Evolving Solid Boosters
For Space Missions

System studies have established big solids as real contenders
for space vehicles capable of delivering 250-500 tons to orbit

BY WILLIAM COMEN-

NASA QFFICE OF MANNED SPACE FLIGHT, WASHINGYON, D.C.

Gm'r PrOGRESS has been made
during the last two years in prov.
ing the technology of large sulid-pro-
peliant rocket motors and demonstrat-

ing their manufacturing and hendling

methods,

Not a great desl of proof has been
produced, however, in relation to the
question of the performence of a
manned vehicle with a2 solid-propel-
iunt stage. 1 do not mean by this that
thers has been lack of calculation.
Dozens of possibie vehicle configura-
tions, compliete with throst levels,
peyloads, and dimensions, have been
produced. The little sketches on page
61 illustrate a few of the vehicles re-
suiting from such computation,

The basic guestion unamswered by
this sort of computation is related to
the proposed - launch vehicles and
payloads: What ara the vehicle, pay-
load, and system problems arising
from the use of a solid-propellant
booster stage? The answer to this
question does not sters from knowl-
odge of propellant bumieg rate or
nozzle defign. It must come from a
systemn  organization which gives
knowledge of all asspects of launch-
vehicle and payload techmology and
which allows analysis of Jogistic and
launch problems.

During the pust vear or so, NASA
has established contracts and in-house
programs to deal with this guestion.
In doing this, the space agency has
been currying out a general policy on
the potentisl use of solid-propulsion

elements for large space vehicles.

This policy was recently stated ex-
plicitly by Thomas Disen, NASA
deputy associate administestor, to 2
subcommittes of Conigress: “We are
giving solid rockets equal considera-
tion with liguid rockets s making our
dacitions on future Jaunch vehicle de-
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vehicie. Much of the dats in the fol-

mant detailed scrutiny if they result in
severe mission penalties, but for the
time being we will accept them. As
far as the use of solid-rocket motors is
concerned, the most influentinl speci-
Beation is that the maximum aerody-
namic loading on the vehicle be lesy
than 1000 psf. This specification con-
trols the thrust.to-weight ratio and in
turn estzblishes the burning tine of
the solid motors. Other basic specifi-
cations are as follows: maximum g-
load, 8; minimum throstto-weight
ratio, 1.4; vehicls first-mode bending
frequency, about 1 cps,

The buseline vehicle in question
would deliver about 1/2-milion Ib
into 2 parking orbit with two stages
of propulsion. The first stage would
consist of solid-propeflant motors,
the second stage would have liguid
hydrogen-tiquid oxygen engines de-
ivering about 1.2-million b of thrust
each {called M-I engines). We will
not discuss in detail the propulsion
elements of the third, or escape, stage

other than to say that it probably
would use liquid hydrogen.liguid
oxygen engines smaller than the M.1
engine,

Now let us attempt to select the
dimensions and performance charac-
teristics of solid motors most desirable
for this vebicle,. What is the best
combination of motor producibility, -
refiability,  manufacturing  costs,
gm;rthpotentia!, handling problems,
ete,

First, consider rough boundaries of
secepted solid-rocket state of the art.
The graph on page 81 shows one es.
timate of this territory. This rocket
contractor believes that totors 380 in.
m&xmandmththmstlweisofabwt
1Z-million 1b can be made in what he
designates the state of the art. This
doss not signify, of course, that there
it no gradation of difficuity with size
or thrust level. Beyond the 12-mik
lon-ib thrust level, problems of man-
ufacture of inert parts and problems
of propellant structure and composi-
Hon become potentially severe encugh
to require individual development

programs.

Having obtained & rough map of
the territory, we seak the best motor
diameter, or more specifically, the
best length-to-diameter ratio. Here
we must consider the total vehicle. A
vehicle fineness ratic excesding about
19 is not considered desirable bacause
it has impHeations for the first-mode
bending frequency which may Jead to
guidance problems. The solid motor
length-to-diameter ratic, thersfore,
should be no greater, we believe, than
8 : 1. High length-to-diameter ratios
may lead to high internal gas velocity
or, stated in another way, to jow port-
to-throat mtio. We would expect
from our knowledge of solid-rocket
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technology that a minimum port-to-
throat ratio of 1.3 will be a conserva
tive design,

Another consideration will be pos-
sible requirements for growth in the
solid motor. B we select 2 lsngth-to
diameter ratio near the Hmits toler-
sble, we will hamper future growth.
A graph on this page presents a

" matrix of length-to-diameter ratio, di-

smeter, and propellant weight that
blanksts the region of interest. Selec-
tion of the motor dimensions is made
roughly from such a matrix, but the
final seloction will result from re
peated computations considering nu-
merous factors not clearly defined at
this point. For exwmpie, the selection
of motor dimensions will infiuence the
design of the stage structure and
thereby the stage mass fraction.
Aguin, selection of mator diameter will
be influential in establishing the maxi-
mum expansion ratio of the nozzle and
therefore will determine the usable
specific impulse to be cbtained from
the stage.

