“To a significant extent, the success of the
NERVA program...was made possible
through effective implementation of the
Product Assurance Program Plan. The fact
that there were very few technical
setbacks in a program of such complexity,
where so much could go wrong, is due to
the detailed planning of Reliability and
Quality Control activities, which
anticipated problems in time to prevent
them from becoming serious.”

- Technical Summary Report of NERVA Program, 1972
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Nuclear Engine for Rocket
Vehicle Application (NERVA)

NASA/DOE/DOD Project from 1961-1972
o Subproject within the Rover Program (started in 1955)

o QOriginally proposed for Apollo (third stage of the Saturn V rocket)
| i o Canceled in 1972 due to loss of mission

|

f ‘7’

u S
i

22 full-scale ground engine/reactor tests
> No (unintentional) catastrophic failures

o Final test was flight configuration (TRL 6); however,
program canceled before reaching flight certification

“We realized early in the nuclear propulsion program that the

basic build/break mode was neither practical nor desirable.”
— W. W. Madsen, Nuclear Propulsion Systems Engineering, 1991




NERVA Engine Reliability Methodology

“Test-Fail-Fix” does not work with space nuclear systems
o Testing costs more than for a non-nuclear alternative

o Lower programmatic and societal tolerance for failure

NERVA created early version of “Design for Reliability”

"The basic theory of probabilistic design technology is
many years old; however, the development and
application of the technique is new. NERVA was the first
program to incorporate this philosophy into the design

and development effort as a requirement.”
— NERVA Probabilistic Design Training Course, June 1972

Estimated only 8 additional full-scale tests (30 total)
to reach flight readiness with 99.5% reliability
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NERVA Reliability Methodology Overview

“A separate group working
alone to achieve reliability
will not attain the high
reliability requirements of
the NERVA program. All
management, design,
manufacturing, and test
personnel must be
responsibly involved to see
that the desired reliability

is achieved.”
- NERVA Reliability Plan, 1970

Level Reliability
Models

Design Engineers

Component-

Reliability Engineers
Systems-Level

Reliability
Model

Supporting
Analyses

(Thermal, Structural, etc.)

Discipline Engineers

RELIABILITY =
Strength
Mean s — «9XXXX '
— s —
c
Stress -5
Mean [ e et c
§-35 _C
D
‘;Bs! + n'!
s:ru‘:gc P —
Varianc: S
—1 Dz + Dz —
s s
Stress L1
Variance

pary FUEL ELEMENT ¢ No,
CENTRAL ELEMENT

DESIGN FAILURE MODE ANALYSIS
DESIGN ANALYSIS SHEET

"Stress"

Prepared By

947C617 Date _12/17/70
247C844
Dwg. No. 947Cé18 Revision
947C843
“Strength"
Design Analysis

Mean, xL' Variance, SL ,n

or Stress Comment

Mean, is, Varionce, Ss, n

or Strength Comment

(Calculated or Estimated Failure

Probability or Evaluation Comment:

s)

0,812 | 0.10

T

stoo | o
|

s1.00 | o

.00 | o

NO AVAILALLE DATA TO Ih'JDICATE IMPR(ILVEMENT
'

PRESENT COMPOSITE: P HIGH

PRESENT GRAPHITE: P HIGH

ESTIMATED FUTURE COMPOSITE:

P =3x 12
FUTURE GRAPHITE: P HIGH

[6,7]




Predicted Reliabilities by End of Program

Predicted Predicted
Reliability Reliability

Nuclear Subsystem (NSS) 92.1% Non-Nuclear Subsystem (NNSS) 32.3%

Fuel & Central Support Elements 97.0% Turbopump Assembly 55.6%
Cluster Hardware 97.7% Pump Discharge Control 99.2%
Core Periphery 99.95% Turbine Bypass Control 99.90%
Support Plate & Plena 99.996% Cooldown 88.1%
Internal Shield 99.9,,8%* Nozzle Assembly & Pressure Vessel 99.91%
Reflector Assembly 99.5% Thrust Structure & External Shield 99.996%
Control Drum Drive Actuators 99.996% Gimbal Assembly 96.9%
Structural Support Coolant Assembly 97.7% Instrumentation & Control 68.5%
*Subscript represents number of times preceding number is repeated. E.g. 0.9,0 = 0.9990 [9]




