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PREFACE

Robert R. Corban
Nuclear Propulsion Office
NASA Lewis Research Center

The Nuclear Propulsion Technical Interchange Meeting (NP-TIM-92) was held at NASA Lewis
Research Center’s Plum Brook Station in Sandusky, Ohio on October 20-23, 1992. Over 200
people attended the meeting from government, Department of Energy’s national laboratories,
industry, and academia. The meeting was sponsored and hosted by the Nuclear Propulsion Office
at the NASA Lewis Research Center. The purpose of the meeting was to review the work
performed in fiscal year 1992 in the areas of nuclear thermal and nuclear electric propulsion
technology development.

These proceedings are an accumulation of the presentations provided at the meeting along with
annotations provided by the authors. All efforts were made to retain the complete content of the
presentations but at the same time limit the total number of pages in the proceedings.

I'would like to acknowledge the help and support of a number of people that have contributed to
the success of the meeting:

(1) Daniel S. Goldin, NASA Administrator, for taking the time to eloquently contribute to
the meeting as our keynote banquet speaker,

(2) the Session Chairmen, for organizing excellent technical content for their sessions and
keeping the sessions on-time,

(3) the authors, for describing their results and accomplishments,

(4) our host, Robert Kozar and his dedicated staff at the Plum Brook Station, for providing
an excellent facility for the meeting and an commendable tour of their world-class test
facilities,

(5) and finally to all the “behind-the-scenes” people that were so instrumental in making the
technical interchange mecting a success - especially Bonnie Kaltenstein and Jean Roberts,
whose excellent organization and orchestration of the meeting was the key to its success.

vi
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Overview of NASA/DOE/DOD Interagency
Modeling Team & Activities

James T. Walton
NASA Lewis Research Center

Qutline
® Background
® Team Mission
® Team Objective
® Strategy Development
® Future Direction

® Concluding Remarks

NTP: Systems Modeling 562 NP-TIM-92



feam Mission

® |Integrate State-Of-The-Art Computation
Resources With Experimental Knowledge
Base To Produce Simulations Of NTP System
Performance.

® Provide Users With Variety Of System
Models To Aid Design and To Reduce
Testing, Cost And Time To Regain Flight
Ready Status.

®¢ NASA/DOE/DOD Team Uses Unique
Capabilities Of Each Member And Assures
Appropriate Peer Review.

The purpose of the interagency modeling team is to integrate state-of-the-art
computational resources and techniques, with the current knowledge base, to produce
simulations of NTP system performance. The end products will provide users with a
variety of validated and/or verified system models to assist in designing and to reduce
the testing, cost, and time to reach a flight ready status. This vision can be best
achieved by a NASA/DOE/DOD team which can use the unique capabilities of each
team member and assure joint support for the resulting models.
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Team Obiecti

®¢ To Develop Five Distinct Computer
Programs To Simulate NTP System
Performance.

® Each Program Differs In The Level Of
Detail And Capability.

A computer model of NTP systems is required for several reasons. First, a parametric
NTP model can to predict system performance for several engine configurations on a
consistent basis. In other words, a common too! is required to compare the
configurations on level grounds; performance numbers for each configuration exist
from a variety of sources. Second, a parametric NTP model is required to generate
configuration performance data for input into mission analysis codes. Third, a
parametric model is required to provide state-point input conditions to the system
component designers and analysts. Fourth, an NTP system model is needed to
evaluate the effect on performance of system design perturbations (i.e., sensitivity
studies). Fifth, an advanced model can evaluate the performance of a given system
through startup and shutdown transients. Sixth, a detailed transient model of the
experimental engine is required for linkage to the facility model to determine engine-
facility interactions. Last, an advanced NTP mode! can be connected to a control
system in order to exercise the control system prior to its integration with hardware.
To realize the vision and meet the needs defined above, the objective of the
interagency team will be to develop five distinct computer programs, each varying in
the level of detail and capability, to simulate NTP system performance.
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® Level 1 Model - Parametric Steady-State Analysis Tool.

® Level 2 Model - Near-Team Transient Analysis Program.

® Level 3 Model - State-Of-The-Art Transient Analysis Tool With
Integrated Fluid Mechanics And Reactor Dynamics.

® Level 4 Model - Transient Model Calibrated To Test Or Flight Engine.

® Level 5 Model - Real-Time Transient Engine Simulation.

The Level 1 model is envisioned to be a relatively simple parametric system model.
The primary focus of this program will be to analyze the performance of a variety of
configurations. This program is expected to analyze steady-state performance and to
require a run time on the order of minutes. The target user market for this program
includes mission analysis, component modeling and concept evaluation teams.

The Level 2 model is envisioned to be a near-term, detailed, transient system analysis
program. It may use an existing base architecture program and will be capable of
modeling system startup and shutdown as well as system feedbacks and oscillations.
The program should be capable of handling control drum rotations, turbopump
assembly (TPA) startup, stress analysis, decay heating, and detailed nozzle heat
transfer analysis accounting for neutron/gamma heating. The target user market for
this program includes component modeling groups and concept evaluation teams.

The Level 3 model is envisioned to be a state-of-the-art, detailed, transient system
analysis program. It is anticipated that this program will have neutronic criticality and
power density analysis integrated into the base architecture or will provide a means
for easy information transfer through coupling. This model will include two-phase and
multi-dimensional flow capability. The model will also include shock-capturing
numerics to allow simulation of severe accident conditions.

The Level 4 model is envisioned to be a modified version of the Level 3 program tuned
to model the experimental or flight engine. The target user market for this program
includes component modeling groups, control system developers, and engine
performance analysts.

The Level 5 model is envisioned to be a real-time, transient simulation model of the

experimental or flight engine. The target user market for this program includes engine
operator training groups and flight engine performance review teams.
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Define Software Desiyn
Requirements

Develop Reactor Phys
& Fluld Mechanics Modifie

Integrate Component e is
With Preprocessor

Verify/validate
& Document

The strategy for developing each system model is similar and is
divided into general tasks as shown abova. The strategy begins by
working with the users to define their needs in the Software Design
Requirements Document and with the identification of the program
structure.  The subsequent tasks merely reflect the means to assemble

the structure and meet the requirements;  these tasks evolve from the
selected program structure.

To date, work has focused on the Level 1 System Model. The Software
Design Requirements Document has been compiled and the program
structure has been identified. A base architecture program has been
selected, SAFSIM. While the reactor physics and turbomachinery data
bases are under development, the Level 1 model is currently  being
validated with test data from the NERVA project.

NTP: Systems Modeling 566 NP-TIM-92



vel 1 r

< p{MATERIAL PROPERT {EP
DATA BASE

PREPROCESSOR

[REACTOR PHYSICS
——————®0aTA BASE

PUMP
PERFORMANCE MODEL

COMPUTAT | ONA PEHEOMANCE MODEL

| NOZZLE
ENG I NE PERFORMANCE MODEL

- PROPELLANT
PROPERT 1 ES MODEL

The base architecture (computational engine) for the Level 1 model

is a general fluid mechanics program. Therefore, the input file
contains all geometry specific information. Thus, the size is quite
extensive. An input preprocessor will be used to develop the input

files for the user.
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Concurrent with the development of the databases and component
models, the Level 1 model structure is currently being validated with
experimental data from the NRX-A4/EST test. Shown above is the
schematic flow diagram used to model the NRX-A4/EST. A full-power,
steady-state data point was selected for comparison from the EP-IV
test run.
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The selected results are from the validation effort are shown above.
This figure presents a comparison of measured versus analytical fuel
channel wall temperature. The thermocouples were imbedded in the
fuel channel wall and, therefore, are expected to be slightly higher.

NP-TIM-92 569 NTP: Systems Modeling



Mass Flow Rate (kg/s) 36.55
Pressure (MPa) 0.4208
Temperature (K) 21.22
Bump Qutlet Ling
Mass Flow Rate (kg/s) 35.38 35.41 00.08
Pressure (MPa) 8.38 6.45 01.42
Temperature (K) 29 24.3 -16.21
Nozzle Inlet Manifold
Pressure (MPa) 6.42
Temperature (K) 24.3
Reflector Inlet Plapum
Pressure (MPa) 5.14. 5.26 02.33
Tempsrature (K) 84.4 76.4 09.47
re In!
Mass Flow Rate (kg/s) 32.8 32.8 00.00
Pressure (MPa) 4.67 4.86 04.07
Temperature {K) 127. 127. 00.00
Tie Rod Exit
Mass Flow Rate (kg/s) 2. 2.1 05.00
Ave. Temperature (K) 362.
Euel Exit
Mass Flow Rate (kg/s) 30.8 30.7 -00.32
Ave, Temperature (K) 2400.
Nozzle Chamber
Pressure (MPa) 3.91
Temperature (K) 2298. 2301. 00.13
Reactor Power (MW) 1149.4

A direct comparison of state points shows good agreement except for
the pump outlet temperature. The: pump efficiency model will be
modified to correct this discrepancy.
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E Directi

® Further Develop Data Bases & Component
Models For Level 1 System Model.

® Define Requirements & Develop Level 2 System
Model.

® Exercise Level 2 Model To Aid Level 3 Definition.

® Initiate Early Development Of Integrated Reactor
Physics, Fluid Mechanics & Heat Transfer Program
For Level 3 Base Architecture.

The development of the Level 1 model data bases and component models will be a
continuing effort. Once completed, the overall model will be documented and a
graphical user interface will be developed.

Within the next few months, the development of the Level 2 system model Software
Requirements Document will begin. An operational version of this model is needed
as soon as possible to provide a test bed for sensitivity studies to aid the Level 3
model definition.

Concurrent with the development of the Level 2 model, initial activities will commence
for the Level 3 base architecture.
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Concluding Remarks
® An Interagency Effort Was Initiated To Develop
Models For Predicting NTP System Performance.

® Models Support Evaluation Of Conceptual
Designs And Provide A Diagnostic Tool For Ground
Tests.

® Verified & Validated System Models Will Aid In
Achieving Man-Rated, Space-Qualified Nuclear
Thermal Propelled Vehicles Faster, Cheaper and
More Safely,

An interagency NASA/DOE/DQD effort was initiated to develop several modals for
predicting the performance of nuclear thermal propulsion systems. These models are
being developed to support the evaluation of conceptual designs and to provide a
diagnostic tool for understanding system tests. Once verified and validated, these
system models will aid in regaining the flight-ready status of nuclear thermal
propulsion vehicles faster, cheaper, better and more safely by verifying design
configurations and minimizing full-scale ground tests.
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ENGINE MANAGEMENT
DURING NTRE START UP

Mel Bulman
Dave Saltzman
Aerojet Propulsion Division
NP-TIM-92

NASA Lewis Research Center
Plum Brook Station

October 22, 1992

P:,:g:: + Energopool - Babcock & Wilcox

TOTAL ENGINE SYSTEM MANAGEMENT
CRITICAL TO SUCCESSFUL NTRE START UP

® Reactor Power Control

- Hydrogen Reactivity Insertion

- Moderator Effectiveness (Reactor Spectrum)
® Reactor Cooling

- Moderator Cooling Loop

- Fuel Assembly Thermal Shock
® Propellant Feed System Dynamics

- Pump Characteristics

- Feed System Pressurization
® Engine Performance

Propellant Expended at Low |,

f;‘g:," - Energopool - Babcock & Wilcox
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NERVA Type Engines Have A Narrow Start Window

8

8 8 8 8 8 3 8 ¥

Exhaust Temperature % of Full Power

50 60 70 80 90 100

Chamber Pressure % of Full Power

GenCorp
a=mou=y ' Energopool « Babcock & Wilcox

MJB 10/15/92

Recuperated Toppi le Selec

4

gg&ngf » Energopool - Babcock & Wilcox
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REACTOR POWER CONTROL SUPERIOR WITH
HETEROGENEOUS MODERATOR

e More Efficient Fuel Design

More Efficient Moderator Design

® Less Sensitive to Hydrogen reactivity
Insertion

® Reactor Time Constants Longer With more
Thermalized Neutrons

Eé?g_ln:: » Energopool - Babcock & Wilcox

HETEROGENEOUS REACTOR COOLING
MORE EFFECTIVE

®  Moderator Cooled by Separate Loop

Fuel Assemblies Can Be Cooled up to Low Power

Levels with Moderator Cooling Loop
®  Fuel Assembly Inlet Temperature Controlled by Moderator Loop
Propellant Preheated in Moderator Loop

- Recuperator Prevents Large Swings in Propellant Flow

or Inlet Temperature (Avoids Thermal Shock)

Gentarp
Asrcuar * ENergopool « Babcock & Wilcox
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OUR PROPELLANT FEED SYSTEM DYNAMICS ARE
EFFICIENTLY CONTROLLED

®  Engine Prestart Conditioning
- Pumps Chilled in
- Reactor Warmed
- Feed System Pressurized
'( Reduces Inrush Dynamics)

Aerojet Pumps are Designed with Greater Stall Margin

®  Our Recuperated Cycle Greatly Aids The Start up
- Ample Thermal Power Accelerates Bootstrap
- Provides Thermal and Hydraulic damping
- Isolates Fuel Assembly from Feed System

® Our Integrated Controller can Choose the Optimun path
to Full Power, Balancing:
- isp Loss
- Fuel Element Thermal Shock

GenCore
Azroser * Energopool - Babcock & Wilcox

INTEGRATED NTRE START SEQUENCE

® Engine Prestart Conditioning
- Pump Chill In

. Moderator Loop Pressurization with TPA Chill H.
(First Start Only)

- Closed Loog Engine Warm Up
(First Start Only)

- Engine Now on Standby Mode for Starting

® Start

- Spin Start TPAs with Warm Presurized H,
From Moderator Loop

- TPA Acceleration Dominated by Engine

Thermal Mass (Power for Approx. 10 Starts In
Recuperator Alone)

.?anma: « Energopool - Babcock & Wilcox
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Moderator ling L Key to Efficient NTRE Starti

Integrated controls Engine Prestart Conditioning

\%b Pump Chill in Main Loop

Turbo|
GX I urbopump _p\l

Recuperator

§§apn Heahwl

LH2

Moderator Loop

Moderator Loop

Reactor Warm up] " pressurization

A

Dento

Acacuﬂ'-] » Energopool - Babcock & Wilcox

M rator ling Loop Key to Efficient NTRE Startin

Integrated controls Engine Start
. gi Main Loop
‘X Turbopump

T/ e T QT QUG =i

Recuperator

'Moderalor Loop

Efgm-r - Energopool - Babcock & Wilcox
NP-TIM-92 577

NTP: Systems Modeling



rl Engine s More Reliabl
And With Less Impulse Loss than Nerva Type Engines

b
8

Exhsust Temperaturs % of Full Power
8 8 8 8 8 34 8 8

-t
o

Chamber Pressure % of Full Power

Eaac:mn.

acmouaT * ENergopool - Babcock & Wiicox

MJB 10/15/92

We Are in the Process of Upgrading NETAP

Constructing New Modules for:
Recuperator
Moderator
PBR and CIS Fuel Elements
Twin 4-Stage TPAs

Auxiliary Turbo Circulation System

isam:n;: « Energopool - Babcock & Wilcox
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ANALYTICAL SIMULATION IS CRUCIAL TO PROVIDING
A LOW RISK ENGINE DEVELOPMENT

® Determine Start Sequence and Operating Limits
- Valve Phasing
Reflector Positioning
Thermal Requirements

e Verify Adequate Component Operating Margins Throughout
Transient Operation

Avoid Pump Stall or Cavitation
- Reactor Overheating
- Nozzle Flow Choking
- Satisfactory Power Balance for Bootstrap

® Establish Control Feedback Requirements

P;g_,"g - Energopool - Babcock & Wilcox

ACCURATE SIMULATION IS ACHIEVED
THROUGH DYNAMIC COUPLING OF
PHYSICAL PROCESSES

e TPA Power Balance

e TPA Inertia

o Flow Dynamics and Resistance
- Method of Charactoristics
- Volume Filling
e Heat Transfer to Propellant and Components

e Fission Heat Generation / Decay Heat
- Deposted in Fuel
- Deposted in moderator
® Momentum, Energy, and Flow Conservation

e Feedback Control Loop

f;‘g'jg': + Energopool « Babcock & Wilcox
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integr NTRE Improves Mi n P
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Mission Benefits of integrated NTRE

. R%bust ,'Low Loss Stlhrl "
+ High Performance,Light Weight Engine
- Sale,Efficient Shut Bown "

- Five Core Cooling Systems

- Closed le Decay Heat Removal Saves 100,000*Lbm IMLEO
+ Dual Mode Option

+ 100kW (e) avaliable any tims during Mission

- No Deep Reactor Thermal

- Refrigeratlon Option
+ OMS & ACS Thrust Avaitable @ High lsp
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PARTICLE BED
REACTOR MODELING

JOE SAPYTA
HANK REID
LEWWALTON

i

Babcock & Wilcox

ACKNOWLEDGEMENTS

w SYSTEM ANALYSES SUPPORTED BY

—SPACE NUCLEAR THERMAL
PROPULSION PROGRAM

—B&W INTERNAL FUNDING

E PIONEERING WORK FOR PBR
APPLICATION TO NTP BY BROOKHAVEN
NATIONAL LABORATORY

View Graph 3 - Acknowledpennnts

The systems analysis shown in this work was supperiert by ‘The Space Nuwlear ‘Thermal Propaision Program, e pionecring
wurk on PRR applications i nuclese thermad propolsion sysiems by Hiooktmven National Eabuoratory s atso acknowledged.

NP-TIM-92 581 NTP: Svstems Modeling



PARTICLE BED REACTOR
MODELING

8 PRESENT THERMAL-HYDRAULIC
SYSTEM MODELING TOOLS B&W USES
FOR NTP SYSTEMS

B FOCUS ON PARTICLE BED REACTOR
TECHNOLOGY AND THERMAL
HYDRAULIC METHODS.

Vicw(}nph‘-?micleﬂedllmlﬂodding

The PBR design has received particular ',duebmmiqu;ﬁmsabouthowﬂowcmuolhlchievedwimmil
technology. I plan o clear up these misunderstandings today,
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PBR CORE CROSS SECTION

o
55”0 O

View Graph 5 - Radial Cross Section of Particle Bed Reactor

This view graph shows a radial cross section view of the reactor system we will be discussing today. This system is a generic
particle bed reactor sysiem made up of 37 fucl elements as shown by the red circles. The blue area surrounding the fuel elements
are hexagonal moderator blocks. Some of the holes shown in the blocks are for propellant flow through the mod .

This core is surrounded by & reflector and twelve control drums which are in tum surrounded by a pressure vessel. Details
of particie bed reactor sysiems were presented in several papers at this workshop and woa't be covered here.
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PBR BLEED CYCLE

H2 TANK

MODERATOR

e g FUEL
HOT BLEED ~ -
WITH MIX ELEMENT

View Graph 6 - PBR Bleed Cycle

s«wamnmmmmmfahmwm. 1 will not discuss those here except w describe
ﬂnﬂovhmmsymiwhllmbludcyde. lnhlmbhdcyckdmnhue.hpmpelhnilwwemﬁn;
channels in the moderstor, refloctor and noxzle walls, mprupdhnlmybelplitbammyoﬂheﬂmmmn.ofbe
whymmm.dﬁmmmp Depuudln;mdeﬁgnmuim.aniitnndemw

mplwdlm(exitlﬁlemoduuormdiscolleceadinuplmmndnvemem. 1t is then sent through the fuel element and

exits the engine via the nozzle. Metmunpentummmmlndlyvayhighbmminhighlsr. Mach number is sbout
0.25 at the outlet.

For purposes of reactor modeling there are three areas which are lly discussed separately since they requi
of computer codes and basic dala for evaluation. Mimiudeﬂnmﬁnpnniclebdmmctanyﬂem, including turbo-puinp
assemblies, mtymmoddimwiunothedimmdheremay. The other two areas are fluld flow in the entrance and exit
plamnsoflhtucbrmlndﬁmllymodelingo{nuidﬂowmmghlheptniclebedfmlelmnem.
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FUEL AND MODERATOR FLOW
PATHS

View Graph 7 - Fuel Element Flow paths

mliuviewoflpmiclebedﬁsdelen\enlwimﬂowpnhsdnwnbymm. The red hatched (outer) area is the moderator
aeetim;theomgeuuiuhefmlbedlndmegmnmtheinnner(hot)mdouter(eold)friuthuhold the fuel particles,

A typical path has gas entering at the moderator to cool it, then 10 & plenum at the entrance side of the fuel element, or
directly into the fuel element. Orificing of the element can be done at either the moderator entrance or the fuel element entrance.

Theguenlentheeoldfmmichiu(meoulermnululoltheﬂulehml.then]:umlhrou;hlheﬁaelbed,u\dmfﬁl
wheze it tums and flows out the outlet channel.

Target outlet temperatures are high to maintain high specific impluse. Mach number is approximately 0.25 at the outlet.

NP-TIM-92 585 NTP: Systems Modeling



PBR MODELING REQUIREMENTS

® 1. FLUID FLOW THROUGH A PARTICLE
BED

u2. COMPRESSIBLE AND
INCOMPRESSIBLE FLOW
u3. SINGLE and TWO-PHASE FLOW

4. COUPLES FLUID FLOW and SOLID
HEAT TRANSFER

View Graph 8 - PBR Modeling Requirements

Thedmicsofnsﬂowiamilmhmmwﬂwmmwammu. This has
mmwmmmm»mmmmmmhmww&m.

Shmeannhmmbuhwoﬂmﬂyo.zs.meﬂwmuwnWHo. However, because of the extremety
wwhmmmﬁm:mmnﬂumw»mmakm thermally expandable
mm(mmumdmmu)wmumm. 'l‘hhmbemotleledviﬂlﬂ\equﬂuuundfor
wtﬁuehwwﬂmlwlmumuiuqummwnw.

UndsmmnlMymoperaﬁonnllﬂwisexpecndbbedu\epbm,Mwwumﬂ:mpmwmmm
wmcyduwmmmnowmuhvembemm.

Compuler codes and methods modeling this system will need separate fuel particie and fluid flow modeling 0 cover the
complex thermal-hydraulic dynamics encountered in the fuel bed.
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PBR MODELING REQUIREMENTS,
Cont.

® RANGE OF SINGLE TO
MULTI-DIMENSIONAL MODELING

B TRANSIENT AND STEADY-STATE
ANALYSIS

View Graph 9 - PBR Modeling Requirements (Continued)
The computer codes used to analyze the fuel element will need multi-dimensional capabilities. The systems level analysis will

use primarily one-dimensional techniques. Both transieat and steady state analysis will be required 10 cover the wide range of
operating and accident modes.
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CHARACTERISTICS OF PBR and
NTP MODELING

® 1. FUEL ELEMENT FLOW-TO-POWER
MATCH
®2. REACTOR FLOW-TO-POWER MATCH

®3. BED TO COLD FRIT HEATING
EFFECTS

View Graph 10 - Characteriatics Of PBR and NTP Modeling

mmobvbudmicdmmtlﬂwmmbln;inmmmnwummbmm
nmmmmmkuhhmmmm. Olhtdfeculihehmmmmlhebdbme
mufﬂimmﬂmmrfbw-b-mmmbmmid mﬂmmmmﬁdnbehmmdnbe
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CHALLENGES FOR PBR and NTP
MODELING

= 1. START UP TRANSIENTS

= 2. DECAY HEAT

= 3. THROTTLING CONDITIONS
= 4. ACCIDENT TRANSIENTS

= 5. PRE-TEST PREDICTIONS

= 6. COMPONENT HEATING

ViewGuphll-Challm‘uforPBRmdNTPModdlng

Thhvhwmphliﬂnnumhaohppliudmsofmddin;mnimd for a PBR reactor. ‘These also include use of modeling

lorduludn;lcnndpetfomﬂn;pou-leﬂeniulﬁm EnmpluofsyuemnnﬂymforbeayﬂuteodingmdhnUthmﬁmts
will be presented later.
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THERMAL HYDRAULIC
COMPUTER CODES

* 1. OTVENGINE - B&W

—PARTICLE BED FUEL ELEMENT DESIGN
SPECIFIC

* 2. TEMPEST - BATTELLE NORTHWEST
—GENERAL 3-D CFD ANALYSIS
= 3. SAFSIM - SANDIA
~NETWORK SYSTEMS ANALYSIS CODE
= 4. SINDA/SINFLO-NASA
—DETAIL THERMAL ANALYZER

View Graphs 1221 - Thermal Hydraulic Computer Codes, Code Capabilities and Limitations

mmmvkwgmmmemdarmamﬂ-hyduulkmwbichhavebeeumbyu\vforulyn'uofm
systems, along with some of their capabilities and limitations., ﬂmdm'tdhwlhﬂdlmuhudhnvbwmulh
mpfumlelf-nﬂu-nxy. SMMMMWm-nmmmWMMmmmedwﬂ

You\villmﬁcadmawidennaeofaodamﬂmdhaeﬁmtyphuylﬁnuecod:wwdeqmwillm(pmvideme
mbiluimafmhwlumuduiubhfouwidemyofwmiom mmmwnnmm

MSWNWWMMMMyWMMNMWMMMMMMM
byB&Wb&n,d&oughwamcumnﬂylnummnmevdwelhhcodebeuuuoﬁummyptwﬁdum. This code
ﬁllhmnammﬁmmhﬁy. nwlynmmammmmamumdedmm. Two-
phase capability will be required to analyze off nominal transient and/or accident conditions.
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CAPABILITIES FOR
PBR/REACTOR APPLICATION

® OTV-ENGINE

— PROVIDES "NOMINAL" FUEL ELEMENT
DESIGN CONDITION

> SPATIAL FUEL TEMPERATURE

—~PROVIDES "OFF-NOMINAL" DESIGN
CONDITIONS

THERMAL/HYDRAULIC CODES,
cont.

= 5. ANSYS - SWANSON, INC.
~DETAIL THERMAL CODE FOR
COMPONENT AND LOOP ANALYSIS
= 6. NEST - B&W

—TRANSIENT ANALYSIS OF COUPLED
NEUTRONICS,

THERMAL-HYDRAULICS
» 7. ATHENA - INEL

—1-D TRANSIENT OR STEADY STATE
SIMULATION OF SPACE REACTORS
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CAPABILITIES, cont.

s TEMPEST

—MULTI DIMENSIONAL CFD ANALYSIS
—ALLOWS ANALYSIS OF ACTUAL DESIGN

—ADDRESSES COMPLEX THERMAL/FLOW
® SAFSIM

—REACTOR AND ENGINE SYSTEM
aSINDA

=GENERALIZED CONDUCTION AND 1-D
CIRCUIT FLOW SPLIT MODELING
CAPABILITY

CAPABILITIES, Cont.

RANSYS
= PERFORMS GENERALIZED DETAIL
HEAT TRANSFER ANALYSIS

— PROVIDES GENERAL COUPLED
FLOW/CONDUCTION HEAT TRANSFER

FOR SPECIFIED (KNOWN) FLOW
REGIONS

s NEST
—EVALUATION OF SYSTEM CONTROL
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LIMITATIONS

mOTV-E
- STEADY STATE
~NO REACTOR PHYSICS
~NO CONDUCTION (gas or solid)
~NO GENERAL FEATURE CAPABILITY
-~ CHANNEL APPROACH TO FLOW (1-D)

LIMITATIONS, cont.

R TEMPEST
=NO REACTOR PHYSICS
=LIMITED TO ORTHOGONAL CURVELINEAR
GEOMETRICS AT PRESENT

—TIME STEP LIMITED TO "MATERIAL-
COURANT

W SAFSIM

=TIME STEP LIMITED TO "MATERIAL-
COURANT"

—PSEUDO MULTIDIMENSIONAL (1-D FLOW,
NETWORK HEAT TRANSFER)
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LIMITATIONS, cont.

m NEST
= POINT KINETICS
~QUASI-STEADY FLUID FLOW
aSINDA
—MODEL DEFINITION IS TEDIOUS
= FLOW IS INCOMPRESSIBLE

—NO SPECIFIC PROVISION FOR FLUID FLOW
THROUGH PARTICLE BED
= STEADY STATE

LIMITATIONS, cont.

NMANSYS
=STEADY STATE FLOW
—INCOMPRESSIBLE FLOW ONLY

=LACKS SPECIALIZED CORRELATION
CAPABILITY (FRICTION, FILM
COEFFICIENT, etc.)

~PSEUDO MULTI-DIMENSIONAL (1-D
FLOW, 3-D HEAT TRANSFER)

RALL CODES LISTED ARE SINGLE PHASE -
WILL NEED TWO PHASE CAPABILITY
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PHYSICAL CORRELATIONS

B SPECIFIC CORRELATIONS FOR
PARTICLE BED
=FILM COEFFICIENTS - ACHENBACH
= FRICTION COEFFICIENT - ERGUN

® FUEL ELEMENT COMPONENTS (COLD
& HOT FRITS)

—MODIFY GENERALIZED
CORRELATIONA FOR SPECIFIC
APPLICATION BASED ON
EXPERIMENTAL DATA

View Graph 22 - Physical Correlations

The next two view graphs provide some information on the second major component of sysiems modeling - the validity and
determination of the physical parameters and correlations used for modeling of the system. These view graphs show well known
cosrelations that have been used in particle bed modeling. They also identify the need for experimental verification of this data.
B&W has performed many of the experiments required to verify this data.
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MODIFIED CORRELATIONS

= EXAMPLES

—MODIFY ERGUN CORRELATION FOR
COLD FRIT

—FRICTION FACTORS FOR BLOWING
AND SUCTION FLOW

— PARTICLE BED CONDUCTIVITY -
ZEHNER AND BAUER

View Graph 23 - Modified Correlations

Some examples of cocrellations thet have beea modifiod are shown here. They include friction coefficients for cold frits,
MWMWMWMMMMMWMWMMNMMMHMQ.
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Comparison of Predicted Friction
Factor and Experimental Data

1.6E+6
Experimental
~
» Data
1.2E+6 ~Design
E " Correlation
g
BE+5 Modified Ergun
~ Correlation
4E+5 . ‘ ‘
3E+5 SE+5 1E+6 2E+6
Re/Dp (1/m)

View Graph 24 - Comparison of Predicted Friction Factor And Experimenta! Data

Thi:viewﬂnmlwmplﬁmoflpredicmdfﬁcﬁmfwmrmﬁouofamu(cold) frit as compared 10 the design
corrclation determined from eaperimontal data taken at B&W's Alliance Research Center, In thig case, air was flowed through typical
manufactured frits and pressure drop measurements performed. ‘This plot is a measure of the normalized friction factor as a function
of Reynolds number. Alywmmmdedgnmdmm.m&hhnmmuxyolplmorminm 10%, is approximately 30 1o
40% higher than the theoretical friction factor and shows a steeper increase with lower Reynolds number.

In addition to tests of cold frit, B&W has used experi | data for friction factors ing blowing and suction flow in
momdelemnunnuluawhvapumfupeﬂomin;mmwﬁcbbedwxdwﬁvhy. A3 shown on the previous view graph,
B&Wumuﬁymhwﬂnﬁmolhhwmdhwforpmbhhdmmﬁvity. This cotrelation was not developed for PBR
applications and therefore will be experimentaily verified.
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FRIT PRESSURE DROP TESTING
WITH H, , AIR, and N,

TEST CONDITIQONS
P 3.2MPa
T 294K
Re/Dp Kexp-Kcalc
(%)
Gas (10 Vm) Kexp(19) Kcalc(10) —Kealc
Air 5.08 5.51 5.43 +1.5
Ml' 5-02 5-36 5-“ - 2-2
B 5.38 5.25 5.19 +1.2
 § 5.38 5.27 5.19 +1.5
N 5.04 5.39 5.47 -1.5

Vianah?J-Pﬂ(PweDmpTuﬂn.

'mawhlhmmmﬂmdwmunm(ﬂ)mmhyﬁm.&mm. In thi
mhﬂ“%mwﬂl nn»mumwmamunm-mhymmm
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COLD FRIT FLOW-TO-POWER
MATCHING

View Graph 26 - Cold Frit Flow-To-Power Malching

Befmswemhmdmyhulcooling,weﬂnddmnwwemml ﬂowwmnchpowuummdopmﬁon. The view
znphdunmsmthermthalunudinlﬂowinlotheoutu(eold)fritmmlmwhmeuillpowdiﬂﬂbuﬁon in order %0 obtain
a constant outlet temperature. Mnnued-ﬂowdaignhbuklolhePBRomeepL
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COLD FRIT MASK FACTOR
With Azimuthal Power Variations

Mask Factor

' View Graph 27 - Cold Frit Mask Factor - Azimuthal Variation

lnmmmfbwbminmhuﬁmmunm(wu)fﬁgﬁm« i huonmuledlodai;nlherrit
mhuuthﬂownd-ﬂnm. hﬂum.mh-muﬂwmummm

mmmmwmmmmmmﬂamumm The thres curves are for the

mm.ummwmmuorum These differences account for the azimuthal variation around the element
pmdmadbythndhldunpiaminlhmﬁw.

mn-twmtuthcodu. Shmms.whﬂmmdinﬂbuﬁomdnpdmlulﬂyh.(duyh‘)
m.mhmummmummmfmMheﬂdfﬁummmn&hhmlmum
operation. msiua-llydoubympplyin;mfbwmlhem

ﬂnnatuiuofviewmphswillmowmmuluofwyamfmduymmm;mdlﬁm)mmup
conditions in a particle bed reactor,
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Decay Heat Flow Rate

Average Flow Rate During Decay Heat Cooling Average Flow Rate During Decay Hsat Cooling
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View Graph 28 - Decay Heat Flow Rate

mlviewgnphslnmutypiulcvnlualiwoﬂhempdhntﬂwnwreqnimdaﬂenhm-downtoeoollpuﬁdehedmclm
undudeayhuﬁn;umedbymeummmdbdlndiubnbdn;unlmdbynmhrl‘uellﬁerlhm-down. The scenario used for
dluyhuleonlingillonuinulnlmmuledovuﬂwofwupelhmtfonppmxinwdytheﬁmlwmmmul-downmimute
2 cool geometry. The flow is gradually decroased to maich the declining power output of the core until the 10% flow plateau is
reached. This flow is maintained constant for a while due to stability considerations which 1 will discuss later. The sysiem then
converts to pulse cooling similar 1o that planned for the NERVA engine. Pulse cooling continues through approximately 10,000
seconds or until the system gets to approximately one %o two percent of full power. At this point a long-lerm closed cycle cooling
tystem would be used 1o keep the reactor cooled through some type of closed loop system. This system would radiale the small
excess heat to space. Theviewguphontheﬂ;mlup!oto!dnwunlpndielednwmlheopdmmﬂvwmformilpm.
lnmiluuomlmmﬂowwmubemlﬂwmdedwuwymldtﬂowloxmmhmnu. As you can see there is a spike
wfuuﬂulcwllﬂowexceadnmopdmumﬂowbyappcmlmlelyﬁveﬁnufultnnpuiodofﬁmwmnndminubiliw
limits.

luhouldbenohdtlmthenumbeuﬂmnbevemobhinedwilhmalyslsoflsinﬂemeleluml. They do not account

for flow splits in the total system. Also no mechanical analysis were performed to determine the effects of thermal cycling during
pulsed cooling.
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Stability Regimes

(e TyT
(ToTYT:

View Graph 29 - Stability Regimes

This view graph shows two presentations of the same data. The one on the left using a log scale for the “x® axis and the one
on the right using a linear scale for the "x* axis. The "y* axis is a plot of  inatability index developed by Buseard besed on NERVA
uuwwmamwwnmu.m This index is the difference between the inlet
mmmmmmwwmmmmnhtwnuaﬁmdmmq. If you focus your
mmhmmﬂ&edﬂmhmmbmmmmwliﬁummm. The shaded region
is where there are potential Nlow instabilities. um::ammmw“hwywmaaym
cooling and Is not & factor in the operating regions.

mm;mmuMMmmdmmmmmummmwuma
flow instabilities. Mammummwl-bmuqmummmmmmwm The open
mwumammmmmmwmmwmummm
TBMPEST, mm,nndumm«mmmm:mkumhummmam
codes. ln&isanhmixﬁmwbunemmmuim. Instead we are predicting a gradually increasing
probability of flow maldistribution. The actual region of instability would have to be verified by experiment because of these
uncertainties. These curves show the advantages of using multi-dimensional analysia on these complex geometries.

Weneed\omhlhatthlsisnotmlytl’ﬂkpmbleln-allgumcmwillneedlomnnndueinlhbiﬁlylimlunbw
flow/high deita T conditions.
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STARTUP TRANSIENT
SIMULATION
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View Graph 30 - Start-up Transient Simulation

msvkw;uphgjmlmptumuﬁveuampkofmlmlyxitpu-fomledformemn-upoflplﬁclcbedruaor. This
analysis was done with B&W's NEST computer code sysiem. It was performed 10 evaluate the unusually high reactivity insertion
from flowing cold hydrogen during stast-up of the system. In particular it was being used 1o evaluate the effectiveness of the control
nmhanhmwnﬂﬁmﬂwlngeinmﬁmofpoddvemﬁvilyimolhuymm during start-up. These stides show the percent power,
pumthydmgmm,hydmmmh.uﬂwﬁvitychngeofﬂwmmvmtimovaapaiadof:ppmxlnmdy tweive
seconds. This analysis shows the sysiem can achieve and maintain design power.

The start up scenario used here is “"dry”. The reactor is taken critical before hydrogen flow is initiated. As hydrogen stans
mﬂowmlaofconmldmuhmovedtoovcmttwpoﬁﬁvumﬁvityimuﬁmuuudbyhydmﬂow. Another set of
control elements, with different characteristics from the first, is used to control power. The control algorithm controls 10 a demand
startup period while constrained by muimumpowerveu_m flow requirements which are shown in this viewgraph.
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PHILOSOPHY OF SYSTEMS
MODELING

= THE PROOF OF THE PUDDING IS IN THE
TESTING

» LEARN FROM EXPERIENCE
—SKYLAB and HUBBLE
= SYSTEMS MODELING IS A GUIDE FOR

PERFORMANCE AND TESTING. IT IS NOT
THE FINAL WORD

View Graph 3! - Philosophy of Systems Modeling

mmmmw«mm&,mmﬂmmmmhwnmrymmu
mm(ﬁummmwmu«wmmﬂmm-mwwy

mmmmmmrmmmmnm'xwwmm. Skylab was damaged during launch
because deta from other vehicles was ignored. TM:isthhpﬂmNASA,MmmMﬂumm
tales 10 teil. MmpﬁchdbaaunﬂzymmormumymnﬁﬁedbyNASA.
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SUMMARY

m CHALLENGES OF PBR MODELING AND
SYSTEM ANALYSIS

m COMPUTER CODES
m PHYSICAL CORRELATIONS

B RESULTS OF ANALYSIS FOR DECAY HEAT
COOLING AND STARTUP

m PHILOSOPHY OF SYSTEMS MODELING

View Graph 32 - Summary

In y this p ion has d the ch istics and some challenges of Particle Bed R deling. It d
the major components of modeling; Computer codes, physical correlations used, a test philosophy, and selected results of decay heat
cooling and start-up analyses.

Finally, there was an nppeal to ail of us o keep in mind the necessity of obtaining experimental data w0 verify systems
performance and systems models.
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FINAL THOUGHTS

SNOBODY BELIEVES THE ANALYSIS
EXCEPT THE ANALYST
® EVERYBODY BELIEVES THE
EXPERIMENT EXCEPT THE
EXPERIMENTALYST
» Seen on NASA wall

= "PAPER REACTORS, REAL REACTORS"
Admiral Hyman Rickover - 1953

View Graph 33 - Final Thoughts

lnpuning.l'lllaveyouwnhﬂmemdnwhichmmonaNASAnnpomdnﬁnglmmlvldtbmﬂmuville
Space Center. Ihwinduddhhwﬁmmﬂmdﬂﬁ:y&ﬂonmmfmnmuﬁﬂd'mmM
Reactors” writen by Admiral Hymen Rickover in 1953, As we all know, the Admiral ran & very successful, men-raied nucleer
propulsion program. lwm‘lnhnnlimbrudmnoyoulnm.bmumymmhbak:oklmwndmm

limulnvenotdmpddgmﬂanuyinlhewyunlinoemiswuwﬁnm. nilexwumhemmmﬁndby-mm‘m
reaciors always run betier than real reactors®.
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PAPER
REACTORS,
ReaAL
REeACTORS

Admiral Hyman Rickover,
The Journal of Reactor
Science and Engineering,
June 1953

NP-TIM-92

An academic reactor or reactor plant aimost always has the
lollowing basic characteristics: 1) i is simple. 2) it is smak. 3) It
is cheap. 4) It is fight. 5) N can be buit very quickly. 6) Rt is very
flexible in purpose. 7) Very little development is required. It will
use mostly off-the-shelf components. 8) The reactor is in the
Study phase. It is not being built now.

On the other hand, a practical reactor plant can be
distinguished by the following characteristics: 1) R is being built
now. 2) It is behind schedule. 3) R is requiring an immense
amount of development on apparently trivial items. Corrosion, in
particular, is a problem. 4) It is very expensive. 5) It takes a
long time to build because of the engineering development
problems. 6) It is large. 7) it Is heavy. 8) It is complicated.

The tools of the academic reactor-designer are a piece of
paper and a pencil with an eraser. f a mistake is made, it can
always be erased and changed. If the practical-reactor designer
errs, he wears the mistake around his neck: it cannot be
erased. Everyone can see .

The academic-reactor designer is a dilettante. He has not
had to assume any real responsibility in connection with his
projects. He Is free to luxuriate in elegant ideas, the practical
shortcomings of which can be relegated to the category of
“mere technical details.” The practical-reactor designer must
live with these same technical detalls. Although recalcitrant and
awkward, they must be solved and cannot be put off unti
tommorrow. Their solution requires manpower, time and money.,

Unfortunately for those who must make far-reaching
decisions without the benefit of an intimate knowledge of reactor
technology, and unfortunately for the interested public, it is
much easier to get the academic side of an issue than the
practical side. For a large part those involved with the academic
reactors have more Iinclination and time to present their ideas in
reports and orally to those who will listen. Since they are
innocently unaware of the real but hidden difiiculties of their
plans, they speak with great facility and confidence. Those
involved with practical reactors, humbled by their experiences,
speak less and worry more.

