that becomes superconductive at 18°K and retains its
superconductivity in magnetic fields up to 100 kllogauss
in strength. Thls would require liguid helium cooling of
the colls but would use up no electrical energy as ohmic

losses therein.
The gas will be slowed down by the field when 1t car-

ries a current, i.e,, when energy is extracted from it,
Thermodynémically this is equivalent to shaft work in a tur-
bine. It is interesting to note that the energy transfer
'mechanism differs somewhat from that applying to a solid
conductor moving in a magﬁeﬁlé field, In the case of an
ionized gas which 1s not at a very low pressure, the mag-
netic field exerts a force and a braking action primarily
on the electrons; the action 1s electrostatically trans-
mitted to the ions and these produce a resultant drag on
the neutral gas by collisions with its moleocules,

If the gas were slowed down to zefb velocity this would
correspond to no potential drop across the gas, 1l.e., to

a shorted electromotive cell, Conversely, if the electrodes
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are charged to the maximum possible potential, this_cor-
responds to the open circuilt voltége of the cell and no
current will be drawn. Therefore, the gas cannot be
slowed down to stagnation if power 18 to be drawn from the
device, provided each electrode is electrically continuous,
l1.e., at 2 uniform potential over the whole length of the
slowing down region., It has ﬂot been investigated whether
greater efficlency could be obtained were the electrodes
to be segmented, with each subsequent segment palr seriles
connected to the previous one, .

Upon leaving the generating section the gas, now
cooled by expansion, will enter a heat exchanger where it
will be cooled further, prior to being recirculated through
the cycle. This 1s necessary, because, in order to get net
work out of the cycle, the system must include a heat sink;
The materlal used in the heat exchanger will most probably
have to be tungsten, although, depending on the temperatnie
of the gas at thls stage, there might be other alternatives.,
The same will be true for the other parts of the system
that are external to the reactor, generator and heat ex-
changer sections and 1n contact with the gas. The cooled
low pressure gas will then have to be recompressed prior
to returning it to the reactor. 1In order to replenish the
U235 consumed and to remove fission products, 2 small amount

of the gas must be constantly bled off for processing.
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From a thermodynamic point of view the system would work
on a Breyton oycle, the generating section taking the place
of the turbine, o

" A system such as the one schematically represented
in Fig. 8 would, of course, not be limited to one kind of
reactor., One can conceive that the reactor could be either
fast or thermal, If thermal, it could be either homoge-
nous, for example, by mixing the fissile gas with deuterlum,
or it could be made heterogenous by allowing the gas to
flow through a graphite matrix, Finally, the fission
chember, per 88, might be suboritical and supplised with a
thermal neutron flux by an extermal reactor. For example,
it might be situated in the center of an annular reactor.

Furthermore, the working fluid itself need perhaps

not be fissile; 1t might, for instance, be possible to
let it carry a solid fuel such as uranium dioxide in a
very fine suspension, It 1s also coqgeivable to use higher
temperatures still, causing the reactor gas to form a
plasma and magnetically confining it and expanding it
through a magnetic nozzle into the generating section. In
the following section the main deslign aspects for a 1000 MW

heterogeneous thermal reactor will be contemplated,
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B, Calculation of Values

of Main Reactor Design Parameters

Ihermodynamic cvole

As stated previously, the whole system would operate
on a Breyton cycle., The first step in the design is to fix
the operating conditions and determine the cyocle.

The upper temperature limit for the gas emerging from
the reactor has already been set at 3000%K., it is advisable
to operate at as high a pressure as possible, in order to
obtaln a high energy demnsity. For equipment having a
size similar to that of such a reactor a pressure of 100
atm. 1s about the practical upper limit. As will be seen
later there are also electriocal considerations for select-
ing such a high pressure,

Brewsr, et al. (28), give data enabling the entropy
of saturated uranium tetrafluoride vapour at 1 atm. to be
caloculated.

Now, the value of the molar specific heat at constant

volume, Cv, for the gas may be estimated Af one assumes
ideal gas behavior, which seems permissible at the tempera-
tures involved. For a gas having nonlinear polyatomic
molecules of n atoms, kinetic theory predicts a constant

volume specific heat value of (3n-3)RB, where R is the gas
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constent of 8.32 joules/g mole deg K. Thus, for UF,:

Cy = (3n-3)B = (3x5-3)x8.32
= 99,68 joules/g mole deg K 49

Then the corresponding value of the specific heat at con-

stant pressure, Cp, may be calculated from the relation:

Cp = C, + R = 99,68 + 8,32

= 108 joules/g mole deg K 50

Hence, the ratio of the specific heats is found to be,

Y = Cp/Cy = 108/99.62 = 1,082 and ( ¥-1)/¥ oconsequently
will be 0,082/1.082 = 0,0758. This, when taken together
with the known entropy of saturated UF4 vapour at 1 atm,,
makes it possible to calculate the entropy of the gas at

various temperatures and pressures by using the famllliar

relatlon:
T T
= & o &
AS Cpln T 108 1n T 51
1 1
and,
=1
P ¥ P 0.0758
T, = Tl(-rf) . Tl(r?f) 52

When the computed values are considered along with the

vapour pressure data, a TS diagram for the gas may be oon-
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structed. Thls has been done, and the diagram is shown in
Fig. 9, |

It should be noted that, because of the polyatomic
neture of the UFy molecule and the resulting high heat
capacity, the exponent on the pressure ratio in equation
52 is small, This means that the gas can undefgo a con-
slderable adlabatic pressure drop with only a relatively
small drop in temperzture,

Because the thermodynamic efficiency of the device
is enhanced by a low heat sink temperature, it is preferable
to expand the gas leaving the reactor to as low a pressure
as feasible, In rooket motors, the expansion ratio 1s
generally limited to a value of about thirty., Thie 1s
because nozzles tend to become excessively large if the ex-
pansion is carried out beyond this point., Therefore, the
lower limit of the pressure in the system will be taken as
3 atm,, corresponding roughly to a thirtyfold expansion.
From the TS dlagram this 1s seen to correspond to a temp-
erature of 2260°K,

Ohmic heating in the generator will reheet the gas to
some extent, causing a pressure rise to 12,3 atm. The gas
will then be cooled at a constant pressure to 2000°K (in
the ideal case), then adiabatically recompressed until
at 2320°K, whereupon it will be returned to the reactor.

The unweighted mean of the reactor entrance and exit
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temperatures 1s 2660%K. quqver,.because the density -of
the gas 18 greater at the lower temperatures encountered

in the reactor, there wlll be a greater mass of.gas at
temperafures close to the entry temperasture then at those
close to the exit temperature. Thus, the welghted average
will be pulled down from the value of 2660°K, and will lie
somewhere between that value and 23209K, probably oloser to
the higher valus. Tho welghted mean value will probably

be some 200 degrees higher than the entrance temperature

of the gas and this willl be assumed. This 18 a pure as-
sumption, but is at least accurate to within ten percent,
more probably within five, Therefore, 2520°K will be taken

as the mean temperature within the reactor,

Fuel ipvenvory snd neuvron flux
The temperature rise of the gas in the core 1s 3000-2320
= 680 degrees, As the thermal power level, Q, of the reac-

tor is to be 1000 MW or 107 watts, this means that the gas

removal rate, q, must be:

-9 109

Cod T 1.08x10%x6.8x10%

= 1.36x10“ g moles/sec 53

Now, the molal demsity may be caloulated from the ideal
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gas equation:

~ = 0,485 g moles/1 54

= b =« 100
M BT  0.082x2520

or U85 g moles/m3. Then, using the continuity equation,
the total cross sectional flow area, 8, may be computed,
Taking the maximum feasible average gas velocity in

the core, v, to be 100 ft/sec or 30.5 m/sec:

4
szq/vFHs%=0.92 m2 55

For a high power reactor, such as the one under con=-
gslderation, the mlﬁlmum fuel inventory will be determined
by the maximum permissible flux, rather than by critical
size considerations,

As there are only graphite and UF, present in the
core, the neutron flux level can be guite high, as radia-
tion damage will not be as pertinent a factor as when
other structural materials, in addition to solid fuel, are
used,

For a 1000 MW thermal power level there must be
3.1x1019 fissions/sec, The effective fission cross section

of U235 at the reactor temperature will be:
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Y 2y
- 580x0.98 —22— ‘/‘ (ﬁ%%)é =170 b 56

where f 18 the non-1/v factor,

Tentatlvely, assuming that fully enriched UFu gas
will be used, let the average flux in the core bo‘6.51101“
n/cn? sec. This would correspond to a peak flux of about
1015 n/om2 sec in a well reflected cylindrical reactor of
optimum dimensions with uniformly distributed fuel., This,
of course, differs considerably from the case under con-
sideration, but provides a preliminary reference point if
one proceeds on the basis of limiting the peak flux to a
value comparable to 1045 n/om2 sec, Then the quantity of
fuel in the reactor core may be determined from the fission

rate equation:

- g% =No, ¢ 57
therefore,
K- - 1 ___3.axo0"
4t ord  170x102Mx6.5x101%
26

= 2,81x10°" atoms 58



48

The fuel inventory will thus be 2,81x1026/6,03x1023
= 467 g atoms U225 or 467x235 = 109,500 grams.

Gore

The core will essentlally consist of a oylindricsal
block of graphite with longitudinal gas pasﬁagos running
through it, arranged in & hexagonal manner,

In order to accommodate 467 g moles of UF, at a molal
density of 485 g molea/m3, the volume of the gas must be
467/485 = 0,964 m3. As the cross section of the gas duots
1s 0.92 m? the height, h, will be 0.964/0.92 = 1,045 m,

At 2520°K the atomic density of graphite, N_, will be
less then that at 293°K by a factor of (1+(2520-293)/4),
where /4 is the volume expansion ratio of 2.36:10'5 deg‘l.
This factor will then equal 1+2.27x10°x2,36x107° = 1,0525,

Then iﬁ may be calculated:

=  Pm293 Nay 1.6 6.03x10%°

Nm- =
A, 1+B4T 12 1,053

= 7.62x10%2 atoms/om 59

where /om refers to the demsity of graphite and A, its

atomic weight. The atomic density of the fuel, ﬁb, will

20

be 2.81x1026/9.64x105 = 2.92x10%° atoms/om>. The atomic

ratio of moderator to fuel in the core will be

20

7.62:1022/2.92x10 = 251 for equal volumes of the two
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A moderator to fuel atomic ratio of 500 will require
a critical mass of 80 kg for a bare homogeneous Sphericél
reactor, (See Glasstone (30) p. 188) Even if the core
under consideratlion will be cylindrical, heterogeneous, and
of non optimum dimensions (i.e,, height to radius ratio of
less than 1.845) it will be reflected, and thue, a moderator
to fuel ratio of 500 should suffice for criticality with
a fuel mass of 110 kg.

Another reason for selecting a higher moderator to
fuel atomic ratio than may be strictly necessary for criti-
cality is for mechanical reasons, namely, if there is too
little graphlte in the core, the spacing between the ducts
will be insufficlient for a good mechanical strength of the
graphlte matrix; )

Because the core height 1is the same as the gas guct'
length, the volume ratio of moderator toﬁfuel will be the
same as the ratio of the cross sectional area of the
graphite to the total cross sectional area, s, of the fuel
ducts. Then, settling for a moderator to fuel atomic ratio
of 502, or a corresponding volume ratio of two to one, this
will mean that the cross sectional area of the graphlte
will be 2x0.92 = 1.84% m? and that of the whole core

3x0.92 = 2,76 mz. This corresponds to a total core diame-
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ter of 1.88 m. The core height, it will be remembered, is
1.045 m.

Unit cell

After the atomic ratio of moderator to fuel has been
decided on, the optimum size of the unit cell may be de-
termined,

A hexagonal lattice 1s preferablé because 1t wlll glve
the most even distribution of grﬁbhite around the gas ducts.
Such a lattice will require the number of cells to be 7
19, 37 or 61 (or greater). It is preferable to have the
number of cells as small as possible, i,e,, to make the
unit cell as large as possible, as this entalls large gas
ducts, and hence minimizes friction losses in the gas,

However, as the size of the unit cell 1s increased,
the thermal utilization factor, f, is diminished. The
minimum number of cells 1s thus determined by how low the
value of f may be., Seven cells were thus found to be too
few., Consequently, teking the next number in the seriles,
19, to be the number of cells, the cross sectional area
of the gas duct within the cell will be the total cross
sectional area available for gas flow divided by the cell
number, or 0.92/19 = 0,0483 n? or 483 cnz, corresponding
to a duct radius, r,, of 12,4 om,

The ratio of the cross sectional area of the graphite
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to that of the fuel duct will, of course, be the same as
Tfor the core as a whole, namely, two to one, Geometric
consideraticons will show that whem the graphite to duct

cross sectibnal area ratio has this value the width of the
cell will be , / - and the side of the cell
2 (¢5'/2)ﬂ'r° 3.24ro,

SN2t/ 3) 7 r, = 1.905 r,. Hence, for a duct radius of

12,4 cm the ocell width will be 3,24x12.4 = 37.8 cm and its
side 1,905x12,4 = 23,6 cm. The cross section of the unit
cell is shown in Fig. 10,
Now that the cell dimensione have been determined,
the effect on the thermal utilization mey be calculated.
The radius of an equivalent cylindrical cell, ry, will be
V3 rg = 1.73r, = 1,73x12.4 = 21,4 om, because the cross
sectional area of the oell 1s three times that of the fuel
duot., Agein, taking 2520°K as the mean reactor temperature,
the diffusion length, L, of the graphite may be calculated.
Referring back to p. 48 the volume expansion of the
graphite was found to be 5.,2%, henoce this value will also

represent the decrease in its demsity. Then, using
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the equation:

2 />
1% = 1%,0q (298, (-T—)
2 0.6 ' 2
= 2525x1.052 x(%é%ﬂ) = 10,100 cm €0
therefore,
kK =1/L = 1/(10 1oo)écm
1 2520 ’
= 9.9x10Jep~! 61

Now, for the fuel, transport theory must be used in calcu-
lating Koo Taking the microscopic scattering cross sec-
tion of the U2J3 nucleus at 2520°K as 6.5 b, and the ab-
sorption to fission oross section ratio as 1,18, further
remembering that the fission cross section had been cal-
culated to be 170 b and the atomic density 2.92x1020
atoms/cm3, then the macroscopic total cross section of

the fuel, 2 , will be:

E = iu(l.lsx a_f + 08)
= 2.92x1029(170x10-2%x1,18+6. 5x10-2%)
= 6.04x10-2 cm~1 62
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The macroscopic scattering cross section Zs, of the

fuel will, proportionately, be:

Ci

l— 23.6

Fig. 10. Cross section of unit
cell

o—s -2
1.18c+ o = 6.04x10

e ba.5
2 =2 . 1.18x17046.5

= 1.9x10 em™* 63

Then, using the transport theory relationship
K = K b4
O/Z tanh o/ Z')

Ko

tanh Ko
6.0lx10~2 1.9%107

64
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This squation is found to have a solutlon,

Ko & 2 = 6,04x10"2, This 18 easily seen as ZB is

quite small, henoce tanh X /5. = 1.

