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PREFACE

This report contains the results of Thiokol Chemical Corporation's Study
of Solid Rocket Motors for Space Shuttle Booster., The objective of the study was
to provide data to assist Natlonal Aeronautics and Space Administration in selection
of the booster for the Space Shuttle system. This objeciive was satisfied through
definition of specific Solid Rocket Motor (SRM) stage designe, development program
requirements, and production and launch program requirements, as well as the
development of credible cost data for each program phase. The study was per-~
formed by Thiokol's Wasatch Division, Brigham City, Utah, for the NASA George C.
Marshall Space Flight Center under Contract NAS 8-28430. The study was conducted
under the direction of Mr. Daniel H. Driscoll/PD-RV~-MGR NASA/MSFC. Thiokol
study direction was provided by Messrs. E. R. Kearney, Corporate Director,
Space Shuttle Program, and J, D, Thirkill, Program Manager, Space Shuttle SRM
Boonster Study, Wasatch Division

The final report was prepared in response to Data Procurement Document 314
and Data Requirement MA-02, The report is arranged in four volumes:

Volume I - Executive Summary

Volume II -~ Technical

Volume III - Program Planning Acquisition
Volume IV - Cost

Data Requirement M. -02 specified that the Cost report be par* f§ the Program
Acquisition ar? Planning report but because of ite importance and size it has been
bound as a separate volume in this Final Report,

Vo'ume II, Technical, has been further subdividerd into five books as follows
for ease of review and handling;:

Book 1
Section 1.0 ~ Introduction

Section 2.0 -~ Propulsion System Definition
Section 3.0 - SRM Stage

i




Book 2

Book 3

Book 4

Book 5

Bection 4.0
Section 5,0
Section 6.0
Section 7.0
Section 8,0
Section 9.0
Section 10,0

Appendix A

Appendix B

Appendix C

Apperdix D

Appendix E

Appendix F

Appendix G

Appendix H

SRM Parametric Data

SRM Stage Recovery

Environmental Effects

Reliability and Fallure Modes

System Safety Analysis

Ground Support Equipment
Transportation, Assembly, and Checkout

Systems Requirements Analysis

Masse Property Report
Stage and S8RM CI Specifications

Drawings, Bill of Materials, Preliminary
ICD's

Recovery 8ysiem Characteristics for
Thioko! Chemical Corporation Solid
Propellant Space Shuttie Boosters

Quantitative Assesament of Environmental
Effects of Rocket Engine Emisgions
During Space Shuttle Operations at
Kennedy Space Center

' Thiokol Solid Propellant Rocket
Engine Noise Prediction

SRM Stage Recovery

ii
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i Requeats for further information should be directed to;
Thiokol Chemical Corporation t\
! Wasateh Division )

P. 0. Box 24
Brigham City, Utah 84302

J. D, Thirkill 801 -~ 8G3-3011, Lxt 3-348]
1. ¢, Adams 801 -~ 863-3511, Ext 3-3400
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1,0  SRM PARAMETRIC 1,A°TA

The 166 and 260 In, SRM bhasclinge derigns chogen Ly ‘Phiokol for use on the
spree Shuttle wore degigaod for o maximum expected oporeling prossure (MEOHY)
of 1,000 psing the 120 In, motor has nn MEOD of 800 pai, The followlng eorves,
Plpures 4=1 , 4-2 , wiel 43, compare the husaline dosignag nd thelr design
MEOR and nlao of 760 pain,  Tho comparisons prosonted show that the bnseline
cnses are not the optimum condition for eaeh motor. A more compreheusive
parametrie md opthimdzntion study must he conducted that will take Into consideration
interactions of motor presgure and other motor purameters,

I'he composite plot of mass feaction va propellant weight presented in
Iigure 4-4  for the three diameters indieates that ench motor size has an optimuom
propellant weight~mass fraction relationship,

Figure 4-6  is presented as o comparison of motor lengtha and propellant
loudings, The figure also indicates the L/D ratio where L is the totad ongth of the
motor case and 1 is the outside diumeter of the euse,  An L/D of 10 is approxi-
mately the waximum practical limit, Motors with a larger 1L./D coukd be constructed,
but propellant louding would decrense, and the motor mass fraction would thus be
lower than optimum,

Tho growth potentizl for the large solid rocket motors is 1hnited only by
the availability of cquipment and fucilitics to handle them.  As pointed out enrliow,
cach diamoter SR'M has an optimum propellint Ioading configuration; however, as
motor diameter is inercased, the peak of the mass fraction-propellant weight curve
becomes progressively flatter, indicating that the larger motors have 4 wider hand
in which motor mass fraction {8 an aceeptable value,  For 120 in. wmotors, the
practical motor size ranges from approximately 0,25 to 0.7 million I of propeliant
with a corresponding length of 400 to 1, 200 in.  The 166 in. motor has n wider
range in the practical Hmits of 0.5 to 1.6 million Ib of propellant where the lengths
arce 260 to 1, 600 in, The ohviouwsly wider range in practicality for the 2060 in,
motor is 1.5 to approximately 6 million 1h of propellant and 500 to 2, 600 in, in
Jength,
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Figure 4-2, Motor Size - Mass Fraction Compaxison for 156 In, Diameter SRM
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H,0 SRM STAGE RECOQVERY

An investigation of recovering the expended solid propellant Space Shuttle
booster was conducted, This feasibility study included deseent dynamic mudes,
anticipated design londs, cffects of sea impact, and addjtional onboard bardware
required for the recovery system. The additional recovery bardware components
were sized, cursorily designed, and evaluated, Those rocket motor hardware
compoenents considerad for refurbishment arc delincated.