Yet it is incumbent on those in high places to make wise
decisions and i is reasonable and important that the public be
correctly informed. h is consequently incumbent on all of us to
state the facts as forthrightly as possible.
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Rocketdyne/Westinghouse
Nuclear Thermal Rocket
Engine Modeling

October 22, 1992
Jim Glass

Systems Approach Needed for NTR Design Optimization

Nuclear rocket engine systems, like chemical engines, require a systems-oriented approach to the selection and
ratinement of an optimum design. This approach stresses that alt subsystems and componenis must be optimized or
designed together; the goa! is to achieve the best possible overall sysiem design,

A weii-anchored and validated steady-state design model is required, one which treats all important characteristics
and phenomenoiogy of the system elements, together with technology limits and constraints. The program must
provide sufficient design detall to fully characterize the engine sysiem, and to provide confidence in the design. The
detailed system design file is also passed to the Steady-Stale Of-Design and Transient models, where it forms lhe
basls of the hardware description needed to Initilize the off-design or transient simutation.

Rochetdyne's Steady-Siate Design Optimization model is based on known and proven methodologies such as those
shown. It performs a “rubber engine” concepiual design, and uses scaling only when appropriste. Physical or first-
principles component models are proferred. The code performs constrained optimization, with both implicit and
explich constrainis. These constraints reflect technology level, risk, reliabliity, and other limits on the design, and
heip to ensure (hat & practical and achievable design is obtained.
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Systems Approach Needed
for NTR Design Optimization

- All elements of engine system optimized together

- Reactor « Controls
» Turbomachinery + Nozzle and throat
+ Feed System - Cooling and heat exchange

+ Design model based on anchored and proven methodologies

+ JANNAF Performance Prediction
» NBS (NIST) Thermodynamic Properties
« CPIA 248 Expansion Process Losses

» “Rubber Engine" conceptual design versus scaling approach

« First principles analysis where appropriate
+ Provides design detall
» Reflects technology level and design constraints

- Technology year
- Risk/rellability/cost

Generic NTR Engine Power Balance Codes

Rocketdyne's approach to NTR engine system modeling utilizes three separate codes, which are linked by a
common hardware description file. The Steady-State Design Optimization program develops an optimized system
design, based on user inputs, a schemaltic description flle, and optimization constraints. The oulput of the dasign
por%gram Is a hardware definition file which can be passed to the Steady-State Ofi-Design code or to the Transient
code.

Both of the latter codes (SSDO and TRANS) are ofi-design models in the sense that they seek to analyze the
behavior and response of fixad hardware to changes In control settings, component characteristics, or
start/shutdown. The Design Optimization modet is an "on-design® model, or "rubber engine” model, which seeks to
find the bast design operating point to mest user requirements and technology constraints.
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Generic NTR Engine Power Balance Codes

Steady-State On-Design

end Optimization
(SSODO)

§
Steady-Stale s

Oft-Desig
{3S00) §
3

Transient

{TRANS)

* Aockwell imernational

Machpigy e Diviesn

Ambe 02297

Rocketdyne Nuclear Thermal System Code
Heritage/Pedigree

The Rocketdyne NTR system models have been under continuous development at Rocketdyne since 1975, under
both company and government funding. These codes form the basis of the company's engine prekiminary design
capability.

Thesae codes or variants have been successfully ulilized 10 design a variety of flight-type engine sysiems, including
the RS-44, XLR-132, STME, STBE, RSX, and IME engines.

In addition, the codes have been validated by generating "designs® for current and past hardware, including F-1, J-2,
SSME, and Russian engine designs.
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Rocketdyne Nuclear Thermal System Code
Heritage/Pedigree

« Elements of engine system model under continuous
development since 1975.

+ Used as preliminary design and optimization tool at Rocketdyne.

- Used to design:

ASE | 20,000 ib thrust 02/H2 space engine
RS-44 | 15,000 Ib thrust 02/H2 space engine
XLR-132 | 3,750 b thrust NTO/MMH space englne
STME | 650,000 Ib thrust O2/H2 space transportation engine
STBE | 750,000 Ib thrust O2hydrocarbon booster engine

RSX | 237,000 Ib thrust O2/RP-1 boosier engine
IME | 30,000 Ib thrust O2/H2 space engine

« Valldated against current and past hardware:

F-1 Russlan RD-170 booster englne ]

J-2 Russian RD-0120 engine

SSME Russian RD-701 tripropellant engine
‘l‘ Rockwell intemationsl

Prark % e Dicttnn

Code History

This chart illustrates the continuous, ongoing effort on the Nuclear Thermal System Model and its precursors.
Rocketdyne Internal funding has supplemented a series of NASA contracts in development of a robust, validated
and flexible engine sysiem modeling code. Recent work (since 1887) has focused on modifications to the code to
enable modellng of Nuclear Thermal Rocket systems. A recent Alr Force study, the Sale Compact Nuclear

Propuision study, utilized results of the code. Ongoing Rocketdyne in-housa siudies have also made extensive use
of the code results.
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Code History

! 1975-83 1983 | 1984-1987 | 1988-1989 1990 1991 | 1992 |
L VD Uy —— SR
™ “engne ! Rockat ™ CodoMods ! Ganeric Convarsion Coda Mods Code Maxts
| Dosignand | Engine Power | | and improve. | Rocket from COS for: for:
| Optimization Balance & | mentsfor | | Engine Power 1o UNICOS Transient 1. Space Eng.
Programs Optimization increased Baiance (CRAY) Operation and | 15 goocior£r
| (OTvand | | BoosterCode | | Flexibity | Booster 8 Mulicomponent | | < "
| Booster - - Codes o Codes  Configuration |»| 3 Pre/Post
Design and Processors
I' Jansem | | nasamsec | | I | nAsa-MsFC NASA-MSFC
L _Ana_lysl:) ) i : NASB-39210
INAS8-33568R0 | Rocketdyne NAS8-40000
L Fonded | NAS8-34642 | Nasearess oy NASB-40000 D Py
Sale, Compact
Nuclesr
Propulsion
(Solid Core
Nucigar Pro-
puision Concept
AFAL
89014

* Rockwst! international

Ractetgyne Dhvision

ot ORIy 1

NTR System Model--Code Features

Key features of Rockeldyne's NTR system model includs variable schemaiic analysis, high-fideity propetiani
properties, prismatic core geomelry, accurate turbomachinery,heat-transter, and periormance estimalion aigorithims,
and a nonlinear, constrained optimization rouline.

The variable schematic capability uses a data-driven approach, in which all design modules and algorithms are
contained within a single program, and appropriate modutes are called under control of an execulive which
Iraverses the input schematic network. This is difterent from a variable-code approach, in which a new modsl is
generated and re-compiled for each new system configuration. The data-driven approach maximizes code flexibilily,
does not entai difficutties in traceability of code results, and enables higher-spsed modaling (no compile step).

Weli-anchored turbomachinery and heal-transfer calculations are included, which improve mode! accuracy and
enhance confidence in the resulting system design.

Use of NBS/NIST and JANNAF propellant and performance methods also increases cods lidelity.

The non linear, constrained optimization routine enables comparison of competing candidate system configurations
on a common basis; l.e., "best possible® design poinis for all candidates can be compared.
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NTR System Model

Code Fealures

» Variable Schematic

« Code flexibility
« Ease of modeling new concepts
« Fixed code/variable dala

» NBS/NIST Propellant Properties

« Accurale energy balance

« Accurate flow schedule

« Hydrogen, methane, CO,, or ammonia propellants
» Prismatic reactor core geometry

» Particle-bed and wire-core mey be added
« NTR-Unique components

+ Cooled structure
« Rellector/moderator
« Noxzie heat load accounting

» Rocketdyne Turbomachinery Design Routines
« Historically-anchaored T/M pertormance and envelope
« Cenirifugal or axial pumps

« Rocketdyne Heat Transfer Correlations
+ Accurate prediction of jacket heat ioads and AP

« JANNAF/CPIA Performance Estimation

« Accurate and rapid dellvered performance prediction
« Accounts for all loss mechanisms (B/L, Kinetics, Divergence)

+ Nonlinear, Constrained Optimization Capability

% » Minim|ze or maximize any system variable
Rockwell lnternational

Racheubyns Divisten

Software Capabllities

The present code Is capable of optimizing the system design for Nuclear Thermal Rocket engines in the 10,000 to
250,000 pound thrust range. Key features of Lhe code inciude the inpul-contiolled variable schematic analyis
capabliity, delalled NBS (NIST) hydrogen properties, a graphic preprocessor (which eases user interaction with the
model), and multiple component capabillly. The multiple component lealure enables modeling of engina systems
with multiple redundant turbopumps, and design ol systems capable of pump-out operation.

Transter of angine system design information from the design module 1o the off-design or transient code 1s possible

Future {planned) enhancemants to the existing models includes incorporetion of addilicnal propellants such as
ammonia, carbon dioxide, and methane. These propeliants have been mentioned as possible alternate propetlants,
especiafly for in-situ propellant-based missions. A graphic post-processor is being prepared, which will present the
code output In graphical form for ease of interpretation.

Work on the Sieady-State Off-Design and Transient codes to incorporate higher-fidelity nuclear elaments is planned.

The off-design modeis will also be extended lo enable specification of as-measured hardware characteristics (such
as pump H-Q maps, turbine maps, etc.).
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Software Capabilities

* Current
Optimize and size engines of 10K to 250K thrust
Input-controlled variable-schematic capability
Hydrogen propeliant
Graphic preprocessor
Multiple component capability: 40 components
Automatic configuration transfer
Steady-state design optimization

« Future
Other propellants: Ammonia, 002 ,CH .
Graphic postprocessor

Steady-state off-design and transient models

Off-design models will accept actual hardware characteristics

” Rockwell internationat
Pocksigyne Drvisien

Steady State Model

The Steady-State Design Optimizalion modet accepis user inputs consisting of general user inputs {thrust, chambar

pressure, area ratio, eic.}, a schematic definition file, oplimization specifications and constraints, and reads dala trom

a knowledge base which provides propellant properties, theorstical performance tables, and other Information on N
componsnts and subsystems.

The major elements of the Steady-Stale mode! include a schemaltic analyzer, componeni models, oplimizar,
thermadynamic state computations, and performance calculations.

The Schematic Analyzer uses the user-input schematic definition file 1o develop the interconnections between
the engine sysiem elements. The schematic is described in terms of a grid or array ol nodes and the connections
between the nodes. The schematic analysts routine controls the flow of the program by repealedily traversing the
component/node network untit convergence has been obtained.

Component models provide aigorithms describing the operation, design and sizing of lhe engine system
components, such as turbopumps, heat-exchange elements, reactor, structural jacket, and nozzle.

The Optimizer varies selected independent variables (such as pump speed, turbine pressura ratio, or chamber
pressure) in order to minimize or maximize a selected object function subject 1o a set of constrainis.

Thermodynamic state computations are performed under control of the schematic analyzer 1o track the detailed
thermodynamic state of the propeliant at each engine system station.

Performance caiculations are performed in order 1o develop theoretical and dellvered engine and thrust-

chambar preformance and associated loss tarms based on nozzle geomelry, operating temperature, and iniel
propeflant siate.

In addition to providing an optimum design point, the model can be operated In a parametric mode 1o enable
genaration of paramelric curves which describe families of similar system designs. Printed reponis and 8 harcware
definition file are also produced.
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Steady State Model

Run-Time Inputs

r ————— ] B ‘gfllo-vﬁ ﬁafn?m!rlcs
I User |
| Inputs |
l I - \/
| Schematic l
‘ Definition | Steady-State IR SN RN
: Optimization
| l\ Model
« Component Models
| Limits & l - Schematic Analysis
| |Constraints | | « Optimizer
| | » Thermodynamic State
» Performance Calculations
| Optimization |
| |spectfication| | Y
l l I_ Theoretical _]
L J | :::p::::; Performance I
————— ! P Tables |
I I :
: Component E“l’_:::'o" :
‘ Charactoristics| Tables | R
L _ _ KnowldgeBase _ __ | :

NTR Engine Optimizer Code -- Logic

This chan flustrates the block-level logic of the Steady-State NTR design code. The figure shows that the main
control routine is responsible for driving the schematic analysis and performing component sizing and performance
calculations. The optimizer routine is used to maximize or minimize a selected object funcilon by selecting a set of
independant variables which control one or more aspects of componsnt or subsystem design.
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NTR Engine Optimizer Code - Logic

Oulputs
* Size/Pertor. Print
* Outputs to SSDO
» Outputs o Trans
Input I timizer
+ Conl. Sohematic | o ain et Pressurs
* F, Envelope, Prop. - L""’ Statng . [N
* Lina, Comp, AP . Com‘;o‘ * Wy Minkmizeton
* Corstraints * Pd Minkmizstion
* Options .
Hosl Tronster Theust Torbo
. Resot o urbo-
: j::: :’p sector Chamber Machinery
Turbine
Propelisnt Prop.
. NBS Core Converging :;P"‘n
* Tables Nozrle * Pertarmance
JANNAF Pump
* ODE Tables Refsctor Diverging ? Speed
+ ODK Tobles Nozzle  Stze
Performance
Norzie Performence
o T Tgy Structure

At 0030 a0

Reactor Power Calculation Logic

The Steady-State code presently contains a lumped reactor model, which essentially ireats the reactor as a heal
source, but does not perform detaited reactor element sizing. An initial estimate of reactor power {heat) is derived
from inputs of thrust, chamber pressure, and desired gas exit lemperature. Separale esiimates of struciure and
reflector heat loads are developed based on cortelations of detalied heat-transfer anatysis.

An initial estimate of the heat load from the reactor is made, from which the reacior exit enthaipy can be computed.
The reactor outiet temperature is then computed from the total reactor heal and iniet conditions, and this temperature
is compared with the desired exit temperature. It necessary, the reactor heat Is readjusted unill the exit temperature
converges. Once the exit temperature is known, the theoretical specitic impulse and C-star can be calculated.

The reactor flowrate is then known, as is net reactor power level.
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Reactor Power Calculation Logic
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Sample Multi-Component Configuration

Redundant design configuration of NTR propuision systems is important due to the potential impact of an engine
failure on the mission and on the survival of the crew. Design of redundant turbopump sets and/or multiple
reactorAhrust chamber sets Is atiraciive because it enables robust propulsion systems which can 1olerate a single
fallure or even multipie failures and conlinue o operate. Mission success and crew survival can be greally
enhanced by careful application of redundant design philosophy.

The NTR design code is capable of modeling various system configurations which incorporate muitiple turbopump
and reactorAhrust chamber sets. One possible type is the incorporation of fully-redundant powerhead and
reactorhrust chamber assembiias, which are intanded to ramain non-operating unlessfuntil one of the operating
sais falls. The falisd set is then ahut down and the "spare” set takes its place. Another possibilily is to dasign
multiple powsrheadithrust chambers which are designed 1o operate in parallel, with no spares. Fallure of a
turbopump or reactorAthrust chamber would result in shutdown of the entlre subsysiem with continued operation ol
the remalnln?cgowemeads and reactorthrust chambers. A third option involves design of multiple turbopump sets, a
subset of which (say two out of three) are capable of operating all of the mulliple thrust chambers at their design
point. A fallure of a pump set would still aliow on-design operation with the remaining turbomachinery. However,
prior to faiture, all turbopump sets would operate ofi-design (throttied or de-rated). Finally, the system can be
designed to enable fallure of multiple thrust chambers, with the multiple turbopump sets continuing 10 operate to
suppiy the remaining thrust chamber sets.

Loss of reactors has edditional Implications: A reactor will continus to produce power from decay heat and from
neutron leakage (from adjoining reactors in the engine clusler). Careful consideration of this continued heating must
be made from a miesion-safety viewpoint. It may be necessary 1o jettison a falled reactor if the continued heating
cannot be adequately controlled and/or suppressed.
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Sample Multi-Component Configuration

ON-RESIGNHAROWARE CONFIGURATION NOMINAL HARDWARE CONFIQURATION
PROPELLANT PIXIPELLAN]
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PROPELLANT PROPELLANT
Lwa-n mhlis T Lrlpua Lm’sui T]V/PSm2 Lm’s-m

R r& [® 1K r%

RAARAA RAAAA

* Rockwell international

Ruchonivne Do ision

Configuration Preprocessor

This chart ilustraies the graphical pre-processor. The preprocessor presents a grid on the leit side of the screen,
which is empiloyed by the user to draw the engine components and define their interactions. A main menu (right side
of screen) seiscts modes and operations, and a sub-menu {lo left of main menu) presents component cholces.

in use, the user seiects a component from the sub-menu and then indicates the inlet and exit node locations lor the
selected component on the schematic grid. By successively adding components, the preprocessor builds an imernat
representation of the schemalic connections, pressurs drops, and component cheracleristics of the desired engine
system configuration. When complete, the schematic description and other information is wriien 1o an oulput tile,
which can then be read by the Steady-Stale, Off-Design, or Transisnt codes.
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Configuration Preprocessor
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NTR Design Code Output

A typical printout of the Sleady-State NTR design coda is presented in this chart. As can be seen, the level of design
detall available is high. Summary prinlouls of reactor and nozzle design characteristics, tie-tubes (cooled structure),
performence, and turbomachinery design variables are Included. A detailed listing of all propeltant state properties
at each system station Is printed, and a system mass estimate Is also provided.
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NTR Design Code Output
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100K NTR, Expander Cycle, Dual T/P--Centrifugal Pump

This char illustrates a :mom design balance performed with the NTR Steady-State Design code. When the graphic
post-processor is avallable, an annotated schematic diagram similar to that shown will be automatically generaled
by the post-processor.
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100K NTR, Expander Cycle, Dual T/P*

»37

1ars
We 114 &1 (TOTAL. AOTH PUMPE
e 08 32 /\
R 08
(X TR
I ] o
West 308
Pump Pump
AE Check Vaive Perine

Hatn's
B2 47

Chack
Turbine Vaive

15201 9
T w1 Turbine "".,"‘ Twbine pa— ex:,n
St ™\ oty X 1pou
Voive-- L N oul
17 ot P02
b4 Ta3e8.4
! / wazee
HellOV 4
(WX}
Lz
/ Petaps.
Turbine Bypase Y
Controt Vaive
T
Welta 9
He1387.4
$a10.97
Tie Tubes
Pato00
et 1484
1

v Centrifugal Pump

RESIGN.VALUES;
PUMP FLOWRATE (TOIAL)
PUMP DISCHARGE PRESSURE
NUMBER OF PUMP STAGES
PUMP EFFICIENCY
TURBOPUMP RPM
TURBOPUMP POWER (EACH)
TURBINE INLET TEMP
NUMBER OF TURBINE STAGES
TURBINE EFFICIENCY
TURBINE PRESSURE RATIO
TURBINE FLOW RATE (EACH)

ENGINE THRUST

NOZZLE PERCENT LENGTH

VACUUM SIPECIFIC IMITULSTL (D1 LIVE #E D)

MEACTOIVENGINE THERMAL POWEN
FUEL ELEMENT TRANSFERRED POWE

R 1,952 MW
CORE THERMAL POWER (FUEL ELEMENT: TIE TURE)

NOZZLE CHAMBER TEMPERATURE
CHAMBER PRESSURE {NOZZLE STAGNA1ION)
NOZZLE EXPANSION AREA RATIO

VA6 LHASFC i
2,606 PSIA |
?

fa AR
56,500 1M
10,282 11P
6.4 R

2

NN %

195

IR G0 BSFC
2.0/5 MW

2,050 MW

100,000 LBF
4,600 A

A2 4 SHC

Heal loads are as follows: Nozzie-con (lotal): 35.15 MW
Nozzie-div (total): 18.80 MW
Reflecior (total):
Tie-Tubes (lotal):

25.00 MW
96.00 MW

P= PSIA
T- DEGR
We LB/'S
H= 8TULB
S « BTUAB-R

Future Activities and Capabillities

Future
serles of

*Note: Flows indicated are for one-half ol system.

abilities to the NTR design software are listed in this chart. These enhancements are being added in a
A- and company-funded efforts. The space engine thrust chamber and main pump subroutines are

being upgraded to extend the thrust range over which they are applicable. Low prassure boos! pump design
capabiiity for 2ero-NPSH operation designs Is being added. These two efforts are being funded by MSFC for SE!

application. However, tha code improvements will also be directly applicable to NTR modeiing.

Company-tunded efforts will complete the optimization of reactor power, envelope, and weight. the full
implementation of the pre- and post- procassors, and the full implemaentation of the transient analysis reactor model
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Future Activities and Capabilities

Activity

Low pressure (boost) pdmp simulalion

Reactor power, envelope, weight optimization model
Upgrade space engine design optimization
Enhanced pre/post processors

Transient analysis model (feed system, thruster, and reactor)

Funding

NASB8-40000
Rochketdyne
NASB-39210
Rocketdyne
Rocketdyne

Generic NTR Code at Rocketdyne
The Rocketdyne Generic NTR code provides design versatiitty for all aspects of NTR system analysis (design, ofi-

design, and transient), ease of use and user-iriendly features through variable schematic features and
, and system versailiity because it can be operated on a variaty of platiorms, including VAX, Cray, Alliant,

processors
and Sun workstations.

As PC hardware continues to improve, it wilt soon be possible 10 port these codes 10 the PC platform and to operate

them with accepiable speed and accuracy.
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November 1992
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Generic NTR Code at Rocketdyne

Design Versatility: Design Point Optimization
Off-Design

Transients

User Versatility: Variable Schematic
Pre/Post-Processors

Auto Configuration Transfer

System Versatility: VAX, CRAY, ALLIANT, Sun Workstations
Future: Improved PC platforms

‘L‘ Rockwall Internationot

Rochaidyrve Oivision

nldote G802 80

Rockeldyne NTR Model--Summary

This chart summarizes the essential message of this briefing: Rocketdyne has developed an NTR engine system
modeling capability which emphasizes Utility and Fidelity.

Utility is based on the codes’ flexibility and versatility, user-friendly features, ease of modification, and
documentation.

Fidelity is based on use of first-principles methods, extensive validation against past flight designs and existing
hardware, and accurate component and performance algorithms. The codes are adequate for use in preliminary
design, screening, and \rade studies. With further relinement and deepening, the codes wili evolve into full “paint-
design" models.
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Rocketdyne NTR Model

Summary

Utility Fideli

* Versatile « First-Principles Analysis Methods
« User Friendly » Flight Engine Validated

» Easy Modification + Accurate Component &

+ Fully Documented Performance Algorithms

* Preliminary Design-Level Support

‘B Rockwell insaationn

Amchottyne Drvieon

Nuclear Thermal Rocket Modeling Directions

This chart ilusirates Rockeldyne's vision of one possible direction In which NTR modoling aclivities might proceed
We believe that a collaboration smong NASA/DOE, end-users, and Industry will biing major bansfits 1o the codes
and modeis which are uitimately developed. Indusiry brings capabilities which compliment and enhance those
already in place al NASA centers and national iaboralories. Users concerns must be addressed to ensure thal lhe

codes developed are usable and meet actual needs. NASA/DOE lsadership and diraction are critical lo successiul
code development.
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Nuclear Thermal Rocket Modeling Directions

NASA/DOE

« Expertise
+ Design Base

P (l
roprietary Codes « Research Base

+ Interagency Modeling Team

« Utility
» Fidelity
* Avallability « Reference Code(s)?

« Standards (JANNAF/NIST)
‘L. Rockwell international

Puchortyns Dirivion
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N93-26955

COMPUTATIONAL MODELING
OF NUCLEAR THERMAL ROCKETS

Steven D. Peery
Pratt & Whitney
22 October 1992

XNR2000 NTR BASELINE DESIGN

Dual-Pass Cermet Fueled Reactor

e
RAGATON
.'u':?" - ‘\ "‘IC'O
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ROCKET ENGINE TRANSIENT SIMULATION
(ROCETS) SYSTEM

Developed Under MSFC Contract NAS8-36994

¢ System Developed To Model Steady-State and Transient
Performance of a Wide Varlety of Rocket Engine Cycles

¢ System Has Been Expanded for Nuclear Thermal
Rocket (NTR) Concept Studies

ROCETS PERFORMANCE SIMULATIONS COMPOSED
OF INTEGRATED COMPOMENT MODELS

®* Thermal-Fluld Component Models
o Component-by-Component
¢ Transient and Steady State

Turbopump  Prebumer Turbine Combustor Nozzle
' Input ROCKET Engine
Commands ENGINE ™ Predictions
SIMULATION
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ROCETS SYSTEM ARCHITECTURE

SIGNlFlCAN'!' FEATUR’ES
_____ ~.
"
S
1
-
____________________ J

ROCETS ENGINEERING NTR MODULES

Component Performance Models

¢ Neutronics

Reactor (Core, Reflector, Shielding) —— | . Diffusion
- Transport
Turbopum
pump - MCNP

Turbine * Thermal Fluid CFD
Plumbing & Vaives _® Properties
Mixers

Chamber & Nozzle Cooling
Nozzie Performance

Weight
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ROCETS SYSTEM EASILY ADAPTS FORTRAN

ENGINEERING MODULES

[cALL uisT |
| INTERFACE DATA | <<= uNIoUE TO ROCETS
e INPUTS/OUTPUTS & DEFINITIONS o ﬁonvoru Fortran Parameter
¢ ENSNELANG DESCETION eutrs o o B e
¢ o Outside Code Becomes
¢ SUB-MODULES NEEDED
¢ HISTORY Operational in ROCETS by

FORTRAN
CODE

Adding This intertace

o '(;Comonl '(‘:;.rd‘o'" gg. Module
an inde n rate
Docouplge.i FromYROCETs it

quired)

ROCETS NTR REACTOR MODULE

Fluid Thermodynamic Model

Reactor Module Input
¢ Propellant inlet conditions

Propellant flow rate

Desired exit temperature

Calculated radial and axial
power profiles

¢ Fuel element geometry

NP-TIM-92 629

Reactor Module Output
¢ Required reactor power

¢ Propellant thermophysical
properties throughout reactor

¢ Reactor temperatures
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ROCETS NTR TURBOMACHINERY MODULE

Hardware Modeling and Clean-Sheet Design Capability

Jurbopump Module Turbine Module
® Sets speed based on Nss ¢ Determines size and exit

conditions for required power

® Determines power and size

e LI heel speed to sta
for requested headrise wl':m: :tress limits Y

* Calculates efficiency and ¢ Calculates efficiency and
pump design parameters turbine design parameters

ROCETS NTR NOZZLE PERFORMANCE MODULE

2-DK with Finite Rate Chemistry and Boundary Layer Analysis

Determlnes Delivered Nozzle Performace and Contours
for Both High and Low Pressure Concepts

5 - 1500 psia Pc
2500 - 3500 K Tc
25 - 500 AR

NTP: Systems Modeling
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TFS PREDICTED FLOW DITRIBUTION
CFD Benchmarks Reactor Engineering Module
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2%,000 Thrusi Baseline Configuration
Reactor Thermal Hydraulics
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Reoclor Thermal Hydraullcs
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Reactor Thermal Hydraulics
Baseline Design
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TURBINE BYPASS IMPACT ON SYSTEM

Cycle impact on Component Design
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ROCETS NTR ENGINE SIMULATION SUMMARY

¢ NTR Engine Simulation Computational Modeis In-Place

¢ NTR Simulation Is Flexible

¢ Permits Great Level of Detall

® Permits Incorporation of Test Data

¢ Open Architecture Allows Continual Model Enhancements
e Permits Parametric NTR System Optimization
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TURBINE BYPASS IMPACT ON SYSTEM

Cycle impact on Component Design
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ROCETS NTR ENGINE SIMULATION SUMMARY

¢ NTR Engine Simulation Computational Models In-Place

® NTR Simulation is Flexible

¢ Permits Great Level of Detail

¢ Permits Incorporation of Test Data

¢ Open Architecture Allows Continual Model Enhancements

¢ Permits Parametric NTR System Optimization
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INSPL
Iiversity of Florida

MODELING AND ENGINEERING SIMULATION OF
NUCLEAR THERMAL ROCKET SYSTEMS

. Modular Thermal Fluid Solver with Neutronic Feedback

. Main Component Modules:
" Pipes, Valves, Mixer
Nozzle Skint
Pump, Turbine
Reflector, Reactor Core

. Hydrogen (Para- and Dissociated) Property Package
10T ¢ 10,000 K
.1 ¢ P <160 bar

. Models Developed for NTVR, NERVA and XNR 2000

«  CFD and Heat Transfer Models for Main NTR Components

001

A detailed program for modeling of full system nuclear rocket engines is developed. At
present time, the model features the expander cycle. Axial power distribution in the
reactor core is calculated using 2- and 3-D neutronics computer codes. A complete
hydrogen property model is developed and implemented. Three nuclear rocket systems are
analyzed. These systems are: a 75,000 Ibf NERVA class engine, a 25,000 |bf cermet fueled
engine and INSPI's nuclear thermal vapor rocket.

INSPI
Universily of Florida

NUCLEAR THERMAL ROCKET SIMULATION SYSTEM

SYSTEM §RQGEAYS e e

¥251501 —'{ﬂt;l "z wm]

Kr§Y502 HYRACGEN PROPEATILS
FRSYS0)

—-1mmr.m_mu
SIMPLIFIED THERMODYNAMIC
= [;‘ Dy thﬂ

[ { ALY A
PRNR RETLECTOR
NVTR RIFLICTOR

NDKR RIFLICTOR

ZCRRINE MODULES
SIMPLIFIED THERMODYRAMIC
SINGLE STAGE KEAN-LINE ARALYS1S
THO STAGE MEAN~LINE ANALYSIS

ULES .
PPATT & WAITNEY ROCKET
RUCLEAR VAFOR THERVAL ROCKET
NEAVA DERIVATIVEZ ROCYEY

- | NOZLLE_MODULY
ISINTROPIC WITH 1088 COEFFICIENTS

"oner

The main program links all 1he component modules and iterates to arrive at the user
specified 1hrust chamber pressure and 1emperature and thiust fevel. Renctor power and
propellant flow rate are among outputs of the simulation program. Fuel elements in the
core module are prismatic with variable flow area ratio. Fach module divides the relative
component into N segments.
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Temperature (K)
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INSPL
University of Flonda

INSPI-NTVR Core Axial Flow Profile
Tc = 2750K Pc = 750psi F=750001bf

Fuel Surt,
ropeliant
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Normalized Length

Axial temperature distribution of NVTR fuel surface and propellant in an average power
rod. Reactor power is adjusted to achieve the thrust chamber temperature and pressure
of 2750 K and 750 psi, respectively.

Axial Power Shape Factor

INSPI-NTVR Core Axial Flow Profile
Tc = 2750K Pc = 750psi F=75000Ibf

INSPI
University of Florida
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NTP: Systems Modeling

Normalized axial power distribution in C.C composite fuel metrix NTVR, calculsted by
DOT-2 S, code. The axinl power shape factor is an input for the simulation code.
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INSPI
University of Pl rida
Specitic Impulse vs Chamber Pressure
INSPI-NTVR @ 75000Ibf Thrust
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Parametric study of thrust chamber pressure and temperature impact on Isp of NTVR. At

higher pressures Isp is less sensitive to thrust chamber 1emperature.

University of Flarida

Turbine Pressure Ratio vs Chamber Pressure

INSPI-NTVR @ 750001bf Thrust
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Turbine pressure ratio is sensitive to both thrust chamber pressure and temperature. For
thrust chamber pressure of 1200 psi and temperature of 3000 K, the turbine pressure ratio

of 1.26 is well within the range of available technology.
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NERVA Corc Axial Flow Profile
Tc =2750K Pc = 750psi F=750001bf
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Axial temperature profiles for NERVA-75,000 Ibf engine are presented. The maximum fuel
temperature is 3490 K at .7 m from the core entrance.

INSPL
University of Florida

P&W XNR2000 Core Axial Flow Profile
Tc =2750K Pc = 750psi F=250001bf
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NTP: Systems Modeling

Axial temperature distribution in XNR 2000 core is presented. XNR 2000 fentures a two
path folded flow core fucled with CERMET. The mnaximum fuel temperature is 3000 K at
about 85% from the entrance 1o the inner core region.
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Temperature (K)

Axial Power Shape Factor

INSPI-NTVR Core Axial Flow Profile
Tc = 2750K Pc = 750psi F=75000Ibf
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Mach Number

Pressure (MPa)

NTP: Systems Modeling
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Pump Pressure Rise vs Chamber Pressure
INSPI-NTVR @ 75000Ibf Thrust
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Core Exit Mach # vs Chamber Pressure
INPSI-NTVR @ 750001bf Thrust
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Turbine Pressure Ratio vs Chamber Pressure
INSPI-NTVR @ 750001bf Thrust
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Turbine Blade Speed vs Chamber Pressure
INSPI-NTVR @ 75000Ibf Thrust
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Turbine Blade Diameter vs Chamber Pressure
INSPI-NTVR @ 750001bf Thrust

0.235 ¢ } - . - _
:E: 0_23(_ ...... ....... ......... /
:.: 0225 .
E 0.22; ........ . ........ .
ATy ST SN R A~ e,
g F : : : X :
§ 0.21 - -oovrvvrr e g Chamber Temp.
; i : i } —*— 3000K
s 0.205:_ ........ 4 ......... S ] . 2750K
% 02| g ] 2500K
] ; : : : :
~ 0.195 [ R R TR SETRERRR CERRI
0_19..,.il.L.i....i;u‘i_.‘i....

600 700 800 900 1,000 1,100 1,200
Chamber Pressure (psl)

NP-TIM-92 647 NTP: Systems Modeling



P&W XNR2000 Core Axial Flow Profile
Tc = 2750K Pc = 750psi F=25000Ibf
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P&W XNR2000 Core Axial Flow Profile
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Pressure (MPa)

Mach Number

P&W XNR2000 Core Axial Flow Profile
Tc = 2750K Pc = 750psi F=250001bf
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Temperature (K)

Axial Power Shape Factor
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NERVA Core Axial Flow Profile
Tc =2750K Pc = 750psi F=75000Ibf
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NERVA Core Axial Flow Profile
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Pump Pressure Rise vs Chamber Pressure
NERVA @ 750001bf Thrust
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EVALUATION OF PARA- AND DISSOCIATED HYDROGEN
PROPERTIES AT T = 10 - 10,000 K

«  NASA/NIST Property Package
(138 < T < 10,000 K and .1 < P < 160 bar)
Molecular Weight, Density
Enthalpy, Entropy
Specific Heats, Specific Heat Ratio
Thermal Conductivity, Viscosity

. Hydrogen Property Generator Code Features
Linear Interpolation
Natural Cubic Spline
Least Square Curve Fitting with Pentad Spline Joint Functions

«  Graphical Representation of Properties

The hydrogen property generator utilizes two interpolation techniques and a jeast-square
curve fitting routine with a pentad spline function which links least-square fitted pieces
together. The propertly generator package is incorporated into the NTR simulation code
and also into a system of CFD-HT codes.
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Cp Versus Temperature for
Para- and Dissociated Hydrogen
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At higher iemperatures, the heat capacity dala displays smooth behavior. The sharp
increase in Cp value at trmperatures above 2000 K is due to hydrogen dissociation.
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Heat capacity of hydrogen near the critical point shows large gradient
behavior. Atp = 2.35 MPa the property package indicates
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Thermal Conductivity Versus Temperature

for Para- and Dissociated Hydrogen
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The hydrogen property package is a combination of two subpackages covering the
temperature ranges 10 - 3000 K and 3000 - 10,000 K, respectively. The large change of
gradients in hydrogen viscosity at 3000 K indicates a non-physical flaw in the model.
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Cp (U/kgK)

(W/m-K)
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Cp Versus Temperature for
Para- and Dissociated Hydrogen
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Thermal Conductivity Versus Temperature
for Para- and Dissociated Hydrogen
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NUCLEAR DESIGN ANALYSIS PACKAGE

. Multigroup Cross-sections Generated by COMBINE (ENDFB-V)
. MCNP (4.2) for Complex Geometries

. BOLD VENTURE (3-D, Diffusion) for Power Profile and
Reactivity Calculations

. ANISN (1-D, S,) for Analysis of Heterogencous Boundaries
« DOT IV (1, 2D, S,) for Analysis of Reflector

. XSDRNPM (1-D, S,) TWODANT (2-D, 5,), NJOY, AMPX for
Cross-comparison

w000
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XNR20G0 Rodwise Radial Power Distribution (normalized)

VENTURE/COMBINE (P&\WV)
MCNP4.2(B&W)

Inner Core/Quter Core Boundary

K!f!--> 0.9999145% REFLEC’I‘OR RAISED 1.016cm
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STREAMLINE OF JET--INDUCED FLOW IN CYLINDRICAL CHAMBER

NP-TTM-92 657 NTP: Systems Modeling



.
twroiion Tiowr 380
Pranes chutcs + WML MIMD (0,1,2,9,4.9) |
e

3
T Vou eaeide magtiwAs (/m)? (8]

Flow Pattern of A Jet-induced Flow in A Chamber

LA L T X T X173 F I % YTk LN RN R .. ’
» 3 ¥ i 1 > 3 X X RN X W M e 2m 3 W :

!

