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Booster/Motor

Forward Separation

Motors (4)
/ Frustum
3 Forward Skirt
Igniter/S&A
Forward Segment With Igniter

Nose Cap .
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parachutes) Forward-Center Segment

Three Main : /
Parachutes
L Aft-Center Segment
Avionics
" / Avionics
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SRM/RSRM EVOLUTION JACK PHELPS

ACCOMPLISHMENTS

FWC

SRM DM 5and QM 4 HPM DM 6and 7

hallenger

DM 1-4 and QM 1-3

) ) ) ) < ) ) ) ) =)

C

i Nozzle Bond
. - i i Igniter i
Redesigned Case Rigorous Postfire Evaluation ; g—Leg Witness Panels Improvements PEMEAS
Joints (J-Le e ' SPC Program ;
ints (J-Leg) New Nozzle Bond Facility (M-113A) ; : g Electronic Shop
Advanced Static Test Facility (T-97) Dedicated Final Assembly (M-397) ' AINEQA Instructions
Nozzle Joints New X-ray Facility (M-197)
New Propellant Pre-Mix Facility (M-314)

and Ply Angle Work Centers = Ultrasonic Gantry

4—N—N—N—N—N—N—N—N—>

. Nozzle-to-Case J-Leg ,
RTV Excavation EPDM Reformulation . High Temp NARC
& Backfil Seven Elements of Good Flight
ol ODC/Vapor nitiated Chemical New Nozzle Rationale =
! Degreasers Structural Adhesive ; s
g Fingerprinting Carbon Fiber g ETM-3
Rope S
199 1997 1998 1999 2000 2001 2002 2003
Insulation Facility Automated Inactive Stffener Stub Intelligent Pressure 5 Sust :
Humidity Control Eddy Current nactive Stifiener St Transducer rocess ystem 52 Static Test
Tovola s Removal £ A Design
oyo '
; Propellant Fin - o FSM-17
Production Tfansm on Improved Resiliency D|g|tal X- ray ATK BSM Qualification )
System O-rings

264 Motors Flown
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ACCOMPLISHMENTS

INSULATION J-LEG

How it Works

JACK PHELPS

Inboard

\«4— Free Volume
(exaggerated)
— “«d— Nearly Fixed

Heater, Radius “

Outhoardl ; |

1. Prior to Motor Operation
Igniter Joint

pe at Capture

Packing With
Retainer

Inner Bolt —,

‘Special Washer —
Inner Gasket

Packing With Retainer —

Outer Bolt
Environmental
Se.

NBR Insulation —
", DBAC Steel Igniter
Adapter

a. Motor pressure
enters J-Leg slot

l v\_c. Clevis

insulation
moves aft

during motor
operation

b. Free volume
near J-Leg tip
compresses

equalizing the

—

pressure so that
the tip is not

actuated

T

2. Ignition

PSA allows
J-Leg and
Clevis
Insulation
to track
together

3. PSA keeps J-Leg adhered to Clevis Insulation

Heater.
Igniter With
y Adapter

L
A Putty Environmental

Seals
Forward —/.

Segment

Outer Gasket -
Outer Gasket

Forward Dome

NBR Insulation

Two-sided
Pressure-Sensitive Adhesive

HPM

Outer J-leg

NBR Insulation

er Gasket

~ Inner Jdeg
T Two-Sid

Takeaway Success: J-leg performance has been

exceptional, not only has it performed its intended thermal

barrier function, it has also never allowed gas into the joint
(except for RSRM-55 special cause)

ed
Pressure-Sensitive . H
Ranesive Field Joint
DEAC Steet Cork Insulation —,
Chamber Temperature Sensor
= Propellant

Fluorocarbon —

Primary O-fing

Nozzle-to-Case Joint

Nozzie Flxed Houdng

Circumiyrentis] Fiow Bate

Preccure
lenghie
Agnetive (FRA)

