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Today’'s Outline
1 What is Rocket Engine?

Steady Phenomena
Main Combustion Chamber Life :

Turbine Disk Strength

Turbopump Critical Speed
Transient and Unsteady Phenomena .. |
Engme Sfarhng Characteristics and Valve Start Failur AT

JAXAEL8B/H-IALIE#ITE EIFTEEREK
http://www.jaxa.jp/countdown/fll/photo/index_j.ht
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IFs, Liquid Rocket Engine Lineup (]/2)
Space Shuttle Main Engine (SSME) |IISRERIEgmea  #5° 08 Dclta 1V Hoary

LE | ==

S RD-0170 (Energia)

Ref: http://mediaarchive.ksc.nasa.gov/
http://www.nasa.gov/mission_pages/constellation/main/index.html




RS-68 (Delta IV-Heavy)
211h Dec, 2004 Maiden Flight
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121on 10 GTO
>
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Ref: http://www.spaceflighthow.com



Failure Causes of Launch Vehicles

Failure Rates for U.S. Launch Vehicle between 1964 and 2000

\ Liquid Stages

Solid Boosters 19.79%

Brian D. Alien (2001), AIAA 2001-3874

World Subsystem Failure Rates between 1983 and 1997

\\‘

Propulsion 64.10%

W Ligquid Stages

O Solid Boosters

O Guidance & Control
O Lightning

@ Staging

O Payload Faring

M Destruct System
B Structural
M unknown

O propulsion
[0 separation
[Javionics
[Jelectronics
[ structure
O other

[0 unknown

[-Shih Chang (1998) , ISTS 1998-a-1-36, pp.181-190

50-70% failure due to propulsion systems,,,




Why the highly reliable
design methodology is required? (1/2)

EH"“ﬁﬁ%EP’("‘“HWL.Ebé"IﬁBBW&EﬂE

LE-7 FTPZ— “‘)7;|-—lu~w;

Ref: FHEMAFEBAABOT v FRARE2—. MPF2 0BFRREE. 1998F10R




Why the highly reliable
design methodology is required? (2/2)

ﬂiﬁl’rﬁﬁ%qﬂ" EAPICE C S H GG HE
(SSMERRER )| ren e emn e ey

F
Flgum 16. HPOTF Rotor After Test 301-136 (Fhoto No. 89¢-4-1029)

fﬂﬁafam%a—fn/7
X | 2IR—tEiER

KR
Y/ : ’i—l: »72L—RikiR

Fugum 15 HPOTPAF!EI Test 301-110 (Fhoto No. SCHSC-J—TWE)

g2 —RR 22358
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Ref: http:/ /www.enginehistory.org/ssmelhtu . L e R ,
Figure 17. HFFTF First Stage Turbine - Tes Bﬂﬂ-ﬂ:‘}E[Fh oto No. SCBSc-4-1032




Design, Failure Modes and Reliability

t New engine
development cost

Demonstration

(o)
13% 10 % Single engine

Eliminate failure modes certification
Redesign and refurbishment ! -
Back to initial design

kg i

Years
Composite of F-1 and J-2

How 1o mitigate the failure

and 1o estimate “quality of design”
at the conceptual desigh phase?

Refer to: “Robust Design Computational System (RDCS)”
Dr. Glenn Havskjold, Program Manager, Advanced Technology Programs
Presented to MSC Users Conference, June 7, 1999 10/39



st Purpose of this study

Highly Reliable Design Methodology
1o quantify the reliability (or failure rates)

Almost failure modes 1o cause the engine breakdown
are dynamic and transient phenomena

—

Analysis technique
10 replicate these failure mechanism dynamically

——

Failure Modes Demonstration Simulator
by dynamic numerical analysis tool

11/39



(Fs Highly Reliable Design Methodol
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1T 2 Ak tho) 2 2 K — = .
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Failure Modes

Chamber LCF

Extraction of
Critical
Failure Modes

Drivers of Failure

Design Variables

Rotor destruction
Rotor scrubbing
Combustion

< ~ombu
wstablllty etc

- Blade angle Characteristics A\
- Cooling channel size -H-Q curve System Simulation

-Gas property
-Pressure loss —l/ J{

- Pipeline length etc

i by FMEA/FTA etc
Component % ; I
|

Batiead il

/Mm

distribution - Pressure

|
|
| - Temperature >
|

- Flow rate —l/{
Fabrication Variables - Shaft speed
|
|
|

- Tolerance of cooling

Flight/Test LN
Condition ’—l/fetc

channel size
- Variation of turbine
nozzle area etc

Current Simulation Tool

Current Simulation Tool is
combined with the drivers of
failures and failure models to
convert the reliability.

