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Economy of Large Launch Vehicles

Including Orbital Labor Cost

KrAFFT A. EHRICKE*
General Dynamics/Astronautics, San Diego, Calif.

Some economic aspects of orbital assembly of deep space vehicles vs delivery of the complete,
operational vehicle from the ground are investigated. The operating cost of an orbital as-
sembly operation comprises the logistic operation and the orbital operation. The cost of
orbital labor is treated in detail, because this aspect can be generalized more readily than that
of development and material supply. It is shown that orbital labor should be valued at $1000
to $2000 per hour. The effects of success probability of orbital delivery, mating, and fueling
are discussed. As far as recurring costs are concerned, orbital assembly is found in the long
run to be economically inferior to delivery in operational condition because of the effect of
limited reliability on the procurement level of redundant launch vehicles and their payloads
and the high cost of orbital labor and orbital operation in general. The results offer an added
incentive to invest in a large payload (105-1b) launch vehicle, the development cost of which
would be justified by long-range astronautical mission requirements corresponding to a use-
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ful launch-vehicle life of 15 yr or more.
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Table 1 Sequence of events for earth-to-orbit delivery

2.stage ELV

Event (Saturn V) 1-stage ELV
E-1 Launch Launch
E-2 Cutoff S-IC Cutoff some engines
E-3 Staging Jettison fairing
E-4 Ignite S-11 Cutoff all engines
E-5 Jettison fairing
E-6 Cutoff S-IT
E-7 Separation of payload
E-8 Rendezvous maneuver of payload

Introduction

TRANSPORT system to the moon or to planets will
preferably use two vehicles unless very advanced pro-
pulsion systems are available: an earth launch vehicle
(ELV) and an interorbital space vehicle (ISV). The ISV
can either be assembled in earth orbit (orbital vehicle-
assembly mode OVAM) or launched into orbit in opera-
tional condition for immediate space flight (direct flight mode,
DFM). The OVAM offers flexibility in handling a variety
of deep space delivery missions and is less dependent on the
types and capabilities of launch vehicles available. More-
over, the rendezvous or orbit-matching technique is of funda-
mental importance for manned space operations far beyond
the payload delivery operation considered here, i.e., rescue
missions, maintenance and supply missions to far-out orbits
or extra-terrestrial bases, missions to small moons, asteroids,
or comets require it. For these reasons, the OVAM and the
associated orbital launch facility are important steps. Justi~
fications for ELV’s with large payload capability have there-
fore been based essentially on improvement of transport cost
effectiveness. This brief study shows that, because of the
expense of orbital operations, reduction of orbital assembly
operations and, hence, of the number of successful launches
required, is an added important reason for developing large
ELV’s and improving the economy of routine missions to the
moon and beyond.
The technique of orbital assembly and fueling of ISV’s
was conceived some 40 years ago, when propulsion systems

appeared to be limited to the liquid chemical types. The
OVAM approach has become deeply ingrained in space -

flight thinking, obscuring the fact that it was originally
conceived as a crutch for our feeble means to reach targets in
deep space. However, the advent of nuclear engines offers
hope of keeping the orbital departure weight and size of
interorbital vehicles within limits which may be practical for
future ELV’s (1 to 2 X 10 1lb), thus permitting ex-
tended use of DFM. The present study indicates that OVAM
is economically inferior to DFM, as far as recurring- costs
are concerned, primarily for the three following reasons: 1)
limited reliability of orbital delivery tends to raise the launch
vehicle procurement faster, if the required number of successful
launches is large; 2) the procurement level of reserve pay-
loads is higher; and 3) orbital operations are significantly
more costly than ground operations. These considerations
offer a strong incentive to reduce the extent of orbital as-
sembly operations by investing in a large-payload ELV for
the long run.

An orbital operation is defined here as a process in the
establishment, maintenance, or servicing of an orbital in-
stallation; that is, a “permanent” space station or tem-
porary lunar or planetary vehicle. Since the transporta-
tion requirements for servicing and maintenance are generally
below those needed for the initial establishment, the latter
will pace the expansion of the ELV capacity. The job of
the ELV is defined as the payload transfer from launch pad
to the rendezvous condition obtained when the vehicle moves
into the immediate vicinity (20 to 100 ft) of the completed
or partially completed orbital operations establishment at
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near-equal values of instantaneous radial velocity and angular
momentum. The sequences of principal events during de-
livery are summarized for both a two-stage vehicle (exempli-
fied by Saturn V) and a more advanced single-stage vehicle
in Table 1. The mission of the ELV proper is completed
with the successful separation of the payload. The ELV may
deliver the payload into an intermediate parking orbit or
directly into the target orbit in a near-rendezvous condition.
A propulsion system attached to the payload section carries
out a comparatively small terminal maneuver to complete
rendezvous. The over-all probability of payload delivery is

Pp = RygLvResRes (1a)

where,
E-6

RgLv = 11 Rk for 2-stage ELV

E-1

E-4 (1b)
Rerv = II Rg for 1-stage ELV

D-1

The reliabilities are assumed to vary with cumulative launches
between 1970 and 1990, as shown in Fig. 1. The curves
are based on component reliability estimates and on ex-
perience curves for various ballistic missiles and space
boosters.! (These particular curves represent one of several
reliability models that will be used in the subsequent cost
analysis.) The curve for the one-stage ELV is based on the
use of advanced all-chemical (O./H,) propulsion with initial
operational availability in 1975; since the number of prin-
cipal operation events during delivery is smaller for a one-
stage vehicle, a higher rate of growth is indicated.