Resultant Proposed Test Plan

Future plans prioritized additional testing of the nuclear subsystem, turbopumps, and EPIC

EPIC (Electronics, Power, Instrumentation, and Control) required >3 more years of development

P NRO RECOMMENDED PLAN
CALENDAR YEARS 1970 1971 1972 1973 1974 1975 1976 1977 1978
R-1 R-2 R-3
h N
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NSS QUALIFICATION { E 1 J
= N I/}CDR
TURBOPUMP DEVELOPMENT : L F___1 ll
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EPIC COMPONENT QUAL (LAB) —— DEV 11 F [T ]
l
EPIC SYSTEM QUAL (E-5) F |00
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Reliability-Driven Desigh & Development

1. Design — maximize reliability
o Propellant Feed System (PFS) Configuration — 2 vs 1 turbopumps

o Primarily aleatory uncertainty — Fault Prevention & Fault Tolerance

2. Development / Test — minimize technical uncertainty




PFS Reliability Analysis Conclusion:
Some form of redundancy is required

Definition

No significant effect

Manual or delayed corrective action

Immediate corrective action

Mission abort with emergency mode

Fault Prevention Techniques

NERVA PFS Trade Study Single TPA
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Tocv(2) NERVA: Level 2: Control of Autonomous Fault Detection =
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Reliability-Driven Desigh & Development

1. Design — maximize reliability
o Propellant Feed System (PFS) Configuration — 2 vs 1 turbopumps

o Primarily aleatory uncertainty — Fault Prevention & Fault Tolerance

2. Development / Test — minimize technical uncertainty
o Reactor Fuel Test Program — New fuel design & unique operating conditions
o Primarily epistemic uncertainty — Physics models don’t exist yet

“Performance of an NTP engine depends on the ability to
demonstrate that the fuel can reliably operate”

- Options for SMART Testing for NTP, January 2022




Proposed Fuel Test Program Methodology

Step 1: Identify & characterize the key system-level areas of uncertainty
o Assumption: no entirely new field of physics will be discovered during fuel testing

Step 2: Generate 2-4 test alternatives for each parameter
> Focus on variables measurements (e.g. test to failure) rather than attributes measurements (go/no-go)

Step 3: Quantify the predicted uncertainty reduction for each test alternative
o Bjorkman’s “Uncertainty as Test Value” & Shannon’s Information Entropy

Step 4: Generate initial “optimal” testing program

[5,13]




Step 1:

Define Uncertainty Parameters

Nuclear fuel generally has two functions:

o Get hot
o Don’t break

Primary failure modes then are:
o Can’t get hot (reactivity loss)

DESIGN FAILURE MODE ANALYSIS
MODE-MECHANISM SHEET

o Breaks

Both are a function of:
° Temperature

o Hydrogen flow
o Duration
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Step 2:

|dentify Test Alternatives

Temperatur,

Duratio

Hydroge

N

Flow

Table 5. Comparison of a subset of SMART and existino test facilities and

NTP Parameter Goal

Average Power 5

Density (MW/L)

Thermal Neutron 1E15

Flux (n-cm’-s)