Then,

=2512.4 = 0.749

ATy = 6.04x10
K1y = 9.9%x1073x12.4 = 0,123

Ky = 9.9x10™7x21.4 = 0,212

The Bessel functions required for the calculation

of the thermal utilization and their values are:

Ko(lflro) = K°(0.123) = 2,224
KO( /(1'1‘0) = K1(0o123) = 7,973
KO( klrl( = K1(0.212) = 4.487

I,(41ry) = I,(0,123) = 1.0038
I, (K yr,) = I;(0.123) = 0,0616

I,( 4qry) = I;(0,212) = 0.1066

Il(leoro) = 11(0.749) 0.4014
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then,

: K.( A.r,)
= —L—l—l—
Mc:( /{lro) Ko( /(1r°)+ 11( /{1111) Io( /(lro)

2022“‘.’0.10 1.0038 = 4’4‘.5?

énd,

M, (X ) = K (X ) (/(r)I(/( )
1\ T1F! = Bl ATy /- y RIS B
o Il(/(lrl) °

7.973 - %f%%%z 0.0616 = 5.373

Further, defining F and E-1,

F ,koth(fﬂl.mw_ 1.068
2 Il( /(oro) 2 0.4oOl4

v "
paed S2Z0 B a7 )
v, 2 M(Xyr))

= 2 Qa123 44,57 ; .
2 Hadld Fagf -1 = 0,023

Now, the absorption cross section of the fuel, z o;_will

2cm"]'. The ma-

be T - I, = 6,04x10"2-1,9x10"7= 5,85x10”
croscopic absorption cross section of the moderator can
also be calculated. The atomic density of the moderator

was previously computed to be 7.621:1022 atoms/cm3 « The

67

68

€9

70
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microscopic absorption cross section at room temperature
is 3.2 millibarmms. Hence, making the appropriate tempera-
ture corrections, at 2520°K the macroscopic cross section,

2, will be:

_ 7 293}
21 =Ny O a9 2 U0
) 22 -27 -1,_293,%
7.62x10°“x3,2x10"“"x1,128 (2520)
= 7.36x107 cm ! 71
Finally,
1=1+ %l Zlp,g-1
Z
(o] (4]
= 142 243551923 1.068+0,023 = 1.0256 72
5.85x10
Therefore,
£ = 1/1.0256 = 0.976 73
Geometric buckling

It should be stressed that, because in the reactor
under discussion the fuel is continuously being mixed, the
first fundamental reactor theorem is not strictly applica-
ble. This is a result of the delayed neutron emitters
being continuously redistribqted throughout the core (See

Weinberg and Wigner (31) p. 599).
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Furthermore, because of the nonuniform fuel concen-
tration due to the density variation of the gas within '
vhe reactor, the nsutron production rate may vary with
distance along the core axis (althoﬁgh nonuniform fuel
loading need not necessarily enteil a spatially varying
source term in the diffusion equation, as the fuel may
be made to vary in a manner that compensates for flux varl-
ation). |

The conventlonal method for solving the wave equation
for a cylindrical geometry presupposes a symmetricél flux
distribution with respect to the mldplane perpendicular
to the axis of the cylinder. This will be the result of
a spatially 1hdependent source term in the diffusion equa-
tion. In the case under consideration, this may not be
so and the flux may therefore be asymmetrical.

However, because the migratlion 1ength is an appreci-
able fraction of the reactor height (and for lack of any
better way to attack the problem), it seems reasonable to
assume that the neutrons are fairly free to diffuse through-
out the core prior to absorption, and thus tend to a sym-
metrical distribution.

Therefore, in spite of these two shortcomings, namely
that due to the redistribution of delayed neutrons and,
that due to the possible asymmetry of the flux, calculation
of the geometric buckling will be based on the conventlonal
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approach. Should the result be in error in such a way as
to give too high an estimate of the reactivity of fhe 8y8=-
vem, this will be compensated for by the fact that im the
space above the core, 1h the convergent section of the
nozzle, there will be an additional amount of fuel which
Will not be included in reactivity calculations, The
effect of this fuel will be to increase the actual reac-
tivity above the computed value,

It is proposed to have the core reflected on the
sides by one layer of hexagonal graphite parallelepipeds of
the same external dimensions as the unit celli. Thus the
core, which has an averesge dlameter of 1,88 m, will have
essentlally 18 more ductless unié cells added on to 1t
to give a total of 37. The cross sectional area of the
core plus reflector will thus be 37/19 times the cross
sectional area of the core alone, which is 2,76 n?, The
totel area will be (37/19)x2.76 = 5,38 mz,correspondlng to
an average diameter of 2,62 m., Average dlameters must
be used because the core and reflector peripheries are not
smooth surfaces as a result of the hexagonal shape of
the unit cells of which they are composed. Hence, the
average reflector thickness will be (262-188)/2 = 37 cm,.
It is also proposed to reflect the core on the bottom
with the same thickness of graphite,

The reflector savings of the core, § , are given ap-
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proximetely by the equation § = L, tanh (t/L.), where
t 1s the reflector thickness and the subscript r refers
to the reflector, which, in this case, is the same as the

moderator. Thus:

§ =101 tanh 3= = 35.4 cm A‘ 7%

. The core will then be seen to be equivalent to an
unreflected core having a diameter of 188+2x35.4 = 258.8 cm,
or a redius, R, of 129.4 cm, The corresponding height

will have one reflector savings value added to the core
height to give an unreflected height of 104.5+35.4

= 139.9 cm,

| The geometrlc buckling may now be calculated:

2 2
8% = (%) + ()

13

- ( )2 + (=t )2 = 8,50x10"" om™2 75

129, 139.9
Beactivity and materisl buckling
As 1t 18 not practical to use fully enriched fuel
in the reactor, the enrichment of the fuel must be de-
¢ided on. The price per gram of highly enriched fuel does
not increase substantially in the range from twenty to
ninety percent. A high enrichment is desirable because of

flux considerations. Eighty-five percent enriched fuel
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will suffice to keep the flux level reasonable, yet it can
easily be maintained by ninéty percent enriched makeup gas,
Furthermore, elghty-five percent enriched fuel has an es-
sentlally undiminished v value. (the number of neutrons
released by fission per thermal neutron captured in the
fuel) Therefore, this value will be selected, This will
raise the actual average flux levei*from the previously
computed value of 6.5x101u n/cm2 sec, corresponding to

fully enriched fuel, to 0.85'1x6.5x101u = 7.53x101un/cm2 sec.

Because of the high enrichment and low density of the
fuel, both the fast fission factor and the resonsnce es-
cape prooablility will, for all intents and purposes, have
a value of unity. Therefore, the infinite multiplication
factor, ka),will be given simply by vf or, when based
on the previously used value of f of 0,976, by 2.07x0.976
= 2,02,

Actually, because the fuel density varies, the in-
finite multiplication factor will vary and hence the ma-
terial buckling. However, proceeding on the same basis
as was discussed in connection with the geometric buckling,
an effective materlial buckling will be considered that
corresponding to the previously mentioned value of f.
Since the size of the reactor has already been decided on,
there is no need to compute the actual value of the ma-

terial buckling as long as it is greater than that of the
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geometric buckling, which is the case if the effective
multiplication factor keee 18 larger than unity.

The Ferml age, T , of the moderator, which is 350 cm?
at room temperature, must be corrected to the temperature
of .the reactor. At room temperature the macroscopic
scattering cross section of graphite, which has essentially
the same value as the transport cross section, Zt, is
0.385 cm'l. The mean logarithmic neutron eﬁergy decrement
per collision, § , is 0,158, Hence, making both nuclear

and density temperature corrections:

P 2
= T - [ 1 s ] ln'?— (—223-)
293 BY¥Z 2. 1,523 Ay

' 1 2520
350 - 1n 1,11
3%0,158x0,385% 293

= 354 cm? . 76

where the value 1,11 represents the square of the ratio
of the densities previously compﬁted. It 1s interesting
to note that the Fermi age does not change much in golng
from room temperature to 2520°K. This is because the nu-
clear and density temperature coefficients tend to compen-
sate for one another.

The diffusion area of the core, L2, will be that of

the moderator multiplied by the factor (1-f) or
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10,100(1-0.976) = 242 cm?, The effective multiplication

factor may now be calculated:

oxo(=8. 511053, s4210%)
= 2,02
1+2.l&2110218.5x10'4
= 1,24 77
Beactor control

There are two somewhat unusual characteristics of a
continuous flow reactor that affect its control. These
are the diminished importance of the‘delayed neutrons be-
cause of thelr redistribution throughout the reactor, and
the fact that their effect is also reduced as a result of
the high turnover rate 6f the fuel inventory in the core,
This will cause a substantial fraction of all but the short-
est lived precursors to the delayed neutron emitters to be
carried outside the reactor core with the gas, prior to
their decay. Thus, a considerable fraction of the delayed
neutrons will be emitted outside the core and will not
contribute anything to the mean neutron 1ifetime in the
reéctorg However, a mejor portion of those delayed neutron

carriers that have a relatively long half life will be
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carrled around the circuit and back into the core again, and
‘thus contribute to the mean neutron lifetime, Thus, de-
layed neutrons will play a role, albeit a diminished one,

in the contribution to the reactor period. The problem
will not be treated quantitatively here, but it should be
realized that control of this type of reaqtor may be more
difficult than that of ¢ ‘onventional one &s & result of

the diminished role of the delayed neutfohs.

Fig. 11 shows the relationship between kgpep and f for
the reactor under consideration, based on equation 77
(whers both k and 12 are functions of f, as previously
stated)

For effective reactor shutdown it should be possible
to reduce kqope to at least 0.95. From Fig. 11 this 1is
seen to correspond to a value of f of 0.933.

Preferably, the poison used to reduce the thermal
utilization in the core should be a solid at the core temp-
erature, A high macroscopic absorption cross section 1s
desirable, if not necessary. Hafnium carbide is one com-
pound which fulfills both of these criteria. what-is more,
it 1s miscible with solid carbon and can therefore be in-
corporated in graphite stringers, if need be, as hafnium
carbide 1s itself probably a poor structural material.
Hafnium carbide has a melting point of 4160°K, a micro-

scopic absorption cross section (per molecule) of 105 b’
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and é (computed) density of 12,5 g/om .

The total volume of hafnium carbide needed in the
core will be minute by comparison with the volume of mod-
moderé%Sr volume) will be considered unchanged. The poison
will ﬂe assumed to be distributed throughout the moderator.
Let the macroscopic absorption oross section of the mix-

ture of moderator and poison be designated by I-1+ For

?.
a thermal utilization of 0.933, 1/f will have a value of
1/0.933 = 1,07. Referring to equation 72:

v s
% = _%:a._g%tn 1,068 + 1,023 = 1.07
(o]

0
Z 1+
= 2 ——=ZP_ 1,068 + 1,023 78
5.851{10"’2
Therefors,
e 1,29x10 om™t 79

As before, letting ﬁ‘deelgnate the number of atoms

of a specles per unit volume of the mixture, further re-

membering the volume inorease due to the poison is negli-

gible:

b =aN.OC.+N O = Z_ + N
4p 1 17 Tp p 17 %%

-2k

= 7.36x10'5+ﬁbx105x10 =1.29x10 Jom~1

80
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Solving for ﬁ§ yields:

- -3 -5 -
N = d.29x10 “-7,36X10 7 1.23x1019 atoms/cm3 81
P 105x10-2%

The total moderator volume will be twice the fuel
volume of 0.96# m3 or 1.925 m3:0= 1.925x106cm3. The mole-
cular welght of hafnium carbide is 190,61, The total

weight of poison, LY in the core will therefore be:

NV 19 )
W = —D—l M = M& 190.61
PNy P 6.03x1023
= 7051103 g . | 82

Ignoring the effect of thermal expansion on the
density (of the order of a few percent), the volume of
7,500 grams of pure hafnium carbide will be 7,500/12.5
= 600 cm3, which is quite minute by comparison with the
moderator volume, This shows that the assumption made in
considering the core volume unaffected by the poison is
permissible,

In practice, the poison must be incorporated in con-
trol rode rather than being distributed throughout the
core, but by placing these in such a way as to introduce
the poison into the central region of the core, the effect

of the poison will be enhanced, due to the greater statis-
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tical welight it will have in the reglon of higher fiux.
Thus, the preceding calculations based on uniform dlstri-
bution of the poison will give a conservative result.