Operating Cost of Establishing an Orbital
Installation

The total (direct + indirect) cost C of establishing an
orbital installation is the sum of the total operating costs of
the logistic operation Ci,y (of which the cost of delivery is
the major part) and the orbital operation Com,:

C = Clog + Corb (2)

Numerous cost analyses have been prepared in the past
five years for the development and operation of launch ve-
hicles of various sizes (see, e.g., Refs. 2-4). Approximately
909% of the direct operating cost (d.o.c.) for expendable, land-
launched vehicles of the Saturn V-type is the vehicle produc-
tion cost; hence the variation in d.o.c. can essentially be re-
duced to a discussion of production cost. This cost decreases.
with increasing cumulative production (learning curve),
but for a given production level, cost increases with time,
because of both rising labor and material costs and continued
product improvement of vehicle subsystems and components.
In the current transition from missiles to spacecraft, a trend
toward reduction in production numbers will result in more
man-hours per unit weight, the demand for higher product.
quality and reliability, further increase in the proportion of
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Fig.1 Assumed reliability of Saturn V and post-Saturn
payload separation and rendezvous events.
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Table 2 Cost effectiveness and annual launch cost of Saturn V for various orbital payload levels in the 1970-1985 period

1970-1975 1975-1980 1980-1985
Rates and costs B
. We = 250k 15 30 30 65 65 130
Total orbital payload, MIb 3Ww ~ 220k 13.2 26.4 26.4 57.1 57.1 114.2
Roros, $/Ib 48 44 48 44 50 45
r, Eq. (6) 0.77 0.7 0.64 0.61 0.54 0.475
For Pp = 1.0: _
Total launches, Nop = 5, 60 120 120 260 260 520
Weo = 250k 166 145 157 137 150 130
€*, Eq. (7), $/Ib payload 3Ww = 220k 189 165 178 156 171 147
Cost/launch, €, $M 41.5 36.4 39.2 34.3 37.6 32.6
Cop = C'Noy = 5C,, $M 2500 4360 4700 8,930 9,800 16,900
For varying Pp:
Po 0.792 792 0.87 0.87 0.93 0.93
Nop = 58, 76 152 138 300 280 560
Cop = 5C,, $M 3165 5525 5405 10,300 10,550 18,200
e Weo — 250k 210 183 181 158 160 140
C**, /b payload gww — 220k 240 209 200.5 180 183 158

electronic and other high cost equipment and material (heat
shields, ete.), and a further rise in average salaries because
of an increase in the proportion of highly skilled personnel
all the way from analysis, research, and design through
manufacturing and testing.

This cost-increasing trend is taken into account for the
1970/1985 time period by means of an exponential function
ez. ForSaturnV,

z = 0.009 + 0.027Y + 2.2 X 107 Y2 —
8 X 10782Y % (3)

where Y represents the number of years, starting with mid-
1970 (ie., Y = 1 in mid-1971). The first (constant) term
indicates that the increase in cost is not directly proportional
to time, taking into consideration factors such as saturation
of plants with highly skilled and experienced personnel and
amortization of the investments in basic production capabili-
ties and in other basic facilities. The third and fourth terms
represent the time-correlated effect of the production number
v; the third term accounts for the fact that the cost-reducing
effect of increased production will be less pronounced in
early years (because of tooling and facility investments and
the production errors that occur with rapid increase in pro-
duction of a new product), and the fourth term modulates
the effect of v in the first year (¥ = 1) and takes into ac-
count the fact that, for Saturn V, the year 1971 is not really
“Y = 1.” (The fourth term gives a greater cost-reducing
effect for a very high production level in the first year than
would be justified for a new product.)

The “learning curve”’ can mathematically be defined by
av~t. From data® for production numbers up -to 1000 (on
the V-2 rocket and various large aircraft), a value of b =
1 is indicated. Most of the available data are obtained on
time periods shorter than the 15 years considered here.
Neglecting the fact that b is a function of time (since some of
this, at least, already has been incorporated in z), the follow-
ing relation is applied to the determination of the production
cost per pound of hardware:

Kiroa = avrer 4)

where 2 is given by Eq. (3) for the Saturn V ELV. This re-
lation is plotted in Fig. 2 for ¢ = 80 and b = }. Increasing
the production number is more effective in later years, since
earlier investments are amortized by then, and the entire
manufacturing and quality control process has been im-
proved. To put it another way, the cost-increasing effects
are more significant when there is prolonged manufacturing
at a low production level.

