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ratio lowers Cmq values by about a factor of 2 for the un-
ablative or solid wall model tests. These same no blowing
runs indicated (Cma data not presented) that the effect of
increased nose bluntness ratio is to translate the aerodynamic
center aft about 0.10 diam.

It was assumed as a result of preliminary examination of
the data that the primary reason for increased dynamic
stability with mass addition to the boundary layer was an
effective shape change. It was hypothesized that coating the
aft portion of the model should add an effective "flare" to
the cone and possibly increase both static and dynamic sta-
bility. Runs were made with only the aft portion of the cone
coated. As the data demonstrate, when the model was
released, it damped slightly for the first few seconds; then as
the ablation material approached a full blowing rate, the
motion began to diverge and continued to diverge steadily
to the end of the run. Figure 2 also shows that injecting
nitrogen gas through a porous nose has only a small effect on
Cmq. This gas was not phased with the oscillatory motion of
the model and therefore does not simulate ablative phase
lag experienced by windward-leeward oscillating ablative
surfaces. The same pronounced effects obtained by ablation
on the cone configurations are also seen on the slender cone-
cylinder-flare shapes. Bluntness effects are similar also.
Once again, coating the surface of the model aft of the center
of rotation (i.e., center of gravity) produced dynamic
instability.

Summary

In Ref. 2 it is hypothesized that, for certain re-entry
shapes, e.g., "theoretically sharp" slender cones, transition
may occur first at the base with accompanying increases in
heating and (depending on the heat shield material) with an
increase in the ablative blowing rate in this region and possible
dynamic instability. Sufficient flight-test data of recent date
exist to support this thought. Examination of the ablation
tests made at FluiDyne indicates the degree of sensitivity of
the damping derivative not only to the presence of ablation
but also to its location, whether ahead or behind the center
of gravity. Coating the entire model, or forward of the
center of gravity, produces a dynamically stable configuration
with Cmq + Cm6l values approaching those for flight test.
Coating the rearward sections of a conic or cone-cylinder-flare
produces a dynamically unstable vehicle.

If we combine the observed test results and available flight-
test data with the transition hypothesis of Sacks and Schur-
mann,2 then some of the aerodynamic phenomena associated
with advanced re-entry bodies can be explained. As they
point out by way of illustration, normal angle-of-attack con-
vergence patterns can be expected during the high-altitude,
laminar portion of the trajectory. This would correspond to
ablation from the nose or forward sections of the wind-tunnel
models, i.e., stabilized Cmq, or convergence. As the vehicle
descends further and approaches the transition Reynolds
number regime, the angle-of-attack oscillatory pattern may
blow up or converge at even a faster rate. Should the flow
experience transition at the base first, higher heating rates
will be experienced in this area than on the forward sections,
and hence marked increase in ablation can be expected. In
the tunnel tests, the ablative models coated on the aft sections
diverged, i.e., Cmq became positive. Should the flow undergo
transition instantaneously, then dynamic instability will not
occur and convergence rate will increase. This would corre-
spond to the tunnel test with the ablative models completely
coated.

The profound effect of ablation on aerodynamic damping
shown in these tests demonstrates that an important physical
phenomenon is acting which must be investigated further.
Preliminary work has been started to formulate analytical
expressions associated with boundary-layer effects on the
pressure distributions over an ablating, oscillating body in

hypersonic flow. It is also apparent from the analyses that,
in order to obtain significant effects on dynamic stability, an
aerothermo lag parameter may exist, and the magnitude and
sign of this effect on Cmq is dependent upon the center of grav-
ity location. Should subsequent investigations prove the
existence of an aerodynamic lag time due to ablation,
then a significant parameter has been uncovered to explain
behavior of slender re-entry vehicles.
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Simplified Equations for Determining
Propulsion System Specific Impulse

MARIO W. CARDULLO*
Bellcomm, Inc., Washington, D. C.

