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Case Pitch Vv Vh
[deg] WA [m/s] Ax max Ax max

4.85 4.55 69.7 71.3 357.7

NS2 21 4.76 4,55 67.7 74.0 172 186.3

NS3 23 5.50 0.00 40.2 55.7 167 151.9

NS4 38 4.57 4.55 33.4 41.6 29.4 28.5
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Overview of NASA’s Cryogenic Propellant =~
Management Technology Development
Projects and Related Numerical Simulations
Research

Michael L. Meyer
~National Aeronautics and Space Administration (NASA)
Glenn Research Center
Cleveland, Ohio

Outline

* Introduction to NASA Glenn Research Center

* Background
* NASA motivation for cryogenic propellant technology
development
*  NASA cryogenic fluid management technology project support
since ~2000
* eCryo Project Overview

* eCryo project team’s simulation capability development
objectives (DVAT) and challenges

* DVAT: Examples of cryogenic fluid management computational
simulation problems and results

» ZBOT Project Summary and Simulations

Approved for Public Release

This document is provided by JAXA.



FHIML 22T TEBR TR AR JAXA-SP-16-005

ISRU

High- Propellant

Performance Storage &

Chemical Utilization
Extended Propulsion
Commerecial Beyond LEO
Upper'S.tfage Nuclear Thermal
Capabilities Missions to Mars

Safer, Faster Ground
Processing

~ Advanced Thermal
Management Systems

CFM Development Mitigates Risks for Multiple Architecture Elements and Systems

Approved for Public Release

Cryogenic Propellant Depot CFM Technologies

Pressurization ; :
” Storage/compression Cryogenic Depot Tank Details

- Helium
- Autogenous

Vent or to vapor
cooled shields

Pressure Control

- Low-g mixing/venting
(thermodynamic vent
and heat exchanger)

Propellant Gauging ==
- Settled propellant
- Inventory (Bookkeeping)
- Pressure-volume-temperature (PVT)
- High accuracy low-g techniques

Liquid Acquisition
-Capillary retention
devices for low-g

- Settling thrust

Low-g Fluid
Physics

____Lightweight Cryogenic
Tank
- Metallic (Al-Li)

Thermal Control - Composite

- Insulation (launch environments
and in-space, MMOD protection)
-Vapor/cryocooler cooled shields

- Sun shades \ Liquid Transfer

- Low conductivity/ cooled / N - Line/tank chilldown
support structure LeARIBE ﬁ - Pumps
- Leak-free coupling

Approved for Public Release
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National Aeronautics and Spage Administration .
NASA Cryogenic Fluid Management Programs @’
(Last ~15 years)

2004-2005 Propellant Depot
Technology Development
Project

Modeling and Simulation Development and Validation
Approved for Public Release WWW.nasa.gov s

National Aeronautics and Space Administration

Evolvable Cryogenics (eCryof)“-"

blic Release [

This document is provided by JAXA.
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eCryo Project Summary

Develop, integrate, and validate cryogenic fluid management (CFM) technologies at a scale relevant
to and meeting the mission needs for SLS/Stages and Exploration Missions

Objectives:
» Technology development for extended missions focused
on the needs of the SLS/stages and Exploration missions.
» Evolutionary development of new technology demonstrating
near term gains which are shared with industry.
 Increase capabilities of analysis tools to perform predictive
simulations for missions with in-space cryogenic systems.

Technology Demonstrations:

» Use existing Agency assets and infrastructure to mature
cryogenic propellant technologies
+ Testing ranges from components to entire systems
» Scale of testing will be limited only by facility capabilities.

RFMG for Robotics
Refueling Mission 3
(RRM3)

SHIIVER Test
Article

Team:

GRC (lead)-Project management, design, integrated
analysis, CFM modeling, integration, development of Multi
Layer Insulation, Radio Frequency Mass Gauge (RFMG)
development, large radiant/conductive heat intercept
studies, large cryogenic tank thermal and acoustic testing.

TIK
2697

Masss Transter (kg/m*3.s]
025

694

MSFC -Development of pressure transducers and low
leakage valves for cryogenic environments, partners in
analysis, modeling, cryogenic tank testing, heat intercept
concepts

International Partner: CNES providing comparative Ve

analysis of computational Fluid Dynamics (CFD) for CFM. Space Launch

Systems (SLS)

CFM Analysis Stages

Approved for Public Release 7

eCryo Organizational Chart

4.2 DVAT - Development & 32 INFfor 515 =
— | Validation Of Analysis Tools Integrated Vehide
PLE: Jeffrey Moder L > Fluids for Space Launch
Systems
PLE: Arthur Werkheiser
4.3 IFUSI - Improved Deputy: Monica Guzik
] Fundamental Understanding
of Super Insulation
PLE: Wesley Johnson 5.3 SHIIVER - Structural
: Heat Intercept
I Insulation Vibration
4.4 RFMG - Radio Frequency Evaluation Rig
—— > Mass Gauge for RMM3 PLE: Joseph Zoeckler
PLE: Gregory Zimmerli Deputy: Lauren Ameen
5.4 LSLF Large Scale
— Leakage Fixture
PLE: Brad Addona

Approved for Public Release
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Development & Validation Of Analysis To,g*‘l?jﬁVi\*EQ

Dr. Jeff Moder, Team Lead

DVAT Objectives

¢ Increase capabilities of Analysis Tools to perform predictive simulations of the
following mission phases for in-space cryogenic systems (settled and unsettled):

Self-pressurization

e Pressure control (axial jet and spray bar Thermodynamic Vent System )
Pressurization (helium and autogenous, various degrees of submergence)
Transfer line chilldown (pulse, continuous) & tank chilldown (charge-hold-vent)
Tank filling and draining

e Required analysis tool capabilities include:

e Radiation and conduction heat transfer to calculate
heat loads into cryogenic propellant tanks or
transfer lines

¢ Fluid dynamics and thermodynamics occurring
within cryogenic propellant tanks or transfer lines

Time = 4478 ™

Approved for Public Release

This document is provided by JAXA.
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Multinode versus CFD

Typical temperature contours are shown below for settled conditions.
Tanks walls and insulation can also be included (as nodes or grids).

Multinode with

multiple ullage &
[liquid nodes

(SINDA/FLUINT,

Multinode with

one ullage, one liquid,
one interface node
(TankSIM, CPPPO)

GfSSP) \\
oo Mass Transfer [kg/m*3-s]
28.97 0.25 Alok Majumdar SBalzbarI? -
Andre Leclair akowksl
26.94

0.18

CFD using 2D-axisymmetric or
0.1 3D grids
(Flow-3D, Fluent)

;

24.92

22.90

0.04

Kevin Mo Kassemi,
z‘&/ Y Breisacher Olga Kartuzova
. Mark Stewart
Approved for Public Release 11

DVAT Rationale

¢ Validated Analysis Tools will reduce the development cost and risk for future NASA
Exploration missions employing in-space cryogenic storage and transfer systems

e Significant validation was performed in previous CFM projects for 1g (settled)
self-pressurization and axial jet mixing and TVS. Some validation was performed for
1g (settled) spray bar mixing and TVS.

e CNES CFD Benchmark collaboration included validation of 1g and low-g LN2 sloshing
and LO2 boiling in zero-g.

e Further development and validation of multinode and CFD is required for unsettled
conditions, and for transfer and pressurization operations in settled and unsettled
conditions

e Predicting the dynamics of liquid/ullage interface position and shape during
unsettled conditions, or during jet mixing or some pressurization methods where
deformation or breakup of liquid/ullage interface occurs, currently requires
computational fluid dynamics (CFD)

e Develop both multinode and CFD in order to eventually enable end-to-end mission
simulation for mission durations of days to weeks to months.

