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Fig. 2 Effect of Reynolds number correction term.

tank. The result was an expression for the damping pro-
vided by one flat ring baffle under high-gravity conditions.
One of the most striking differences between high- and low-
gravity sloshing is the period of oscillation. In a large tank,
like the S-IVB stage of the Saturn V, periods of several
hundred seconds4 have been observed when the vehicle was
under vent thrust in Earth orbit. For situations like this,
the liquid interface is nearly flat and surface tension effects
are small because of the size of the tank. The body forces
associated with the applied thrust predominate, and yet are
so small that the motion is very slow. A careful examination
of these factors reveals that the technique used by Miles is
still applicable for predicting the damping with reasonable
accuracy provided that the drag coefficient data similar to
that of Ref. 3 can be found for much lower Reynolds numbers.

Analysis

The experimental investigation reported in Ref. 5 was
conducted to obtain drag coefficient data for Reynolds
numbers from 1 to 1000. Analysis of the results yielded a
functional relationship among the pertinent parameters: the
drag coefficient, Reynolds number and the period parameter
as shown in Fig. 1.

This functional relationship may be expressed mathe-
matically in explicit form as follows:

CD = exp(1.88/#*°-547) (1)
where CD denotes the drag coefficient, Pd = Umr/W the
period parameter, and NR = UmWp/n, the Reynolds number.
Equation (1) was derived from a curve fitted by eye to the
experimental data for Reynolds number ranging from 2 to
1.4 X 104.

According to Miles7 analysis,2 an expression for damping,
7, in terms of drag coefficient CD, velocity potential <£,
baffle geometrical parameter a, and wave amplitude param-
eter, riw/a may be written

7 = CDtt>(rjv/a)a (2)

where a = (2aW — W2)/a2. In the expression for damping,
7 is equivalent to the logarithmic decrement divided by 2ir.
For the particular case of a right circular cylinder filled with
liquid and having a single ring baffle well beneath the liquid
free surface, Eq. (2) was shown to become

7 = 0.5exp(-5.52d/a)aCi)(Wa) (3)

where d/a denotes the baffle depth parameter.
Assuming that Miles' argument for adapting the flat plate

results for ring damping is also valid for low Reynolds num-

7 = 7.5a(Wa)*V1/2 exp(AV-88/o.547 _ 5.52^/0) (4)

By including an additional term for Reynolds number in the
exponent of Eq. (4) the range of application of the damping
coefficient 7 has been extended to low Reynolds numbers.
In Fig. 2, damping factor is presented as a function of fluid
depth over the baffle for both a case including the correction
term and one without it. As can be seen by comparison of
the two curves for large tanks at low-g levels, the relative
effect of Reynolds number can be significant. The equation
should not be applied to cases in which the interface is highly
curved since the potential solution used in the analysis is not
applicable, a good indication of the degree of surface curva-
ture is provided by Bond number; high Bond number —
interface flat, low Bond number — highly curved. However,
for Bond numbers greater than 50 and Reynolds numbers
smaller than 100, this expression should provide accurate
results.
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Thermionic Reactor Ion Propulsion
Spacecraft for Unmanned Outer Planet
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THE nuclear thermionic reactor power system is one of the
leading nuclear power system candidates for electric pro-

pulsion applications for unmanned missions to Jupiter, Saturn,
Uranus, and Neptune. Nuclear thermionic power systems
(like solar power systems) consist of many static power con-
version modules arranged to tolerate module failures. The
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Table 1 70-kwe spacecraft weight breakdown, Ib
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Fig. 1 Side thrust spacecraft arrangement.

external-fuel thermionic reactor coolant system is also ar-
ranged to tolerate loss of coolant from punctured radiator
tubes, weld leaks, etc. The thrusters and power conditioners
also are modularized and arranged to tolerate module failures.
This approach and a conservative initial operations mode
greatly increase the probability of mission success. At the
70-kwe power level, low specific weights also are achievable.

A spacecraft arrangement with a large length to diameter
ratio (L/D =20) reduces shield weight, bus bar weight, and
coolant pipe weight. A 70-kwe axial thrust spacecraft ar-
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Fig. 2 Power balance and distribution for the 70 kwe
propulsion system.

rangement with an over-all length of 49.7 ft was described in
Ref. 1. The thrusters were located in an annular ring around
the spacecraft. The antenna was at one end of the space-
craft and the science payload was at the other end to allow the
science payload a Svr-steradian field of view. The disad-
vantages of such an axial thrust arrangement are: 1) the
science payload must be covered during thrust phases to pro-
tect the instruments from the mercury exhaust propellant, 2)
the high-gain antenna must be thermally insulated from the
high-temperature radiator, and 3) a 60-ft electrical cable is
required from the science payload to the antenna. This
Note describes a side-thrust spacecraft arrangement (Fig. 1)
which takes advantage of the lightweight, large L/D space-
craft, but eliminates the foregoing disadvantages.

Since the thrust vector Side-Thrust Spacecraft Design is
perpendicular to the spacecraft longitudinal axis, the mercury
exhaust will not collect on the science payload, and the high-
gain antenna can be located with the science payload in a
low-temperature area. The spacecraft rotates about the
thrust axis during thruster operation and allows a complete
4?r steradian field of view for the science payload. The at-
titude-control jets are used for initial spacecraft orientation.
The electric propulsion system is then started and used for
primary propulsion and spacecraft attitude control during the
mission.