These conflicting inputs or reqpuire-
ments will be snalyzed in detail later
in the program, but perhaps another
map must be considered at this point.
What it the ability of the propellant
to withstand the stresses that will be
placed o it as motor digmeter in-
creases? The grph on this page
shows areas of limitation growing from
shear stresses and tangential stress in
s typical solid-propellant motor. Ob-
viously, we should attempt to stay
clear of the critical boundaries indi-
cated by this point.

Now other vehicle parameters are
introduced, and computations are
made of the effect of varizbles such as
combustion pressure. The graph at
left, covering propeilant weight and
velocity effects, shows some impor-
tant relationships and indicates the
Hroitation on second stage thrust-to-
weight ratio. More refined analysis
continues, and by the time the infor-
mation shown graphically here on
motor-diameter effects can be plotted,
a fairly refined concept of the stage
and vehicle is being generated. The
graph above right shows that motor
diameter is not powerful in establish-
ing launch weight in the size range
from 180 to 280 in, in diam,

Further computstion now relates
the burning time of the first stage to
the lnunch weight and second-stage
properties, as shown in the graph on
page 62. Here, we see that the burn-

January 1963 / Astronautics 6)

P PO iy G MLl i e ey ks
o i et i 0 PR S i E e

Aok g

-+ et m———_———



ing time of the fisst-stage motors for
the 1/2-milliondb payload is about
S8 sec.

Finally, we see this vehicle design

for meeting the specified payivad and
missicn limitations: :

h
T o Escape paylond.........
) il v nrenrnenss 203,000 1b
AN ) Second stege
iy Won (LoX/LHR. ... ...
H i eerresssasd 750,000 (D
o P Engines........& M-is
: By {VAC) ...4,800,000 (b
M (nt ignition) .......
124 JURUORU X .
Wee. . ... o+ + 4,090,438 1b
First Stage
b T
........ « 8,700,006 1b
I Motors. .. 260-in. diam

F: (SL). . ..23,200,000 thy
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| eranaracsrassanslls

ross wi. . 14,526,290 th

STAGE SIZING

SECOMY -ATASE PROFELIANT WEILHT {MiILON 18]

The four solid-propellest motors
260 in. in dizm contain a total of 8.7-
million b of propellant. - The thrust
at lavmch from this solidpropeilant
stage would be 21.2.miilion b, This
stage, together with a second stuge
made of four liquid-propeflant M-1
engines, could place a pwyload of
508,000 Ib into an 17TT-km abit. The
vehicle, including paylosd, rans about
3680 & high and has & finensss ratio of
ahout 8 to 1. s frst-stage diameter
woudd be 50 £,

This solid-propeliant stage is a rea-
scoable compromise to accommodate
the limitations of motor senufacture,
stage manvfacture, and growth po-
tentinl, The motors cem grow in
length to give a stage coptmining 16.8.
million Tb of propeflant and providing
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4%-million b threst at takeoff, This

stags, with an appropriate second
Mcmpheeﬂﬁﬁ@ﬂ!bmtogxbu

of either the fimt- or second.stage
motors, but from the fact that the ve-
hicle's first.mode bending frequency
begins to drop to a hazardous region
when further lengthenicg of the ve-
bicle occurs.

Having established that solid mo-
tors of the proper dimensions, thrust
jevel, burning time, and propellant
composition can be made, we face the
important guestion of vehicle dynam-
ics, comtrol, and stage operation.
Many structural dstails must also be
involved in analysis of these param-
eters. The first influence considered
here will be the dynamic sffect on the
vehicle due to the sturting transients
of the solid motors. In doing this,
dynamic models of the vehicle are e5-
tablished, as illustrated on page 62,
one based on the assumption that the
solid propeiiant provides no damping
and the second on the assumption that
50% of the solid propellant effec-
tively provides damping.