Preliminary investigations serve to substantiate complete feasibility of
SRM rccovery. Additional investigation is required to fully characterize the loading
environment and load capability of the SRM Stage; however, the anticipated problems
should readily yield to solution through minor case design modifications and control
of the sca impact conditions,

The S8RM recovery system must return the spent SRM stage after it has
served its propulsive usefuiness without damaging the SRM case. The spent SRM
case will be retrieved at sea and carried by ship to a dock facility.

The descent trajectory of the spent SRM case can be separated into three
pbases: (1) atmospheric reentry, (2) supplemental device deceleration, and
(3) water impact.

The booster motors are jettisoned from the Space Shuttle at a maximum
altitude of 160,000 ft {raveling with a maximum velocity of about 6,000 fps and
must then be slowed during the reentry phase. Since the flight regime is hyper-
sonic, parachute or cloth deceleration devices are not aceeptable becausc of the
associated aerodynamic heating und flow ficid problems. Therefore, it is desirable
after stage separation to orient the booster in a broadside attitude for reentry to
develop a high drag condition slowing the booster vehicle sufficiently for deployment
of parachutes. Two methods of attaining the broadside reentry are: (1) letting the
cylindrical body tumble in an autorotation mode, or (2) using halanced dihedral fins
to cause the booster to assume a nearly 70 deg angle of attack during the tran-
sitional flight period.

5.1 AUTOROTATION MODE

The descent velocity of a body can be reduced by Initiating a flat spinning
motion such that the body continuously presents a large fraction of Its maximum
projected area to the free stream. Becausc of the large increases in hoth the drag
area and the drag coefficient as the angle of attack is increased to near 90 deg, the
deceleration at a very large angle of attack can be many times greater than that of
the samce body in normal stable flight at a small angle of attack.

5=1




Autorotative spiming {or yawing) motion 1s a means by which o hurpe angle
of attnck can be developed and sustained, Large angies of attnek cannot be gustained
unless the aorodynumic conter of pressure 18 nearly coincident with the center of
gravity, The expendod SRM configuration clogely npproximates a eylinder with the
center of gravity ant tho conter of pressure nearly at the centroid of the planform
arci,

H the empty bhooster reenters in a tail-fivst attitude, it will remain at 180 deg
angle of attuck; ie, nozale fivst, beeause thig is the stable trim angle {or the basic
center of gravity, This type of attitude is called the bomb mode. At thig angle
of attack the booster drag is o minimum and the & = 180 deg reentey trajectory will
result in the largest values of the maximum dynamic pressure.

If the booster reenters at an angle of 90 deg and without roll, spin, or yaw
rate, o tumbling motion will be initiated due to the acrodynamic overturning moment.
The tumbling motion will persist until a peak oscillation amplitude i8 attained.

‘The body will then oscillate with decreasing amplitude, due to both the acrodynamiuv

'\ damping and hetero-parametric damping associated with increasing dynamic pros-
sure. The motion will eventually damp to the stable trim angle of 180 deg. If the
booster also has a #mall axial spin, the oscillations will he smaller in amplitude,
but the booster will still rotate and eventually veach the 180 deg angle of altack

— condition. Since these tumbling reentries, as well as the tajl-first reentry, are

-“=‘ possible for a passive type, nonyawing reentry, rotation in the yaw pliane must be
induced to the body to assurc the 90 deg angle of attack reentry.

To cause autorotation motion at supersonic specds, a body-fixed Hiting
surface must be attached to the expended rocket case as shown in the sketch below,

SPIN FFINS (STAGGERED)

" g,

The lift generated by a longitudinal fin will produce an autorotalive moment* by
causing the loceal resultant cross forcee vector to be inclined relative to the descent

*Brunk, James K., "The Dynamics and Aerodynamics of Self-Sustained Large Angle
of Attack Body Spinning Motions, "' AFOSR-4696, February 1963,
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veloeity vector, Thus, a force component results that is in a plane normal Lo the
descent veloeity veetor., This foree, acting at a distance from the bady center of
gravity, produces a moment inducirg rotation in the yaw planc,

v Ve YAW AXIS
V - frce stream velocity at cg Fcf - resulting aerodynamie force at fwd tip
Vrf - frce stream velocity at fwd tip Fca- resulting aerodynamic force al afl tip
Vra. - free stream velocity at aft tip V - yawing angular rate

The problem with inducing the spent booster into the yawing autorotative spin
is that it must be despun prior to main parachute deployment, The method proposcd
to despin the body is to deploy a carefully designed drogue similar to those used
to despin supersonic aircrait during emergency conditions,

Two small triangular-shaped fins; one located near the forward attach
structure and a sccond located near the aft attach structvre will provide enough
fin gurface to initiate and sustain the autorotation mode of spinning,

Thiokol has observed this autorotative spinning on the LUU-2/B illumination
flare ordnance hardware. This flare is finless and as initially deployed it is
configured as o smooth right circular cylinder 36 in. long and 5 in. in diamoter,
The center of gravity of this flare 1s less than 2 in. from the geometric center.
When dropped from an aircraft, the cylinder tumbles end over end, damps out at
near 90 deg angle of attack, and then transitions into the autorotative spin mode.
Spin rates of up to 700 rpm have been observed. Further analysis of thc SRM
may indicate that this spent rocket stage may go into the autorotative mode without
the fins or covered attachment fairing.

A detailed analysis of the required fin size will need to he congidered

relative to other associated problems, The projected fin or covers may causc
deleterious effects on the rocket case at water impact.
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The fin slze to cauge and sustain autorotation is closely relited to (1) Lhe
digtance hetween the hody center of gravity and aerodynamie conlor of pressure al
00 deg angle of attack, (2) body symmetry about the cg, (3) the bady fineness satio,
and (4) the free stream veloeity, *® The eloser the eg-ep relationship the smabier
the fing. The more symmaotrical ahout the eg, the smaller the fins, the Jower the

fineness ratio the smaller the fins, and the lewer the free stream velocity Lhe smaller

the fing. The empty parallel hooster descent 18 favorable with respect Lo items
(1) and (2), and unfavorable with respeet to items (3) and (1), The cg-ep distance
is8 calculated to be 30 in.; ic, 0.02 of body length, The body is nearly o right
circalar cylinder and the conter of gravity 18 nearly in the center; ic, 0,56 of body
length. The booster L/D ratio is about 10 and the terminal velocity will he about.