. e e N ——
R S ==
e T R ===
| - | B o | X X A X ) L X X X K X ¥ L E N N W W v v
e
)
30—
O S S S
A
2
s
O s
S WA
3 B
S
S S a2
S S S Bw—w
C SN K _ K " L33 3 - e A )
II(((KKK(I‘-l.-.“----------

T g i

3] tnapt!

o you owra1oe mgtitte (p/a)? (V9

CEEETITAC]
(]

Flow Pallern of A Jel-induced Flow in A Chamber

NTP: Systems Modeling 658

NP-TIM-92



poraaiar o
Y

N .
Tro Iu8 13 77 16 08 W2

™Y
b isace tput ok @f cotas dowele te60) ¢
Touses brput love! masher mesbodt

et 21990 mober (M/1,0/0,003, 041 1
.l.luun- AT s

U-velocily Conlom of Jel-indnced Flow in A Chamber

e

’ 7 - T
Koo fiad. i), . o) vnd: o .(!A.’.Au:-xu : ;L;\,;'i.l‘. Nl

T
Proces lmput mmber o1 conbow loveta (C60)
- Input Yove] runber arhod’

x‘:‘n g maber (W1,7/2,07),34) 1

im faen -1L.TOM 7.6

V--velocily Contour of Jeb induced Flow in A Cliamber

NP-TIM-92 659 NTP: Systems Modeling



W plet Wu (e pattarn ¥ (p/n)
»
“
a2
1lam P8

iy

Velocity Fields for a Ilole of Nuclear Reactor Core

.............

iij Nmri iiir’iﬁr‘:i;ﬂ

"
"y
sty

NTP: Systems Modeling

ooU

NP-TIM-92



Pressure Drop Correlation Comparison

8.5 ; ——e .
CFD Simulation
e Engineoring Situlation (1)
a Engineering Simulation (2)
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Nusselt Number (Nu) and Pressure Drop (AP)
Correlation Comparison with CFD Analysis

(I) CFD Analysis

Ene uation
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Numerical Algorithm: MacCormack hybrid implicit-explicit, finite voi-
ume method

Conductive Heat Flux
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Convective Heat Flux
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Convective Heat_Transfer Coeffient
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RADIATIVE DEAT IRANSFFR_MODELS

O DIFFUSION APPROXTMATION

)
4 4 - 36900, -xVT
]

. 60,7,
3a,

Using the perfect gas law,

16a,,x _,
. T
ke 3o,,p

3, : Rosseland Mean Opacity
Oy : Stefan-Bolizmann Constant
d,, : Photon Collision Cross Section per Molecule
X : Boltzmann's Constant
. P : Gas Pressure
T : Gas Temperature

O APPROXIMATION BY USTNG 1.D EQUATION OF RADJATIVE TRANSFER

-
R imagénary
itr) =f a 1(rVexp(-alr-r))ds’ ] otane in
[ q a8
9% =¢"-q =% (M - i) - ‘i'?_/- A
9 =q -q
q

WHERE \sol'd wall
i*(r) : Podiation Intensity in the Positive Direction( From Gas to Boundary)

i'(r) : Radiarion Lntensity in the Negative Direction( From Boundary 10 Gas)
I(r) : Source Funciion (=oTY/n)

Nusselt number & Prandil number

.= )
T M)
_i(RICHT)
"=

(H1) Pressure Drop

Compressible Flow

32 2AZ
AP = M(I,,ﬂ + _f:‘_?_)
P ]

- D

p=Gl-1
T

_ VH-":)
G-"'(T
T'.:TJ;'TQ
_hA+h
=

Incompressible Flow

M
J=00014 4 éRc'”’

AZ L (Ti+T AT
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NTP: Systems Modeling 662 NP-TIM92



(1) Nuseelt Numher Correlations
(1) Colburn_Equation

Nu = 0023020 pr
€2) Dittus-Boelter_Equation

N = 0.023R%° pr®?
(3) Sieder-Tate_Equation

n\ P14
Nu = 0.027Re®* pri ('—‘)
e
{4) Pewkov Fquation

Nu= RePr (-j-)
X \2

' X =107+ 127(prl -1)(%)’

§ =00014 + él(e‘"'"
(5) Karmon-Boelter-Martinelli Equation

Mo RePr\/{_
0.833 (.wr +5In{5Pr + 1) + 2.5In (Relé{) )

f=00014 + ém-“ n
Axial Distance Correction

-0.)% 1
N..(;):Nu().gm(u%) ) ki3

Tw
Nu(z) = Nu(l 4 2—’%&)

Present Calculation -
Deissler
*  Laufer

AR v .3..;."600 gl

Figure 6.2 Velocity distribution for a fully developed turbulant
flow in tube. {(Re=1.6 E+4)
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Figure 6.17 Hussalt number vs. axiasl position for a devecloping
isothcermal pipe flow at a Reynolds number of 53000.
{Nu},,, 13 the Husselt number evaluated at 2/D=20.
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Flgure 6.15% lNeat transfer rates obtaincd by Navier-Stokes solver
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Figure 6.16 Heat transfcv rates obtained by Navicr-Stokes solver
for various boundary coll size. A G0x80 grid i3 usod.
(T,,=4000 K, T,=1800 K, P1e=10 atm, and P_,»9.5 atm)
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Figure 6.19 Comparative result belween diffusion approximation and
1-D integral approximation for varying the gas opacity
due to diffarent flow conditions.
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NUCLEAR ENGINE SYSTEM SIMULATION (NESS)
VERSION 2.0

- OVERVIEW -
22 JANUARY 1992

PRESENTED BY:

Dennits G. Peraccio aND CHristing M. SclieiL
SCIENCE APPLICATIONS INTERNATIONAL CORPORATION
ALBUQUERQUE, NM 87123
AND
LymaN J. PErROSKY
Wesninarioust Frecrnc CorroraTION
Mabison, PA 15663

PRESENTED Al

1992 NucLEAR PROPUISION - TECHNICAL INTERCHANGE MEETING

NASA Lewts ResearncH CeNTER

Sanpusky, OH
PP .,
Ae [aplopse-Onned Conpany

TOPICS

BACKGROUND
FEATURES
COMPARISONS

CONCLUDING REMARKS

A

NTP: Systems Modeling 666 NP-TIM-92



NP-TIM-92

BACKGROUND

== Scleace Applications
. % in unmﬂ’ orperation
' M Enpleyse. Ovasd Conpray

" NUCLEAR THERMAL PROPULSION (NTP) ENGINE
SYSTEM ANALYSIS PROGRAM DEVELOPMENT
- Overall Objective -

Develop a Stand-alone, Versatile NTP Engine System
Preliminary Design Analysis Program (Tool) to Support Ongoing and Future
SEI Engine System and Vehicle Design Efforts

- Perform Meaningful (Accurate), Preliminary Design Analysis - Tank to Nozzle
- Have Flexibility:
== To Handle a Wide Range of Design Options to Support Preliminary Design Activities
-- To Be Easily Upgraded in Terms of Analysis Capability
- Be Available to the SEI Community, Possibly as an Industry Standard
- Be Done Promptly and Efficiently
- Inidial Effort:
- Focused an NERVA/NERVA Derivative, Solid-Core NTP Systems

== Based on Upgrading SBAIC's N'I'T ELES Deslgn Code by Incorpotating Westinghouse's
ENABLER Reactor and Intetnal Shield Models

RS s,
@y "2 Eapleges-Ovand Compory




NUCLEAR THERMAL PROPULSION (NTP) ENGINE
SYSTEM ANALYSIS PROGRAM DEVELOPMENT

- Observations -

No NTP-Specific Code is Commonly Available for Use in
SEI Propulsion and Vehicle Design Studies

Versatile, Verified N'I'P Analysis Design Tool Could Be of Great
Use to the Community

It Is Envisioned That NESS Is One Key Element in Developing a
Robust (Industry Standard Iype) Analysis Capability (Design
Workstation) to Support NTP Development Into the 21st Century

- Enhancements in Terms of Additional Technology/Design Options
and/or Analysis Capabilities Possible With the NTP ELES Model

: 1
P
?o A Japlopes-Dunsd Conpany

NUCLEAR THERMAL PROPULSION ENGINE
DEVELOPMENT ANALYSIS CAPABILITY REQUIREMENTS

. lence Applicstion
__ % l:fnu':mfﬁ a‘rnr:mn
'® A8 Fmployes. Ovaed Compray
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TEAM RESOURCES USED TO SUPPORT
NESS DEVELOPMENT

SAIC

Extensive Experience In:
- Aerospace Systems

Westinghouse
Word-Class Leader in

Reactor
- Engine Systems and T:dmolosgy:;m wd
sT|odmologios - Past NERVA Experience
- Simulation Modeling - Current ENABLER

Activities

Current SAIC NTP ELES

Currert ENABLER
Top-Level Model
Activities

Sclence Appii
ﬁll oum-’ﬂ‘o‘v":”llu T U T ST T

An Faplopes.Duned Compaey

EXPANDED LIQUID ENGINE SIMULATION (ELES)
COMPUTER MODEL
- Background -

Its Major Objective is to Conduct Preliminary System Design Analysis of
Liquid Rocket Systems and Vehicles

+  Delivered by Aerojet in the Early 1980's (1981-1984) Under
Sponsorship by the Air Force Rocket Propulsion Laboratory

(Now Phillips Laboratory)
- Ovet $1.2 Million Spent by the Air Force in Is Development
- Available Through the Air Porce

o+ ELES Has Been Well Distributed and Accepted Within the Propulsion
Community for Preliminary Liquid Propulsion System Design Analysis

e ELES Draws on Past Experience and Knowledge From Aerojet and Others
- Encompasses Aerojet Vant Engineering Base and Expertise in Liquid Propulsion
— In-house Experience Included in the Model
- Has Legacy to Experts Active in the Community

lrlun Appligations
=" Ialerastio orporstion
@ Ae Eaployes-Ounst Crapiay
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EXPANDED LIQUID ENGINE SIMULATION (ELES)
COMPUTER MODEL (Cont.)
- Background -

ELES Model Uses Mcchanistic as Well as Empirical Models of
Components/Subsystems

The Model Is Well Structured, User Friendly, Easily Modified, and
Documented

A High Degree of Verification has Been Done on the ELES Code

(. ELFS Is a Comprehensive Industry Type,
Standard Code Available to Perform
Preliminary Steady-State Liquid Propulsion
Design Analysis

- A key Starting Point in Initial NTP Engine
System Development

i crumy i e st
% lgfo:::l.lo‘,ﬂ ':v"o”un S
b Aw Emploror-Ovees Covpony

ELES VERIFICATION EXAMPLES

CENTAUR D1-T STAGE

¢ N-I DELTA (DELYA 2ND STAGE}
* TRANSTAR (TITAN JRD STAGE)
* CENTAURL-10 DT-1 STAGE

* SPACE SHUTTLE MAIN FNGINE

CENTAUIWRL-10 D1-T VERIFICATION SUMMARY

CALC  ACTUALCALG

1.799
203
004
954

6349
me

052
4364

M4

o | i —
An Fuploger-Ouned Compray
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NESS PROGRAM DEVELOPMENT EVOLUTION

I'Y 1989 %0

INFTIAL SAIC
NIT-ELES DEVELOPMENT

FY 1991
NESS-VERSION 1.0

SYSTEM

FENARLFR { ENGINF

Extensive Anchor/Verification of the
Program Performed For Bach
Development Phase

BETA Versions of NESS - Versions 182
Are Successfully in Operation At NASA Lewis

V. [
I® 1 Eaploran Owost Compory

FY 1992

so-| NESS-VERSION 2.0
- ENABLER Il ENGINE
SYSTEM

-1 NESS PUPRLIC RELEASE

FY 1993

THROUGH COSMIC
- PC and Vax Versions

" PAST NTP ELES ANALYSIS CODE MODIFICATIONS
AND VERIFICATIONS

| . ELES-NTP Version Developed and
i Verilied
- Modifications Pertormed

- Incorporation of Hy and CO Property
Tables

- Monopropellant Turbopump-fed
System Modifications

— Reactor Weight and Dimension
Correlations Added

- Oft-Design Engine Operation
Capabi

- Verification Conducted

- Rocketdyne Performance and
Weight Data

-- Westinghouse NERVA Data

- (ltnonpa:od with NASA 90-Day Study

put
- Much Developed Under SAIC In-House
Fund Sponsorship

Sclence Applicsiion
— % fotnstion )] ccupgu'non —
' A% E8Poyes-Ovand Crapany

e b e Tr, s s toan 3
-t Aty

SAMPLE OUTPUT

PRIt (P318) It sasneuigns o)
[ETY U -y oo b
eovyummg

L. eereLiamr .

H
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GENERAL NTP ENGINE SYSTEM FEATURES
MODELED BY NESS

Incorporates a Near-"Term Solid-Core NERVA/
NERVA-Derivative Reactor Designs
- Westinghouse ENABLER 18t N'TIT Reactor Designs

—~ Strong Westinghouse R-1 Reactor Design Legacy

Incorporates State-of-the-Art Propulsion System
Technologies and Design Practices

REPRESENTATIVE NTP EXPANDER, GAS GENERATOR, AND |
BLEED ENGINE SYSTEM CYCLES MODELED BY NESS

1

y &

L

- T

A s e
A2 Enplopes- Suded Conposy
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NESS PROGRAM OVERVIEW
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" TOP-LEVEL KEY NESS FLAGS AND INPUT VARIABLES
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1
A

O il

Science Applications
ﬁ (aferastiondl Cotperation mumm
As Eoplapes-Ovard Crmpany

21

| REACTOR FUELD AND SUPPORT ELEMENT PARAMETERS

Fuel Element Composition

Graphite

Composite

Cerbide

Temperature Range (*K)

2200-2500

2500-2900

2900-3300

Fuel

Coated Particle

Uc.ziC
Solid Solution and Carbon

' (uznc
Solid Solution

Coating

zZC

ZrC

Uniueled Support Element
Composition

ZrC-Graphite Composite

Unfueled Element Coating

zC

)
. .
(R Eupleyss-Coned Conpray

6792
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REACTOR PARAMETERS AS A FUNCTION OF
THRUST LEVEL

Theust i)

Reactor Power Rangs 275-400 480-870 920-6700
Fuel and Suppont Element Length (inch) 38 35 )
Pressure Veass! Langth {inch) 82.6 B4 1018
Fuel Element Power (MW) 0.629 0.808 1.20
Relalive Fusl Element Power Density 0.778 10 1.0

Ratle of Fuet Elements (N) 1o Support
Elements

Selence Applicotions
P i,

INTERNAL SHIELD SIZING

Sized to Meet Radlatien Leskage Requirements Established for the NERVA Program

Radiation Leskage Limits at a Plane 63 inches Forward of the Core Center

Radiation Leshage Limite Within Pressure
Type of Radiation Vessel Outside Radius

Gamma Carbon KERMA Rale 1.8 x 107 Rad{cytr
Fast Neutron Flux 2,0 x 1012 jem2-sec

Imermediate Neutron Flux 30x 1012
0.4eV<En<10MeV

Thermal Neutron Flux 6.0 x 101! niecm2-sec
En<0.4ev

+ Materials and Thickness

= For Thrugt Level 2 50,000 bt
== 12.8 inches of Boraled Aluminum Thanlum Hydrid (BATH) )
== 1.3 Inches Lead

- For Theust Levels 000 fbt, BATH and Lead Thickness
CorchrDmsI:yso' a Slightly Reduced Due to Lower

inSarncaond Corporitien
42 Coployor-Suned Conpeny




LAYOUT DRAWING OF THE R—l REACTOR

BE

orne m

ﬂ'k .l"'o'r':m» s
Aa Empleyse-Duned Compar

REACTOR THERMAL MODEL

HEAT GENERATION

~1,500 MW
3-7%

1-2%
~0.2%
~0.03%

.A,’n stions

orporstion
n A !”’ eyse: Buasd Conpany

COMPONENT BLOCK DIAGRAM
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REACTOR WEIGHT MODEL
« Based On R-1 Engine Design
* 53 Neactor flegions lemized

+ Masses Adjisted With Changes in Core Size
MODELED REGIONS IN THE R-1 REACTOR

v REACTOR WEIGHT MODEL REGIONS (EXAMPLE)

|

NRGION NUMSER REGION DESCAIPTION
Core

i
!

©

I

i 1

I

32
if

fi

ilgatiens
l: l.lcl.itw orporation gn
An Eoplores.- Suned Compony

NON—NIJCLEAR AUXJLIARY COMPONENT WEIGHTS

+ Updated Weight Correlations Incorporated for the Following
Auxillary Components:

- Instrumentation

- Pneumatic Supply System

- Reactor Cooldown Assembly
- Thrust Structure

+ Basad on Past Work by TRW (1965) Which Developed Detalled
Woeight Carrelations for Such Components Based on Evolving
NERVA Designs

- Updated lo Take into Account Advances in Technology and
Design Practices

iigation
S i or
@  Enpiopes-Pured Conpony
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HOITYP o & S Suction Weasie [RpT——
Tagus |
- - vod loun O
en By |
]
: == |
« STATE-OF-THE-ART NOZZLE DESIGN U :
OPTIONS AVAILABLE — =
- Regeneralive Cooled Slolled-Tube e
Construction, Radiation Cooled Extension T p—— b ]
ngn hawe
- Initiafized With Up-to-Dale Malerials —~— ! (
1
- Capable of Analyzing Nonconventional ! ! i I
Nozzle Deslgns I ! !
T T T T =7 1
- Translaling and/or Gimbaling Nozzles o L
Possible

E Scionce Applications
alernsite orpersilon
® An Lmptoyoe-Owned Conpany

AXIAL TURBOPUMP DESIGN MODULE DEVELOPED |
AND INTEGRATED INTO NESS VERSION 2.0

AXIAL TURBOPUMP

DESIGN LOGIC

[cn.-.--,—.mu—a-w.l
sucsbon specific spend, veleasuls fowvess.

[ Cutoutee wust pusmy e s
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E kel
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Design Correlations Draw on Past Axial Tutbapump [
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- Li i i [ Tout borcpons ~ i puap ¢ indbees. ]
NASA SP-8125, Apeil 1978 1
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Axial Trubopump Weight Model Anchored on: weighdg frcns.
- Recent Rocketdyne Design Scudies [
- Past Cermet NTP System Design Study Culskom waghs sodiugh. ol e vt
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MAJOR NESS ENGINE
DESCRIPTION AREAS

System Pressure, Temperatute and Mass Flow Schedule

Turbopump Design and Operation

Nozzle Peformance Losses
Regenitatively Cooled Nozzle Design

Reactor Subsystem Design and Operation

= Sclence A’ﬂl 2llons
internatio orporstion eeELGEI
® As Enployee-Densd Company

UMMARY

e w———— o2

"W .
WEILE DXTINEION DE1eY . ot cont
: T Eoien wrtonr MEL the 138 b "°:‘ wesos 1ot S
Tie " ™. PAPOUT CANOLS Prrovent 0.0 peie tate s e
1 stat i 18 1 10.8 At I8 9034 a0 008468 N-see/ng
[ TIR 311 :n =: ”: :: PAPOUT CHNBEN TTPTRATRE 000.0 dog N 100,80 oo &
\ " :
SLIvING vacuw 150 e ese D404 W-ces/he  avrmALL SPvENEdeNS
PELIVINGS THOWET LY seee « OMAL DOME LININ - 0.8 in 2061
ron AL FEED Lees) GTAML DIING SlAILR o wee ot 0.3 o
vy i A we.t ite s n
PRRPLLLANT §OBYT PR wr Mot e i b
1] [t 0.0 Ihe e M
P4 IONITHN BRI Nt fe s »n
REEP LIRENAMYE oEionr e ke sy

Now:  [n Addition 10 Normel Flight Design/Opersting Conditions Presented Pamp Our Operating and Launch Weight Paramerers are Given.

'f“'cl A,JI stions
Intornatis arporatisn
b Aa Foploss-Ovavi Conpony
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Caos NeJ
Parsmeter 1 2 3 4 s ¢
Cycle Type Expander Expandor Blood Ges Expandor Fdend
Genersior
Theast Level (IAN) 73,000/ 13000/ 75,000/ 75,00/ 73,0000 33,000/
333,600 333,600 331600 133,600 333,600 135,700
Reactor Type ENABLER | | ENABLER 11| ENABLER Il | ENABLER it | ENABLER 11 | ENABLER |
Reactor Fuel Type Composk C C Comp Carbide [« i
Chembes Pressure 1,000/ 500/ 300/ 300/ 1,007 500/
6,893 3348 334 M 6,295 1us
Chasober Temperature 4 860/ 4860/ 4360/ 4360/ 3,580/ 4,960/
VK 1,700 2,700 2,700 2,00 3,100 2,700
Noxzle Arcs Ratio 300:1 200:1 200:1 2001 $00:1 2001
No. of Prapediant Foed 2 F] 2 2 2 t
Twbopanp Type Cenwl Ceneifugal | Centrifugal | Comtsifugal Anisl Ceatrifugal
Reactor Puel Scaling 1.00 067 0.67 0.67 0.67 a.67
Factor
4 e, Otlence Applications
% l’fc’n‘mn’ﬂ un’mnn SR
= ~ D An Employus Ovaed Compeay 32

N

Well Organized Worksheet to Initialize Your Design Are Provided

Uses Improved Name List Input File
- Each Input Variable is Defined

Operates on VMS/VAX System
- Over 30,000 Lines of Code

Personal Computer Compatible Version is Available
- Requirements
- 486-33 MHz Computer
-6 MB RAM
- 80 MB Hard Drive
- Leheay Fortran with Extended Memory Required

lence Appligati
% I:fo’l:ﬁmm a.vp=‘r':ll¢n
'@y As Emplapns Osnni Compray
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NP-TIM-92

CYCLE PARAMETER COMPARISON*
- 75,000 1bf, ENABLER 1, Expander Cycle -

Parameter Rocketdyue | SAIC - BLES| gaic ness

Total Flowrate (kg/s) .7 369 nn
Pump Discharge Pres, (pais) 1544 15383 2293
Twbine Flowrute, % Pump 0 b 0

Turblne Inkct Temp, °K) 5556 5883 63
Turbine Inlct Pres. (psia) 1412 14168 1.969.0
Turbine Pressure Ratio 125 1.295 1939
Reacior Inlet Pres. (psia) 1.130 12554 11321
Reacior Power, (MW) 1643 . 1387
Reacior Cose Flowee (kg/s) 367 369 362

Nozale Cliamber Temp (°K) 2700 2,700 2700
Nozzic Chamber Pres. (peis) 1000 1,000 1.000
Noxzle Exkt Diameter () a8 415 o

Nowle Eapansion Ratio 500 500 300

Spechic mpulse- Vac (scc) 71) 228 9129
Purnp Spood (rpn) 37,500 4913 4058

* Rocketdyne uses Welr Mark 25 type axial irbopuwnp (4 stages); SAIC ELES-NTP uxed ¢
single-stage centrifugal pump: SAIC NESS, Sampic Case Mo. 8, uscs & 5-stage axlal pump.

m— Sclence AI”ll ations
=== Intsrnstlond] Cerperailon R — -
» An Empispes-Oward Compiay

ENGINE SUBSYSTEM WEIGHT COMPARISON*
- 75,000 Ibf, ENABLER I, Expander Cycle -

Al
Parameter Rockeldgne u’.s_:" SAIC NESS

Speciiic Impulse - Vac (sec) 923 728 9129
Reacwor (kg) S84 $.323 490
(mtornal Shicld (kg) — 1,523 1,108
Notzlo Assembly (k) 440 a 513
Turbopump Assembly (kg) 04 104 m
Nonewclosr Support Hardwase (kg) 1815 1,264 149
- Lincs, Valnos, Acuiors, Instnumen-
ution Thrust Stechre
* Rocketdyns uacs their Mark 25 typo axial tasbopump (4 siages); SAIC ELES-NIP wed &
single-stage centrifugal pump; SAIC NESS, Sample Case No. §, uses » S-stage axlal pemp.

4 " Sclence Aﬂm allony
; = Internstiony! Corporation mex
» A Emplayre Owaad Crmprey
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EFFECT OF WALL TEMPERATURE ON PERFORMANCE*

Wall Tempersture Barriar Fuel Flin Cooling
('R';" Temperature (°R) lsp (Sec.) Fraction

912.9
9159
917.5
919.4
921.2
921.9
9224

0.03
0.03
0.02
0.02
0.02
0.02
0.02

1460
1800
2000
2400
2800
3000
3200

1630
2106
2429
2892
3418
3651
3864

* Core Temperature = 4860°R (2700°k)

K 4
W~
@D 49 Enptages-Ovsed Conpeny

DESIGN CASE COMPARISION OBSERVATIONS

NESS Design Exhibits 1% Lower Peformance Than Other Designs
- NESS Model More Accurately Predicts Nozzle Cooling Losses-Upstream Film
Cooling Required to Meet Maximum Wall Temperature Requirements

Integrated Reactor/Engine System Design Effects Accounted for in the NESS Desigpn]
- Sized to Take Into Account Heat Captured by the Coolant Before It Enters
the Reactor
- Corresponds to Some Difference in Cycle Pressures, Temperatures, and
Turbopump Operating Parametets

Other Weight Differences From Improvements in NESS Weight Cotrelations
- 3-Section Nozzle Design

- Non-Nudlear Auxiliary Components

- Update H, Properties

afum Applicstions
internatle erporation
h Aa Empleypre-Owast Comprsy
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CONCLUDING REMARKS

8clonce ‘lM" ations
Internatio OTPOrElIoN NN
® As Emplopoe-Donsé Company

The NESS Preliminary (ENABLER 1&11) Design Analysis Program Characterizes a
Complete Near-Term Solid-Core NTP Engine System in Terms of Performance,
Weigrlt, Size, and Key Operating Parametets for the Overall System and Its
Associated Subsystem

- Incorporates Numerous State-of-the-Art Engine System lechnology Design Options

and Design Functions Unique to NTP Systems
- Extensively Vetfied and Documented

The NESS Program is Deemed Accurate to Support Future Preliminary Engine
and Vehicle System Design and Mission Analysis Studies
NESS Has Been Successfully Operated and Checked Out at NASA Lewis

Future Recommendations:
- Incorporate Other NTP Reactor Types
-- Particle
- Deliet Bed
~ Low Pressure
-- Wire Core
-- In situ Propellant Based Reactor Designs
Incorporate a Radiative Heating Model
Update the Material Library
Upgrade the NESS Performance Prediction Module

NESS Devicopment Is One of Many Key First Steps ired to Sy NTP Development
It ls Envisioned that NESS Will Be One Key Element of an Advanced NTP Engine
System Design Workstation

B =T Sclence Applications
infasnatiand] Corporation wm
NP-T[M-92 An Fapiares Cunsd Qopany
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SAFSIM Overview Presentation — Dean Dobranich 10/13/92

wys

SAFSIM OVERVIEW

by Dean Dobranich

Sandia National Laboratories
Nuclear Technology Department

October 1992

' @ Sandia National Laboratories

An overview of the SAFSIM computer program is provided in this
presentation.

SAFSIM is being developed at Sandia National Laboratories and is
currently funded by the Air Force SNTP program.

Slide 1
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SAFSIM Overview Presentation — Dean Dobranich 10/13/92

SAFSIM
Systems Analysis Flow SIMulator

an "Engineering" computer program to
simulate the integrated performance of
complex systems involving fluid mechanics,
heat transfer, and reactor dynamics

2 @ Sandia National Laboratories

SAFSIM is a general purpose, FORTRAN computer program to simulate

the integrated performance of complex systems involving fluid
mechanics, heat transfer, and reactor dynamics. SAFSIM provides
sufficient versatility to allow the engineering simulation of almost
any system, from a backyard sprinkler system to a clustered nuclear
reactor propulsion system. SAFSIM is based on a 1-D finite element
model and provides the analyst with approximate solutions to
complex problems.

Although SAFSIM can be used to model specific components in detail,

its major strength is the ability to couple multiple components
together to investigate synergistic effects befween components. This
is important because, in general, a system of optimized components
does not produce an optimum system. Non-lineararities in the
physics can produce system performance that might not be expected
from analysis of an isolated component.

NP-TIM-92

Slide 2
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et

Desired Program Attributes:

v versatile

v fast running

v robust

v quality assessed

v documented

v benchmarked (when possible)
v transportable (FORTRAN77)

' @ Sandia National Laboratories

SAFSIM is being developed with versatility as its primary attribute. Thus,
it can be used to assess the performance of a variety of user-defined
systems on a consistent and unbiased basis.

Speed and robustness are also key attributes that are incorporated in the
overall development goals of SAFSIM.

SAFSIM documentation, benchmarking, and quality assessment are
ongoing activities.

SAFSIM has been run on a VAX8650, a Sun Spark station, and an
HP9000 workstation in addition to a 486/25 PC on which it is being
developed.

Slide 3
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SAFSIM Overview Presentation -- Dean Dobranich

10/13/92

1y

Basic Physics Modules

m Fluid Mechanics
m Structure Heat Transfer

m Reactor Dynamics

A @ Sandia Natlonal Laboratories

Three basic physics modules are included in the current version of

SAFSIM: (1) Fluid Mechanics (solution of the conservation equations
governing single-phase fluid flow), (2) Structure Heat Transfer
(solution of the heat conduction equation for solid structures), and (3)
Reactor Dynamics (solution of the time-dependent equations
governing nuclear reactor neutron density, including reactivity
feedback and decay heat). These three physics modules are described
more fully in the following charts.

NP-TIM-92

Slide 4
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wivm

Fluid Mechanics

® 1-D Finite Element Model

1 compressible thermal energy equation
with advection/conduction/convection

1 compressible mechanical energy equation

m Multiple, user-specified, liquid or gas flow
networks

8 Single phase with ideal gas, polynomial, or
user-supplied equation of state options

m Multiple gases with mixing models

. @ Sandia Nationas! Laboratories

The fluid mechanics physics module is based on a 1-D finite element model
and solves the conservation of mass, momentum, and energy equations
for a single-phase fluid. Compressible or incompressible fluids can be
simulated. Thermal and mechanical energy equations are solved
iteratively to provide the solution to a total energy equation.

The 1-D finite elements can be connected in series or parallel to create any
desired flow network. Multiple networks can be included to model, for
example, a heat exchanger with gas on one side and liquid on the other.

The user can select the equation of state for the different fluids in all
networks. Choices are: ideal gas, polynomial function of temperature
(for incompressible fluids), and user-supplied. An interface is in place
within SAFSIM to facilitate inclusion of a user-specified equation of
state. Thus, an understanding of the internals of SAFSIM is not
required to add an equation of state.

Mixing models are provided to allow simulation of multiple gases in a
network. Thus, different gases can be tracked throughout a network
and fluid properties for the mixture are automatically determined.

Slide 5
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Fluid Mechanics (continued)

= Porous media finite element
s Compressor/Pump element
m Special choked flow boundary element

a Distributed flow manifold element (with
options for transpiration flow and tees)

m Super silement capability

m Automatic K-factors for expansions and
contractions

m Open or closed networks

. @ Sandia National Laboratories

Special finite elements allow simulation of flow in porous media,
compressors/pumps, and manifolds. Also, a special element allows
implementation of a choked flow boundary to model a nozzle. The
manifold element includes options to automatically account for
transpiration flow (blowing/sucking conditions) and branching flows
with respect to friction factors and heat transfer coefficients.

Super elements allow a series of finite elements to be combined into one
"super element". This greatly increases computational speed for
solution of the mechanical energy equation. Accuracy is also
improved because a smaller matrix is produced, resulting in less
round-off error.

K-factors are automatically determined for expansions and contractions
if desired. Separate K-factors can be included for both forward and
reverse flow for each finite element. Also, additional I/d can be added
to account for bends, obstructions, etc... A relative wall roughness
can also be included.

Both open and closed networks can be modeled.

Slide 6

NP-TIM-92 691 NTP: Systems Modeling



SAFSIM Overview Presentation — Dean Dobranich 10/13/92

Fluid Mechanics (continued)

u Convection based on log-mean delta-T

= Upwinding with automatic determination
of upwind factors based on Peclet number

u Pressure, mass flow rate, temperature ,
Zero heat flux, and mass fraction boundary
conditions

8 Three matrix solvers
1 Gauas-Seidel, iterative
1 Cholesky decomposition, direct

t Gauss elimination, direct

7 @ Sandia National Laboratories

Convection heat transfer in the thermal energy equation is based on the
log-mean temperature difference which increases accuracy,
especially for low flow simulations. To accomplish this, a special
technique was developed to allow the linear, 2-noded elements of
SAFSIM to provide the accuracy of a higher order element with
minimal extra computational expense.

Upwind elements are used for solution of the thermal energy equation.
The optimum upwind factor is determined for each element based on
the Peclet number, which provides a measure of advective
dominance. Thus, problems that are advectively or conductively
dominated can be simulated.

Boundary conditions for the fluid mechanics solution can be specified at
any node in the network.

Three numerical solvers are provided to add robustness. The user can
select a solver or let SAFSIM execute the three solvers in succession
until a solution is achieved.

Slide 7
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Structure Heat Transfer

B 1-D Finite Element Model
1 automatic timestep control
1 subtimesteps for each structure

= Automatic spherical, cylindrical, or
rectangular geometry finite element
generator via input if desired

a Temperature-dependent properties

= Automatic implicitness factors

. () sandia National Laboratories

The structure heat transfer module is based on a 1-D finite element
model and solves the heat conduction equation for solid structures
(pipe walls, plates, fuel rods or particles, thermocouples,...).
Automatic timestep control can be selected for each structure if
desired and each structure can have its own subtimestep. Thus,
structures with large time constants can run at large timesteps and
are not forced to run at the small timesteps required of structures
with much smaller time constants.

Although geometry input must be completely specified by the analyst,
automatic mesh generation is provided for structures with spherical,
cylindrical, or rectangular geometry.

Conductivity and specific heat can be temperature dependent if desired
and several options are available for specifying property values,
including tables, polynomials, and power laws.

The implicitness factor is automatically determined for all nodes of each
structure, at each subtimestep. This ensures that the best accuracy is
achieved for any given timestep.

Slide 8
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Heat Transfer (continued)

= Multiple exchange surfaces for each
structure finite element

m Extensive bulltin HTC correlation library
8 laminar and turbulent flows
¢ internal and external flow geometries
1 gases, liquids, and liquid metals

® Temperature, heat flux, and
convective/radiative boundary conditions

. (M) sandia Nationat Laboratories

Each finite element can have multiple exchange surfaces. An exchange
surface allows heat transfer between the structure and the coolant
(via convection or radiation) or between different structures (via
radiation or conduction). For example, a structure finite element
representing a pipe wall may have one exchange surface to model
forced convection heat transfer to a coolant flowing through the
inside of the pipe and another exchange surface to model free
convection to another coolant on the outside of the pipe. A third
exchange surface could be added to model radiation to the outside
coolant, if desired.

SAFSIM allows the analyst to select a HTC correlation for laminar flow
conditions and another for turbulent flow conditions for each
exchange surface. A built-in library contains over 90 correlations
including internal and external flow geometries. Correlations for
gases, liquids, and liquid metals are included. Also, an interface is
provided to allow the analyst to easily add her own correlations.

Either temperature, heat flux, or convective/radiative boundary
conditions can be used for each structure.

Slide 9

NTP: Systems Modeling 694 NP-TIM-92



SAFSIM Overview Presentation — Dean Dobranich 10/13/92

Reactor Dynamics

m Point (0-D) Kinetics Model with feedback
1 multiple reactors
1 adaptive timesteps

s Multiple feedback coefficients for fuel,
moderator, control rods/drums ...

s User-specified precursor and decay heat
groups (automatic concentration
initialization If desired for steady state)

n Euler or fifth-order Runge-Kutta solvers

0 @ Sandia National Laboratories

The reactor dynamics physics module is based on a point (0-D) kinetics

model and includes reactivity feedback and decay heat. Multiple
reactors can be specified and multiple feedback coefficients are
allowed for each reactor to account for all system interactions. The
analyst has complete control over how the feedback coefficients are
defined. Multiple reactors can be coupled via user defined feedback
coefficients if desired. Also, special-purpose "control laws" can be
added to the program to simulate reactor startup and shutdown
transients. Adaptive timestep control can be employed. A source
term also can be included.

Any number of delayed neutron groups and decay heat groups can be

specified. Initial precursor concentrations can be input or calculated
automatically by SAFSIM based on steady-state conditions.

Two solvers are available for integration of the reactor dynamics

equations: (1) Euler, and (2) Runge-Kutta-Fehlberg (RKF). The
analyst can switch between solvers during a problem if desired.

NP-TIM-92
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Miscellaneous

m Automatic steady-state option
m Function-controlled variables
m User-supplied subroutine interfaces:
1 functions
t equation of state and fluid properties
1 heat transfer coefficients
1 reactor dynamics control laws

1 special-purpose input and output

" @ Sandia National Laboratories

Although SAFSIM is a time-dependent computer program, it can be
used to perform steady-state calculations. Two methods are
available. The first method is to simply run a transient simulation
until the time derivative terms are sufficiently small. SAFSIM
offers a second method in which the time-derivative terms are set to
zero and wall temperature iterations are performed to obtain
consistency between the fluid mechanics and structure heat transfer
physics modules. This automatic steady-state method can be
combined with the first method if desired.

Function-controlled variables are a unique feature of SAFSIM that allow
the analyst to specify most of SAFSIM's input variables as functions
of any of it's output variables. An extensive library of mathematical
functions is available within SAFSIM or the analyst can add his
own. For example, flow lengths and areas can be specified as
functions of structure temperature to simulate expansion effects.

SAFSIM provides 5 user-supplied subroutine interfaces to allow the
analyst to tailor SAFSIM to problem-specific modeling needs. These
interfaces streamline the process of adding special subroutines.

Slide 11
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3
Updste Systam Functions
4 ‘ Updats System Fundtion-
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Update Fuid Mechanks
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Update Fiuld Mechanios Functions
Update Fiuid Mechanics Funclion-
Controlied Variables
Update Heat Transter [8—
Solution for all Sy
Update Heat Transler Functions
Update Heat Tranafer Function-
Controlled Variables
Lipdate Reactor
Solution for sl Reack
Update Readior Dynamios Functions
Update Resctor Oynamics Fundtion-
Rleachr LY
oady-omts inration now e sag
v

@ Sandia Nstional Laboratories

This chart provides a top level flow diagram of SAFSIM and indicates

the computational sequence for both steady-state and transient
analyses. The three physics modules, along with function-controlled
variables and functions, are explicitly coupled to simulate the
integrated performance of an entire system. Employing explicit
coupling between the different physics modules (which all may have
vastly different characteristic time constants) greatly increases
program versatility. For very rapid transients the system timestep
can be decreased to more tightly couple the different parts of the

NP-TIM-92
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Program Status

= All physics modules
operational

s Cleanup and enhancements in
progress

= Benchmarking and
documentation in progress

" Sandia National Laboratories

SAFSIM is a functioning computer program and is cwrrently being used
to solve a variety of problems at Sandia National Laboratories.
However, SAFSIM is not complete and additional development is
anticipated. Benchmarking and documentation are extremely big
tasks that are expected to proceed concurrently with development.

Three manuals are planned to document SAFSIM: (1) a theory manual
that will contain a description of the governing equations and
numerics; (2) an input manual that contains a complete description
of all of the input variables required to build an input model; and (3)
an application manual that will provide benchmark problems in
addition to several example problems. The input manual (Sandia
National Laboratories internal report SAND92-0694) is complete
and is being distributed as of October, 1992,

Slide 13
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Future Enhancements

Turbine element

Built-in bandwidth minimizer for
mechanical and thermal energy equations

Blowdown tank option

Structural Mechanics Physics Module

LU decomposition with iterative
refinement for large networks

Restart capability

" @ Sandia Natlonal Laboratories

To expand the class of problems for which SAFSIM is applicable, several
enhancements are planned:

- addition of a turbine finite element

- a built-in bandwidth minimizer to increase the speed and accuracy
of execution

- a boundary condition option to allow easy and quick simulation of
tank blowdown

- a structural mechanics physics module based on a 1-D finite element
model to predict the linear and nonlinear stress-strain behavior of
solid structures, including plasticity and creep

- addition of an LU decomposition solver with iterative refinement to
account for roundoff error when modeling extremely large networks

- restart capability to allow continuation of a problem

Slide 14
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Future Enhancements (continued)

a Kaganove solver for reactor dynamics
s 2-D tables and other special functions
u Pre- and post-processing (graphical)

= Dynamic temperature, mass flow rate, and
density terms in fluid mechanics equations

8 Upwind elements for the mechanical energy
equation

m Liguid metal modeling options

» Sandia National Laboratories

- addition of a Kaganove solver for long-duration reactor dynamics
problems

- 2-dimensional table capability for functions along with many other
special mathematical functions to enhance modeling capability

- graphical pre- and post-processing routines to facilitate input model
building and output interpretation

- addition of all the dynamic terms in the fluid mechanics module

- addition of upwind elements to the mechanical energy equation to
allow simulation of supersonic flow

- input options to allow simulations involving liquid metals (such as
an accumulator and an electromagnetic pump)

Slide 15
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Reactor System Startup Transient

NORNALISED POWER
ANSPONSE

gseceeesees
Jadadadaladalolalal

INTEORATED
REACTYIVITIEG

© is ms ws ma ma ma
TiME (o)

" @ Sandia National Laboratories

These graphs show results of a SAFSIM application in which a system

based on a particle bed reactor is brought to full power in 5 s. In
addition to the particle bed fuel element, the moderator, reflectors,
vessel, and control drums are modeled. The MIT-SNL control law is
used to control the startup of the reactor. Feedback effects due to
coolant density, fuel temperature, moderator temperature, bed and
hot frit expansion, and control drum rotation are included in the
model. The input model includes 64 fluid mechanics finite elements,
145 structure heat transfer finite elements, and 1 nuclear reactor.
The problem was run on a 486/25 MH PC and required 4 minutes of
CPU time to simulate 30 s of transient time. The average timestep
was about 5 ms for the fluid mechanics. The same problem required
30 s of CPU time on an HP9000 workstation.

NP-TIM-92
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i

Current lications of SAFS

s SNL

1 PBR System Startup/Shutdown
Transients

1 PBR Element Performance
1 NET Simulation
1 ETS Simulation
8 NASA
1 Simulation of NERVA NRX/EST System

" @ Sandia National Laboratories

This chart (and the next) lists several applications of SAFSIM that are
in progress and demonstrates the versatility of SAFSIM. Simulation
of the NERVA NRX/EST system is the only application so far that
has experimental data for an entire propulsion system for
comparison to SAFSIM calculation. The model is being built at
NASA/Lewis and cwrrently contains 240 fluid mechanics finite
elements. Agreement with experimental data is excellent.

Slide 17
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Current Applications (continued)

= B&W

1t PBR Element Performance

1 Reactor System Performance
= Grumman

1 Propulsion System Control Studies

» @ Sandia Nationa! Laboratories

SAFSIM applications in progress. (see preceding chart)

Slide 18
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KINETIC - A SYSTEM CODE FOR ANALYZING NUCLEAR THERMAL PROPULSION
ROCKET ENGINE TRANSIENTS

ELDON SCHMIDT, OTTO LAZARETH, AND HANS LUDEWIG

BROOKHAVEN NATIONAL LABORATORY
UPTON, NY 11973

PRESENTED AT:
NUCLEAR PROPULSION TECHNICAL INTERCHANGE MEETING
LEWIS RESEARCH CENTER
OCTOBER, 1992

OVERVIEW

® OUTLINE OF KINETIC CODE

® DESCRIPTION OF TEST PROBLEM "
® SELECTED RESULTS

® CONCLUSIONS

NP-TIM-92
NTP: Systems Modeling 704
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KINETIC NEUTRONIC EQUATIONS
(PERIOD CONTROL ALGORITHAM)

Let , be the desired Power trace and w the actual trace.
A simple lineor restoration function can be written,

W = Yw,~ w) 74!

Eilnincﬂng £ from equations (6) using equation (4) and letting
@ = w, results in equation (8) (defining G).

Z;Y =G(N, B, T,w,) ®

Equations (8).7.and (8) result In an equation for & in the
measurable quantity  and known quantities A, B, T and w,.

£(1-) = Ty -u) - G (A, BT, ) @

FUEL ELEMENT COOLANT
FLOW DIAGRAM

Inlet feom
woderalor nodae

NP-TIM-92
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TURBO-PUMP/NOZZLE ALGORITHM

GIVEN A PUMP ROTATIONAL SPEED DETERMINE PUMP (P,m} FROM
PERFORMANCE CURVES.

GIVEN CHAMBER TEMPERATURE CALCULATE NOZZLE {P,m).
CALCULATE SYSTEM PRESSURE DROP.

FROM THESE THREE RELATIONSHIPS (2 PRESSURES AND A FLOW)--
OBTAIN TORQUE REQUIRED FOR PUMP FROM PUMP PERFORMANCE
CURVES.

FROM TURBINE PERFORMANCE CURVE AND INERTIAL EQUATION DETER-
MINE DELTA TORQUE BETWEEN PUMP AND TURBINE AND THUS CHANGE
IN TPA SHAFT SPEED.

REPEAT ABOVE STEPS FOR NEW TIME STEP.