The associated direct cost of delivery per pound of net
payload (direct cost effectiveness) for Saturn V is

Cop* = (Kuroa/0.9)(Wa/ W) (5

where W, is the dry weight and W, the net payload weight
of the vehicle. The associated indirect cost effectiveness is

Cip* = rCpp* = [0.9 — (N — Ngv]Cpp* ®

where from cost studies of Saturn V and larger ELV’s, in
which it was assumed that the vehicles are not stockpiled in
significant quantities, it is approximately N, = 23 and y =
0.155. The over-all cost effectiveness of payload delivery
into orbit with Saturn V is, therefore, approximately

C* ~ [1.9 — (N — 23)0.15]K .. aW4/0.9W, )
where W, ~ 440,000 Ib for both the first and second stage

of Saturn V. The net payload is 250,000 Ib or less. The
various total operating costs are then
Per Launch
C' =~ C*W, (®)
For a Given Operation
Cop ~ NoyC’ 9
Per Year
C vy = N YC’ (10)

Two models of growth (4 and B) of the Saturn V launch
rate have been assumed; the associated numbers of launches
for 5-yr operations are listed in Table 2. Model 4 assumes
a comparatively moderate growth of cumulative payload
in orbit, reaching 90 to 115 Mlb by 1985, and model B reaches
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Fig. 2 Possible variation of specific production cost of
Saturn V as function of time.
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COST EFFECTIVENESS ($/1b Payload)

100 1 1 1 | L i 1 1 1 L L 1

1970 1975 1980 1985
YEAR

Fig. 3 Total cost effectiveness of Saturn V vs time, based
on case A in Table 2.

approximately twice this range. Mean total cost effective-
ness and associated parameters are given for each of these
models, based on Eqgs. (7-10) and Figs. 1 and 2. The ap-
proximate variations of total cost effectiveness vs time are
shown in Figs. 3 and 4 for these two models for two values
of W, with Pp fixed at unity or varying (according to Fig. 1).

For the post-Saturn vehicle, a payload capability into
orbit of 10¢ 1b has been assumed. A reusable version with
an average operational life of 10 launches and an expendable
version of a single-stage chemically-powered ELV have been
considered. The same payload build-up as for Saturn V
with 0.25 Mlb payload/vehicle in models 4 and B has been
followed with the post-Saturn vehicle, for which 1975 has
been assumed to be the first full year of operational state.
The cost effectiveness of such a hypothetical vehicle can
vary considerably (depending on many detailed assumptions
that are beyond the scope of this paper), as shown in Fig. 5.
Typical uncertainty limits (which would be characteristic
for all curves) have been indicated for the upper curve, which
is believed to be the most likely curve for the case in question.
The total cost effectiveness figures for the expendable ver-
sions probably are on the conservative side; they indicate
that reusability will pay off more in the later years (because
reliability, permitting more vehicles to live through their
full operational life of 10 launches, increases, and recovery
and refurbishing operations are more routine).

Costs of Orbital Operations, Particularly Labor

The over-all cost of an orbital operation depends on the
type of orbital facility used, the type of interorbital vehicle
to be assembled, its fuel, the mode of assembly (i.e., how
much mating and how much fueling has to be done), the de-
gree of interchangeability of the modules and/or vehicles,
the probability of success of each step, the cost of delivery of
each module to orbit, the number of personnel maintained

W, = 250k~

COST EFFECTIVENESS (3/.b Pavload)

100 L I ! * I 1 1 L 1 £ I It
1970 1975 1980 1985
YEAR

Fig. 4 Total cost effectiveness of Saturn V vs time, based
on case B in Table 2.
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Fig. 5 Typical total cost effectiveness curves for a single-

stage chemical ELV of 10°-1b payload.

in orbit, and the type of maintenance and the duration of
the orbital facility. TFor a particular mission, the orbital
burden rate depends, in addition to the forementioned fac-
tors, on the consumption of fluids and other expendable
materials, on the number of missions over which the basic
costs can be prorated, and on any special preparations or
training required.

The burden rate can be divided into 1) developmental and
other nonrecurring costs and 2) recurring costs, which are
subdivided into materials and orbital labor costs. The
nonrecurring cost depends largely on whether a new capabil-
ity is to be developed, or whether existing capabilities (Saturn
I, Titan III, and Saturn V) will be utilized. The materials
costs can be assessed realistically only in the framework of
an over-all mission model that furnishes time distributions,
types of ISV’s, and the W, (and volume) and expected Pp
of the ELV. An investigation of the materials costs of orbital
operations for several mission modes is under way, but the
present considerations will be confined to the orbital labor
cost.

The hourly labor rate ci dollars per labor hour over the
period T, of the particular orbital operation is a function
of: 1) the cost of special job training, 2) the cost of trans-
portation to and from orbit, 3) the cost of living, and 4) the
cost of housing and of operating and maintaining orbital
housing:

Clab = Cirain T Ctransp T Cliv T Chous (11)
Cirain = Cleain/24N T pfw (12a)
where
Ciransp = Clransp/ 24T pfw (12b)
Criv = C*iransp, o (bp + w4+ wx)/24 fw T,  (12¢)
ehous = (Con + Coun)/24Topfw N, (12d)

Based on the definitions and assumed values for the vari-
ous parameters as given in the Nomenclature and in Table

Table 3 Inputs for a numerical analysis of orbital
labor cost

Jw 3
Ctrain; $ 800 y 000
W, b 200
C*eansp $/1b W 100
wr, Ib/man-day 3.66
why, Ib/man-day 0.35
Wx, Ib/man-day 0.74
C*transpy ¢ $/1b cargo 150
N,, men 50
Won, Ib 200,000
C*pr0a, $/1b 80
C**go, $/day 10,000
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Fig. 6 Hourly orbital labor cost for an operational period
of 360 days.