Because of the possible inaccuracy of the reactivity
calculations and to incorporate a safety factor in the con-
trol system, a certain amount of redundancy is desirable,
A safety factor of three or four would not be excessiv:,
Accordingly, the total amount of hafnium carbide employed
in the system (safety, shim and regulating rods) might
easlly be 4x7,500 = 30,000 g or 30 kg.

Shielding

Because of the high temperature of the core the radio-
logical shielding of the reactor, which will be mostly
concrete, must be thermally insulated from it. Therefore,
the core must be clad with some sort of er insulator, Here
it 18 proposed to use silicon carbide, because of its capa-
bility of withstanding extremely high teémperatures.

As the reactor 1s pressurized it is also necessary to
enclose the core in some sort of a pressure vessel, and
because of the core temperature the pressure vessel must
be outside the core insulating blanket,

In order that the average exit temperature of the gas
from the core will be 3000°K, this must be the temperature

of the gas leaving all channels, as this is the maximum



68

temperature that the graphite is to be exposed to. Since
the flux and hence the power generation 1s highest in the
central reglons of the core and lowest in the outermost
channels, this must be compensated for by regulating the
gas flow through the channels accordingly. By means of
orifices at the inlet end of each channel the flow rate, and
hence the temperature of the gas leaving that channel, can
be reguiated 80 as to gilve a uniform channel exit tempera-
ture. Therefore, the gas in the outermost unit cells will
also be at 3000°K,

It As proposed to have the reflector clad with a 14 cm
(minipum) thick layer of silicon carbide, In order to
allow for thermal expansion of the core, a gap will be
allowed for between the insulator and core. Five centl-
meters will suffice, When not taken up by the core expan-
sion this gap can be filled by‘carbon dioxide or some other
inert gas, The heat transmitted through the thermal insu-
lator and pressure vessel must be removed. This can be
done by cooling the pressure vessel by a stream of air or
some other coolant fluid. Fig. 12 illustrates the thermal
insulation arrangement.

If the cooling fluid is run concurrently to the fuel
flow and allowed & maximum temperature of 300?0 or 573°K,
the temperature drop at the top of the core, from fuel to
the outside of the pressure vessel, will be 3000~573
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= 2427 degrees,
As may be seen from Fig. 13, the maximum diameter of
core plus reflector is seven unit cell widths or 7x37.8

= 264 cm. Adding 14 cm of insulator onto this gives a

coolant expansion space
space —) {
~
1,7 - affe (. ", "
77, @ B .
' v, @ .. 4
Y bl g 5 o
) P :D_O o ’
o - . ~4 . o0 - L o)
L““ly 1) 0 O~ T .
e O ] 4 o -, ~
¢ g - @ (L0 |0 ¢ o
v 0, & | N O, >
¢, 9 allwn B e~
L v !/ LA IS i
5—-“--» -5 - 6,5

Fig. 12. Thermal insulation
. arrangement

diameter of 264+2x14 = 292 om, Then, allowing for the

5 om gap on either side, the inslde diameter of the pres-
sure vessel will be 292+10 = 302 om. Allowing for a maxi-
mum stress, S¢, of 18,000 p.s.i. (assuming structural steel
as construction material), then, if the pressure vessel is
to contain a pressure of one hundred atmospheres or 1470

Pe8el., the wall thickness may be computed from the thin



Fig. 13. Cross section of core
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wall formula:

_ pD_ _ 1470302
25, ~ 2x18,000

t = 12.3 om 83

This value corresponds to 4.85 inches and seems quite
feasible, as large pressure vessels with walls up to eight
inches in thickness have been constructed,

From the unit cell dimensions the distance from the
outermost fuel duct to outer edge of reflector 1s seen to
be 44,3 om,

At the temperatures prevelling in sach of the thres
materials, the graphite, silicon carbide and steel willl have
a thermal conductivity of 16, 8 and 26 pcu/hr ft deg K, res-
pectively.

The corresponding thermel resistances of the materials
will be in the ratio (44,3/16):(14/8):(12,3/26) or
2,77:1,75:0,462, When the total temperature differential
of 2427 degrees is considered these ratios correspond to
temperature drops of 1347, 850 and 242 degrees, The maxi-
mum temperature of the silicon carbide will be 3000-1347
= 1653°K (Its melting point is 28739%K). Accordingly, the
maximum temperature of the pressure vessel will be
1653-850 = 803%K or 530°C.

The heat transfer losses from the core, q, based on a

unit area of the pressure vessel will be (ignoring the
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curvature cf the vessel surface):

- 26
1 12.3/30.5
= 15,600 peu/hr ft2 | 8t

This corresponds to 4,5 kilowatts/ftz. The pressure
vessel surface (See Fig, 13) immediately purroundlng the
core is 3,02 x1.65 = 15,75 m? on the sides and, roughly,
(3.02/2)27 = 7.19 B2 on the bottom, giving a total of
22,84 m? or 246 f£t2, Hence, the heat losses from the core,
due to conduction, mey be approximately estimated as
b,5x246 = 1,080 KW or 1,08 MW,

Next, the attenuation of radiation from the core in
the reflector, thermel insulator and pressure vessel must
be oonsidered. Taking the core proper, its volume will
consist of 1,925 m? of graphite and 0,964 w’ of fuel, a
total of 2,89 m>. The mass of the graphite will be
1.925x1.52 = 2,92 metric tons (1.52 18 thz graphlte den-
sity at the core temperature), and “hat of the fuel 110 kg,
giving a total of 2.931 tons. The core density will thus
be 2,931/2,89 = 1,015 g/cn3. The volume source strength

of the core, assuming a gamma energy release, E,, of
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20 Mev/fission will be:

g%f‘x 19
Vo 2.89x108

Sy =
= 2.1bx101“ Mev/cm3 sec 85

The average energy of a gamma photon may be taken as

" 4 Mev. This corresponds to a mass absorption coefficient
of 0,032 omz/g or a linear absorption coefficlent of
0.0320 = 0,032x1,015 = 0.0325 cm™>, The relaxation-length,
A\, of the core will then be 0.0325"! = 30.8 cm. The

sou}ce strength at the core surface will consequently be:
Sy = S, A = 2.14x101%x30,8
= 6,6x10%5 Mev/om2 sec 86

The reflector will have a2 relaxation length of
20,5 cm (corresponding to a density of 1.52 g/cm3). Then

the source strength &t the surface of the reflector will be:

Sa = Sq %‘ et . 6.611015153%3 e~37/20.5

= 9.81101“ Mev/cm2 sec 87

The sllicon carblde insulating blanket has a density
of 3.21 g/c.3 and hence a relaxation length of
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1/0.032x3.,21 = 9.74 cam. Therefore, at its outer surface:

wn
8
H

l!& “1!"'/9 .74
a 9,.8x10 5%%E.°u,

3.3#11014 Mev/cm? sec 88

For the pressure vessel the relaxation length is

3.7 cm, Hence:

s% = 3.34x101% lgug e-12.3/3.7

= 4x1013 Mev/om? sec 89

This is the surface source strength upon which the
calculations of the blological shield thickness must be
based, The shield material is assumed to be barytes con-
crete with a relaxation length of 10 cm. As before, desig-
nating the shield thickness by t and setting the maximum
permissible isotroplc surface source strength at the out-

side of the biological shield as 2000 Mev/cm? sec:

2000 = 4x1013 1% e-t/10 90

This equation has a solution at t = 272 cm, and this
will be the minimum thickness of the biological shileld.
The shield thickness 1s 1ndicated in Fig., 13 which 18 a
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horizontal cross section through the reactor,

The shield thickness was computed on the basis of
attenueting the primary gamma flux from the core to a safse
value, When concrete is used as a shielding material this
is also sufficlent for the necessary reduction of the secon-

dary gamma and neutron fluxes,

C. Generating Section

Expansion nozzle

Sutton (32) gives a relationship for an ideal nozzle,
linking the welght rate of flow through the nozzle to the
nozzle throat area, the conditions prevailing in the gas,
and the value of varlous ges parameters. In the MKS sys-

tem this equation is:

(x+1)/(y -1)
[2/( Y +1)] / A
q = Atpox i — 91
Z(BTQ/H

where,

q is the flow rate, kg/sec
Ay 18 the throat area, n?

P, 18 the chamber (1.e., core) pressure, newtons/m?
T, 18 the chamber temperature, °x

R is the universal gas constant, 8.311103
Joules/kg mole deg
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The symbols M and y deslgnate the molecular welght and
specific heat ratio, as before.

Now, the flow rate, as computed on p. 45, wes 13,6
kg mole/sec or, since M = 311 kg/kg mole, 13.6x311l = 4230
kg/sec, Yy was 1,08 and the (p, T) conditions in the core
are 1,013x107 newtons/m? (equivalent to 100 atm) and

3000°K. The coefficlent to A, in equation 91 will then be:

Lﬂ(looeﬂ)] 2,08/0.08

1.013x107x1.08

1.08x8.31x103x3x103/3.11x102

= 2.19x10u kg/sec m2 91la

For a large nozzle, the energy conversion efficilency

is about 0,96. Therefore,

4,23x103
Ay = Gy ——pr &
t T 0.96 2 19x10%  2.19x10%x0.96

= 0.202 m? 92

This corresponds to a throat diameter of 50.6 cm, It 1is
then possible to calculate the nozzle exit diameter from
the expansion ratio. Let the subscript x refer to the exit

conditions,



77

Then,
A Loy -0 1y (¥-1)/r
2o (L, (2x) T+l )y (Ex
x Py ¥y-1 Py
/ %‘bs
1/0,08 1/1,08 .
= (R05 (135) 2.08 3 _(-3.)
0 0.08 100
= 0.155 93

Therefore, the exit diameter will be 50.6/0.155% = 128,5 cm,

The half angle of divergence of the nozzle will be selected
as 15°. Consequently, the length of the divergent portion
of the nozzle will be (128,5-50,6)/2 tan 15° = 145.2 cm,
The half angle of convergence is taken to be 45°, The cor-
responding length of the convergent portion would be
66.8 cm, 1f the transition from convergence to divergence
were abrupt., In reality, the transition will be smooth and
the total nozzle length a little longer than indicated by
the above calculations. The actual dimensions afe given in
Fig. 15,

Finally, the ratio of the gas veloclty at the nozzle
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exit, vy, to that at the throat, v, may be computed from

the relation:

<

1Y Y4 {1_(2;) (x-w}
t -1

' 0,08/1.08
2
5-:% {J_-(i%a) } = 2,44 ob

The gas velocity at the throat may also be computed: .

RT 8,31x103x3x10° 3
Yt T 3 ey 2, EXTY 3 11x102

= 289 m/sec 95

Therefore,

v, = 2,44y, = 2,44x289 = 705 m/sec 96
X t

The nozzle outlet temperature will be:

- 0.08/1.08
8 AL 3000(32=)

= 2318% 97
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At this temperature the veloclty of sound in the gas, a, is:

a =, /ng = (1.oex8.31x103x2.318x103/3.11x102)§

= 259 m/sec 98

IThe Mach number of the gas at the nozzle exit will then be
ve/8 = 705/259 = 2,72,

Gas conductivity

The free electrons in the gas are considered to have
a maxwelllan energy distribution about their most probable
energy Eo, corresponding to a scattering cross section cro.
If the energy 1s written in terms of the most probable
energy, and the basis of the distribution function is taken
to be the flux density per unit energy interval (designated
by ¢ (E/Ey)), then the distribution function takes on the

form:

E/E - E/E
fi.}bLsu. -E o BB 99
(]
whers ¢ 1s the total electron flux.
For a conservative result in computing the gas con-
ductivity equation 48 may be used., The cross section 1is
seen to have a 1/E variation (k° is proportional to E),

Therefore, it follows that:
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E
0 (E/Ey) = O 100

The effective maximum oross section may now be com-

puted, It 1s easily seen that:

. /;5 (E/Ey) 0 (E/Eg)A(E/E,)

/;5 (E/Eq)A(E/Ey)

o =
-]

101

Substituting from equations 99 and 100, and also replacing
the integral in the denominator by its equivalent, the total

flux 75 , then:

— “ _E/E,
= o
o =0, / e d(E/Eo) = 0 102
o .
The most probable electron energy at the nozzle exit

conditions is that equivalent to the exit temperature of

2318°K or 3.221&10"13 erg. The square of the wave number

corresponding to this energy will be:
k% = 2mE/h° = 2x9.1x10-28x3.22x10-13/1.10x10-5%

= 5.3311014 g/erg sec? 103
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.Mgrom equation 48 the maximum effective cross section

willl be:

To = féL = h‘ﬁ/8.33x1013 = 2.36x10‘1u cm2 104
Now, conslder the dissoclatlon of the cesium fluoride

added to the gas, At the nozzle exlit temperature and pres-

sure the free fluorine will be monatomic rather than mole-

cular, Therefore, the dissoclation will be given by:
CsF(g) &= Cs(g) + F(g)

Fig. 9 gives the free energy function for the dissoci-

atlon:

CsF(s) 2= Cs(1) + #F,(g)

The data from Fig. 9 must 56 combined with the free
energles of vapourization of the substances not in the gae
phase as well as the free energy of dissoclation of fluorine,
in order to get the appropriate free emergy change for the
dissoclation of cesium fluoride in the gaseous phase,

The thermodynamic data used in the following compu-
tations was obtalned from Quill (29) and Kelley (33).