Approved for Public Release

This document is provided by JAXA.
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DVAT Approach

e Apply existing thermal analysis tools (e.g. Thermal Desktop) and updated models
for MLI and thermal strap heat transfer to calculate heat loads into propellant tanks

e Develop and validate multinode and CFD analysis tools for simulating the fluid
dynamics and thermodynamics occurring within tanks and transfer lines under
settled and unsettled conditions

¢ Validate tools against cryogenic ground test data (settled conditions) and
subscale micro-g flight data (unsettled conditions)

GFSSP simulation of 1g LH2 self-pressurization & TVS
STS-43 TPCE Test Run 11 a
MHTB tank (3 m dia)

s
2

@

Pressure (psia)

16
120000 140000 160000 180000 200000

25.4 cm diameter tank, Freon 113 S hCoRB
Approved for Public Release

DVAT Schedule — Key Activities

Planned Efforts 2016-2019

Complete CNES CFD Benchmark Collaboration (Complete)

Extend multinode Tool capabilities to unsettled conditions

TPCE, ZBOT,
RRMS3, Validate multinode and CFD Tools against small-scale micro-g flight data

=

Existing data —| Validate CFD Tools against 1g pressurization data
(submerged/un-submerged diffuser)

Existing data < Validate Tools against 1g Transfer Line and Tank Chilldown/Fill Experiments

SHIIVER — Validate Tools against Large Scale Ground Tests

Indicates test data
used for tool

validation
Approved for Public Release
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Challenges

Turbulence interaction with liquid/ullage interface heat and mass transfer

» LES 2-phase (such as VOF) might improve current URANS simulation accuracy, but we need
appropriate subgrid scale models for heat and mass transfer along liquid/ullage interface (from
DNS, fundamental experiments, ... )

» Similar need for drop/ullage interations.

» Note that for cryogenic tanks, we have a gas that is either 100% or mostly the vapor form of
the liquid, in contrast to many other evaporation, condensation, boiling applications (where
vapor of the liquid is a very small concentration of the gas surrounding the liquid)

¢ Improved kinetics relationships for mass transfer along liquid/ullage interface
» Does H2 behave differently than LO2, LN2, LCH4
» Can we do better than Schrage or Ti=Tsat(P)
¢ Bulk boiling and condensation models for a range of fluids and acceleration levels

¢ Closed tank, Laminar Rayleigh number, evaporation and/or condensation experiments
with detailed pressure and temperature (near interface) measurements for H2, 02, N2,
and/or CH4

¢ Methods to go from CFD simulations to simpler reduced-order or multinode models for
long duration mission simulations (such as weeks to months of in-space CFM system
storage/operation).

¢ In-space CFM experiments at right scale and duration (this is a funding issue, not a
technical challenge).

Approved for Public Release

Validation of Fluent against Turbulent
Spray Bar LH2 MHTB 1g Experiment

This document is provided by JAXA.



HRURY vuryb s FHEET IV IRIN — (JAXA tE gL ) SR Ow A 61
~FHBERS B TOT L — 2 —% BIEL T~ %l

Problem Description: Experiment "

Multipurpose Hydrogen Test Bed (MHTB) Vacuum Chamber

Tank Internal volume = 37.5 m?3 4,

Cylindrical midsection with:
*  height=3.05m

e diameter=3.05m

2:1 elliptical end caps /MHTB Heater Shroud
Tank is enclosed in a vacuum shroud VS
Vent - MHTB
4 vertically oriented spray bar tubes attached to N Support
Ml Structure

center tube heat exchanger

NASA TM-212926, 2003

VOF V5 [=

Ran in parallel using Linux cluster on 10 processors ‘/ agﬁy Bar/

Exchanger
Goal of this work is to simulate the s \ A A
. ene . . Enclosure\ A ] d
initial self-pressurization followed by | /
the first spray on/off cycle using W A
: Enclosure T T

ANSYS Fluen.t Lagra.nglar! Spray Purge/Evacuation|| "1
model combined with in-house Line/Power f
developed UDFs

Approved for Public Release

2D axisymmetric
[ yI ; Before starting spray run, 2D-axi results

were interpolated to 3D grid and self-
| | pressurization continued for a short time
{ to ensure a smooth transition

3D 90° sector

TK) Mass Transfer [kg/m3-s]
2897 l 025'
2694 018
2492 o1
e Self-pressurization simulation performed on 280 0.04
2D-axisymmetric grid. I
e Spray Bar Mixing simulation will use 3D 90° 2087 0
sector grid.
e Spray-Bar/Heat Exchanger assembly is 1&/ Y
approximated as lying along centerline

Approved for Public Release
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CFD Self-Pressurization Results: Laminar vs.

Turbulent

Pressure time history
- 4.0E-04 3.00
13900 | O Gaperiment ARF-04
S— minar -
—— VOF Turbulent 36C-04
134000 | ====mass transfer rate - VOF Laminar 3.4E-04 g 250
= ===mass transfer rate - VOF Turbulent 3.2E-04 %
3.0£-04
2.8E-04 i E
26E-04 2 2.0
2.4E-04 ]
22604 £
20604 @ 2 150 |
1804 & H
1.6F-04 ! :l__
1.4E-04
12E-04 % 300
10604 £
22:1: ! s 0.50 - Experiment
4.0E-05 o= \/OF - Turbulent
2005 e \/OF - Laminar
0.0£100 0.00
-2.0E-05 20 25 10 15 10
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 g
e sfier oG of el prestuiation, secon T VOF Turbulent
TIK VOF Laminar Kl
K 26.71
52.09
2525
44,29
3649 238
28.68 22.35
20.88 20.89
Approved for Public Release 19

MHTB Spray Bar Mixing Simulations

MHTB 50% fill level - Spray

=~ | T_Vapor [K]

Time [s] = 0.1 7/ 52.02 pr 52.02
44 24
36.45
28.67
o088 W= o
T _Drop [K]
52.02
44 24
X 36.45
§1.25
28.67
2088 8, .
Approved for Public Release 20
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CFD Results: axial droplet spray with Schrage . : -

droplet phase change mass transfer model

Laminar =~ Experiment

e (it rface-AC-12-3-Droplet-AC- 124
136000
34 seconds AL Shrta S

48.68 S ——lnterface-AC fe-3Orcplel-AC 2e-5
136000
16.08 .
";la.'mo
H
43.28 5 134000
— 50% Fill Ratio
40,48 l."
e " * 6,=0.=1.0e-03
37 .58 131000 *  Ogyropler= 2:0€-06
1300 : I * Laminar
9488 U7 Vdessmidwnes .+ Spray on for 39 sec.
3207 ~-@- Experiment ° FIrSt 3 sec Of pump
—— CFD Laminar on Wlth Tspray > Tsat(P)
28.27 were neglected
26.47 f
£
-
2367 3
B
2087 J
Z 27+
26 L L L
0 10 20 30 40

time after beginning of spray, seconds

Approved for Public Release

CFD Results: Spray — Improved T-Sat Droplet Mass

Transfer Model

MHTB 50% Spray MHTB 90% Spray
139000 139000

138000 § 138000

137000 4 137000 4

136000 4 136000 4

135000 . 135000

o <
134000 o 134000 -

133000 4 133000

132000 {| %~ Experiment 132000 -

= Droplet Schrage model

131000 = Droplet Tsat model 131000 | 4~ Experiment
130000 4|~ -CNES Spherical Drag 130000 - === Droplet Schrage model
— - CNES Stokes Drag = Droplet Tsat model
129000 T T T T T T 129000 T T T T T T
0 5 10 15 20 25 30 35 0 10 20 30 40 50 60 70
time after beginning of spray, seconds time after beginning of spray, seconds

An improved droplet Tsat phase change mass transfer model was developed.
The new model improved the predictions for both 50% and 90% fill levels with
out using accommodation coefficients

Approved for Public Release
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'CFD Simulations of

——
P = N

Tank Pressure Control Experiment) ..
STS-43 Axial Jet Mixing
(fluid dynamics only)

Shuttle Tank Pressure Control Experiments (TPCE) - 'nasa
e NASA-CR-191012 (1993), NASA-TP-3564 (1996), ¢ Small amount of noncondensable gas
AIAA-1997-2816 (helium, water vapor, and air) was present
e 25.4cm (10 in) diameter by 35.56 cm (14 in) long e Straight-tube jet nozzle (1.016 cm ID).
cylindrical tank with hemispherical domes was Jet Temperature (T7) was measured.

constructed of transparent acrylic plastic

e “Top” (Heater A) and Sidewall (Heater B)
¢ Filled with Freon-113: 83% liquid fill for Shuttles heaters are inside tank close to tank wall
flights 1 and 2. 39% liquid fill for 3 Shuttle flight.