KINETIC HEAT TRANSFER EQUATIONS
PER NODE

Temperature of solid (S)

MG T =Q~m (H,, - H, ) M

Temperature of coolant ot a function of position éO

hP(T;‘Tc)dX =m C:dTC ()

——— e
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CONCLUSIONS

THE KINETIC CODE SYSTEM IS A VIABLE TRANSIENT ANALYSIS ALGORITHM
FOR STUDYING PBR BASED NTP START UP AND SHUTDOWN BEHAVIOR

THE CODE FLEXIBILITY ALLOWS INVESTIGATION OF
- TPA START STRATEGIES
- REACTOR DESIGN VARIATIONS TO MINIMIZE FEEDBACK EFFECTS
- ENGINE SHUTDOWN STRATEGIES

TWO-PHASE FLOW AND MULTI-DIMENSIONAL REACTOR KINETICS ARE
CURRENTLY NOT MODELED

NP-TIM-92 711 NTP: Systems Modeling



N93-269061

Next Generation System
Modeling of NTR Systems

John J. Buksa and William J. Rider
Los Alamos National Laboratory
October 22, 1992

Los Alamos

Introduction

O NTR Modeling Challenges

0 Current Approaches

O Shortcomings of Current Analysis Methods
O Future Needs

O Present Steps Toward These Goals

Los Alamos
NTP: Systems Modeling 712 NP-TIM-92
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Figure 1, The Coupled Cores in Xiva-3, Pajarito Site.
“"Test Kiwi" 1s on the left, and PARKA 1s on the right.
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ENGINE COUPLING PHENOMENA

¥ (2.22 MeV)

‘ Los Alamos

NTP: Systams Modeling 714 ( NP-TIM-92



3D NTR Cluster
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Introduction: Modeling Applications

* Design: performance (SS operation) and lifetime (fuel / criticality)

» Startup and Shutdown
(two phase T-H, neutronics, kinetics, heat transfer, low strain rate hydro)

*  Water Immersion
(kinetics, neutronics, all hydro)

* Impaction
(kinetics, neutronics, high strain rate hydro)

* Engine-Out Operations
(all except high strain rate hydro)

Los Alamos

NJOY/TRANSX

cross saction

precessing codes DATA BASE [
NEUTRONIC
MONTE TRANSPORT
CARLO THEORY (Sn) CALCULATIONAL
METHODS
Cortinueus Crees Sections
Crma;'::mc o
(49 Thermal)
MCNP Reactor ONEDANT CINDER
(30) "o | TWODANT | ®opleton
TWOHEX c::z:'o:uons
{ 1
%err Osony Rews
Control wWorth Depletion Rediosctive Source Term
Accident Scenarios feedback Coefficients
Flux Spectra

Reaction Rates
Power Distribution

NTP: Systems Modeling
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DETAILED MCNP MODELING OF NUCLEAR THERMAL

ROCKETS —~ WESTINGHOUSE NRX-A6 REACTOR

Vo

Los Alamos

Thermal-Hydraulic Analysis Methods

Extensive experience in both space and terrestrial reactors
TRAC

- Developed for LOCA analysis of PWRs

- Highly developed models for two-phase flow

- Low/zero gravity models are available

- Useful for facility/more general system analysis
HERA

- Developed for solid core terrestrial reactors

- Useful for the thermal analysis of general systems including space
nuclear systems

KLAXON

- New thermal hydraulic systems code designed specifically for gas
cooled, space reactors

THROHPUT
- State-of-the-art heat pipe modeling from startup to shutdown

NP-TIM-92

Los Alamos
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Example TRAC Noding Diagram
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Thermal-Hydraulic Modeling: Prismatic Fuel

HERA: HElium/Hydrogen Reactor Analysis

Used to model reactor core and core components with axially homogeneous
construction

Three-dimensional, fully transient, arbitrary user defined geometries
Programmed to be computationally efficient, especially on vector
supercomputers

Currently exists in stand-alone mode and coupled to TRAC. Connection

to KLAXON is planned

PATRAN grid generator and visualization translators currently being written
Coupling to Storm's corrosion model envisioned -+ Core Lifetime
Component and core T-H model planned (fuel element, support element,
and periphery)

NP-TIM-92

Los Alamos

\ Methodology: New |

Specitfic Outline:
PATRAN Translator HERA Post
. : Translator
Abaqus HERA Temp file
file input file
PATRAN /'l
input file
PATRAN
>

Temp. Countour

119 Los Alaf;las N"m’mmr'
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KLAXON
GAS-COOLED REACTOR SYSTEMS MODELING CODE

Time-dependent analysis of systems operating with compressible gas
working flulds. TRAC-like pipe, plenum, etc. component models, fili
and break capabilities, and advanced flow modeling numerics for

shock following in nozzles. 10
.. 05
&
Future Development g
~ Connection to HERA 2 oo WE:HHWH 1
— Validation with H
systems data 3
os b
m m 19 I::.) ) Y]
NTR Geometry
e Los Alamos

NTP: Systems Modeling 722 NP-TIM-92



THROHPUT
HEAT PIPE MODELING CODE

Transient thermal-hydraulic heat pipe modeling code with:

- Multi-region capability (wall,
fluid, r:gted, ga';a)l i

- 2-D convection and
conduction heat transfer

— Li melt model

- Gravity and non-gravi
caplilary pressure models

Future development:
Benchmarking and validation
with LANL experiments

Evaporator

Condenser
Section

Adiabatic
Saction
—
—

o 4
==X

ik

Hi

Heat

Heat Pipe Operation

2

Los Alamos

mmwmamg
Los Alamos New Mexico 8754
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Why Level 3/4 Model Development?
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- Reactor Compaction/Immersion Accidents

— Reactor Startup

e Examples

- Los Alamos

NTP: Systems Modeling




Future Needs

O Better All Around Resolution of Problems
0 System Design Optimization Tools

0 Complete Utilization of Modern Technology
(Computers and Algorithms)

O Use of Integrated Physics Codes

Los Alamos
LOS ALAMOS ~ REACTOR DESIGN AND
LOS ALAMOS n%u u©m*rom ANALYSIS @ROUP
Los Alamos Perspective

* Emphasis on Simulation Instead of Testing

— current ES&H environment dictates reduced testing
of nuclear systems

* Interagency NTP Modeling Team
— Role, Impact, Importance, Visibility

* Effort Should be Commensurate With the SEI

— ambitious, high profile, high tech, national

importance - g
NTP: Systems Modeling P 724 , NP-TIM-92
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PROBLEM

DEFINITION
graphical workstation |
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Advanced Architecture: Description
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common file storage

DRIVEN

COMPUTER

NP-TIM-92



Advanced Architecture: Potential Physics Packages

'« Neutronics (Including cross-sections, dosimetry)

+ Spatial Kinetics

+ Generation/Depletion

+ Thermal-Hydraulics (two phase)

+ Low Strain Rate Hydro

+ High Strain Rate Hydro (solid and fluid)

+ Heat transfer (conduction, radiation)

+ Chemistry/Materials

Los Alamos
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Other Laboratory Capability

* Fluid dynamics codes

Developed for a large range of physical situations varying from
incompressible to highly compressible flows

Advanced methodologies

* High Strain Rate Solid/Hydrodynamics
- Applicable to events involving reactor impaction/disassembly
Examples: launch accidents, reentry, water immersion

Coupled directly to other physical phenomena (neutronics for instance)
Advanced methodologles

* High Performance Computing
One of two DOE centers of excellence
ICN (3 CMs, 7 Cray YMPs)
ACL

Los Alamos

ADVANCED COMPUTING
LABORATORY

Acting as a university /industrial/laboratory interface for
state of the art computations, emphasizing:

* State of the art hardware for massively parallel
computation (largest CM-2s and CM-5 in the nation)

* Wide area gigabit network for distributed parallel
computing (using ANSI standard: HIPPI)

* Advanced scientific visualization using high speed
networking and parallel computational methods

* Software tools/algorithms development for distributed
parallel computation (NSF Science & Tech. center: CRPC)

* Emphasizing “real” applications running in parallel
environment (Grand Challenges and beyond)

NP-TIM-92 ‘ 727 oS SAtarigY0:



Purposes of the ACL

* To respond to the rapid changes in hardware and software

* To investigate new “Grand Challenge” computing
environments

* To provide more “access” to Los Alamos from the outside

world

* Provide high performance testbed for networking and
visualization

* Stimulate practical algorithm development for massively
parallel computing

* Function as one of the Dept of Energy High Performance

Computing Research Centers

Los Alamos

! t Y( oy " {? "{’)‘Y—:&;:«.‘j j"

Porous Media | 2-d immiscible | 10 8 Gbytes |40 GBytes
flow

Novel Materials | 2-d molecular 10 500 Mbytes |64 GBytes
dynamics
3-d multimaterial | 10%° 8 GBytes 100GBytes
hydro (200% pts)

Plasma physics | transport scaling 10 8 GBytes 200 GBytes

Global Ocean | decade, 20 levels, | 10 500 MBytes | 250 GBytes
12°

Brain Topology |3-d reconstruction | 103 200 MBytes |10 GBytes

QCD quenched lattice | 1016 500 MBytes | SO0 MBytes
(32x32x32x64)

NTP: Systems Modeling 728
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3-d immiscible |
| flow
Novel Materials | 3-d molecular 10® 20 Gbytes 3 TBytes
dynamics
3-d multimaterial | 1018 1 TBytcs 20TBytes
hydro (1000 pts)
Plasma physics | numerical Tokamak | 10'® 1 TBytes 100 TBytes
Global Ocean | century, 40 levels, |10'/ 4 GBytes 20 TBytes
1/4°
Brain Topology | 3-d reconstruction | 101 15GBytes |1 TBytes
QCD quenced lattice 10" 8 GBytes 8 TBytes
(64x64x64x128)
Los Alamos

Applications on the CM-2

QCD

* Condensed Matter Physics

* Free Lagrange Hydrodynamics
* Global Ocean Model

* Lattice Gas (porous media)

* Oil Reservoir: Mobil (11Gflops sustained)
* Tokamak Fluid Turbulence

* Fokker Planck

* Crystal Formation

* Many Body Problem

* Plasma Particle Simulations

* Molecular Dynamics

* Neural Networks

NP-TIM-92 729 bossAlamos :
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Existing ACL HIPPI Network

Los Alamos

PAGOSA

O A 3-D Multi-Material Hydrodynamics Code on the
Connection Machine

O High-Speed Hydrodynamics and High-Rate
Deformation of Solids

O Eulerian, Second-Order Predictor Corrector
Lagrangian Step with Third-Order
High-Resolution Advection

O High-Resolution Interface Reconstruction
Algorithm

O Highly Efficient for the Connection Machine

Los Alamos
NTP: Systems Modeling 730 NP-TIM#2
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Conclusions

g Approaches are Generally

3 Current Modelin

Inadequate

O In the Future Modeling will be Relled on Heavily

O Los Alamos has begun to Lay the Groundwork for
Future Modeling Capabilities

NTP: Systems Modeling
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N93-2690%

ROCKET ENGINE
NUMERICAL SIMULATOR
OVERVIEW PRESENTATION.

presented by

~ Ken Davidian
Space Vehicle Propulsion Branch

Space Propulsion Technology Division

October 22,1992

NUMERICA' SIMU
-~ CONTENTS |

«RENS Definition +Potential Users
* Objectives . . RENS Work ﬂpwchm
°]ust1ﬁcat10n |

* Approach ‘gaConclusiong e oy -
*Potential Apphcatlons ;
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ROCKET ENGINE
NUMERICAL SIMULATOR
DEFINITIONg 7~

* Rocket Engme Numencal Slmulator (RENS)
Performs Liquid Rocket Engine Propulsmn
System Analyses and DeSIgn

*RENS Gives Engmeer a 3-D Transient Tool for
Analyzing Engine Systems (Tanks Feed System
- Thrust Chamber), : . v

« RENS Will Surpass/Encompass Capablhtles of
Current System Codes (ROCETS & Generic
Power Balance) . o

. s R :
oy ; ; h » -
R M b €H B B, B\ & I i B I i (
4 & ¢ i B B\ 3 N o
. i 4 P, » P G ¥
IR s RSN B

NUMERICA‘ ” SIMULATOR

RENS DEFINITION
*RENS is Long; Term z{nd Lai.'ge Scope
* RENS Features Include:
- System Executive - Easy to Use
- Data Management - Industry/Umversuy/
- Graphical User - Gov't Advisory Group
Interface | .+~ Public Domam
- Incorporation of " “Evolution of '

Users’ Technical Codes  Capabilities

NP-TIM-92 733 NTP: Systems Modeling
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ROCKET ENGINE

NUMERICAL SIMULATOR
" OBJECTIVES

* Enable spontaneous and adaptive rocket
definition, generation, performance evaluatlon,
and failure analysis.

* Develop capability to simulate component-and
system level performance of rocket propulsmn
systems. -

*Provide rapid and accurate assessment of rocket
to increase design efﬁc1ency

. Incorporate and integrate validated |
computational simulation codes/technologies.

ROCKET ENGINE
NUMERICAL: SIMULATOR
'JUSTIFICATION* -

* Following capabilities requn:ed by I NASA todo-
our job: independent verification of proposed
rocket performance, new rocket designs, .assess
impact of new rocket technologies: .+ « w 4o

* Standardized industry design/analysis't tool
(1ndustry-umver31ty-govemment parhcxpatlon).

* Streamline, enhance, and alter research &
analysis process to reduce time and cost.

NTP: Systems Modeling 734 NP-TIM92
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ROCKET ENGINE

NUMERICAL SIMULATOR
—APPROACH _

*The RENS program will be patterned after, and
will leverage from, the Numerical Propulsion
System Simulator (NPSS), currently under
development at NASA LeRC for alrcraft
propulsion systems.

* RENS will incorporate component level
descriptions to predict performance and
reliability.

C NE
NUMERICAL SIMULAT
POTENTIAL APPLICATIONS

. Chem1ca1 Propulsmn Systems

* Nuclear Thermal Propulsion Systems
*Propulsion System Test Facilities =~
* Nuclear Electric Propulsmn Systems o
* Space Power Systems S

735 NTP: Systems Modcﬁng
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McDonneft Dougﬁ

*Phllips’ Lab
“¢Rocketdynel

General Dynarmm’ _(

Jiﬁstksccfc

Y
]

/

,F W~"" R

Collect Develop Integrate
codes tech tools codes/tools
| | | ey B
Define Develop Integrate g
Sys exec 8ys exec 8Ys exec RENS RENS
Define | Develop Integrate testing release
data mgt _> data mgt 57? data mgt i
| I | | DA NS
Define | Develop | - | Integrate
GUI -. GUI -’ Gut
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RENS PROTOTYPE - REDES

* Prototype Capability Initiated in 1989 with
Rocket Engine Design Expert System (REDES).

« REDES Used to Conduct Various Studies and
Model Various Engines:

- Nozzle Performance Parametrics (SSME; RL10)

- Nozzle Design (NTR) .

- Rocket Engine Test Facility Capability
Assessment (NASA LeRC Rocket Engine Test
Facility Ejectors) ) '

il

ROCKET ENGINE
NUMERICAL SIMULATOR
REDES ANALYTICAL DOMAIN

User

Eser Interface |
Functlon Managéthiel -

NP-TIM-92 737 NTP: Systems Mobiling



Rarket Fagine Design
Ewpore Syreea

Lawnch Yehicle Prepulsion Branch
- U Gate’ e e tovm o Spece Propulsion Techmology Divislon
Asrospsce Technology Directorets

Natiosal Aeronsutics end Space Adminintrerion
Lewis Resvarch Center
Clavelond, Okio

NUMERIé‘ \I''SIMUL AT

CONCLUSIONS A

Development. =~

* Simulation Capablhty ‘Requu:ed By Gov’t

Industry, and Uniyersity in: Many echnical
Dlsc1p11nes. .
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ROCKET ENGINE

NUMERICAL SIMULATOR
RENS USER SURVEY (part 1 of 2)

Q: How Would You Use RENS?

Q: What Would You Add To the Current RENS
Description? What Would You Delete?

Q: What Do You Like About the Current RENS
Description? What Do You Dislike?

Q: What Would Be the Impact of Using RENS On

Your Organization? Technology Benefit? Cost
Benefit?

ROCKET ENGII
NUMERICAL SIMULATOR
RENS USER SURVEY (part 2 of 2)

Q: Would You Be Interested In Developmg Some

Portion of RENS? What Portion?

Q: How Would You Justify Expendmg-Resources
In the Use of RENS, to,».Your\Management?

Q: May We C1te Your_R po 'ﬁseq In Our 'dvocacy
Presentatlons to NK"S_ ‘_‘_Headquarters’?«* €

. : 6
NP-TIM-92 739 NTP: Systems Modeling
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Facllities

N93-26962

Chairman - Darrell Baldwin

NASA
1:15 LeRC Facilities

1:30 Plum Brook Facility Overview (LeRC-PB)

2:00 NEP Facilities (LeRC)
DOE -

2:15 LANL Studies (LANL)
2:45 Break

3:00 INEL Studies (INEL)

DOD

3:15 Air Force Facility (Sandia)

3:30 Effluent Treatment System (Sandia)

TOUR
3:45 Logistics (LeRC-PB)
4:00 Tours

B-2

High Temperature Facility

Space Power Facility
6:00 Adjourn

Darrell Baldwin
Robert Kozar
Bob Vetrone

Mike Hynes

Thomas Hill

Dave Beck
Larry Shipers

Henry Pfanner

Nuclear Propulsion Facility Requirements

Nuclear Facilities

Thermal Propulsion

Fuel Development
Reactor Development

Materlals Radiation Testing

Integrated System Testing

Non-Nuclear Facilities
Nozzle Development
Turbopump Development
Propellant Tank Developiment
Control System Development
Valve and Mechanism Testing
Material Compatability Testing
Systam Structural Testing

Cold Flow Verification Testing

741

Electric Propulsion

Fuel Development
Reactor Development

Materials Radiation Testing

Integrated System Testing

Power Conversion System Developinent
PMAD System Development

Thruster System Development

Control System Development

Valve and Mechanism Testing

Material Compatability Testing

System Structural Testing

Integrated System

Fuacilitien



Pacilities

NASA LEWIS CANDIDATE FACILITIES

ELECTRIC PROPULSION LABORATORY ( TANK 5)
ELECTRIC PROPULSION LABORATORY ( TANK 6 )
ROCKET ENGINE TEST FACILITY

MATERIALS AND STRUCTURES LABORATORY

ZERO GRAVITY FACILITY

HYDROGEN ENVIRONMENT MATERIALS LABORATORY
HOT HYDROGEN TEST BED

SIMULATION AND CONTROL FACILITY

PLUM BROOK STATION

SPACECRAFT PROPULSION RESEARCH FACILITY
HIGH TEMPERATURE FACILITY

SPACE POWER FACILITY

CRYQGENIC PROPELLANT TANK RESEARCH FACILITY
ROCKET DYNAMICS AND CONTROL FACILITY

PLUM BROOK REACTOR FACILITY

INTERAGENCY FACILITY PANEL ( NASA, DOE, DOD)

DURING FY81, THE FACILITY PANEL IDENTIFIED APPROXIMATELY 220 EXISTING GOVERNMENT,
UNIVERSITY, AND INDUSTRY FACILITIES WHICH COULD BE MADE AVAWLABLE TO SUPPORT
NTP AND NEP RESEARCH AND DEVELOPMENT PROGRAMS ( REF: NASA TM - 105710 )

* WITHAPPROPRIATE UPGRADES AND MODIFICATIONS, AND DEPENDING ON THE PROPULSION

CONCEPTS SELECTED, VIRTUALLY ALL DEVELOPMENT AND TEST WORK CAN BE ACCOMPLISHED
IN EXISTING FACILITIES

* SINCE MOST OF THESE CANDIDATE FACILITIES WERE DESIGNED AND ORERATED UNDER

SAFETY AND ENVIRONMENTAL REGULATIONS THAT ARE NOW OBSOLETE, MANY WILL REQUIRE
MAJOR RENOVATIONS AND / OR ADDITIONS iN ORDER TO COMPLY WITH GURRENT REGULATIONS

LEAD TIMES FOR PARTICULAR FACILITIES WILL VARY IN THE RANGE OF 2-4 YEARS FOR
NON-NUCLEAR FACILITIES AND FROM 4-8 YEARS FOR NUCI FAR FAGILITIES. ESTIMATED
CONSTRUCTION COSTS RANGE FROM $400M TO $800M DEPENDING ON SELECTED
PROPULSION SYSTEM CONCEPTS AND ASSOCIATED TEST OPTIONS

742 NP-TIM-92
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ROBERT KOZAR
10-21-92
Plum Brook Facilities

Spacecraft Propulsion Research Facllity ( B-2 )

The facility was designed to test space vehicles and upper stage rocket
engines in a simulated space environment. The vacuum test chamber
can accommodate space vehicles up to 22’ diameter by 50’ long.

This facility is to be restored as part of the advanced cryogenic engine
program. Additional facility upgrades will be made which will allow the
use of this facility to perform integrated engine non-nuclear testing.

- Cold flow distribution verification and thermal investigations

- Solar irradiation / cold soak thermal cycling verification

- Verification of structural static loading

Hydrogen Heat Transfer Facllity ( HHTF )

( Currently the Hypersonic Tunnel Facility )

When restored to its original capability of handling large flows of hot
hydrogen, this facility will be used as a testbed to perform NTR nozzle
performance verification using hot hydrogen at altitude.

- Verification of simulation model results
- Verification of thermal and vibration performance

- Verification of nozzle erosion / corrosion characteristics
performance '
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Plum Brook Facllities

Rocket Dynamics and Control Facllity ( B-3 )

This facility was designed for altitude tests on various components for
large rocket engines such as would be needed for interplanetary travel.

It was used to test the structural integrity of the Centaur-Viking vehicle

and its protective shroud. The existing facility presently includes a 200,000
gallon liquid hydrogen storage tank. NPO intends to use this facility for
propulsion system vibration testing with altitude simulation.

- Verification of structural dynamic loading
- Cold Flow stability in vibration environment

enic Propellant Tank S -Slte

This facllity has been used as a research test chamber where liquid
hydrogen rocket fuel tanks up to 18’ in diameter were tested in a 25
diameter spherical thermal vacuum chamber. This facility is currently

operational and has been used for recent slush hydrogen work
associated with the NASP program

It will provide a facility for NTP and NEP propeliant tank testing.

- Verification of tank insulation performance
- Functional leak testing of filler plumbing
- Verification of structural and vibration performance

- Acent / decent profile testing
- Slush hydrogen investigations
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Plum Brook Facilities

Power Facll SPF

This facility is a very large vacuum chamber ( 100’ diameter, 120’ height )
for testing spacecraft and / or their subsystems and components in a
simulated space environment. It was specifically designed for testing
space nuclear electric power systems in a hard vacuum, cold wall
environment. It is intended to use this facility for nuclear electric
propulsion component and integrated system tests.

- Non-nuclear system tests

- Functional testing of NEP components

- Heat source, radiators, power conversion, PMAD, thrusters
- Functional testing of integrated NEP systems

- Functional testing of the NEP stage
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An SPACE PROPULSION TECHNOLOGY DIVISION

ALROSPACE TECHNOLOOY DIARO FORATE Lewis Research Center

NEP FACILITIES (LERC)

Nuclear Propulsion Technicai Interchange
October 21, 1992

R. H. Vetrone
Facility Manager/EPL, EPRB, Stirling

SPACE SIMULATION FACILITIES

Lewis Research Center

[LRINTYR
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AT  space PropuLsion TEcHNOLOGY DIvision NS\
Lowie Ressarch Center

EPRB
ELECTRIC PROPULSION RESEARCH BUILDING(#16)

EACILITIES
VACUUM CHAMBERS (9): RANGE FROM 3FT. TO 10FT. DIA.

BELL JAR SYSTEMS (6)

CAPABILITIES
EXTREMELY HIGH (~ 1000 STD LUM - Hy @ 10-1 TORR) PUMPING SPEEDS

HIGH VACUUM LEVELS (107 TORR)
CRYOPUMPED CHAMBERS

ACTIVITIES
COMPONENT DEVELOPMENT

THRUSTER TESTING

POWER CONDITIONING INTEGRATION

AN  space PropuLsion TEcHNoLoGY Division  NNS/\
Lowis Ressarch Center

EPL

ELECTRIC POWER LABORATORY (BLDG.301)
FACILITIES:
VACUUM CHAMBERS(3): S5FT. X 15FT.; 16FT. X 63FT; 25FT. DIA. X 82FT. LONG
BELL JAR SYSTEMS(7)

MAJOR FEATURES:
CLOSED LOOP REFRIG. SYSTEM TO ODP TRAPS
FULLY AUTOMATED
<<< UTILIZATION - >>> LOW OPERATING COST & MANPOWER REQUIREMENTS

TANK 6:
* 20 OD PUMPS; 4 FORELINE BLOWERS; 3 MECHANICAL PUMPS
* > 240 KW THERMAL REJECTION LN; COOLED SHROUD

o SOLAR 8IMULATOR

TANK §:
2000 PUMPS; 4 FORELINE BLOWERS; 4 MECHANICAL PUMPS

41M2 CRYOPANEL - GHe/LHe REFRIGERATOR/LIQUIFIER CRYO-SYSTEM

* EXPECTED IN POST 1991 COF PROJECT
o ADVOCATE: 5400; INSTALL & OP 1994/1995
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NAZA
C-Ns-198y

Lewls Research Center

TANK 6 VACUUM FACILITY
(25 FT DIAM X 82 FT OVERALL)

ENG CAP AND CARRIAGE (25 FT DIAM)
MONORAIL WITH HOIST

S 22 DIFFUSION PUMPS
.~ {32 i DIAM}

MWASA
£-%2-03194

Facilities
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THRUSTER

A,
THRUSTER DIAGNOSTICS COMPARTMENT-(72 IN DIAM BY 83 IN) \

\,

4
“— TEST COMPARTMENT
VACUUM GATE VALVE ({1

 ~END CAD

.~ VACUUM GATE VALVE
{8 FT DIAW)

AND CANRIAGE

- EXPERIMENT
WORK
PLATFORHM

TTH
OF §)

-

ASPORPAOS TRGHNOLOSY GIREOTOMTS

ASTY  space PropuLsION TECHNOLOGY Division  INAS/A
Lewis Fnseasch Center

10N
5KW
(Xe)
M(Mg/s) 5.3
REQ'D.PRESS.(TORR) <1.0X10-5
JANK 6 FACILITY
(20)ODP/M(Mg/S) 5.3

ACTUAL PRESS(TORR) 1.3X10-5

CRYOPANEL/M(Mg/S) 8.0
ACTUAL PRESS (TORR) 1.2X10-5

EQCU§

25KW

(Xe,Kr)

27

<t.0X10°5

22

3.7%X10-5

78D
T8D

NUCLEAR ELECTRIC PROPULSION

MPD

100KW

(H2)

40

<3.0X10"4

4.8X10°4

TBD
T8D

[UBING POUR(4) PORELINE BLOWERS & MECH. PUMPS = 300 Mg/SBC.@ 6x10"1 TORR - Hy 1

200KW
(Ar)

320
<3.0X10"9

100
2.3X10°4

11
1.0X10-4
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N93-269

P
Fay
-’ €

Los Alamos Studies of
Nevada Test Site Facilities
for the
Testing of Nuclear Rockets

Nuclear Propulsion
Technical Interchange Meeting

October 20-23, 1992
NASA-Lewis Research Center
Plum Brook Station

Michael V. Hynes
Field Test Division

Los Alamos National Laboratory
Los Alamos

Facilities

Recent NASA/DOE studies for the Space Exploration Initiative have demonstrated a critical
need for the ground-based testing of nuclear rocket engines. Lxperience in the ROVER/NERVA
Program. experience in the Nuclear Weapons Testing Program. and involvement in the new nuclear
rocket program has motivated our detailed assessment of the facilities used for the ROVER/NERVA
Program and other facilities located at the Nevada Test Site (NTS). The ROVER/NERVA facili-
ties are located in the Nevada Research & Development Area (NRDA) on Jackass Flats at NTS,
approximately 85 miles northwest of Las Vegas. To guide our assessment of facilities for an engine
testing program we have defined a program goal, scope, and process. In particular we have assumed
that the program goal will be to certify a full engine system design as flight test ready. All nuclear
and non-nuclear components will be individually certified as ready for such a test at sites remote
from the NRDA facilities, the components transported to NRDA. and the engine assembled. \Ve
also assume that engines of 25.000-100,000 1b thrust levels will be tested with burn times of 1 hour
or longer. \fter a test, the engine will be disassembled. time critical inspections will be executed.
and a selection of components will be transported to remote inspection sites. The majority of the
components will be stored for future inspection at Jackass Flats. To execute this program scope
and process will require ten facilities. We considered the use of all relevant facilities at NTS in-
cluding existing and new tunnels as well as the facilities at NRDA. Aside from the facilities located
at remote sites and the inter-site transportation system. all of the required facilities are available
at NRDA. In particular we have studied the refurbishment of E-MAD, ETS-1. R-MAD. and the
interconnecting railroad. The total cost for such a refurbishment we estimate to be about $253M
which inciudes additional contractor fees related to indirect. construction management. profit. con-

tingency. and management reserves. This figure also includes the cost of the required NEPA. safety,
and security documentation.
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Nevada Test Site Geographic Location
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Facilitics

Assessment Program Plan

* Phase 0. Preliminaries
- Format charter from Jay Norman, Field Test Division Leader
- Notificatlon of N. Aquilina, NVOC
- Notification of J. Stewart, NTSO

* Phase t: Testing Program Design
- Define testing program goal, scope, and process
- Datarmine facilities required to execute testing program

* PBhase 2: Facllities Overview
- Survey of all relevant tacililles at NTS
- Existing and new tunnels
- Vertical bore holes
- ROVER/NERVA facilities on Jackass Fiats

* Phase 3. Facililies Assessment
- Determination of most cost effective facililies
- Detailed functional assessmant
- Detailad cost aslimating

* Phase 4; Operational Considerations

- Intrastructure and support facilitles
- Impact on other users of NTS and Area 25
- NEPA, satety, and securlty Issues

MV Hym 40O

Los Alamos

Program Goal, Scope, and Process
The New Nuclear Rocket Program

*  Program Goal:
- Flight Test Cerlify Design of Full Nuclear Rockel Engins System

* Program Scope:
- Test fire up to 100,000 LbF Thrust engines lor up ta 1 hour
- Testing capability for up to 6 tests annually

* Program Process:

- Migsion profile and flight sysiems specifications determined.

- Develop ennine system design

- Develop and certify non-nuciear components al sites remoie from
Engine Test Stand

- Develop and cerlity nuclear components at sites remole rom Engine
Test Stand

- Transport all compornents for fuit engine sysiem 163l to Engine
Assembly/Disassembiy Facliity

- Asssmbie engine

- Transport engine 10 Engine Test Stand Facllity

- Conduct all needed tests

- Tranaport engine 1o Engine A bly/Di y Facility

- Disassemble engine

- Conduct time critical inspections

- Pachage and ship components to remote inspection sites.

- Analyze results and determine engine performance,

- Store engine components lor future reference near Assembiy/
Disassembly Facility

M ¥ Hymss, J DO

Los Alamos
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Nuclear Rocket Engine Test Facilities
Program Goal: Flight Test Certify Full Engine System

1. Transportation facilities for components DOT Casks
2. Non-Nuclear assembly facility -
3. Nuclear assembly/disassembly facility ’I— EMAD
4. Rocket engine test stand facility
5. LH,/LN, & HP gas storage facility/tank farm } ETS
6. Transportation facilities between NTS sites NRDA RR
7. Time-critical inspection facilities EMAD
8. Storage facility for reference components RMAD
9. Storage facility for SNM components EMAD

/ 10. Tranqurtatiqn facilities between remote DOT Casks

inspection sites
H vt 00 Los Alamos

EMAD Facility
Engine Maintenance, Assembly, and Disassembly Building

Ganaial Ousctiption.
- Bultt In 1964 for the uumbly ond pupoulkm ol NERVA engines tor lesting,
of y hot foe

ol tesiing, snd disassembly
and detalled post monem ion of lested engines and
- T-Pisn multl-storled l\mctuvl 280t by 350 f.
- Divided into 7 sep g to specilic functh and t Arattic flow.

» Cold assembly area; Mol maintenance nnd disassembly area; Post moriem ceils; High and low
lavel celis; Operating galleries; Shop and servios area, Ollice area

Eunctiopal Caoabiilties:

- Cold and hot assembiy and disassembly of major engine comp and lull size
- Assembly ine tachniques spplied due 1o heavy work load.

- Special ramole operatad squipmeni instailed to enable rapid disassembly.

Cold Assambly Aren.
- Usad for receipl and assembly of engines
- Thraa major sactions all 43 It high:
o Core teceiving areo - 84 It by 72 ft
» Engine terniving sea - /2 by IR R
» Cuid angitio asseribly aren 210 by 144 0
. i i L
- Five major sechons ak equipped with rectiinesr and masier siave inanipulalors,

hesd cranes, hielded viewing wi e
* Main hot bay -- uhby!mﬂ!by"llug)\
3-8 N thick walls tor i and master slove manipulalors,

» Cote disassembly and examinaion cell --- 46 11 hyoah
» Engine disassembly and sxemination cell --- 48 ft by 28 h
» Crane maintenance bsicony

* Hot and cold transies tunnel

- Tweiva y h calis with dnot op 08 10 A cammnn cell service area
- Each rnll equipped wm- specint viewing witidows, masiarsiave mnivpulalors, iranster cails, ami
r " egnl

M. ¥ Hynes. 4 DO
Los Alamos
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Summary of Final Assessment Results

J-Division Review of Nuclear Rocket Facilities at NTS

NRDA, Jackass Flats, Nevada

Determined general program goals, scope, and process for full engine system test.

Surveyed all possible facilities at NTS for application to program requirements.
- Tunnels, existing and new
- Existing ROVER/NERVA facllities

Determined that existing facilities on Jackass Flats have the most potential for
meeting program requirements in a cost driven assessment.

Cost estimated upgrade of existing facilities for New Nuclear Rocket Program to be
about $253M.

- Richardson and Means Formalism

- All additional fees included

Recommend pursuing upgrade of existing facilities out of operating budget with
NEPA and Safety Analysis concurrent.

Estimated time to completion = 3 years.

Recommend feasibility study of scrubber design alternatives and optimization in FY93.
- Estimated cost = $350K

Recommend full conceptual design study in FY93.
- Estimated cost = $1M

M. V. Hynes, J.DO
Los Alamos

Facilities
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ETS-1 Facility
Engine Test Stand Number 1

tiight simulated environment.

- Originally designed for the test of a §0,000 LbF, 1 GW engine with a 300 s run time
- Upgrads to 75,000 Lbf engina not compleled.

- Test stand d to an underground control point building by a 1150 #t tunnel
- Cryogenic dewas and High Pressure gas vessel tank farm

- Interconnecting process piping

- Engine compartment radiation shield

- Diftuser/Ejector exhaust duct

- 2.5 Mgal demineralized deluge and cooling water storage tank.

- Cooling water drainage ditch

- Instrumentation and Controls, general ulililies and support systems

Instrumaemation and Controls terminations, and an elevator.
- Below grade pipe chase
- Exhaust gas duct vault
- Mechanical and electrical equipmant room
- 3 ft wide by 40 fi high by 100 ! long concrste shadow shield
- Process piping and distribution sysiem

consists_of.
- Underground siructure pantitioned for control and recording dala teduction
- 2000 channels of date available
- Above ground equipment room
- HV & AC capabllity for all of F1S-1

-1 & C cablina steam lines. and AC ducts in shielded funnel
MV Hynes, J DU

- Bullt in 1986 for the ground dnvelopment testing ol a downward firing NERVA-type engine in a

Ihe Test Stang consiata ol
- 180 f1, 100 ton aluminum structiire supporting a 77,000 gal 50 psig. LH2 vacuum jacketed run tank,

Los Alamos
Facilities Cost Summary ($M)
Cost tem E-MAD ETS-1 R-MAD Railroad | Subtotal
Basic Facllity 17.574 £0.930 2473 0.624 71.601
Indirect 8.435 25.000 1.187 0.299 ) ?4.921
Home Office 6.502 22.500 0.915 0.231 30.148
NEPA Documentation 1.500 1.000 0.250 0.250 3.000
Safaty Analysis 2.000 4.200 0.085 0.500 6.785
Securl-i-y—Plan 0.500 0.000 ) _9000_ 0.000 0.500
Construction Management 3.576 9.800 0.503 0.127 14.006
Inspection 0.000 3.800 0.000 0.000 3.800
-—F_’voli| - 3251 9.800 0.458 0.115 13.624
Contingency 5.364 51.000 1.258 0.190 57.812
Management Reserve 3576 13.000 0503 0127 | 17.208
§ul}!qla| I 527.2’778~ 419;;36— 7.632 2.463 253.403
u v rynes. 3 00 Los Alamos
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Space

Nuclear
Thermal
_— Propulsion
Liorsory Evaluation of PIPET
at the INEL's CTF
T. J. Hill

October 21, 1992

PRESENTATION OUTLINE

« Study Scope

+ Existing CTF Status & Infrastructure

- Assumptions
* Results

«  Other Studies
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SCOPE FOR FEASIBILITY REPORT

+ Evaluate the Feasibility and Provide an ROM Estimate of
Cost and Schedule for Testing the PIPET Reactors in the
Contained Test Facility (CTF)

STUDY EVOLUTION

» Task was Identified at Meeting on June 11-12, 1992
- Task was Authorized to Start August 12, 1992
« Supported Three Meetings With Sandia

+ Supported LANL Study for ETS-1
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Facilities

PIPET FACILITY REQUIREMENTS

Buliding Size
Receiving & Support Building 10,000 ft sq
| & C Building 2,900 ft sq

Reactor Systems Support (Test Building &Area) Undefined

Fuel Storage Support (Handling, Storage, &

Shipping of Irradiated Material Undefined
Disassembly Building 7,500 ft sq
Test Evaluation Center 6,400 ft sq

EXISTING CTF FACILITIES

M

TAN 650 - Containment Building - 70 ft Dia by 129 ft High
TAN 630 - Control & Data Acquisition Building - 18,000 ft sq
TAN 624 - Containment Vessel Entry Building - 3,600 ft sq
TAN 607 - Warm Shop - 4,080 ft sq

TAN 604 - Maintenance Shop - 11,000 ft sq

TAN 601/602 - Administration Building - 58,000 ft sq

TAN THS - Hot Shop - 8,160 ft sq

TAN THC - Hot Cell - 350 it sq

TAN 668 - Heavy Equipment Cleaning Facility - 2,800 ft sq
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CTF BACKGROUND

« Contained Test Facility (CTF) was Loss-of-Fluid Test Facility

(LOFT) -

+ LOFT was designed to study safety issues in a PWR

+ CTF & associated facilities consist of a containment vessel,

control and data rooms, maintenance shops, administrative
buitdings, hot shop, hot cells, warm shop, utilities, ES&H
infrastructure

CTF containment vessel Is 70 ft. in dia. by 129 ft high, is an ASME
Sect. lll, Class B vessel rated at 40 psi, 360,000 cu ft volume with a
24 by 33 1t high door. 60 ft under 50 T Polar Crane

CTF REPOR

T ASSUMPTIONS

PIPET/CTF test series will consist of testing five reactor cores and one
technology demonstration engine.

PIPET cores up to 550 Mw and run times up to 1,000 sec.
Demonstration engine 1,000 Mw, Max. run time of 500 sec.

Use of mechanical and electrical components and systems developed
for SNTP.

Determine feasible SNTP components and systems lay out for CTF.
No design optimization of equipment and components.

Existing INEL facilities and infrastructure will be used.

No other programs or projects are assumed to restrict CTF use.
Facllities will be upgraded to meet current codes and standards.

Costs are based on SNTP Program.
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ETS SIZE INFORMATION
E——

PIPET COMPONENT SIZES
Diameter Length Nozzle sizes
Component Qty (ft) (ft) (1PS)
Debris tank 1 156" ID 30'-0" Tan.-Tan. 24" D inlet
~38' Overall 60" OD outlet
Hot Gas Cooler 1 11'-0" 0D 60' 60" 0D inlet
42" 0D outlet
Process gas filter 4 9'-0" 0D 30'-0" Tan.-Tan. 24" OD
Cryogenic mixer 1 4'-0" OD 5'-0"
Noble gas adsorber 8 8'-0" 0D 8'-0" Tan.-Tan. 20" 0D

ETS COMPONENT ARRANGEMENT

EVALUATION
M

Arrangement Option

Ramificstion

No Confinement

Reaclor Only

Reactor and Debris Trap

Ax, Debris Trap, Heat Exchanger

RX, DT, Hx, Process Fiiters

RX, DT, Hx, Proceas Filters,
Gas Adsorbers

(1) Maximum radiological release

(1) Maximum radiological release
(2) Difficutt materials problems

(1) Confinement of majority of patiiculate
(2) Adequete access for meintenance
(3) Single Large Containmeni Vessel Penetration Reqd.

(1) Confinement of majority of particulate

(2) Adequate for maint ceo

(3) Redesign of hx required

(4) Seversl Large Containment Vesse! Penelrations Reqd

(1) Confinement of all particulate

{2) Reduced access for maintenance

(3) Redesign of hx required

(4) Several Large Containment Yessel Penetrations Reqd

{1) Coniinement of all particuiate

(2) Very Himited access for maintenance

(3) Redesign of hx required

(4) Beveral Large Containment Vessel Penstrations Reqd

762
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PROPOSED ETS CONFIGURATION

- Size and Number of ETS Components Favored Locating
Part of System Outside of Containment Vessel

ETS Inside Containment Vessel Negated Flexibility for
Other Test Reactor Programs

» Higher Temperature Components Located in Containment
Vessel

The Cost Evaluation Results

A potential savings is possible from the use of
existing facilities.
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CTF SCHEDULE
e

* Current Preliminary Project Schedule for PIPET starts
In-pile Testing in 1st Quarter of 1997.

« INEL experience indicates that the design and
procurement of large high-pressure storage tanks
will be critical path.

- The use of existing CTF facilities will allow an earlier
start of facility equipment instaliation.

- Significant reactor testing infrastructure exists to
support the PIPET activities.

The PIPET schedule is not impacted at INEL.

The Bottom Line
e e e

The existing facilities are robust and provide ample
space for the planned operations with the potential
for both cost and schedule improvement.
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US AIR FORCE

Phillips Laboratory
Grumman, Babcock & Wilcox

Brookhaven & Sandia Natlonal Labs Air Force Facility

David F. Beck
PIPET Project Manager
Sandia National Laboratories

The Space Nuclear Thermal Propulsion (SNTP) program is an initiative within the
U.S. Air Force to acquire and validate advanced technologies that could be used to
sustain superior capabilities in the area of space nuclear propulsion. The SNTP pro-

gram has a specific objective of demonstrating the feasibility of the particle bed
reactor (PBR) concept.
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The term PIPET refers to a project within the SNTP program responsible for the
design, development, construction and operation of a test reactor facility, including

all support systems, that is intended to resolve program technology issues and test
goals.
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Experiment Data Flow

Parameters Parametors P
Limits Limits Limits
] g ’
7o o . o
ore
Fuel Particle PHT NET PIPET
ad O O
Hot Frit
ONON® aTA
Cold Frit
End Fittings O O
/( / { [}
DOata on: Data on: Data on:
Coatings Corrosion Safety (FSAR) ThermalMydraulics Controls
Temp Capabllity PFi Operating Margins Corrosion Design Margins
Strength Pressure Drops Design Margins Neutronics Safety
Pressure Drops Mechanical Pert Controls Moderator Mechanicat
Mechanical Perf Cycling Capabliity ThermalMydraulics Pressure Drops Pert.
Cycling Capability Temp Capability

The PIPET project will provide the necessary capability to complete the final steps
in the SNTP program nuclear test plan.

No known reactor facility in the world is capable of providing prototypical test con-
ditions for SNTP PBR fuel or fuel elements. Although certain nuclear tests (pre-
PIPET) within the current SNTP program may probe the design envelope of the fuel
and fuel element, the best that can be accomplished is very short run times and very
low flow conditions for sub-sized or nonstandard fuel element designs (e.g., PNT
and NET). The high-power densities that make the PBR so attractive will never be
tested to prototypical design conditions until the PIPET element-test reactor is built.

No operational reactor facility in the U.S. is capable of testing a flight-like NTP
reactor core or engine under power (some limited capability exists in the CIS, but
even this does not include any cryogenic hydrogen support and is not currently con-
figured for propulsion type testing). No facility in the world is capable of providing
nuclear test support for NTP reactors or engines under the current and rightful con-
cern for protecting the environment and public health. The investment in building a
high power density fuel element test reactor can be leveraged into a facility that can
also provide test support in meeting certain NTP ground test requirements. -
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PIPET TEST REACTOR SYSTEM

The PIPET system includes:
1) Major interfaces with the host site for utilities & logistics support.

2) Facilities including a control bunker, a receiving and assembly building, tem-
porary dry storage areas for irradiated materials, a disassembly building, and
test cell(s).