As a first step consider the following series of

equilibria at the normal boiling point of cesium under a
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pressure of one atmosphere:

CsF(1) == Cs(1) + ﬁFz(g) AF = AF,
CsF(g) <= CsPF(1) AF = 4F,
Cs(l) = cs(g) AF = 0
= = A Iy
CsF(g) <= Cs(g) + §F2(g) AF F1+ F2
From Fig. 9:
LHF- AH
. ——————i38 a
AFI T T + H298
‘= 23x943-131,700 = 110,050 cal/g mole 105
At 948°K the vapour pressure of CsF is 7x10'4 atm, There-
fore:
AF, = BTInP = 1.99x9431n(7x10™")
= -13,630 cal/g mole 106
Hence,

AF = aF; + 4F, = 110,05~ 13,630

= 96,420 cal/g mole 107

On the basis of data from Kelley (33) the heat of dis-

sociation of cesium fluoride into gaseous cesium and dlatomic
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fluorine was found to be given by the expression:

AHp = 129,306+0,16T+0,15x10" T2+ 9412g1g§ . 108

When thls expression 1s substituted into the famillar

relation:

S ——— = AH 109

then, subsequent integration yields:

AFp = 129,300-0.16T1nT-1.5x10" 1249 . 5x10°/T+IT 110

where I 18 a constant of integration. From the known value
of the free energy of dissociation at 943°K 1t was evaluated
at =33.7 cal/deg. The free energy of dissoclation of gaseous

cesium fluoride at the nozzle exit temperature, 2318°K, will

be:

4F2318 = 129,300 - 0,16x23181n2318

- 1.5x00"*x2318% + 9.5x10°/2318
- 33.7x2318 = 48,400 cal/g mole 111

The above value corresponds to dissociation into
cesium gas and dlatomic fluorine., The diatomic fluorine
will further dissociate into monatomic fluorine, A corres-

ponding computation for the fluorine, based on the heat and
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free energles of dissoclation at 298°K being 18.3 and 14,2

Kcal/g atom, respectively, ylelds the result:

AF 2

o = 18,267 - 0.98TInT + 0.17x10‘3T

+ 0.315x109/T - 8.57T 112

At 2318°K the computed free emergy is found to be:

+ 0.17x10"°x2318% + 0.315x10°/2318
- 8.57x2318 = -18,320 cal/g atom 113

This means that the fluorine will be almost com-
pletely dissociated at that temperature.
Next, consider the following equilibria:

CsF(g) < Cs(g) + #F,(g) AF = 48,400 cal/g mole

#Fo(g) F(g) AF = -18,320 cal/g mole

CsF(g) & Cs(g) + F(g) AF = 30,080 cal/g mole

This represents the standard free energy of dissoclation
of the cesium fluoride at 2318°K, The equilibrium constant

for this last reaction may now be computed.

kj= -CBF » o~ “F/BT . exp(-30,080/1.99%2318)
Posk

=1, 5110.3 atm, 114
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Let K, sim;larly deslgnate the equilibrium constant

for the dissociation:
Cs => Cs* + o~
Thus,

P,P_

Pcs
Cesium has an lonization potential of 3.87 v which is
equivalent to 89,200 cal/g atom, The statistical weight
factor Segi/ga will be 2xi/2 = 1, Hence, from Baha’s equa-

tion (equation 2, p. 8):

E = 5 -
log K, T573%2318 + 5 log 2318 - 6.49

= - 6.34; Ky = 4.58110'7 atm. 116

In computing the conductivity the following approii-
mation§ will be made: a) that the resistance of the gas 1s
due entirely to scattering by uranium tetrafluoride mole-
cules, This will be very neérly”trﬁe for a small content
of cesium fluoride in the gas, b) That the partial pres-
sure of fluorine will, for all intents and purposes equal
that of nonionized cesium. This should be permissible be-
cause only a very small fraction of the free cesium atoms

will be ionized., In other words, this is equivalent to
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assuming that the equilibrium of the cesium fluoride dis-
soclation will be virtually unaffected by the formation of
ions by a few of the cesium atoms. c¢) The final approxi-
mation that will be made is that the total pfessure in the
system will more or less equel the partial pressure of
the uranium tetrafluoride. Again, this should be permis-
sible for a small cesium fluoride content.

Now, from equation 1ll4:

3
Pcg = P = (Kjpogp) 117

Together with equation 115, this leads to:

2 1%

= K2K 118

P, = p_ = (Kpgg

From the ideel gas law n_/n = p, /W, where T is the
total pressure in the system and, it will be remembered,
n designates the molecular dénsity of uranium tetrafluoride,
Substitution of n_/n into equation 20, p. 16, in terms of
p+/1r where p_ 1s written in the form given by equatlon 118,

will give for the gas conductivity:

232 .
- 22 KZKIPCBF 119
q° Ww.0o T

The effective electron velocity, v_, will be that

corresponding to a most probable electron energy of 3.2211643

erg as previously computed. This will be equal to
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1.128x(2E/m)® = 1.128(2x3.22x10"13/9,1x10728)2

= 3x107 cm/sec. 1,128 is the mexwelllan conversion factor
for the most probeble to effective velccity comversion,
Then, substituting the appropriate values in the MKS system
into equation 119 (with the exception of the equilibrium
constants and pressures, which are in units Sf atmospheres) :

1.62110'38
1l 5 -
x3x10"x2,36x10

° g,1x10

3 18

x15a55112231311‘5z192223.pi = 1,771%8P mho/m

CsF
3 120

If 1t is stumed thet the approximations made in de-
riving the conductivity equation hold up reasonably well
up to a cesium fluoride content of 5 percent (this should
be within reason, as a conservative value cf the cross
section was used), then this will correspond to a
cesium fluorlide partial pressure of 0,15 atm. The conduc-
tivity will then be 1.7710.15& = 1,1 mho/me This is in

the absence of a magnetic field.

Geperator

In the generator passage the kinetic energy of the Jet
is partly converted into electrical energy by virtue of the
magnetic field there. If the increase of the potential

energy of the gas, due to its elevation, is negleoted, the
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first law of thermodynamics as applicable to continuous
flow states that: |

, |
AV - . ¥ - Ah (Note the enalogy to 121
2 a turbine)

where - W, deplcts the net electrical work done by the gas
on 1ts surroundings. The energy of the current induced
in the gas Jet will be partly dissipated within the gas it~
self and partly without. The resulting ohmic losses within
the gas will ralse its temperature and hence its enthalpy
(Ah = C,AT + RAT on a per mole basis). If the gas were
a perfect conductor there would be no ohmic losses within
it and no resultent temperature rise. Consequently, its
enthalpy increase would be zero and the total electrical
work done would be that on the surroundings and -W, = A;V2/2.

It 1s thus sesn that AV2/2 corresponds to the tofal
electrical work done and, with a real gas, part of this work
1s dissipated within the gas as ohmic losses and manifests
itself as increased enthalpy of the exit gas. (Thé genera-
tor 1s seen to partly negate the effect of the nozzle of
converting the enthalpy of the gas into kinetic energy of
the jet.) ,

Referring to Fig, li4a: Consider a column of gas, a unit
area in cross section and of length L (the electrode sepa-

ration). Let the electrode potential be E,. The partly
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charged electrodes will oppose the inductive force on the

charged particles so the net equivalent electric field will

unit area

A

/
v
e

wé

Fig, lb4a, Explanatory diagram
for generator prin-
ciples

be (BLV - E,)/L. Then, from equation 4k, p. 24:

1 BLV-E
Q - 122

1+ «w?/ p? L

J:

The total potential drop around the circuit will be
(BLV - Eo) + E, = BLV, The resulting total power dissipa-
tion, Py (= PLA(-W, -~ Ah)/dt), for the power extracted from
the kinetic energy of the gas column will be: |

1 BLV-E
P, = g 5 -2 BLYV 123
1+ «w%%v L
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Furthermore, from equation 121,

2
P, = - 2oL AVE/at = - LpV dv/dt 124
Therefore,
1 BV
0 av
(BLV-E ) = - LpV > 125
1+ w2/ g2 o AT |

Because the channel is of uniform cross section it follows
from the continuity equation that oV = comst. Let

PVL = kj. BReplacing ¥V by nov and substituting for n
by its equivalent kz/v (nV is constant = kz, because n is

proportional to © ), then the expression takes on the form:

2
(8%1v? - BE V)
~ 25,2 2.2~ 1 at 126
1+ «V/kT 0y :
Hence,
M, 1+ (wP/EeBP)ve
- —24¢ = — av 127
ky B°LV°-BE_V
Let,
602/\:20'2172 = g
B%L = b 128

BE = ¢
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Therefore,

2
- =2 ¢ o ln%—ﬁl—— av = (% + :%)ln(bv-c)

k1 bV” - ¢V
-2y + & (bV-c) + C 129
b

where C 1s a constant of integration whose value is dependent
on the conditions of the gas entering the generator channel,

Inspection of equation 128 will show that under most
conditions the constant "a" will be very small. The domi-
nant terms in squation 129 will be & ln(bV-c) and - & laV,
Then, equation 129 reduces to:

-t 2 _kl}.(lnhl-.ﬁ-;-c') 130
To8 ¥ |
where C' is the modified constant corresponding to the
boundary conditions that t = 0 when V equals the veloocity
of the gas entering the generator.

It 1s proposed to establish the magnetic field in the
generator section by means of superconductive colls con-
structed of a niobium-tin alloy. The alloy becomes super-
conductive at 18%K and has a threshold field value at 09K
of 10 w/mz.

By maintaining the colls at or slightly below the
boiling point of liquid helium at 4.2°K, the threshold
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field will be:

2 2
By = Bo(1-(-) ) = 1001-cAefy )

= 945 w/m° 131

where T 1s the transition temperature in the absence of
a magnetic fleld and Bb the value of the threshold field at
0°k,

If the fleld 1s to be established by sending a current
pulse through the coills, and the maximum feasible magnitude

6 amperes (pulses of this

of such a pulse is taken to be 3x10
order of magnitude are used in fusion research), then the

minimum radius, (r), of the comductor must be:

-7 6
A4 12.52x10 x3xlQ
= 27 B 7z 0.0632 m 132
T 27T x9 .45

where the permeability, ¢, 1s taken to be that of empty
space and 1 represents the current.

Now, for a coll of an infinite number of turns where
n represents the number of turns per meter, the flux den-

sity, B, 18 given by the equation:
B = uni 133

For a short coll consisting of a finite number of
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turns, where the length of the coil in the direction of
the field 1s comparable to its diameter the flux density
is about one-half of that of an infinite coil.

Therefore, 1f B is to be 9,45 w/mzz

n = j?% = 219:35 ’ Z = 5 turns/m 134
12,57x10 "x3x10

The genérator passage will be of a square cross sec-
tion, equal in area to the cross sectional area of the
exhaust end of the nozzle which is 1.30 m2. A cross sec-
tion of the generator passage will thus be 1.30i = 1,14 m
on the side, It must be thermally insulated in a similar
fashion to the reactor core (and nozzle). A 14 om thiock
silicon carbide insulation, together with about 6 cm of
graphite would be needed, Allowing another 10 cm for
oladding (this would have to be nonmagnetic) and air gap and
a further 15 cm on either side for the liquid helium tank
and insulation, and finally é cm for the conductor radius,
the final diameter (or width) of the coil will be 1,14
+2(14+6+10+15) = 2,04 m. The coill would have to be at least
this long and preferably a little longer, thus consisting
of at least 5x2.04 =10 furns. At the ends of the gemerator
passage the conductors would have to diverge to either side

to make room for the nozzle and heat exchanger.

The value of the constants in equation 129 may now be
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computed, The (p,V) conditions prevalling at the nozzle
exit are (3.09xlo5 n/mz, 2.318x103 °K). The molecular
density per m3 will be:

PMav 3 QQHIQE 6.03 ]Q26

n = gp 3 3
8.31x10"x2,318x10

= 9,5x102% molecules/w3 135

At the nozzle exit:

k, = nV = 9, 5x10%%x7 .05x102 = 6.7x10%7

moleoules/mzsec 136

As before, let M signify molecular weight:

k a,OVL-—n-MVL=—k—2-ML
1 NAv NAv

27
= 6—'2-’-‘-10—2—6 3.11x10%x1.14 = 3.94x10°
6.03x10
moles/sec m 137

From equation 9:

-1 -
«w = B8 2 945531&5‘19-—2 = 1.66x1012 sec 1 138
o 9.1x105%
Then,
as= wz/kgo'zvz
- 2
= (1.6611012/6.7x102?x2.36x10 18x3x105)

= 1,022x10"7 139
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The value of "a® 18 seen to be small enough so that it

can be omitted.,
b = B2L = 9.45%x1 .14 = 102 140

The selection of a value for the constent ¢ is some-
what more of a problem., The potential across the electrodes
can.never be greater than BLV, where V, 18 the exit veloclty
of the gas from the generator., If all the kinetic energy
of the Jet were to be converted into electrical energy the
exit velocity would have to be zero, but this implies a zero
electrode potential and no electric power dissipation outside
the generator, i.e., all the kinetic energy would be trans-
formed back into enthalpy of the gas.