M=1,2,

Preliminary sizing of the autorotation fins for this body indicates that small
fins are required. Figure 5-1 presents the fin gecometry and their location on
the booster. Note that the fing are located equal distance from the center of gravity
to minimize their ceffect on the pitching moment., The forward fin will be attached
to the rocket motor forward dome scgment gkirt stub and the aft fin will be attached
to the aft skirt structure. The fins are dihedral with rcspect to the booster and are
located radially 180 deg apart. This fin configuration should assurc near zero bank
angle, e, the body will be at a roll attitude such that the same side of the casc is
alwaye directed towards the air stroam. At zero bank angle and equal rotational
lever arm, the forward and aft fins should sec the same flow field, thus ylelding
a balanced autorotational yawing moment.

5.2 DALANCED DIHEDRAL FINS

The alternate approach ia to use balanced dihedral fins for reentry. Thesc
control fins would he mounted on the afl skirt to controi the vehicle attitude during
reentry of the spent SRM., These fins would be sized to orient the casc at or near
70 deg angle of attack. At this high attitude, relatively high resultant forces will
cause the velocity to decrease to a level which will allow deployment of a deceleration
parachute prior to water impact.

These aerodynamic control fing, becauce of their size, would bo heavy,
complex, and costly. Such an attitude control system would require hydraulic
actuators, servovalves, hydraulic and electrical power supplics, and a fairly
complex autopilot.

Because of the technical aerodynamic preblems and the associated wind
tunnel testing, contrel system, and hardware costs, the concepw of flying the ecmpty
case in during reentry is not seriously considered as a method of controlling the
descent.

*Brunk, J. E., Davidson, W, L. and Rakestraw, R. W., "Thc Dynamics of Spinning
Budies at Lurge Angles of Attack, " AFOBR/DRA-623, January 1962.
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5,4 BOMB MODE

An alternnte method of recovering the booster is Lo Jet the hooster stagge
tumble and oventually damp ouf at 180 d2g nngle of atiaek In the bormb mode, Pl
vehiele will approach a torminal veloeity Leaveling nearly Mach 1, 6t 20, 000 11
altitude,  Targer and stronger drogue ehites, or possibly o drogue ehate systen
similar to thoge usad on gpecinl woapons, could bhe deployed (o decrense the siigge
velocity to that at which the main parachute could be safoly deployed,

liistorteally, supersonice deceleration systems have bheon expensive to
develop and have imposed severe welght penalties,  ‘1'o design such a system,
doetatlod studies will be requirved to deflne (3) how the unfinned SRM Stiage tnmbies l
and in what dynumic mode, and (2) magnitude of the rotatlon rates at drogue
deployment.,

5.4 DECELERATORS l

Preliminary trajectory investigations indicate thal awrving o broadside . [
re-chtry, the booster ¢ase temperature witl inercase 200°1 due to acrodypanic
heating, The maximum dynamic pressure will be fess than 450 psf and will oceur
near 90,000 ft altitude, Thus, the thermal and acrodynamie loads on the para-
chute compartment arve negligible during re-entry.

Recovery gear must include devices to provide tracking and locating signals
for hardware pickup. These location alds would include a radio beacon Lo track
the spent boosters at high altitude, smoeke generating flare add in the parachute
descent phag: and dye marker, flashing lights, or Huminating flares for sca q
locators,

e

The parachute for deceleration prior to water impaet will be initiated near
20,000 £t altftude. The SRM Stage velocity will be approximately M-=1,2 and be i
oriented at a -40 deg £light path angle, A mortar-fired pilot chute will be requived
to deploy the drogue chute.  The drogue chute will be of reefed ribbon design and -
when fully deployed will despin the vebicle, bring i to near vertical atttude, el ¥ |
slow it to about Y00 fps in the recfed condition, At 15,000 ft altitude the muin
parachutes will be deployed initintly in the reefed condition, slowing the vehlele
to 236 fps. At 12,000 £t altitude, the main parachutes will be disveefed and slow
the booster to the desired fmpact veloeity of 100 fps,  Vohiele attitude at wailer
impact will be at near vertieal,  The parachute will detach at water impact,
Figure 5-2 depicts the above mentioned sequence,

s and

F I

The parachutes will be paekoged inside the aft skirt helween the nozezle
and shin falring us shown in Figure 5-3 . Deployment of the deceleration devicee
will be controllad by o harometrie device,
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Goodyear Aerespace Corporation was awarded n subeontract by Thiokol
to study, size hardware, nad estimate costa for a parachute recovery srystom
for the Space Shuttle SRM. Their report is included as Appendix F. They ‘\
investigated decelerator systems for 50, 100, and 150 fps saplashdown require-
ments for both the single parallel motor and the sericr cluster, Their hardwire
recommendation for the 100 fps criteria for the parallel configuration ineludos
the following components for which a detail weight breakdown ig tabulated in
‘ Table 5~1,

Drogue Pilot Mortar (4.7 Ib/one required)--"The mortar-doployed pilot
chute is required to expel the squided canopy free of the acrodynamic wake caused
by the primary body. The device is a stainless steel container 13.2 in, in
diameter and 39,6 in, long., Pressurization ig supplied by a solid propellant
gas generator power unit mounted on the forward cnd of the canister, A sabot
piston with an O-ring seal fits between the power unit and the pilot chute, The
sabot piston does not allow the warm gases to pass by and damage the pilot chute,
: When the gas generator charge is ignited, the gases push the sabot piston and
;.\ the packed pilot chute out of the aft end of the tube at a velocity of 105 fps,