1e-
HPM Nozzle-to-Case
Joint Design

Carbon- Fiber Rops
Tharmal Barriar

CATK>

atrece Otfucer
Oring

Fluorocarbon
Secondary
O-ring

Lesk Choed Barder Leak Check Port —,
Qring h

Grease Bead —

Shim —
Primary O-ring

Filled
Insulation
znc P
Chromate
Putty
Secondary O-ring Cork -
Insulation

HPM

(added)

Heater (added) -

KSNA ——
Leak Check Port —

Cork Insulation —

RSRM

Vent Port In (added)

V-2 Filler

(added)
Interference
Fit (added)

Capture Feature
0-ring (added)

Capture
Feature
(added)

J4oin
Pressurization
Slot (added)

Pressure-Sensitive
Adhesive (added)

Nonvented Joint
Insulation {added)
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ACCOMPLISHMENTS

IMPROVED RESILIENCY
O-RINGS/GASKETS

JACK PHELPS

Successful Tracking

Blow-by Failure

Resiliency Testing

RS REEERRRN)

Blowby —»

n

S&A Gasket (static joint)

Inner Gasket (joint opens 0.0012in.)

Quter Gasket (joint closes) \

JointNo. 4

JointNo. 3

BSM O-Rings

| |
IR R RN

Pounds Pounds Poaunds

Pra-Test, the Intarnal (rosiliency ) forcs
af the O-ring is a8 its macdaum, in
conunclion with squeese

During Testing, the gap epens ol a pre-determined ribe
As squeede s reduced, the O-ing exers
lesa and less fofce batween the blocks

As lasting firshes, e minimum
resiiency lorca is detarmined

Major Findings from Testing

# Case field joint O-ring tracking margin at 41° F for improved
resiliency V1288 is the same as V1247 at 81° F

4\/1288 erosion rate is 50% less than V1247

® All other physical properties and characteristics meet V1247
requirements

O-RINGRESILIENCY DATA
V1288 vs. V1247
+ %1288 10% squeeze, B months
B 41288 15% squeeze, B manths
Beninine ...
% squeeze, 5 manths
® /1247 10% squeeze, 5 months —"""
= 41247 15% squeeze, 6 months //
A 1247 20% squeeze, & months
® 1247 55% sqiseze’ Aoy P ]
7
2 -
e
o —
=] / / »
"1
& A 1 -
: A= =
E // ,/ e
= 3 o
,E’g s / /u’/ W Y
7P | —
b § A ] =
| | +—1"1— | —1
=
-
Temperature (Deg F)
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ETM-3 FIVE SEGMENT MARGIN

ACCOMPLISHMENTS TEST (23 OCT 2003) JACK PHELPS
RSRM Conditions more severe than RSRM
Igniter + Thermal environment
I AddenCrniEEaegriet | Modified centerand aft + Structural loads

S _ segmentinsulation + Erosive burning
; + Acoustic activity
+ Slag

i RSRM Nozzle with throat | + Burn time
diameterincreased + Mass flow and mach number

+ Pressure and pressure drop
+ Buckling and joint loading
* Increased length and fill volume for the igniter

Added Chamfer
PropellantLeading Edge
(aft & centersegments)

Modified center segment
NBR inhibitor height
(Used aft mold tooling)

LowerPropellant

Used RSRMCase Burn Rate
Standard Weight (all segments)
Hardware

(all segments)

Extended Aft Exit
Cone

ETM-3 was instrumented with 620
gages and 635 total channels

Benefits
+ ETM-3 demonstrated robust margins for RSRM

+ Learning experience and challenge for the NASA/ATK
workforce (design, build and test a new motor from scratch)

+ ETM-3 success was a great step toward Ares/RSRMV five
segment motor development




ACCOMPLISHMENTS

CARBON FIBER ROPE

JACK PHELPS

CFR Heat Exchange Concept

Carbon-Fiber Rope

Hot
Combustion
Gas and
Particulates
Enter Joint

CFR Absorbs Heat

O-ring
M | Pressurizes
With Cool Gas:
T Particulates
Are Filtered
Out

A change in paradigm (pressurized joints) led to significant
design improvements that enhanced thermal margins and
eliminated a potential failure mode