The graphs on page €2 give the
results of the analysis when all motors
ignite simultanecusly. I can be seen
that for reasonsble ignition times the
loads at the various locstions along
the vehicle are small and well below
the load factor produced by the peak
load at the bumout of the Srst stage.
The effsct of propellant damping is
found to be negligible on the load
factors up to the time of liftoff. After
liftoff, the load factors for Stations 1
through 4 ave considershly greater.
The largest factor ocours when the os-
cillations of the upper stations are in
phase, This takes place about 500
millisec after ignition and subse.
quently damps out. Peak bad factors
after lifto# for the Model B configura-
ton {see diagram on page 62)
cecur 4t Station 1 with 2 mtio of 3.78.
This is still below the maximum
factor occurring st burnout of the ve-
hicle. The peak value i greatly re-
duced if the ignition pedod is 500
rather than 300 millisec. The value
at Station 1 then becomes 1.83.

Very short ignition time-for ex-
ample, 80 millisec—will case a large
increase in load factors after liftoff-
possibly 500% greater thwn the fac-
tors for the H50C.chillisee ignition.
This probably results from the fact
that the rise time is appwaching the
system'’s natural period.

The load factor for the normal ig-
nition period of 300 millivec was
computed on the assumption of thrust-
to-weight mtio of 1.5. A higher
thrust-to-weight ratio {(for example,
2.5) results in greater load factoss.
For 2.5 the peak load factor after Lift-
off becomes 4.43, close to the peak
produced at burnout.

At first glance it would seem that
the effect of nonsimultanecus ignition
of the four motors, & situation which
is quits likely to occur, will be impor-
tant. In analyzing this effect, the fol-
lowing ignition sequence was pre-
dicted. The right motor was loaded
first; the two central motors were
loaded 50 millisec later; and fnally
the fourth motor was ignited 100 mil.
lisec after the two central ones. This

unsymmetrical ignition and Joading re-

special curves are indeed desirable,
The system: studies described here;
however, which included the varia-
tions of thrast-time curves and the of.
fact on stage mass-fraction resulting
from the change of thrust-time curve,
came to a rather surprising conclusion.
There sexrms to be little or no weight
advantage or payioad advantage to be
gained from the specification of spe-
cigl thrust-time curves. The graph
on page 6% illustrates this situation,
showing Hitle difference in launch
weight when corrections are made for
change in stage mass fraction.

A very real snd important problem
in relation to the use of solid-propel-
lant motors now must be considered in
detail. This problem arises from the
veriations that must be expected in
performunce among 2 cluster of four

MOTOR-TO-MOTOR-VARIANCE PARAMETERS FOR 280-iN. DESIGN

Yariable Mominai mean Sid. dev.!

Propefiant burning rate, ips

First 0,57 (.08

Second 0.51%4 w035
Propeiiant density, ib/in® 0.064 w{, 208
Characteristic exhaust velocity, fps 5278 8,316
initist nozzie-throat diam, in. g87.0 i} 023
inftial axit digm, n. 24,0 (. 0603
Nozrie-throat.insert arosion rate,tips 0.006 b 58

1. Parcent of mean for 260-in. grain.

2. 500 hatches are assumed to ba required for the 2,178,000 ib losded in the 260-in. motor,
Satchdobatch variation of =290 (max.) is assumed, The motorto-motor perform.
ance variztion is greatly reducad from this valus because of the iarge number of
batches involved, Thase assumptions must be re-sxamined for continuous pro-

peiiant-production processes,
At 500 psia for non-arosive buming.

bl ol o

sulted i slightly lower load factor in
the upper portion of the vehicie.
Very little rotation of the vehicle oc-
cwrred due to unsymmetrical loading

" up to the time the vshicle began to

1t off; and as will be shown later,
the effect of the unsymmetrical thrust
after liftoff was trivial, easily compen-
sated for by the control system.