3, the orbital labor cost has been computed for orbital opera-
tions lasting 180, 360, and 720 days. Results for 360 days
are shown in Fig. 6. The breakdown by cost elements (Fig.
7) is typical also for the two other operational periods. From
this figure it is seen that the cost of special training of the
orbital labor force can dominate this cost group. If the
orbital duty period is brief, the cost of special training re-
mains the dominant factor even if the cost is only one-half
or one-third of the $800,000 value assumed. The cost of
personnel transportation (at $100/1b, round trip) is a com-
paratively small item in the framework of a 360-day orbital
operation. However, Fig. 8 shows that it becomes significant
when T, becomes small or T.,/Tp» becomes large.t The
cost-of-living contribution nominally is not a function of
T,»s, since food requirements and number of labor hours vary
in the same manner with T,,. The contribution of orbital
housing exceeds that of transportation by a factor of 4 and
higher, as shown in Fig. 8, for various average numbers of
personnel N .

These results for the hourly orbital labor rate (to which
must be added materials costs and amortization costs as
previously noted) can be summarized as follows:

1) For T.,, > 100 days, personnel transportation costs
play a comparatively minor role, provided that the number
of crew rotations does not exceed 2 for a 100-day operation
and 12 for a 720-day operation. (This conclusion is correct
even when the assumed transportation cost of $100/lb is
doubled.)

2) The cost of supplying the orbital crew with food (3.66
1b/man-day), make-up water (0.35 Ib/man-day), and mis-
cellaneous expendables (0.74 1b/man-day) contributes ap-
proximately $89 to ¢, based on a cargo transportation cost
of $150/1b.

3) The principal cost item, aside from special training, is
orbital housing and its maintenance. Even for an opera-
tional period of one year, its contribution to ¢ is between
$350 and $850 for crew sizes between 50 and 20.

4) If the cost of special training of the individual (assumed
here to be $800,000) is taken into account, the hourly labor
cost varies within wide limits, depending upon the indi-
vidual’s cumulative duty time during the 7,,. TUnless the
cost of such training can be reduced to the order of $100,000,
it is of great economic importance to maintain long orbital
periods of duty (at least 90 days) or, if this meets with diffi-
culties from the standpoint of work efficiency, to assure at
least three tours of duty (Np = 3) of 30 days each.

Probability of Successful Establishment
of Orbital Installations

In principle, any ELV can amass any amount of weight
in orbit, given a sufficient number of successful launchings.

t As far as transportation cost is concerned, it does not matter
whether the same individual is involved in another period of
duty during the same period of orbital operation; i.e., Np has
no effect on the transportation cost, only on the contribution of
the special training cost to the hourly labor cost.
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Fig.7 Factors determining orbital labor cost for a 360-day
operation.

In practice, the establishment of an orbital installation whose
weight or volume exceeds the payload weight or volume
capability of a single given ELV affects the cost of estab-
lishing the installation through the following parameters:
number of deliveries required, probability of successful de-
livery, and probability of successful orbital mating and/or
fueling. The number of launchings affects ground operation
and ELV procurement cost, especially if the vehicles are
expendable. The reliability of the over-all operation deter-
mines also the procurement cost of modules in excess of
those basically needed, to replace losses during delivery fail-
ures and failures during orbital operation. Finally, level of
effort, duration, and cost of orbital labor determine essen-
tially the cost of the orbital operation during the establish-
ment phase.

The total requirement on the transportation system is de-
termined by the probabilities of success desired for the de-
livery operation and the orbital operation associated with
the payload weight delivered. First, we shall assume that
payload modules are to be assembled in orbit in one of two
cases:

Case I: All modules delivered are to be mated into a
single complex. Failure to mate one module to several
modules already mated leads to the loss o { the two modules
concerned, but not of the other modules.

Case I1: The delivered modules are mated to individual
complexes limited to 3, 4, or 5 modules each. In case of failure
to mate, the same rules apply as in case I.

Cases I and II are identical where 3, 4, or 5 modules are
concerned. They are different for larger numbers of modules.
Case I applies primarily to the establishment of large space
stations, case II to lunar or planetary space vehicles.

The probability of success in establishing an orbital in-
stallation is determined by the cumulative probability of
delivery of a number of modules Pp* multiplied by the
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Fig. 8 Cost of orbital housing, its maintenance, asso-
ciated ground tracking operations, and cost of living and
personnel transportation.
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Table 4 Coefficient 4; in Eq. (15)

Ay
j n=1 2 3 4 6 8
0 1 1 1 1 1 1
1 1 2 3 4 6 8
2 1 3 6 10 21 36
3 1 4 10 20 56 120

cumulative probability of mating a given number of modules
Py*. The probability of n or more successes in np = n 4+ J
deliveries is

n4j
Pp* = 3., A;Pp(l — Pp)i 13)
np=n
where Pp is given by Eq. (1a) and 4; is listed in Table 4.
Thus, for 3 or more successful deliveries out of 5 attempts,
ie,np =34 2,itis

Pp* = Ppd 4 8Pp3(1 — Pp) + 6Pp3(1 — Pp)t (14)

and so forth.