Forward
End Ring

Nose Inlet Assembly

Carbon- Fiber Rope
Thermal Barrier

Nozzle Joint 2

—— Flen Bearing
o (DGAC stuel) — Shim
/ # o~ Palysulfide Sealant
~~ Packing with Retainer

Secondary Oing — =i § -~ Flagd Heusing
L & 10 Flex Bearing
Mouring Balt

Primary C-ring —-' -

Buaring
Riv]

Carbon- Fiber Rope
Thermal Barrier

Nozzle Joint 5

CATK

Joint J-Leg

Circumferential Flow

Baffle

Pressure
Sensitive
Adhesive

(PSA)

Carbon Fiber-Filled

EPDM

Leak Check Barrier

Nozzle Fixed Housing O-ring

Primary O-ring

Secondary O-ring

Stress Diffuser
O-ring
Carbon- Fiber Rope

Thermal Barrier
ASNBR

Nozzle-to-Case Joint
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ACCOMPLISHMENTS ATK BSM JACK PHELPS

Improvements
+ Interchangeable fwd and aft motors ¢ Interchangeable metal hardware—eliminates matched sets
¢ Sling lined chamber + Increased O-ring squeeze
+ Batch cast vs. continuous flow +V/-1288 low temp O-ring material
A production + |gniter-to-case leak test port added
+ TIGA adhesive (RSRM baseline) ~ + Redesigned Igniter .&
+ Graphite throat redesign to improve
margins
Test Motor 1234567 [s]oJro]nnJ12]13]14]15
Propellant Mix D DD CCCOCAAA A B EGB B
Conficuration -~
Fwd BSM X X X X X X X X X : ’
O | agpsm X X X X X X : \
C | Redundant A Wl
Q One CDFI X X -
== | Two CDFI X X X X X X X X X X X X X a q
=h | All O-tings X X X X X X X X X X X [ esjﬁ :
) | Quibomd O-ing Ouly X X N .. ar_ | % 4 g B
Q) | No O-Rings X X 10 pre\[ent case—4i|
= = ; | Neorrosion
Product Examination 11 1 1 11 1 1 1 1 1 1 1 1 1 T ' # :
g Thermal Cyeling 2 2 2 2 2 2 2 2 " i ‘“
Altitude Cyeling 3 3 3 3 3 3 3 ATKEEM Q4 -
=] | 45 Day Aging
1] -10°F 2
wn +130°F 2 2
= | Rain 4 4 4 4 4 4 4
Salt Fog 5 5
g H1111u'di%y 6 5 5 6 5
P-Jr Vibration
- Lift-off 76 6 5 7 3 6 5
;' Boost 8 7 7 6 8 4 7 6
Ordnance Shock 7 7
Altitude Start 3 3 3
Low-Temyp (30°F) 4 4 4 2 2 9 38 9 b
High-Teny (120°F) 2 2 83 8 5 8
Plume Particle Collection | X X X X Y X X X X

Takeaway Success: It took an exceptional
effort and great teamwork by ATK to certify,
build and fly BSM hardware in only 19 months

5 b
A

G n et -
e s \:;&}-"I‘:

N r g v  § 4
ploalls m 210!

e ita

CATK,



RSRM Lessons Learned  rreoeerans

Nozzle Pocketing

Field Joints and Nozzle-to-Case Joint
Pressure Sensitive Adhesive

RSRM Evolved Toolbox
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LESSONS LEARNED

NOZZLE POCKETING FRED PERKINS

+ Background

— Carbon-Cloth Phenolics (CCP) form the nozzle contour and protect

underlying structure

— CCP wrapped on a mandrel, cured and machined to a final profile

+ Observation

— Pocketing occasionally observed in nose and throat

— Seemingly “random” behavior indicated subtle variability

Forward Nose Ring
(carbon-cloth phenalic)

Nose Cap

— Behaviors not observed during certification/verification testing R

— Work as a result of STS-8 nose pocketing led teams to believe
problem understood and rectified via nose ply angle change