® Pressure, Fluid and Heater Temperature &
flow rates measured. Video recorded.

C-92-10801

Figure 14.—Actual liquid-vapor configuration during flight
experiment.

Approved for Public Release
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TPCE Tank Dimensions

Jet nozzle: OD=1.27cm ; ID=1.016cm
Tank Diameter = 25.4 cm

Heater A: gap G~ 0.3915cm
thickness =0.417 cm

12.1 cm radius of curvature
(assumed to center of heater)

12.7=12.1+(0.417/2) + G

Heater B: gap G~ 2.5cm
thickness =0.417 cm
Flat

LAD: wall gap = 0.5588 cm

Heaters and LAD are not drawn to scale

Mixer pumps are outside of tank

-~ 3556em —

17.78 cm

"l 10.16cm "

nozzle

Cylindrical tank with hemispherical domes
and jet nozzle along centerline.
Innertank height/diameter =35.56/24.5=1.45.

Innertank diameter/jet nozzle ID =25.4/1.016 = 25

Approved for Public Release

H Flow Rate Flow
TPCE Visual Results
0.38 0.29 Nonpen

0.38 030 Nonpen

3 0.54 0.59 Nonpen.

11 0.59 0.71 Nonpen,

T=1 - 16 0.60 0.72 Nonpen.
Characterizing Jet Mixing ; 060 07 Noaen
20 0.60 073 Nonpen.

. 23 0.62 0.77 Nonpen.

during TPCE 33 v N e

27 0.80 129 Nonpen.

3l 0.84 144 Nonpen.

29 124 310 Asym.

Nonpenetrating 1 r o o
Jet does not penetrate through ullage i o e y=s
12 1.54 478 Pencts.

34 1.54 4.79 Asym.

1 24 157 496 Penew.
Asymmetric > M e i
Jet forces ullage to one side of tank o i b ot
2 268 14.51 Penetr.

5 272 14.91 Penewr.

i 1 2.74 15.16 Praelr.
Penetratln ]‘; 278 15.55 Penew.
Jet completely penetrates ullage and 2 4o et sy
flows back along tank walls o . e e
38 335 22.64 Penew.

(Ullage breakup may fluctuate between

symmetric and asymmetric distribution) Asymmetric

Al

Figure from
“Tank Pressure Control in Low Gravity by Jet
Mixing”, Benz, M, NASA CR 191012, March 1993

Weber

Figure 43: Flow Pattern versus Flow Rate and We;

Approved for Public Release

Penetrating

Nonpenetrating

This document is provided by JAXA.



e Simulate 3 TPCE axial jet mixing test runs (low We,, medium We,, high Wej,) without heat transfer
and without mass transfer to assess whether we can capture large scale fluid dynamic
phenomena (jet penetration or geyser; asymmetric versus symmetric penetration)

e Simulations in 2016 will include heat and mass transfer
e Used FLOW-3D and ANSYS Fluent with Volume of Fluid (VOF) for treating 2-phase flow

e Selected TPCE Test Runs with good video quality and reasonably well-defined initial ullage
location

e STS-43 Test Runs simulated (Start of mixing period only; 4 minutes video = 240 seconds)

==) > STS-43 Test Run 11 (Wel = 0.708 = small stable geyser formed; Heater A; Right camera)
» STS-43 Test Run 15 (Wel = 4.742 > asymmetric penetration; Heater A; Right camera)

m=) » STS-43 Test Run 13 (Wel = 15.55 > symmetric penetration; Heater A; Right camera)

m=) > STS-43 Test Run 4 (Wel = 4.74, ullage bubble initially closer to jet nozzle versus Test Run 15,
Left camera)
R; = Jet Nozzle exit radius
V, = Jet Nozzle exit speed
D,; = Diameter of Jet at Interface based on
0.22 R;+ 0.38 (axial distance nozzle exit to interface)

We,; = Weber number of jet at the
impingement point of the ullage bubble

Approved for Public Release

TPCE STS-43 CFD Initial Conditions (Run 11 shown) ass’ .,

FLOW-3D CFD simulations start with the initial interface

shape and location shown, and:

T = uniform = 296 K

P = uniform = 41.164 kPa

Velocity = 0 everywhere
We are not simulating the heating period — that
will occur in FY16 when we include heat/mass
transfer

CFD simulation is run for 20 seconds with the jet
OFF to verify/allow the interface shape and
position establish an equilibrium position before
turning on the jet.

CFD simulations use a constant acceleration
magnitude (1e-6 g) and direction (see figure).

All walls/solid-surfaces are adiabatic.

NOTE: The FLOW-3D image is rotated “more”
about the jet axis than the TPCE image.

Approved for Public Release
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t=20s t=23s t=25s

t=27s t=53s t=116s
Approved for Public Release

Test Run 4 (We;=4.74 = same as Test Run 15)

* Comparison of CFD simulation to experimental ullage protuberance
* Ullage bubble is approximately in tank center before Jet is turned ON

* Same Jet Weber Number as Test Run 15, but different initial ullage location

t=1.25s t=1.45s t=1.55s t=2.6s

Approved for Public Release
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Geometry and Mesh for Fluent Simulations

Full 3D Geometry

0450 0150

TPCE tank geometry and dimensions Computational mesh (1,505,726 polyhedral cells)

Gap between LAD and Wall resolved

Approved for Public Release 31

TPCE STS-43 Test Run 13

TCPE Computational (FLUENT) & Experimental Time Sequence Comparison
of Axial Jet Ullage Penetration for Test Run 13: We = 15.55, V., = 0.57 m/s

TPCE Case 13 TPCE Case 13

— Ti =96
= Time [s]

000 018 03 000 0.16 03 foun
Sequence A (6.3 s): tubular flow penetrating the ullage along Sequence A (9.6 s): elongating of the ullage along the central
the central axis axis creates “apple core” shape

TPCE Case 13 TPGE Case 13

066
', Time (5] =51

Sequence C (51.3 s): jet penetration becomes asymmetrical Sequence C (124.3 s): rotation of the ullage results in elongated
moving the ullage away from the side heater asymmetric ullage shape
Approved for Public Release 32
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TPCE STS-43 Test Run 4

TCPE Computational (FLUENT) & Experimental Time Sequence Comparison
of Axial Jet Ullage Penetration

TPCE Case 4

Sequence A (1.5 s): tubular flow penetrating the ullage along Sequence B (1.9 s): spreading of the back flow over the
the central axis exhibiting necking at the top of ullage ullage and widening of the top neck to form a cone

Test | Weber Flow rate, | Jet Velocity,
Run | Number I/min m/s
| 155 o0z

4.74

[ am

Sequence C (40.4 s): compression of the ullage against top wall, thickening of
the tubular jet penetration flow as it moves to the right creating asymmetry

Approved for Public Release 33

Tank Pressure Control Experiment (TPCE)
Small Scale, Simulant Fluid Microgravity: STS-43
1991

TPCE: Experimeht NASA GRCCFD: Simulation
Case 11 Weber number = 0.71 Jet Velocity =0.12 m/s

Approved for Public Release 34
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Zero-Boil-Off Tank (ZBOT) Experiments

Dr. Mohammed Kassemi, Principle Investigator

Approved for Public Release 35

Zero-Boil-Off Tank (ZBOT) Experiments ‘Nasa

I!