Drogue Pilot Parachute (20 lb/one required)--This chute, attached to a
long riser line, will be cjected into the cquiescent free stream. The purpose
; of this parachute is to extract the high speed drogue from its canister, This
5 chute will be a 9 ft diameter ribbon type, and will pull the drogue chute package
- out with n maximum load of 10 gs.,

Drogue Parachute (2,330 lb/one required)--The drogue chute will despin
the turabling booster and slow it to a velocity at which the main parachute system
can be safely deployed, This chute is designed to be deployed at Mach 1.2 at
20,000 ft altitude. It is a high strength, 40 ft diameter ribbon parachute, This
! chute will have single stage reefing and will sustain a 2,9 g shock opening load,
which corresponds to a maximum load of 435,000 1bf.

l Drogue Riser (357 1b/one required)--The drogue riser is 27 ft long and
made of nylon,

Main Pilot Mortars (48.5 lb/two required)--These sabot devices arc similar
to the drogue pilot mortars. They ure 13,8 in, dlameter and 41.6 in, long. They
¢ject the main pilot parachutes at a velocity of 105 fps.

Main Pilot Chute (45 Ib/two required)--The main pilot chutes will pull out
the package composed of three each main parachutes, These chutes will be of
ribbon design, 19.6 ft in diameter and will exert a maximum of 10g's acceleration
on the main chute cluster package,

- NOTE: The drogue chute cannot be used as the pilot
; J chute because the main chutes are in two separate
packages,
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TABLYF 5-1

WEIGHT OF RECOVERY 8YSTEMS FOR 100 FPS
WATER IMPACT VELOCITY

Main parachutes (six 81 ft dia ribbon)

Drogue parachute (40 ft dia ribbon)

Main riscr bridle

Drogue riser bridie

Sequencer, reefer cutter, bags, confluence rings, mise
Pilot chute {drogue)

Pilot chute (main)

Main riser bridle

BDrogue riser bridle

Drogue mortar

Main mortar

Attachment and compartment structure
Inflation system

Orientation system

Main chute flotation

Drogue flotation

Beacon and flaghing light/smoke flare

Subtotal
Contingency

Total for cach SRM
Stage total

6-10

3,873
2,330
491
357
1,000
20

50
144
88

47

97
8,337
1, 000

130
90

238
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Main Pilot Riser (72 lb/two required)--These risers are 76,6 1 long mud
will place the main pilot chutos out far enough s Zhiat each ean pull out its
attached main cluster package without interfering with the other,

Main Parachutes (645.5 lb/six required)~-The main parachutes will be
deployed at about 15,000 {f whera vehicle velocily is 6540 fpa. These chutes will
have single stage reefing and be configured in two clusters of three, These tulrly
lightweight chutes will be an 81 ft diameter ribhon type design,

Muin Parachute Riser (291 1b/one required)~-The main parachute riser
Includes a bridle system that separates the two parachute clusters, The main

parachute riser/bridle system ie anchored to the pad holddown points on the 8RM
aft skirt structures,

Orientation Device (130 lb/one required)--The orientation device system is
designed to rotate the hooster after it is lying in the water Lo one of four roll
positions, In each of the four positions a radio beacon and a flashing light will
be visible from any approach direction, Positioning is accomplished by inflating
four rows of inflatable spheres attached to the outside of the booster. The rows
are located 90 deg apart around the circumference. The locating beacon and light
are 180 deg apart from each other, The bercon and light are each 45 deg from
two of the rows of spheres.

Preliminary calculations indicated the waterline will be 2.5 ft up from the
bottom of the cylindrical part of the hooster and the booster will lie nearly fuily
exposed and level in the sea.

The number of spheres specified for this system will prevent the booster
from rolling over in a Sea State Four condition,

5=11
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6,6 PARACHUTE STOWAGE

For proper deployment, the parachutes must bhe located so they can he
extracted from the suspended body in nearly a straight line to the final inflated
position, Becaure the water entry mode 18 nose first, the parachute compartment
must be located on the aft end of the rocket motor and the deployment will he
dHreetly aft, A compariment aft of the hydraulic control system hardware hetween
the aft skirt and the nozzle exit cone (Figure 5-3 ) has been tentatively selected.

To use this location, the nozzle exit cone must be removed prior to parachute
deployment, Tho exit cone is made of n fiberglass outer structural ghell with a tape
wrapped ablative tiner and connot be reused,

The exit cone will be eul with a linear shaped charge »rior to ignition of
the drogue pilot chute mortar deployment, Since the rocket m  r will be tumbling,
this cone will be cjected into the free stream by centrifugal force dynamics,
Because the drag-to-weight ratio of the exit cone i8 much larger than that of the
primary body, this debris will be separated far enough to prevent collision,

The thermal environment inside the parachute compartment must be kept
low (less than 165°F). The external aerodynamic heating is low (A T = 200°F)
as 1s also the heat transfer from the nozzle. During rocket firing, the fiberglass
exit cone must be held to a temperature less than 100°F to maintain structural
integrity. The only heat source of concern is radiation from the exhaust plume.
Some insulation and reflection material will have to be placed on the aft end of
the recovery parachute compartment to protect against the heat load from the
plume,

The aft skirt was analyzed with respect to the loads imposed by the
suspension system. These loads will be transmitted through attachment points,
located 180 deg apart on the aft skirt, Fach of these points ts designed to be
capable of 600,000 1b in tension for pad holddown and {s strong enough to with-
stand the parachute loads, The viser bridle will have to be carefully routed inside
the parachute compartment to prevent tangling, These bridles will include one
pilot drogue riser attached to the drogue package, one droguc riscr attached to
both holddown points, 2 pilot main riser attached to each main parachute cluster
package, and a bridle for the main parachute system to be attached to the aft
skirt, Each of thesc bridles will require a pyrotechnic cutter to release cach
parachute syatem when it has completed its functional scquer.ce,

Goodyear conducted some tradeoff studies between the drogue size and
welght vs the main parachute strength. The larger the drogue parachute, the
more the body is slowed for main parachute deployment, The lower the velocity
for main parachute deployment, the lower the opening loads und, henece, the
lighter the weight of material which can be used.