— Subsequent, STS-51D exhibited similar behavior in throat region

+ Resolution

— Root cause determination and corrective action worked in iterative
phases — tendency to assume the problem solved until new occurrence

— Design ply angles, processing, material screening, higher carbonization
temperature — Changed in separate waves of corrective actions

(carbon-cloth phenolic)

Lesson Learned — Robust root cause analysis essential to comprehensive understanding. Subtle effects of material/process variability on
performance must be understood and verified. Controls sufficient to verify material/process variability within certified range

CATK

RSRM - 12




LESSONS LEARNED FIELD JOINTS & N/C JOINT FRED PERKINS

+ Background Primary O-ring
~ SRM (pre-RSRM) used putty between the motor segments as a thermal barrier oormadary
— Assembly process could leave vent holes through the putty
— Joint movement from ignition sometimes caused “blow-by” of the seals

+ Observation {

— Blow-by occurred in the primary seal locations of the SRM field joints
and nozzle-to-case joint — erosion of O-ring was not design intent

« Team accepted performance inconsistent with design intent

Zinc

. Chromate
« “Hardware was talking” Putty
« Weak CoFR process - selling as opposed to risk disclosure STS 51-L Design

— Team understood that the primary seal could fail but were convinced that the secondary seal would hold
« Common cause failure (O-ring material low temperature resiliency and dynamic tracking) resulted in
joint failure and loss of Challenger crew
¢ Resolution

— Robust joint redesign — addressed gas path to O-ring, fill volume, O-ring tracking (geometry, gap
opening, and resiliency), thermal protection system

— Robust certification process — subscale and combined loads full-scale test, analysis and fault tolerance
— CoFR process based on risk assessment and communication/sharing

+ No gas to primary O-rings since redesign (over 700 total joints flown/tested )

Lesson Learned — Robust root cause determination, corrective action, certification
process (including off-nominal and fault tolerance) result in robust flight design

@-_’b RSRM - 13




LESSONS LEARNED PRES%ﬁigﬁ,’és'T"’E T

+ Background
— RSRM redesigned field joints include J-leg interference fit thermal barrier as
first leg of joint seal thermal protection system
— RSRM redesigned field joints performed as designed on first 300 joints flown
¢ Observation
— Hot gas penetrated past the tips of all six J-legs on RSRM-55 (STS-78)
launch in June 1996
* QOut-of flight family performance
« New ODC-free pressure sensitive adhesive used for
the first time on RSRM-55
 Adhesive had worked perfectly in a full-scale static-test
motor fired in Utah
+ Resolution
— RSRM-54 (STS-79) utilized same PSA — de-stacked
— Environment at Kennedy Space Center (high humidity)
reduced the peel strength of the adhesive; peel strength
was key to keeping the J-leg sealed. In addition, the design
team believed the J-leg would seal without any adhesive =
— The immediate fix was to return to the baseline adhesive : 14330206 _|
— Long-range actions included extensive subscale and full-scale testing, plus thermal and
structural analysis to understand in detail, the J-leg response to processing and operating
environments

Lesson Learned — Test what you fly. Testing ideally to include all operating environments and
parameters. |dentify and assess risk (FMEA) of flight attributes/interactions not explicitly tested

@-—K) RSRM - 14




LESSONS LEARNED RSRM EVOLVED TOOLBOX FRED PERKINS

+ Several Key Factors in Achieving and Maintaining Excellent Flight Performance

— Robust Process Control
« Statistical process control - Identify and disposition within-engineering but out-of-family data
* Fingerprinting of materials — Allows identification of subtle changes in the supplier chain
 Extensive use of PPIA audits (stamp warranty) both in-house and at suppliers
* Process sensitivity testing — Design of experiments, corners of the box testing, etc.
« Emphasis with suppliers on change identification

— Comprehensive change verification process
« Fault Tolerant / Failsafe testing and analysis
 Enhanced analytical models and material databases
* Models anchored to test
* Yearly full-scale static testing

— Rigorous anomaly investigation/resolution and root cause analysis (listen to the hardware)
« Structured postflight teardown and inspection prior to a subsequent flight