II
IF

@ A small-scale simulant-fluid experimental platform to be
accommodated in the Microgravity Science Glovebox (MSG)
unit aboard the ISS.

@ Elucidate the roles of the various interacting transport and
phase change phenomena that impact tank pressurization
and pressure control in microgravity to form a scientific
foundation for storage tank engineering.

\‘
I

iy N
in:il‘
. q!
_‘ . =
b il

@ Obtain microgravity data for tank stratification,
pressurization, mixing, destratification, and pressure control
time constants during storage.

@ Develop a state-of-the-art CFD two-phase model for
storage tank pressurization & pressure control.

@ \Validate and Verify the zonal- and CFD-based tank models
using the microgravity data. Use the model and correlations
to optimize and scale-up future storage tank design

Approved for Public Release 36
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ZBOT Series of Hierarchical Experimehts’- 43

@ ZBOT Science Review Panel composed of six CFM experts from academia, aerospace
industry, and NASA laboratories strongly endorsed the objectives of the experiment but
recommended that they should be achieved in an mcremental manner through a series of
experiments with increasing complexity.

v ZBOT-1: (Launch 8/2016; Ops. 12/2016)

o Pressurization, pressure reduction by Jet
Mixing & destratification

o Model development and validation
> ZBOT-2:
o Noncondensable effects on pressurization
and pressure control
> ZBOT-3:
o Different active cooling mechanism: Droplet
Spray Bar; Axial Jet Mixing; Broad Area
Cooling

o Droplet phase change & transport in
microgravity

@ The follow-on experiments will benefit greatly
from heritage developed by ZBOT-1

Approved for Public Release g

ZBOT-1: Tank Pessurization & Mixing Destratlflcatlon 4

(Measurements & Data)

Type of Test Method & Mode Input Variables (Tolerances)

Heater Strip Heater Power
(w/in 5 mW RMS)

izati Vacuum Jacket Heating
Pressurization Vacuum Jacket Offset

Heater and Vacuum Jacket | | (+/-0.2°C)

- Fill Level
Uniform Temperature
. (70% +/- 3%, 80% +/- 3%, 90% -3%)
Mixing Only
After Self-Pressurization Jet Temperature
Uniform Temperature (+/-0.25°C)
Subcooled Mixing Jet Velocity/Flow rate
After Self-Pressurization (10% of reading)

Outputs as Time Evolution
Pressure 68 pressurization, jet mixing, and destratification
tests will be performed at 3 fill levels with and
without Particle Imaging Velocimetery (PIV)

Fluid Temperature (6 locations)

Wall Temperature (17 locations)

Jacket Temperature (21 locations)

Jet Penetration Depth

DPIV Velocity/Flow Structures
Approved for Public Release
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P-P, (Pa)
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Validation with Ground-Based Results

Approved for Public Release

Air at 20 Torr

0.7 1
—Data
0.6 —axisymmetric
——3D wedge
0.5
=
=04
e
503
i

0.0 T
(¢] 1200 2400 3600 4800 6000 7200
time (s)

2500

——Data

——axisymmetric
2000 —3D wedge
1500
1000
500

(0]

(0] 1200 2400 3600 4800 6000 7200

-500
time (s)

Approved for Public Release

3D Model
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1G Pressure Control Simulations

Flow & Temperature Fields Concentration Field 2000
—] . ——Experimental Data
I_.1 i _,_,_:[ ‘___ = _I 1000 ——CFD: Pure Vapor
— . o ——CFD: Vapor w/ Air
[o]

I O per
Time = 9720s 0.993846 7 7200 9000 10800 12600
0933071 o2 71000
F 9 <
,_ T 0902206 2000 -
TS .,'.‘ |
. "'rii )fﬂ 0991520 3000
! Wl
I h JH\‘ '.'t | 0.990745
__,i r: J_,f {1: .._—l 4000 time (s)
. ‘ ¥ L
0.60 :
. . . —— Adjusted Experimental Data
Flow & Temperature Fields Concentration Field 0.40 —— CFD: Pure Vapor
450 —— CFD: Vapor w/ Air
G 0.00 ~
0uHG g o 7200 12600
ogesor1
< -0.40
0992296 060
0991520 .80
0890745 - 4460
1.20

time (s)

Approved for Public Release

Microgravity Predictions

Approved for Public Release
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ZBOT-1 Simulations- Microgravity Pressurization "Nasa

With Air (Xair = 0.2)

Time = 2040s Time = 36000s
Wyapor (-
0.981900 0980000
0.980276 ==0
0980250 ] 4 - i
0.978653 0.980500 f .‘1 ‘
0.977030 0580750 | i
0975406 0.981000 -k 4 I
TIK] TIKI 4 v I
321.00 321.00 1 N
317.54 317.54
314.08 314.08
31061 31061
307.15 30715 |
c0000 : * In Microgravity, the ullage is spherical, the interface
e ! is curved and the tank wall is all wetted.
50000 - —5 torr of air, xg = 0.005449 ; . . . .
Lot § e Aprominent laminar natural convective torroidal

flow ensues mainly near the heater and interface.
* The Microgravity thermal stratification pattern and
its magnitude is significantly different from the 1G
case.
*  Ullage pressure still rises due to wall heating from
the top.

0 7200 14400 21600 28800 36000 43200
time (s)

Approved for Public Release 43

ZBOT Self Pressurization (Flight)

90% full, T,=307.15K, 1W self-pressurization, x,, = 0.2 initially, w/ Marangoni convection

P-PO
10000
8000
Time = 60s '&a* 8000
. 4000
Wyapor 2000
0.977000 % 1800 3600 5400 7200
0.976825 =
Mass Transfer
0.976650 3e-007
0.976475 T s
=, 12007
0.976300
TIK] % 1800 3?30;) 5400 7200
31200 Interfacial Heat Transfer g‘rl\}
310.79 0.03
309.58 o 002
—
308.36 oo
307.15 % 1800 3600 5400 7200
[s]
Approved for Public Release 44
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To =307.15K, 5 cm/s 300K jet, no air, Ty =307.15K, 5 cm/s 300K jet, x,;, = T, =307.15K, 5 cm/s 300K jet, x,;, = 0.05
w/ Marangoni convection 0.05 initially, w/ Marangoni convection initially, w/o Marangoni convection
Time = 900s ' i Time = 900s - Time = 9008 =
- 0994655 | us;:;;;
TIK] 0.994281 ] —
307.15 - 0994292
0993927 A —
305.36
0993563 iy —
303.58 0.993199
089305 —
301.79 TIK TIK]
300.00 L L
20536 305.36
303.58 p—
v 301.79
L 300.00 e
0 : :
o ECIID 600 9@0 1200 1500 1800
——xg =005 w/ Marangeni ¢ Test Tank is enclosed in a vacuum jacket
ne alr w/ Marangenl

* Tank is initially at an elevated uniform
temperatures with strip-heater off.

* Aforced sub-cooled jet at 5cm/sec is used
for pressure control

P-P, (Pa)

— Approved for Public Release

Summary

NASA is pursuing advancement of computational simulations for cryogenic
propellant management systems. Areas of interest include:

— Pressurization (with and without non-condensible in the ullage)
— Destratification (Active mixing)

— Transfer line and tank chilldown

— Tank filling and draining

Tools for simulating cryogenic fluid in propellant tanks range from multi-
node design and trade-study codes to full 3D CFD.

Validated Analysis Tools will reduce the development cost and risk for
future NASA Exploration missions employing in-space cryogenic storage
and transfer systems.

