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Overview

In this report we develop a dynamical physics model describing the process of rocket
refueling by liquid hydrogen and different possible faults in the filling system. This
model describes the complex dynamics of hydrogen filling from a storage tank to an
external tank and the influence of different faults on this process. The model takes into
account the main physical processes such as highly non-equilibrium condensation of
the hydrogen vapor, pressurization, and also the dynamics of liquid hydrogen and vapor
flows inside the system in the presence of helium gas. We develop self-consistency
theory of the dynamical condensation-evaporation processes and show that the effect of
hydrogen vapor condensation blocking occurs during the liquid fuel filling. The model
incorporates multiple faults in the system providing a suitable framework for model-
based diagnostics and Heath Management algorithms. We also develop an accurate
algorithm for numerical simulations of the developed model. We also provide a
manual for the Matlab code simulating the refueling process.*

This report 1s an extension of the previous work:

Sun Hwan Lee, Vadim N. Smelyanskiy, Viatcheslav V. Osipov, Cyrill B. Muratov, Anupa Bajwa, Igor Kulikov, "A dynamical
model of nominal and faulty modes of rocket refueling by liquid hydrogen: from Space Shuttle to future missions", Proceeding of
2008 Integrated Systems Health Management (ISHM) Conference, 11-15 August 2008, Northern Kentucky Convention Center,
Covington, KY

V.V. Osipov and C.B. Muratov, “Dynamic Condensation Blocking in Cryogenic Refueling,” Applied Physics Letters, vol. 93, 2008.

* Software available by request. Contact Vadim Smelyanskiy: Vadim.N.Smelyanskiy@nasa.gov
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Stages of Operation

Initial purges
Cleaning of Transfer line, ET, Tail Service mast (TSM), Umbilical Carrier and Disconnect
Cavity

Chilldown
Allow LH2 into fueling system lines, but not into ET

Slow fill (ET 1s 0% to 5% fill )
Fast fill and Reduced fast fill (ET 5% to 98% fill)
Topping (ET 98%-100% fill) :

Replenish at 100% |
Maintaining ET at 100% full as LH2 boils off/evaporates '

Terminal Countdown Sequence
Timed closing of valves in order to shut down systems as they are no longer needed while
launch approaches

: Stages described by
: our model

Postlaunch A system check of “quick disconnects” integrity through the use of pressure
transducers and purge lines

Postlaunch Line Drain Purges
Cleaning of Transfer Line

Postlaunch Purging
Cleaning of system beyond transfer line



LH2 Slow Fill

Storage Tank Pressurization Complete — Fill to 5%

Storage Area / Cross Country / FSS

Figure courtesy Shuttle Program and Marshall Space Flight Center
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LH2 Fast Fill

5% To ~72% Full (=6000 gal/min)

Figure courtesy Shuttle Program and Marshall Space Flight Center
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LH2 F ast Fill Figure courtesy Shuttle Program and Marshall Space Flight Center
~72% To ~85% Full (=6000 gal/min)
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LH2 Re duc ed F ast F ill Figure courtesy Shuttle Program and Marshall Space Flight Center
~85% To 98% (=1750 gal/min)
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* Figure courtesy Shuttle Program and Marshall Space Flight Center
LH2 Topping
Topping to 100%
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Simplified LH2 Propellant Loading Schematic

Vent Valve

R

Storage Tank (ST)
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Summary of the Model

Reduced dynamical model has been developed for LH2 loading system . This
model consists of Storage Tank (ST) and External Tank (ET) and Transmission
Line (TL) that operates in all filling regimes.

Two vent valves were considered (in ET and ST).
— ET vent valve operated at two threshold pressures 38.7 and 41.7 psia
— ST vent valve operated at one threshold pressure of 64.7 psig or 50 psig (depends on filling regime)

ET 1nitially filled with only GH2 up 14.7 psia. Pressurization of ET performed
using heated GHe.