— Rigorous certification of flight readiness process (understand and communicate risk)

Conclusion - The RSRM program has learned from past events and evolved an extensive toolbox of
techniques, practices, and systems designed to ensure the configuration and integrity of each RSRM
flight set before flight

@-_’b RSRM - 15



RS RM C U Itu re DENNIS MOORE

RSRM Test Program

RSRM Postflight

7 Elements of Good Flight Rationale
Some Thoughts on Minority Opinions
Summary
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STATIC TEST: KEY TO OUR

RSRM CULTURE SUCCESS DENNIS MOORE

¢+ The RSRM is the highly reliable rocket motor it is today due to constant
vigilance and focus on the necessary elements of RSRM flight safety

— ... these elements are key to the successful culmination of the Space Shuttle Program

RSRM Process Control Initiatives
ESTABLISH RELIABLE
PROCESSES

* PFMEAs
= Working Level Change Boards
* Mechanical Integrity Reviews
* ORI Methodology
* Support Material Controls
= Tabletops and IPT

MONITOR PROCESSES
* SPC/PCV

* SMS Program

* Fingerprinting

* Witness Panels

+ Post-flight Inspections

INITIATIVES
TO MAINTAIN A
HEALTHY SYSTEM
» Sustaining Engineering
« ESI System )
: Productivity Toaling "] kE¥s To-succESS
* Decentralized Training
* Maintenance Controls
* CM Systems Robustess [’

REINFORCE PROCESS
CONTROL CULTURE

*PPlAs

= Stamp Warranty

* Latent Defect Briefings

*+ Contamination Controls

'+ Multiple process
control tools/methods
« Constancy of purpose
enert

« Pump in new

= Supplier Activities
* At Risk Behavior

= Effective Corrective Action
* COFR University

Postflight
Assessment

Process
Control

Static Test
Motor
Program

Test what you fly, fly what you test

-
- M RSRM - 17




Subscale Solid Rocket 5 Inch Propellant
Test Motor (SRTM) Center Perforated Subscale Testing

Insulation Witness Panel*= " . . -
~ . Stibscale Testing N 'gﬁﬂe" Teshing Propellant Dog Bone Testing

RSRM - 18



RSRM CULTURE RSRM TEST PROGRAM | oennis moore | £

Test Summary

+ Material/Process Change Categories
— Obsolescence

— Improvements — Implementing better materials/methods or reacting to postflight
observations

* Typical Process for Evaluating Significant Changes

— Multiple candidates screened by least expensive testing (dog-bone type)
— Down-selected candidates to sub-scale hot-fire
— Best Candidate selected for FSM demonstration/qualification

* FSMs tested were tested about 1 per 12-month cycle
— Highly instrumented — can detect subtle drifts

— Many changes typically on any one FSM
— Changes had to be evaluated for conflicting objectives
+ FSM tests evolved from original intent of testing

production line motor to being the Change Precursor
— Combined with our level of Postflight makes up for inability to “Green Run”

- @-—’() RSRM - 19



RSRM CULTURE RSRM POSTFLIGHT

DENNIS MOORE

Launch

Open Assessment

Retrieval

T ( W ( 7
7 [ [
(¢ - | |

b b

nal .
N@zzle Inter al Joints Return to Utah

Field Joint Evaluation

BSM Assessment

RSRM Postflight == RSRM Reliability

RSRM - 20




RSRM CULTURE RSRM POSTFLIGHT pEnnis MoorE |

¢ Postflight Team
— ATK DEs, MEs & QEs (responsible for hardware)
— MSFC Project/Engineering/S&MA

+ Postflight Task

— Thoroughly evaluate and document hardware condition
— ldentify, assess, and document reportable conditions and items of interest

Disciplined approach to evaluating hardware, dispositioning findings, and identifying IFAs

Approach is unigue in SRM Industry

@-_’b RSRM - 21



7- ELEMENTS OF GOOD
RSRM CULTURE FLIGHT RATIONALE

DENNIS MOORE | S

*

o ATK

Solid technical understanding

— Physics based or root cause understanding of issue, based on engineering data (perhaps
using a fault tree)