The probabilities Py, »* of m or more successful matings
of m 4+ 1 modules in m to m + k attempts, under the ground
rules specified for case I, are as follows:

k= 0: PM"‘
E=1: Py=[1 4+ (1 — Pu)]

2
h=2: Pm[l + - PM)k]+
k=1
3
k=3 Pm[1+ >a- PM>k]+
k=1

(m — 1)PyumPyPy X (1 — Py){1 + (1 — Py)] +
(m — DPyPulPao(l — Pu)? |

where Py is the probability of mating successfully two
modules and P, the probability of successfully demating a
damaged module from a module aggregate. It is assumed
in the preceding equations that Py and P, are the same
for all modules or mating processes. The number of modules
which must be delivered into orbit is always (m -+ 1) +
2k. This number, then, determines the possible num-
ber of successful launches required. Thus, if m = 3 and
k = 2, preparations for the establishment of this 4-module
orbital installation must plan for eight deliveries. If one
delivery failure is included, a total of nine launch vehicles
(if nonreusable) and of nine modules (or more, if not inter-
changeable) would have to be procured to attain the asso-
ciated overall success probability :

9
P* = Pp*Py* = > APl — Pp) X
8

2
{PMa [1 + 2= PM)k] + 2Pu*PuPu(l — PM)} (16)
k=1 J

In case II, Eqgs. (13-15) are also applicable, but m is re-
stricted to 5 or less, and the fact that the process of estab-
lishing these installations is to be repeated, say, p times,
must be taken into account. Then the over-all success
probability is

P* = (Pp*Py™)r . a7

The number of modules to be procured may have to be larger
in this case than in case I if they are not interchangeable.
A third case is also considered.

J. SPACECRAFT

Case III: An orbital installation is to be supplied with
fuel or other necessities. Failure to fuel does not destroy
the module to be fueled and, therefore, requires only delivery
of another supply vehicle (tanker) rather than two additional
deliveries in the cases I and II. For case III, Eq. (13)
applies also to the orbital operation. The probability of s
or more successes in p = w -+ ¢ attempts to fuel or service
the installation in any other manner is

stq
Pg¥ = >, A,Ps(1 — Ps)e (18)
p=s

where A, is found from Table 4 for ¢ = j and s = n. The
probability of success is then P* = Pp*Pg*,

Use of Many Saturn V ELV’s vs Fewer Post-
Saturn ELV’s

Payload Procurement for 1975 Period

The purpose here is to show that associated costs of payload
procurement and orbital operations, in addition to transport
cost effectiveness, play important roles. The technique of
comparison is illustrated by an example, which is listed
in some detail in Table 5. The task is to establish, in 1975,
an orbital installation of four complexes of 10% 1b each.
Saturn V, given a useful payload of 0.25 Mlb, is compared:
with a chemical post-Saturn vehicle of 1.0-Mlb useful payload.

For Saturn V, the task amounts to transporting 16 modules
into orbit and mating them into four 1.0-Mlb complexes.
Lines 1 through 7 in Table 5 determine, for the assembly of
one of the complexes, the over-all probability of successful
delivery (Pp*), based on Pp = 0.84; the probability of
successfully accomplishing four times three matings (Pa*),
based on Py = 0.95 and Py = 0.99; and the over-all prob-
ability of success P*. The assumptions previously specified
for orbital mating (rather than fueling) are used. Three
alternatives are considered. First, in columns 1 through 3,
no extra mating attempt beyond the minimum of three mat-
ings is planned (¢ = 0), whereas the number of extra delivery
attempts (7) is increased; the delivery probability grows,
therefore, according to Eq. (13), forn = 4andj = 0, 1, 2
(i.e., 4 successful deliveries in 4-6 delivery attempts, respec-
tively). In practice, if six delivery attempts are planned,
and the first four are successful, then the fifth and sixth
ELV’s and their payloads would be available in case of a
mating failure. However, this additional mating capability
is not part of the procurement and launch plan represented
by columns 1 through 3, which merely aims at maximizing
the probability that the four required modules will actually
be delivered. In columns 4 through 6, an additional mating
attempt is specifically planned (¢ = 1). This means that
the plan must provide for a minimum of 6 launches (n = 6)
under the assumption that one failure to mate renders the
two modules involved unsuitable against which 7 is again
varied from 0 to 2 to increase the confidence level of successful
delivery of six modules. In column 7, £ = 2andj = 1.
Because Py is larger than Pp, increasing j is more effective
than increasing k. Thus, the highest confidence level is ob-
tained with j = 2, but £ = 0 (column 3). Trying to ac-
cumulate excess modules in orbit (¢ = 0) in case they are
needed there degrades the over-all probability of success unless
Pp*is higher.