Heat transferred from the vaporizer to LH2 in ST goes into a latent heat of a phase
transformation from LH2 to GH2 thus supporting the flows of vapor mass and
enthalpy from the LH2 control volume into the control volume of GH2 in ST.

Transmission line is modeled by a cross-country transfer pipe and 7 valves to
control mass flow rate



Summary of the Model (cont.)

* Major and minor head (pressure) losses due to friction were
considered in laminar and turbulent flow regimes with
linear interpolation between them. Our loss model can be
casily extended to consider a realistic pipe network given
the specifications for all system elements such as, pipes,
tees, elbows, expansions/contractions, vent valves, etc.

 The model accounts for radiation, conduction and
convection heat exchange with the environment for both
tanks and the transmission line.

 The model describes nominal regime and various faults,
including gas, liquid and heat leaks, vent valve
clogging/leakage and others



Summary of the Model (cont.)

The reduced model is described by 18 state variables
— LH2 , GH2 and GHE masses in Storage Tank (ST)
— LH2, GH2 and GHE masses in External Tank (ET)
— Partial pressures of GH2 and GHE in ET
— Partial pressures of GH2 and GHE in ET
— Gas volumes in ST and ET
— Gas and liquid temperatures in ST and ET (4 variables)
— Film temperatures in ST and ET

There are total 6 constraints on state variables
— Equations of state for LH2, GHE in ST
— Equations of state for LH2, GHE in ST
— Gas volume in ST is expressed via LH2 mass and ST volume
— Gas volume in ET is expressed via LH2 mass and ST volume

There are total 12 ordinary differential and integral equations for 12 state
variables



GH2 GHE

A Simplified Model

= p R, T Equations of state:
v H2"v

Py = PRy T, p(T,)=pe (T, /)

Mass conservation:
(O): iy =J, =pdV,/dt=J, +J,

(v): m,+m, =d (,ov+,0g )/dt— +J,—J,

LH2 Tank :
Energy/Mass
flows
GH2+GHE py Py T,
Mass flow Energy flow J Qve
le le hvf Qv
f Py Tf

Qle

(v):
= d(mvuv +mgu, )/dt

(f):

Energy conservation:

" *vs

0.-0 -W—J.h, +J, (hve+vfe/2)+Jge(hge+v§e/2)

0,~0,+J, (h, k) =d (mu, ) fdt =0

)z Qu+ O+ W +J I+, (hy+vi | 2) =d (myu,)/dt

a) Conduction:

T

Mass flow Jle Q(t) _ A(@jm j_ dr an (z')
(

) (1-7)” ot

Energy flow Jj, (h TV /2) b) Convection: O = Aa, (Tf —T)




Vaporizer

* When vaporizer valve open, LH2 flows into vaporizer
e LH2 accumulates in vaporizer and vaporizes into GH2

* Vaporizer valve position depends on signal pressure
and flow regime pressure set point

Flow into vaporizer depends
on tank pressure and valve J vap vap vap \/ pPr—P vap
position .
Vaporizer has a
boil )

1
oil — (J lag defined by t

Jb vap vap

vap

Conservation of mass in the m =J

. boil
vaporizer



External Tank Chilling

 When slow fill begins, ET is not chilled
 As ET 1s filled, tank chills and loses heat to LH2

Tank wall heat
balance

Heat transfer
through natural
convection

. 1 . .
TWZW(Qext—sz—QW)

w-w

Qext — aextA(Tamb o Tw)
O, =a,(A+Rh)T,-T),)

: N
0., =M% (4 R(1 - )T, ~T,)
J _ sz All heat from wall to LH2
boil — i goes into boiling



Liquid and Gas Flow in Transmission Line Pipes

a) Viscous Effects: Friction Head Losses in Fluids

Steady flow pressure difference: Ap = pg (hL + Az)

% U,
h, =hf +th =f——+zK — €=———— Minor head losses

Mass flow rate:

m=J=nxRpU

2R 2g "2g
t Major head loss
Resistance coefficient:
, , 32v 64 3
Laminar regime: e)=——=— (Re<3:10
! ( ) UR Re ( )