Fuel Region or Test 1m

Aurticle Length

Room for 3-Unit 7-13 cm

Cellsora

Fuel/Moderator

Peak Test Article 3000 K+

Fuel Temperature
Fuel Temperature
Ramp Rate in Test
Article

p—

20-100 k/sec

Lifetime

240 minutes

SMART 14-MW
TRIGA -

SMART ATR-Fuel
Driver (_Jore_

100 K]s is in use for

current experlments

Operation Time

20 min. operation
with cooldown.
Repeat five times

25miestarticle

- _>m<_>_r_</s

ATR Reactor Loop

3000 K 2500 K |

Hydrogen Pressure 7-11 Mpa Peak pressure of Peak pressure of
through Core 1000 psig (~7 Mpa) 1000 psig (~7 Mpa)
Hydrogen Mass-Flow | ~2 g/s per channel I Up to 200 gfs total Max of 250 g/s (by
Rate (in progress for 2023) regulation)

MD:

Green: Goal achievable

Yellow: Can obtain useful data or modify to achieve goal

Red: Goal not likely

Static Pressure (has
used GHo in rabbits)

Main function is
isotope production so
not run for short

Static pressure (has
not used GH»)

Has flow capabilities
but has not used GH»

[12]




Steps 3 & 4:

Quantify Uncertainty Reduction & Test Program

I”

Currently identifying “most useful” quantification technique

Bjorkman “Test and Evaluation Resource Allocation Using
Uncertainty Reduction”

o Shannon’s Information Entropy for Uncertainty Quantification
o Heavily relies on SME input for initial variance estimates
o Design of Experiments, Full Factorial Design (3 factors, 2x2x3 levels)

Stress-Strain Interference Theory

o Using historical NERVA data for estimates of initial stress variance,
strength mean, and strength variance

o For an assumed stress mean, estimate the required variance reduction

*Both methods assume normal distributions

Duration

Hydrogen Pre

ssure [Temperature

Operation Time (20 min)

Max (7 Mpa)

Min (298K)

Avg (1200K)

Max (3000K)

Min (11 Mpa)

Min (298K)

Avg (1200K)

Max (3000K)

Lifetime (240 min)

Max (7 Mpa)

Min (298K)

Avg (1200K)

Max (3000K)

Min (11 Mpa)

Min (298K)

Avg (1200K)

Max (3000K)

Stress Mean Stress Variance Predicted Reliability
0.09 0.03 0.610580882

Strength Mean 0.02 0.663213732
0.098425 0.01 0.80024593

Strength variance 0.005 0.954005714

0




Conclusions & Next Steps

The NERVA program was perhaps the first to truly embrace
“design for reliability”

o Highly credits their program success to this approach

An updated reliability-driven design approach can already
have significant impacts to current NTP programs

o E.g. redundant pump system required

Future work involves implementation of uncertainty
reduction techniques

> Only model as necessary

“It should be noted that no one has
ever developed a complete model
which rigorously relates all identified
parameters to the top reliability
requirement. Many reliability
programs, however, have been made
useless by people who attempted to
develop the ultimate reliability
model...The cardinal rule for
modeling based on NERVA
experience is ‘KEEP IT SIMPLE"”

- NERVA Probabilistic Design Training Course, 1972
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TABLE A-15
NSS FAILURE RATE SUMMARY FOR FAILURE EFFECT
CATLEGORILS I'I & IV

FAILURE PROBABILITY FAILURE GOVERNING PART/PART FAILURE MODE- PART FAILURE PROBABILITY
FATLURE MO)E ~ OF MODE MECHANISM/FAILURE PROBABILITY DATA SOURCE
FUEL ELEMENTS
1. Reactivity loss exceedi one dollar (NF 0001) .03 g/' Iuel Element/Bore corrosion/.03 WANL DRM No. 53041
2. Loss of structural integrity due to structural 10™3 v luel Element/Severe c:orn:csion/lo-S WANL DRM No. 53041

collapse (NF 0004)

0 WANL DRM No. 53041

3. Pieces of fuel element =jected (NF 5203) 10710 v uel Element/Cracking/107 %




Contribution to Single

Cycle Failure Probability Failure Effects Factors To Be Evoluated For Relicbility Growth During
Follure Mode Fallures % of Total Category (Criticality) Detail Design and Asseszment Phase

Fual Elements

1. Corrosion due to hot end coating degrada- . Further evoluation of coating/matrix interoction. Electrical
tion See Footnote and reactor test data correlation. Development of NDT for coating
100% 111-B !
. Below bond quality.
2, Structural failure allowing bore to
interstitial flow

Central Support Element

1.  Structural crocking of CSE allowing 2x 10°3 Negligible ! Analyses and tosts to verify odequacy of these evoluation,
| interstitiol flow to attack insulation '

tube and/or CHESH Insulation.