Now let us look at the influence ¢.
the motor’s thrust-time curve on pay-
icad or, more specifically, on the stage
mass fraction and control reguire-
ments. It would seem desirable to
tailor the thrust-time curve of the mo-
tor to optimize performance in rela-
tion to aerodynamic effects, Some
work along this line has been done by
practically every solid-rocket com-
pany, and many sre convinced that

For 0.5-F temperature difference between motors, variations in «K were neglected.
Pressure-molded graphite cloth and phenolic resin.

motors in a stage. The extremes of
pavioad capability shust be realistically
ascertained in terme of kmown vari-
ance in buming time and propellant
load. The motor varistions and tol-
erances for this analysis were ob-
tained by examinstion of recemt
quality-control experience in large-
scale propellant processing and in the
manufacture of inert components for
motors 100 and 120 in. in diam. The
tolerances found in these real pro-
grams were combined in dgn to es-
tablich maximum possible variation.
Motor performance parameter vari-
ations were calculated, using minémurm
snd maximum combinations of the
variables. This is a conservative ap-
proach in that the probability is re-
mote that greater variance will ever
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centered about 80 F. By combi

the motor parameter, with various

parameters combined in sign to pro--

duce the worst possible condition.

Tntmioreﬁactwaspmducedby‘
the lower variance Limit on thrust at

the lower temperature. This combi
nation reduced thrust-to-weight ratio

rence of the three.sigma variation of

PR T

to a value of 1.39 rather than the .

nominal value of 1.48. The effect of

this extreme is either a payload loss

or the expenditure of some of the -
reserve velocity increment designed

into the upper stages of the wehicle,
It results in 10,000.]b reduction in

the orbital payload. Alternatively, #t

would take 30% of the velocity re-
serve designed into the second stage.

The ignition pressure-rise rate is
influenced by the same motor varia-

bles that infuence stsady-state

chamber pressure and thrust. In the
occurrence of a lmit varisnce, there-
fore, the fast ignition transient will

occur in the same motor with high
steady-state thrust, Our studies in- =

dicate, again, that motor variances at

ignition and lftoff do not cause shock -

loading or control problems because

of the very rapid thrust buildup o

relation: to the control frequency. It

must be understood, of course, thet

this satisfactory situation does not

cover failure of one.or more motors
to ignite,

As 10 the immediate stability and
thrust-vector-control requirements,
analysis of the vehicle shows that the
important Srstmode body bending

frequency is of the order of 6 to 11

times the pitch-control frequency.

This is consistent with conditions pre-
vailing in all-loquit-booster vehicles, |
and means that stable flight can be

obtained in a solid-boosted vehicle by
& conventional approach to sensor lo-
cation and simyple electronic flters.
Vehicle control combines dypamic
and static requirements, Static ree

quirmntsgmwfmmvanmsmis-

alignments and variances, while dy-
namic requirements grow from wind

disturbances and vehicle maneuvers g%




The jet deflection to maintain control
and the amount of side impulse re-
quired for the static and dynamic
disturbances would be as follows for a
vehicle without fins and a vehicle
with fins:

Performance Fins

Mux, noreie dufl, & deg. . o.......u
mmm:wm
Hﬂ.nﬂ:ﬂowcd,nndlm...
Nam, ulﬂﬁnm frad), CoB. ... .
Control side-tmpuine, %. .
mx.mmmmmn{wmm.
b X 10, e &
The curves on page 84 show the
control requirements during the first-
stage buroing period in terms of angle
of attack and degrees of thrust de-
fection. 1t is important to note that,
even for the extreme situation repre-
sented by the NASA 99% wind pro-
fle, the dynamic thrust-dedection
angle requirement does not exceed
about 3 deg for an unfimned vehicle,
and is appreciably less for a fnned
vehicle,. The NASA 99% wind pro-
file means that there is ondy 1% proba-
hility that design winde will be ex-
ceeded during the worst weather
months. This severe requirement has
importance when the demails of pos-
sible vector-control systems are ex-
amined. Systems which depend upon
stored impulse, such as e secondary-
fluid-injection system, s greatly in-
fluenced by the sssurapiion of either
a 9% or a 95% swdard wind

Q Fin
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28
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Vehicles of this class, we see, have

a refatively moderate requirement for
either total side impulse, jet-deflection
angle, or vector-control sngular ve-
locity. The extreme combinations of
probable variances prodmved by the
motor  strocture and  perfonnance
tolerances are eusily scosmmodated in
© a system with a 4-deg ft deflection
capability and a side-wpwlse level of
about 3% of the muim dmpulse. If
fins are used with the whicle, the re-

SPACE FRAME

quirements are greatly reduced. It is
important t¢ note, however, that the
tradecif Detween vector-control im-
pulse, fin weight, and cost must be
carefully made, since it is possible
thut finy in the end cause penalties
rather than gain.

It becomes svident that the prob-
lem with respect to control during
the Hight of the first stage is one of
engineering, cost, and relisbility op-
timization. These factors are sub
ject to differences arising  from
opinions, and definite and unequive-
cable selection will be difficult.