Turbulent regime: ﬁ=—0.8710g[ a, 251 ], (Re>3.1()3)

T4R " ReyS

b) Viscous Laminar Flow of Compressible Gases

7R
) 16,uleT(pl2 -7

4 1+1/y
: 7y R pp D,
m=J = 1= == Adiabatic

Isothermal

y+l u D




Liquid and Gas Flow in Transmission Line Pipes

¢) Thermal Effects in the Absence of Phase Transformations

i) Variations of Bulk Temperature T, along the Pipe Axis x : Je, % =27Rgq,
X

27Rq,
Jc,

Uniform Heat Flux through the Wall : T, (x) =T, + X

Temperature Drop due to Thermal Conduction: AT, =T, T, = 27 Ric, ATl

Jepd

ins

ii) Variations of the Wall Temperature T, : ATW T _];) ~ ZRKms AT

w Nl/l d K ins

av ins" 1

_LaminarFZOW (Res3103) Nuav:1.95(P€'d/l)l/3 Pe'd/l>102

Pe=Re-Pr
Nu, =4.36 Pe-d/1<10

- Turbulent Flow (Re>3-10°): Nu, = gRe- Pr'?

r, | } | M

@ <> ForLH2 A7, =(102-10")K if [=(10-100)m
T

w




Transmission Line Model for Different Filling Modes

Turbulent regime: Re,,, >Re, ~10’

Laminar regime:  Re,, <Re, =10’

{2 o V2
aeﬁ"_(aV +Otpl.pe)

2 L2
aVz[(aEJraF) +(aJ+aK) J

_ 7R*
pre 8yl

12
=27 R’ [—'OZR]
fl

apipe

_ 1/2
Jtr T aeﬁ” Ap fot
a2 4k2i eAptot
"=k, [\/H P
pipe V
) 1/2
X 4P 0
a, =4, —|—| =4,

— Stem
) Bonnet

Eod Flug

set defines a filling mode:
a) slow fill,

b) fast fill,

c) reduced fast fill,

d) topping,

e) replenish




[LH2 Flow Network

Transfer Replenish

i (1500 ft) j—<
X X

Transfer Line Main Fill
Chilldown Valve Valve

Assume turbulent flow through valves. For valve i:  J, = o, A\ p;, — Py,

Allow transfer line to be in laminar or turbulent regime:

1/2

Turbulent regime: Re tot

>Re, =100 J, =, Ap

pipe

, , 2 4k A
Laminar regime:  Re. <Re ~10°0 J =_2 \/14— L

pipe t 2
"2k a,

Flow network was solved for each filling regime based on identified valve and pipe
parameters. In each case, we find the pipe is always in the turbulent flow regime -
Reynolds number calculated to be 2-4 orders of magnitude larger than critical value.



Flow Network Solution Procedure

Inputs: pipe and valve configuration and parameters, and pressures on the ends of
the flow network. Configuration defines set of constraints for conservation of mass.

b

a d J=J,+J,
Pst @ ® P P, @ ® pg;
S~y .,

C

Outputs: mass flow through each flow segment, and internal pressures

Each pipe/valve segment may individually be in either the laminar or turbulent
regime. Therefore each segment is described by the following general expression:

( . D
kL (pzn _ pout) 1f kl (pm _ pout) < Recritical
J. =1 pAk,
P . D
kT \/pm o pout lf kT \/pm o pout pAkV > Recrl’tical

“

Solution approach: Must solve simultaneous set of nonlinear algebraic equations.
Mass flows and internal pressures are unknown. Use optimization solver to compute

these variables.