Approved for Public Release

This document is provided by JAXA.
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

A

nee -'mg Rlsk Assessment
of Launch Vehicle Failure

Ted A. Manning

Engineering Risk Assessment (ERA) Team
National Aeronautics and Space Administration (NASA)
Ames Research Center, Moffett Field, California

RES——

JAXA-Univ. of Tokyo Joint Symposium on Numerical Modeling
of Rocket and Space Craft

JAXA Tsukuba Space Center

March 23, 2016

Outline

e Risk Assessment Framework

e Failure Propagation
—Propagation Framework
—Self Propagating Scenarios

e Blast Overpressure
e Debris Strike Risk

—Debris Catalog Modeling
—Fragment Acceleration

This document is provided by JAXA.
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—Donovan Mathias
—Scott Lawrence
—Ken Gee

—Susie Go

—Ted Manning
—Darrel Robertson
—Lorien Wheeler

Crew Launch Vehicle Risk Assessment
& Risk-Informed Design
* Ares I/V integrated LOM/LOC
+ SLS abortability
« SNC Dream Chaser mission risk modeling

» SpaceX DragonRider ascent risk s?nsitivity
| .

Asteroid Threat Assessment

Project (ATAP)
, « Physics-based impact risk model

kit A i + Fragmentation/breakup

,:@ + Crater-forming impact

L « Ground damage assessment

Blast

Propagation

Space Mission, Campaign &
System Risk Analyses
* Ares V Mars campaign
* CXxAT Lunar Surface Systems
* HEFT Il campaign to a NEO
« Aquilall
e + SWORDS

failures

U.S. launches with liquid stage @l

Probabilissic Fish Assessmant
Procedures Guide for
NABA Mamagers and Pracotonen

Agency Risk Methodology &
Requirements Development
+ Liquid/Solid Propellant Study for

NASA's Study of Rockets
« CCP requirements development
» OSMA PRA guide chapters and
training modules.

This document is provided by JAXA.
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e Risk Assessment Framework

e Failure Propagation
—Propagation Framework
—Self Propagating Scenarios

e Blast Overpressure

e Debris Strike Risk
—Debris Catalog Modeling
—Fragment Acceleration

¢ Risk-informed Iterative, responsive
decision support modeling approach
—Requirement verification —
. .. . Pessimistic
—Design optimization
—Selection/procurement g g
Desi g Architecture ‘ Model inputs
- - - esign trades
¢ PRA is informative
t dicti '
no pre ictive Physical model
—Provides quantitative S
answers to specific Assess risk
questions aivers
—Always driven by specific Risk Solution
application acceptable? |E»|  reached
—Based on traditional Assumption
methods and extended .
as appropriate L[ Architecture
driven?

This document is provided by JAXA.
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What is ERA?

Engineering Risk Assessment (ERA) extends traditional

Probabilistic Safety/Risk Assessment (PRA/PSA) approaches to
incorporate:

= A Nominal Failure Hazards and
* Physics-based analysis

of key risk factors

« External hazards TRy ll ¥ .

: Fa”ure enVironmentS Sy Tt \ W2 dlograms l /’anlure criteria, Flight conds

= System et B [ 2 e

« Dynamic nature of A R
failures \ ’ i » = = Contingencies

«Time dependence B k=

e

L4 State dependence System definition, Failures s o Design, Timelines
« Interactive effects S =
- =
Vulnerabili = =—
& B =
s Mission risk model ==

M/OD, Redundancy

Launch Abort System

Crew Module
Service Module

Second Stage
Nominal Mission

& Upper Stage Engine

First Stage

Abort

This document is provided by JAXA.
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Abort Initiators sefarafion
H H Ignitipn
(Loss of Mission)
Case VIES RCS, TVC EC
APU, TVC, RCS! US Main Engine ] 7=
| Ground ops | 1 | | Other ) | art/op| S
T I I I 1 1 r >
Fuel Crew LAS Launch Staging LAS MECO
Orbit Armed Jettison
Load Load
Insertion v
Contained
( Y N\
Initiator to Uncontainable main engine failure Early detection vs. false positives
Imm_ed’ate ; Local engine explosion/fragmentation X
manifestation Y Activate abort procedure E f
[N Fragments impact high-pressure COPV . Sscape from
= 3] Release tie-down bolts failure
< COPV burst punctures feedline ® 5 LOM
Propagation to other ©® P % Fire LAS motor(s) environment
() igni [e)
sy.stems a,:,d to 40 Flammable mass ignites, ruptures tank ?n AT S SaFEE
failure environment z Released propellant ignites/explodes ® Y X X
Zr. b4 Trim heat-shield forward
= . " () Yol
[e) Environment decays to critical level Z o)
> (e] Perform descent maneuvers
v = -
%" % Deploy parachutes
AbOI’t e é\ Touchdown landing
. Gl Loc
Effectiveness 2\ Rescue crew
% ¥
=3
(N J

74

’

e Engineering Risk Assessment (ERA) extends traditional Probabilistic Safety/ Risk
Assessment (PSA/PRA) approaches to incorporate:

— Physics-based analysis of key risk factors
— Dynamic nature of failures

oM |
Dyna iC oc| |Lov| |Abort oK
- ] ] ‘
] I
Mitigate/violate {| Sl | | S | | S i |] o ek | Time and
’_| state
rpressi Debris Breaky M/OD Toxiclevsl | dEpEI’ldEI’lt
Hazards T[| O\E:E_fur:::.:m l {1, twarn) ruin [day-frm} {1, severity) | mianfaskation
Physical ] oIty I e Propagation
Ys. . I Explosion ] | Control failure I ‘ TPS damage: I n‘lapping
manifestation
[ String2 lost
_____ > 1”]""'-‘__';1“;; b= _‘ Partial TPS _  Loss of ".________
g1 engine tgl engine i dund
failure failure | [othrist| ESEESEEE B el (@M Loss of required
‘ [ — function

—

(initiating events)

Component
fault trees

This document is provided by JAXA.
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e Impact design by focusing physics-
based analysis on risk driving Hazard
Environments

e Launch vehicle stage explosion
hazards to crew

Aborting
. Crew
Module

Blast Overpressure Fireball Debris Strike
o
------------------------------------------------ Lo \
LH2 ) ox )
T Failure Propagation

1

e Risk Assessment Framework

e Failure Propagation
—Propagation Framework
—Self Propagating Scenarios

e Blast Overpressure

e Debris Strike Risk
—Debris Catalog Modeling
—Fragment Acceleration

This document is provided by JAXA.
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Failure Propagation

Ref: o
S. Lawrence, D. Mathias, K. Gee, “A Failure Propagation Modeling
Method for Launch Vehicle Safety Assessment,” PSAM 12, Honolulu
HI, June 2014.

D. Mathias, S. Motiwala, “Simulation of Liquid Rocket Engine Failure
Propagation Using Self-Evolving Scenarios,” RAMS, Palm Harbor FL,
January 2015.

Abort Initiators seffazagion
H g Ignitipn
(Loss of Mission)
Case VE RCS, TVC EC
APU, TVC, RCS US Main Engine seq LS_|—F;75—
| Ground ops | | I Other__| ‘ — R
T T T 1 I I T Lo
Fuel Crew LAS Launch Staging LAS MECO
Orbit Armed Jettison
Load Load
Insertion v
Contained
e o N
Initiator to Uncontainable main engine failure rly detection vs. false positives
'mm,ed’ate . Local engine explosion/fragmentation X
manifestation Activate abort procedure
Escape from

Fragments impact high-pressure C

Release tie-down bolts failure

=
[
Propagation to other ® Fire LAS motor(s) environment LOM
systems and to (2 Flammable mass ignites, ruptures tank A St saFETRe
failure environment S \_ Released lant ignit lod e
%_ ] il R g pladtes ® b Trim heat-shield forward
[e) Environment decays to critical level Z o}
> o %_ Perform descent maneuvers
<,
%’ % Deploy parachutes
<
Abort 2 % Touchdown landing LOC
Effectiveness 2\ Rescue crew
[
2
(N J
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<o
r
T

For a given: Two Explosions
—Initial manifestation Abortable
— Mission phase
—Warning time Loss of Loss of

Crew
Crew

Abortable
Initial One Explosion
Manifestation
p . Loss of Crew
ropagation (Blast and/or Fragments)
. N
No Explosions
* Depends on phase
* Independent of WT

Abortable

Abortability

Selected initiator: Stage 1 turbopump failure
Paths go horizontally and then vertically