3) A reactor coolant supply system consisting of a cryogenic hydrogen supply
and hydrogen effluent treatment system.
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i? -------------------------------------------------------------- -f(-
SPENT TEST OPTIONAL
CONTROL ARTICLE STORAGE  2ASELUME EFELUERY ADDITIONAL
] REACTORENGINE
BASELINE . e
%, TESTCELL 4Tl svsTEMS
/! OPTIONAL _
ADDITIONAL ™"~
REACTOR/ENGINE ¥
TEST CELLS

RECENVING/ASSEMBLY - 7
BUILDING EXPANSION ~
AL —mmmmmmmmmm e SECURITY BOUNDARY —= === =mmm—sm e mmcam A-
NOT SHOWN: ENGINEERING EVALUATION OPTIONAL ENGINE
BUILDING INTEGRATION

TEST CELL FOR
NON-NUCLEAR
FLOW TESTS

SNTP Baseline Facility Conceptual Site Plan Hlustrating LLaydown Space for
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One location for the PIPET test station supported by the SNTP program Environ-
mental Impact Statement is a “green-field” location on the Nevada Test Site (NTS).
This would involve essentially all new construction, with designs developed to meet
program requirements.
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The second alternative site for the PIPET facility is a location within Test Area
North (TAN) of the Idaho National Engineering Laboratory (INEL). This would in-
volve renovation, adaptation and use of existing structures such as the Contained
Test Facility (CTF) and TAN 607 Hot Shop Complex.
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Depiction of the Use of Multiple Physical Barriers and Single-Fhilure Criteria in
\_ Preventing the Unmitigated Release of Fission Products )

The Space Nuclear Thermal Propulsion program is committed to achieving the
highest practicable levels of safety both in program activities and in the ultimate
safety both in program activities and in the ultimate product of the program. Safe-
ty considerations will include: protection of the health and safety of the public;
protection of the health and safety of all employees where program activities are
done; protection of the environment and lands from contamination or damage as a
result of program activities; and protection of the property and facilities used in
the program. Unmitigated release of fission products is prevented by use of con-
cepts such as ‘defense in depth.” This includes administrative, physical, and
operational controls and measures. Physical controls for ground testing on NTP
concepts involve multiple barriers including fuel coatings, primary confinement
systems, and secondary confinement systems. Physical barriers to be employed
that will prevent the unmitigated release of fission products are diagrammed
above. As implemented for the SNTP program, the primary confinement barrier
around the reactor looks much like a reactor vessel in a conventional power plant
design, but is functionally much different. The mechanical structure used to sup-
port and direct flow through the multiple stage filtration system also serves as the
balance of the primary confinement barrier. The secondary barrier includes the test
cell structures, which may serve multiple functional needs (for example, weather
protection and shielding).
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The test reactor by design contains two major subsystems — a test bed and a test article.
The test bed nominally provides:
1. A primary fission product confinement barrier.

2. Interfaces between the test article and other programmatic equipment (for example, cool-
ant supply, effluent treatment, and instrumentation and controls).

3. Anexperiment volume in which the test article (fueled portion of the reactor) is tested.

4. Independent reactivity systems to bring the overall reactor system to the desired preopera-
tional reactivity state; control startup, shutdown, and operational transients; and provide scram
capability.

Test articles are designed for ease of removal to enable rapid test turnaround, ease of reconfigura-
tion, and minimal worker exposures. Reactivity controls within the test bed are designed for

ease of removal, so that test articles containing their own reactivity control mechanisms can take
advantage of the confinement and programmatic equipment interfaces without having to relay on
other design features. Test article design options can thus be seen to include:

1. A hybrid core design where a previously qualified test article design has a single fuel ele-
ment replaced with a new design.

2. Anew test article that makes use of all the inherent features found in the test bed.

3. Anew test article with integral reactivity control systems, only making use of the confine-
ment barrier and subsystem interfaces of the test bed.

4. Replacement of the entire test bed/test article assembly with a new reactor design.
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A primary coolant system has been designed that meets the safety and performance require-
ments of the SNTP program for use in the development, demonstration, and qualification of
NTP fuel elements, reactors, and engines. (Integrated stage qualification, including high-altitude
simulation, is not a requirement for the current program.) The functional requirements of the re-
actor coolant system design includes:

1. Provide an adequate, redundant, highly reliable supply of cryogenic hydrogen at required
pressures, temperatures, and flow rates (hydrogen supply - coolant supply system).
2. Interface with the primary heat source (test reactor or engine).

3. Cool the hot primary flow to temperatures compatible with structural and heat exchanger
materials. Catch any core debris material resulting from failures (planned or unplanned) and
maintain it in a coolable, subcritical configuration. Allow access for remote/robatic retrieval of
core debris. Provide initial, coarse-filtering to prevent downstream heat exchanger plugging and
act as a getter for plate out of fission products with boiling points above the cooldown tempera-
ture (debris trap).

4.  Provide additional cooling of exhaust flow to temperatures compatible with downstream
particulate filters (hot gas cooler).

5. Filter out particulates entrained in the exhaust flow (process gas filter).

6. Retain any fission products still in volatile form (for example, krypton and xenon) for a suf-
ficient time to allow for decay (cryogenic mixer/adsorber stage).

7. Dispose of cleaned effluent (flare stack).
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The PIPET facility includes an initial, baseline coolant supply capacity designed to
envelope the minimum test duration requirements of the SNTP program. Optional
supply system expansions are planned that will provide capability to meet maxi-
mum test duration requirements. The figure above provides a comparison between
the planned SNTP program PIPET test facility on-site hydrogen storage capacities
against the test-cell hydrogen installations of the ROVER/NERVA Program.
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The planned baseline reactor coolant supply system, although designed to meet sev-
eral operating point requirements, is best represented by an extensive set of operat-
ing envelopes that are a function of mass flow rates, temperatures and pressures.
However, to illustrate the system performance, a generic NTP reactor was used to
generate a test duration envelope as a function of reactor power. This curve is,
roughly speaking, a line of constant energy. Also shown are operating points for
two conceptual PBR test article designs.
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SUMMARY

* A nuclear test facility has been designed that meets SNTP facility
requirements including:

- safety and environmental policies

- minimum impact on waste streams

- provisions for appropriate safeguards and security

- meets minimum SNTP performance levels

- supports expansion to maximum SNTP performance levels

* The design approach taken to meet SNTP requirements has
resulted in a nuclear test facility that should encompass a wide
range of NTP test requirements that may be generated within other
programs. The SNTP PIPET project is actively working with DOE
and NASA to assess this possibility.

Additional information concerning these facilities can be found in:

Allen, G.C. et al. (1992), “Ground Test Facilities for Evaluating Nuclear Thermal
Propulsion Engines and Fuel Elements,” in Proceedings of the 1992 Nuclear

Technologies for Space Exploration, Jackson, WY, 16-19 August 1992, pp 514-

523.
Beck, D.E et al (1993), “Test Facilities for Evaluating Nuclear Thermal Propul-

sion Systems,” to be presented at the Tenth Symposium on Space Nuclear Power

and Propulsion, Albuquerque, NM, January 1993.

Shipers, L.R., and Allen, G.C. (1992), “Handling Effluent From Nuclear Thermal
Propulsion System Ground Tests,” presented at the Third Specialist Conference

on Nuclear Power Engineering in Space Nuclear Rocket Engines, Semipalatinsk-

21, Republic Kazakhstan, September.

Shipers, L.R., and Brockmann, J.E. (1993), “Effluent Treatment Options for Nucle-
ar Thermal Propulsion System Ground Tests,” to be presented at the Tenth

Symposium on Space Nuclear Power and Propulsion, Albuquerque, NM, Janu-
ary 1993.
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EFFLUENT TREATMENT FOR NUCLEAR
THERMAL PROPULSION GROUND TESTING

Larry R. Shipers

NUCLEAR PROPULSION
TECHNICAL INTERCHANGE MEETING - 1992
NP-TIM-92

NASA-Lewis Research Center
Plum Brook Station

Sandia Natlonal Laboratories @

GCround testing of fuel, fuel elements, and engine assemblies at a suitable
facility is required to support the development of nuclear thermal propulsion
(NTP) systems. Given the current Environmental Safety and Health (ES&H)
regulations, policies, and guidelines in the USA, it is not planned today to
vent the potentially contaminated hydrogen that these tests will generate
directly to the environment. In order to minimize the potential safety and
environmental impacts of NTP ground tests, the gaseous reactor effluent needs
to be confined, treated, and/or scrubbed of radiocactive fission products
prior to its unrestricted release.
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Objectives

Define Treatment Functions
Review Concept Options
Discuss PIPET ETS Concept
Outline Future Activities

Sandia National Laboratories @

Over the years, several different options have been evaluated by Sandia
National Laboratories to elither process the hot hydrogen effluent
simultaneously with the test being conducted or configure the test facility
in a manner that real time processing is not required. The evaluation effort
was initiated by identification and formulation of a wide range of concept
options to treat NTP test article exhaust. The concept options considered
ranged from closed cycle (venting the exhaust to a closed volume or
recirculating the hydrogen in a closed loop) to open cycle (real time
processing and venting of the effluent). A number of variations of these
general concepts are still under consideration. This paper defines the
functions any effluent treatment system must perform, reviews the various
concept options to handle effluent from nuclear thermal propulsion system
ground tests, presents the current lead effluent treatment concept for the
PIPET project, and outlines future effluent treatment studies to be
performed.
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Reactor Exhaust

Hydrogen Flow at 1 - 40 kg/s

Temperatures in Excess of 3000 K

Trace Concentrations of Particulate, Volatile
Species, Halogens, and Noble Gases

Entrained Core Material and Debris

Sandia National Laboratories @

Prismatic (NERVA Derived), particle (PBR and Pellet bed), and refractory
(Cermet, Wire Core) fuel forms are all candidates for ground testing as a
part of a NTP development program. Consideration of these varied concepts
leads to a consistent set of functional requirements for any system designed
to treat the reactor exhaust during ground testing. 1In all cases, fuel
operating temperatures in the range of 2700 - 3400 K are planned.
Significant quantities of cryogenic hydrogen will be required to cool NTP
reactors tested under prototyplic conditions. Small fuel element test
reactors with powers on the order of 50 MW would require 1 kg/s coolant flows
while large ground test of reactors with powers as high as 2000 MW would
require coolant flows in the range of 40 kg/s.

As the hydrogen coolant flows through a fuel element and is heated by direct
contact with the nuclear fuel, it can be expected to become contaminated with
fission products and/or fuel particulate. The potential for the generation
of other hazardous compounds within the hydrogen also exists. The risk of
slgnificant contamination is especially high early in the development process
when new and advanced fuel forms are expected to be tested. The reactor
exhaust can also be expected to contain significant quantities of core
material and debris. The effluent treatment system design must allow for the
potential of significant core failure and relocation that may occur during
the development of any NTP concept.
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Effluent Treatment Functions

Initial Fission Waste
Cooling and » [ntermediate Product Stream

Debris Cooling Retention Processing
Retention

Sandia National Laboratories @

Any system designed to treat the exhaust from a solid core NTP ground test
reactor must perform four basic functions:

1. Initial cooling of the hot reactor exhaust to temperatures compatible
vith normal engineering materials. 1In addition, any debris and large

particulate ejected from the core must be retained and maintained in a
subcritical configuration.

2. Intermediate cooling to temperatures at or below atmospheric. While this
cooling stage 1s not necessary, its inclusion in the system enhances the
performance of many concepts.

3. Fission product retention to prevent uncontrolled release of contaminants
to the environment. This stage must be designed to retain small
particulate, halogens, noble gases, and other volatile species,

4. WVaste stream processing to properly handle retained fission products,
cleaned or processed hydrogen effluent, and any other potentially
contaminated fluids introduced in or generated by the system.

The collection of components that performs these functions is normally
referred to as an effluent treatment system (ETS)
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Effluent Treatment Categories

Closed Volume Systems
Delay and Accumulate Effiuent

Open Systems
Real-Time Effluent Processing

Closed Loop Systems

Recirculate Effluent as Coolant

Sandia National Laboratories @

ETS concepts can be grouped into three broad categories: closed volume
systems, open systems, and closed loop systems. Closed volume systems delay
and accumulate the effluent generated during reactor power operations and
then process the effluent at much reduced flow rates at some time after power
operations. Closed volume systems include concept options such as venting
the effluent to storage vessels or metal hydrides. 1In an open system, the
effluent is processed and vented to the atmosphere as it is produced during
reactor power operations. Open systems are characterized by large capacity
filtration and adsorption equipment. A closed loop system performs real time
processing of the effluent and then recirculates the hydrogen to the reactor
inlet to be reused as coolant. Care must be used when comparing a closed
loop system to other types of ETS concepts. The closed loop system both
treats the reactor exhaust and performs the additional function of supplying
coolant to the reactor inlet. The appropriate functional relationship is
maintained when a closed loop system is compared to another ETS concept in

combination with the concept and components used to supply coolant to the
test reactor.
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A map of effluent treatment options is shown. The high-temperature
contaminated hydrogen effluent i{s shown entering on the left. Waste products
resulting from the treatment process are should on the right. The major

functional divisions of initial cooling, debris retention, closed volume
systems, open and closed loop systems, and waste streanm processing are
labeled and outlined in dashed lines. Tracing a path through this figure
(with appropriate consideration of branching) will define a complete
functional effluent treatment system.

The commonalities of ETS component options and the impacts of component
choices are illustrated. Each of the three categories (closed volume, open,
closed loop) of effluent treatment concepts have the same options for
components to perform the initial cooling, debris retention, and intermediate
cooling functions. The concepts differ Iin the components used for fission
product retention and waste stream processing. The choice of the method used
for initial cooling can also influence the components that must included in
the intermediate cooling, fission product retention, and waste processing
stages. Optional downstream functions which may be required (dependent upon
upstream component choice) are shown with dotted lines.
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Concept Evaluation

Total System Approach

Reliabliiity and Redundancy

Passive Systems

Avold Exotic Materials and Concepts
Maintenance, Inspection, and Testing
Support and Posttest Processing Systems
Expansion Potential

Capital and Life Cycle Costs
Decontamination and Decommissioning

Sandia National Laboratories @'

Evaluation of effluent treatment concepts should be performed from a total
system approach considering potential environmental impacts, safety,
operations, potential future activities, and total cost. Any system designed
must have a high degree of reliability and redundancy. Passive systems, such
as blowdown rather than pumping, should be employed whenever practical.
Exotic materials and concepts should be avoided. Steps should be taken to
minimize occupational exposure during required in-service maintenance,
inspection, and testing. Performance of the maintenance and inspection using
remote or robotic means should be considered. The ETS support systems
(coolant storage, water removal, etc.) and post test processing systems
(decay heat, pebble bed heat, waste processing, etc.) can have significant
impacts on overall system complexity and cost. The potential for future
expansion should be considered. Any ETS concept is, to a first
approximation, a power limited system. If it is desired to significantly
increase reactor power (and thus flow) it would be necessary to significantly
increase the size of the velocity limited components or to use process trains
in parallel. A total energy limit, defined by the system storage capacity
(coolants, heat sinks, closed volume fission product retention, etc.), also
exists for an ETS. Both the first and the life cycle costs of system options
should be evaluated. Evaluation to date has shown that the use of large
complex equipment and systems should be minimized for a limited testing
program since a large number of tests are required to offset the increased
capital cost with decreased operating costs, The system end of life
decontamination and decommissioning costs should also be considered.
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PIPET ETS Envelope

Maximum Reactor Power 1GW
Duration at Maximum Power 240 sec
Duration at 40 MW Power > 1hbr
Maximum Flow at 3000 K 20.4 kg/s
Maximum Flow at 1100 K 66.4 kg/s
Inlet Pressure at Maximum Power 1.4 MPa
Inlet Pressure at 120 MW 0.4 MPa

Sandia National Laboratories @h

The current PIPET effluent treatment system is designed to support operation
of ground test reactors at power levels up to 1 GW. The maximum duration of
continuous full power operation is limited by the available coolant storage.
The current design will support opsration of 1 GW test reactors with a 3000 K
exhaust temperature for a duration of 240 sec. Duration is increased if the
reactor is operated at either a lower power level or a lower mixed mean inlet
temperature. Durations well in excess of 1 hour may be obtained by the
current ETS design for reactor powers in the range of 40 MW. The system
volumetric flow rate is limited by the interstitial velocity in the system
filtration and adsorption components. This leads to an inlet mass flow rate
limitation that is a function of the effluent mixed mean temperature. The
maximum inlet flow rate is 20.4 kg/s at a 3000 K inlet temperature. As the
effluent temperature is reduced, the maximum allowable inlet mass flow rate
increases. At a mixed mean effluent temperature of 1100 K, the allowable
inlet mass flow rate is 66.4 kg/s. The volumetric flow constraint also
establishes the system operating pressure limits. In order to reduce the
size of the system components, the ETS was designed to operate at an inlet
pressure of 1.4 MPa for the maximum flow and power conditions. This design
pressure 1s sufficiently below the reactor design operating pressures (6.9
MPa chamber and 3.4 MPa throat) to insure decoupling the test article
pressure response from that of the ETS. As the reactor povwer (and inlet
flow) are reduced the system operating pressure may be reduced while a
constant volumetric flow rate is maintained. At a reactor power of 120 MW
the current ETS could be operated at an inlet pressure as low as 0.4 MPa.
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Sandia National Laboratories @

The effluent treatment concepts illustrated were evaluated during the
development of the PIPET concept (shown in heavy lines). Concepts in
addition to the lead concept (including water injection, gasholder, hydride,
heat exchanger, pebble bed, and closed loop systems) have been developed to
high levels and are still under consideration. The lead PIPET effluent
treatment concept is an open system that uses liquid hydrogen injection for
initial cooling, a liquid nitrogen heat exchanger for intermediate cooling,
granular filters to remove particulate, liquid hydrogen injection to cool to
cryogenic temperatures, and cryogenic charcoal adsorbers to remove halogens,
noble gases, and other volatile species. A flare stack combusts the treated
hydrogen effluent prior to venting to the environment.

Provisions are included to handle both the solid contaminants retained in the
debris trap and gaseous contaminants retained in the cryogenic adsorbers.
Access is provided to remove dabris retained In the trap between operations.
The filters and adsorbers are designed to retain the trapped particulate and
halogens for the life of the facility. However, the noble gases are only
retained in the adsorbers when cryogenic temperatures are maintained. When
the adsorbers warm, the xenon and krypton will off-gas. Provisions for two
procedures for the long-term disposal of the noble gases are incorporated
into the design. The adsorbers may be isolated (valves included in the
design) (1) to allow the noble gases to decay prior to releasing to the
environment in a controlled manner or (2) to allow the noble gases to diffuse
to a cryopump (included in the current design) to collect and concentrate the
contaminants for appropriate disposal.
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The lead PIPET ETS concept is shown. The initial quench mixer (located in
the debris trap) cools the effluent to 1100 K (a reasonable material upper
limit temperature for stainless steel). The debris trap is a large jacketed
liquid hydrogen cooled pressure vessel (~9.1 m x 5.5 m ID). A coarse filter
is located at the exit of the debris trap to serve two functions: (1) to
retain large particulate (on the order of 300-500 micron) in the debris trap
and (2) to provide a large surface area and thermal mass for the plate out of
any high temperature serosols prior te leaving the debris trap. Access to
the debris trap interior for inspection and debris removal is provided
through an airlock. A large (~21 m x 3.4 m ID) liquid nitrogen to hydrogen
tube in shell heat exchanger cools the effluent to ambient temperature. The
heat exchanger cold side is operated at a pressure above that of the effluent
stream so that leaks will not bypass the process train. Large (~9.1m x 2.7
m OD) radial flow granular filters remove small particulate. The effluent
enters by the inner annulus, flows radially outward and is collected in the
outer annulus. A second liquid hydrogen injection quench mixer is used to
cool the effluent to the 160 K cryogenic adsorber operating temperature.
Large (~3.0 m x 2.4 m OD) axial flow cryogenic activated impregnated charcoal

adsorbers remove halogens, noble gases, and other volatiles. A pressure
regulating valve is located downstream of the cryogenic adsorbers to control
the system operating pressure. Active pressure control during startup and

shutdown may allow system operating pressure to be maintained sufficiently
below the reactor operating pressure for decoupling of the test article
pressure response from that of the ETS.

Facilities 786 NP-TIM-92



TOTO® L‘D@Zﬁ )

D el

Sandia National Laboratories

~
A potential layout of the lead PIPET effluent treatment system concept has
been developed. Top, front, left side, and right side views are shown. The
liquid hydrogen and liquid nitrogen storage vessels (with their associated
gas pressurization storage) are shown in the top view. Plping sizes range
from 0.5 to 1.5 m diameter. Four granular filters manifolded in parallel are

required by the current design. The eight required cryogenic adsorbers
(manifolded in parallel) are also shown.
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Future Activities

SEl Requirement Impacts
Increased Reactor Power
Extended Duration
Altitude Simulation

Single Fallure Evaluation

Sandia National Laboratories @

The impacts of SEI requirements on effluent treatment system design will be
evaluated. These requirements include operation at increased reactor power,
extended periods of continuous full power operation, and decreased system
backpressure for altitude simulation. All of thesge design requirements may
have significant impacts on ETS concept selection, design, and cost,
Operating at increased reactor power (and flow) requires increased storage
capacity for closed volume systems and either Increased component size or
parallel process train for open and closed loop systems. Increased duration
requires large storage capacities for both open and closed volume systems.
The need for low ETS operating pressures to support altitude simulation
requires sufficient pressure recovery from the high-speed flow to overcome
the system backpressure. Since many of the system components will be sized
based upon flow velocity, the overall system size can be expected to increase
as operating pressure decreases. The potential exists to incorporate a
diffuser into the debris retention component design. Injectors or ejectors

could be used to lower the system inlet pressure and cool the effluent
stream.

Critical system functions (initial cooling, fission product retention, etc.)
should be performed in a manner such that a single failure will not lead to
loss of ETS function and fission product releases to the environment. The
impacts to the public and the environment of ETS single component failures
will be assessed. Appropriate features will be incorporated into the system
design to mitigate any negative impacts.
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Customer Technology Needs - NEP

Code SL Top-Level Requirements

+ Time Frame:Long Term (> 10 years)

» Missions of Interest:

- Pluto Orbiter - Comet Nuclear Sample Return
- Neptune Orbiter - - Mercury Orbiter
- Jupiter Grand Tour - Uranus Orbiter/Probe

- Muttiple Mainbelt Asteroid Rendezvous

* Requirements:

- Generally, the Division foresees a need for low-thrust propulsion, in particular, nuclear electric
propulsion (NEP). NEP would rrovide a large reduction in propellant mass, provide commonality
from mission to mission, allow for launch date flexibility, and reduce trip times over conventional
ballistic approaches. NEP would significantly enhance the mission feasibility/performance and
is)(:rit;anct; return and, in at least two instances, enable the mission (Jupiter Grand Tour and Pluto

iter).

- The Division has need for a propulsion system with high reliability, longevity, autonomy,
compactness, and safety. Specific requirements include:

+ Power Level of 50 - 100 kWe
« Operate at Full Power for 4 - 8 years
* Lite Time of 8 - 15 years

Lk MUCLEAR PROPULSION OFFICE __._JJ

The primary customer for Nuclear Electric Propulsion, Code SL, the Solar System Exploration Division
of the Office of Space Sclence and Applications (OSSA), foresees their need for NEP based upon its
being the most viable means to provide for desirable science missions to a number of planetary,
asteroidal, and cometary destinations early In the 21st century. NEP- enables a number of the proposed
missions and allows for orblter missions to the major satellites of Jupiter, Uranus, Neptune, and
Plute, and yields more frequent launch opportunities. Analyses to date imply that successful and
timely performance of the desired planetary missions will require a space nuclear electric power
source rated nominally at 4 to 8 years full power life, 50-100 kilowatts-electric (kWe) power, and 25
watts per kilogram (W/kg) and ion electric engines having & specific impulse of 5000 to 10,000
seconds and 10,000 hours of individual thruster life.
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Schedule for the Nuclear Electric Propulsion Project.

The Nuclear Electric Propulsion Project Includes six elements: project management, concept
developmenl/ systems engineering, NEP technology, megawatt/ innovative technology, facilities, and
safety/ reliability/ quality assurance/ environment.

The concept development/ systems engineering element will serve to document OSSA customer system
requirements for NEP, define NEP systems which mest OSSA customer requirements, and design,
fabricate, and test the required 100 kWe electric propuision thrust system. The NEP technology
element will serve to design, verify, and validate the performance and life of component technologies
for electric thruster and power processor, and their required thermal subsystems. The MW/ innovative
technology element will serve to ientify technologies having benefit for higher power Moon and Mars
NEP applications and to perform fundamental MW technology demonstration tests. The facilities
element will serve to identily and advocate the facility infrastructure that is necessary for testing of
kilowatt-rated non-nuclear technologies for NEP. The safety/ reliability/ quality assurances
environment element will serve to perform studies and assessments to establish requirements _upon
the safe, environmentally acceptable design, development, test, deployment, and operations of space
nuclear electric propulsion.
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NEP for the Space Exploration Initiative

« Office of Exploration Requirements (PROJECTED) :
- Mission: Mars Cargo and Piloted, with potential early use for Lunar Cargg
Application
- Reduced trip time for piloted missions
- Reduced IMLEO for cargo, piloted missions
- Provides launch date, stay time flexibility
- Reduced resupply mass
« Technology Readiness Level 5 by approximately 2005
» Critical Technical Performance Parameters

- Electric Power to Thrusters: 5-10 MWe

- Specific Mass: <10 kg/kWe
- Full Power Lifetime: 2-10 years

- Operation and Control Autonomous
- Thruster Lifetime 10000 hours
- Restart Capability Multiple

fa

NMUCLEAR PROPULSION OFFICE _J_)

Although not currently the baseline propuision system for Moon/ Mars human exploration missions, NEP
Is being considered as a possible means to meet the Office of Exploration (OEXP) requirements for
transportation of cargo and crew to Mars. The OEXP requirements are shown in the chart.

NP-TIM-92 793 NEP: System Concepts



)

-

.. NASA LEWIS RESEARCH CENTER :
' NEP On-Going Systems Tasks

* Power Conversion, Heat Rejection, and PMAD
. - Modeling (MW)
* Create Models for Government Use :
* Power Conversion: K-Rankine and Brayton
* Heat Rejection: Heat Pipe _
* PMAD: includes high temperature .
* Reactor Modeling (MW)
* Create Reactor Models for Government Use -
* High Temp Pin-Type (Liquid Metal Cooled)
* Cermet (Liquid Metal Cooled) )
* High Temp Gas Cooled (UC/C matrix)

* Concept Definition of System for Planetary Science _
(100 kWe)

Define and Baseline a System Which Has Multimission Capability
Power Level Baselined
System Configuration Established
Implications upon ELVs Stated

NUCLEAR PROPULEION OFFICE -:J'J

Key technical issues associated with megawatt NEP have been addressed by FY92 tasks in NEP flight
processing, operations and disposal, and NEP operational reliability. .

NEP concept development/ system engineering activities have aiso included modeling of NEP
subsystems, specifically reactor, power conversion, heat rejection, and power
management/distribution for megawatt applications.

Additionally, a conceptual definition study for 100 kWe NEP has recently been initiated. The objective
of the study is to assess the applicability of a common NEP flight system to meet the specific
propulsion requirements of the OSSA missions, accounting for differences in mission-specific payload
and delivery requirements.
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NEP On-Going Systems Tasks (continued)

) '-

-« Flight Processing, Operations, Disposal (MW)
+ Assess the NEP Piloted Mission System and Profile, Identify Issues,

Propose Resolutions
« Launch Sequencing, LEO Basing, Assembly
« Crew Rendezvous
¢ On-orbit Refurbishment
+ Disposal

« NEP Operational Reliability Assessment (MW)
* Reliability Assessment of Piloted Mission/ System to Identify
Technologies Where There is a High Reliability Payoff

.___JJ

& : NUCLEAR PROPULSION OFFICE

Key technical issues associated with megawatt NEP have been addressed by FY92 tasks in NEP flight
processing, operations and disposal, and NEP operational reliability.

NEP concept development/ system engineering activities have also included modeling of NEP
subsystems, specifically reactor, power conversion, heat rejection, and power
management/distribution for megawatt applications.

Additionally, a conceptual definition study for 100 kWe NEP has recently been Initiated. The objective
of the study is to assess the applicability of a common NEP llight system to meet the specific
propulsion requirements of the OSSA missions, accounting for differences in mission-specific payload
and delivery requirements.
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20 kWe Mission/System Study

* In response to HQ directive:
* provide a "good” set of 20-50 kWe NEP missions
* delineate a flight system development program
- Approach: :
+ conduct science and mission analysis activities (JPL
lead
. conc}uct NEP system studies consistent with mission
requirements (LeRC lead)
* Products:
+ 20-50 kWe mission set defined
« flight system development plan, schedule, cost
documented

« Schedule: Late November

MUCLEAR PROPULSION OFFICE —__J~J

A joint JPL/LeRC mission/ system study for 20-50 kWe NEP has recently been initiated. The
objectives of the study are to develop a good set of low power, near term "mission from planet Earth”
NEP missions and to delineate a development program for 20-50 kWe class NEP, which lays the
groundwork for the development of 100 kWe (greater than 10 year lifetime and reduced mass) class
NEP necessary for outer planetary space science applications.

NEP: System Concepts
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Agenda

+ 20 kWe System Studies (LeRC) Jeff George

+ 100 kWe Concept Definition (SAIC) Alan Friedlanc!er
» Reactor Subsystems (ORNL) Felix Difilippo

- PC, HR, PMAD Subsystems (R/D)  Dick Harty

« MW Flight Processing (SAIC) Mike Stancati

« MW Operational Reliability (SAIC) Jim Karns

LL NUCLEAR PROPULSION OFFICE  ——ed

The speakers to follow will provide further detail, analysis, results and conclusions of the systems
concepts/ systems engineering tasks performed in FY82.
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"20 kWe'" NEP SYSTEM STUDIES

Nuclear Propulsion Technical Interchange Meeting
LeRC Plum Brook Station
October 20, 1992

Jeff George
Advanced Space Analysis Office

NASA Lewis Research Center
Advanced Space Analysis Office

Introduction

+ Investigate low power options for nuclear electric propuision
(NEP) demonstration missions

+ Use technologies which are applicable to later NASA missions
through growth and scalability

+ What Is desirable In a "demonstration” system/mission?
- Applicable to "production” systems and missions
- Technologles
- Power lovels
- Temperatures
- Applicable to NASA mission needs

. LeRc Inhouse power systems analysis:
- Advanced Space Analysis Office
- Power Technology Division

NASA Lewlis Research Center
Advanced Space Analysis Office
NEP: System Concepts 798 NP-TIM-92
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Initial Study Groundrules

« Mission
- 1998 - 2000 Launch

- Launch to escape - No earth orbital
spirals

- Meaningful scientific return
- Smallest feasible launch vehicle

+» System
- Near term technology

- 2 - 3 year system lifetime
- Scaled SP-100 reactor

- Technologr evolable to 100 kWe needed
for outer planet exploration missions

» Groundrules will evolve as study progresses

NASA Lewlis Research Center
Advanced Space Analysis Office

Power System Grqundrules/Assumptions

» 10 - 50 kWe
+ 3 year life
+ 2000 V to load

« 15 m reactor-to-payload separation distance
+ 1.0 x 10'? n/cm?

+ 5 x 10* rad gamma
« 17 degreo half-angie

- 10 % excess heat rejection capacity

NASA Lewis Research Center
Advanced Space Analysls Office
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Power System Technologies Assessed

Reactor
« "Customized" SP-100

- Scaled to meet thermal power requirements
- Reactor redesign required

« Prototypical 2.4 MWt SP-100
- Current design
- Thermal power "rich" for 10-50 kWe

NASA Lewis Research Center
Advanced Space Analysis Office

Power System Technologies Assessed (cont.)

Power Conversion

+ Thermoelectrics
- Current SP-100 program choice
- Static
- Power limited to approx. few 100's kWe

-2 = 0.67 x 10" 1/K multicouple (Aug. 92 projected)

* Brayton
- Dynamic
- Scalable to multimegawatts
- 1144 K demonstrated technology
- 0.9 recuperator effectiveness
-1 + 1 redundancy (100%)

« Stirling

- Dynamic

- Power limited to approx. 1 MWe

- 1050 K demonstrated technology
- 1 + 1 redundancy (100%)

NASA Lewis Research Center

Advanced Space Analysis Office
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"Prototype" SP-100 System Specific Mass
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NASA Lewis Research Center
Advanced Space Analysis Office

"Custom" SP-100 System Specific Mass
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NP-TIM-92

(3 yr life, 2000 V out, 15 m separation,
1.0 E12 nvt, SE4 rad, 17 deg half angle)
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NASA Lowis Research Centor
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Brayton System Specific Mass and Radiator Area

NEP: System Concepts

Specific Mass (kg/kWe)

Radiator Packaging Limits

(No Deployment)
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NASA Lewis Research Center
Advanced Space Analysis Office
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NASA  Lewis Research Center
Advanced Space Analysls Office
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Thermoelectric Specific Mass and Radiator Area

Specific Mass (kg/kWe)
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NASA Lewis Research Center
Advanced Space Analysis Office

Specific Mass for "Prototype" vs. "Custom"

SP-100-based Systems

Specific Mass (kg/kWe)
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Power (kWe)
NASA Lewis Research Center
Advanced Space Analysis Office
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System Packaging Limits on Power Level (kWe)

ELV TE Stirling | Brayton —_— e

Delta | 15 15 10 \*?‘ > \\
NN

Atlas 35 40 20 {lll‘\\\\>
s,z!»‘#

Titan >50 >50 50 !\l

Al
xj oz

NASA Lewis Research Center
Advanced Space Analysis Olfice

Conceptual NEP Science Mission Spacecraft Design

NASA Lewis Research Center
Advanced Space Analysis Office
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Conceptual NEP Science Mission Spacecraft Design

Scientific Payload (kg) -

NASA Lewis Research Center
Advanced Space Analysis Office

van Allen Payload Delivery
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. .
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NASA Lewis Research Center
Advanced Space Analysis Office
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Summary

* Power system options for low power NEP demonstration missions
investigated
-10-50 kWe
- 2.4 MWt versus "Custom™ SP-100
- Brayton, Stirling, Thermoelectric

» Van Allen Mapper Mission identified as candidate 15 - 20 kWe demo.

» Investigation of other candidate missions continues

NASA Lewis Ressarch Center
Advanced Space Analysis Office
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CONCEPTUAL DEFINITION of a 50-100 kWe NEP SYSTEM
for PLANETARY SCIENCE MISSIONS

by

Alan Friedlander
Sclence Applications International Corp.
haumburg, lllinols

at

Nuclear Propulsion Technical Interchange Meeting
NASA-LeRC Plum Brook Station

October 20-23, 1992

SAIC.

STUDY OBJECTIVES and SCOPE

+ OVERALL TASK OBJECTIVE

SAIC's Task Order 23, under Contract No. NAS3-25809 for NASA LeRC (NPO), has the
Phase | objective of assessing the applicabliity of a common NEP flight system of the
50-100 kWe power class to meet the advanced transportation requirements of a suite
of planetary sclence (robotic) missions, accounting for differences in misslon-specific
payloads and delivery requirements.

» CANDIDATE MISSIONS (post-2005 Launch Dates)

Comet Nucleus Sample Return

Muitiple Mainbelt Asteroid Rendezvous

Jupiter Grand Tour {Galilean satellites and magnetosphere)
Uranus Orbiter/Probe (atmospheric entry and landers,

Neptune Orbiter/Probe (atmospheric eniry and landers)
Pluto-Charon Orbliter/Lander

BN WA =

» CONCEPTUAL DESIGN TRADES

—-  Moderate and Major Leveis of Exploration Capabllity (l.e. payloads)

~—  Flight Time ve Powsr Level and Specific Impulse of NEP Operation

—-- Launch Vehicle Capability (Injection to Earth escape - no spiral escape)
in Mass Performance and Packaging: Titan IV/Centaur va HLV/Centaur

—~-  NEP Flight System Configuration {(e.g. subsystem functions and location)

NP-TIM-92 807 NEP: Sy .



STUDY ORGANIZATION and SCHEDULE

- SUBTASK ACTIVITIES

)
@
3
)
(s

Mission Model Definition

System Model Definition

Analysis of Mission Performance and System Commonality
Assessment of System Capability and Recommendations
Task Reporting

+ LEVEL-OF-EFFORT

632 Direct Labor Hours

+ SCHEDULE

NEP: System Concepts

4 Calendar Months (October 1992 - January 1993)

Subtask 1 Completed on October 16

Subtask 2 in Progress, Subtask 3 Start on October 26)
Final Report Briefing end of January (annotated vu-graphs)

NEP MISSION MODEL - SCIENCE PAYLOAD DEFINITION
MISSION: PLUTO-CHARON ORNITER/LANDER
SCIENCE INSTRUMENTS

MASS (xg)
EXPLORATION CLASS: MODERATE MAIOR
Alached Wission Module
Imaging Subeystem [ 14 &7
UV imaging Spectometer 13 9
VisushiR Mapping Speciromater -] 3
Composhe IR Specirometer 0 £
Cosmio Dust Anslyaer .- »
7 7
Radio Sclence Subsysiems " 1
Cassini Plasms Specometer 14 14
Radio Plesrma Wave Speckmmeter 2
lon & Neuiral Mase Spectrometer 9
Thermal IR Rad 15
Totat 108 e
Plsto and Charon Landers Phto Puto and
Tenuous Atmosphere Solence (Beparated) Only Chacon
Nautral Mass Spaciromeler 40 49
lon Mase Spaciomater 30 3.0
Neterding Polentiel Anelyrer 10 30
—Elscron Teaperature Probe 20 _29
Surtece 8¢ -- 13.0
LA Sl bty § 4
Alpha-Protor/X-Ray Specirometer 0 20
Soenning Elsctron Mioroscops 120
X-Ray Dfraciometer 80
Pelrographlo Miorosoape .- 8.0
Selsmomeler 22 22
Tomperakure Sensors 01 [ A]
Total E1%2 o7
808
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Table 7. Plato Orbiter/P(optional lander) Performiance Sunimuy

Requirements: Mg 21410 kg
PLO/P with (Titan 1V /Centaur +NEP, ( Ziom Yeu and Saver-, 1991)
; T VIN, PO I8P Py P, & Tp N N By Mg My My My Mhey Mg  VAC
o) ) Gan Bw) () gw) Gw) () (M 6D 6p ap Op Gp G N
135 135 24 S8 80S 13 12 132 78 5 40 2 IS 3134 M4 1162 4006 1175 376
(40 140 24 ST AW 4 11 137 19 S 40 2 $303 09 2829 1143 W72 1322 364
145 145 24 56 8358 34 11 141 80 3 40 2 8301 2905 2S5 1127 3942 1454 1353
150 150 24 S6 M6l 14 14 LIS B0 4 36 2 B4 W22 2804 1079 IREY 1609 W4
155 1S5 23 SS #5514 14 LI8 BRI 4 36 2 W31 2763 200 1070 870 (s 337
160 160 10 S 990 16 1S 122 103 4 44 2 8967 3078 2989 1192 4Bt 1710 387
165 165 10 57 9617 16 14 128 106 4 44 2 8952 2964 12980 1172 4152 1836 Y9
170 170 13 S6 9RI2 16 14 131 109 4 44 2 8931 2856 1968 (152 4120 1938 3T
S 118 12 0SS w1 14 LW N 4 44 2 R 2158 2951 11 48T 2087 362
IS0 IR0 12 S WM2E 17 1Y 143 112 4 4 2 SRRl 2062 29V O3 AR0 2N 383
* Orbiter in 8 NEP enabled mitsion mode.
+ Minimum fight time=14.5 years, total mission time ~16.5 years.
+ Pesibility indicatod at margin may not be sufficient
* Nominsl 10 « 55 kW, ISP~ 8410 sec.
» May be s viabic and stiractive uption if mass growth i all compuonents cen be controlhed.
SAIC
5 i ﬁ E - NEP-TRANSPORTED MISSION ELEMENT MASSES (kq)
“VMB UOP NO/P pcon
MISSION CNBR MMBAR JAT
EXPLORATION CLASS MOD. MAL MOD. MAJ | MOD, MAL | MOD, MAL | MOD, MAL | MOD, MAJ
+ Attached Mission
Module Subsystems
Telacormimunicalions 52 524
Anfennas ] o
Command & Dala 53
Attilude Conlrol 02 SAME SAME SAME SAME BAME
Power Cabling & Control 160 1690|
Thermal Conrol 50 50|
Mechanical Davices 50 58|
Siructure 275 275
Science Payload 1221 180| 116 138} 160 200 174 238) 174 238 165 218
Contingency {20%) 109 201] 188 193; 197 205) 200 213] 200 213 190 209
Bublotal 1136 1207) 1130 1187 1183 1231| 1200 12171 1200 1277 1180 1253
« Deployed Elsmenis
{Propulsion and
Contingency Inci'd)
Separated Orbiter .- . - - .- 979 .. - - - .-
Almospheric Entry Probs -- - . - -- -] 234 37 24 a7 .-
Tenuous Almoephers Probe .- - -- . .. - 82 - -
Landers 233 .- Nn? .. .- .. 656 564 tHi4
Penotralors . 272 i I s8] -- % . .
Support Structure (5%) 18 14 DSf 12 32 15 5] 28 58)
Sublolal [ 1a] s 1091} 248 7| N 1043 692 170
Tolsl Element Msss 1507 1418 3222 | 1448 1954 | 1519 2320 ] 1781 2423
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Tabde 11, Summary of NEP Sysicm Design Parsaicicrs
From

o and Sauer ,j _
Miszion UOF_ NEOP FLOTF PLOF 6T
v v Ly Tien IV LY Titen IV
FT (yr) 0514, 1215 14.5 1514 5.7
PO (kW) 9% .92 101 - 100 % 103.99 58- 48
ISP (scc.) $400 - 1 0000 7800 - 9500 8400 7200 - $100 700 - 10000
N 70- 1™ 72-17 © 72-64 4036
Tplyr) £3-123 19-107 80 70-17 82 - 115
Mission Time (yr) 14 .19 145 18 16.3 13.16 12-15
Mission JGT MMBAR MMBAR CNSR
v LV Toun IV HLV HLV
FT (yr) 5-65 135 " 6716
PO (kW) 97.97 o ] 929
TSP sec.) 8300 - 9800 5300 6000 - 5000
N 63-60 5 2 $0-60
Tp 79. 10, 5 63 40
Mission Time (y) 11-44 135 u s
2000
—- 100 /
o
& /
] 1900
3 S Ry ) Ly Sy up Sy Y | WU S 4 & p—
AEQUIRED
] (MODERATE)
3 1700 A
<
a
1000
[ 1 O 5
ese0 \
1.0 = 7000
a ap (asc)  7deo / 2000 »
1400 1
so0o
1300 - — . .
(1) 70 0 %0 100 110 120

INPUT POWER (kWe)

Pluto Orbiter/Lander Mission, Mpl - Po - Isp Trades
TF = 12 years, €3 » 32, HLV/Cantaur (Mo = 13,700 kp)
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Scoping Caleulations of Power Sources for NEP-

Felix C. Difilippo

Onk Rirlge National Laboratory
Engincering Physics and Mathewatics Division
P.0O. Box 2008, Bldg. 6025, MS-6363
Onk Ridge, Tennessee 37831-6363 USA

Viewgraphs o be prosented ol the Nuclear Propulsion Trehnscal Interchange Merting,
October 20 24, 1992, NASA Lewis Rerenrch Center.