Reduced Dynamical Model for LH2 Loading System

Equations of state for Tank 1 (ST)

P = Pu Rem 1, GH2
pgl — IOgl RHe 7:/1 GHE
y)
Dr (Tﬂ) = Pc (TH/TC) Saturated GH2 film
Mass conservation for Tank 1 (ST) Mass flow rates into Tank 1 (ST)
mll N Jlel * JZVI Jvel = J:c;}ve + Jboil Jgel = J\iga,llve

mvl + mgl = Jvel + Jgel o lel

1ot = I v =,

tr




Energy Conservation for Tank 1 (ST)

LH2 my 1, =0, +O, + W +J ¢ (Tfl — Tll) Z Jlelvlel

L| TL, Boilup

GHD : : Liquid leak
GH2+GHE (m,c, = +m glcV N, =0, -0, W+
(Z vel lvl )RGH2T + ']gelRHeTgl + JZVIC}(’}HZ ( ) Z vel vel
f /
Saturated GH2 film ' :

Qvl o QZI + lel (hvs _ hls) = O

Vent valve,

: : : : Boilup, Gas Leak

ST bOdy mwlcwlTwl = le o Qlel o Qvel

— —( Dt pg : )Vll -- Work performed by gas (LH2+GHE)

g ol / o, glAgel -- GHE mass flow velocity for Vent Valve (VV)
/ IO le

vel

=J

vel

-- GH2 mass flow velocity for each source (VV, BOILUP, Gas leak)




Heat Exchange Modes

conduction ---
T,>T,>T, conduction
12 ¢ V2 4
: KC.p, dr 5Tf1(7) : (KC,OJ dr OT (T)
)= 4| == )= Al == /1
R B [P OB e M P
r,,T, > Tfl
12 convection ---
: : K,Cpp0 dr 0T, (7) )
t)=A4 T, —-T t)= 4| =Py duct
O, (?) 10‘ﬂ1( s 11) 0, (1) ( . j '([(t_z_)l/z or conduction
Iy > 1,1, conduction ---
12 ¢ .
NN S e dr 0T, (7) . convection
Oy (t) = A(%) '([(t B z_)1/2 gz' O, =4 ag (Tfl _Tvl)
T,>T,,T, convection ---
Qzl (t) = Al g (Tfl _Tzl) Qvl = Al U (Tfl _Tvl) cONVECHOn




Classification of Heat Exchange Mocjles

\ ve
a) T >Ts>T, c) T,>T, >T,
X X
Vapor A
Vapor v
Conduction Convection
T > T
. J
Conduction le
o Convection
Liquid
Liquid
b | 1,>7.T 1 d | 1.7>T,
J, >0, J =0
le ve Jle<09 Jve:()
X Vapor X
A Vapor A
. Jle

Convection Conduction

J
le > T _— T
Conduction Convection
Liquid Liquid
Jle<09 Jve>0 Jle>o’ Jve<0




Model for Vent Valve — Choked Flow

Vent valve parameters are thresholds pressure py,; and py,, , valve cross-section S, ;..

Pt < Pz

o Jr(p,+p,) | ,

Ve """ If (D, + D> D) | (P < P, + P, < Py) & (last crossing p,,, down))
']valve:< r pv+pg
0 if (,+p, <P (P <p,+ P, <Py,)&(last crossing p,, up) )
7+l
= (7/__'_1)2(71) , y:C_P:1_4
2 Cy
Choked Flow Condition
py If we assume that p,, pient = Parm —14.7 psia

P, + P, S (7/ + ljy - =19, y= Cp ~14 then the choked flow condition will be satisfied
Pambient 2 Cy since p, + p,> 39 psia




Faults in Reduced Dynamical Model for LH2
Loading System

Vent valve fault

R TR AR

valve ~ F valve

Model for the liquid leak:
Bernoulli’s law

Ju = \/2/OL (pv TPy = Pum )Su(t)

Model for vapor and gas leaks
assuming chocking flow

S, J, - P, \/7(1% +p,) 5.0

Lyp,+p,

J:AJNA+&)

" Tp+p,



ST Height (m)

Transfer Line Mass Flow (kg/s)
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The pressure p, in ST 1s determined by loading dynamics and vaporizer
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Liquid surface temperature T, in ST increases due to vapor condensation and gas temperature T,
decreases because of increase of the gas volume during loading.