5~12

ot




Lo e TS e, e,

In sizing chutes, Goodyear selected fairly large, very heivy duty deogue
parachutes and a ghter main chute system,

State-of-the-art for design, development, and manufacture of ribhon type
parichutes iR considered to be up to 120 fi in diametor for deployment up to Mach 1,2,
The wedght of a parachute besed on a per unit area/per unit lond eriteria, iherensces
by the diameter to the 1,5 power, Thua, the larger the ehate, the lowoer the weight
officiency,

Clustering of parachutes presents some deploym:nt problems (tangling,
partial inflation). The aerodynamic efficiency decreases as the number of para-
chutes in a cluster increases, Because of geometry i casons, subclusters in
general must be groups of three, and for a 100 fps terminal velocity, the combina~
tions considered for the main chutes were as follows.

1, Three 115 ft diameter chutes,
2, Bix 81 ft diameter chutes,

d. Nine 66 ft diameter chutes,

Six 81 ft diameter parachutes were selected because this configuration appears to
be best for minimum weight and minimum development cost,

The ribbon type design was selected for all parachutes because of the
inherent capability of this type to accommodate high canopy loading., This type
also exhibits a consistency of performance that indicates it is relatively insensitive
to canopy loading over a broad range (3 to 30 psf).

Preliminary analyses indicate that the case can survive a 100 {ps waicr
impact and the parachute system has been designed for this value.

If the current design of the 156 in. segmented casce cannot withstand this
impact veloetty, detail tradeoff studies between becfing up the primary structure,
resizing the parachutes, or designing a retrorocket system wili need to be
conducted.

Should lower water entry velocities prove desirable, a previous study*
has shown that a combined parachute and retrorocket system may provide the
lighter, more desirable recovery gystem,

*French, K, E,, "Parachute and Retro-Rocket Landing 8ystem for Vertical
Deacent, ' J, Spacecraft and Rockets, Vol, 2, N,J., September~-October 1960,
pp. 797-799,
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For instanee, the retrorocket weight required to slow the hoogter from
100 fps to zero veloeity would require a 2,000 1b retrorocket systen, H theso
rockets were fired when the booster was 100 ft above the watler surace, they .y
would have to operate for 2 sec and deliver an axial thrust of 245,00 b, The ‘
100 ft altitude signal for rocket motor ignition could be sensed by & radar proximity
type fusa, i

5,6 RECOVERY HYDRODYNAMICS

The primary reqguirement that the expended SRM must survive water impact
with a4 minimum of damage establishes as the critical parameters: (1) primary
orientation (nose down or nozzle down), (2) impact velocity, and (3) impact angle,
Preliminary analyses were conducted to evaluate both nose first and nozzle first
entry at 50, 100, and 150 fps impact velocity.

The axial accelerations imposed on the booster and the nose depth history
for impact velocities of 50, 100, 150 fps are presented in Figures 5-4 and 5-5 . *
The body rebound velocities for the three impact velocities also are shown, At an
impact velocity of 100 fps the body will enter the water Lo a depth of 66 fL,
Preliminary analyses indicate thau the hydrostatic pressure at this depth is not
sufficient to cause buckling of the case forward dome or the cylindrical section
immediately aft,

b
The anticiputed sequence of nose first impact is as follows, At initial
contact of the nose, the water will behave as a highly viscous fluid and a shock l
wave will be formed which travels in the fluid at approximately 5,000 fps, The
structure at the tip of the nose cone will probably be slightly crushed and although l
the skin of the nose cone is supported by a heavy ring and stringer structure,
some local skin buckling or rupture may occur, After the initial impact, the
SRM will continue to travel downward in the fluids the mass acting downward, ‘
drag and bouyant forces acting upward. As penetration continues to maximum
depth, drag and momentum forces decay to :ero and the bouyant force increases
to a maximum causing the body to rebound upward toward the surface. The nosc l
cone will exit from the surface to a height of 38 ft. A second impact of the nose
cone with the water will oceur, probably not symmetrically, and the SRM will fall l
over on a side in a slapdown mode. The slapdown loads could be as great as
10 g acting nearly normal to the SRM longitudinel axis with a maximum pressure
load of about 30 psl imposed on the aft skirt, Flotation gear located near the |
SRM nose will inflate and cause the body to float, nozzle slightly down, and nose
out, A sketch, Figure 6-6 , illustrates this seguence of events. '
|

*National Engineering Science Co, "Recovery of Booster at Sea,” NASA X67-19630,
April 1967
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In naozzle first entry, the nozslo of the booster enters the water vertically,
aowave is formod which detaches Hse)! {ram the wall ontside the aft mkivt nmt piles
up on the ingide of the nozzle and the eavity betwoen the nozzle and the gkivd,
water will flow up the nozzle and also will flow Into the eavity exterior to the
nozzale,  ‘The flow up the nozzlo will continue until the equilibrinm is venched
hotween the pressure of the compressed adre ingido the rocked. chamboer and the
kinetie hydrostatie hond,

Since the volume inside the cavity lormod by the alt skirl, the nozzle, and
the aft dome is small, high hydrostatic/pneamatic prossares will be £l on the
inside of the skirt structure. Damage to the aft skivt and the hydranlic control
system housed in this stractuye and aft dome may result,