On the other hand, if the exit velocity 1s high, only
part of the kinetic energy of the jet 1s converted to elec-
tric energy, with the limiting case of no conversion when
the exit and entry velocities are the same, It can easlly
be shown that the electric power dissipated externally to
the generator 1s at & maximum when the exlt velocity 1s one-
half the entrance velocity, corresponding to a 75 percent
utilization of the kinetlic energy of the gas jet, Under these
conditions, when the electrode potential corresponds to the
exit gas velocity, the electric energy dissipated in the ex-
ternal circuit 1s only one-half of the total kinetic energy

of the Jet. This represents the limiting case and, as can be
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seen from equation 130, corresponds to an.iqfinite decelera-
tion time, that 18, an infinite generator‘duct length, If
the electrods potential is reduced to one-halfl of the mean
potential induced in the gas, the net conversion of kinetic
energy to electric power in the external circuit is reduced
to 37.5 percent, but the generator length is cut down to a
reasonable magnitude.

All the foregolng arguments presuppose a constant gas
conductivity, and, in the case belng considered, this is
very nearly true. This 1s because, in this particular ocase,
the effect of the increase in temperzture of the gas (due
to the ohmic losses within it) just about compensates for
the rise in pressure, which affects the ion concentration
of the gas adversely,

The problem, then, 18 to select the electrode potential
and exit velocity in such a manner as to balance the con-
flibting extremes of no energy conversion vs, an 1nf1nitely
long generator,

Because of the conservative value used here for the
gas conductivity, 1t was decided to let the exit velocity
be as high as 400 m/sec (The limiting case 1s 352.5 m/sec.)
" and the electrode potential was selected as 2710 volts (The
limiting value for a 400 m/sec exit velocity is 3950 volts,).

The value of ¢ will be:

¢ = BE, = 9.45x2710 = 25,600 - 14
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Referring to equation 130 it 1s seen, that in order
to fulfill the boundery conditions, that at t = 0
V =705 m/ses, C' = 2,303 log ((102x705-25,800)/705)
= 1,81749, The equation then becomes:

- 3940x2,03 ) -25, 60
t = 1.1x25. 600 (1+81749-lcg lggy_?5+égg)

= 0,322(1.81749-10g 193¥§35*§99) 142

The above relationship i1s plotted in Fig. lb. The
time required to reduce the gas velocity to 400 m/sec is
76.5 milliseconds, Graphical integration of the curve and
subsequent calculation of the mean gas velbcify showed it to
be 502 m/sec, 'Therefore, the length of the duct will be
5.02x10%x76.5x10™> = 38.4 m.

Becauss the gas leaves the nozzle at almost exactly fhe
same temperature (2318%°K) as it entered the reactor.(2320°K),
1t follows from the first law of thermodynamics that the
kinetic energy of the gas mass leaving the nozzle each sec-
ond (13.6 kg moles) is the same as the amount of heat re-
lessed in it in the reactor, that 1s, the kinetic energy of
the gas mass entering the generator per second is 109 Joules,

The rate of convefsion of kinetic to electric eénergy in

the generator 1s:
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P = daM(V2 - vZ) = l3aglill (7052 - 400%)

= 6.8x108 watits 144

The mean electromotive force induced in the gas jet,
corresponding to its mean velocity, is 9.45x1,14x502
= 6075 v. As the electrode potential is 2710 v, the electric

power in the extermal circult will be:

P, = —2 P =00 ¢, 8x108
® BRIV 075

8

= 3,04x10" watte 145

The remainder of the electrical power will be dissi-
pated as ohmic losses in the gas and will manifest itself
as an enthalgy increase, The enthalpy increase will cor-
respond to (6.8-3.04)10% = 3,76x10% watts. It will be re-
called that the enthalpy increase in the regctor, of 109
watts, corresponded to a temperature rise of 680 degrees.
Since l1deal gas behavior is being assumed, the temperature
rise 1s dlrectly proportional to the increase in gas enthalpy.
It follows thatfthe température rise due to the ohmic losses
will be (3.76:108/109)680 = 255 degrees, The exit tempera-
ture will thus be 2318+255 = 2573°K, The gas in the genera-
tor has a supersonic veloclity and consequently, 1t need not

be at a uniform pressure, As mentioned Lefore, the genera-
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tor acts partly as a contraction nozzle, wherein part of
the kinetic energy is converted adiabatically into thermal
energy. The exlt pressure 1s computed in the conventional
manner (equation 97).

1,08/0,08

p = 3(%%%) = 12,3 atm 146

It should be stressed that the valve used for the gas con-
ductivity corresponds to the maximum possible theoretical
value of the electron scatter cross section of the uranium
tetrafluoride meolecule., Should it prove to -be less than
this value the conductivity will be greater and the genera-
tor length proportlonately shorter. Another factor which
could also increase the conductivity would be the direct
ionization of cesium fluoride molecules to.form molecular
ions and free electrons. This has been ignored and it 1is
not known to what degrée thls might enhance the conductivi-
ty. Flnally, some additional contribution to the conduc-
tivity might be expected as a result of 1onizat10n-by‘r§d1a-
tion and fiésion fragments,

With regard to the effect of the electron scatter
cross section, 1t may be mentioned that data avallable for
other tetrahallde molecules suggests that it 1s probably
only about one-fourth of the maximum theoretical value, Thils

would shorten the generator duct length to 9.65 m, which is
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quite an improvement. The length of the generator is doubly
important because it also has a bearing on the fuel inven-
tory.

Because the generator duct is of a uniform cross sec=-
tional area, it follows from the continuity equation that
the density of the ges must be inversely proportlonal to
its veloclty at any given point. Therefore, the mean den-
sity must correspond to the mean veloclity.

From equation 135 the molar demsity at the generator
entrance 1s seen to be 9.5x102%/6.03x1026 = 0.01575 kg
moles/m>. Then the meen density will be 0,01575(705/502)
= 0.022 kg moles/m’ or 0.022x311 = 6.86 kg/m’. Since the

2 and its

cross sectional area of the conduit 1s 1.30 m
length 38.4 m, the fuel inventory in the generator will be
6.86x1,30x38.4 = 353 kg. This seems quite an impressive
quantity but it shoulé be kept in mind that 1t corresponds
to the theoretical minimum of the conductivity and the actual
gquantity will probably be around four times less than this,
Another factor which has also been neglected in the
generator calculations 18 the effect of the pressure gradi-
ent on the current.
The generator duct*and the fuel contained therein must,
of course, form a subcritical system. Because there is no

moderator in the duct the prevalling mode of fission would

be fast fission,
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The critical dimensions of such a system are of a simi-~
lar magnitude as the mean free path of a neuffon. The mac-
roscopic absorption cross sectiocn for 2 molar density of
0.485 moles/m’ was computed to be 6.04x10"% cmt. (equa-
tion 62) Therefore, the thermal macroscopic cross section
in the generator will be approximately (0.0157/0.485)6.04x10"%
= 1,96x10~3 ca™l., A further correction must be made for
the change in cross section from the thermal value of 170 b
to a fast fission value of, say, 10 b, giving a macroscoplc
cross section of (10/170)1.9611:10'3 = 1.15110-4 cm‘l. -This
would correspond to & maximum linear dimension of approxi-

m

mately 10" cm or 100 m,

D. Heat Exchanger and Compressor

The kinetic energy still left in the gas leaving the
generator each second is seen to be 10%-6.8x108 = 3.21108
Joules, At the inlet end of the heat exchanger the pipes
through which the gas 1s to flow must be flared so as to
present a minimum obstruction to the gas and reduce shock
wave formation (See Fig. 15)., The pipes will then taper to
a lesger diameter and further slow down the gas jJet,

The maximum contraction ln the cross sectional flow
area 1s realized when the gas 1s adiabatically slowed down
to sonic velocity. Letting the subscript 1 refer to the

conditions of the gas leaving the generator, then the
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following relationship can easily be derived from equations

98 and 121:

2
. i) + 20T
2C + yR
bt
1.11510%516 ”u‘z 108210522 . £73x107
2x1.08x105+1.,08x8.31x10>
= 2680°K 147

where T 1s the temperature of the gas at the point where 1t
is slowed down to sonic velocity., At this temperature the

velocity of the gas will be (equation 98):
V= (1.0818.311103::2.681103/3.llxloz)i
= 278 m/sec 148

The corresponding pressure is found to equal
12.3(2680/2573)1+98/0408 . 20 9 atm (<=2.12x10 n/m?).
The density is computed in the usual way:
6 2 3
= 2‘12‘193‘3‘11‘195'- 29.6 kg/m 149
8.31x10”x2,68x10

The total cross sectional flow area at the entrance to the

heat exchanger may now be computed from the continulty
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equation:

L AN 1aommeomsa
Ve 29 .6x278

= 1.14 o 150

If i1t 1s not feasible to run the gas through the ex-
changer at such a hligh velocity the gas would have to be
slowed down further prior to entering the exchanger. This,
however, would require an increase in thezcross sectional
flow area needed to pass the given quantity of gas per unit
time.

Cooling the gas at constant pressure to 2075°K will
permit the cross sectional flow area to be further reduced,
If there were no friction losses in the gas the veloclty
would be unchanged and the kinetic energy of the gas would
be (278/705)% = 0,155 times its original kinetlc energy.
Thus, since the stagnation temperature at a veloclty of
705 m/sec was some 680 degrees higher than the prevailing
gas temperature, then the stagnation temperature of the gas
emerging from the heat exchanger would be 0,155x680 + 2075
= 2180°K,

In practice there will be considersble frioction losses
in the exchanger, the exact magnitude of which will depend
on the hydresulic radius of the 1nd1v1duai ducts, Since this

will vary it is difficult to undertake an accurate calcu-
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lation without complete design of the heat exchanger.

The exchanger can be so designed as to operate at a
constant pressure 1f the friction losses are compensated
for by the deceleration of the gas., Let the mean tempera-
ture in the exchanger be taken as the arithmetical average
between exit and entry temperatures, that is, 2380°K, The
mean density will then be 29.6(2680/2j80) = 33,2 kg/m3. The
velocity wlll also be somewhat reduced to & mean velocity of
approximately 260 m/sec, This indicates (from equation
150) that the mean cross sectional flow area will be
(29.6/33.2)(278/260) = 0,955 times smaller than that where
the gas has been reduced to sonic velocity. Thus 1t will
be 0.955x1.14 or 1,09 m2,

Now, let the mean diameter (1.4,) of each pipe be se-
lected as 0.05 m (i.e., 2 inches). The inlet end of each
ﬁipe muat be flared to a square cross section so they can
be arranged in such a way as to present no flat surface
normal to the jJet of incoming gas., The ratio of the cross
sectional area at the inlet to 1ts mean value is (1,30/1,09)
= 1,19, Hence, the inlet end of each pipe will have a cross
sectional flow area of 1.19(77/1&)0.052 = 23.bx10'um2. This
corresponds to a square that 18 4,74 cm on the side, As
the generator is 1.14 m on the side there will be room for
a bank of 24 by 24 pipes (24 = 114/4,74) or 576 pipes.

The mean periphery (based on 1.d4,) of each pipe 1is
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0.05%7 = 0,157 m and this represents the heat excheange sur-
face avallable per unit length for each pipe. The surface
for the whole bank of pipes will be 576 times this or

90.5 m® per unit length.

Next, the heat transfer coeffloient of the gas must
be determined. This will have to be done theoretically from
basic principles as no experimental data is available,

The atomic radil of monovalent fluorine and tetravalent
uranium are given as 1,33 and 0.97 Angstrom units, respec-
tively. The molecular radius, a, of the urenium tetra-
fluoride molecule will therefore be 1,33 + 0,97 = 2,30 A,
Hence, the collision cross section of the molecule may be

computed:

2 2 -19 n2

o = b7a® = 47 x2,30%x1072° = 6.6x10 15

It shovld he emphasized that this is not the same
quantity as the electron scatter cross section that has been
previously calculated., The molecular mass is M/NAv
= 311/6.03x10%6 = 5,16x10°25 kg, Ncw, the mean molecular

vélocity is given by kinetic theory as being:

# $
L (8D, _ (Bx.38x10"%2x2,3800°
v = ( ) ( p )
T 5.16x10°20 7

= 4.0351102 m/sec 152

where k 18 the Boltzmen constant.
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With this data it is possible to find the viscosity

at the given temperature, as predicted by kinetlic theory:

5:16510"27xh,035x10%
3x6.6xlo°19

/(a%%_za

L

= 1.052x10" ' kg m/sec 153

The thermal conductivity 1s obtained from the relation-

ship:
¢ -4 99.68x103
k ==/<—MY- = 1,052x10 T
= 3.38x10°2 joules/m sec deg 154

Then, tabulating the pertinent parameters:

D=0.05m

V = 260 m/sec

P = 33.2 ks/-g

A~ = 1,052x10"Y kg m/sec

k = 3,38x19-2 joules/m sec deg
op = 3,47x10¢ joules/deg kg

155

The Beynolds and Prandtl numbers are:

YR 53]9-232 53192333 2

Be =
A 1.052x10~ Y

= 4,1x106 156
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(7 2 -1
Pr = =B = 3;&ZKIQ_ZI;Q§§£1Q__ = 1,08 157
k 3.38x10

Substituting into the Dittus-Boelter equation gives the

individual heat transfer coefficient:

0.8Pr0.#

=
I

= 0,023 KR
3 5 e

o.6é3 343§xlgli (4.1x106)0'8(1.08)0°4

5x10™

7115 joules/m?® sec deg | 158

It is proposed to use a liquld metal as a coolant
fluid. Since the heat transfer coefficient would be very
much higher than that of the gas, virtually all of the temp-
erature drop would teke place across the boundary layer in
the gas. _

It follows that for a reasonably good first approxi-
mation the exchanger deslgn may be based on the properties
of the gas only,

Next, the mean temperature of the coolent fluld re-
quires some consideration. The less it 1s, the smaller the
‘heat exchanger, but the lower the quality of the heat re-
jected, and vice versa. A happy medlum seems to be the half-
way mark between the gas temperature and the amblent temp-

erature of the surroundings which will serve as the ultimate
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heat sink, Say, then, that the temperature drop, AT,
across the gas film 18 taken as one thousand degrees. The
overall temperature drop will be somewhat greater than this
but not much, for the reasons explained above, The rate

of heat{ rejection 1s:

g = -qC_ (T, - T;) = 13.6x1,08x10°(2680-2075)

p.