The condensation mass flow in ET is small, temperature of gas T, drops to due venting and boiling
creating cold gas.

The condensation mass flow in ST sharply grows due to increase of the vapor pressure.



(Gas Leak Fault in ET

Initiation of a leak hole in the upper part of ET
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(Gas Leak Fault in ET

Initiation of a leak hole in the upper part of ET
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Presence of leak can be detected by observing rates of ullage pressure

increase and decrease.



Vent Valve Clogging Fault in ET

Decreases of the cross section of the vent valve: S,

100

40

3
3
25

(w) S 1S

150

00

1

Time (min)

50

Time (min)

Time (min)

(w) ySeH 19

Time (min)
* Loading can still be accomplished with 50%, 75%

Time (min)

Time (min)

=0.025 m?)
* Significant increase in pressure obtained with full clog

0 (Snominal

reduction in S occurring at t

Mass flow through vent
valve 1s proportional to

(p'pvalve )Svalve

30 min (abort required).

occurring at t



ET Height (m)

Vent Valve Clogging Fault in ET
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Gas Leak Fault in ST
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Time (min)

Time (min)

Time (min)
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* Vaporizer cannot maintain pressure at high flow rates in presence of leak

Time (min)
* Reduced pressure results in slower loading
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Heat Leak in ET

Heat Leak 30 kW ||
Heat Leak 40 kW ||

(w) ySeH LS

100

Time (min)

50

Time (min)

Time (min)

(w) Sy 14

Time (min)
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* Heat leak causes more boiling from the tank walls, introduction of cold vapor
produced from this reduces ullage temperature
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Vent valve regulates ET pressure.
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Analysis of ET Leak on Vent Valve Frequency
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Possible Faults in LH2 Loading System

Fault

Effects caused by fault

Reconstructed parameters

1. Vent valve fault: decrease
(increases) of threshold pressure p_ ..

Decreases (increase) of pressures, gas temperatures in both
Tanks, and increase filling rate and vaporizer rate

The value of p,,,.

2. Vent valve choking fault:

decreases of the cross section area S

Decrease of filling rate and vaporizer rate, and increase of
pressure p,and T, in Tank 2 (more than p, and T, in Tank

1)

The value of S

valve

3. Valve choking fault; valve stuck fault

Change of filling dynamics

Valve area; valve position

4.Gas leak fault in external tank (2)

Decrease of pressure and gas temperature in both tanks and
increases of filling rate and vaporizer rate

Cross-section of the gas leak hole
area in the external tank

5. Liquid leak fault in tank 2
or transmission line after the valves

Decrease of filling rate, pressure and gas temperature in
external tank

Cross-section of the liquid leak
hole area

6. Gas leak fault in the storage tank (1)

Increase of heater current and decreases of all other
parameters during of fast filling

Cross-section of the gas leak hole
area

7. Liquid leak fault in tank 1
or transmission line before the valves

Increase of heater current and decrease the rates of slow and
fast fillings

Cross-section of the liquid leak
hole area

8. Heater feedback fault

Sharply change of filling dynamics

Failure of heater feedback circut

9. Heat insulation fault of the external tank

Increase of liquid and gas temperature and pressure in the
external tank

The power of heating

10. Heat insulation fault of the storage tank

Increase of liquid and gas temperature and pressure in the
storage tank

The power of heating

Fault detection is based on sensor data for gas pressure, temperature, and liquid height in Storage and

External Tanks (p;, p,, T, Ty, hyy, hy»)




LH2 MATLAB Simulation User Manual

Matthew Daigle!, Sunhwan Lee?, Cyrill Myratov?, Slava Osipov*, Vadim Smelyanskiy*,
and Michael Foygel®

