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Introduction

HE inclusion of cesium reservoirs in thermionic con-

verters has played a vital role in the production of con-
verters that achieve optimum performance.! Cesium vapor in
the interelectrode space of a thermionic converter reduces the
negative space charge effect on the emitter surface and the
work functions of the electrodes due to the adsorption of
cesium atoms on their surfaces.” The dependence of the ce-
sium vapor pressure p,, on the liquid reservoir temperature
T, is given empirically as'

P = [(2.45 x 105V/T,Jexp(—8910/T,), Torr (1)

for T, in Kelvin. Because of the exponential dependence of
the cesium pressure on the liquid reservoir temperature, a
high degree of temperature control is necessary for the res-
€rvoir to maintain a constant cesium pressure. As the liquid
reservoir temperature typically ranges from 525 to 625 K (=0.5
to 6 Torr), and the minimum temperature in the core of the
thermionic fuel element (TFE) of the advanced thermionic
initiative (ATI) reactor design is approximately 880 K, the
liquid reservoir would have to be located external to the core,
complicating the overall design of the power system with in-
tricate plumbing and valve arrangements.?

Due to the problems cited above, integral, solid sorption
reservoirs have been evaluated as an alternative to liquid
reservoirs for use in the ATI-TFE design. The potential ad-
vantages of such a reservoir are as follows:

1) The reservoir could be designed to operate at a tem-
perature intermediate to the emitter and collector tempera-
tures, thus eliminating the electronic hardware associated with
liquid reservoir heaters and temperature controllers.

2) Plumbing and other problems associated with the use of
liquid cesium could be eliminated.

3) Optimum cesium pressure could be maintained over a
wide range of emitter temperatures due to direct temperature
feedback from the converter. Harbaugh and Basiulis* inves-
tigated the storage characteristics of molybdenum and tung-
sten reservoirs and tested the performance of these reservoirs
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in actual converters. They demonstrated optimum converter
performance with the reservoirs above 973 K, and also found
that the cesium pressure in an adsorption reservoir is less
sensitive to changes in reservoir temperature than the cesium
pressure in a liquid reservoir. The metal reservoirs were ul-
timately found to be impractical because of their limited stor-
age capabilities and the variation of vapor pressure, at con-
stant temperature, due to loss of cesium.

Other investigators identified graphite as a potential sorp-
tion medium. The intercalation of cesium in graphite forms
compounds ranging from C,Cs to C,,Cs. Salzano and Aronson®
characterized these compounds and measured the effect of
the graphite reservoir temperature on the cesium vapor pres-
sure. The compounds were found to supply cesium vapor at
pressures of 0.5—10 Torr via two-phase equilibrium reactions
at temperatures ranging from 700 to 1200 K. The cesium
pressure was determined to depend only on the graphite tem-
perature and the reservoir compound. Yates® analytically de-
termined the response of a single thermionic cell with an
integral reservoir to changes in power input and load resis-
tance and found that sorption reservoirs made from the graph-
ite lamellar compounds provided the best overall response to
changes in converter operating conditions.

Thermophysical Characteristics
of the Cesium Reservoir

Variation of cesium vapor pressure with reservoir temper-
ature for both liquid and graphite reservoirs suggest, for the
reservoirs investigated, that the only applicable cesium-graph-
ite reservoir for direct conductive coupling, without an in-
sulation layer, is the 3C,,Cs — 2C,,Cs + Cs(g) equilibrium
reaction.” The experimental data for the cesium pressure from
this graphite reservoir was curve-fitted to generate informa-
tion for the relationship between pressure and temperature
of the graphite reservoir. Once the temperature distribution
of the emitter lead region was obtained, the temperature limits
of the cesium-graphite equilibrium reaction defined the ex-
treme positions for placement of the graphite reservoir in the
lead region. The reservoir could be positioned from 17 to 22
mm from the emitter-lead interface as shown in the schematic
in Fig. 1.7

Analytical Procedure and Lead Region
Thermal Analysis

The nonfueled lead region has approximately 25 mm of
emitter substrate to allow a direct conduction path for heat
transfer from the hot. fueled region to the cesium-graphite
metal-matrix reservoir. The thermionic fuel element pin lo-
cated at the center of the reactor core receives the maximum
thermal input power at steady-state operation and is desig-
nated the peak power pin. The average power pin is located
between the center of the core and the outer surface.
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Fig. 1 Schematic of the ATI-TFE design for the location of the res-
ervoir.
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Fig. 2 Calculated temperature distributions in the lead region of the
ATI-TFE for three fuel pins.

The cesium vapor pressure from the intercalated cesium-
graphite reservoir is dependent upon the temperature of the
reservoir matrix. The 3C,,Cs — 2C,,Cs + Cs(g) equilibrium
reaction is only valid within the temperature range of 1000-
1150 K. The placement of a metal matrix cesium reservoir
within the ATI single-cell TFE will require determination of
the temperature distribution in the lead region. The required
cesium pressure for optimum thermionic performance spec-
ifies a reservoir location within the lead region. The temper-
ature field shown in Fig. 2 within the lead region was found
from an energy balance on a ring-shaped, differential control
volume, and included heat conduction, radiation, and gen-
eration. Also indicated in the same figure is the region of
interest for placing the graphite reservoir for the C,,Cs ther-
modynamic equilibrium reaction.