Fransition
0% — L2 Probabilities v
70% 0% 5% 0%
oo ) Afe skrt 10% 80% 0%
Initiators Explosion
20% LIAETELS 10% 5%
g
N 50%
Intermediate Rupture
Environments 100%
.
" '
Failure
Event Tree Stage I TP

Environments

This document is provided by JAXA.
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Stage 1 S 5%
TurboPump
Stage 1 Mcc 74% ofé 5% 0%
Expl Y
Aft Skfl’t 1G% 80% 0% 1
Explosion 1
1
20% HE.Ta{vk . - “
- 1
Stage 1 Tank i
1
Rup;ure 3
Stage 1 i
Intertank CBM \I
Stage 2 Tank 4
Rupture \
\
1
1
\
Stage I TP I
Event Tree € \
Aft Skirt Expl He Tank Expl \I
1
Stage | Tanki I Stage | Intertank e s
Rupture CBM A O T
l Stage | Tank
Rupture
17

Vehicle-Level Environment

Sample Monte Carlo Results

Monte Carlo results are binned to produce the desired mapping
(branch splits) between the initial manifestation and the explosion(s)

Stage 1 Tank Rupture + Stage 1 Intertank CBM + Stage 2 Tank Rupture

Stage 1 Tank Rupture + Stage 1 Intertank CBM

Stage 1 Tank Rupture + Stage 2 Tank Rupture

Stage 1 Tank Rupture

None

Stage 1 TP

AR Skirt Expl He Tank Expl

Stage 1
Intertank CBM
Stage 1 Tank

: Pruned Event Tree Ruplure
i i : 5
0.2 0.4 06 0.8 1
Branch Probability
18

This document is provided by JAXA
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I(Q

H Pre-Launch  |First Stage N Upper Stage  Upper Stage |Spacecraft
Sn 'PPet w/ LAS Burn Staging | w/LAS  Burn, no LAS staging
) AL FsB Fss ust usv uss Source Target Timing
Phase and propagation 5 ooo | ooe| ooro o/ o/ oy et Stege IMCC ) 1001
[TurboPump Expl
resistance sensitivities s o0/s0/1s | so/su/1s | so/soris o/ o/ o/ i&iz'fump aftskirtexpl  [0.1/01
a6 snss | asisis | asis/s o/ 7 7 HE Tank 0.1/0.1
TurboPump )
F7 100770720 | 100770720 | 100/70/20 o/ o/ o/f |stage 1mccexpl|aftskinEpl  [01/0.1
RETank
@ s/0fo s/0/0 s/0/0 o 7 o [sesge tmaccexalC 1 0.01/0.01
W7 100/15/0 | 157500 o o oy o [stage imccexplTPER T o o100
Rupture
Stage 1
17 off o/ off off o/ o/ Stage 1 MCCExpl Intertank CBM 0.1/0.1

Transition Data Table

I None

[ Stage 1 Tank Rupture

[[Istage 1 Tank Rupture + Stage 2 Tank Rupture
[ Stege 1 Tank Rupture + Stage 1 Intertank CEM

I Stage 1 Tank Rupture + Stage 1 Intertank CBM + Stage 2 Tank Rupture Mapp,‘ng: Dependence on Phase

Stage |1 Shutdown/Separation

Il Stage | Boost

Mission Phase Code

Pre-Launch

04 05 06
Branch Probability

- —_—

(Ie

Energy Transfer Mode(s)
—Overpressure

—Kinetic Energy (Fragments)
—Shock & Vibration

—Environment (pressure, temperature)

— Etc.
Source Severity
—Energy type: [KE]

—Magnitude: [Velocity and density]
—Uncertainties: [Velocity and density]

Target Vulnerability
—Energy type: [KE]

*@ Transition Analysis Thought Process

Example: TP Burst > He tank burst

—Magnitude: [Size, Location, Limit velocity]

—Uncertainties: [Limit velocity]
Energy Decay

—Natural decay with distance: [1/d?]

— Obstructions: [%]

20
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@ Self Propagating Failure Scenarios

KLy
s
AR
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P e
A
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40t

L\

i i
120 100

# (F8T@ Test Case: 4 Engines + Tanks

» Simple engine model for generic
launch vehicle platform
(derived from J2X) -

« 32 components: 7 per engine and
4 tanks I

—Main combustion chamber (MCC)

—2 turbopumps: fuel (FTP)
and oxidizer (OTP)
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—3 pipes (fuel, oxidizer, hot gas) (5) Pipe | Hh
—Nozzle AN
» Between ~1k—6k triangles per
%
component - f
: _— L
« 3 different initiators: — | e
' . e e e B A
MCC. ETP. and OTP (6) Pipe 2 S
, » an R R

b

‘
4

ALY,

T
Hvavay,

v,

A

(4) Nozzle
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sz“' Failure Propagation Model

* Models failure propagation of debris field
and blast wave environments

* Consists of component-to-component
interactions and behaviors given
initial conditions

» Uses Monte Carlo framework developed
in C++:
—Execution begins by seeding a failure and letting
it cascade until propagation ends
—Results include probabilities of component
vulnerabilities and scenario tracking
+ 100,000 realizations run in ~2 minutes on
laptop for current test case

# 7@ LOM and LOC Probabilities

* Interested in specific end results that lead to loss-of-mission (LOM) or
loss-of-crew (LOC) outcomes

* LOM outcome occurs with 2nd engine out — propagation leads to strike
of a critical component in another engine

Non-truncated MCC chains, 10k realizations

Initiatar = MCC1

1033 S

100% *—o——o— 10000 158 [

90% ; |
S 80% . 1
2. |
H 0%
2 60% : e =
3 B
O 50% ; 1
3 -
£ a0% P R r—"
g 30% ~-MCC initiator 03 -
S
O 20% ~*FTP initiator lumps failure

10% OTP initiator In €1

0% x R
0 2 4 6 8 10 12 2 — i
Number of Propagation Events . © g = |

Average of 10 different
failure propagation chains
per realization.

Number of jumps to tank failure
as a fraction of all tank failure chains

Figure 9 — Contribution of Propagation Events Ej a =
for First Tank Burst =y . 1 . _Kéé |
A i
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e Risk Assessment Framework

e Failure Propagation
—Propagation Framework
—Self Propagating Scenarios

e Blast Overpressure

e Debris Strike Risk

—Debris Catalog Modeling
—Fragment Acceleration

25

Abort Initiators sefarafion
g b Ignitibn
(Loss of Mission) —
Case ME RCS, TVC ECQ
APU, TVC, RCS! US Main Engine 5= I;SPS
| Ground ops | ! | Other_ art/op| >
T T T I I Lo
Fuel Crew LAS Launch Staging LAS MECO
Orbit Armed Jettison
Load Load
Insertion v
Contained
( Y N

Initiator to
immediate
manifestation

Activate abort procedure
Escape from

Release tie-down bolts failure

Propagation to other Fire LAS motor(s) environment Lom
?ystems and to Flammable mass ignites, ruptures tank e el e paration
failure environment Released [antienit Iod 7
Eaedpitlantisnins Srpices V. Trim heat-shield forward
Environment decays to critical levg Z %
o = Perform descent maneuvers
<,
%‘ % Deploy parachutes
Z
AbOI‘t 2 % Touchdown landing LOC
Effectiveness 2 \—Rescue crew
% ¥
=3
N J
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- Engineering-level models: quick, easily
reconfigurable sensitivity and trade studies

« CFD blast wave simulations: more accurate
blast propagation and interaction effects

« CFD tank burst simulations: launch vehicle tank
failure scenarios

« Structural response modeling: effects of blast
pressures on vehicle

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Blast Overpressure

S. Lawrence, D. Mathias, K. Gee, M. Olsen, “Simulation Assisted Risk
:tl\ssessmgnt: Blast Overpressure Modeling, PSAMS8, PSAM-0197,
une 2006.