The overall loads imposed on the primary structure during nozzle first
entry should be about two-thirds of those imposed by 2 nose first impact, The
hydrostatie loads due to depth penetration will be from the inside out (fe, internal
pressurc), ‘The ease is designed as pressure vessel and the stracture will easily
withstand the incident pressures,

These problems have led to the preliminary selection of the nose first
entry, '
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6,7 CASBE RECOVERY

‘I'he bareline roecovery condition for the 156 in, parallel burn SRM has heen
defined as a vertieal, nose down water entry at a veloelty of 100 (ps. WIth thoso
inftinl conditions, 11 i enlculated that the motor will ponetrate to s maxinuon depth
of 66 {t before all of the kinotie energy is oxponded,

Figure 6~7 shows a schematie view of the motor in the maximum ponctration
condition. 'T'he hydrostatic pressure head at various scetions on the ease and nose
cone i8 shown as well as typical lengths of case sectfons,

This attitude of entry (vertical) is especially attractive from the standpoint
of structural efficiency since the parachute deceloration loads ean be fed into the
case near the aft skirt holddown points. These load points are initlally required to
support the entire Space Shwitle nagembly prior to launch and to hoki down the gssem-
hly at full thrust after ignition and before release. Each point 18 capable of rencting
an aft directed load of 600, 000 1b for a total load capability of 1.2 x 10% 1) for two
points. The maximum gnatch load of the drogue chute is valeulated to total 600, 000
1 while the maximum load in main chute gystem is predicted to be 300,000 th.  The
loading inherent to this system of entry can, therefore, be easily accommodated
with a minimum of additional structural weight. This compares with (1) an angular
entry where a harneea i8 necessary ‘o control the attitude and transmit the 600, 000
lb drogue chute load into the case or, (2) the nozzle first entry where the structure
in the nose cone must be utilized. This nose cone structure is heavy, but initial
design requirements (motor support and boost) are primarily compression loads.

The first real structural encounter in the recovery sequence occurs when the
vehicle makes its initial contact with the water, At this time, a relatively high magni-
tude acoustic wave is propagated due to the slight water compressibility. The shock
pressure behind this wave acts for a very brief duration on the initial arca of contact.
The predicted duration of this load is shown in Figure 5-4 , Since thesc pressures
act over a relatively short duration of time, they generally cause no structural pro-
blem but produce a "ringing effect." However, a thorough investigation into the dynam-
ics of the hydroimpact problem must be conducted as part of the total recovery study
to determine the exact magnitude and duration of these entry londs. Much can be done
either to accommodate or help attenuate these loads should they prove to be a problem,
Possible soluttons include a crushable (energy absorbing) nose cone tip, an optimum
hydrodynamic shape, or merely letting the nose cone skin erush as an energy absorh -
ing mechanism,

The second structural effect of the water entry is a sharp deceleration of the
vehicle due to the acoustic pressure effect. Figure 5-4 shows that the maximum
deceleration for 100 fps reentry velocity is approxtmately 8.5 g. The axial load
resulting from this magnitude of deceleration i8 of no conseguence at all to the case
which can withstand approximately 100 g (empty) before axial buckling hecomes a factor,
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At tho point of maxtmum penctration (Figure H-T), onc ol thae: mosl severe st -
turenl lond conditions occurs, that of hydroatatic head pressure of e sen witor, In o,
this condition, tho major consideration is the hydrostntie huekling of the eytudrienl ™
segtion of the enge. Proliminury ealeulations baged on the apsumptions of a short
eylndor over one maximum segment length (281, 5 In,) Indieated that the eritiond hydro-
stutie buokling was 48 palg for u DEAC oase. Subacguent ealeulations indiented, how
ever, that tho offeetive momoent of inertia of the sogmoent joint seetlons was not high
onough to tnsure short eylinder buekling responso within an individunl segment,  The
next approach, which was tuken to estnblish a lower boundary for buckling, waw ¢o
assume that the ontire motor case was only held eireular at the end tangent points
and to completely ignore the contribution of the clovis joints. Thoese assumptions pro-
duced a prodieted buckling allownble of 8, 75 psig. It 18 more reallstic to assume that
the section of the case above the waterline forms a ring stiff cnough to hold the ussem-
bly circular at the waterline but not otherwise constrain it. Previous extensive experi-
once in the SRM case industry has shown that a hemispherical dome tangent provides
an extremely stiff boundary for buckling on the forward part of the casc,

Under thesc agsumptions, there are 628 in. of case evlinder submerged and
subjected to hydrostatic pressure., Using this value for eylinder length, the lateral
buckling pressure allowable becomes 19,6 psig. Fgurce 5=7 shows that the maximum
hydrostatic pressurc on the cylinder at baseline submergence 18 19 psi.  The DBAC
case may be marginal and more refined analyses are required to agsure that nosge
down reentry is acceptable,

One other possibility of an overpressure condition in excess of hydrostatic
head could exist if significant cavitation occurs during entry and then collapscs against
the case. This problem has not yet been addressed analytically due to the complexitios
involved but must be fully evaluated as part of a future recovery study,

The cavitation effect can be mintmized by the proper selection of the nosc cone
shape, and the buckling capability of the forward sectiona of the ecase could, if neces~
sary, be substantially increased by the addition of an internal stiffening ring or an
external or internal honeycomb jacket,

The preceding casc capability calculations do not include any effeets of asym-
metrical loading but are presented only to demonstrate the basic feasibility of the posc
first vertical entry approach to recovery,

After reaching maximum penetration depth, the vehicle will he capelled [rom
the water by buoyancy forces to a maximum height of 38 ft. At this point, the attitude
can no longer be controlled and the casc will randomly tumble back to the surface of
the ocean,