A 3-ft-by-3-ft-square by 8-ft-long thruster array section is
located in the middle of the spacecraft. The propellant dis-
tribution system and a portion of the power conditioner (P/C)
are also in the thruster array section. A 3-ft-diam by 5.5-ft-
long P/C section is directly behind the thruster array section.
The net spacecraft, including communications, guidance, con-
trols, and science payload, is all in one section at the end of
the spacecraft opposite the high temperature power system.
The net spacecraft is shadowed from nuclear radiation by a
shield. The propellant located behind the shield, also serves
as the gamma shielding.

A preliminary analysis of the spacecraft structure was based
on a 5-0 lateral load and a 10-0 axial load. Bending moment
and shear diagrams were used to determine structural member
size, skin thickness and basic load paths. Stainless steel is
used for the shield, reactor, and high-temperature radiator
structure because of the possible 1400°F maximum operating
temperature. The P/C structural material is aluminum.
The propellant tanks are made of titanium, because aluminum
is not compatible with Hg. The launch structure weighs 850
Ib. As a result of the structural analysis, a) the high-tempera-
ture radiator tube supports and the science support structure
have been strengthened, b) the thruster support are made
stiff in torsion, c) longerons and bottom stiffeners have been
added to the reactor and shield, d) propellant tanks are de-
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Fig. 3 70 kwe external-fuel thermionic reactor.

SECTION D'D

signed with curved ends, e) the shield base includes spacecraft
launch attachment bulkheads; and f) welded aluminum tubes
are used to support the science payload equipment. The
spacecraft's weight breakdown is given in Table 1.

Electric Propulsion System

The power subsystem delivers 70 kwe to the thrust sub-
system, which converts the 70 kwe to 51 kw^ of thrust. The
total propulsion system power balance, from the reactor
thermal power (695 kw<) to the thruster jet power (51 kw^) is
shown in Fig. 2. The propulsion system is designed with a
20% allowance for component failures and/or component
performance degradation. Therefore, the power subsystem
and thruster subsystem are initially operated at 80% of their
capability, which enhances reliability.

The power subsystem consists of a thermionic reactor, a
high-temperature primary radiator, a nuclear shield, and an
electromagnetic (EM) pump. The 24-in.-diam, 18-in.-long
thermionic reactor (Fig. 3) consists of 133 externally fueled,
lO-in.-long thermionic converters, each cooled by 0.1 Ib/sec of
NaK-78 coolant flowing in a 0.30-in.-diam hole through the
converter collector. The converter waste heat is radiated
to space from 266 stainless steel tubes (0.42-in.-diam X 0.035-
wall) arranged into a 3-ft-diam cylindrical radiator. The
NaK is circulated by a multiducted EM pump with 19 elec-
trically isolated pumping sections; each section contains seven
hydraulically independent ducts. The external-fuel therm-
ionic reactor can continue to supply 70 kwe with loss of coolant
from 19 primary coolant loops. This greatly increases the
power subsystem reliability and mission success probability.

The thrust subsystem consists of eighteen lO-in.-diam,
4-kwe mercury bombardment thrusters, each having its own
P/C. Fifteen thrusters (60 kwe) will be operating at one
time with initially three spares. The thruster propellant
utilization and power efficiencies were assumed to be 90% and
92%, respectively. Each thruster weighs 10 Ib and operates
at a specific impulse of 5000 sec. Mercury was chosen as the
propellant because of the well developed technology of mer-
cury thrust systems. The P/C components, using silicon
transistors, are mounted on aluminum panels which reject
heat directly to space. The transistor hot-spot temperature
is maintained below 200°F. The P/C design2 is based on
prototype equipment being used in the Solar Electric Propul-
sion System Technology (SEPST) Program.

Launch Vehicle

The Titan III-D/Centaur (the basic Titan vehicle with two
5-segment solid-fuel strap-on boosters and a Centaur last
stage) can boost 12,000 Ib to Earth escape. The Centaur
structure can withstand the axial launch loads but cannot
withstand the bending moment launch loads caused by the
50-ft-long, 70-kwe spacecraft. Therefore, the Centaur will
be covered by a shroud that will carry the bending moment
launch loads into the Titan structure.

The proposed spacecraft shroud is divided into a 25-ft-
long, 950-lb section tapered from 11-ft to 5-ft diameter, and a
25-ft-long, 532-lb, 5-ft-diam cylindrical section. The tapered
section is assumed as launch structure (between the space-
craft and the Centaur). The Centaur shroud (1220 Ib) and
upper one-half of the spacecraft shroud (532 Ib) is assumed to
be ejected after Titan shutdown and prior to Centaur startup.
The ejected shroud weight penalty for Earth escape payload is
^4- of the actual shroud weight, or 125 Ib. The tapered
shroud section (which must be launched to Earth escape)
weight penalty is 950 Ib. The total shroud payload penalty is
then 1075 Ib.

Conclusions

The external-fuel thermionic reactor concept provides the
potential for developing a useful 70-lb/kwe, 70-kwe electric
propulsion system. The side-thrust propulsion system iso-
lates the science payload from the high temperature, the nu-
clear radiation and the mercury exhaust environments. A
spacecraft arrangement using side-thrust propulsion allows
a 4?r steradian field of view during the entire mission. The
Titan III-D/Centaur launch vehicle, being developed for
other unmanned missions, has the capability to launch the
70-kwe spacecraft to Earth escape.
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