. NOTE: ) ) '

Composite, 60 cycle 10 hour volue, Assumes .
that bast 10 hr/40 cycle corrosion test perfor= *
mance so far demonstrated for 4000°R will extra=-
polate to 4250°R and o structural reliability for
fuel elament crecking of ~0,996, If this were
0.999, [fue! relichility =0.999910 which would
meet coal, A slight Increase In reactivity limit
»$1.00 has a large offoct on the reliability.
Uncertainty In cracking and resulting corrosion il
me.t bo bettor undurstood to confidenily uzass
relicbiilty,




Support

ing Analyses

DESIGN FAILURE MODE ANALYSIS
MODE-MECHANI SM SHEET
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| Fotreat | Elamants . 0 | o ESTIMATED FUTURE COMPOSITE:
| P o= 3x L2
| NO AVAILABLE DATA TO INDICATE IMPROVEMENT FUTURE GRAPHITE- P HIGH
2. ELEMENT BREAKS : Combined Stresses * " | Tempercture I i COMPOSITE: P = 0.6
[ Grodient, etc | GRAPHITE: P = 0.15
3. | COATING LOSS/MATRIX : Malting/Euvtectic "% | Temperature, | COMPOSITE: P = 107
MICROSTRUCTURE CHANGES | Nuelaor L |
| Rodiation | GRAPHITE: P = 107'0
— | _— | T
4, | INCREMENTAL WEIGHT LOSS* | CORROSION (ALL ELEMENTSY  * | Tamperaturs, LB gn/in | 015 gm/in | 1.5 gmfin I o Future COMPOSITE ot &0 eyclos:
>1.5 GM/INCH | GH, Flow | P=Bx1072
I 0. 83 gm/in 1 0.10 an/in | LSgm/in | 0. Presert GRAPHITE after §1.00:
JE— | P=10"
CENTRAL ELEMENT : \ |
1. | ELEMENT BREAKS | Combined srases * | Temparature 4120 | 1Mo | 5500 | 400mi | COMPOSITE: P = 0.2
| Grodient,ate 1000 | 1000 | 4B25gs | 800 | GRAPHITE P = 1.5x 1072
\
I T
| | |
| | |
1 '
*LOSS OF PHYSICAL INTEGRITY - INCLUDES ELEMENT BREAKAGE, LOSS OF COATING, BRAZE JOINT FAILURE, AND BYPASS OF FLOW CHANNELS, ALL CAUSED BY EXCESSIVE INCREMENTAL WEIGHT LOSS,
1 1 1 1 J L 1 ] ! ] 1
w591108 w59110-18

THERMAL ANALYSIS

® VALIDITY OF ANALYSIS AND MODEL CHECKS

INPUT TO CORROSION ANALYSIS
LIFETIME EFFECTS

COMPOSITE
102

R=1

PROBABILITY OF EXCEEDING MATERIAL TEMPERATURE LIMITS
GRAPHITE
~1078

STRUCTURAL PROBABILITY MATRIX

.IO-IU

P = Probability : (Strength < Stress)

NQ. 1 COMPOSITE

Stress Strength P
RATED STEADY STATE (psi) (psi)
FUEL ELEMENT

AXIAL THERMAL STRESS
TRANSVERSE THERMAL STRESS (2900,580)
COLD END SUPPORT STRESS  (506,100)