S. Lawrence, D. Mathias, “Blast overpressure modeling
enhancements for application to risk-informed design of human
space flight launch abort systems,” RAMS, January 2008.

This document is provided by JAXA.



R wlryh s FHMET V7 IRT — (JAXA Hdgiiig ) SRy L 91
~FHHE B TOTL—I A —& AL T~ %%

< - e :
& (€3 Q. @ Blast Overpressure Modeling

eObjectives:
—Provide data to support requirement definition/refinement/
verification for structural survival of blast loading
—For a given structure, provide data to support failure
probability analysis
—Provide risk information for use in integrated ascent/abort
risk assessment

eKey problem elements:

—Blast size specification (yield %)
—Blast propagation, including vehicle velocity effects
*Overpressure decay
Blast trajectory (time-of-arrival)
—Interaction of blast with abort vehicle (LAV)
—Response of structure to blast loading

NASA

:’“O Explosion Modeling: Engineering-Level Model

Propellant Mass LAV Drag
TNT Equivalence LAV Thrust

] ti Dinit V Weigt -
ocation,Dir LA eig t 4 " 4
Booster Ve|OCIty f

Blast Propagation & * y
Interaction Effects i

| Structural Capacity |

Environment Scope
(Distance Required)

LAV Trajectory

Time Required to

Sensitivity to Inputs
Escape 5

Crew Risk from Blast
Overpressure
Environment

Explosion Scale Factor

Warning Time Available

-Tilure-Probabi-

R B
Warning Time, ms

H
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i Q‘f“. Vapor Cloud Explosion (VCE) Modeling

2

-E
-B

-T

(Mgiame) family of distributions

ngineering-level enhancement

last behavior a function of:

 Total energy (blast size)

» Detonation Mach number (blast strength)
NT distribution replaced with 1-parameter

- Baker-Strehlow-Tang curve set: Developed
from 1-D numerical simulations w/

TNT Equivalency/Sachs Scaling:
Overpressure:  OP = (Pax - Pe)/Pe
Distance: A= x/a
o = (Eprop/P)”
Time: =<T=tc./a

simplified chemistry (heat addition)

— Model includes families of curves for positive-
p

0.1

Scaled Overpressure

o
o

<

£ (3

hase impulse as well as peak overpressure

Positive-Phase Impulse

FEEEEEEEE FEEEE R R
—nir= 0.2
Peak Overpressure —Mf=035
T v ) —Mf=07
—Mi=02 -] —Mi=1.0
—wr=035  § 200 ——Mf=1.4
—Mf=07 g —mf=20-52 |33
—Mf=1.0 L = ==High Explogive
— =14 o T
——Mf=20 i 9
—mr=3 8 o
—Mi=4 Ll
Mf=52 H
| ——High Explosive |
0.001
04 100 0.m 0.1 10 100

1 10
Scaled Distance

M@ Blast Propagation Model

1
Scaled Distance
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Perfect gas simulations at selected conditions /
’ Msy Ts
along ascent trajectory

*Increase initial shock strength
*Increase penetration
*Sensitive to initial conditions

Overpressure Characteristics Effect on Warnlng T|me Reqwred
B000
MW ey e T e T o T e e oo
B m WP1211- 15t8tage 10% y\eld (Ref 7
a 3000 —Engineering model
o Lo T Overflow, M=01 . = [ — -Engineering madel, no headwind effects [~
< —M=1. £ 4000 —
= 100 4= —M=15 = o Model + MN-5 headwinds
2 i —M=20 ¥ : '
g i o 3000
= £ [
8 =
fay)
0 22000
s ]
&
= 1000
4 0
0o 0.1 1 0 a0 100
Scaled Distance, | Mission Elapsed Time, s

Norm. OP Norm. Impulse

Crit Impulse = 85.4 psims

NASA ARC/SARA
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PRELIMINARY Results for 50 psi pulse

Time =

0.134

Peak Overpressure, psi

200 1

180

=
-2
o

—

>

°
)

120

® Original Failure Data (20 psi structure)
+ Adjusted to 15 psi static

100

=]
o

(2]
o

'S
r=)

20 A

400 600
Positive-Phase Impulse, psims

800 1000
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Fropellant Mass

Location, Dinit J§,

| Owwrassuﬂ I Structural Capacity I

5000 S S S BN S S
""" m WP1211 - 1st Stage, 10% yield (Ref. 7)
5000 1 ——Engineering model

— =Engineering model, no headwind effects [~

40T 5 Model + M-8 hearwinds

3000 Y

|
/

‘Warning Time Required, ms
of

LEV Acceleration, g

o

Mission Elapsed Time, s

Warning Time Requirements

1000 1500 2000

2500

Warning Time, ms

=) 1000 1500, 2000

Warning Time, ms

Sensitivity to Design Parameters

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Debris Strike Risk

K. Gee, S. Lawrence, “Launch Vehicle Debris Models'and Crew Vehicle

Ascent Abort Risk, RAMS, January 2013.

K. Gee, S. Lawrence, “Sensitivity Analysis of Launch Vehicle Debris Risk

Model,” PSAM10, June 2010.

K. Gee, D. Mathias, “Assessment of Launch Vehicle Debris Risk During

Ascent Aborts,” RAMS, January 2008.
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# (¢ ‘QF% Debris Model

i i o posiion — BN
e Debris propagation Srenposton ” "
—Three degrees-of-freedom (3DOF) trajectory Fragmeacl” ‘4{3‘ :

ki

field _»‘ﬁ e

integration using MISSION code
—Trajectories calculated for:
* Launch vehicle
*Crew module
* Each fragment of potentially dangerous size

e Initial debris conditions -
(“ De b ri S Ca ta | o g ") Debris field caused by fragmentation of the

Ares | CLV during ascent
—Mass distribution based on experimental data

—Velocity distribution R R

3 FTS delay: =
w—s time

* Experimental and historical data ]

» Computed results % v a

e Debris Impact risk determined % /| /j‘\
from intersection of CM and LN
debris trajectories i omtomsio i 3

Strike probability as a function of MET
with penetration criterion

# (#®5@ Debris Propagation Model

Time = 301
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Analysis of Debris Strike Probability

. Debris catalog generation

- Generate debiris field based on vehicle dimensions
and failure mode

- Assess sensitivity of strike probability to debris field
parameters

. Response surface approach to predicting strike
probability

— Full Monte Carlo analysis can be computational
expensive and time-consuming

- Investigated accuracy and speed of response
surface approach

Launch Venhicle Debris Catalog

4 . Number of pieces
. For each piece

« Mass
. Reference area

Aerodynamic
characteristics

Imparted velocity

Ken Gee (Ken.Gee-1(@nasa.gov) 42
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Debris Catalog Model

« Number of pieces and mass distribution

. Based on analysis of explosion of cylinders ~ Sternberg 3-part.
exponential distribution

. Controlled by average mass of debris pieces
. Imparted velocity

. Flight termination system (FTS)

- Activation of linear shaped charges

- Controlled by tank pressures and crack/hole size (venting)
. Explosion

_ CTH solution Johnson-Cook fracture

Grady-Kipp fragmentation
- Controlled by equivalent mass of TNT

Ken Gee (Ken.Gee-1@nasa.gov) 43

20

40 40 f
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Debris Strike Sensitivity

+— baseline Mbar

= = 2.0"(baseline Mbar)
v-v 0.5*(baseline Mbar) . Current model
U ot L e, 5 L L5 P
N . i . Effect of number
08f 3 of debris pieces
0.7 =
06F o . Warning time =
05F E
- | E 0.5 sec
03F
02F =
TR T R A Space Shuttle ET debris model
mission elapsed time (sec)
Ken Gee (Ken.Gee-1@nasa.gov) 45
Debris Strike Sensitivity
. Current model
| ST PR LA AL .
Ogag_,,_,m%\v*ﬁ“ E . Eﬁec’F _of imparted
08F E velocities
0.7 -
06 = . Warning time =
05F E
> : 0.5 sec
03E *— baseline =
E 2--a small explosion =
oz « = medium explosion 3
0.1F v-vlarge explosion 3
00_| - I1(.!)0I - I2(|)0I - l3(1)0I - I4—00
mission elapsed time (sec)
Ken Gee (Ken.Gee-1(@nasa.gov) 46
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