= 8.8x108 watts 159

Hence, the heat exchange area, A, must be:

8
A= —S - 88210 o4 2 160
hAT 5 115x10°x10°

Then the length of the exchanger must be:

812—“—: ' ' |
L 50.3 1.37 m 161

Friction losses must also be considered., The Fanning
friction factor is obtained from a friction factor vs.
Reynolds number plot and found to be 2,4x10™2 for a Rey-
nolds number of 4.1x106. The friction losses per kg, w,

will then be given approximately by the Fanning equation:

2 2.4
VL zxz.l‘xlo"B w

w = 2f —B— = 0.085

= 8.9x10° joules/kg 162
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W= gMw = 13.6x311x8,9x10° = 3.76x107 watts 163

This amount of energy will show up as additional heat that
must be removed, necessitating a lengthening of the ex-
changer cver and above the previously computed value to &
length of ((8.8 + 0.,376)/8.8)1.,37 = 1,43 m. This in turm
will increase the friction losses by (1.43/1.37)3.76x107
= 3.92x107 watts (or 9,26x10° joules/kg), again requiring a
slight increase in length, and so on, approaching a finite
limit in both cases, The limiting value is close enough
to that computed by the second approximétion above so that
the latter value may be used.

The expression for the exit velocity is derived from
an energy balance of the frictlon losses and kinetic energy

of the gas:

v = (v2 - 2m? = (2.78%x10% - 2x9.26x10%)%

242 m/sec 164

The mean velocity will be given accurately enough by
the arithmétical average of the entrance and exit veloci-
ties or (278 + 242)/2 = 260 m/sec, which 18 the value that
was used in the heat %transfer calculations.

Practically all the kinetic energy left in the gas
will be avallable for its recompression. By the same argu-

ment as stated on p. 103, the adlebatic temperature rise
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of the gas will be:
T = (242/705)%680 = 80 deg K 165

It doeé not matter whether the conversion of kinetic
energy to gas enthalpy takes place before; during or after
the additional compression of the gas by the compressor,
as enthalpy is a state function and the net result will
always be the same., For easé of calculation assume that
the energy conversion in questlion all takes place before
the gas enters the compressor. It would then be some
eighty degrees hotter than when it leaves the exchanger, and
thus be at & temperature of 2075 + 80 = 2155°K, The gas
is to enter the reactor at 2320°K (corresponding to a
pressure of 100 atmospheres) and therefore the work of the

compressor, W,, will be:

= - = ' 5 ' - 5
Wn : qCp(T2 Tl) 13.,6x1,08x10-(2320 2155)
= Z.hhxlos watts 166

The power required to drive the compressor will have
to come from the heat rejected by the gas. This requires
another heat exchanger (unless the 1liquid metal in the pri-
mary heat exchanger 1s boiled directly) and a turbine to
drive‘the compressor, The overall efficlency of the second-

ary system would have to be 2.44/(8.8 + 0.3?6)‘- 0.266,
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which shou1§ be easily attainable consldering the high temp-
eraturé at which the primary heat (i.e., from the generator
heat exchanger) is rejected. With an efficiency of only
26,6 percent it might even be possible to reject the heat
from the secondary system at a high enough temperature
(100-200°C) to give it further value as processing heat for
a chemical plant.

The physicél slze of the compressor can now be roughly
estimated, The velocity head of the gas 1s capable of in-
creasing the gas temperature from 2075 to 2155°K, as com-
puted previously, and this corresponds to a compression
ratio of (2155/2075)%08/0.08

compression ratio from heat exchanger exit to reactor en-

= 1,655, Since the overall

trance 1s 100/20.9 = 5, then the compressor proper must ac-

count for a compression ratio of 5/1.,655 = 3.
Now, the compression ratio per stage is likely to be

about 1.25 so the number of stages, n, is found from the re-

lationshilp
1.25% 2 3 167

where n 18 an integer, in this case 5, indicating five

stages.
The gas density at the heat exchanger exit 1s taken as
(2680/2075)29.6 = 38,2 kg/m’ (see equations 147 and 149),

Let the intake velocity into the compressor be about one-
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half of the acoustic velocity at the inlet temperature or,
roughly, 130 m/sec, Once again, applying the continuity
equation, the cross sectional flow area in the compressor

is found:

A = ¥ _ 13.6x311 = 0.85 ne 168
Vp 130x38,2

The cross sectlonal flow area in an axlal flow com-
pressor is an annulus formed between the compressor casing
and the hub to which the blades are attached, If the ratio
of the blade tip to hub radius 1s selected as two, then this
indicates the flow area will be an annulus formed between
two oircles, the larger one having a dlameter of twice
that of the smaller,

Geometric considerations will show, that for such a
case, the radius of the lazger circle, R,, corresponding to

a given'area of the annulus 1s:
R, = 2(a/37)% 169

For the problem under conslderation the compressor

radius would be:
R, = 2(0.85/377)%, = 0,6 m 169a

This corresponds to a diameter of 1,2 m,

Now, each stage consists of a set of fixed blades and
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a2 set of rotating blades, Since the blade tip to hub radius
ratio 1s two, then the hub radius is 0.6/2 = 0.3 m, and
therefore the blade length is 0.6 - 0,3 = 0,3 m.

A reasonable axial length to radlal length ratio for
each blade 1s one to three, The axial length of each blede
would thus be about 0.1 m or 10 cm. Allowing 3 cm for
blade separation this indicates a stage length of 26 cm.
The flve stages would then come to a total of 5x26 = 130 cm
or 1.3 m, Allow another 50 cm at each end for entrance
and exit ducts and the dimensions of the compressor be-
come, by a rough estimate, 1.2 m by 2.3 m, The compressor
would have to be coupled to the driving turbine by a fluid
coupling so as to ensure against gas losses,

About the only material the compressor could be con-
structed of would be tungsten or a tungsten alloy, unless 1t
were cooled. Cooling the compressor (especially the rotor)
would complicate matters conslderably, Because of the cen-
trifugal stresses involved, a blede tip to hub radius
ratio of two might be unattainable at these high tempera-
tures because of the lowered stresses permissible. In this
case the compressor would have to be longer and narrower,
If even this proved unfeasible, magnetic compression of
the gas might have to be resorted to. However, thls mat-
ter will not be pursued further here,

In order to reduce the fuel inventory in the compres-
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sor it might be tapered towards the exit end.

If the exit velocity of the gas is 2lso taken as
130 m/sec the gas will still be (130/705)2680 = 23 degrees
below the final temperature of 2320°K or at 22970K, The
corresponding pressure is 100(2297/2320)1‘08/0'08
= 88 atm or 8.9x106 newtons/m®, The density at this point
will then be:

é 2
O = L0 X3 AIXL0 | 1ys o /md 170

8.31x103x2.29?x103

Since the flow rate gM is 13.6x311 = 4230 kg/sec the

cross sectional area of the duct will be:

M 2
A= 23%%%;5 = 0,224 m 171

corresponding to a duct diameter of 55.3 cm,

At the base of the reactor the gas will have to flow
into some sort of a distributor, the function of which is
to even the gas flow through the ducts in the reactor,

The duct would have to be constructed of graphite,
perhaps with pyrographite lining, or tungsten., Close to
the inlet end of the reactor there would be facilitles for
drawing off and replenishing a certain fraction of the gas
for processing,

To save on fuel inventory, and if it should be necessary

for maintaining suberitical conditions in the return line,
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it might prove necessary to return the gas at a low pres-
sure to the vicinity of the reactor proper and place the com-
pressor at the reactor inlet,

The length of the return line will of course be depen-
dent on that of the generator., For a preliminary estimate
(neglecting bend losses, etc,) assume that the maximum
length of the return line is roughly equal to the sum of
the lengths of the reactor, nozzle, generator (meximum),
heat exchanger and compressor, or 1.045 + 2,014 + 38.4
+ 1.37 + 2.3 = 45,13 m., At the Beynolds number. corres-
ponding to the gas flow conditions the friction factor will

be about 1073, Hence, from equation 162, the approximate

friction losses are:

2.4 0%

- -3
w = 2x10 0.553

= 2.77x10° jouleskg 172

corresponding to a total friction loss rate of
13.6x311x2,77x10° = 1,17x107 watts,

The 11.7 megawatts needed to overcome friction
losses could be supplied by increasing the compressor rat-
ing, correspondingly, to 255.8 MW, The gas would then
leave the compressor at a velocity of about 140 m/sec, and
be slowed down to approximately 120 m/sec at the exlt end,

giving an average velocity of =130 m/sec in the return

lins.
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On p, 101 the mean free path for fast neutrons, cor-
responding to a molal density of 0,0157 moles/m3,was found
to be of the order of 100 m. In the return line the molal
density is 145/311 = 0,466 moles/m’, indicating linear
fest critical dimensions of the order of (0.0157/0.466)100
= 3.37 m.

In spite of the length of the duct, its diameter is
an order of magnitude less than this, so the geometry willl
probably be subcritical. For a more accurste determination
1ts fast buckling would have to be computed, and, shouid it
prove supercritical, the pressure in the line would have to
be reduced accordingly. If the pipe were to be constructed
of graphlte, it 1s not impossible that it might form a
thermal "cavity" reactor. This will not be investigated
here but if that were to prove to be. the case, the graphlte
would have to be polsoned by a neutron absorbing materisl
in order to keep 1t thermally subcritiocsal,

The fuel inventory in the gas duct may be uncomfor-
tably large. Making the most conservative assumption
that the generator length will be a full 38.4 m and, con-
sequently, the gas return line 45,13 m, the inventory would
be AL,o = 0.224x45,13x145 = 1470 kg, which is indeed a
sizeable quantity of a highly enriched gas.

As for the inventorles of the heat exchanger and com-

pressor, they would be 1,09x1.37x29.6 = 4,2 kg and
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(approximately) 2.3x0.85x65 = 127 kg, respectively. The
value of 65 kg/m3 was used as the estimated mean density.
in the compressor.,

It is proposed to shield and cool the heat exchanger,
compressor and gas return line in a similar fashlon as the
generator and core (see pp. 68 and 93).

The whole system is illustrated in Fig., 15. The total
heat transfer surface, based on the outside area of the
thermal insulation was computed from the dimensions of the
various components (the detailed calculations will not be
glven here) and found to be approximately 456 m?. If 1t
is assumed that the heat loess rate per unit area 1s similer
in the other parts of the system, as was calculated (equa-
tion 83) for the reactor, namely 8,23 KW/ft2 or 85 KW/mz,
then the approximate heat loss rate from the whole system
will be 456x85 = 38,700 KW, This corresponds to 3.8 per-
cent of the heat relezsed in the reactor and may be com-

pensated for by increasing the gas flow rate accordingly.
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- IV. APPROXIMATE COST ESTIMATE
A, General Considerations

This chapter of the thesis must of necessity be very
sketchy because of the inadequacy of the data avallable for
the more unorthodox parts of the system, The estlmate 1is
carrled out on a very general basis, and the procedure used
the same as 1s commonly followed in elementary courses on
cost analysis. This procedure gives adequately accurate
preliminary cost estimatés for conventional systems, and it
is assumed that reasonably accurate values may be found for
the system'under consideration.

It is proposed to consider the whole generating system,
1llustrated in Filg. 15, as consisting of two parts., The
reactor, nozzle, generator, return line and the thermal
‘insulation and shielding external to fhe primary heat ex-
changer and compressor wlll constitute the first part.

The second part willl consist of the primary heat ex-
changer proper, the compressor and the rest of the secondary

system.

Thls classification divides the system into essentially

nonconventional and conventional parts,

B. Capital Costs
The capltal cost estimate presented in this section

will be based on the maximum length of the generator, 1l.e.,



Fig, 15,

A proposed 300 MWe fissile fueled system
for power generation by magnetohydrodyna-
mic means
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that corresponding to the lowest theoretical gas conduc~
tivity. |

As mentioned previously, the overall generating system
will be consldered to consist of "conventional" and "non-
conventional" parts.

The quantities of the various materials of construction
needed for the "nonconventional" system were determined
from the design dimensions computed in the previous sections
of the thesls. The detailed calculations, which consist
of simple (but lengthy) solid geometrical mensuration com-
putations, will not be given here, but the results are tabu-
lated in Table 1. The calculations may be checked by refer-
ence to the dimensions indicated in Fig. 15.

As for the '"conventional® part, its cost is assumed
to be of the same order as that of the corresponding ltems
in a conventional power station of the same power o tput.
The power output of the "conventional" system is that re-
quired to recompress and recirculate the gas, this belng
less than the output of the magnetohydrodynamic generator
of the "nonconventional' system.

It should be stressed that the assumptlion has been made
that the turblne-compressor palr will cost about the same
as a turbine-generator unit of the same power output. Also,
that the unusual construction materlsl of the primary heat

exchanger‘(tungsten or an alloy, say a tungsten-tantalum



Table 1, Summary of costs for "nonconventional" system

System Part Material
C SiC Steel Al W Copnc. Nb-Sn Hg.
mtons m tons m tons m tons m tons m m tons m
Core - 11.27 9.78 24 40 275
Nozzle 2.54 5.48 7.90 ' 126
Generator 8.20 43.40 15.8 0.28 2228 79.2 53.7
Heat Exch,
Shielding 0.60 3.28 1.5 86
Compressor
Shielding 0.97 5.52 744 326
Return Line 78.00 93.50 91.00 8.04
Total 100.58 160.96 130.74 17.3 8.32 3081 79.2 53.7
Unig Cost .
;aigﬁigﬁged 2.20 1.4 1.39 1,32 33,00 244 55.0 17.0
K¢
Itemized Cost
K$ 233 226 182 24,8 274 744 4370 914
GRAND TOTAL 6968 K$ (K$ = Kilodollars)

8E)11is, Tom, Dept. of Metellurgy, lowa State University of Science
and Technology, Ames, Iowa. Data concerni probable cost of supercon-
ductive alloys. Private communication, 1961.