May 24, 2010

! University of California, Santa Cruz, NASA Ames Research Center

2 Department of Aeronautics and Astronautics, Stanford University

3 Department of Mathematics, New Jersey Institute of Technology

4 Discovery and Systems Health, Intelligent Systems Division, NASA Ames Research Center
5 Physics Department, South Dakota School of Mines and Technology

Emails:
Matthew Daigle: matthew. j.daigle®@nasa.gov

Vadim Smelyanskiy: vadim.n.smelyanskiy@nasa.gov

Software available by request. Contact Vadim Smelyanskiy: vadim.n.smelyanskiy@nasa.gov

Contents

1 Introduction 2

2 System Description 2

3 Mathematical Model Description 3
3.1 Storage Tank . . . . . . . 6
3.2 Vaporizer . . . ... e e e 6
3.3 Transmission Line . . . . . . .. 7
3.4 External Tank . . . . . . . . e 8
3.5 Vent Valves . . . . . . . . 9
3.6 Leaks . . . . . e 9
3.7 Filling Protocol . . . . . . .. 9

4 MATLAB Functions 12



1 Introduction

This document describes the liquid hydrogen (LH2) model and MATLAB simulation, including both nominal
and faulty regimes. A brief description of the system is provided, followed by the model equations, and
instructions for using the MATLAB code.

2 System Description

The goal of the LH2 propellant loading system is to move LH2 from the storage tank (ST) to the external
tank (ET). A schematic outlining the scope of the current modeling efforts is shown below as Fig. 1.

Vent Valve Prepress. Valve

Vent Valve
Topping r‘%"
Valve
Storage Tank (ST) External
Tank
Transfer Replenish (ET)
Line Valve  Crogs-country Line Valve Outboard Inboard
(1500 ft) :; i ;II Fill Valve Fill Valve
Vaporizer Vaporizer
Valve Transfer Line Main Fill
Chilldown Valve Valve

Figure 1: LH2 propellant loading schematic.

Filling progresses in seven stages: (1) Pressurization, (2) slow fill, (3) fast fill, (4) fast fill at reduced
pressure , (5) reduced flow fast fill, (6) topping, and (7) replenish.

1. Pressurization: The ST begins with a large amount of LH2 and enough gaseous hydrogen (GH2) for
an ullage pressure equal to atmospheric pressure. The ET begins with no liquid and enough GH2 for
an ullage pressure equal to atmospheric pressure. Initially, there is no flow path between the tanks.
The tanks are individually pressurized before any transfer of LH2 begins. The ST is pressurized first to
about 40 psig, and then to 66 psig solely through the use of the vaporizer. The vaporizer valve opens,
allowing LH2 to flow through the vaporizer, which boils off LH2, and the GH2 created feeds back into
the ST. Concurrently, the ET is pressurized to 38.7 psia using gaseous helium (GHe), fed in through
the prepress. valve.

2. Slow Fill: After pressurization is complete, slow fill begins. The transfer line chilldown valve, main
fill valve, outboard fill valve, inboard fill valve, and topping vales are all opened. The ullage pressure in
the ST drives fluid to the ET. The ullage pressure in the ST is constantly maintained by the vaporizer.
The flow through the vaporizer valve is modulated based on the ST pressurization set point. The
ullage pressure in the ET is maintained using its vent valve, which opens and closes to maintain the
pressure between 38.7 and 41.7 psia.

3. Fast Fill: Fast fill begins when the ET is 5% full. The transfer line valve opens to increase flow from
about 1500 gallons per minute (GPM) to around 7500 GPM.

4. Fast Fill (Reduced Pressure): At 72% full, the ullage pressure of the ST is reduced to 50 psig.



5. Fast Fill (Reduced Flow): At 85% full, reduced flow fast fill begins. The main fill valve is set at a
reduced flow state.

6. Topping: At 98% full, topping begins. The transfer line valve is closed and the replenish valve fully
opens. The ET vent valve is also opened, reducing the ET ullage pressure to 14.7 psia. The inboard
fill valve closes, forcing the remaining liquid to pass into the ET through the topping valve.