Nomenclature
C = const, in.2/lbm
F = thrust, Ibf
Isp = theoretical propellant specific impulse, Ibf-sec/lbm
I8S = propulsion system specific impulse, Ibf-sec/lbm
I8Si = subsystem ' V specific impulse, Ibf-sec/lbm
It = total impulse, Ibf-sec
K = factor less than or equal to unity to account for accelera-

tion, flanges, and welds
Mg = gross stage mass, slugs
Mp = payload mass, slugs
n = number of modules
0/F = oxidizer to fuel weight ratio
PC = combustion chamber pressure, psia
P = pressure, psia
R = gas constant of pressurant, in./°R
S = design stress, Ibf/in.2

t = thickness, in.
IB = burning time, sec
tm = minimum wall thickness, in.
T = temperature, °R
v = velocity, fps
V = volume, in.3

a = weight ratio of expelled to total propellant originally in
tanks (expulsion efficiency)

|8 = weight ratio of propellant trapped and/or lost by vapori-
zation to total propellant originally in tanks

7 = ratio of specific heats
e = expansion ratio
rj = propellant performance efficiency
£ = density factor defined in Table 1, lb/in.3

p = density, lb/in.3

Subscripts
B = bladder
F = fuel
G = pressurant
0 = oxidizer
P = propellant
T = tank

VARIOUS techniques have been used in the past to com-
pare and select propulsion systems. Williams1 employed

the ratio of total impulse to weight to compare various atti-
tude control propulsion systems. A comparison based upon
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payload fraction (payload to gross weight) was used by Orr2

in selecting upperstage propellants. Roberson3 in his study
of control systems used the inverse of Williams' function for
system comparison.

The use of a propulsion system specific impulse (same as
Williams' impulse to weight ratio) was shown by Ross4 to
offer a means of comparing diverse propulsion systems on
a similar basis. The system specific impulse (/««) is defined
as the ratio of total impulse to total propulsion system
loaded weight. The system specific impulse offers a means
to evaluate the useful total impulse achieved from any pro-
pulsion system. The velocity change from any stage can
be shown to be a function of the system specific impulse
.and payload fraction4 and can be written

Av = glss ]n(Mg/Mp) (1)

The reciprocal of the system specific impulse can be shown
to consist of the sum of the reciprocals of all the subsystem
specific impulse (7ssi) where

/«

PRESSURE
RELIEF VALVE
-r- VALVE,

MANUALLY
OPERATE:

(2)
Fig. 1 Pressurization and propellant system schematic.

Thus by defining the subsystem specific impulse of com-
ponents (i.e., tanks, engines, propellants, etc.) it can be pos-
sible to construct analytical models of various types of pro-
pulsion systems.

Table I presents a summary of simplified equations for
determining subsystem specific impulse. The specific im-
pulse of the pressurant is shown to be independent of the

total impulse of the system but directly proportional to the
usable specific impulse (7Mt-) of the propellant. The sub-
system specific impulse for tanks is constant above a certain
total impulse level. This level is determined primarily by
the minimum fabricational wall thickness (tm). This total
impulse level is about 2000 to 10,000 Ib-sec for earth storable
propellants. Dividing the propulsion system into several
identical smaller systems produces a modular propulsion

Table 1 Summary of subsystem equations0

SYSTEM OR COMPONENT SPECIFIC IMPULSE ASSUMPTIONS REF.

TOTAL PROPULSION SYSTEM v

PROPELLANT

PRESSURANT

EXPULSION BLADDERS
6 a

PROPELLANT TANKS
FOR -)m/Po I.

j^. <^>p] 2 / 3 /A_y / 3 f j< \
L 6tf J \ n 7 T / \ t P /

L 3~S——~\ \ p7JpT

SPHERICAL BLADDERS, THICKNESS AND MATERIAL
S I M I L A R FOR BOTH FUEL AND OXIDIZER BLADDERS

SPHERICAL TANKS, THICKNESS AND MATERIAL
S I M I L A R FOR BOTH FUEL AND OXIDIZER TANKS

PRESSURANT TANKS
FOR

L 3 <* PP J VT/GT

ENGINE AND ACCESSORIES
TURBOPUMP AND GAS GENERATOR

PRESSURE FED ABLATIVE ENGINE

REGENERATIVE COOLED ENGINE

R A D I A T I O N COOLED E N G I N E

n [j 60 log l o F - 575 ]

200 P
INCLUDES INJECTOR, ABLATIVE CHAMBER, NOZZLE
EXIT SKIRT, THRUST-CHAMBER VALVE AND ACTUATOR
INJECTOR SIDE OF THRUST AND GIMBAL MOUNT,
ABLATIVE MATERIAL TO EXIT AREA RATIO OF 8:1,
TITANIUM TO F I N A L EXIT AREA RATIO