121
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alloy) will not be so costly as to cause a large error in

- lumping the heat exchanger together with the "conventional"
system and assuming overall conventional costs of that
system,

L Table 1 lists the quantities and costs (see reference
34) corresponding to the meximum generator length. The
grand total for the fabricated costs of the major components
of the "nonconventional" system comes to $6,968,000, This
figure must be multiplied by some factor, f. (for fudge
factor), in order to obtain the final installed cost., For
many industrial engineering installations, such as chemical
plants and many types of nuclear reactors, this factor 1is
in the neighborhood of 1.6. The final installed cost of
the "monconventional" system will thus be assumed to be
6,968,000x1.6 = $11,150,000,

As for the "conventional" parts of the system, if a
sodium primary heat transfer looplls decided upon, the costs
will be assumed the same as those in a conventional reactor
system employing sodium heat transfer loops (such as in the
sodium graphite reactor system). 7Sargent and Lundy (35)
have made extensive cost estimates for various types of
reactor systems, including the sodium-graphite system. The
capital costs are given for 75 MWe, 200 MWe and 300 MWe
installations, Interpolation of their data gives the total
capital cost of a 255 ﬁWe plent of this type as $80,000,000,
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with the reactor equipment proper costing $9,000,000., The
non-nuclear part of the facilities 15 thus valued at some
80 - 9 =71 M$ (M# = megadollars).

Since, in the.design under consideration, the "conven-
tional" part would correspond to the non-nuclear part of
aﬁ installatlon, such as wentioned above, its cost will also
be taken as 71 M§. To this must be added the estimated
capital cost of the "nonconventional® part of 11.15 M§,
giving a total of some 82,15 M§,

It should be noted that the Sargent and Lundy figures
correspond to two sodium loops employed in the heat transfer
in a series fashlion rather than the single loop indicated
in Fig. 15, As two loops would probably be required because
of radiological consideratiocns the cost figures were employed

directly.

C. Operating Costs

Class a

The operating costs will be divided into two categories,
namely, fixed charges and fuel costs. AUnder the former
heading will be lumped maintenance (or depreclation), di-
rect operating costs and ilnsurance costs; 1in other words,
all the costs of running the installation apart from those
due to -the fuel,

The fuel charges are further subdivided into the use
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chargé, the burnup charge and the cost of fuel reprocessing.

E rges

For most nuclear power plants the fixed charges amount
to about 17 percent of the capitel costs and this filgure
will be assumed to hold hefe. The annual basic fixed charges
will then be 0.17x82.15 = 14 M§. Apert from this, however,
one must consider the edditional charges incurred for thils
type of system, due to the losses of ligquid hellium employed
for cooling the coils.

For the quantity of helium involved, 1t 1s probable
that the losses may be kept down to less than one percent
per day. With the present price of liquid helium at $17,000/>
this would amount to some 0.01x17,000x53.,7x365==3,33 M§.
The total annual fixed charges would thus amount to

14 + 3.33 = 17.33 M$.

Beprocessing costp
It should be noted that the fuel need not be fabricated

into fuel elements. Therefore, the reprocessing costs will
be relatively smell, Transportation costs, which will be

included under this heading, come to about $10/kg U. Chemi-
cal processing for fission product removal costs $20.40/kg U
and reconversion to UFy approximatély $5.60/kg U. (Actually
this last figure 1s the cost of converting the metal to the

hexafluoride; conversion to the tetrafluoride would be
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sllgbtly‘less than th;s.) The reprocessing ooéts thus come
"to a total of $36/kg U.

Since 1 MWd 1s equivalent to 1.018 g U235 fissioned,
the reactor, with its thermal power level of 1000 MW, will
have a net consumption of 1.018 kg u235 per day. If the
makeup gas is 90 percent enriched and, as the gas bled off
for reprocessing is of the same enrichment as the reactor
inventory gas, namely, 85 percent, then the consumption of
makeup ges per day may be computed.

Ignoring the small mass defect and making a material
balance on the basis of the U228 isotope being the invariant
(corresponding to ashes in an ordinary combustion furnace),
then let F designate the feed rate and W the removal rate
of fuel, and, as before, the subscripts 25 and 28 the light

and heavy isotcpe of uranium, respectively. Then, for the
u238, |

Wog = Fog = F25/9 = 0.111F25 173

Since the enrichment of the waste is 85 percent, it follows

that!:
Was = (85/15)Wzg = 5.67Wzg

= 0.111x5.67F25 = 0.63?25 174
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A partial material balance on the y235 ylelds:

F25 = 1,018 + "25

= 1,018 + 0.631?25 175
Therefore,
Fog = ]"'m 037 = 275 ke/day 176

-

This corresponds to a total feed rate of 2,75/0.9
= 3,05 kg/day for the 90 percent enriched feed gas., Hence
the reprocessing costs come to 3,05x36x365 = $40,150 per

year.,

Use oharge

When equilibrium conditions have been reached in the
reactor, there will be an appreciable quantity of fission
products present, due to the relatively high burnup. Thu3,
the actual fuel inventory will be considerably less than that
corresponding to the reference design.- However, use charges
must be paid on the original fresh fuel inventory, which is
the same as that assumed in the reference design, Therefore,
the inventories computed in Chapter III in this thesls are
applicable to the use charge calculations. |

The computed fuel inventories for the varioua‘parts of

the system weére as follows:
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Core header 76.6 kg U
Core 109.5 " "
Nozzle 82,0 " * (approx.)
Generator 332.0 "o
Heat exch. 2 mn
Compressor ' 127.0 ®» °
Return line 1470,0 " "
Total 2262.3 kg U

The present cost of 85 percent enriched fuel is
$11,570/kg U (36), giving a total inventory value of
2262x11,570 = §25,800,000 or 25,8 M§, The present use charge
charged by the AEC 18 4,75 percent per annum (36), whereby
the use charge on the fuel inventory becomes 25.8x0.0475
= 1,228 M§,

In addition to this there 1s a quantity of fuel tied
up in the cooling, transpcrtation and reprocessing facili-
ties. Allowing for a minimum cooling time of 60 déys and
transportation and reprocessing time of 90 deys, or a2 total
of 150 days, it 1s seen that the amount of fuel thus tied
up 18 150x3.05 = 452 kg U (3,05 kg 1s the daily feed rate
of makeup gas). As the makeup gas 18 90 percent enriched
and thus valued at $12,285/kg U the annual use charge on
this quantity will be 452x12,285x0,0475 = $264,000 or
0.264 M§.

The totel annuél use chargé 18 thus seen to be

1,228 + 0.264 = 1.492 M§,
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Burnup charge

The reactor uses 3,05 kg of 90 percent enriched uranium
per day, or 3,05x365 = 1,110 kg annually. The value of this
fuel 1s 1,110x12,285=>13.6 M$,

From eénation 174, 1t 1s seen that the rejection rate
of U235 is 0.63 times its feed rate of 2,75 kg/day, or
1.73 kg/day. Since the enriohnent of the waste is 85 percent,
this corresponds to 1.73/0.85 = 2,04 kg of uranium.

At $11,570/kg U this amounts to 2,04x365x1l,570=-8.61 M3,
The net burnup charge will therefore bes 13.6 - 8,61
- 4,99 M§,

Lower costa -

If the installation i1s operated at a load factor of, say,
85 percent, the fixed charges and the use charge will
rezain unaffected, whereas the burnup charge and reprocessing
cost will be reduced accordingly. The burnup charge would
become 0.85x4,99 = ﬁ.25 M$ and the reprocessing cost
0.85x0.04 = 0,0342 M§.

The total operating costs for a load factor of 85
percent may then be tabulated:

Fixed charges 17.330 M§
Repr. costs 0,034 *
Use charge 1 h90 "
Burnup charge k.250

Total 23.10“ r$
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For the load factor in question, the hours of opera-
‘tion per annum will be 0.85x24x365 = 7450, At the design
power level -of 3,041108 watts, this correspornds to an annnal
energy output of 3.04:108 x 7.451103 = 2.26x1012 watt hours
or 2,26x10% kilowatt hours, Under the conditions speci-
fied in this section (i.,e., maximum generator length,
85 percent load factor) the unit electrical cost would be

2.3104x107/2.26x10° = 0.0102 $/kw hr, or 10.2 mills per

kilowatt hour.
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V. DISCUSSION

Before proceeding further it might be useful to summarize

" some of the more pertinent parameters of the whole system:

Reactor:
Power 1000 MWt
Fuel 85% enriched UF)y gas
Fuel cycle Continuous circulation
Moderator Craphite
Reflector Graphite

Max, core temp,
Flux

Excess reactivity
Buraup

Control .

Core geometry
Core dimensions

30000
7. 53x151“ n/om? sec (initial)

0.24 (initial)

33.3%

HfC in graphite rods
Cylindrical

Dia.: 1,88 m, height: 1,045 m

Generator:
Type , MHD
Power 304 MWe
Dimensions 1,14x1,14x38. 4 m
General:
Shielding Barytos concrete
Overall fuel inven-
tory 2262 kg U

Overall efficiency 30.4%
Secondary system

power . 255 MW
Heat transfer agent Liquid Na

Eet, power generat-
ing cost 10,2 mills/kw hr

It is important to note that the generating cost of
10.2 mllls per kilowatt hour is at best only a tentative es-
timate, because of the generality of mueh of the data it

had to be based on. It is probeble, though, that the generat-
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ing cost would fall somewhere near this figure with a consider-
able leeway for probable error. Aboﬁt all that can be stated
with a reasonable certainty is that the generating costs
for the rather unorthodox type of system that this thesis
describes are likely to be of & similar magnitude as those
of conventional reactor systems.

Another point which merits further attention is the flux
level, For the initiel fresh fuel inventory with 85 percent
enriched fuel ard in the absence of fission products it

14 n/o-2 sec for a power level of

would have to be 7,53x10
1000 MW, a8 previously computed. The rejection rate of
spent fuel is 3,05 kg U/day (the same as the feed rate, ex-
cept for the minute mass defect) and of this, 1,018 kg have
been conferted to fiésion products, corresponding to a burnup
of 33,3 perdant. As the composition of the rejects is the
same as that of the inventory when equilibrlﬁl conditions
have been attained, the fuel will only contribute 66.6 percemt
to the material within the reactor, the rest being fission
products. Thus for an unchanged power output, the flux at
equilibrium must be 7.53x101“/0.666 = 1.1311015 n/on2 sec,
This represents a very high flux, but for the reasons stated
previously (in the section on flux) it is not considered ex-
cesslve, ‘ :

As a matter of fact, if the flux could safely be in-

creased considerably above this value, the fuel enrichment
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might be reduced aooord1ngiy, Were 1t possible to ralse
|  the flux level by a factor of ten, the enrichment might be
lowered by the same factor for an‘unchanged power output
(Allowances might have to be made for the decrease in the
infinite multiplication factor though, by increasing the core
size). This would cut the use charge by roughly the same
factor, and, as the use charge contributes about 6.5 percent
to thé total generating costs, this would result in some re-
duction of power costs, The reduction would not enly be
direct, but would also stem from the plutonium oredit to
be gained by use of relatively low enrichment fuel. The burn-
up charge would not be materially affected. It is seen though,
that even a strong flux increase affects the generating costs
but slightly. |

If, on the other hand,'a:tlux of 1.131:1015 n/cn2 zec
should prove excessive, the core will have to be enlarged in
order to accommodate a greater fuel inventory to allow a
lower flux level, Since the core inventory is only a small
part of the total inventory, the‘effect‘of this on generat-
ing costs would not be very great, either,

In other words, the power ooéts are not influenced
greatly by the flux level,
‘ The high burnup will result in a considerable poisoning
effect, The extent of the poisoning was not investigated

quantitively in the section on design, but it was assumed
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that the excess reactivity ?oul&'be adequate to oompensafe
for it. Still, it is a point which merite consideration.

The chief offenders are xenon-135 and samarium-149,
If the polsoning effect of these two fission products is
amply counteracted by excess reactivity, the presence of
other fission products can generally be ignored.