Lines 8—10 show the effect of carrying out 4 times each of
the nine alternatives for establishing one complex (lines
1-7), on the procurement requirements and on the over-all
probability, under the assumption that no additional attempt
to assemble a complex is planned (& = 0). If one additional
attempt is planned (b = 1), the figures in lines 11-13 are
obtained. Lines 14-26 estimate the cost of delivery and
of orbital labor, based on the procurement requirements
(line 9) for A = 0. These procurement requirements repre-
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sent the maximum numbers of interchangeable modules
that could possibly be used; if they are not all interchange-
able, then a significantly larger number than indicated in
line 27 must be procured to be consistent with the over-all
probability of success. The economic importance of having,
in a planetary or lunar ship or in a space station, as many
modules interchangeable as possible is so apparent that it
will strongly influence the design philosophy in this direc-
tion (especially since interchangeability of modules of
manned planetary ships is also of considerable practical
importance in case of troubles en route). However, practice
shows that this goal is never reached completely, and it can
be expected that the majority, but not all, of the modules
will be interchangeable. Since this teads to raise the “‘safe”
procurement level, the numbers given in line 27 could possibly
have to be met, even though the procurement of two extra
modules for each mating failure is a conservative procedure.

In any case, for comparable success probability, the pro-
curement cost for Saturn V is considerably higher than for
a post-Saturn ELV. Although the individual delivery
reliability of the latter is smaller, the confidence level attained
with 6-MIb-payload procurement (j = 2, £ = 0) is significantly
higher than that for Saturn V, 0.829 (line 7, column 10) vs
0.422 (line 10, column 3). Conversely, for a success prob-
ability of at least 0.75 for Saturn V (line 13, column 3), 7.5

Milb of payload would have to be procured. The reason
for this difference is, of course, that no orbital mating is re-
quired with the post-Saturn ELV; instead, preparation is
done on the ground where it can be done more efficiently
and far less expensively. For a given payload, e.g., 6 Mib,
the launch costs are 1 higher for Saturn V, because each post-
Saturn ELV costs only 3 times as much to launch as each of
the equivalent total of four Saturn V’s.

In summary, Table 5 indicates the following:

1) The best plan available to Saturn V, in terms of com-~
petitiveness with a post-Saturn ELV, would be a n = 4,
j=2,k=0,h=1 (column 3, lines 12 and 13).

2) This case compares with post-Saturn, n = 4, j = 2
(column 10) as follows: over-all success probability, 0.75
vs 0.829; maximum number of launches, 30 vs 6; maximum
launch cost (expendable ELV), $1200 X 10° vs $720 X 10%;
and maximum payload weight procurement, 7.5 Mlb vs 6
Mib.

3) If this payload is inexpensive (e.g., Hy), the last point
is negligible. In this case, however, no housing would be
available for the orbital crew of the post-Saturn ELV, which
would bring the orbital labor cost roughly to the same
level as listed for Saturn V. Thus, if inexpensive payload
is hauled, the economic superiority would be based primarily
on its higher cost effectiveness, resulting in a saving of the

Table 5 Comparison of Saturn V vs post-Saturn ELV for establishing four complexes @ 10° 1b weight in orbit in 1975¢

Saturn V Post-Saturn ELV

Line Column 1 2 3 4 5 6 7 8 9 10
1 n 4 4 4 6 6 6 8 4 4 4
2 J 0 1 2 0 1 2 1 0 1 2
3 m=3: k 0 0 0 1 1 1 2 No mating required
4 N = Nmoa 4 5 6 6 7 8 9 4 5 6
5 Pp* 0.489 0.817 0.944 0.351 0.688 0.877 0.493 0.316 0.632 0.829
6 PM*(PM = 0.95;

Pg = 0.99) 0.855 0.855 0.855 0.90 0.90 0.90 0.983

7 P* = Pp*.Py* 0.425 0.699 0.806 0.316 0.619 0.79 0.484 0.316 0.632 0.829
8 h = 0:
9 Ni* = Nuod 16 20 24 24 28 32 36

10 Py* = (P*) 0.033 0.239 0.422 0.01 0.147 0.389 0.055

11 h = 1:

12 Ni* = Nmoa* 20 25 30 30 35 40 45

13 Ppy*(h = 1) 0.109 0.527 0.75 0.037 0.371 0.716 0.168

14 Launch rate

1 per week (7 days) per launch pad

1 per 30d per launch pad

15 Launch pads _ 4 4 1 spare 3 -+ 1 spare
16 Orbital crew, N, 40 20
17 Launch period, days 28 35 42 42 49 56 63 30 40 50
18 Topy days 38 45 52 52 59 66 73 40 50 60
19 Labor, hr X 1072 121 144 166 166 189 211 234 6400 8000 9600
20 Housing, $/hr (N, = 40) 4200 3450 3000 3000 2630 2350 2140 No housing required
21 Personnel transp. 40 (persons)-200 (Ib/person)-100 ($/Ib) = $800,000 $400,000
22 Labor cost, M$ 51.3 51.7 52.2 52.2 52.1 52.4 52.9 0.96 1.1 1.25
23 Labor rate, $/hr 4350 3590 3140 3140 2760 2980 2260 150 136 130
24 C**, $/lb payload 160 (Fig. 3, 1975); $40 X 10° per ELV 120; $120 X 108/ELV
25 Max. launch cost, M$ 640 800 960 960 1120 1280 1440 480 600 720
26 Total cost w/0 without

payload, M$ 691 852 1012 1012 1172 1332 1493 481 601 721
27 Mazx. payload procured,