One of the mo—e severe reenticy modes would be a single point ¢ntry as shown
in Figure 6~8 . In this moade, the case 13 capable of accepting In excess of 30 g
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without bending buckling. This acems highly unlikely since the axial g loading due
to initial impact was only 8.5 g. It is aleso highly unlikely that the case will have
time to assume a near horizontal attitude, as shown in Figure 5-7 , whieh should b
more severe than a more vertical reentry. It would geem that the initial impaet

on rebound would be less severe than an initial entry since the veloeity (from a 18

ft fall) would be only 50 fps. The rebound impact at nonvertical attitude causes the
body to whip. The whipping action causes the body o slapdown to a horizontal atti-
tude near the water surface,

An additional potential problem area is the asymmetric saddle pressure that
the case will experience during final horizontal slapdown, Figure 5-7 shows a typi-
cal distribution, It is not anticipated that thig effect will present a critical problem,
but it must be investigated thoroughly in the recovery study phase.

The salt water environment should produce no deleterious effects on a D6AC
metal case if recovery and subsequent cleaning are rapid.
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5.8 REFURBISHMENT

Following successful recovery of the spent SRM stage, refurbishment
operations would he required to prepare recovered components for recycle and
reuse. The following components would be refurbished for subsequent rceyeling
in the program: (1) case, (2) nozzle structure, (3) stage attach structure, (4) HPU
and actuation system, and (6) the recovery system.

Numerous assumptions were made {n conducting the component recovery
and refurbishment studies. A 90 percent hardware recovery rate (10 percent loss
rate) was assumed and it was assumed that each component would be discarded after
it had been used 10 times. Case and nozzle hardware are to be shipped from KSC
to Thiokol/Wasatch Division for refurbishment and subsequent recycle. Refurbish-
ment of stage attach structure, HPU's and actuation systems, and the recovery
system will be accomplished at KSC. The cost data presented in Volume IV reflect
these assumptions. Required refurbishment operations are described briefly in the
following paragraphs.

5.8.1 Motor Case

The DBAC rase will be recovered, disassembled, and flushed with treated
water. After a thorough drying operation, the case can be inspected for visual
damage such ag scrapes, gouges, and cuts that might have been incurred during the
recovery process. If any of the damage mentioned is observed, repair will have to
be evaluated on an individual basts. If the case passes visual inspection, it will be
treated with a suitable rust preventative and put into the normal processing line for
hydrotest and »eleading.

The 10-reuse requirement with {ts inherent 20 pressure cycles should not
in itself prove to be limiting since this represents a very low number from a cyclic
fatigue standpoint. The limiting factor will almost certainly be the accumulative
damage incurred during succeasive recoveries.

Case reclamation does not present a major probiem with respect to reinstalla-
tion of an acceptable fnsulator. Thiokol has demonstrated on the Stage I Minuteman
and previous 166 in, motor firings the capability of reclaiming steel cases from
static motor firings.

The reclamation procedure proposed for this program is to remove the total
insulator from the fired case segment by applying localized heat to relieve the case
insulation bond. The case would be subjected to a complete insulator fabrication
process, the same as a new motor.

To further facilitate the reuse of the motor case, the nozzie joint, nozzle,
and igniter will be installed and sealed with a noncuring compound to facilitate easy
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removal after the motor has heen fired. ‘The selected material is numher 3992
vacuum bag compound manufactured by the W. P, Fuller Compuny and thig material
has demonatrated excellent performance as a joint sealer.

5.8.2 Nozzle

Previous experience has shown in many instances that the metnllic atructures
from fired nozzles can be salvaged, refurbished, and reused in bullding new nozzles.
Resulting cost reductions from 10 to 20 percent are possible depending on the com-
plexities of the structures.

Upon receipt of the recovered nozzles by Thiokol, the ablative and insulative
plastics will be removed by heating in an oven to break down the bond line. The
plastic components are not reusable and will be discarded. The metal structures
will be cleaned, inspected, rust inhibitor applied, and shipped to the nozzle fabricator.
On arrival, they will be thoroughly cleaned and inspectad In detail to verify that all
design requirements can be met and that they are acceptable for reuse. The metal
structures then will be incorporated into new nozzle assemblies.

The flexible bearing assemblies from movable nozzles also can be recovered.
The elastomeric shims will be reclaimed and the end rings and metallic shims
salvaged and refurbished for reusa. Such saivage and reuse operations huve been
successfully conducted by Thiokol in current flexible bearing nozzle programs.

It has been postulated that the entire bearing assembly may be reusable
without removing and replacing the elastomeric shims which could efiect even greater
savings in nozzle costs. This would entail complete retesting of each recovered
bearing assembly and veri{'zation of integrity by successful static test firing. This
has not been done previousiy but would be evaiuated during the development phases of
the program.

5.8.3 BStage Structure

The SRM stage structure (forward and aft attachment structure, nose cone,
and aft skirt) design will include the requirements (loads and environmenti) of staging
impact and recovery. The 10 cycle reuse criteria will be applied to design and
testing.

Selection of materials and farteners will be highly levered toward a minimum
sensitivity to corrosion effects. The deeign and materials will he amenable to the
repair of unplanned damages and nicks and gouges. In general, the pertinent aspects
of marine design criteria will be spplind.

The total recovery sequence will be evaluated relative to an SRM stage
designed for launch and flight conditions. ‘That 1s, by controlling the attitude of
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impact, reeovery might not affect the SRM design; however, a detniled cost trade
study s indicuterd,

'"he stuge structure will he processed through the same recovery and eleanging
eyele as the ease; flush with treated water, dry, inspect, repair, and protect. The
components then would ho storod at or near the lnunch site for scheduled reusc,

6.8.4 IIPU and Actuation System

lefurbishment of the entire nozzle actuation system and controls is recom=-
mended.  Similar equipment currently used on large solid rockets (Poscidon, Spartan,
Nike~Zcus, ete) have been rcused many times.