® Managed by Martin Mariotta Energy Systems, lue., wnder contret DE-AC05-
840R21400, U‘g. Depnrtanent. of Faergy.

Definition of the Problem (From NASA-LERC)
Power Levels (P): 10-50 Mw
Core Life (D): 2-10y
Which Implies:

Energy Released: 7305-182,625 Mwd; or
the burnup of ~; 9.1-228 Kg of 25U

Types of Reactors to be Analyzed:

1. High Temperature Gas-Cooled Reactors of the NERVA
derivative type.

2. Lithium-Cooled Advanced Fuel Pin. One-phase flow.

3. Lithium-Cooled Cermet. One-phase flow.

NP-TIM-92 811 NEP: System Concepls



For an input P and D, it is required to calculate:
(a) Composition and Masses of the core.
(b) Mass of the Reflector.

(c)  Mass of the Shielding.

(d) Temperature and Pressure Distributions.

Elements to Build the Reactors
1. Gas Cooled, NERVA Type
Core

(a) Fuel Element, hexagonal 1.913 cm flat to flat,
dispersion of UC-ZrC in a graphite matrix, 19 coolant
holes (d =2.8mm), ZrC clad.

(b) Support Element: 2rH, on inconel tube, central and
lateral coolant around the ZrH,, pyrolitic graphite and
graphite as thermal shield.

Coolant: He (for direct Brayton cycle)

Reflector: Be, radial

Control: B,C sheet on drums that rotate in reflector
Safety Rods in Core

Pressure Vessel: Outside the reflector
NEP: System Concepts 812 NP-TIM-92



Elements to Build the Reactors (continued)

2. Advanced Fuel Pin

Core: Rods, 6.35mm diameter (may vary); UN pellets; clad,
tantalum alloy (Astar-811C or T-111) 0.635mm
thick; tungsten liner 0.122mm thick; He gas gap
0.025mm thick.

Coolant: Liquid Lithium
Reflector: OBe
Control: B,C sheets on drums in reflector.

Pressure
Vessel: Between Core and Reflector

Elements to Build the Reactors (continued)
3. Cermet (ceramic-meial)

Core: Hexagonal Fuel Element; UO, (or UN) in a matrix of
W (with some Re); clad, W-Re-Mo alloy.

Coolant: Liquid Lithium
Reflector: Be
Control: B,C sheets on drums in Reflector.

Pressure

Vessel: Between Core and Reflector.
NP-TIM-92 813 NEP: System Concepts



Shielding
(Common to the three designs)
LiH or B,C for neutrons, W-Mo alloy for gammas.

Geometry: shadow shield.

Estimation based on
(a) source term,
(b) first collision shielding,
(c) removal cross section, and

(d) buildup factors.

Results for the Gas-Cooled Reactor

Variables to choose in order to meet demand:

(1) 35U density in fuel element
(2) Ratio S/F of the number of support over fuel
elements

Given conditions at channel inlet (flow, p and T) compute
pressure, temperatures and velocities considering single phase
1D steady flow. Use usual correlations from ANS handbook
about gas-cooled reactors.

NEP: System Concepts 814 NP-TIM-92



U235 CRITICAL MASS AND

NO SUPPORT ELEMENT

U238 MASS(Ka)

8TOTAL MASS
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NP-TIM-92 815 NEP: System Concepls



600

6607+
500

450
400

350 -

300
260

200 |-

100
50
0

U235 CRITICAL MASS AND TOTAL MASS

U238 MASS(xa)

AS FUNCTION OF SUPPORT/FUEL RATIO

TOTAL MABS(TONS)
{a5
14
REX
| 13
Q : 126
Q 12
: 1.6
110 SR Tt T S HETEIRURRIRIUPIS SO ' .
,,,,, T ; . 11
1 L T — 1 0
0.6 15 2 2.5 3 35 4
8/F RATIO
—— U235 MASS —— TOTAL MASS

9-92;0.5K0 U6/L INCLUDES 24 CM BE REF

%DELTA K

REACTIVITY WORTH OF BUP AS F(S/F)
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SPECTRAL INDICES AND ABS/FIS IN U235

x FIS8ION ABS/FI8
3 : : ; : : 1.6
‘ , i : 5 [
70 : : : j‘ Lhermal 7 146
pprtlonmad s S :
60 /x pe , : / o : ‘
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o' i i A L 1 L —L‘&—hl‘~ I 1.2
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BUPPORT/FUEL RATIO

™~ % FIS EX100. KEV — % FIS E .1/100. KEV* % FIS E 3/100 EV

—B- % FIS E3 EV

—¢ ABS/FISS

600 GUB/L;30.CM BE; 2MM B4C

Fuel density of 500g 2°°U/L fuel is a reasonable compromise

Initial Approach for Use of this Model

between good heat transfer and low total mass for the reactor.

Then, the parameter S/F is chosen to meet the demand:
P (Power), D (core Life), BU (% at burnup)

(1) With P, D, and BU estimate 2°U mass at BOL for slightly
subcritical bare reactor. This then define S/F.

(2) With S/F and BU define Ak)y, due to burnup.

(3) Add (a) estimated Ak due to steady Xe and Sm (~3%

max), (b) Ak Xe for buildup after trip, (c) 2% Ak for EOL
operation and (d) 2% (estimated) due to structural material.

NEP: System Concepts
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(4)

(5)

(6)

(7)

NP-TIM-92

Initial Approach for Use of this Model (continued)

With S/F find Ak of 30cm Be reflector.

If 30cm of Be does not match the required Ak go to (1)
change the *°U mass.

Check if control rods in reflector are sufficient to control
the reactor. '

Check consistency of the A/F assumed.
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Results for Initial Use of the Model

® A model has been generated to allow initial scoping
calculations of gas-cooled reactor power sources for NEP.

® High power, long mission would require control mechanism
in the core or burnable poison.

®  The algorithm to use the model is going to be attached to
the thermalhydraulic and shielding calculations in order to
have a PC program useful for mission analysis. Work in
progress.

® The previous criteria is going to be applied to the other two
designs.
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N93-26974

NEP POWER SUBSYSTEM MODELING

Nuclear Propulsion Technical Interchange Meeting
October 20-23, 1992

NASA-Lewis Research Center
Plum Drook Station

‘ Rochwell
internationad

Rechotdyne Divislen

The Nuclear Electric Propuision (NEP) system optimization code consists of a master module
and various submodules. Each of the submodules represents a subsystem within the total NEP
power system. The master module sends commands and input data to each of the submodules
and receives sutput data back. Rocketdyne was responsible for preparing submodules for the
power conversion (hoth K-Rankine and Brayton), heat rejection, and power ntanagement and

distribution.
NEP SYSTEM OPTIMIZATION CODE
oo
MASTER
MODULE S E
- K-RAN N
NASA LeAC
3 RADIATOR AREA
3 3 3
PEACTOR PraLAY AECONDARY TIwaTER
SBMODLE HEAT TRANGPONT HEAT TRANBPOAT susMODLLE
SUBMOOILE
WRC A HABA | oG
A Wemo oo

moeLo POWER GONVERMON ‘ AT MeXROTION sTRUGTURE

UBMOOALE SUBMODALE MBMOMIR ¢ AND e,

/MM T

A LeAO fel WL iaane tang
4 N
K-MANKNR [ SRAYTON GYaLe
‘l‘ Rochwell suBMODLLE “RNODILE
Internationsl
NP-TIM-92 i —lieerod = 82 ]—--7-
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The basic objective of each task was to perform detail performance modeling for selected
subsystems of an NEP system. The output of each task is software (computer disk) and a users

manual providing a detailed model description, limitations, assumptions, and inputs and
outputs.

TASK ORDER OBJECTIVES AND OUTPUT

TASK ORIECTIVES

¢  CHARACTERIZE AND PERFORM DETAILED MODELING OF SELECT SUBSYSTEMS FOR
A NUCLEAR ELECTRIC PROPULSION SYSTEM

- POWER CONVERSION

- LIQUIN METAL RANKINE
- GAS COOLED BRAYTON

- HEAT REJECTION
- POWER PROCESSING AND DISTRIBUTION

TASK OUTPUT
¢  SOFTWARE AND USERS MANUAL DESCRIBING DETAILED MODELS USED

®  SUFFICIENT DETAIL TO PROVIDE TIIE FOLLOWING ON THE COMPONENT AND
SURSYSTFEM LEYEL

MASS

PERFORMANCE

DIMENSIONS

PITYSICAL OPERATING CONDITIONS
RELIABILITY

ON oo,
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GROUND RULES AND REQUIREMENTS

JENE

® POWER LEVEL RANGE - 100 kWe TO 10 MWe

®  OPERATING LIFETIME - 2 TO 10 YEARS

e OPERATING ENVIRONMENT - LOW EARTII ORBIT TO INTERPLANETARY SPACE
e  TECHNOLOGY TIME FRAME - 2005 TO 2020

K-RANKINE

e  TURBINE INLET TEMPERATURE - 800 TO 1500 K
&  TEMPERATURE RATIO - 1.25 TO 1.6

e  TURBINE TYPE - AXIAL FLOW

e  WORKING FLUID - POTASSIUM

BRAYTON

e  TURBINE INLET TEMPERATURE - 1200 TO 1500 K
TEMPERATURE - 2.5 TO 4.0

TURBINE TYPE - AXTAL AND RADIAL FLOW
WORKING FLUID - Ile AND 11eXe

IEAT RKJECTION

TEMPERATURE RANGE - 750 'TO 1250 K (K-RANKINE), 300 TO 1000 K (WMRAYTON)
RADIATOR TYPE - HEAT PIPE

HEAT PIPE WORKING FLUIDS - NII,, I1,0, Iig, K, Na, Li

GEOMETRY - FLAT, CYLINDRICAL, CONICAL

POWER PROCESSING AND TRANSMISSION
L] TRANSMISSION LENGTIIS - 25 TO 300M
L] VOLTAGE LEVEL - 200 TO 10,000 VOLTS
L] AC FREQUENCY RANGE - 100 11z TO 20 kliz
] COLD PLATE TEMPERATURE - 60 TO 200°C
‘1‘ Rochwel
International

Rechoidyns Divtelon

The facing page lists the key ground rules and requirements for each task. The values were
agreed to with NASA. The values represent the applicable range of interest and range of the
current data base,
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The models being developed are hased on first principles. Where this is not possible such as
heat transfer coefficients and aerodynamic efficlencies, algorithms are used to describe these
parumelcrs. Using first principals provides a great denl of flexibility for the user. The user,

however, must be knowledgeabie in the particular component being modeled. Default values
are provided to aid the user in establishing realistic initial values.

MODULE ARCHITECTURE CHARACTERISTICS

®  BASED ON FIRST PRINCIPLES WITH SOME EMPERICAL CORRELATIONS
® STEADY-STATE DESIGN CODE
® DEFAULT VALUES USED AS A STARTING POINT TO AID USER

¢ USER MUST HAVE SOME KNOWLEDGE OF BASIC PRINCIPLES

Aockwelt
internstionsl
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The schedule for developing the models is presented on the facing page. All activities have
been completed with the exception of the Heat Rejection Task Order. The software (or this
Task Order has been completed and (he users manual is in preparation. The task orders also
includes user support to aid NASA in integration with the master module.

SCHEDULE AND MILESTONES FOR NEP SUBSYSTEM MODEL

DEVELOPMENT TASK ORDERS 18, 19, 20

T/70

TASK

JAN IFED lIHM IM’R I HAY ].m IMVl AUG | SEP'I[OCI

PERFORMANCE ALSORITHMS
FOR K-RANKINE POWER
CONVERSION

PERFORMANCE ALGORITHS
FOH BRAYTON POWER
CONVERSION

IALLIED S1BNAL SUBCONTRACT
BRAYYON POWER CONVERSION

Complete

* Users Manual
omplete A

Mode! Development

!ampllle ! !ompmc A

Hodel Structure Users Hanual
!omplclo A
Documentation

!omplo!o ! !omp'tlt ! !omp'olo 2

19 PERFORMANCE ALBORITHHS
-RANKINE ANO BRAYTON
mTKREA.EN:TI;l Radiator todels Radistor/Hanifold User Hanua!
Modal
PERFORMANCE ALGORITHMS m Complete
20 FoR POWER PROCESSING AND omplete Fode Users Manual
[FRANSHISSON Development
et lm«
Internationsl
Rocheidyme Divislen
NP-TIM-92 825
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Brayton l'bwer Conversion Module Flow Diagram

The facing viewgraph shows a typical Now diagram for a closed Brayton cycle (CBC) system.
The Power Conversion Module computer code provides for two heat source configurations;
(1) liquid metal-to-gas primary heat exchanger, or (2) a gas cooled reactor configured into the
CBC loop. The scope of the power conversion module for those iwo cases is indicated on the
facing page.

The Brayton power conversion module provides for the cycle state point calculations,
component performance projections, and compouent sizing. The components include the

turbine, compressor, alternator, recuperator, and ducting. A primary heat exchanger
performance and sizing routine is provided for the gas heater option.

Power Conversion Module Flow Diagram

Abermator Cooling Supply

== Ahernaiot Cooling Return

Heater Supply

L
i

1. Full sysiem modide boundary
2. Ges rencior sysiem opiion moduls beundary

L \Joo
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Power Conversion Module Computer Program Block Diagram

The next three viewgraphs give the computer program structure for the Brayton power
conversion module. The first chart shows the input file structure for the program. Once the
data files have been read and the appropriate preprocessing completed, the code moves on to
the cycle state point definition routines including component performance computations. The
second chart gives the layout of the subroutines used in the cycle statepoint definition portion
of the code. Following the statepoint definition, the code moves into the detailed component
sizing. The third chart gives the layout of the subroutines used in the component sizing portion
of the code. Qutput options for the code are also provided.

DATA INPUT/SETUP MODULE

mom T
READ »| PRE-
ENTER INPUT DATA AND .
FILES INITIALIZE
{BRAYTON]
THERMO
DEFINITION _
{RECINP} o ek
< RECUPERATOR |« TRANSFER <
' INPUT QEOMETRY
COLLISION
- TAANSPORT | INTEGRAL AND
KINETICS CURVE FAIT
MODEL SUPPORT
______ [HSAINP) e
< HSA INPUTS W heasine i
______ {HRAINP) T
» HRA INPUT . !1RA$ INE’-“ )
e
Rockwel L fouctiNe} 3, P
‘l :::r:tlonll i DUCTING INPUT o DUCTS |Nl:—',l
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POST PROCESSOR/OUTPUT MODULE

o
igoeal

{TAC NEGSIZE]
ROCKETOYNE | |yumpOAL 10R]| | RECUPERATONY
DUCTING SiZE/ 830R HEAT TRANSFER/
MASS SIZEMABS MASS
AN
.
KN
S . [BRAYTON) EXIT
b4 Y.,
{ouTPYT]
FORMAT DESIRED
" oy OUTPUT AND
PRINT TO FILE
AOCKETDYNE ROCKEYDYNE
HRA ROUTINE HSA AOUTINE
SIZEMASS SIZEMASS
CALCULATION CALCULATION
! PROGSOUT
AN 01008 1M
Rock
‘B inievnationel
Nesheidyns Divislon
THERMODYNAMIC MODEL
[BEARING]| |GENSIZE] [wocosl”
ROCKETDYNE BEARING ALTERNAT ROCKETDYNE
HRA SYSTEMPOWER | | ALTERNATOR WIDAGE HSA
ROUTINE caLcuLaTion | | perFormance | | caLcutation ROUTINE
Y
{STATEPT]
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*AVVISL
RADIAL Aveono RADIAL 7
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SIZING! SEING/ . SIZING/
PERFORMANCE | | PERFORMANCE Penronumce PERFORMANCE
‘ Inhmlnoml : 43ARTe 1908 16008
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The facing page is a table illustrating the input variables the heat rejection
submodule receives and directs to the various routines, and the output variables
generated by the routines that the heat rejection submodule directs to the
master module. Since there are numerous variables, only a partial listing of
some of the key variables where included in the table.

Brayton Power Conversion Module

Key Inputs ' Key Qutputs

e Axial or radial e TAC mass

¢ Gross electrical power ¢ Recuperator mass

¢ Turbine inlet temperature ¢ Turbine efficiency

* Pressure ratio ¢ Compressor efficiency

¢ Cycle beta ¢ Alternator mass

¢ Specify 2 0of 3 e Cycle statepoints
* RPM ' * Temperatures
¢ Specific Speed ¢ Pressures
e Compressor inlet temperature * Flows

* Recuperator effectiveness e 10f 3

¢ Pressure drop allocations ¢ RPM

¢ Molecular weight options ¢ Specific speed

o Compressor inlet pressure
¢ plus more than 30 others
¢ dozens of performance and
geometry related parameters
are available

L\ Jia
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In the potassium-Rankine power conversion subsystem, shown on facing page, the principal
flow of potassium vapor leaving the boiler is to the main turbine. A relatively small stream
is diverted to the (urbine of the turbo feed pump. The main turbine Is divided into
high-pressure stages and low-pressure stages. Upon exhausting the high-pressure stages, the
wet potassium vapor is routed through a reheater to revaporize entrained moisture and
re-superheat the vapor stream, upon which the vapor stream leaving the reheater is routed to
the low-pressure turbine. Upon exhausting from the low-pressure turbine slages, the vapor is
condensed in a shear flow controlled condenser. Latent heat of vaporization is rejected by the
condenser (o the heat rejection subsystem. Condensate leaving the condenser is directed to a
Rotary Fluid Management Device (RFMD). The RFMD provides two phase fluid management
and pressurizes the condensate to ensure that sufficient net positive suction head (NPSH) is
provided to the main turbo-feedpump. The turbo-feedpump repressurizes the liquid polassivin
recelved (rom the RFMD and directs it to the boiler.

POTASSIUM-RANKINE POWER CONVERSION SYSTEM
SCHEMATIC

- T

/ Torbo-Aleraatur
1 E}qﬂ

~CH
L \Joe

]
i
L}
4 '
Palassion J !
Arcumaleter r '
[]
|
|
I
Roskottyns Oivivion: : Rodister
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NP-TIM-92

0N

The potassium-Rankine program structure and interfaces are illustrated on the facing page.
The K-Rankine submodule is designed to interface with the master module by receiving input
and directing output generaled form the K-Rankine routines (o the master module.

Additionally, the K-Rankine submodule directs the flow of computations and data through the
various K-Rankine routines.

Rochwel
internationsl
Rochotdyne Divislon

NEP K-RANKINE TOP LEVEL FLOW DIAGRAM
Nnput/Qutpot

K Rankine
Submodule

N

2

Determing ¥ of

- Size
\/ ;l/ Reheoter
Turbine Stoges A o
Size Piping Size T
Compute . Bofter
Heod Losses -
De ter mine - I 't
Conditions ot 1
Eoch Stage
Size Turbine,
Alternator,
& Feedpump Determine K
- - SREEREE . : R | Thermadynanir
Deternne Feedpurp | | - > Proper ties
Operating Conditins |~ :l_( - r————
Size RFMD &
PCS Auxiliories
De tormne I
Heat Adition -
lient Re jerten:
L Flos Rates

I

831 NEP: System Concepts



The facing page is a table illustrating the input variables the K-Rankine submodule receives
and directs to the various routines, and the output variables generated by the routines that the
K-Rankine submodule directs to the miaster module. Since there are numerous variables, only
a partial listing of some of the key variables where included in the table. The K-Rankine code
requires in the neighborhood of 60 input variables and penerates over 500 output variables.

K-RANKINE INPUT/OUTPUT VARIABLE

MAJOR INPUT VARIABLES MAJOR OUTPUT VARIABLES
- Electric Power Out - System Mass
- Turbine Inlet Temperature - Heat Input Requirements
- System Life - Heat Rejection Requirements
- Condenser Temperature - Electrical Frequency
- Voltage . - + Over 500 Other Qutput Variables

- + 50 Other Input Variables

AN Y. €L
. ‘ ‘,;li"'!‘}'!tkwn}l
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ITEAT REJECTION

The heat rejection subsystem desipn code provides the capability of analyzing three distinet
configuration options; namely, direct gas cooled Braytons, liguid loop cooled Braylons and
Rankine cycle shear flow condenser units. Algorithms (o eafeulate the mass and performamee
expected for each component in each of the three subsystems are included. Normally, o
relatively complete description of the dimensions and fows involved with the particular
component is required (o be supplied- to the code. An option is offered that permits the code
lo run with relatively little information (namely; inlet aid outlet conditions and system type)
The output from this option can then be used as a buseline for other optimization studies,

Note: Flow input (o the Ravkine condenser manifold must be cither saturated or wet, ‘Ihe
code cannot accommodate superheated vapor,

RADIATOR FLOW SCHEMATIC OPTIONS
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NEP IIEAT REJECTION TOP LLEVEL FLOW DIAGRAM

"y .w Anon
[ racron SALOWLATION
1 Y.
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Reckoligne Division

The top level flow diagram for (he heat rejection subsystem is shown. ‘The driver code mus,
as a minimum, supply the subroutine with thermodynamic inlet and outlet conditions and with

8 heat rejection method selection.

The code will then proceed to perform a detailed

computation of the performance and mass of the system specilied. The computation sequence

for these estimates proceeds from first
situations.

NEP: Svatem Concentx R34

principles and follows the blocks as shown. The code
contains all preperties and orbit environmental information needed to analyze most operational
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HEAT REJECTION INPUT/OUTPUT DESCRIPTION

KEY INPUTS KEY QUTPULS
- Inlet Flowrate - Radiator Area
- Inlet Temperature - Ileat Rejection Subsystem Mass
- Inlet Pressure - Component Masses
- Amount of l(:)ea: t)o be Rejected - Component Pressure Drops
uty

- Component Temperature Drops

- Detail Component Dimensions - Detail Component Dimensions,
(Optional) If Not Given
O oot
Poshsidyne Divislen

The facing page is a table illustrating the input variables the heat rejection submodule receives
and directs to the various routines, and the output variables generated by the routines {hat the
heat rejection submodule directs to the master module. Since there are numerous variables,
only a partial listing of some of the key variables where included in the table.
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LLOW FREQUENCY PMAD ARCINTECTURE
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International .
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Low Frequency PMAD Architecture

The PMAD model Is based on a low frequency PMAD architecturs that transmits power
1o either ion or magnetoplasmadynamic (MPD) thrusters at the alternator voltage and
frequency. It does not utllize a rectifier or inverter to change the alternator output
power characteristics. This low frequency transmission approach was compared with
dc and high frequency ac designs, and determined 1o have the lowest mass, highest
efficiency, and on the basis of complexity judged to have the highest rellablility and
lowest development costs. Aithough its power quality is not as good as that provided
by a high frequency system, It Is adequate for both lon and MPD thruster applications.

This architecture has six main elements: thruster power processing units (PPUs),
switchgear units, phase lock transformers, shunt regulators, parasitic load radiators,
and transmisslon lines. The thruster PPUs convert the high voltage ac employed tor
power transmission Into lower voltage dc feeds for the respective thruster elements.
The switchgear units perform power switching operations and provide fault protection
for the thruster PPUs. The phase lock transformer is only included if counter rotating
alternators are employed. It synchronizes the alternator outputs and prevents a torque
moment from being applied to the NEP vehicle due to unequal or unbalanced changes
in alternator speed. The speed regulator controls the alternator and turbine speed by
adjusting the connected load. The objective is to maintain the total connected load,
thrusters and parasitic load, at a fairly constant level and prevent the reactor from
experiencing power fluctuations. Finally, the transmisslon lines carry power from the

alternators to the switchgear units and distribute it to thrusters.

TASK20VQ OCT
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NEP PMAD TOP LEVEL FLOW DIAGRAM
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NEP PMAD Top Level Flow Diagram

The modei operator largely defines the PMAD architeclure by selecling the number of
operaling and standby PMAD channels, and lhe number of alternators end thrusiers
per channel. Then, depending on whether lon or MPD Ihruslera are being studied, the
user sslecis the appropriaie PPU type. The frequency used for power transmission
is established by the alternator, and the thruster PPU input voltage selected by the
user determines lhe transmission vollage. The final sysiem level parameler selected
by the-model-operator-is. the-power-conditioning companent .coldplatle. iemperature.
Many other component specitic parameters can also be changed; however, the defauit
values that are provided are appropriste for most applications. Based on the operator
selected Inputs, the PMAD model oulputs such figures of merit as total PMAD sysiem
mass and specific weight, and the end-to-end PMAD system elliciancy.
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PMAD Model Input and Output Parameters

Key liputs Key Outputs
Total Output Pover Level Total PMAD System Mass
Alternator Frequency PMAD System Specific Weight
Number of PMAD Channeis PMAD System End-to-End Efficiency

Number of Alternators per Channel Total PMAD Component Mass

Number of Thrusters per Channel Total Transmission Line Mass
Power Processing Unit Type Total Electronics Radiator Mass

Component Coldplate Temperature Numerous Other Qutputs such as
Transmission Line Temperatures and

Numerous Other Inputs such as Efficlencies; and Individual Power

Transmission Voltage; Transmission Line Conditioning Component Masses,

Lengths; and Power Conditioning Component Efficiencies_, and Volumes

Configurations, Voitages, Fiitering Levels,
and Power Processing Element Eificiencies

ON oo

Restoldyne Oivisien

The facing page is a table illustrating the input variables the PMAD submodule reccives and
directs to the various routines, and the output variables generated by the routines that the
PMAD submodule directs to the master module. Since there are numerous variables, only a
partial listing of some of the key variables where included in the table.
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Study Purpose

Several recent studies by ASAO/NPO stall members at LeRC and by other organizations have
highlighted the potential benefits of using Nuclear Electric Propulsion (NEP) as the primary

The study was performed by SAIC and Martin Marletta under direction of Michae! Doherty of the
NASA/LeRC Nuclear Propuision Offics, Mike Stancati (Study Leader) and Jim McAdams of SAIC
performed the rendezvous and disposal modes analysis. Tal Sulmeisters and Dr. Robert Zubrin of
Martin Marlstta prepared the launch, assembly, and refurbishment sequences. The study team
wishes to acknowledge the guidance and valuable comments by Mike Doherty, Jim Giltand of
Sverdrup Technology, and Len Dudzinskl and Jeff George of NASA/LeRC.

Study Purpose

Identify and assess operational Issues assoclated with using Nuclear Electric Propulsion for SEI
missions, including Mars cargo and piloted, and lunar cargo transfer:

¢ Launch and assembly
* Spiral operations and crew rendezvous
® On-Orbit Refurbishment and maintenance of a reusable NEP transfer vehicle

* NEP disposal

Satvns
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Ground Rutes

This study concentrates on gperational issues, rather than performance assessment of allernative
technologies against some sel of user requirements. For this reason, certain ltems are specified as
given. The NEP system Is a modular concept, which was identified and studied In several recent
activities by LeRC. Changes or enhancements fo this basic syslem are proposed only for
operational reasons; beyond very basic calculations, we have not optimized specifications or sizing.
Payloads are consistent with many earlier studies 1o support a crew of four round-trip 1o Mars.

Commonality of design and operations is preferred throughout. This means, for example, that a
single Earth orbit wilt be selected for both Initial assembly and refurbishment between missions.
Similarly, common procedures will be used for operation of both piloted and cargo transfer vehicles.
Simplicity of in-space operation is also a ground rule. The processing sequences proposed and
evaluated are selected to minimize the complexity of on-orbit operations. Inirastructure and
resources are minimized, consistent with safe, effective operation.

Finally, we address reactor disposal using conservative approaches In all cases.

Ground Rules

- Specified NEP referance systems for cargo and plloted transfer vehicies, based upon
propulsion module concept studied previously at LeRC

-+ Payload sizing generally consistent with earller studles for a crew of 6
- Mars transit habitat = 40 t

- Earth Crew Capture Vehicle = 7 t, for Apolio-type reentry with V,, < 9.4 km/s

- Prefer common NEP vehicie configurations and processing sequences for piloted and
cargo misslons

+  Minimize on-orbit operations and infrastructure

- Safe reactor disposal for all cases, from normal end of life to propulsion sysism failure

+ Spiit mission profile
- cargo MTV carrles surface payload and MEV; crew MTV carrles return propellant
- use 2012 cargo/2014 plloted opporiunity for calculations

NP-TIM-92 841 NEPSystem toncept



Assumptions for NEP System Scaling

Each module includes a complete propulsion system, from energy source to thrusters, and the
necessary structural support. The reactor is designed to deliver 5 MWe at full power, with an
sfficiency of about 20%. Design fife for the reactor s two years at full power. The module mass
estimate Is just under 37 t, including all subsystems, so the target specific mass is 7.3 kg/kWe.
Studies by LeRC and GE Indicate that, while this represents an advance in state-of-the-art, it Is a
reasonable projection for attainable capabifity in the near term.

Cargo flight to the Moon or Mars would use a transfer vehicle configuration with a single propuision
module. Piloted flights to Mars would Include system-jevel redundancy with two fully configured
propulsion modules delivering a fotal of 10 MWe. In addition 1o improving nominal performance, the
piloted Mars Transler Vehicle (MTV) features several abort modes for degraded propuision systems,
Including loss of an entire module. A paraltel study by SAIC (Task Order 19 of this contract) reports
a preliminary risk/rellability assessment of the two-module "Hydra."

Assumptions for NEP System Scaling

Each propuision module - *relativety near-term" technology

* Complete, self-contained propulsion system with: growth SP-100 reactor, K-Rankine power
conversion, PMAD, thrusters, heat rejection, and supporting truss structure

Reactor delivers 5 MWe full power over 2 year life
* Argon lon thrusters, Isp = 5000 s, 10,000 hour lile

* Module specific mass (Includes all subsystems) = 7.3 kg/kWe

Transter Vehicie Configurations
* One 5 MWe module for cargo fights

* Two § MWe modules for plioted flights

Setes
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MPV Orb Ops - RENDEZVOUS.&DOCK.. ... ..

700 kini (241 t) Crow Transter Tuanel
fxtended and Connecled

Two Latinches

RIAARTIN AIAIRIETTA

T8520810.3

Crew Rendezvoiis Summary |
Esirth Departure Spiral

« Crew rendezvous In high Earth orbit
(> 20,000 km) prior to escape

+ Use co-elliptic approach and terminal closing
strategy of Geminl/Apollo

« Applles to all spiral thrusting programs and

*» Requires a Crew Taxd vehicle

« Option: co-elliptic rendezvous in funar orblt

Mars Orbit Operations
» A sequence ol co-olllpﬂc approaches
+ Plioted chase vehicle In each case
« Avold docking 2 large structures

NP-TIM-92
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NEP Disposal - Summary

ISPOSAL HRIVAL

TH ORINT

MARS DEPART

« Nominal End of Life - use stable
hellocentric orbit

- modest propellant requirements
- conservalive risk management

« Disabled Vehicle - use Interplanetary path
-orbltiite of = 107 years

- collision risk similar to asteroids

-no AV

Vehicle and Infrastructure implications
+ Include auxiliary propulgion In 5 MWe module design for

orbit ralsing (150 mvs)
+ Separate disabled reactor from rest of module - optional

capability
+ OTV lor assured removal from Earth orbit

IR RN TN

» What About Earth Orbit?

- temporary storage only
- avold long-term slorage perceived risk
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Ground Rules & Assumptions

GROUND RULES:

* NO Planned EVA's for Basic Assembly or Contingency Operations

+ Docking Operations are Automated

* Robotics (l.e. FTS) Used for Maintenance and Refurbishment Ops

* 700 km Orbit is the Point of Departure for Assembly and Return Ops

« Maximize Common NEP Configurations for Cargo and Piloted Missions
* Minimize On-orbit Assembly and Required Supporting Infrastructure

ASSUMPTIONS:

* Use of a Cargo Transfer Vehicle (CTV) Is Available

» Flight Telerobotic Servicer (FTS) Is Available

+ CTV Docking Port Is Available on Each Vehicle

+ =250 t Launch Vehicle with Supporting Facilities is Avallable

MARTIN MARIETTA

TS-920911.4
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Mass of NEP Vehicle Missions

The NEP vehicles addressed In this study had three misslons, Lunar
cargo, Mars cargo, and Mars piloted with the mass breakdown as

shown on the faclnF é:aga.For the manned mission, there Is an additional
cryogenlc chemical Crew Taxi with an Initial mass in LEO of 57 tonnes.
Itis used to transport the crew from LEO to the point of rendezvous
prior to Trans Mars Injection.

Mass of NEP Vehicle Missions
Lunar Cargo Mars Cargo Mars Piloted

NEP Spacecraft 40 40 80
Habitation & ECCV 0 0 50
Propellant 48 91 177
Tanks 5 9 18
Cargo 140 160 0
Total 233 300 325

TS-NEP-1
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Saturn V Derived Orbital Delivery Capability

The performance calculations shown were based on a Saturn V derived
Heavy LIt Vehicle (HLV) under consideration for use In the First Lunar
Outpost (FLO) transportation system. FLYIT code (Martin Marletta
proprietary launch vehicle simulation) was used. The HLV has a
cryogenic 2nd stage. Since performance loss to 700 km Is ve?y modest
and orbital decay from 700 km is about 30 times greater than from 400
km, this altitude was BASELINED for this study.

Examination of the launch mass requirements with the capabillities
indicates the need for TWO launches to support each of the Mars
missions, however, considerable excess capabllity exists. To improve
the manifesting eﬁfclency, it is suggested that a "banking” approach
be consldered where the extra capability is filled with additional
propellant, spare components, etc. for use on other missions. These
could be stored on orbit, possibly on a platform.

MARTIN MARIFTTA

T8 NEP-2FP

Saturn V Derived Orbital Dellvery Capability

Orbital Altitude (km) Payload (tonnes)
300 259
500 250
700 241

TS- NEP-2
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"Gut Feel" Baseline Mission for NEP

The basic steps to accomplish a cargo or plloted mission using NEP
vehicles are summarized. Individual mission sequences along with
options are described in followlng charts. Some of the options, l.e.
return to earth of a NEP cargo vehicle are also Identified.

18- 812.2.FP

Gut-feel” Baseline Mission for NEP
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Mission Sequence - MARS/LUNAR CARGO

The numbers Indicate the sequence of functions. Some options are
desirable at certaln times in the misslon as follows:
1.Take CTV to Mars -
2.All cargo left in Mars orbit or some landed on Mars
3'NEth:'g|i Mars/Lunar flight returmed and circularized in ~ 700 km
earth orbit .

NTAIRXTIN AYARITTA

T8- 900.3-FP

Mission Sequence - MARS/LUNAR CARGO

NMARTIN MARIETTAN

TS- 920909.3
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Mission Sequence - MARS PILOTED, LAUNCH

Two NEP's are launched in separate launches. It may be possibie to
launch two NEP's with the crew habitats and one ECCV in one launch
(thls requires some additional conceptual work for the vehicle and
habitat design definition). If the NEP's are launched separately, a CTV
Is used to assemble the two vehicles using a CTV adaptor. This would
provide some backup since the CTV can maneuver and it would not
rec‘ulre initlal designation of each NEP as to which Is the target and
which Is the chase vehicle. It is envisioned thotagl:t’l that a stabllization
system of some sort will be required on each N vehicle. Sizing of

these systems and the CTV should be traded and worked in an iterative
manner.

Use of the CTV and the adaptor, could provide further redundancy by
implementing muitiple docking probes.

T8-909.1-FP

Mission Sequence - MARS PILOTED LAUNCH

Crew Mission to Mars
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Mission Sequence - MARS PILOTED, CONT'D :

Upon MPV completion of splralin? to escape, the Mars crew Is launched
in a taxi that has an ECCV capabiliity. The tax| rendezvous with the MPV
assembly and continues to Mars. Once the vehicle is clrcularized ‘n Mars
orblit, the crew, using the taxi, transfers to the Mars Descent (MD)/Ascent
Vehicle (AV), previously delivered to Mars orbit by the cargo mission.
Subsequently the crew lands on Mars and after the requisite stay time,
returns to the MPV for return to earth. When high earth orblt is attained,
betore the spiral down to 700 km, the crew separates In the ECCV for
return to LEO or earth direct.

MARTIN MARIETTA

TS- 908.5-FP

Mission Sequence - MARS PILOTED, CONT'D.

Crew Mission to Mars
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NEP/MCV - Concept

To fit within a 10X30 m fairing, presently planned for HLV's, and to avoid
on-orbit assembly, a recommended radliator design, used In this studx,
consists of 3 segments. The forward trapezolidal ment, 11 m long has
a short width of 4.5 m and a large width of 8 m resu ting in a 69 sq. m per
side area. The remaining two segments are rectangular, 8X18 m resultin
in an area of 144 sq.m per side. Thus the total radiator has an area of 35
$q. m, slightly larger than the baselineconfiguration of 347 sq. m
(supplied design).

The reactor Is mounted on the short width end of the forward segment
and can be packaged within the conic region of the shroud.

The duployment sequence Is automated and does NOT require on-orbit
assembly. The automated extension of the boom Is also possil
ﬁ design of such nature was analyzed for the Thermionic Space

uclear Power system proposal).

The remaining key Items,l.e. two solar pannels (1kw each), CTV docking
port, FTS and an engine pod are launclied with each vehicle. Cargo,
CTV and the propeliant module are launched as lift and packaging
capabilities allow. Specific subsystem design concepts would be
required to specifically manifest and package a given mission.

T8 NEPAMCY Conc-FP

NEP Concept - MCV
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NP-TIM-92

NEP Key items

The NEP vehicle has a reactor assembly, a boom assembly, an FTS to
assist in contingency, repair and on-orbit maintenance operations, an
engine pod, located at the end or along the boom, depending on the

use of a given vehicle, l.e. cargo/end or plloted/side, a CTV docking port,
and two solar pannels (1kw each) to provide communications, control
functions (RCS subsystem may be desirable) and FTS operations.
Cargo attachments (docking ports ?) for major cargo items and onboard
spares will be provided and require a conceptua! design to afford
timeline development for maintenance or repair operations (what
parameters and to what degree of finesse they must be specified is
addressed under the FTS operations part of this study).

NMARTIN MARIETTrA
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NEP Concept - Key ltems
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NEP Ground Ops Flow

The NEP processing cells can handle the basic or cargo as required.
Upon completion of packaging and required amount of encapsulation,
the basic vehicle or the cargo set is moved to the Vertical Assembly
Building for stacking with the launch vehicle.

The only on-pad operations planned would be assoclated with cryogenic
systems and their handling.

18- 820.4-FP

NEP - Ground Ops Flow

Cpix 304 Or 8
LY Class - 250 ¢
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NEP Processing

The Items to be assembled and stowed (radiator, boom, etc.) are handled
in the horizontal processing cell. The sizing of the cell should be based
on a 5:1 area ratio of the stowed cargo area, glus the cargo area lItself,

using the shroud diameter, and adjusted for t
unstowed (to be collapsed) items.

NEP Processing

e maximum length of the

MARTIN MARIETTA

T9-820.8-FP
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Mars Cargo Processing

As shown earlier in th%ground ops flow, the Mars cargo wiil be
transported from the 700 km altitude to Mars orbit using the NEP vehicle.
The cargo Is planned to be launched using the same HLV and thus

the same ground processing tacilities are envisloned.

78.3
Mars Cargo Processin
Cargo, Propellant and . rc Cargo Intogratlo
Cargo Transfer Vehicle i N
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NEP Orbital Ops Summary - INITIAL LAUNCH

The mission planners can select which item set SNEP or cargo) is the
target and which Is the chase vehicle. The two wlll be placed at some
altitude apart. They both should be located at the same inclination, thus
no mention is made of orbital plane change.

It Is envisioned that after the NEP vehicle launch (probably the first
taunched vehicle to allow confirmation that all systems are operational
before committing to launch of the cargo) the stowed systems will
automatically deploy and activate the prime subsystems required to
communicate with and control the vehicle. The activation and checkout
sequence duration will depend on the success of the automated
sequences and availability of support resources (TDRSS, etc.). The
subsequent cargo launch time will depend on the pad turnaround time
or GO for second launch, based on the above described timeline, if a
second pad Is avallable.

NARTIN MIARICTTAN
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NEP Orbital Ops Summary - INITIAL LAUNCH
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NEP Orbital Ops Summary - RENDEZVOUS/DOCK

The Mars cargo Is transfered from the cargo launch locatlon to the NEP
vehicle via the CTV. Upon completion of the rendezvous and dockin
sequence, |.e. cargo transfer, the CTV can be retained with the vehicle
as a resource and eventually taken to Mars, or deployed and returned
for storage somewhere in the earth orbit realm (some optlons are
suggested In the "Deploy CTV" sequence.

As shown, the cargo transfer can take from a few hours to a few (couid
be manY in cases of failure or available CTV propellant limitations) days
depending on the separation altitude, the desired length for a launch
window, available AV, and the phasing angle between the two vehicles.
A set of parametrics over a desired range should be developed.

There are basically two options to how the cargo Is transferred; the
CTV gathers all cargo pleces at the cargo location and takes the total
mass to the NEP, or it can go back and forth to pick up individual or
groui. > pleces. Though It appears obvious to take the first choice,

a trade study is recommended once a CTV Is sized (propeliant, control
authority, docking mechanizm, etc.)

18-720.2.FP
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NEP Orbital Ops - RENDEZVOUS/DOCK Detalls

The cholce for the 700 km orbit that was baselined (agreed upon in a
joint telecon) Is referenced, and as one can See, no reboost Is required
at the 700 km altitude. Additional consideration of radioactive decay

is discussed separately.

The times shown for cargo piece capture bg the CTV along with the
transter times from cargo location to the NEP vehicle are all park

figures estimated from similar activities calculated for specific Space
Transfer Vehicle (STV) configuration studles (see referenced sources).

ItIs recommended that each NEP have an FTS and a CTV docking and
retention capabllity.

One can see that using this cargo transfer aprroach. a minimum of
32.5 hrs, not counting validation and verification times required by
the ground crews, would be required for on-orbit assembly.

TS- 731.1-FP

NEP Orbital Ops - RENDEZVOUS/DOCK Details

300 km (259 ¢ - Reboont), or
500 lom (260 1 - Reboost 7}, or :
700 m (2411 NO Reboost) i

700 + km

Assembly Time 32.8 hrs Min.

189207310
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Orbital Ops Option - 1

When the cargo pleces are assembled before transfer to the NEP and
then sequentially attached to the NEP vehicle, it aprears that some
time and propellant can be saved; assembly time of 22 hrs. However,
no validation and verification time has been allocated for the ground

crew surpportlcontrol operations or potential ground resource availab| lity
constraints.

T8- 803.2-FP
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Orbital Ops Timeline Summary - CARGO ASSEMBLY

The times, based on the STV calculated point design for a Lunar cargo
transfer vehicle study #NAS8-37856, as shown would resuit from the
number of individual cargo pleces that must be assembled. In this
study we assumed the shown three major pleces.