PERIPHERAL FUEL ELEMENT
AXIAL THERMAL STRESS
SUPPORT ELEMENT
COLD END SUPPORT STRESS

{4300, 2900)* (7800,800) 7 x 10 2
(6000,600)  10~4
(4500,675) 2x 1077

(4800,4000) (7800,800) 26

10

(584,43) (8150,1230) 4 x 10~

RAMP UP TRANSIENT
FUEL ELEMENT

DESIGN APPROACHH

® STEADY STATE TEMPERATURE EVALUATION (PROBABALISTIC AND NOMINAL)

REACTIVITY LOSS VERSUS NUMBER OF CYCLES

BASED ON PEWEE-1I COMPOSITE
FMSED ON PEWEE-1I GRAPHITE
MAXIMUM

WITH 0.99%
PROBABILITY

WNCO COMPOSITES

REACTIVITY LOSS - DOLLARS _

ESTIMATED PERFORMANCE OF
FUTURE COMPOSITES

1] 30 42
NUMBER OF TEN MINUTE CYCLES

AXIAL THERMAL STRESS (5470,3370) (7800,800) ,25

(1360,1290) (3650,500) 4.5x 10

PERIPHERAL FUEL ELEMENT
AXIAL THERMAL S TRESS
SUPPORT ELEMENT

(10000,8700)  (7800,800)

Auay A -

| TRANSVERSE THERMAL STRESS (4120,1440) (5500,600)

(1850,1600) (3650,500)

(1800, 1000) (4825,800) 1.5x 107

15

-6

* The ordered pair of numbers are the (mean, standard deviation).




Stress-Strength Interference Theory

1. Determine the “stress” function

2. Determine the “strength” function

3. Calculate the combination function (C/D_ or z-value)

. . ep. RELIABILITY = /
4. Find the value of reliability (from tables or MC) = strene | 5. oxxx -
R
DESIGN FAILURE MODE ANALYSIS v §-38 —
DESIGN ANALYSIS SHEET
c
Prepared By Stress . i-£ Jk
947C617 Date _ 12/17/70 Mean _— c
247C844
pagy FUEL ELEMENT |t No. Dwg. No.947Cs18 Revision §-3 _¢C
CENTRAL ELEMENT 947C843 ‘/Dz + =D,
"Stress” "Strength" s A
z . X Design Analysis -
Mean, X , Variance, 5, , n | Mean, X, Variance, Sgim (Caleulated or Estimoted Failure Strength 1)2
or Stress Comment or Strength Comment Probability or Evaluation Comments) Variance s
I T
>so0 | — soo | o PRESENT COMPOSITE: P HIGH 2, .2 |
I | Dg + D
> $1.00 : — $1.00 | 0. PRESENT GRAPHITE: P HIGH
0.612 | 0.10 $1.00 | 0. ESTIMATED FUTURE COMPOSITE: Stress o2
P=3x1K2 Variance s
NO AVAILAKE DATA 1O INiDICATE lMPIéVEMENT FUTURE GRAPHITE: P HIGH
1 1




Fuel Element Stresses & Example

Transverse Stresses: Heat Generation Stress Example:
° Internal Heat Generation Stress 5 s
o Coating-Matrix Interaction Stress 4 :
o Fuel Bead-Matrix Interaction Stress 2. Celeulate standard deviation of (Eaq'”/k) from known standard

deviations of all parameters by algebra of normal functions.

o Compressive Bundling Load (negligible)
3. Calculate standard deviation of ¢ » at point of maximum combined
stress by assuming: 4

Axial Stresses:
o |nterna| Heat Generatlon standard deviation (qu) standard deviation (ECIQ_’”/k)

o

Coating-Matrix mean (o, ) mean (Eag'”/k)

Bead-Matrix

Axial Friction Stress

o Transverse Temperature Gradient
Core Pressure Drop (neglected)

o

s Similarly treat all components of stress and combine standard
deviations statistically to determine standard deviation of
maximum combined stress.

o

o