—~

N\

NASA

Nt

¥

e Energy Partition

‘Blast Wave (Pressure)

E Frogments (kinetic) 4 v; =

m
Other (Thermal, etc.)
e Momentum Conservation
U; = Vjet
vjet
e F Dri
oree briven Baker Model (1977) |
F d
STS-51-L (Challenger) Ui = E t
Differential Pressure
J

48
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Problem Statement

e Problem
—Baker (1977) tank burst velocity model may not be suitable for low

yield, lower altitude tank explosions due an external vacuum
assumption

e Objective
—Evaluate / Improve the Baker model

e Approach

—Focus on Pressure Burst (no combustion)

—Run high fidelity fluid/rigid-body simulations (Overflow CFD)
—Add and/or modify terms in Baker model

101

—Compare, Adjust, Iterate

OVERFLOW
CFD

Original Baker

49

(A,
TN

1/) p:po>p’d Tank Wllll

€

N=3

g
f
;
)
e “,'
/ Expansion

N=12

t>0
50
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Computational Fluid Dynamics (CFD)

Simulations
Background Grid
: N=6
e OVERFLOW 2.2 Detail o =30°
. : 2 Y=
—Unsteady compressible flow TrimmedGrid ’ 2
- - > <

—Rigid body dynamics R Eaet @

— Finite difference 5

— Structured overset grids 2

— Multi-species fluids
e For Tank Burst Pymmetry oundary \_F,aqmem Body Grid Background

Grid

—2-D with symmetry BC
—Inviscid

—1-DOF rigid body dynamics
—2 Overset grids

—2~10 million vertices

—Up to 6000 cpu hours per run on
NASA Pleiades supercomputer.

Fragment -

OVERFLOW CFD - Body Grid

51

Choked Orifice Flow

Initial Tank Pressure p,, -

Bulk Pressure b,
Expansion

Wall Pressure Dy [

Original
p = 0 Vacuum Baker

Original Baker

52

This document is provided by JAXA.



HRKE arob s THETT V7 IRTR — (JAXA M #EEEE ) 2 mRow L
~FHBERS B TOT L — 2 —% BIEL T~ %l

Delay bulk-pressure f, reduction
due to volume gxpapsion - NChoked Orrifice Flow
with phase-out at pressure reversal
H >0
Po Expansion || %, "%

{ Fragment Size / Curvature Effects

Initial Tank Pressure p,,
Bulk Pressure b,

Expansion

Wall Pressure o [

p,,. Wall Pressure Modified
Compression Baker

Poe Ambient Pressure

Original

53

Tank Burst Cases

RL1G ENGINE

N,

(A,
TN

<) Y N RN W, S ()5
A —— — O U

STS ET (I SSME MCC SRB RL10 MCC Baker 6
Tank contents Air H,, O0,, H,O | APCP gas | H,, O,, H,0 Air
Tank material Aluminum Inconel Steel Inconel Aluminum
Radius (cm) 420 22.3 184 11 25.4
Thickness (cm) 0.21 1.24 1.2 1.17 0.68
Doo AP} (psi) {22} 3000 800 500 10,000
(XK, 293 3400 3430 3400 272
p., (atm) 0.001~1.0 1 1 1 1
|| PTESSUre Ratio TS500~2"5 205 54 9 680
tratio v 1.4 1.37 1.155 1.37 1.4
Fragment count: N 3~24 3~24 4~24 3,12 3~24
MR U R e s 0.1 1 1 1
Phase-in factor n 8 8 8 8 8
Discharge coeff. C, 0.8 0.8 0.8 0.8 0.8
N’ ”
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10 I
X Collins (1960)
O BNL
g € Moskowitz (1965)
©
~ A Pi 1972
3 fman (1972) STS ET 4
>n. 1 + =Baum Recommended Limit AA
s @ Overflow Baker 6
'g © Baker, Orig
E © Baker, Mod
-
o
g€ 01
[
Y
w
SSME
5 RLIO mcc
Q MccC
0.01
0.001 0.01 0.1 1 10

Baum F Factor, 2py, Vo, /(M, * ay,2)

Original Baker - OVERFLOW CFD

55

Ap = 1.5 atm
log(p/ poc) p _ ['/ —r

|

OVERFLOW CFD

56
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STS External Tank: Sea Level

Too=293K, Ap=22 psi, 155= 1.4 (Air), R 00 = 287 Jlkg K p,,=| atm

400 ------- RTTTCTTCPTPPRPy PPPPRPP PP PP ; 1 pr-eesgmmoceeogecesoceziesooepeocanos —
I [ Baker, Original -------- Baker, Original
850 Loeon 3 [RSEEEEt Baker, Modified |; 09 fr---oy —oooe Baker, Modified |}
; Overflow ; i Overflow Centerline |:
: 08 ‘
3 :
Q :
>~ 07 !
z ‘
250 > 1
Y o 06 3
E 2 |
7] :
> g 05 ]
3 o |
© =z 04
> k = !
! © 03 :
c :
= ‘
2 :
E 02 ‘
0.1 :
0 ‘
0 1 2 3 4 5
Nondimensional Time ta,,/R, ., Nondimensional Time ta,,/R, .,
wass |
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STS External Tank:
External Pressure Senstivity

Too=293K, Ap=22 psi, 750=1.4 (Air), Rpps00 = 287 J/kg K

External Pressure, p,, = 0.001,0.01,0.1,and | atm —T
N=12
N=12,p, = 0.00l atm  (h=48 km)
400 [---oo-- e . A pommomomm e oonoee s
P e—e—- Baker, Original 1 | | -—-—- Baker Original
350 | D s Baker, Modified |} 09 | e Baker Modified :
Overflow : Overflow Centerline |:
i _o8f
x
z07
o ~
0
[0)) N
2 os £
2 >
© 05 £
0 |
%04 8 — — !
=z Q1801 | —o— Overflow i
g 03 10 -—o-— Baker, Original j
202 {| --o--- Baker, Modified !
ol 50} | —o —BaumVforF =09328 Jg
: : : : : 0.1 R
i Il Il i Il Il Il Il Il ]
R 00570 15 20 25 30 3 40 45 50
% 2z s 4 s ol 2 3 4 5 Effective Altitude (k
Nondimensional Time ta, /R, Nondimensional Time ta,,/ R, ective Alitude (km)
/7 Tfrag

| atm 0.1 atm 0.01 atm 0.001 atm

Original Baker _ OVERFLOW CFD
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N = 3 fragments log(p/psc) N=12 fragments p,, = | atm

—o— Overflow

-—o — Baker Classic

---0--- Baker, Modified

—o0 — Baum V for F =0.9328

OVERFLOW 0

0 5 20 25

10 15
Number of Fragments

59

SSME MCC:
Poo = 3000 psi
Mach contours

p.=14.7 psi (1 atm)
OVERFLOW CFD

60
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e Tank Burst Simulations

—Developed CFD-based capability to predict fragment velocity and
understand flow field

e Engineering Modeling
—Better understand limitations of Baker tank burst velocity model
—Improved Baker Model account for external atmospheric effects and
fragment size/curvature
—Improvements greatest for low altitude tank (low pressure ratio)

e Future Work:

—Extend Modified Velocity Model
» To other burst geometries: sphere and tank domes
« Include effects of cryogenics
—Apply velocity model results to
* Debris strike risk assessments
« Failure propagation analysis
—Develop fracture sizing models

61

e Risk Assessment Framework

e Failure Propagation
—Propagation Framework
—Self Propagating Scenarios

e Blast Overpressure

e Debris Strike Risk
—Debris Catalog Modeling
—Fragment Acceleration

62
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