NMARTIN MARIETTA
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Orbital Ops Timeline Summary - CARGO ASSEMBLY
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NEP Concept - MPV

The key differences between a NEP for Mars cargo versus the one for
piloted use are:

1.The en?lne pod is located on the side of the boom so that adjustment
for CG |s possible and balanced thrust between the two assemblies
during Mars transfer and return to Earth can be configured.

2.A crw habitat is provided for on each NEP to balance the CG between
the two NEP modules after assembly. They are connected with a
tunnel after docking. One of the habitats has an attached Earth Capture
Crew Vehicle (ECCV) for contingencies. The second ECCV is carried
with the taxi that Is brought up as part of the crew launch.

3.A drogue assembly to interface with a CTV docking adaptor using
multiple probes so that elther NEP can be designated as the target
vehicle and also provide backup for docking operatlons.

It Is recommendee that each NEP for the Mars Plloted Vehicle (MPV)
also be equipped with an FTS and a CTV docking port (2nd level backup).

TS814.1-FP
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MPV Ground Flow

The MPV ground flow is essentially the same as that for the NEP cargo
vehicle except for the specific components involved. It takes two
launches to get the two NEP vehicles in orbit. The crew with the crew
taxi, which also contains an ECCV, is launched as a 3rd flight.

NIARTIN MARIETTA

T8-811.3-FP
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MPV Ground Processlng

The same ground facilities, using the same sizing estimations as for the
NEP cargo vehicle, are used to support the NEP's for the MPV.

18- #12.2-Fp

MPV Ground Processing
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MPV Orb Ops - RENDEZVOUS & DOCK

Using a CTV, after each vehicle has been checked out, it Is estimated
based on the earller detailed task timelines, that the rendezvous and
docking operation will require a minimum of 36 hrs.

Once docked, the crew transter tunnel will be extended connecting
both MPV/NEP modules.

TS- 812.2.FP
MPV Orb Ops - RENDEzVOUS & DOCK
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MPV Orbital Ops

or the final Mars transfer configuration, the CTV may
'l;grt;'l‘(i: ‘a"a'éa:i; gtr left behind. The crew taxi is brought up with the crgw
launch, however, the docking operation may utilize the CTV. As ca?l et
seen, sizing of the CTV in terms of control system, available p:’ope kan
and éround control Interfaces is desirable before more detailed tas

assessments are undertaken.

MPV Orbital Ops

300 kum (759 ¢ - Reboost), or
mmmu-nmmn, or

J00 km (241 1. NO Reboost)
* Rendezvous & Dock
+ Spiral to Escape
* Crew Transfer (with Taxi)

CTV Docking Adaptor
.-3hA\ To be Decked with
. Crew for TMg
ocrv»qhu-ulorp.un.,

| . -
U ” ; See Rendezvous & Dock Seq.
A "‘ “

locations)

A I i h
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The Rendezvous Profile

NP-TIM-92

Designate a passive Target Vehicle (TV) and an active Chase Vehicle (CV)

- Approach Impulse sequence establishes nominal starting conditions for the
terminal closing phase

Example: CV moves to concentric circular orbit just below TV aititude
(say 20 km) by adjusting one orbit parameter at a time

- Terminal Close impulse sequence reduces range and range rate for final docking

Example: CV uses line-of-sight thrusling to raise aititude and close to
within a few meters of TV

- Station-keeping final (optional) checkout prior to docking

- Docking Combination of small impulses and physical grappling devices

SAIC
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Orbit Rendezvous Experience Base

Of the soveral rendezvous schemes considered for Gemini and Apolio, the circular, coplanar method
was selecled. First, the target vehicle's orbit was established at a selected altitude. Then, the chase
vehicle launched and began the approach phase, modifying its orbit with a preplanned impulse
sequence. Since these flights involved human crews, time to rendezvous was minimized at the
expense of some additional propeftant. Autonomous rendezvous could foliow the same general
procedure, using a maneuver sequence designed to minimize propeliant over a longer time interval.

The chase vehicle approach phase ended in a clrcular, coplanar orblt at slightly lower altitude, with
the chaser lagging the target by a few tens of kllometers. For Gemini, the altitude difference was 15
nautical miles, or about 28 km. The range was 30 - 40 N.Mi., since predicted visibility would give a
clear fine of sight to the Agena target at that range.

The Apolio rendezvous foliowed a similar sequence. Just after the CSM passed overhead, the LM
launched from the surface 1o a transfer orbit of 60,000 feet by 45 N.Mi. Circularization at 45 N.Mi.
gave the slarting conditions for terminal closing phase. The entire sequence was completed 3.5
hours after the LM liftoff.

The terminal clasing phase for Geminl and Apollo was flown manually, using line-of-sight thrusting
by the chase vehicle. The entire approach phase design was intended to produce standard
conditions (lighting, direction, range, range rate, and required AV) to begin the terminal closing
phase. For Apollo, a faster rendezvous approach would have used direct ascent from the surface to
standard terminal closing conditions; but the expected dispersion range in starting conditions would
have been too large. The concentric orbit approach reduced this dispersion to acceptable values.

Note that the orbits need not be circular: the same control can be achieved with co-elliptic orbits.

Orbit Rendezvous Experience Base

* Approach phase puts target and chase vehicles in circular, coplanar
orblts wilh specified altitude separation, AH (can also be co-glliptic)

* Terminal closing phase performed manually, so standard initial conditions
are very desirable:
- approach direction
- lighting conditions
- line-of-sight rales
- nominal AV budget

Gemini Apolio
CSM @ 60 N.Mi.
Agena TV e
_______ g —n )
AH -?5 NML . LM @ 45 N.Mi.
....................... i
- Gemini T ™
cv Approach
Phase
Aa;E H IR TN o
2N Terminal
Close
+ Chase Vehicle below and bahind Target to * LM ascends, Injects 10 60,000 ft x 45 N.Mi_,
commence Terminal Closing; then circularizes at 45 N.Mi. to start
Range = 30 - 40 N.Mi. Terminal Closing
* 3.5 hours lit-oft to docking
NEP: System Concepts 886 e o
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Rendezvous Selection Considerations

Crew rendezvous with a spiralling NEP transfer vehicle Is complicated by hazaid avoldance and
liming considerations. Minimizing crew time traversing the 1adiation belts suggests a location above
19,000 km altitude. But higher orbits mean higher energy requirements for the crew taxi and, mote
importantly, longer phasing periods for the rendezvous sequence.

The list of operational constrainis on the following chart suggests that considerable work will be

needed lo define near-optimal rendezvous strategies for an NEP transter vehicle departing Earth.
Wae conslder four basic alternalives as a preliminary evaluation.

Rendezvous Selection Considerations

Libration Point(s)

L Increasing energy and flight time
Loer s e e ] requiremaents for the Crew Taxi

13,000 - 19,000 km Intensity varies w/ solar activity;

Van Allen Balts Poaks at 16,000 km
2,000 - 5,000 km Consiant high radiation intensity;
Debris Hazard o peaks at 4,800 km
500 - 1,500(+) km T e
- . D (| - *
with Concentration o ?br s‘.,-, - .
@ 1,000 km e

" MTV Assembly @ 700 km

SSF @ 400 km

Earth

-
Scionce AppRcoNons internetiunet I neper st 1
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Crew Taxl Rendezvous with NEP Transfer Vehicle

Problem: Pick an Earth orbit iocation and an approach/rendezvous sequence that:

- minimizes crew exposure 1o natural and on-board radlation
- minimizes risk of orbital debrls impact
- minimizes crew time on board the MTV

- minimizes vehicle design and propulsion requirements for the crew taxi and for the
Mars Transfer Vehicle

- minimizes complexity of operational sequences for nominal and fallback modes

- minimizes crew time spent In rendezvous

Scierce Apphcamens ternelpRe e st
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Rendezvous Location Uptions

Three of the options proposed for rendezvous are shown opposite. The lirst is to select a high Earth
orbit altitude, above the van Allen belts and liee of debris collections. A conlrolled co-clliptic
rendezvous sequence would build on our experience base from early manned programs.

The second option is to rendezvous post-escape, somewhal analogous to the direct ascent
approach considered and rejected for Apollo. NEP thrusting would be suspended long enough
{exact interval to be determined, but probably a few days) to reduce the radiation hazard and permit
lhe crew taxi to chase a target with relatively stable orbit conditions. Since approach and terminal
closing phases are combined, there is one less measure of control over the close approach
conditions. Off-nominal burns from LEO departure create a broader range of possible approach
conditions than the co-elliptic strategy. Moreover, there is only one chance to "catch the bus.”

The third option, not diagrammed on the chart, Is to deliver both the MTV and crew taxi to one of the
Earth-Moon stable libration points, and rendezvous there. Previous studies (post-Apollo) suggesied
some advantages for the trans-lunar L2 point as a node, over the L1 point. However, the selection is
moot in the case of the reference trajectory and spiral, because the MTV reaches escape conditlons
well before reaching lunar distance! To use eilher libration polnl would require modifying the spirat
lo use a non-optimal thrust program; this can be done, but at the expense of additlonal time and
propellant for the spiral. This also adds thrust-on time to count against thruster iifetime limits.

The (inal option Is to rendezvous in low lunar orbll. The crew would be sent out on a Lunar Transfer
Vehicle, possibly as "hitchhikers" on a regular lunar mission, to board thelr MTV waiting in orhit.
Feasibility of this approach depends on the lunar exploration manifest and Infrastruclure to support
it. A AV of about 2-3 km/s would be needed for NEP orbit capture/departure, but this is likely to
produce only a small increase in propellant loading. Of course, this approach adds some
operalions complexity in scheduling concurrent lunar and Mars flights.

Rendezvous Location Options

NP-TIM-92

Option 1: High Earth Orbht
e * Suspend NEP thrusting program anytime belore

\N s reaching escape

*ﬂﬂlﬂl}@— % N @%m - eslablish target vehicle orbit
N - power output decay (10- day delay, per MMAG)
» Crew taxi departs LEO 1o co-elliptic orbit position below
and trailing the largel NEP vehicle
» Parform co-elliptic terminat rendezvous sequence and
dock with NEP
« Continue NEP spiral to escape

Option 1

Optlon 2: Post-Escape
* Suspend NEP thrusling program only as long as
required for crew safely
« "Diract ascent” trajectory lo rendezvous
« Combined approach and terminal closing phases

Option 3: Libration Point Rendexzvous
« Both vehicles transfer to L1 {or L2)
* Not shown oppasile bacauss this oplimal thrust
pragram reaches escape conditions wall belore lunar

dislance

.
Beinns o Ag b atiomes 4o rmottnn s s opss setoun
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Considering the high orbit (Option 1 on the previous page), there are performance impacis of
selecling an allitude. A two-impulse transfer from LEO would use the first burn to raisc the orbit
apogee to the selected altitude, and the second burn to circularize there. Assuming this burn
sequence, the AV requirement increases rapidly with aititude, but flattens out above gecsynchronous
altitude (35,786 km). However, the radiation hazard of the van Allen befts forces a selection higher

than 19,000 km, so the crew laxi must be able to handle In excess of 3 km/s impulse from the main
engines.

At the same time, orbit period Is increasing from a few hours at lower altitudes to significant
Iractions of a day at higher orbits. A longer period implies a longer rendezvous and docking
sequence, especially for fali-back options that require more than one or two revolutions. Therelore,
even though there Is a fimited energy savings to be gained from using the lowes! possible orbit
above the radlation bells, there is an operational advantage. We propose an altitude of 20,000 km,
assuming a roughly circular orbit for crew transfer to the departing MTV.

The third curve on the opposite page shows the additional time the craw will spend aboard the MTV
if this co-elliptic approach is used. The suggested atitude requires an extra 17 days on board the
MTV in addition o the Earth-Mars transier time.

Misslon Performance Impacts of Rendezvous Orbit Selection

100

i
2-impuise Orbit Transter
4 ’\/};_,, // 80
; ///\\':'3;.‘"";";.‘;::', “// o
i Pt .
/ :

Spiral - days
a

-t
N
L

Crew Tinne on MTV During
o«
1]
2-impuise Orbit Transfer - km/s
N
nt
Clrcular Orbit Period - hours

O\ \
4 1 / Circular Orbit Pertod <] 20
ol 0 £ l 0
0 20,000 40,000 60,000 80,000 100,000

Rendezvous Orbit Altitude - km

+ Crew Taxi impulse increases rapidly with aititude; hits a "knee" at ~20,000 km

» Orbit period (circular) increases linearly with altitude. The ionger the period, the
longer the terminal rendezvous sequence for a co-elliptic rendezvous.

NEP: System Concepts
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Mars Orbit Operations: MEV Deployment & Return

Several rendezvous an docklng operations in Mars orblt are required to support the surface mission
and return trip. The cartoon opposite lllustrates ane approach that may minimize the complexity of
each step, but at the expense of adding at least one step to the process.

To begin, the crew MTV spirals 1o capture at Mars in an orbit that approaches the cargo MTV which
has arrived earller and has already deployed part of the surface payload. From this rough matching
of orbit parameters, the crew taxi or another elament designed for this purpose completes the
terminal closing phase to transfer the crew to the MEV brought out by the cargo vehicle.

After conducling the surface mission, the crew returns direclly to the crew transfer vehicle in the
MEV, completes a co-elliptic rendezvous, and readies for departure.

Mars Orbit Operations: MEV Deployment & Return

Crew MTV

« Crew MTV spirals 1o rendezvous orbit
+ Allow delay of several (< 10) days aftar reactor shutdown
before crew movement begins

» Crew Taxi shutlles crew to Cargo MTV tor transfer to MEV

+ MEV separatss and begins descent sequence

» Surface mission

Crow MTV ,@
-

» MEV ascends 1o co-eltiptic rendezvous with Crew MTV

* Crew MTV spirals 1o escapa on Earth return trajectory

.
Sot0n00 AppiinaOvns iniormation i Comoroiian
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Mars Orbit Operations

The advantage to this approach Is eliminating the need to dock the crew and cargo MTVs. The only
lransfer requirement for the baseline mission profile is o move the crew from transier element to
excursion element and back again; no propellant transfer is required for the crew's return.

Mars Orblt Operations

Several independent rendezvous operations with different active partners

- Crew MTV must perform the gross maneuvers of approach to match orbit parameters with
the cargo MTV, already in orbit

- Crew Taxi (or similar element) must perform terminal close and docking 1o transfer the
crew to the MEV.

MEV must perform compiete rendezvous and docking sequence upon return from Mars
surface,

Alternative: Crew MTV and Cargo MTV rendezvous

- Requires close maneuvering of two large structures, and approprlate scarring for all
operational sequences at Earth and Mars.

- Complicates crew safely on approach: must avoid 3 radiation sources

NEP: System Concepts 892 u-‘-wwm..az



NEP Rendezvous Approach and Design Implications

Earth Escape

- Rendezvous at Earlh-Moon L2 may be incompatible with the optimal thrusting program for
spiral escape; spiral time could be extended, but at the cost of extra thrust time.

. Select a high Earth orbit altitude (20,000 km) for co-elliptic approach/rendezvous
- standard, controlled rendezvous sequence
- permits delay for power decay after shuldown, before crew approaches
. Crew taxi must have ECCV capabillity and be able to handle AV of 3.5 km/s
Increases crew time on board MTV by a few days (17 in this case)
Mars MEV Separation/Approach

+ Use crew tax! lo fary crew from thelr MTY to the MEY

- Eliminates the need to rendezvous and dock two large structures

SAIC
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On-orbit Support Requirements

* PLATFORM in a 720 km Orbit [Study Indicates Operational Advantages]
- Reboost

- Attitude Control
- Ops Power
- CTV Storage/Dock

-CTV
- Cargo Transfer

- NEP Repositioning/Reboost Backup
- MPV Rendezvous & Dock

» Mission Control
- Deployment Verification
- Next Function GO
- Rendezvous/Docking Calculations
- Auto Sequence(s) Overrides

« Space Station Interface (contingencies, backup, CTV?)

TS920825.1
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NEP Weight Statement

To assess the ability of the FTS as presently designed to handle specitic
items, the weight statement as shown was used. Each item was viewed
from a mass aspaect to see If it Is a contender for handlin by the FTS.
The FTS task column indicates the results. In the case o the power
distribution system, the 10000 kg are robably devided between various
components, each of which could be handled adequately. However, to
finalize such an assessment, the design to at least a conceptual level,
for each subsystem component, must be defined. It is the location ot
each item that will determine how long it takes for the FTS to get to it,
what motion Is required to twist/pull/pushilift etc. for handllng each
ltem, and thus establish requirements on the FTS and the subsystem
components. Obviously this Is a very Interactive and iterative process.

The same discussion as above applles to the Taxi and Crew Habitat
handling since they will consist of components.

Repalr operations where pull and push functions by the FTS are probably
desired, will impact the design requirements placed on these compo-
nents. Particularly in this grou’) would fall the solar pannel mechanisms,
the thrusters, and propellant/electrical connectors.

18- 812.4FP

NEP Weight Statement

MCV/LCV Mass kg ETS Task
* Reactor/Radiator Assembly ____ 23285 _ N/A
« Solar Pannel Assembly 163 each y
« Flight Telerobotic Servicer 700 N/A
+ Engine Pod 3000 N
« Propellant Module 10000 dry v
+ Power Distribution 10000 ?
+ Miscellaneous Structure 4xxx
+
* 2 x MD/AV (Cargo) ) 75000 x 2
MPV
- Taxi(with ECCV capability) 57000 ?
« CTV Docking Assembly 2000 y
+ Crew Habitat Module (with ECCV) 50000 ?
MCV/MPY OPTIONS
- CTV Docking Port 500 . N/A
» CTV Docking Adaptor 2000
* CTV (Wet) | 6000 v

NP-TIM-92 895 NEP: System Concepts



Rendezvous, Prox Ops, FTS & Other References

This Page Left Intentionally Blank
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18- 819.1.¢P

Rendezvous, Prox OgsI FTS & Other References

mzmmm ( Bill Jackson / JSC [713}483-8303 )

* Space Transfer Vehicle, Lunar Trans

portation Study NASB8-37856,
AV Allocations, Timellnes, an

d Earth/Lunar Orbit Rendezvous

* NLS Cargo Transfer Vehicle Guidance and Targeting Strategies,
Wayne Deaton NASA-MSFC, 8 April 92 ‘

« CTV Briefing #3 to MSFC (Martin Marietta Proprietary)
ETS:

* Max Load Carrying Capability Final Report; MMAG Memo
FTS-SYS-90-473

* An Analytic Solution for Robotic Trajectory Generation,
MMAG Memo FT. S-SYS-90-452

- Contract # NAS5-30689
OTHER
* 1 KW SUPER Design for the P91-1 Program

s s ]

75820819 1
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FTS - Timeline Considerations

The referenced FTS documents were used for showing a boundary of
of how item mass relates to maneuver time including general
considerations as listed. This only addresses the motion of liftymove
itself. To develop total task timelines, the design (at least at a concept
level) is needed.

Note that denser objects can be moved faster since the; * "' be smaller
and their CG closer to the attach point, therefore a shorter lever arm.

18.729.1.FP

FTS - Timeline Considerations

100 —, ect Gen ion To ONSIDERA S INCLUDED:

1.Joint Torque Limits
2.Joint Velocity Limits
3.Mass Propertles
4.Maneuver

5.Position Loop Bandwidth
6.Simulation Model

7.Sale Velocitles

MANEUVER TIME (sec)

WEIGHT (#)

~arrin pramirrra)

759207291
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NEP Orbital Ops Summary - FTs

The tasks listed is a beginning of a long list that needs to evolve as the
vehicle conceptual design evolves. The specific item single Mmaneuver
time needs to be connected with the task timeline, which requires the
knowledge of location, reach distance, etc. and thus leads to the

recommendation that a conceptual design for the subsystems an-'
therefore the total vehicle be undertaken.

oo s s rral

18- 820.6.FP

NEP Orbital Ops Summary - FTS
CONTINGENCIES SINGLE MANEUVER TIME

* Cargo Secure ITEM

lbam3 sec
* Power Deploy Engines ____ =~ o, 15
+ Engine Pods 9.4 30
+ Power Cond.
* Solar Panel 3.3 12

MAINTENANCE

* Engines @750kg/5m3

* Engine Pods f4 engines) @3000kg
* Power Conditioner 10000kg/?

* Solar Panels @ 111 kg each

NOTE: 35.32 ta/m3

| 2.21 loakg

T9020820.8
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Maintenance & Refurbishment Scenarios

The NEP vehicle Is basic for the Mars cargo, Lunar cargo, and the Mars
piloted flights. Variations in vehicle configurations depend on the
specific mission. As was seen from previous discussions on cargo
rendezvous and docking sequences and thelr relationship to manifests,
it appears that a unmanned, rasslve platform could be of operational
advantage. The platform could also have a dedicated FT S to perform
such tasks as thruster replacement where the remainder of the pod

is operational (failures that have occured before expected end of life).

The numbers under each type of equipment indicate the total number
recommended for use In accomplishing a given Mars mission.

TS.819.3FP

Maintenance & Refurbishment Scenarios

-

MCV/LCV & MPV
Retumed to 700 km

Orbit
for Relurb/Retil
1 each ECCV
O NeawSmwmo
3) (] (] © 1) (1)
R
Ptattorm Vehicles with
S~ Same Options

T8020810.9
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Vehicle Refueling

This Page Left Intentlonally Blank

T8-819.4.FP

Vehicle Refuelin

* Fluld Transfer NEP Veh. (trade study required - does NOT look favorable)
- Propellant in Module Form for Initial Vehicle Configuration
- Maintain Propellant Module Synergism

* Fluid Transtfer CTV Appears Favorable

TS920819.4
NEP: System Concepts 900
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Thruster Replacement

This Page Left Intentionally Blank

IS- 019.5FP

Ihruster Replacement

* Thruster OR Engine Pod Replacement is Feasible with FTS Design
- Mass drives maneuver time

- Component design will drive:

+ Accuracy Req.
+ Force Req. | These and Moving Distance Delermine

» Dexterl eq. Total Task Timelines
* Reach Heq.

MAaARrRTrin MARIETYTYA

T5920819.%
NP-TIM-92 901 NEP: System Concepts



Non-nuclear System Repairs

This Page Left Intentionalty Biank

8. 818.5-FR(1)

Non-nuclear System Repalrs

* In General Possible and Desirable (specific amics have been anal ed
- Specitic Design Dependent (specifc dyn vzed)

- Mass Density Dependent

ik,

* FTS May be Usable in Conjunction with the CTV

NEP: System Concepts 902



Refurb & Maintenance Schedule

Some of the possible candidates for refurblshment and maintenance
are identified and their potential schedule suggested. Again, until

at least a conceptual level of subsystem deslign is performed, specific
component replacements, their projected reliabilitiy and bulldup of
that particular function, as shown in this list, can not be accomplished.

TS 810.3-FP

Refurbishment and Maintenance Schedules

BEFURBISHMENT (TEMS SCHEDULE

» Solar Power - Replace Panel Assembly (2/vehicle? Each Mission
- Replace Battery Assembly (2/vehic e) As Req.

» Crew Habltat Each Mission

+ Engine Pods Each Mission *

. Prorellant Module Each Mission

- Tax Each Mission

+ CTV Docking Adaptor Upon Failure

- FTS 10 yrs/Failure

. CTV As Req.

MAINTENANCE ITEMS

+ Solar Power - Drive Mechanism Inspect/Replace As Req.

» Crew Habitat - Selective Items As Req.

+ CTV - Selective items As Req.

NOTE: * An option of taking extra pods to Mars for scheduled

replacement should be considered

789208183
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Decay Power of a 5 MWe NEP

Upon return and subseaquent to shutdown of each 5 MWe module, the
decay time and power were tabulated. On the basis of these results

it Is recomme that a minimum of 10 days be allowed before any
cargo or propellant loading Is initiated. One can see that a further

wait to 100 days would only turther reduce the doses by a factor of 0.4.

Decay Power of a 5 MWe NEP - AFTER SHUTDOWN

Time (days) EractionofPrated  Decay Power (kwi)
0.1 0.01 244
1.0 0.005 122
10.0 0.0015 37
100.0 0.0006 15
1000.0 0.0003 7

920908.2
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10 MWe NEP Radiological Inventory if Re-entering

The worst case scenario for a Mars plloted vehicle failing In all aspects
upon return to a 700 km LEO orbit would have a radiological inventory
as shown. The vehicle has two 5 MWe modules for a total power of

50 MWt. The Mars mission Is assumed to last for three full power burn
years for a total reactor usage of 150 MWt-Years. Since re-entry from a
700 km orbit for this type of vehicle (ballistic coefficient of 200 kg/m2)
Is ggpe%tecc: to be around 54 years, the radiological hazard would be
=100,000 Cli.

The probable heaith consequences are ZERO, since odds are 75% that
the system will land in the ocean and sink through the bottom
immersing 50 to 100 m below the sub-sea bed, thus safe disposal.

If the reactor were to re-enter over prime farm land, breaking ur and
dispersing, the prime hazard will come from the bone seeking sotopes
Sr90 and Cs137, both with half-lives of ~30 years. Typical crop
condemnation level is =1 Cl/km2. Thus under the worst smooth
scattering possible, about 100,000 km2 could conceivably be
contaminated. If the crop were wheat, assuming $2.50 per bushel at 40
bushels to an acre, economic losses would be $2.5 B/yr. Clearly this
would not be accerlable and an infrastructure to assure prevention ot
this type of an accident Is recommended.

MARTIN MARIETTA

MLIFP

10 MWe NEP Radiological Inventory if Re-entering

800
3 Burn-year Mission
18 ——L0—— tventory xch
00
5 -
§
£
a
E
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] o
~bwg ~Oe0
0 \D\D o]
v T ' s i
[ 100 200

Years to Re-eniry

920911,1
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Further Study Recommendations

This Page Left Intentionally Blank
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TS. 810.2-FP

Further Study Recommendations

+ SIZE CARQO TRANSFER VEHICLE (Opt.1=take allong; Opt.2«leave in EOQ)
- Control System
- Propellant (Cryo, Space Storable Cryo, Storables TRADES)
- Communications

+ SIZE FLIGHT TELEROBOTICS SERVICER
- Cargo Assist
- Routine Maintenance
- Potential Contingencles

+ POWER SUBSYSTEM DESIGN/TECHNOLOGY REQUIREMENTS
- Component Performance
- Component Simulation Models (Transfer Functions)
- System Design Requirements Based on Simulations

* TRADE CTV vs ATTITUDE CONTROL ON THE MPV
- Type of Attitude Control
- Locatlon & Size of Attitude Control (Soft and Hard Dock)

* TOP CUT AT GROUND PROCESSING COSTS
+ POTENTIAL FTS ACTIVITY DETAILS (Push, Pull, Twist, etc.)

NOTE:May Establish Synergistic Requirements with Other Sistems iBENEFIT)

T8920010.2

-TIM-92
906 NP
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Ground Processing Cost Estimate

Studies performed and on-going in the areas of STV and HLV have
generated data for facllity sizing, task planning, ground support test
and simulation equipment Identification, and the associated projected
costs. There are cost and task trade and sensitivity models at KSC
and MSFC. These could be exercised to gain a feel for the cost bounds
associated with processing a NEP wehicle.

The chart shows a sample of the kind of Information that can be made
avallable and could be worked in conjunction with a vehicle concept
design task.

MARTIN NARIETTA

T8 812.0-FP

Ground Processing Cost Estimate

T LOCATION DURATION ) MANPOWER n COST-§

Assembie Shidor Radlator Seclions .. HVPF L} 5 XXXX
install Reacior Assembly ? -

install CTY Docking Port HVPF

Install FTS HVPF

Install Engine Pod HVPF

Assemble Cargo Modules
Install CTV

MPV

OPTIONS

Standard Tasks:

Mating 2 items -- 4hrs mech, fiuld, electr, sys, qual.

MNPLVIPTIN NP F2IE T T A

TS920812.8
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Disposal Scenarlos - Status and Location of Transfer Vehicle

Normal End of LHe
* Piloted MTV: on Earth approach/flyby after ECCV separates
¢ Piloted or cargo MTV: in Earth orbit, after return and capture (option)
* Cargo MTV: In Mars orbit

After Propulsion System Fallure
* I Earth arbit
- during Initial system start-up; limited fission product Inventory on board
- during spiral in/out operation, between deslignated Earth orbit and escape
conditions
- after return from Mars

® During trans-Mars crulse

* In Mars orbit ORIGINAL A 18
OF POOR QUALITY

* During trans-Earth crulse

908 ‘Mb—uﬁum:nm*
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Disposal Options - Where to Put It?

Two planetary orbit classes and two hellocentric orblt classes are considered for temporary storage
and permanent disposal locations. Each has advantages for certain disposal scenarlos, but each
also has limitations. This study evaluates all four, and proposes a basic disposal strategy that
considers safety, feasibility, and ease of operation.

Planning a solar system efection or "crashing” Into the Sun as a nominal disposal mode demands
too much energy, and too much autonomous operations time to be practical. it is possible that the
last use of an NEP module could be to power a robotic planetary explorer or a high-energy
execliptic mission. However, this introduces further operational compiexity and timing Issues that
are not relgvant for preliminary propulsion technology planning.

Disposal Options - Where to put it?

Earth orbit
- Orbit lifetime Is a function of altitude and the ballistic coefficient of the vehicle or
system configuration
- "Nuclear-safe” must be defined retative 1o the nalture of the risk for each case;
altitude of 700 km selected for this case based on lifetime and risk

Mars Orbit - presumably no closer than Deimos

Heliocentric transfer flight path
- Leaves the reactor or vehicle in some Interplanetary flight path
- Most will cross both Earth and Mars, but still have very long life times

Stahle heliocentric orbit

- Slars out at 1.19 x 1.18 AU - between Earth and Mars
- Predicted not 10 be perturbed Into a planet crossing path for a very long time; after
that, same characteristics as previous case

-
ot € g o
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Earth Orbit Lifetime Versus Orbit Altitude

The first, and most critical disposal option is an Earth orbit. This oplion Is included de faclo for
initial reactor startup and for any reuse scenarlos, so the question is how to pick an orbit attitude
that matches the risk faclors and that is within Earth-to-orbit capability.

Analysis by Martin Marietta in another section of this report Indicates that a 700 km altitude is well
within the reach of anticipated heavy Iift launch vehicles for SEI. in fact, ETO capabifity degrades
only slightly from 400 km to 700 km. Maximum orbit lifetime favors a higher attituds, as the graph
opposite will show.

Orbit lifetime Is plotied versus orbit altitude for circular orbits from 200 km up to 1600 km, The
liletime is pormalized with respect to the ballistic coefficient of the vehicle in orbit. The two curves
represent different atmospheric density models: the upper curve assumes normal levels of solar
activity, while the iower curve factors In most of the observed high solar activity periods. Both
curves will be used to estimate a Hifetime range, with the normal activity showing a longer lifetime,
and the high activity showing a more conservative shorter lifetime.

To use the curves, the mass and physical dimensions of the orbiting vehicle must be known, and a

drag coefficient must be supplied. The table on the next page shows calculated lifetime ranges for
some cases of interesl for the NEP vehicle.

Earth Orbit Lifetime vs. Altitude

10°
Atmosphere Model with
10° Normal Solar Activity '_____4,—4:
I//
E 104 ’;‘/
g / —
s 10° A // Atmosphere Mods! with
< e +2-sigma Solar Activity
E 10?2 /‘/
i 4
3 10’ Va
: V%
E 10° fa
4
10" /
10!
200 400 600 800 1000 1200 1400 1800

Orbit Altitude - km QE

NEP: System Concepts 910 NP-TIM-92




Selected Orbit Lifetimes

Four possible disposal configurations have been evaluated, from a fully loaded MTV to a single
propuision module. Masses for each are shown, as is the area presented if we assume that the
largest possible plane area Is perpendicular 1o the direction of motion. Areas are approximate, and
the assumption that the largest area will always be presented to produce drag will produce
conservative results. Drag coefficients shown are for rough shape equivalents; a complete
calculation for this situation is beyond the scope of this study. These quantities are used to
calculate a ballistic coefficlent for each disposal configuration, which is then muitiplied by the
normalized lifetime (read off the preceding graph), and converted to years.

The resuits in the table opposite show the value of higher altitudes for extended life in orbit without
reboost procedures. Based on this preliminary analysls, we select a 700 km circular Earth orbit for
all operations. This location Is also suitable for temporary storage, but probably not for parmanent
disposal of a spent nuclear reactor.

Selected Orbit Litetimes

Area based on longest 2 dimensions

Predicted Orbit Lifetime (Yrs)
Disposal Configuration | Mass |C, | Area p for the Specified Altitude

2 2
kg ™" | kg/m L 400 km | 700 km | 1000 km

Mars Transfer Vehicle
Fully Loaded 325000| 2 | 1,525 107 [05-09| 40-140 {1110 - 2950

Mars Transfer Vehicle
w/o Payload, Propellant| 90,000| 2 | 1,425 32 |0.1-0.3]| 10-40 | 350- 880

1 5 MWe Module 36,285| 2 710] 26 |0.1-02]| 10-30 | 280-720

1 Reactor only 3,500({1.3 10] 289 {1.2-2.2|110-350]|2800 - 7400

Notes: 1. Eslimated area assumes largest plane area Is perpendicular to the velocity vector
2. Drag coefficlents are only rough approximations by shape
3. Litetime range determined by using both atmospheric density models
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Disposal On an Interplanetary Flight Path

Another disposal possibility, especially sulted 10 a transfer vehicle already in interplanetary fiight, is
to simply leave the vehicie in some interplanetary fight path. The path seiected might be the current
one, or it might be specifically designed to minimize the possibility of a future reencounter. This
oplion could also be used for a vehicle in planelary orbit, by accelerating It to escape conditions.
This strategy Is the NEP equivalent of "jettisoning* a spent propulsion stage after use: leave it where
It is, and accept the small possibility of a reencounter.

Because interplanetary transfers cross one or more planet orbits, they set up the possibliity of either
a direct collision or, more iikely, a close encounter (within a few planet radii) that creates a gravity-
turn and so perlurbs the vehicle's original path. The more close encounters, the greater the
perturbations, and the groeater the possibility of terminating the vehicle's orbit. Termination may be
in the form of a collision with a planel, impacting the Sun, or ejection from the solar system. While
not all of these are bad, the process is uncontrolled without further human Intervention.

Lifetimes of bodies In planet-crossing paths may be estimated with a Monte Carlo simulation
lechnique, such as SAIC's Planetary Encounter Probabiiity Analysis (PEPA) code. This analysis
suggests that, with few exceptions, leaving an NEP vehicle In a typical Interplanetary orbll produces
a risk no greater than the natural risk of cotlision with one of the Earth-approaching asteroids.

Disposal on an Interplanetary Flight Path

¢ Typical Earth-Mars low thrust trajectories {outbound or inbound):
- lle slightly out of the ecliptic plane
- graze the orbits of Earth and Mars

* It the MTV is loft in a typical flight path, Monte Carlo simulation using SAIC's PEPA Code
predicts: '

- Mean orbit lifetimes of 10 - 10° years
- Chance of collision with Earth In 10° years is low in all cases - nearly zero in most

* So, the risk of a nuclear-powered Mars Transfer Vehicle colliding with Earth Is of
approximately the same order as the risk of colliding with a near-Earth asteroid
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Predicted Orbit Litetimes for Typical Low Thrust Trajectories

The table opposite summarizes the resuits of several simulation runs, using varlous points along
typical low-thrust trajectories between Earth and Mars, and to a particular hellocentric disposal orbit
to be described later. The low-thrust path must be sampled at several points, since the orbital
parameters are subject to conlinuous change during perlods of thrusting. Three samples were
selected for the Earth-Mars and Mars-Earth transfers, corresponding lo post-escape, transfer time
midpoint, and target approach Just prior to Initiating spiral caplure.

Each row shows a different simulation case: the calculaled orbit parameters of Interest, namely
perthelion, aphelion, and inclination; the mean simulated orbit lifetime In years before termination;
the number of trials out of 500 that the simulation resulted In an Earth collision; the mean time to
Earth collision for that subset ol cases; the probability of an Earth collision In the first one million
years after start of simulation. All the times are reassuringty long, and most of the collision
probabillties for the first milllon years are low. The exceptions are those cases just after Earth
escape, when the NEP orbit is very close to Earth’s orbit.

The following page shows the same statistics for simulation trials with several near-Eai. .steroids.
The slightly longer expected lifetimes are the result of more highly inclined orbits for the asterolds
than for the transfer vehicles. However, the overall risk appears to be of the same magnitude for
both groups. We conclude that leaving the NEP vehicle In some unspecified transfer orbit may Incur
a reasonable risk.

Predicted Orbit Lifetimes for Typical Low Thrust Trajectories

Orbit Size Mean Orbit Expected Mean Time Earth Hit
Re xR, Incl. Ufetime  Earth Hits to Hit Chance in
Trajectory Leg (AU) (deg) (Years) In500Trials (Years) 10° Years
Earth-Mars Stat 098x125 00 56x10° 266/500 1.6x10 16 %
Middle 0.85x 1.64 12 47 x10 200 44 x10” 3%
End 061x151 1.8 40x10 160 3.1x 10 2%
Mars-Earth Stat 0.48x1.40 3.0 4.2x10 146 36x 10’ 26 %
Middle 0.50x1.89 1.3 4.2x10 123 33x107 1%
End 05tx1.02 1.3 92x10 194 22x10 52%
Earth-Disposal Start 098x1.02 01 39x 107 270 1.7x10° 18%
Middle 0.99x1.02 00 39x107 268 21 x107 17 %
Mars-Disposal Start 1.28x1.66 21 7.5x 10° 148 44 x10° 0%
Middle 1.22x1.61 20 6.0x 10° 166 asx10® 0.2 %
wnmm‘rm..._.
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Predicted Orbit Lifetimes for Selected Near-Earth Asteroids

Mean Orbit Number of Mean Time to ¢ of
Body Lisime EwtiGoliors ExhGotn e hn
(Yoam) {in 800 Triak) (Yoarn) L
2062 - Aten 527x107 1771500 4.46x 107 16%
1862 - Apollo 72.73x107 1" 275x107 06%
1221 - Amor 9.88 x 109 128 7.16x 108 0
1943 - Anteros 7.48x 108 203 1.98x 108 0
198208 788x107 264 2.95x 107 44%
1989ML 3.87x 108 104 1.95x 108 0
1980AA 389x 108 200 1.99x 109 0
1982x8 625x107 267 344x107 52%
e Y 33 S,
914
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Stable Hellocentric Circular Orbits

The second category of inlerplanetary orbits was Identified by SAIC as a possible peiunent storage
location for hazardous waste In space.' This analysis was one part of a large effort to explore
space-based allernatives for nuclear waste disposal conducted during 1977-78. These orbits are of
interest because they are predicted to endure for a very long time without becoming planet-crossing
orblts. Two bands of these giable orbits have been identified, as shown opposite. The one of most
Interest for Earth-Mars cases Is a circular orbit at 1.19 A.U., between Earth and Mars. The orbit
starts out circutar, but becomes elliplic "quickly” in the long view of the situation, as shown on the
next page.

friedlander, A. L. and D. R. Davis, "Long-Term Risk Analysis Associated With Nuclear Waste Disposal
‘!.: Sp-,aeca.l'wgklt Report No. 1-120-062-T12, prepared under contract NASB-33022 for NASA/MSFC,
cember .

STABLE HELIOCENTRIC CIRCULAR ORBITS

A Body is Sald to be in a Stahie
Hellocentric Orbit Over Time T
Mars it Gravitational Perturbations do

L not Result In a Planet-Crossing
OrbitinT.

Sotemcs Applications imtecnations! Conpersiion
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Varlation of a Stable Qrbit at 1.19 A.U.

This chart plots hellocentric distance as a function of time (note the x-axis scalel) for the periapee
and apoapse of the stable orbit. The Mars peripase and Earth's apoapse are also platted. All four
show significant variations over the ona miliion year time frame, but the stalle orbit never crosses lis
closest planetary neighbors’ paths. This means that, with no further active management, placing an
object in the stable orbit is sufficient to remove the real risk of the on-board radiation hazard.

1.35

HELIOCENTRIC DISTANCE (AV)

1.18

NEP: System Concepts

VARIATION OF A STABLE ORBIT AT 1.19 AU

Mars Perthelion

Storage Orbit Aphelion

Storage Orbit Perihelton

Eurth Aphelion

0.1 0.2 0.3 0.4 0.5 26 07 0.8 0.9 1.0
TIME (105 veAns)

916

NP-TIM-92



Typical NEP Transfer From Mars to Disposal Orbit

Here Is a typical transfer 1o the slabie orbit just described. We have selected a very long flight lime
to minimize propellant needs and addilional thrust-on time. If a transfer vehicls were to leave Mars
orbit for the stable disposal orbit, propellant and tankage needs would be a few fonnes, and thrust

time would be about 24 days. Faster disposal legs can be lraded for Increased propellant.

Transfer to NEP Reactor Disposal Orbit (420 days)

NP-TIM-92

EARTH ORBIT

MARS DEPART
Thrust-On Time:

Mus '

i T i
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Summary of Proposed Disposal Modes

This table summarizes preliminary evaluation of each of the four disposal localions for the cases
examined. The comments indicate proposed use as terporary or long-term storage sites, with the
pmfanadlmg—tumaebcﬂonfo:oachcmmghughhdbyawudcdbox.

Eanhabitlamcomnm\dedasatomporarystoragolowbnaﬂy.mth boosting the NEP
vehicle or some part of it to higher altitude significantly mitigates the real risk. Since perceived risk
is not 8o easily removed, a more distant storage location would be preferable for the baseline. For
all cases of normal end of life, we propose that the stable hellocentric orbit be the baseline disposal
location. This site could also be used for any partially disabled vehicle that can be moved to the
slable orbit. However, recognizing the inherently low risk involved in leaving the vehicle in a transfer
flight path, the proposed baseline for totat system failures is the interplanetary flight path. Even a
modest alternate propulsion system on board could maneuver 1o a higher inclination, or otherwise
reshape the orbit of the derelict vehicle to make reencounter less likely.

Summary of Proposed Disposal Modes

Temp = temporary storage (1-6 years) aﬂpanmdkpocdbumwgsd
Long = long-term disposal: ‘permanent” solstion 0 the potential nucloar risk
NEP Reactor Disposal Location
Interplanetary | Hefiocentric
Earth Orbit | Mars Orbit Flight Path | Stable Orbit
Earth No - Temp - ok o
Approach Long - ?
“E:'d": Earth Temp - Temp - ok
e Orbit Only Long - 7
Mars - Temp - ok Temp - ok
NEP Orbit Long - ? Long - ?
: Earth Tem -
Status at Orbit onlyp Opuoang
Disposal Propulsion E’é?:;bu:n - - Long?
Faliure Mars - Long - 7 _
Orbit
Crulse ol;g'n?

