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Fig. 3 Secondary storage torus configuration.

where

£ = L./2R. (6)

ft = pP(T,nsPp/psorpr]pPs (7)

Taking the limit of Eq. (5) as £ -> 0 and £ -* °o we have

1.33 =; ATFp/TF. ^ 1 for ft = I

For the torus configuration (Fig. 3) the stresses developed are1

Psrs Psrs(2Rs + ^ sing)
2« °"w 2i(^s + rs sina)

but

(Omax = Prs(2Rs - rs}/2t(Rs - rs) (9)

and since ah < (crm)max, the minimum allowable wall thickness
is

,)max(#s - rs) (10)

(11)

(12)

(*min)all = Pr,(

Therefore the secondary storage weight is given by

Ws = - rs

By equating storage volumes

A7,P
the tradeoff becomes.

- i) (13)

where g^ Es/rs and ft is given by Eq (7). Taking limits for

= 0

Conclusions

Figure 4 shows that, for 0 ^ 1 and small J, a substantial
weight saving may be realized by using the cylindrical-
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hemispherical secondary storage configuration as opposed to
added primary storage; a maximum value for AWP/WS occurs
at £ = 0, which reduces to a spherical configuration. On the
other hand, the torus configuration will impose a considerable
weight penalty unless /3 » 1 can be obtained along with rel-
atively large radius ratios.

A family of curves like those presented in Fig. 4 can be
generated for various values of /3, all of which have asymp-
totic values equal to /3. The preceding conclusions have been
made assuming that the weights of the supporting hardware
associated with secondary storage are small as compared with
the weight of the secondary pressure vessel itself.
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Cavitation Damage Resistance of
Materials in Liquid Sodium

A. THIRUVENGADAM,* C. COUCHMAN III,* AND H. S.
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Nomenclature

Se = strain energy
Y = yield strength
T = ultimate tensile strength
€ = ultimate tensile elongation
/ = intensity of cavitation damage
i = average depth of erosion
t = test duration

RESEARCH on cavitation damage in liquid alkali metals
at high temperatures is motivated by the need for de-

velopment of lightweight auxiliary power generating equip-
ment for future space vehicles in which liquid alkali metals
are to be used as the thermodynamic working fluid. Sys-
tematic investigations have been started to study the cavi-
tation damage resistance of metals in liquid sodium.

The experimental facility used for these investigations has
been described in detail along with an improved version of this
design in Ref. 1. In essence, a simple unpressurized purge
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Fig. 1 Effect of time on rate of weight loss of 201 nickel.

Fig. 4 Weight ratio vs geometric ratio for 0 = 1.
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Fig. 2 Effect of displacement amplitude on the rate of
weight loss in the steady-state zone.

type of dry box was used in which air was removed from the
enclosure by displacement with industrial grade argon as the
cover gas. Regular grade dry sodium was used in these tests.
A magnetostriction transducer was used to vibrate the test
specimen in the liquid.

It has been the general practice in the past to test all ma-
terials over an arbitrarily selected constant duration and to
compare the cumulative weight loss as an indication of the
cavitation damage resistance. Recent investigations using
distilled water at 80 °F have pointed out that this is not a
good practice, since the rate of damage is dependent on the
test duration itself.2-3 This result has been confirmed for
the case of liquid sodium at 400 °F using five metals (pure
iron, 201 nickel, 316 stainless steel, 600 inconel, 100A tita-
nium). The typical data for one metal, nickel, is shown in
Fig. 1. The data for other metals are given in Ref. 6. An
analysis of these data reveals that the relationship between
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Fig. 4 Relationship between the estimated strain energy
and the reciprocal of the rate of volume loss.

the rate of cavitation damage and the test duration can be
divided into four zones as follows: 1) incubation zone, 2)
accumulation zone, 3) attenuation zone, and 4) steady-state
zone. The incubation zone is not apparent in Fig. 1 since
the initial test durations were not short enough to detect it.
It is important to understand the interacting influence of
testing time before any attempt is made to compare the cavi-
tation damage resistance of different materials.

It has also been confirmed that the cavitation damage
rate varies as the square of the displacement amplitude of the
specimen in the steady-state zone for liquid sodium at 400 °F
(Fig, 2). The effect of temperature up to 1000 °F in the
steady-state zone is shown in Fig. 3 for 100A titanium.

There have been many attempts in the past to correlate the
mechanical properties of the metal with cavitation damage.
Recent efforts to correlate the strain energy of the metal (area
of the stress strain diagram from a simple tensile test) have
offered the best promise.4-5 Similar correlation is shown in
Fig. 4. In this case, the estimated strain energy as given
by the following equation

= (Y + T)e/2 (1)
was used since complete stress-strain curves at these tem-
peratures for the metals tested are a rarity. Considering the
fact that the values of mechanical properties used for the
analysis are only typical values and that they may vary from
heat to heat, the correlation between the estimated strain
energy and the cavitation damage resistance is good.