M3 4 5 6 6 7 8 9 4 5 6

2 Notes (cf. text also):

Process of mating four modules has to be repeated four times to obtain the required four complexes @ 108 1b; & = 0 means that no addi-

tional attempts to mate one more complex is planned. This results in the number of modules to be procured and probability of success

One redundant complex is planned (A = 1), resulting in improved probability of success (line 13) of obtaining the required four complexes,

The orbital operation is ten days longer than the launch period to account for mating and/or checkout of the last module or complex via

Line 5: Pp = 0.84 for Saturn V; Pp = 0.75 for post-Saturn ELV,
Line 8:
indicated in lines 9 and 10.
Line 11:
but at higher cost.
Line 17: Designates the period in which all launches take place.
Line 18:
Saturn V or post-Saturn, respectively.
Line 19: Based on 8 labor-hr/day times Top and Np(line 16).
Line 20: In the case of post-Saturn the crew is expected to live in the complex.

Lines 22, 23, 25: The cost of special training of the orbital crew is not included; but the cost of living at $89/labor-hr is included.

Line 24:

Cost effectiveness for post-Saturn is derived from 160:0.75 = 120; where $160/1b is given in Fig. 5 (for the expendable version on the basis

that its reliability is about 0.75). Since the effect of reliability has been considered here separately (lines 5 and 7), the cost effectiveness
figure has been reduced to a value corresponding to100%, reliability, The cost figures in Fig. 5 account for the effect of reliability statistically
over large mumber of launchings, whereas. the values in lines 5 and 7 refer to success probability for the given limited number of delivery

attempts.
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order of $480 X 10° (30 Saturn V ELVs @ $40 X 10° each
minus six post-Saturn ELVs @ $120 X 10%each) for the entire
operation. The economic superiority of the post-Saturn
ELV is not raised significantly if the cost of special training
of the orbital crew is taken into consideration. At the
level of $0.8 X 10° man, this cost is $16 X 10°¢ higher for
Saturn V, based on line 16 of Table 5.

4) If the payload is moderately expensive, say $300/1b,
the economic disadvantage of Saturn V is emphasized further,
because, for reasons of mission success confidence, 1.5 Mlb
more payload weight must be procured, adding $450 X 108
to the $480 X 10° in higher vehicle procurement and launch
cost. Moreover, in this case, the payload is likely to possess
accommodations for personnel (e.g., flight crew). Their
temporary use by the orbital operations crew is likely to be
more feasible in the post-Saturn case where no mating
(only checkout of the complexes) is involved. Therefore, it
is likely that no orbital housing will be required with the post-
Saturn ELV, so that another $50 to $65 X 10 is added to the
total cost difference for this comparatively small orbital
operation, bringing it to the order of $980 X 10° in favor of
post-Saturn. It is important to note that approximately
half of this advantage is due to lower transportation cost,
and the other half results from lower payload weight pro-
curement and simplification of the associated orbital opera-
tions. Even if the savings were only half as large, they would
still be very significant. In reality, they will be even larger,
because of the other elements of the orbital burden rate not
considered here (cf. Fig. 5 for those considered).

The relative position of Saturn V can be improved if a
mating technique is used in which failure to mate does not
result in the destruction (or mission unfitness) of both
modules concerned, but of only one, preferably the one to
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Table 6 Establishment of four 10°-1b complexes with
Saturn V using fueling mode

Line Column 1 2 3 4
Vehicle (n = 1)

1 7 0 0 1 1

2 Nr=N, 1 1 2 2

3 (Pp = 0.84)Ppr* 0.84 0.84 0.97 0.97
Tankers (s = 4)

4 ¢ 0 1 0 1

5 Nr=Np 4 5 4 5

6 (Ps = 0.95)Ps* 0.81 0.98 0.81 0.98

7 (Ppr = 0.84)Ps*Ppr* 0.41 0.73 0.41 0.73

8 Nyifor1 compl. vehicle 5 6 6 7

9 P* = Pp* Ps* Ppr* 0.34 0.62 0.39 0.71

10 P,* = (P*)t 0.01 0.14 0.02 0.26

11 Ng* 20 24 24 28

be attached (so as to eliminate the need for demating a
module). In that case, a mating failure results in a re-
quirement for only one (rather than two) additional delivery.
This raises the over-all probability of success significantly,
even if the probability of mating success (Py) is not raised.
The same conditions exist in the case of fueling if each
complex is a lunar or interplanetary vehicle. It must further
be assumed that the vehicle uses chemical propellants (O,/H,
or denser), since the size of a 1.0-Mlb nuclear-powered,
hydrogen-carrying vehicle is too big for the presently speci-
fied payload volume of Saturn V (about 100,000 ft3), which
is limited by facility and design criteria. To account for
problems connected with mounting the entire vehicle in the
nose section and for insulation weights for the tanker atop
Saturn V, it is assumed that in this case a minimum of five

launches is required (n = 1 vehicle and s = 4 tankers).
The success probability remains low, although it is seen that
the allowance of an additional tanker (¢ = 1) raises the

over-all success probability (e.g., columns 1 and 2, or 3 and
4, in Table 6), whereas allowance of an additional mating
attempt (k = 1) actually reduces the over-all success proba-
bility (columns 1 and 4, line 10, Table 5), because an addi-
tional mating attempt requires two additional launches.
These examples show that the concept of using a larger instead
of a smaller number of ELV’s suffers from a serious reduction
of mission success probability, unless the delivery success
probability (which is the main cause of this reduction) can be
raised to 0.9 or higher.