DR,Y, ENGINE WEIGHT, TURBOPUMP, GIMBAL

90 TA-IOW ALLOY, €=UO, N20U -AEROZINE 50
O/F = 2, C*EFF = 95%

(O/F + 1)2/3

[(O/F)/po] a/a +
_ _ _ _ _ _ = m
[(0/F)/po] + I/PF' Ibm'
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LEGEND:
PROPELLANT: N 2 0 4 - A E R O Z I N E 50
0/F RATIO: 2 T 0 1
CHAMBER PRESSURE: 50 PSIA
PRESSURANT: NITROGEN AT 4500 PSIA
TANKAGE: ALL TITANIUM ALLOY
ENGINES: 2-5G Ib THRUST |

MOLY1/2TJ RADIATION COOLED
CHAMBERS, f = 50

10" 10'

TOTAL IMPULSE (Ib-Sec)
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Fig. 2 Effect of total impulse on system component
weights.

system. If the total amount of propellant is to be divided
between "n" modules, then a weight penalty can be in-
curred. However, for medium to high total impulse (/< <
10,000 Ib-sec, F < 1000 Ib), this penalty need not be signifi-
cant, and for some cases it can be reduced by the lower
weights associated with less propellant lines and manifolds.
Depending upon the type of system, it may be possible to
increase system reliability using an independent modular
system. This penalty can be shown to be insignificant
for high total impulse, low thrust systems (/»• > 100,000 Ib-
sec, F < 1,000 Ib) since the propellant and pressurant specific
impulse are independent of the number of modules (ri).

Figure 1 shows a typical modular reaction control pro-
pulsion system, which was analyzed based upon the equations
shown in Table 1. Figures 2 and 3 show the results of these
calculations for various total impulses. In this case, the
engines and associated hardware (values, lines, etc.) com-
prise a majority of the system weight for the low total im-
pulse system (It < 2000 Ib-sec). As the total impulse
increases, the majority of weight, as expected, is propellant.
The pressurant approaches a maximum of 1% of the total
weight as the total impulse is increased. If the subsystem
specific impulse equations for the propellant and pressurant
are compared, their ratio is found to be constant. The effect
of total impulse on the over-all system specific impulse for the
case analyzed is shown in Fig. 3. As the total impulse in-
creases, the system impulse approaches asymptotically to the
theoretical propellant specific impulse. The ratio of the
system to propellant specific impulse is the propulsion system
weight factor. Only for an ideal propulsion system does this
factor equal unity; for any real system, this is always less
than unity, but as the total impulse increases, this factor
approaches asymptotically to unity.
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IMPULSE 0/F RATIO: 2 TO 1

THRUST: 50 Ibs ( R A D I A T I O N COOLED)
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Application of Dynamic Programing to
the Optimum Staging of Rockets

ANTHONY G. LUBOWE*
Bell Telephone Laboratories, Inc., Whippany, N. J.

Nomenclature f

/if!7] — minimum weight of rocket k achieving velocity V
g = gravitational const (32.174 ft/sec2)
Ii = specific impulse of stage i
Ni = ratio of initial thrust to weight of rocket i
Wi = initial gross weight of stage i
ffiWi = total jettison weight of stage i
Wi = initial gross weight of rocket i = Wi+i + Wi
Ti = burnout mass ratio = Wi/(Wi+\ + <riWi)
vf = velocity added during stage i
n = number of stages
WL = pay load weight = Wn+i
Vb0 = actual burnout velocity
V t — design velocity = Vi0 plus losses

Introduction

THE use of the dynamic programing technique to optimize
the staging of rockets was proposed by Ten Dyke1 several

years ago. Recently, Fan and Wan2 applied a discrete ver-
sion of the maximum principle to the same problem. They
claim that their solution is computationally superior to that
of Ten Dyke. My own admittedly limited experience with
the use of dynamic programing would lead me to agree with
them if they were considering a problem of the type usually
treated by the calculus of variations. However, dynamic
programing may sometimes be useful computationally for the

Table la Saturn C-5 vehicle

Stage, i Ii, sec Thrust, Ib Propellant weight, Ib

I
2
3

300
400
400

7500 X
1000
230

106 4400 X
900
230

106

WL = 100,000 Ib ond Vbo = 36,000 fps.

TOTAL I M P U L S E ( I b - s e c )

Fig. 3 Effect of total impulse upon system impulse.
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