Stress estimation
at the
monitored location

—_- O




FrameworK of “Design Methodology” 2/3)
To evaluate the “‘quantitative system reliability”

Probability Stress Level Nominal
A Min./ Nominal /Max. Strength Level
—
Strength Limit
| |LSafety Factor> 1 | Distribution ]

Stress |
distribution |

A
Failure § =

Y/

72\

e —

Stress, Strain, Load
>

Failure Probability can be estimated based on stress-strength model

']

Application of PDA, robust design & Taguchi method

To maintain the function against the noise, fluctuation 14/39




IFs Extracting Design Variables 3/3)> ,/:°

turbine tu i

(Quality %chﬁz)zrg‘::’;ovmem‘) FU:I<PDF PTiF PDOg;i‘;izer
~ pump |TDF ) TT1F _TDOl pump
5 Q9 WCF, PCJF _ )
£ 2 & TCIF™ wco
()] © =
: 1 o
o Qo .
9] EC Sz WFCC njecto WGEX
=) TIM2F MRC
Importance i .
Of quality | EO S Co tion
4 g8 ambgr
Importance ST
Of Function _| Es Nozzle
/4
Importance Extraction of monitoring
Of Component_|

design variables

o] severy Joeworo] i
- =

S
e PICK UP!!! g Failure Mode
Lf RPN | | CRL EM1 <> O
© * & w FM2 O (@)
o )
3 gl
Extraction of Critical Failure Simple FTA for extraction of

Modes by Expert Judgment !!! monitoring design variables 15/39




(Fs Approach for quantitative reliability estimation g

(planned)
- Reliability estimation based on bimodal profile

RNs = 1 - C

reliability level C, engine equivalent successful number Ns

- Reliability growth, failure distribution

!

- Partial Reliability Estimation : R- = l - Fi
Reng = ZW; X R;

Structural Reliability
Life time (combustor, turbopump)
Structural Reliability (low/high temp. )
Operational Reliability
Operation Margin (Critical Speed/Combustion Instability/
combustor endothermic characteristics/ robus+ness;

6/39



However...

{

Not so easy 1o build
this design methodology in short term
and 1o apply it 1o engine R&D

1) Specific samples are focused on and
gradually extended in whole engine system

2) Some Systems Engineering Approaches,
such as QFD, FMEA, FTA, PDA and so on,
are introduced 1o this study

QFD: Quality Function Deployment FMEA: Failure Modes and Effect Analysis
FTA: Fault Tree Analysis PDA: Probabilistic Desigh Assessment 17/39



(Fs,, Typical Failure Modes of Expander-Bleed Cycle Engine §
(reference engine, LE-5B) ’
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Fs Main Combustion Chamber Structure

PEH (likE) F
RILZ0MMAT

Failure Of Combustion Chamber Liners

Ridin
i
e - o, ; R
\ ol B M :"'. ;‘: o =
e T G
& L, “..—‘. L - s ’, _:
& l". i L :
L x ! ’ .
L s

COPPER ALLOY
THRUST CHAMBER

WITH FAILED 4 -+ Complex failure
COOLING PASSAGE A mechanism
3 — Creep
— Low cycle fatigue
..... — Thermal ratcheting

* Current alloy NARloy-Z
- (Cu-3 Ag-0.5 Zr)
EEZRIC & DERRE RETHIE inadequate for RLV

W
D

[iBRE (GH) O  HWE. BRHAO

19/39



Effect of variation in coolant channel size (1/3)
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(FS; Effect of variation in coolant channel size (2/3)
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(Fs Effect of variation in coolant channel size (3/3)
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Process around Main Combustor

Stress Generation
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(Fs/ Failure Mechanism on Thermal Stress of Combustor E
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6@/ Rocket Engine Dynamic Simulator (REDS)
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Causes of Variation in Valve Operation
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Sensitivity analysis of chamber coolant temperature
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Dynamic Simulator Demonstration
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(Fs/ Valve Operation and Thermal Stress
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Fs Valve Operation and Thermal Stress
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(FS Conclusions and Future works
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3 Efforts 1o highly reliable design methodology
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Gg, Basic Concept of Overall System Optimization
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6’5/ What are we o do ? (1)
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What are we to do ? (2)
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