Condition relative to experience base
—  Experience base includes full-scale flight, ground test, or qualification level tests

Bounding case established

— Using physics based understanding, determine the bounding case (e.g., lower A-basis
allowables, upper three sigma loads and environments, anchored with test data)

Self limiting aspects

— Physical reasons why it can’t get any worse than the bounding case or show the part is fail
safe

Margins understood
— Adequate margins, ideally not substantially reduced from baseline

Assessment based on data, testing and analysis
— Final risk assessment based on test data and analysis, not gut feel or expert opinion

Interactions with other elements/conditions addressed
— Address interactions with other conditions (MRB, changes, technical issues), and vehicle

“" " Implemented 2001

RSRM - 22



RSRM CULTURE 7 ELEMENI;I':T(I);NC;-\(I)_(E)D FLIGHT | _\.is Moore

Worksheet Example

Current State Strong Mod | Weak Mitigating Actions
Solid Technical Understanding » Complete statistical analysis of measured void distribution
Unbond results from operator variability and tool » Complete corner-of-box unbond testing
: <,':I X
differences
Maximum extent possible unbond not known
Condition Relative to Experience Base * None
No known unbonds in previous flight article but X
assumed since process relatively unchanged
Bounding Case » Complete statistical analysis of measured void distribution
Bounding case structural analysis TBD <:I X » Complete high rate capability button testing
» Complete loads survey
» Complete stress analysis
Self-limiting » Complete statistical analysis of measured void distribution
Concern that non-bond size bounding case has » Complete high rate capability button testing
not been captured {C———1Xx |+ Complete loads survey
Impact of stress risers due large non-bond » Complete stress analysis
regions not quantified
Margins » Complete statistical analysis of measured void distribution
Current margins unknown <:I X » Complete high rate capability button testing
» Complete loads survey
» Complete stress analysis
Assessment based on Testing, Data, Analysis » Complete analyses
Based on analyses and test data » Complete measurement and mapping of available bonded tunnels

Extensive capability database {—— X

New analysis methodologies
Reduced conservatism
Interactions with other Conditions/Components * None
No known interactions except age — no age X
effects identified

CATK RSRM - 23



RSRM SULTURE ELEMENL?.\%I(:)S I(\)I?ED FRISHT DENNIS MOORE '

Benefits from 7 Elements Approach

+ Can be used to assess multiple types of issues
— Technical Issues
— Design Changes
— MRB ltems
— Postflight Anomalies
+ Clearly identifies Flight Rationale Strengths and
Weaknesses

+ Focuses on the facts
— Removes emotion from characterizing risk

+ Provides a “roadmap” when implemented early

| @-—’() RSRM - 24



SOME THOUGHTS ON
RSRM CULTURE MINORITY OPINIONS

DENNIS MOORE | s34

¢ Seek out minority opinions
— Silence doesn't always mean agreement — a lot of thinkers support us
— Don't allow any fence sitters

+ Have a team of folks listen carefully — Hear Them Out

— Pull'in some help from expert(s)
— Avoid arguing or making counterpoints until they’ve been heard out
— Keep in mind they could be right

+ Make a decision and tell them how you got there

+ Be an advocate for the minority opinion

— Encourage and offer to take it forward
— Use the management chain

+ Allow folks to change their minds
— New data or new way of thinking

| @-—’() RSRM - 25



RSRM CULTURE SUMMARY DENNIS MOORE | i3

¢+ RSRM is a highly reliable human-rated Solid Rocket Motor

— Largest diameter SRM to achieve flight status
—  Only human-rated SRM

+ RSRM reliability achieved by:

— Applying special attention to Process Control, Testing, and Postflight
— Communicating often

— ldentifying and addressing issues in a disciplined approach

— ldentifying and fully dispositioning “out-of-family” conditions

— Addressing minority opinions

— Learning our lessons

We look for weaknesses and figure out how to improve as a
RSRM NASA/ATK team

@-_’b RSRM - 26
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