''he HPU and controls selected for the 156 in. SRM application has « life
expectancy of ¢1 bot starts without major refurbishment, other control components
such as reservoirs, filters, accumulators, servonctuators, control boxes, ete, arc
designed to equal the HPU operation life. Therefore, all the associated control
cquipment wiil have a comparable life expectancy. For estimatirg purposes, recveling
of the HPU and contrels hardware appears realistic.

External environmental protection of the component housings will be
accomplished with cpoxy coating. Other components will have a honded rubber coating
over high corrosion surfaces. Since all the hydraulic system and all the turbine fuel
system is scaled, no salt water can enter either of the internal systems. Therefore,
the only major problem is the external component protection.

The major concern is the electrical equipment and their connectors. Selecting
a waterproof mechanical joint for the electrical application will he the most difficult.
Prior to the selection of the connector configuration, a verification type test program
will be established to help isolate potential problem areas. Ior cost cstimating
purposcs, Thiokol expects to completely replace all electrical harnesses and
assoclated connectors,

Refurbishment of the HPU and controls will be accompiighed at the launch
site. Refurbishment will in many Instances include complete teardown, examination,
reassembly and rerun of the acceptance testing.

5.8.5 Recovery System
The assumption is made that the main chuter, hoth drogues, the mortar,

and the beacon will be refurbished. The pilot chutes, deployment bags, main and
droguc chute risers, and flotation gear will be cxpendable.
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I
The recyeling plan includos off-loading the recovered paranchutes on the dock
of the refurbighment facility through the parachute packing cyelo and returning to
inventory awaiting delivery to the miasion vehicle as follows, '\‘

1. Off-load the recovered parachute on the dock,

2, Scparate chutes, remove flotation gear, and untangle
and defoul suspenston line.

3. Wash chutes.
4. Dry chutes.
5. Inspect chutes for damage.
6. Repair chute damage.
7. Rig and install flotation gear.
8. Install reefing system.
9. Pack chutes.
10. Move parachutc pack agsembly to inventory stores.

The mortars and the beacons will be sent back to their respective vendors
for refurbishment.
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4.0 ENVIRONMENTAL EIVECTS
‘\
Thiokol Chemical Corporation has made an extonalve atudy of the environ- "

montal offects of Space Shuttle configurations consisting of large solid propellant
hoosters coupled with a liquid fucled orbiter, 'Fhiokel funded Geophysical Corpora-
tion of America (GCA), Technology Division, Salt l.ake City, Utah, to perform
subcontract work defining the cffect of gages emitted from the shuttle motors. GCA
used extensive mathomatical modeling developed for NASA Marshall $pace FFlight
Coenter. 'Thiokol alsgo funded Bolt Beranck and Newman Inc., Bedford, Massachuscetls,
to perform acoustic analysis of the near and farfield noise generated by the combined
shuttle motors.

The results of these extensive studics show that no environmental problems
should occur.

6.1 EXHAUST GAS TOXICITY ANALYSIS

The exhaust gas from the SRM's is made up of the following components:

Percent by Weight

CO 24

CO, 3.7
HC1 21.5
Ho0 9.5
Nz 8.8
Hy 2.1
Al,0q 30.2
Misc 0.2

The potential environmental hazards poscd by these products fall into three
categories:

1. Ground level concentrations or dosages of toxic
products exceeding toxicity levels iz uncontrolled areas.

2. Pogsible damage to vegetation or other receptors due
to surface deposition of exhaust product.
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4. Posaible long term huildup of foreign species in
the atratosphere,

Thiokol subcontracted the work of analyzing these possibilities to GCA.
Computer programs developed for NASA and the U, 8. Alr Force were uged hy GCA
to quantitatively assess the first two potential problems. The toxicity criteria
assumed were derived from previous work done for NASA by GCA. Figures ¢-1
thru 6-6 show for normal launch and for pad abort, in which both SRM's burn oul
on the launch pad, that peak concentrations are well below allowable limits.

For the stratosphere problem, it was assumed that no danger exists if the
products diffuse to ambient values. If a product 18 not a normal constituent of the
stratosphere, the ambient value used was for that of trace elements such as xenon.

Three launch conditions have been considered. In the normal launch, both
SRM's and the LOX cngine are considered to be fired simultaneously. In the pad
abort, two SRM's burn at the normal rate while the boosters are held down on the
launch pad. The destruct case considers that both SRM's and the 1.OX engine relecasc
all their products instantaneously to the atmosphere at an altitude of 2 km.

Three meteorological regimes, spring, fall and sea breeze, were considered.

They are characteristic of those conditions which exist at Kennedy Space Center (KSC).

All three regimes were assumed to include a thermal inversion. The most severe
inversion was for the sea=breeze regime and consisted of & 3°C temperature rise
between 0.3 and 1.0 km altitude.

The results of GCA's computation for the tropospheric problems show that:

1. For the threc meteorological regimes considered, the
ground level concentrations of HC1, AlyQOg and CO arc
all below the maximum allowable 10 min concentration
levels for both a normal launch and an on~pad abort in
which both of the solid propellant motors complete
propellant burn with the vehicle in a holddown status.

2. For a low level vehicle destruct event at an altitade of
2 km, calculations show that for a stabilized cloud of
exhaust products at an altitude of about 4 km having an
approximate diameter of 2 km, average concentrations of
CO (50 ppm) and AlpO3 (356 mg/m3) within the atabilized
cloud would be well helow the ground level toxicity
criteria and the corresponding HC1 concentration (30 ppm)
would be equal to the ground level limit,

3. The formation of an acid mist is possible only in situations
where the ambient humidity approximates 100 percent; the
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