During operation the xenon polsoning will come close
to its llmiting value of 0,05, bécauso of;the high flux, The
limiting equilibrium value for aa-arium-l#9 is 0,012, giving
a total negative reactivity equivalent of 0,062,

After shutdown the xenon-135 concentration will, at
the high flux level of operation, increase very considerably.
The'poiconing for some time after shutdown (the xenon-135
decays) will probably be far greater than the excess reac-
tivity of the resctor, thus necessitating e waiting period
prior to renewed operation. 4

As for the samarium, its poisohing value after shutdown
does net go through a maximum éé is the case with the xenon,

but tends to a value given by the equation:

P = 1,5x107 164 + 0,012
= 1.5x10" 3631 ,13x20%5 + 0.012

The excess reactivity of the reactor, which was computed

to be 0.24, 18 enough to overcome the combined effect of
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samarium-149 and xenon-135 at equilibrium, and the effect of
these same polsons at startup if enough time has been allowed
to elapse since shutdown for the xenon-135 poisoning to have
reached a value of about 0,05 (This leaves some allowance for
other fission produots.). The time required for allowing
sufficlent decay of the xenon-ljs iill not be computed here, |
but tentatively it can be estimated at a number of days (af-
ter a complete shutdown) .,
As the preceding cost estimate uea_baeed on tﬁe maxisum
. generator length, it will be interesting to 1nveatlgate
how power costs would be affected if the generator could be
made shorter,
The factors dependent on the generator length are:
a) Capital cost of generétor
b) Cost of helium inventory
g; .2:::agrc§::u:? t:?:un losses
e) Use charge on fuel inventory in generator
and return line
The cost of the generator 18 not proportional to its
length alone, due to what might be terned "end effects”,
that 1s to say, that part of the field coils, (and the assooci-
ated helium and tanks) which completes the electrical circult
at each en&, i.e,, the short sides of each rsctangular turn.
On the same basis as in Table 1, the length dependent
costs (installed) of the generator and helium were computed

to be 9,05 M$ and those of the returm line 0,90 M$, glving a
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total of 9,95 M§. Since this corresponds to a generator
length of 38,4 m, the savings incurred by a shorter gemerator,
of length L, would be ((38.4% - L)/38.4)9.95 M§, If it should
turn out, that, for example, the qlectron soatter cross section
of the uranium tetrafluoride noleéule should onlj'be about
dne—fourth of the maximum theoretical value (as is the case
for some other tetrahalides), then this would be reflected

in a generator lengfh of only one-fourth as'iong as othérwise.
The corresponding savings in capital costs would be (3/4)9.95
= 7.45 M§. At 17 percent fixed charges this carries to
annual savings of 1.27 M$.

As for the helium, 94,7 pereeﬁt of it is assocliated with
thét part of the fleld coils which is dependent on the genera-
tor length (the long sides of the reotangular turns) or
0.,947x53,7 = 50,7 =3, thue leeving 3 =5 whieh are needed,
regardless of the generator lemgth, If the gemeratc: length
can be reduced by a factor of four the total helium inven-
tory would be reduced to 3 + (1/4)50,7 = 15,7 ., This repre-
sents (15;7/53.7)100 = 29,2 percent of the helium inventory
thgt corresponds to the maximum generétor length, Therefore,
assuming an unchanged loss rate, the savings in hellum
losses per year would be (1.00 - 0.292)3,33 = 2;36 M$
- (3.33 M$/yr was the cost of annual helium losses for 53,7 n’
of helium.).

Finally, the use charge savings due to a reduced fuel
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inventory must be considered., The gemerator inventory for
a generator length of 38.4 m was found to be 353 kg U, The
total length of the return line is 47.96 m;, of which 38.4 m
is due to the generator. Therefore, the inventory in that
ﬁortlon of the return line which passes the generator is
(38.4/47.96)1470 = 1175 kg U, The total fuel inventory
dependent upon the generator length is thus found to be

353 + 1175 = 1528 kg U. As the total inventory of 2262

kg U represenied a use charge of 1.49 M§, the savings in-
curred by reducing the generator dependent 1nvbntdry by
thraa-fouréhs, or {3/4)1528 = 1148 kg U, would be
(1148/2262)1.49 = 0.755 M$.

Hence, the total annual savings obtained by sﬁértenlng
the generator by three quarters would be those due to the
reduction in fixed charges, the decrease of the helium
losses and the diminished use charge, or 1.27 + 2,36 + 0,755
= 4,385 M$/yr. At a load factor of 85 percent this is equiva-
lent to a savings of 1.9 mills/kw hr, thus reducing the
ganerating costs to 8.3 mills/kw hr. It should be kept in
mind though that this is based on the (speculative) assump-
tion that the electron scatter cross section for uranium
tetrafluoride has a value of about one-fourth of its
theoretical maximum. An experimental measurement of 1ts
magnitude would be required for any accurate prediction

of the generator length and its effect on power costs,
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Another factor which affects the generator length strong-
ly, 18 the strength of the magnetic field, Quite recently
there have been *epor*s of 2 gallium-vanadium alloy that
retains its superconductivity at field strengths of
up to 500 kilogauss (37). This. 1s a fivefold improvement
over the niobium-tin alloy on which the present design 18
| based, and, if the former type of alloy were to be employed,
the generating costs might be cut considerably. However,
that point will not be pursued further here, |

The'secondar& system whioh drifes the compressor hes a
power output of 255 MW. This is derived from the 696 MW
rejected by the primary system and it follows that the ef-
ficliency of the secondary system must be 255/696 = 0,366,
Conslidering the very high temperature at which heat is sup-
plied to the secondary system (i.e., rejected by the primary
system) this degree of efficiency is nothing out of the ordi-
nary. It 18 quite possible that this level of efflclency
could be maintained even if the heat sink of the secondary
system were to be at a relatively high temperature, say,
between 100° C and 200° C. If this could be dome the heat
rejected by the secondary system could be sold as process
heat to a chemical plant, For example, a heavy water plant
uses heat at the rate of 6x106 Btu/lb D20, Since the reactor
installation would reject heat at the rate of 700 - 255
= 445 MW, it would reject a total of h4517.b51103
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- 3.32:106 megawatt hours annually (at a load faqtor of 85
percent), This 18 equivalent to 3.32x10613.412x106 =
ll.3x1012 Btu/yr) which is sufficient to supply & heavy water
plant with an annual capacity of 11,3x1012/6x106
= 1,89:106 1b/yr 6r oksg tons per year. The Savennah River
plant, by comparison, has a capacity of 500 tons per year,

If this power could be sold at, say; $Q,25/106 Btu, the
additional revenue from the rejected héafkwoﬁld be |
0.25111.3xlo6xb2.82 M$/yr. This corresponds to about 1.2
mills for each kilowatt hour of electrical emergy the instal-
laﬁion‘produoes, end, if need be, the power costs could be
lowered éccordingly.

Another approach to lowering capital costs uould entall
lowering the cost 6f the "conventional" part of the system,
One possibility might be to utilize an orgenic coolant in-
stead of a liquid metal such as sodium., The meximum tempera--
ture of the organic coolant would have to be much lower,
however, than that allowable with liquid sodium, Ohe con-
sequence of this would probably be that in order to obtain
the required efficiency of the secondary system heati could
not be rejected at such a high temperature as to have.a value
as proéqss heat;

The Handbook of Chemistry and Physics (38) lists piloene
as the organic compound with the highest boiling point,

namely, 520° C. Picene is a polynuclear hydrocarbon quite
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similar in molecular structure (dibenzq(a,i)phenanthrene)
to the more conventional organie coolants, such as the con-
stituents of Santowax R. Consequently, picene might be
expected to have similar nroperties and be useful as a coolant.

Assuming then, thet an organic coolant could be employed
in the seocondary system and, furthermore, that the costs of
such a secondary system would be approximately the same as
that of the equivalent component of an organically cooled
conventional nuclear power plant, the approximate effect on
the capital costs can be estimated,

Interpolation of data from Sargent and Lundy (35)
glves the cost of a 255 MWe organioc cooled nuclear power
installation as 56.5 M. The cost of the reactor equipment
in such a plant was similarly found to be 5.5 M$ giving
the eost of the nonnuolear part of the installation as
56.5 = 5.5 = 51 M§. The corresponding cost for the liquid
sodium cooled plant was 71 M§, Thus the capital costs of
an organic cooled facility would be lower by some 20 M§.
At 17 percent fixed charges per annum this_conea to a yearly
savings of 3,4 M§. This corresponds to a savings of about
1.4 mills per kilowatt hour,

In summary then, the probable power generating costs
with a sodlum cooled facility are estimated to be 10.2
mills/kw hr, It 1s concelivable that the generator might be

shortened to such an extent az to lower the costs to 8.3 mills
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per kilowatt hour. If the rejected heat could be sold, this
would entail a savings of 1.2 mills/kw hr, which, together
with a short generator, might give costs as low as 7.1
wills/kw hr (This 18 probably overly optimistic, though.).
‘If the reactor were to be organicelly cooled, the
power costs for a full length generator could be expected
to be lower than those of a liquid sodium cooled faéility
by 1.4 mills/kw hr corresponding to a unit power cost of
8.8 mills/kw hr. The corresponding cost for.the shorter
generator length would be 8.3 - 1.4 = 6.9 mills/kw hr.
The last combination (even if the generator could not
be shortened to one-fourth of its maximum theoretiéa; length)
seems to give the lowest power costs, It uould,be loglcal

then, to use an organic coolant rather than a 1liquid metal,
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VIII. APPENDIX
A, Electron Scatter Cross Section Measurements

Although elecotron scatter cross section values for many
tetrahalldes have been published, no data for uranium tetra-
fluoride was found in the literature.

Therefore, for a more accurate generator design, the
cross section of the uranium tetrafluoride molecule will have
to be determined experimentally.

The method conventionally employed involves sending a
beam of electrons (having the desired emergy) through a
space which can be filled with the vapour of the compound in
question,

By collecting the beam on an electrode the beam current
in the absence and the presence of the vapour can be measured
and the attenuation due to the vapour may thus be determined,

Let Jo signify the current density in the absence of
the vapour, N its molecular density and ¢ the cross section.
Then the current density in the presence of the vapour, J,

is given by the relation:

X

J = JOQ-NG 178

If the electron beam is formed by an oxide coated ca-
thode such as in a cathode ray tube (the electrons may be

acoelerated by a grid to the velocity corresponding to the
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desired electron energy), the electron velocities will have
a maxwelllan spread corresponding to the cathode temperature,
For grester gcecuracy e beem of more nearly monoenergetis
electrons maylﬁe formed by using Bamsauer's method of
achieving this (See Ref., 19, p. 4, Bef. 39, pp. 39, 393).

As urenium tetrafluoride is solid at ordinary tempera-
tures the vapour containing space would have to be heated
in order to prevent condensation of the vapour, At 792°C
the vapour pressure of uranium tetrafluoride 1is 10'5 atm,
which should be adequate for attenuation measurements, How-
ever, if only the vapour space 15 heated, this may give rise
to effects that would disturb the desired measurements, such
ae thermionic and thermoelectric effects. Because of these
difficulties it might be necessary to resort to other methods
of determining the conductivity of urezium tetrafluoride
gas, Perhaps the most direct method would be a simple
measurement of the conductivity of the vapour (possibly
laced with cesium fluoride to provide electrons) in a con-

ductivity cell operated at a high temperature.

B. Table of Nomenclature

The MKS system of units was generally employed through-
out the thesis, although often used interchangeably with the
cgs system, Occasionally, the engineering system of British

units (the fps system) was resorted to where the .computation
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data warranted it., The units used were specified in each
case, s0 they will not be noted for each symbol listed below,

Because the thesis touches on meny fields, and the
nomenclature conventional to each field was generally re-
talned, it will be found that the same guantity may be
designated by different symbols in different parts of the
theslis, and vice versa., This was found preferable to using
the same symbols for the same quantity consistently, as the
thus unfamiliar connection between symbol and quantity would
probably be of hindrance to readers acquainted with the
customary nomenclature in each fisld,

Veotor quantities are designated by an arrow, other-
wise maénitude alone is indicated, except where the vector

property is impliclt, as for example, following a V sign:

A - area,

a - velocity of sound, noléculﬁr or orbital radius,
B - magnetic flux density, buockling,

C « heat capacity per mole.

6 - heat capacity per unlt weight.

D - dlameter,

- energy, electric potential,
most probable energy, electrode potentilal.

- free energy per mole, force, feed rate,

» = = ™
[+
]

- thermal utilization, friction factor, frequency.
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statistioczl weight factor, acceleration of
gravity.
enthalpy per mole, magnetic intensity.
enthalpy per unit welght, Pianck's constant,
Planck's comnstant/27T .
electric curreht.
electric current density.
chemiocal equilibrium constant.

maltiplication fastor, thermal conductivity,
Boltzman oconstant,

diffusion leggth, elesctrode separation,

molecular weight.

~electronlc or molecular mass,

number of atoms.

atomic density.

Avogadro's number,

molecular density, number of turns or stages.
vapour pressure, power, poisoning.
total power dissipation,

pressure,

Prandtl number.

heat,

heat transfer per unit area, flow rate,
universal gas constant, radius,
Beynold's number,

radius,
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S -~ entropy per mole, stress, source strength.
T - temperature,

Ty =~ tSramsition temperature.

t - time,

U <« heat of ionization per mole,
V - velocity.

v - veloclty,

W - waste rate.

Wy - net work.

L
'

net work per unit weight.

x - fraction of.

Greek symbols:

X = rate constant,

A - volume coeffielent of expsnsion,
¥ - ratio of specific heats,

A « differentiel,

d - reflector savings,

n - conductivity.

@ - deflection angle,

K - 1inverse diffusion length.

A\ - relaxation length,

4 - wmagnetic permeability, viscosity.

Yy = collision frequenasy.
g - mean logarithmic energy decrement per cbllision.

7 - total pressure,
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Subscripts

a
e

eff

o H H ToB = O | ™

«

density,
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macroscoplc cross section,

mioroscopic nress section,

Fermi age.

neutron flux,

wave amplitude,

gyromagnetic frequency.

indiocates
indicates
indicates
indicates
indicates
indicates
indicates

indicates

indicates

indicates
indicates
indicates

indlcates

indicates

area,
electron.,
effective,
Tission.
geonmetric.
ion.
molecular,

material,

at a constant pressure, poison..

reflector,
at a temperature of,.
nozzle throat.

at a constant voluxe,

nozzle exit.,
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indicates fuel, at the most probable energy.
indicates moderator,

indicates infinite,

indicates positive lon.

indicates electron,
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