Ln‘rush:mattmtionncwtothe
burnout period. The primary -
fluence on control of the vehicle fust
before staging, and on rotation rate
of the first and second stages just
after separation, is the variation i
thrust level among motors in the stage.
This variation in twm is governed
almost completely by differences in
web buming time or, more specifi-
cally, in the tailoff characteristios of
the motors. Selection of the optimum
tailoff conditions, and as a con-
comitant selecHon of optimum noxzle
cant-angle, must be made in terms of
many variables involved in the stage-
separation maneuver,

The importance of this operation
muy perbaps be best understood by
reference to the graph at top here.
Here we see 3 situation in which
three motors of a four-motor stage
burn out 3 sec early, while one motor
bums out 3 sec late—the most severe
burnout condition in relation to the
guidance and control problem. When
all but one motor in the cluster has
completed thrust decay, the remaining
motor can not maintain attitude con-
trol unless it canr at least be vectored
through the center of gravity. This
condition arises when esch motor hag
a fast tailoff but a relatively long

b
TOWER SUPPORT
(TYP 4 PLACES)

burn-time variance.

The critical parameter with respect
to the successful staging maneuver is
the angle of attack, which should not
exceed 10 deg. A 15-sec tailoff time
reaches the if.deg level. A 20.sec
tailoff time falls well under this level
for motors with nozzles not canted.
Nozzle canting will minimize the
angular effects at staging for a l-sec
burnout time.

There is a wide range of choice in
establishing the optimum tailoff char-
acteristics of the motors and in se-
lecting mozzle cant-angle. Nozzle
canting carries with it, of course, 2
pemaity in payload from the loss of
impulse, shown in the graph on page
684. On the other hand, long tailoff
requiring lower cant angle carries with
it implications of penalty, since it
builds wp a requirement for retro-
thrust motors to insure clean separa-
tion The adjacent graph on page 64
indicates weight penalties associated
with retro-thrust motors.

In general, it may be stated that
nozzle canting probably will not be
required if tailoff time is greater than
five times the motor variance; but
burntime variance should be lowe
possibly 1 sec—to minimize retro
requiremnents.

Upon separation, the second stage
will undergo a dispersion from the de-
sired attitude which will increase
during the coast period prior to
startup of the second-stage engines.
The most important factors in the
dispersion during this period are the
initial angle of attack, the pitch rate,
and the dynamic pressure. We have
discussed the level of angle of at-
tack to be expected with various com-
binations of nozzle cant angle and
tailoff periods for the most severe set
of burnout circumstances. If we as-
sume that the l10-deg maximum angle
of attack wili not be exceeded, and

use aerodynamic pressure at staging
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structures for binding motors into a
stage, for making an interstage be-
tween the solid and lHguid stages,
and for supporting the vehicle. Muny
designs have. been luid out, and the
offects of these designs on the critical
vehicle properties have been ex-
cepts considered in the vehicle anal-
ysis,

QOur discussion has centered around
z baseline vehicle with orbital pay-
load of approximately 1/2.million Ib.
Bt is interesting to ask what larger
payloads might be carried by a solid-
booster vehicle using motors of about
the same as those in the baseline ve-
hicle. The graph at bottom of page
84 indicates that payloads well over a
million pounds may be carried, within
the limitations stated earlier.

We have carvied the solid-propel-
lant stage through its useful career.
All of the regions of potential difficulty

have received some examination. We.

observe that no fundamental problem
exists to prevent the use of solid motors

and stages for these large missions, but

that the area fequiring more detailed
investigation is the establishment of
optimum burnout conditions. Al
though the best tradeof among 2
number of varianbles must be made,
we observe that under the most se-
vere bounding conditions the separa-

tion maneuver is practical: e
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DECONTAMINATION
SHOWER mode} 8562

Ready for actjion! 16-FULLJET
nozzies drench the body when
iarge Push-Type instant-action
ball valve is opened. Here is the
instant first aid so vital to coun-
tering body contamination. A
Haws stainiess steel (Model
7900-B) eye/face-wash is
mounted on paneled side to pro-
vide a complete “one-stop” safe-
ty station. Functional parts are
rugged red brass. Write for de-
tailed specs: Haws Drinking
Faucet Company, 1443 Fourth
St., Berkeley 10, California.

MS Since 1909

EMERGENCY EQUIPMENT

[T T —