A reasonably successful formulation of the concept of ab-
solute intensity of cavitation damage has been accomplished
recently.2 The intensity is defined as the power absorbed by
unit area of the material and is given by

I = iSe/t (2)

Fig. 3 Effect of sodium temperature on rate of weight
loss.

The value of / was calculated for the present case in the
steady-state zone to be 2.3 X 10~4 w/cm2 as compared to an
estimated value of 1.5 X 10 ~4 w/cm2 in distilled water at 80 °F
for a double amplitude of 1.5 X 10~3 in. and a frequency of 15
kc. Hence the intensity of cavitation damage in liquid so-
dium at 400 °F is about one and one half times that in distilled
water at 80 °F.
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Large Post-Saturn Launch Vehicles:
Why? When? What?

WILLIAM G. HUBER*
NASA Marshall Space Flight Center, Huntsuille, Ala.

LAUNCH vehicles continue to be one of the major pacing
items in the progress of space exploration. The largest

launch vehicle now under development is the Saturn V;
however, planning is underway for a post-Saturn vehicle that
could greatly increase our capabilities for planetary explora-
tion. This planning effort must first determine under what
conditions a post-Saturn is justified. In other words, what is
the size of space programs beyond which it is desirable to de-
velop a launch vehicle larger than Saturn V? Then by having
some indication of the future program, the questions of why
we need a post-Saturn, when we need it, and what is the best
concept can be answered.

Possible Vehicle Concepts

In order to proceed with the missions analysis work in
parallel with the vehicle design effort, representative or base-
line configurations were selected in each vehicle class (Fig. 1). j"
The selection of these baselines does not mean that they are
best in their class, but only representative of the technology
and availability offered by the class. It is then possible to
make certain interclass comparisons with these baseline
concepts.

Class I comprises expendable vehicles with propulsion sys-
tems currently under development. These include the M-l,
the large solid, and the F-l or an up-rated version of the F-l.
The first-stage diameter is 65.5 ft; the second-stage diameter
is 60 ft; and both stages use separate propellant tanks.

Class II represents advanced technology, principally in
propulsion and recovery. New propulsion systems may use
high chamber pressure, up to 3000 psia, and unconventional
nozzles achieving some degree of altitude compensation.
These advanced propulsion concepts are expected to improve
the cost effectiveness of class II by 15%. The most desirable
propulsion system is yet to be determined, since a great deal
of experimental work is needed to verify the performance as-
sumptions. Recovery and reuse of the first stage offers a 40%
improvement in cost effectiveness for a launch rate of about
10/yr. Recovery of the second stage can offer further im-
provement of about 8%; however, the technical problems
associated with recovery of items of this size from near-orbital
velocities are serious, and at this time are not considered worth
the potential gains for the class II.
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t A fourth class, not discussed herein, would comprise a
chemical class I or II first stage with a nuclear second stage.
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Fig. 1 Baseline post-Saturn vehicles.

Class III concepts utilize very advanced technology in the
areas of propulsion, structures, and recovery from near
orbital velocity. The ideal class III concept is a single-stage-
to-orbit, fully recoverable vehicle. Several configurations
have been studied. Analyses have shown the vehicle per-
formance to be extremely sensitive to specific impulse and dry
stage weight assumptions. Special features may include ex-
pendable tanks, solid and liquid JATO units, fluorine substi-
tution, expendable second stages, and variable payload
capability. A representative class III configuration was
selected and is shown in Fig. 1. This is a basic single-stage-to-
orbit, fully recoverable concept with 826,000-lb payload
capability. For larger payload missions, an expendable
second stage could give a 1,250,000-lb payload capability.
The vehicle is about 120 ft in diameter and 220 ft high with
second stage and payload.

Mission Analysis

In order to attempt to determine the role of a post-Saturn
vehicle, four different mission models were developed, as
indicated in Table 1. The missions assumed covered the
orbital, lunar, and both the manned and unmanned planetary
categories, and were constructed to represent possible follow-
ons to existing programs for the 1970 to 1990 period. Table 1
indicates the magnitudes of the small and large programs with-
out going into detail. Besides varying the number of missions,
the size of each mission was varied in the manned planetary
area. As an example, the initial manned Mars landing was
assumed to be with a fleet of four ships for the large programs
and only two ships for the small programs. Shown in Fig. 2
is the effect of schedule on the programs. For simplicity, the
two extremes are shown. There is some variation of the
selected missions with schedule. For example, a Mars capture
mission was assumed for the small programs, but not for the
large ones. For the small programs, the most ambitious
mission selected was a manned Mars landing. Both the large
programs included a Mars synodic base, and for the one on
an optimistic schedule, another even more advanced mission
was assumed.

Table 1 Assumed mission objectives

Program schedule

No. of
orbital

manned Lunar
stations base sizea Unmanned Manned

No. of
planetary missions

Large Ob

Large Pb

Small 0
Small P

24
24
10
10

80
80
12
12

37
37
18
18

11
7
8
5

a Number of men.
& Q = optmistic schedule, P = pessimistic schedule (see Fig. 2).