Results and Conclusions on Thermionic Performance

The simulated electrical converter output characteristics were
generated using the CYLCON semi-two-dimensional cylin-
drical converter thermionic performance model.? Input pa-
rameters for this set of programs include the emitter 0.d., the
emitter and collector clad thickness, number of mesh points,
the axial distributions of emitter and collector temperature,
liquid cesium reservoir temperature, emitter bare work func-
tion, TFE length, and current at the ends of the cell. The
outputs of the program that include axial distributions for the
interelectrode voltage and power densities were then com-
puted for the different graphite reservoir locations (and cor-
responding cesium pressures). The optimum position for each
graphite reservoir was determined by reviewing these distri-
butions. Information and data obtained from the details on
the reactor core elements such as the optimum cesium pres-
sure for each pin and its variation with maximum emitter
temperature were incorporated in the determination of the
axial distributions of interelectrode voltage and power density
for the average power pin.

Output Voltage and Power Characteristics

Figure 3 shows the calculated interelectrode voltage distri-
butions for the TFE, vs axial position, for the average power
pin. The variation in cesium pressure results from varying the
location of the cesium-graphite reservoir in the lead region
between the limiting extremes. The interelectrode voltage is
strongly dependent upon the cesium pressure and emitter
temperature distribution. The voltage increases as the emitter
temperature increases, and this can be attributed to the in-
crease in emitter work function ¢, with increased emitter
temperature in the center of the TFE.! As ¢, increases, the
interelectrode voltage V x ¢, — ¢, also increases. The axial
voltage distribution varies approximately 0.5 V over the pres-
sure range investigated. The optimum cesium pressure for the
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Fig. 3 Axial distribution of interelectrode voltage for various cesium
pressures.
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Fig. 4 Axial distributions of output power for various cesium pres-
sures.

average power pin was found to be 2.18 Torr. The different
temperature distributions within the TFEs require different
cesium pressures for optimum output. The power density dis-
tribution calculated by the model for the same TFE is shown
in Fig. 4. As described above, the voltage distribution is more
dependent upon the cesium pressure than is the current den-
sity, and the power density being the product of voltage and
current density, is more sensitive to the voltage. In conclusion,
the effects on ATI-TFE performance with the inclusion of a
cesium-graphite sorption reservoir in the lead region was sim-
ulated using a semi-two-dimensional computer model, and
the optimum cesium pressures and reservoir locations deter-
mined for all the pins in the reactor.
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Nomenclature

h = convective heat transfer coefficient

I = intensity, I*, [~ denote positive and negative
7 directions, respectively

L, = Planck’s distribution function

L = thickness

n = refractive index

O« = dimensionless conduction heat flux,
q;/h(Tm - T-/,])

Qr = dimensionless net radiation heat flux,
q:'/h(Tm - T"/—l)

q’ = npet radiative heat flux

q! = net radiative heat flux at node i

T = temperature

T, = adiabatic wall temperature

T, = initial temperature

T... T., = ambient temperature at the first and second
boundary

t = time

z = position

« = thermal diffusivity, k/p*c,, thermal
conductivity/(density X specific heat)

A = increment

7 = dimensionless axial coordinate, z/L

(C)] = dimensionless temperature, 7/T..,

0. = critical angle

0. = refracted internal polar angle

K = absorption coefficient

A = wavelength

p* = density

Dis Po = reflectivity inside and outside of glass

Subscript

A = wavelength dependency

Introduction

HE purpose of this study is to present solutions for the
transient temperature distribution in a nongray electro-
magnetic window, externally heated by time-independent
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convective flux for high-speed flow, for a short time interval
(5 s). The temperature variation within the window is im-
portant because its electromagnetic transmission character-
istics are dependent upon temperature. The window is mod-
eled as a one-dimensional slab with directional-dependent
specularly reflecting surfaces described by the Fresnel rela-
tions. The convective heat transfer coefficient is specified.
Several investigators have analyzed combined conductive and
radiative heat transfer in a one-dimensional medium,'? but
with different boundary conditions or conditions than those
used there.

Formulation

The governing differential transient energy equation for
temperature is

oT J oT
e, A | —k—+q | =0
T 82[ oz q]
(M
O0<z<L, r>0
The boundary conditions are
oT
[h(T;.w - T) + q/‘]:rr()’ = l:_k_ + CI"] s t>0
oz z=01
?)

oT
—_ _— 4 = "_ + f>0 3
[ k o T ], 30 R (3)

where ¢ is evaluated, as noted, independently on each side
of the boundary interface. The values are expected to be equal
in the analytical sense, but could vary in the finite difference
model. The initial condition is

T(z,0) = T, O=z=1L ©))

The radiative transfer equation for a nongray, absorbing and
emitting slab is

ol
cos 6, d_zA + kil = k,0,[T(2)]

)

0<z<lL, 0<ez<g

The radiative boundary conditions with specular Fresnel re-
flection are

10, 8) = (1 = p LT} + pd; (0, 6,)

6

0<6 <6, ©

11(0.6,) = 1;(0,6,), 0., <6, < w2 7
(L, 8,) = (1 = p),IT..] + pd; (L. 6,) ®)

0<6, <0,

I;(L.0,) =1;(L,8,), 0, <8, <m/2 9)

When a beam is incident on the interface from the glass
side, p; may be calculated by substituting 1/a for n, for all 6,
less than 6,:; above this angle, the beams undergo total in-
ternal refléction and p, = 1 so that the reflectivity from the
glass side p; and the reflectivity from the air side p, are con-
siderably different.

The external hemispherical solid angle is remapped through
Snell’s law into a smaller cone of radiation with angle 0,
depending on nongray refractive indexes; therefore, the in-