Proposed Baseline Disposal Mode

otons
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Disposal Mode Impact on Vehicle Performance

This chart Is the companion to the previcus one, showing the cost In propellant and thrust time to
achieve some of the disposal locations of interest. In every case, the impact is very modest. The
largest requirement shown opposite is for an Earth escape spiral to remove a fully operational NEP
vehicle from Earlh orbil. if the system has falled in Earth orbit and is o be moved, the cost will
depend on the nature of the fallure - full or partial - and selection of any additional propulsion that
may be needed. Nole that transfer to the stable orblt from Earth orbit calls for a thrust interval of
about 10% of the expected thruster lifetime, so there may be some additional cost in thruster

changeout. -

Disposal Mode Impact on Misslon and Vehicle Performance

NEP Reactor Disposal Location

Mars | Interplanetary Heliocentric
Earth Orbit | Orbit|  Flight Path Stable Orbit
On Earth - - None M- T
Approach faTinee13 dhys’
Normal tn Earth | Small AV t i S
0 had M L 18' ; i "
Endotlite| "ot | ralse orbit” ATh = 36 days [[ATIRY: %y'.
In Mars - None| Mopop = 21 [WiMtEMRw Lhsc
NEP Orbit (1% of IMLEO)
Th ~ 1.4 days
Sla‘us at 'n Earth sma” AV {.0 I 5 s
Orbit raise orbit i
Disposal
Earth-Mars - -
Propuislon Cruise
System
Failure In Mars -
Orbit
Mars-Earth - -
Cruise

Menop = propellant & tank mass penalty for disposal
ATh = Incremental NEP thrust-on time for disposal

* ~ 150 m/s to transfer from 700 x 700 km to 1,000 x 1,000 km

.
Scumce Apgiicanans bntermabiannl I"orpor miv i
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Recommended Approach for Disposal

The next two charls summarize the recommended approach to managed disposal of NEP reactors
or transfer vehicles. These are to be viewed as a preliminary recommendation for further evaluation,
concurrent with more detalled understanding of operational and performance Impacts.

The stable heliocentric orbit Is generally easy to reach, and Is the most conservative risk
management approach evaluated. Selecting this disposal mode for nominal end-of-life seems to
greatly reduce both real and perceived risk for very little additional cost.

If a transfer vehicle should become completely disabled, its interplanetary path Is aimost certainly
acceplable as a temporary slorage location. It may also be adequate for long-term storage,
especially if on-board auxiliary propulsion can be used lo control the path.

Earth orbit need not be used for long-term disposal, thus avoiding additional contioversy over use ol
nuclear energy in space. The operational orbit selected appears to support temporary ' ge
readily. However, the NEP module design should incorporate sufficient auxiliary propulsion to
handle o1bit raising burns over a limited number of years. This could be further supplemented by a
design that could separate a disabled reactor from the rest of the vehicle 1o increase the lifetime of
the most critical subsystem, and to reduce propellant required to boost just the reactor to a higher
orbit.

As a final precaution, some independent orbital transfer vehicle, possibly the Lunar Transfer Vehicle,
could be avallable to push a derelict NEP to escape conditions, or to a stable orbit.

Recommended Approach for Disposal - 1

Location:

* Pick the siable heliocentric orbit for nominal missions

- Modest propeliant requireaments for all cases examined
- Conservalive approach to risk management avoids programmatic problems

* Use interplanetary path disposal for a completely disabled vehicie
- Every case we considered shows a predicted orbit lifetime of 107 years or better

- Reencounter probabllity for most cases is of the same order as near-Earth asteroids
- No AV required

* Earth orbit for temporary storage only; not for long-term disposal
- 700 km alitude seems a reasonable compromise among: launch capability,
predicted lifetime for typical configurations, and on-going operations
- Include independent propulsive capability to raise orbit of MTV
- Avold most confroversial location for long-term storage
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Recommended Approach for Disposal - 2

NP-TIM-92

Transfer Vehicle Design:

* Include auxiliary propulsion system In baseline 5 MWe module design
- Sufficlent to raise Earth orbil from 700 km to 1000 km {AV = 150 m/s)
- System design and propellant required depends on how much of the module is
boosted to the higher orbit

* Consider adding capability to separate a disabled reactor from the rest of the module;
auxillary propulsion remains wilh the reactor

Transportation Infrastructure

* Assured removal from Earth orbit may requlre a separately deployed orbital transfer
vehicle - possibly an LTV or similar element

Commrinn
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STUDY OBJECTIVES:

Determine the range of reliability figures of merit required for 2
successful NEP manned Mars mission.

Provide design insights:

design achievability, given existing technology;

alternative design approaches or concepts to enhance
reliability, crew safety;

allocation of research and development resources.

> Sclencs ‘l’l" ations
5 internstions! Corperatien
@ A twpisyor-Ovand Compoar

The objective of this study was to establish the initial quantitative reliability bounds for
nuclear electric propulsion systems in a manned Mars mission required to ensure crew
safety and mission success. Finding the reliability bounds involves balancing top-down
(mission driven) requirements and bottom-up (technology driven) capabilities. In seeking
this balance we hope to: (1) provide design insights into the achievability of the baseline
design in terms of reliability requirements, given the existing technology base; (2) suggest
alternative design approaches which might enhance reliability and crew safety; and (3)
indicate what technology areas require significant research and development to achieve the
reliability objectives.
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This study was broken down into three broad areas: the processing of programmatic
inputs; performing the mission operability analysis; and analyzing the trade space for
design insights. The processing of programmatic inputs began with identifying,
soliciting, obtaining, and processing the required program unique inputs. These included
the basic NEP system design, the top-level mission and crew safety success criteria, and
the mission profile. Next, the existing technology base was examined to identify and
obtain data on the historical performance of NEP and NEP-related (surrogate)
components, and to determine the set of diagnostic tools appropriate to this analysis.

The mission operability analysis consisted of problem definition and implementation
of the selected analysis approach. Problem definition included characterizing the design in
terms appropriate to the selected diagnostic tools, and defining the reliability requirement
drivers in the NEP system for the selected mission. Implementation of the approach
consisted of developing the input for the various diagnostic tools, and analyzing the
reliability trade space developed by the tools. The process of trade space insight
development included analyzing the trade space outpwt and seeking design insights by

looking for improvements in system reliability when the basic design is altered, or
optimization through perturbations.
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CONCEPT OF ACHIEVABILITY

Achievability: The ratio of required performance to achieve
performance.

Measures how far a design has to go.
Achievability Index = 1: Design is achieved.

Achievability Index = 0: Design cannot be achieved
with existing technology.

Incorporates uncertainties in:
Particulars of design,
Relevance of historical performance.
Should therefore be presented as a range of values.

== 5S¢l Applications
_ % liico::l‘l.nfﬁ c:rpouuu
® An Empieyse-Onand Comprny

A core concept in this analysis is the idea of achievability - how well the existing
technology base will support the NEP mission and design as given. Achievability is
formally the ratio of the required performance to the readily achieved performance, given
the state of the technology base. Since there are uncertainties in both the particulars of the
design, and in the relevance of historical performance to NEP - Manned Mars Mission
performance; and since there is significant variability in the measured performance of
historical (surrogate) elements, the achievability should be presented as a range of values.

Due to time and funding limitations on this study, a rigorous development of the
distribution of achievability values is not presented. Instead, point values of the limits on
achievability are found.
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ACHIEVABILITY DEFINITION

q) (Apportioned Component)

(1) (Achlcomponent) =

(ASurrogate Component)

(), (AchlSystem) = Aggregate ( ¢ (AchlComponent) ) , All Components

¢ (AchIComponent) Distribution of achievability index (AchI) for a component.

@ (AchlSystem) Distribution of Achl for a system.

¢ ( Apport ioned Component ) Distribution of apportioned failure rates
required for component.

¢ (S urrogate Component) Distribution of likely failure rates for component
based on surrogate performance.

Sclonce Aﬂ:ucm-n '
— internationd! Corporstion ey
W A2 Emplores-Ovand Company

Achievability is measured in terms of an achievability index (AcAl), which is measured
in terms of the measurable figure of merit for this study, random failure rate (A). The
distribution of Ach/ for a component is the ratio of the distribution of failure rates
apportioned to the component based on design and mission requirement parameters, and
the distribution of failure rates associated with surrogates of the component from the
technology base. The distribution of AcAf for the entire NEP system is the aggregate of
component Achl distributions.
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SIMPLIFIED NEP ANALYSIS MODEL
R

3.2

1 . !

| : OPTIMIZATION
. THROUGH

j 3 PERTURBATIONS
:

b

[}

7 - .

|

1.1.3 MISSION
PROFILE

| ANALYZE
l

) aneun
\__TRADE SPACE _~"~——T—

l 20 MISSION OPERABILITY ANALYSIS /3.0 TRADE SPACE INSIGHT DEVELOPMENT
! > Sclance A'p lestions
Internationd! Corporation
@ As Ensioypse-Ovacd Coamany

The analysis process began with characterizing the system design at a high level in
terms appropriate to the analysis tools.
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BASIC NEP SYSTEM MODEL -- AS GIVEN
( ~
Ra Sat Pa2 Tal
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We were provided a simple model of the NEP system, consisting of two essentially
independent modules. Each module consisted of a Primary Heat Source Loop (R), an
Auxiliary Thermal Subsystem (A) two Secondary Loops (S), two Power Management and
Distribution Assemblies (P), and two Thruster Assemblies (M.

This basic top level design representation was extended and altered somewhat to
provide various design concept bases for analysis.
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NEP SYSTEM MODEL

- Two SMWe NEP Modules:
- Each 5SMWe NEP module:
1 Primary heat source subsystem (R)
1 Auxiliary thermal management system (A)

- 2 Secondary subsystems (S)

- 2 Power Management And Distribution (PMAD)
subsystems (P)

+ 4 half-Thruster module subsystems (T)

- The "given" thruster modules were split, as analysis
indicated two halves essentially independent. ;

|
2 e Sclence Applicstions I
= % interastiond] Corporstion ms
» 42 Emplopes-Oened Company

No comment required.
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It was noted that each Thruster assembly had two essentially independent halves, so
the model was modified slightly to make this apparent.

i
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SIMPLIFIED NEP ANALYSIS MODEL
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The next step in the analysis process was to identify and characterize the measurable
success criteria for the mission.
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NEP MANNED MARS MISSION
SUCCESS CRITERIA

99% Probability of Crew Safety.
Aborts possible,

System need not reach Mars, but

Must return to Earth in or before nominal mission time
frame.

95% Probability of Mission Success.
Criteria applied to NEP System Only!

Overall mission probabilities must account for all other
systems:

Life Support,

GNC, EPS (distribution), Thermal, TT&C, C&DH, etc.,
Ascent / Descent modules,

Earth Crew Capture Vehicle.
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At a top level, the success criteria was given as 99% probability of crew safety, and
95% probability of mission success. It should be noted that this criteria was interpreted to
apply only to the NEP system, not to other, equally vital, systems.
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The last aspect of the Problem Unique Inputs portion of the analysis problem was to
identify and define the Mission Profile.

933
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BASELINE MISSION CHARACTERISTICS

Mission Profile Orbit Plot

Halleseseris X AU

* Imelco - 350 MT
* Minimum Heliocentric
Distance- 0.50 - Air

The mission analyzed was a 2014 conjunction class Manned Mars Mission.
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After obtaining and characterizing the Program Unique Inputs, the technology base
was then examined to determine the diagnostic tools appropriate to the analysis problem.
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DIAGNOSTIC TOOLS

Markappwm -- Dynamic Markov Chain analysis program.

Determine top-level reliability figure(s) of merit (FOM).
RAP2 1y, -- Reliablity Approtionment Program.

Apportion top-level FOM to component level.
Dynaprorm) -- Dynamic Integer Programming

Non-linear "optimization" of redundancy complement.

CARP v -- Computerized Aggregation of Reliability
Parameters.

Combine historical reliability performance data from
multiple sources.

: " Science .Wuuuns
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The analytical tools selected were Markapp™, RAP2™, Dynapro™, and CARP™.

Markapp™ is a dynamic Markov-Chain analysis program. This tool allows the system
to be modeled as a set of discrete states, based on the number and types of components
that will fail. The probability of the system being in each of the states at any time in the
mission can be calculated based on the failure rates associated with the components. This
tool is used to determine what set(s) of top-level failure rates will result in achieving the
mission success criteria.

RAP2™ apportions top-ievel reliability goals to lower-level components based on a
variety of apportionment strategies. Dynapro™ is a Dynamic Integer Programming tool
used in conjunction with RAP2™ to determine optimum allocations of, and limits on,
spare allocation.

CARP™ . Computerized Aggregation of Reliability Parameters is used to combine or
aggregate distributions of failure rates from components similar to NEP components to
define an appropriate surrogate distribution for each of the NEP components.
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MARKAPP vy MARKOV CHAIN ANALYSIS

The Markov chain is a discrete state - continuous time
analytical model.

Used to determine sets of functional element failure rates
that meet success criteria.

A state is a unique configuration of NEP functional elements

2 Pri, 2 AuxTherm, 4 Sec, 4 PMAD, 8 Thruster

Transition between states i and j occurs at transition rate A;.

Markapp(TM) calculates probability that the system is in each
state -- a function of:

Previous state of the system,
Failure rates of functional elements,
Time in mission.
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The Markov model is comprised of a description of the NEP system in terms of its
functional elements, a list of operational states of the system in terms of whether each of
the components is operational or failed, and the rate at which the system transitions from
one state to another. The transition rates are expressed in terms of the failure rates of the
functional elements of the system.

Markapp™ solves the Markov model for the probabilities that the system is in each
defined operational state as a function of time in the mission. These probabilities can be
combined with the knowledge of which states meet the mission success criteria at each
phase of the mission to determine the probability of the system meeting the success
criteria. That information, in turn, indicates whether the input (trial) failure rates for the
functional components will meet the mission objectives.
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THE MARKOYV PROCESS

M1 A AN
X (t + At) = At 7‘21 7‘.22".' 7‘2‘.N X(t)

AN Anz - - AN
x(t) = [xi(t)] = Vector of probabilities that system is in state i.

+bukmm—ck +d.A +fA

ij = Secondary ij = PMAD ij = Thruster

AuxTherm? Msecondary’ ~PMAD® Mhser: FA1IUTE Tates of functional elements.

i iy

| N, a, b Cio d, f,,;: Parameters determined by the system design.
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These equations describe the mathematics of the Markov Process.
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'RAP2my, RELIABILITY APPORTIONMENT

RAP2(TM) apportions reliability from top-level to component |
level. ‘

Simplified apportionment
equation: -,
W
RiApportioned = Rgoal
3 apportionment methods:
Simple -- based on history of like components:
WiSimple = R;Surrogate = g Misumopue

AGREE -- based on part count (complexity) and criticality: |
WiAgree = #Parts; * Criticality; i

Weighted Nth-Root -- based on physical characteristics of
component:

o Science Applicstions i
Internationdl Corporstion s
® An toptoyse-Qunes Company

The RAP2™ Reliability Apportionment Program is used to apportion the top-level
(functional-level) failure rates arrived at using the Markov analysis to the lower level
components of the NEP system. The program uses three algorithms, each of which
provide unique insight into the apportionment problem. The Simple apportionment
algorithm is based strictly on the historical performance of like components, and indicates
most directty how much the system reliability requirements will push the technology base.
The AGREE algorithm is based on subjective assessment of the component relative
importance, and on the component complexity. AGREE therefore provides a simple and
much less rigorous way of apportioning based on mission requirements (criticality) than
the Markov model. The weighted Nth Root method apportions reliability based on
subjective evaluation of the relative difficulty in achieving high reliability for the
components. Comparing relative differences between the Simple and Weighted Nth Root
algorithms provides a first approximation of what is available versus what the analyst
believes ought to be available.
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CARPaym SURROGATE AGGREGATION

Identify likely failure rate range of new component based on
aggregation of similar components:

Similar in function;

Similar in application;

Similar in stress environment.

Failure rate distribution incorporates:

Inter- and Intra-source Variability;

Uncertainty in similarity of function, application, or
environment.

Surrogate data sources: ;
NPRD-91, DSR-4, [EEE 500, CREDO, various NUREGs. |
No similar historical surrogate => establish range by "reality

boundary".
S,

Finding the failure rates of components similar in function, application, and
environment to the NEP components involves searching muitiple sources. From each
source a distribution of failure rates reflecting the variability in the historical components is
obtained. CARP combines a number of these sources into a single, surrogate distribution
representative of the anticipated performance of similar components in the NEP system.

If sufficiently similar components cannot be found in historical data references, a
surrogate distribution for the NEP component is obtained by estimating the bounds within
which the failure rate must fall, based on the physics of the component and the comparison
of the unknown component with well-known components.

NEP: System Concepts 940 NP-TIM-92



NP-TIM-92

2.2.1 DEVELOP INP
FOR TOOLS

{

3.2
- OPTIMIZATION '™
THROUGH
PERTURBATIONS

?

[3.0 TRADE SPACE INSIGHT DEVELOPMENT!

= Sclence ‘f’”tl”.ﬁl
Internstiodd! Corporstion o
® Emsinyes-Ovaes Compony

The selection and analysis of surrogates for NEP component performance was the next

step in the analysis of the technology base.
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READING SURROGATE DATA

Primary Haat Source {.0op T

Reacior Each bar shows the

. aggregate distribition of
Fuel and Cladding A fallure ratas of surrogates
for the named component.

Driving Struchars

Control Rods ro

Salety Rod Assembly s
Pin Support Structure
Temperarsre Sensors

Position Sensors

Level Sensors

ok LALA

Note: Scale of Failure _ , - -

Rate axis is logarithmic , § §

Failure Rate

Failure rate
distributions
generally lognormal. * Lowst O Medan °* Mesn
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For each component, the distribution of representative (surrogate) failure rates is
depicted as indicated. The upper and lower bounds of the indicated distributions are in fact
the 5th and 95th percentiles. The mean and median are both shown because these
distributions are generally left-skewed rather than normal, so the mean and median are
different.

The x axis of this plot is logarithmic, so the distributions (which appear symmetric on
this graph) are in fact lognormal.
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Primary Heat Source Loop Surrogate Data

"
b = Sclence ‘f tications |
- internationsl Corporation e
G An Empiopre-Ouaed Compony

Surrogate failure rate distributions for components in the primary heat source loop.
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Surrogate failure rate distributions for components in the Auxiliary Thermal

Management system..
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Surrogate failure rate distributions for components in the Secondary Loop system.
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Surrogate failure rate distributions for components in the Power Management and
9

Distribution system.

NEP: System Concepts



5
%
14

oleyY oinye4

SUI .

B
¥

-

pradis &

1

eleq sjeboiing waysAs saysniy| /1

S106u0g UoNEOd

£506005 egsede |

S105UeS eMTEEIG

SAEA IR0 ATOREIOS]

SARA ]USA ARI] M

ey
Addns robess wegodorg

WHSAS P8 Imsruy)

smopsnngy

Ndd

worsAg 2n0013 sesnny

weisAS sy

=" Science A’”llumna
H internationd! Corporsiion
- ;] An Emeispes-Ounet Conppar

Surrogate failure rate distributions for components in the Thruster module.
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INTERPRETATION OF SURROGATE DATA
NARROW SURROGATE DISTRIBUTIONS:

Cause:
Little variability among components in class;

Little uncertainty in similarity between surrogate class and
NEP application. ‘

Generally mature, well understood component.
Implication:

These components unlikely to change their nature through |
evolutionary design or wishful thinking.

Candidate NEP components:
Valves, Cables. Switchgear, Sensors, Regulators, ...
Required performance > attained performance?
Fundamental redesign of function.

!
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Narrow distributions in the surrogate data indicate that the component exhibits little
variability in historical applications, and that there is little uncertainty in the application of
this surrogate to the NEP application.

A narrow distribution is generally indicative of a mature component whose essential
nature is well understood and generally not a good candidate for improvement in
reliability, except through very fundamental redesign.
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INTERPRETATION OF SURROGATE DATA
BROAD SURROGATE DISTRIBUTIONS:

- Causes:

- High variability in surrogate component population.

- Implication:

- Requires close attention in design, specification, and
selection.

- High developmental risk.

s iications
"s"C.I;::'.“II C‘CIﬂOIl”OP

Gll

Conversely, wide distributions of surrogate failure rates indicate significant variability,

uncertainty, or both. Wide distributions indicate that this component may be a high risk
item.
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In the problem definition phase of the analysis, the first step was to characterize the
design.
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NEP MARKOV MODELS - PHYSICAL CONFIGURATION

Sal

Pat

Sa2

P2

- Three physical configurations of basic
model examined:

No Cross-Connection

Electrical Cross Connection w/in
5MWe module

Electrical Cross Connection accross ||
SMWe modules

l_~JES~=

There were essentially three different ways to functionally connect, or "wire" the basic
design we were provided in the program input phase. Each of the connection strategies
embodied a different level of inherent resiliency.

NP-TIM-92
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The next step in problem definition was to define the requirement drivers within the
context of the model.
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QUANTIFY SUCCESS CRITERIA
Possible quantitative interpretations of success criteria:
Simple Reliability -

Probability that NEP system performs to specified
capacity throughout mission > 0.99.

Specified capacity = Full capacity

| Mission success and crew safety equivalent.
| D - Probability of available thrust > minimum thrust required. |
Minimum thrust required varies with mission phase.

Minimum thrust to complete mission generally not
equal to Minimum thrust for crew safety (abort).

Expected value of thrust.

= Sclence Applications ,
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At least three different interpretations could be applied to the basic mission success
criteria. The interpretation applied in this study was to determine the minimum thrust
required in each phase of the mission for crew safety and for mission success, and to select
reliability parameters so that the probability of achieving those levels of thrust was greater
than 0.99 (crew safety) and 0.95 (mission success).

An important element of this interpretation is the idea that the thrust required to

complete the mission successfully is not necessarily equal to the thrust required to return
the crew safely.
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AVAILABLE THRUST LEVELS

Pri
xAuxThann = 1E-8
Probabiiity that a specified fraction of full thrust is available for each mission phase. Sec = :s:
AThruster = 1E-5
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This graph depicts the probability that the NEP system will be able to deliver at least
the indicated fraction of full thrust (100%, 87.5%, 75%, ...) as a function of mission phase,
given the subsystem failure rates indicated in the upper right comer. These failure rates
were chosen to produce an exemplary graph, not because the are realistic.
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THE AVAILABLE THRUST SUCCESS CRITERIA

% of

Full NOTE Thrugt requirement for Crew Safety
on retum leg isequal to the thrust
Thrust - requirement for Misson Success Sysem
100+ . reliabilty requirementsare therefore
; dominated by the 99% Crew Safety
objsctive.

B Crew Safety

Misson Success

Earth
Exapa

Eanth-Mars
Transt Mars

Mars
Capture

SQrface Mams-Earth Vehicle
Reactor

Mission Phase Dipom! - iown

The preceding graph provided the probability that discrete levels of thrust would be
available during each mission phase, half of the information required to determine the
probability of meeting crew safety and mission success objectives. This curve show the
other half of the information required -- specifically, what level of thrust is required in
each phase to complete the mission and to ensure crew safety.

While these values were selected with some care, they are not the result of rigorous
mission and orbit analysis. They are intended to represent a starting point for further
investigation. Note that the values selected imply that the thrust required to ensure crew
safety is the same as the thrust required for mission success throughout the return leg of
the mission. The implication of this, if it correctly reflects the actual system, is that for
most combinations of subsystem reliability parameters the 99% crew safety requirement
dominates the 95% mission success requirement.
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SELECTING RELIABILITY
FIGURE OF MERIT

Hazard Rate "Bathtub” Curve

Hazard Rate

)
.-tk‘-q---

infs nllﬂonq_ll_l_y' Random Falu

Duration of Manned Mission

Manned mission phases occur after Earth escape spiral "shakedown".
Infant mortality not an issue during manned phases.
*  Sound design practice is assumed:
* Crew return before ageing becomes issue.
Reliability Figure of Merit = Random Failure Rate.
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The rate at which failures occur is referred to as the hazard rate. In general, hazard
rate is a time-varying quantity and is frequently separated into components which reflect
the behavior of the hazard rate over titne. These components are: (1) infant mortality, the
hazard rate starts high and decreases over time as latent defects are "shaken out" of the
new system; (2) random failure, the hazard rate is approximately constant; (3) aging,
hazard rate increases as components weaken; and (4) life-limit, hazard rate increases
rapidly (to 1) for components with a deterministic, observable depletion mechanism.

The constant random failure rate was the only component of hazard rate analyzed in
this study based on the assumption that the manned portion of the NEP mission would
occur in that domain.
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The next phase in the analysis was to develop the inputs for the selected tools.
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DESIGN ALTERNATIVES TESTED

Matrix of achievability

NEP Model Numoer [Mirimurm Thrust Reaured In Umiog Phse] | Min : analysis experiments.
Ach TSL | 750% | 615% | S00% [ecu. Lt

Static e
State Cells contain:

IMEL

No Cross Connection *  Experiment Number
Eleciical -
Cross Connection
Within § MWe Module
Electica
Cross Connection
Between S MWe

Fhuid / Mecharscal
Cross Connection
Between 5 MWe

Equipment
List Aoproach to Sote!

Reparable /
Salvageacbie Svstem
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Although the analysis was limited to a single core design concept, a wide variety of
perturbations or interpretations of the design could be applied. This matrix depicts the

alternatives that were analyzed.

NEP: System Concepts 958 NP-TIM-92



NEP MODEL 1 MARKOV STATE DIAGRAM
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The simplest analytical model of the system allowed no cross connection between
subsystems on different legs within a SMWe module, or across modules. This diagram
depicts the system states used in the Markov analysis for this model.

State 0 depicts the system with all modules operational. State | is the system with a
single failed thruster module, state 2 has two failed thrusters - one in each leg of the same
5MWe module. For this analysis all conditions resulting in less than 50% of total thrust
available were lumped into the same state, since we assumed that all such states led to
mission failure and loss of the crew.

The rate at which this systern (model) transitions from one state to another is indicated
in terms of the failure rates of the subsystems. Ultimately, the Markov analysis is used to
find the set subsystem failure rates that result in the success criteria being met. The thrust
levels associated with each system state are also indicated on this diagram.

The other models are not depicted in this fashion because the number of states was too

high.

NP-TIM-92 959 NEP: System Concepts



SIMPLIFIED NEP ANALYSIS MODEL
%

—————— e ey S ———

e e S

32

OPTIMIZATION
THROUGH
PERTURBATIONS

1.1.3 MISSION
PROFILE

2.2.1 DEVELOP INP
FORTOOQLS

2.2 SURROGATE ol mmmeeema |
PERFORMANC APPROACH

20 MISSION OPERABILITY ANALYSIS ').(I TRADE SPACE.INSIGHT DEVELOPMENT

h === Stience A‘p‘puumnl
Internations! Corperation
» Ae Espiopes-Ouaed Compony

The final step in implementing this study approach was to analyze the subsystem
failure rate trade space resulting from the Markov analysis.
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The Markov model associates sets of failure rates with the probabilities that the system
will be in each state at any time in the mission. Combining this with the knowledge of the
thrust available in each state, and the thrust required for mission success and crew safety,
we can determine the probability that the system will meet the success criteria as a
function of the subsystem failure rates.

These graphs depict the "success probability” of the system as a function of the failure
rate of the Primary Loop and the Auxiliary Thermal subsystems versus the failure rates of
all other subsystems. Primary Loop and Auxiliary Thermal are lumped together because if
either fails, the system is reduced to 50% thrust capacity -- a failure in any mission phase.
This means that the Primary Loop and Auxiliary Thermal subsystems are equally
important to the system - from the success requirements point of view their failures are
indistinguishable -- therefore the successful failure rates associated with them are the
same. The different graphs depict different models which vary primarily in the arrangement
of interconnections. Note that the failure rates required for the Primary and Aux. Thermal
subsystems is essentially independent of the degree of interconnection, since any failure of
these systems results in mission failure.
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Like the Primary and Aux. Thermal subsystems, the PMAD and Secondary subsystems
are of equal importance. Since a failure of either of these subsystems would reduce
available thrust to 75%, and since (for these models) the thrust required for crew safety
and mission success is 87.5% during the Mars escape spiral, any PMAD or Thruster
failure prior to Mars escape would result in mission failure and generally (given the model
assumptions) loss of the crew. The required failure rates for PMAD and Secondary given
these model assumptions are therefore essentially the same as those required for the
Primary and Aux. Thermal subsystems, very high, and independent of degree of
interconnection. We will show in other models which assumptions need to be relaxed to
permit more reasonable failure rates for these subsystems.

The Minimum Equipment Set model will be described later, but it should be noted here
that in that model the 95% mission success criteria generally dominates the 99% crew
safety requirement, so the set of "successful"” failure rates in that model are those that
result in "Overall Success Probability of >95%, rather than 99% which is the case in the
other models.
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Thruster failures only remove 12.5% of the full thrust capacity, so a single failed
thruster results in a successful system state at any phase of the mission, and in most
phases, several Thruster failures can occur and still result in mission success. Thrusters are
also very sensitive to the degree of interconnection between components.

963
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Model 4 Primary and Auxiliary Thermal
. GOmparison_ ...

Prlmor,l.oopmdllldhry"humﬂm

Model 8472

Model 84Ty
Primary Loop and Auxitery Thermad Loop

In Model 4 some degree of repair or salvage is allowed in systems other than the
Primary, specifically, 25% of the first failures that occur in those subsystems are assumed
to be repairable, and all the second failures are repairable, since one of the two failed
systems could be used to salvage the other. The different models depicted here show the
impact of lowering the highest minimum thrust requirement from 87.5% (Model 4) to
50% (Model 4T3) in 12.5% increments.
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Model 4 Secondary & PMAD Comparison
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Secondery Loop and Powar Management and Distribution

vt Pronanuny o
Semmn
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The benefit of reducing the minimum thrust requirement to thresholds which allow the
failure of a subsystem without causing system failure are evident in these graphs. When the
required thrust is reduced from 87.5% to 75% the required failure rates for Secondary and
PMAD subsystems are reduced by an order of magnitude. Further reduction to 67.5%
results in no change since Secondary and PMAD failures reduce available thrust in 25%
increments. Reducing the required thrust to 50% gains another order of magnitude in
required failure rate.
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Mggel 4 Thruster Comparison

Model #4T1
Thruster Unit (1/2 Modksle) Thruster Unit (1/2 Module)

Model 8472 Model 4T3

Like the Secondary and PMAD, required Thruster failure rates are significantly
reduced as the maximum required thrust is reduced. Since Thruster failures only remove
12.5% of the total thrust capacity, each 12.5% reduction in required thrust has an
associated relaxation of Thruster failure rate requirements.

Physically the effect of reducing the maximurn required thrust in the model can be
achieved without increasing the total power of the system. The reduction of thrust
requirements corresponds to designing the Secondary, PMAD, and Thrusters so that they
can operate at higher nominal loads. For example, if the Secondary and PMAD were
designed to operate at 150% of nominal capacity, half of the failure impact of a unit could
be absorbed by the other unit in the SMWe module. Instead of reducing the thrust capacity
of the system by 25%, the failure of a Secondary or PMAD would only reduce the
capacity by 12.5%. Similar gain is achieved by designing the Thruster module to operate
at 125% of nominal capacity. This effect is enhanced by maximizing the cross-connectivity
between subsystems.
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SIMPLIFIED NEP ANALYSIS MODEL
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To complete the analysis the sets of subsystem-level failure rates which meet the
success criteria are apportioned down to the component level for comparison with
surrogate data. The RAP2™ computer code is used to accomplish this apportionment.
Only two of the RAP2™ apportionment algorithms (the Simple algorithm and the
Weighted Nth Root algorithm) were applied in this analysis to establish the bounds within
which component failure rates would need to lie in order for the system to achieve the
success criteria. The Simple algorithm establishes the worst case bound, and the Weighted
Nth Root method, the best case.

A complete analysis would extend the material presented here in two respects. First,
an "optimum" set of component failure rates would be sought by seeking the set of
requirement driven subsystem level failure rates which minimize the aggregate
achievability index (Achl). This would require extensive iteration which was not possible
in this analysis. Second a distribution of apportioned failure rate and Achl would be
developed, rather than the mean values presented here. The apportioned failure rates
presented here are a solution, but by no means the best solution, to the probiem.
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Ach. Index = 4.69E-5
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This graphic depicts the apportioned failure rate values for the Primary Loop
subsystem along side the surrogate distributions obtained from the historical performance
of similar components. The achievability index (Achi) is represented by the distance
between the surrogate distributions and the apportioned values. The point estimate of
Achl for this model in the upper right comer is the ratio of the Simple method apportioned
values to the mean of the surrogate distributions. This value is essentially an outer bound
on the achievability of the system for Model 1.

Model 1 was the simplest configuration analyzed, with no resiliency through
subsystem cross-connection, and using the worst casc (87.5%) required thrust criteria.
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This graphic depicts the achievability of the Secondary system for Model 1. The
distance between the Simple apportionment values and the surrogate distributions (the
mean values of the surrogate distributions) is the same as it was for the Primary Loop
subsystem. This will be true of all components because of the nature of the Simple
algorithm. The Weighted Nth Root apportioned values are farther from the surrogates.
This is a result of selecting a priori weighting values which indicated that, in general, high
reliability would be more difficuit to achieve in the Primary subsystem than in the
Secondary.
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Note that the heat exchangers and the sensors in the Auxiliary Thermal system have
significantly higher surrogate failure rates than is required. Also, the sensors have fairly
tight distributions, indicating that these are probably fairly mature components with little
variance or uncertainty in applicability. These factors indicate that these components
should receive special attention. This is particularly true of the sensors, which are found in
every subsystem. Sensors are discussed in more detail later.
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Sensors, particularly the position sensors, appear to be the limiting PMAD component.
9
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The Thruster Feed System, sensors, filters and regulators are the limiting Thruster
components.
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This diagram depicts the apportionment resuits using a model which reflects a
"Minimum Equipment List" approach to crew safety. In this model, it was assumed that
the decision to abort would be continuously analyzed based on the operability of a
Minimum Equipment List for the NEP system. In this approach, if the system does not
have sufficient operating equipment at the start of a phase to complete the mission with a
99% probability of crew safety, then an abort would occur. The set of equipment required
to ensure crew safety varies from phase to phase, and is referred to as the Minimum

Equipment List.

Applying this standard allows “restarting" the reliability clock with respect to crew
safety at the start of each phase. The mission success reliability clock continues to run, so
the 95% mission success criteria generally dominates the 99% crew safety criteria in this

model.

Note that this approach improves the achievability index by a factor of almost 20 -
from 4.7 * 10-3 t0 2.9 * 10-4.
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Model 4 (discussed previously) allowed limited repair / salvage. Note that the
achievability index is approximately a factor of 10 better than the base case (model 1).
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Ach. Index = 5.11E-5
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This model allowed cross-connection of the subsystem elements within a SMWe
module. This approach affords little improvement in achievability for these models
because of the high importance of the subsystem modules. Any failure other than a
Thruster resulted in the system producing less thrust than was required for the Mars
escape spiral (87.5%). Therefore, no amount of interconnectivity compensates for a
subsystem failure.

Limited cross-connection examined in this model is expected to provide significant
benefit if the importance of the subsystems is lowered, either by requiring a smaller
minimum thrust, or by providing excess capacity in the components as discussed
previously.
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This model, which allows for cross-connection of all electrical components -- even
across SMWe modules -- suffers from the same problem that the more limited cross-
connection model does. The minimum thrust requirement is set too high to allow the
resiliency of the design to have any real impact. What improvement there is in achievability
(6.2 * 103 versus 5.1 * 10-5) is due to the fact that the thrusters are operating in a six out
of eight redundancy configuration for the portion of the mission requiring 75% thrust or
less for crew safety.
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ACHIEVABILITY OF NEP DESIGN

Achievability is related to distance between apportionment
curves and surrogate distributions.

Simple and NthRoot Methods provide very different results:
NthRoot apportions to function
Simple apportions to individual component

Where a function has many identical components, Simple
lies farther from surrogate.

Actual solution lies between curves.
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To recap, the achievability index is the measure of the distance between what is
required of the system, and what is demonstrably attainable. The surrogate date indicates
what is antainable, and failure rates apportioned from top-level reliability requirements
establish what is required. The two apportionment methods used here were selected to
bound (at least to first order) the failure rates that would actually be required for the NEP
system components.
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DESIGN ALTERNATIVES
ACHIEVABILITY MATRIX

NEP Miogel NumDer  JMinkmum Thyust Reauired in Limviing Phase]  Min | Repal / - Matrix of achievability
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This matrix shows again the different models that were compared, along with the
associated achievability index (Achl), and the equivalent static reliability value which
would result if the apportioned failure rates for that model were used in a static reliability
model of the NEP system.
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ADDING RELIABILITY
THROUGH REDUNDANCY

Faluanomlmdmneyw

"Optimal" failure rat.e ve;;&; ma:c,s of redundancy for Primary
Loop Instruments found using Dynaproy.

Note that there is a limit to the reliability that can be added
through redundancy.

Typical levels of redundancy improve functional failure rate by
factor of 2.

A common fallacy is that any level of reliability can be achieved by adding enough
redundancy. To determine the extent to which this true we used Bellman's dynamic integer
programming algorithm as implemented in Dynapro™ to find the mathematical "optimum”
redundant combinations of sensors in the Primary Loop. Here "optimum"” is the highest
reliability that can be obtained in a "M out of N" configuration for a specified increase in
mass. We added up to 50 kg of mass for redundancy, almost an order of magnitude more
than the mass of the single-string sensor suite, and checked the reliability for the
“optimum" ccmbination of sensors at that mass increment.

The curve illustrates that, while a very significant improvement in reliability — three
orders of magnitude -- can be obtained, there is a limit. Moreover, the mass penalty for
improving reliability solely through redundancy is excessive.

Typically, double or triple redundant systems improve functional failure rate by a
factor of two.
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Finally we examine the various models to determine what lessons were learned from
this analysis.
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DESIGN INSIGHTS

De31gn for Salvage / Repair is the single best strategy to
maximize Probability of Crew Safety, Mission Success.

Design & plan for refurbishment prior to Mars transfer orbit.
Design to maximize robustness:
Maximize element interconnection.

Size system so return is poss1ble with major element fa:lure
-- keep element importance < mission threatening.

Design to remain operating after major failures
- "Post-Thresher" approach to system safety.

Use Minimum Equipment List approach to mission and abort
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The first order conclusions of this study are fairly simpie. (1) In a manned environment
where there is a need for the system to operate near its capacity at very high reliability
even late in the mission, no single reliability strategy is more effective than designing the
system to allow for salvage and repair. (2) Since radiological concerns will probably
preclude full scale operation of the system and "burn in" prior to launch, infant mortality
will be a factor. (3) Within the basic design parameters specified there are a number of
ways to combine the system components to maximize the robustness of the system. (4)
The Minimum Equipment List approach to mission and abort design can be used to
prevent the very stringent requircment for probability of crew safety from setting
unrealistic reliability goals.
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DESIGN FOR SALVAGE / REPAIR

Ability to salvage / repair improves achievability by an order
magnitude or more.

Keys to salvage are:
Modular, repairable design;
Element importance < mission threatening.
Parts on hand governed by:
Element importance;
Failure probability -- Pareto rule;
Commonality.
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Designing the system for saivage and repair does not mean that the crew should be
able or required to replace any failed part in the system. It does mean that, as a last resort,
the crew should be able to replace critical, highly stressed parts, and shouid be able to
change connections or move modules to jury rig a single working element from two or
more that have failed.
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PLAN FOR REFURBISHMENT

Infant mortality failures will occur during Earth escape spiral
"shakedown".

Take advantage of the shakedown opportunity, rather than
be victimized by it.

Infant mortality is excellent predictor of random failure §

performance.

1st month failure rate = 4 to 20 times random
(mean = 7 * Random failure rate)

Distribution of failures among subsystems /
component type approximately constant.

Factor in time for minor redesign and on-orbit
refurbishment prior to heliocentric transfer.
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Early failures attributed to infant mortality have played a role in nearly every space
system. Since the manned portion of the NEP Mars mission does not begin until after the
NEP systern has accumulated significant operational time, it is highly probable that some
failures will have occurred before the crew boards. By designing and planning for minor
refurbishment prior to the start of the manned portion of the mission, NEP planners can
minimize the possibility that the crew will start the mission with less than a full redundancy
complement. Moreover, since infant failures are predictors of the types of failures which
will occur during the operational phase, the unmanned "shakedown cruise” can actually be
used to significantly enhance the probability of mission success -- through procedure
development, work-around strategies, and possibly even minor component redesign -
prior to the actual start of the mission.
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MAXIMIZE ROBUSTNESS

Element interconnection

Reduce / remove probability that element failure will
prevent use of other elements in string.

Element importance -- impact of element failure on system.

Size system elements so major element failure does not
jeopardize crew return.

"Post-Thresher" approach to safety -- System response to
component failure determined solely by maximizing
probability of returning the crew alive.

"Safeing system” generally = leave it alone / operating.

e.g.: Reactor may continue operation w/ open control loop |
(no instrumentation) -- but restart w/out instrumentation |
difficult or impossible => no shutdown (SCRAM) on

Jnstrument /control fallure,____ seoppes s omiont,, o)

Maximizing the robustness of the NEP system involves three elements. First, minimize
the extent to which the failure of one element in a string impacts the other elements in the
string. Second, maximize the extent to which an operating element can compensate for the
loss of a like element. Third, ensure that no element in the system is made more important
to the system than is absolutely required. For example, an irrecoverable failure in the
Primary instrumentation which results in the shutdown (SCRAM) of the reactor would
result in the loss of the crew in most mission phases. Almost any level of risk associated
with continuing to operate the reactor, despite the failure of a critical sensor, is preferable
to that alternative.
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MINIMUM EQUIPMENT LIST

Minimum Equipment List (MEL) -- the minimum set of
equipment required to complete mission.

Varies with time in mission.

Points where MEL changes are abort decision points.
Determined by Markov or other dynamic analysis:

MEL state = minimum state vector that
accomplishes success criteria?

Actual system state < MEL state => abort.

In general, changes limiting reliability criteria from 99%
P (CrewSafety) to 95% P (Mission Success).

Improves achievability by factor of 5 or more.
May have other mission planning benefits -- staging, etc.
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Applying the Minimum Equipment List approach to the mission and system design will
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