Longer-Range Requirements

Although the preceding example indicates an impressive
potential operational cost superiority for the post-Saturn
ELV for the 1975 period, the difference is small as compared
to the development cost of such a vehicle, which is expected
to lie between $5 and $10 X 10°. Therefore, a justification
must be established on the basis of sustained long-range
transportation requirements. For this purpose, a com-
parison can be made for case A transportation level (Table
2) with delivery costs and cost effectiveness values shown
in Figs. 3 and 4 (Pp varying) and Fig. 5, and with orbital
labor hourly rates plotted in Fig. 9. It will be assumed that
the number of orbital personnel required in the second 5-yr
period should be increased by 509, for Saturn V (correspond-
ing to a 509, reduction of the nominal 7'5) and by 339 for
post-Saturn ELV’s. The results are shown in Fig. 9 for the
expendable and the recoverable versions of the post-Saturn
ELV. The upper three curves show delivery plus orbital
labor cost; the lower two curves show the orbital labor
cost. (The cost effect of the two approaches on payload is
not included, since it cannot be assessed in this general
form, but the trend established by the example in Table 3
should apply.) Figure 10 shows that:

1) The cost superiority of the post-Saturn ELV is due
to a) size, b) the gradually developing effect of reusability,
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and c¢) savings in orbital labor cost. (the least certain factor).
If the other elements of the orbital operations cost are in-
cluded in a more specific analysis, the effect of the orbital
burden rate is likely to become more important even than
reusability.

2) It is not necessary that the post-Saturn ELV attains
reusability from the start; it is more important that it be
designed so that a reusable mode of operation could be intro-
duced during the first five years of operations.

3) If its development cost is taken as $6 X 109, it should
be amortized during the first ten years of its operational life,
even if no reusability is attained during this period; in case
of reusability, amortization in eight years or less is indicated.

4) It is, therefore, important for the post-Saturn ELV con-
figuration selected to have a low rate of obsolescence; this
will be assured if the vehicle is characterized by: a) ade-
quate orbital payload capability (i.e., >1.0 Mlb) to assure a
useful life > 15 yr; b) a shape which offers as few volume
restrictions as possible to a payload weight of this magni-

tude; ¢) highest possible operational simplicity and reliability;
and d) advanced chemical engines (high-pressure O./Hs) and
a design that permits the vehicle to be adapted to more ad-
vanced propulsion systems (nuclear and/or air-breathing
engines) as the state-of-the-art advances.
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Discussion by H. H. Koelle (see also accompanying paper by Koelle, p. 620)

Dr. Ehricke deserves the credit for discovering the fact
that orbital labor rates can be substantial in extensive space
operations. This factor has been neglected until now. He
has opened the door for intensive investigations in this area
which, hopefully, will lead to a better understanding of what
we refer to as “‘orbital operations.”

One of the strong points of his analysis is the consideration
of actual reliabilities and reliability growth for all individual
steps of orbital operations in a fairly sophisticated manner.
This gives considerable insight into the actual problems of
orbital operations. The introduction of several new param-
eters, describing individual orbital activities and supporting
elements, bring out clearly the importance of individual
assumptions and permit a ranking of these parameters ac-
cording to sensitivities.

Since the original paper was written in early 1963, one might
be cautioned in using the absolute figures given in the ex-
amples. For example, the Saturn V payload capability, con-
sidered for the 1970’s, will probably be larger than those as-
sumed, and the availability of a post-Saturn vehicle is now
more likely around 1980 and not 1975 as assumed. But the
sample calculations can be repeated as new data become

available, and this fact does not reduce the importance of
this paper.

A weak point of the paper is the fact that not all recogniz-
able parameters have been introduced at that point in time.
This was probably wise, as it kept the problem within man-
ageable limits. On the other hand, some very important
influence factors might not show up in this initial investiga-
tion. Parameters of this type are R&D cost for orbital
support equipment, launch rate limitations, propellant re-
quirements in orbit, and others. Most of these will shift the
comparison of smaller launch vehicles with larger launch ve-
hicles in favor of the larger launch vehicles. It is also to
be expected that the permissable time for orbital operations
will be less than half a year for a particular mission. Future
studies will probably show that several other parameters,
besides orbital labor rate and individual reliabilities, will be
very influential in determining the total “orbital burden
rate.”

The author has to be congratulated for his pioneering
paper, which not only will stimulate other investigators, but:
will also permit us to look at “orbital operations” more
realistically than in the past.