7. Replenish: At around 100% full, topping ends and the tank is continuously replenished to replace
boil off before launch. During replenish, the transfer line chilldown valve remains open, the main fill
valve is closed, and the replenish valve is modulated to maintain the ET level at 100%.

3 Mathematical Model Description

Nomenclature
Subscripts
1 storage tank
2 external tank

Dynamical Variables

mr, Mass of LH2; kg

My Mass of H2 vapor; kg

my Mass of GH2; kg

hr, Height of liquid; m

Pvs Do Density and partial pressure of vapor; kg/m?, Pa

PgsDg Density and partial pressure of pressurizing gas; kg/m3, Pa
T, Temperature of the vapor-gas mixture; K

Ty Temperature of the liquid surface; K

Ty Temperature of tank wall; K

Jboil Vapor flow generated by vaporizer; kg/s

Jir Flow through transmission line; kg/s

Jvvalves Jgvalve Flow of vapor and gas through vent valve; kg/s

Jots Jgi Vapor and gas leak flows; kg/s

Jri Liquid leak flow; kg/s

Jed Vapor condensation flow; kg/s

QLs, st heat transfer from liquid to surface, vapor to surface; W
Qur, Quo heat transfer from wall to liquid, wall to vapor; W

Qw, Qeu, heat transfer from environment to vapor, environment to wall; W
Avent,ST Discrete state of storage tank vent valve

Avent, ET Discrete state of external tank vent valve

Liquid Parameters

L Density of liquid; kg/m?

cr Specific heat of liquid; J/kg/K

Ty Temperature of the bulk liquid; K

KL, Thermal conductivity of liquid; W/m/K

h(}g Specific heat of evaporation; J/kg

Te,pe Critical temperature and pressure of the liquid; K, Pa
A Dimensionless saturated vapor pressure exponent

1 Dynamic viscosity; Pa s



Vapor and Gas Parameters
Ry, R,

Cv, Cg

Ko,y Kg

Y

r

Tank Parameters
S1, Vi, Ry

Ry, H

Hmaw

Po1, Po2

Patm

Transfer Valve Parameters
dg

dr

dj

dx
dpvi1
dpvi2
dpvi3
kg

kr

ky

kx
kpv11
kpviz

kpvis
i

Vent Valve Parameters

Svalve
Pslows P fasts Preducedy Ptoppings Preplenish
PETy 0w PEThign

Cross-country Line Parameters 7,
Dpipe
Lpipe

dnm'pe
Re*

Vaporizer Parameters
Thoit
Tvap
Cyap
)\vap

Fault Parameters

fS,Ualvel
tS,valvel

Vapor and pressurizing agent gas constants; J/kg/K

Specific heat of vapor and pressurizing gas at constant volume; J/kg/K
Thermal conductivities of vapor and gas at T = Tr; W/m/K

Ratio of specific heats
Parameter characterizing the flow through a nozzle

Cross section area, volume and radius of storage tank; m?, m?, m

Radius and height of external tank; m?, m
Maximum filling height of external tank; m
Initial pressures in storage and external tanks; Pa
Atmospheric pressure; Pa

Transfer line valve diameter; m
Transfer line chilldown valve diameter; m
Replenish valve diameter; m

Main fill valve diameter; m

Outboard fill valve diameter; m
Inboard fill valve diameter; m

Topping valve diameter; m

Transfer line valve coefficient

Transfer line chilldown valve coefficient
Replenish valve coefficient

Main fill valve coefficient

Outboard fill valve coefficient

Inboard fill valve coefficient

Topping valve coefficient

Position input of valve 4

Valve cross-section; m?

ST pressure thresholds for different loading regimes
Thresholds for ET ullage pressure

Transmission line time constant;

Pipe diameter; m

Pipe length; m

Pipe roughness; m

Critical Reynolds number for the pipe

Temperature of vapor inside bubbles; K
Vaporizer time constant

Vaporizer valve flow coefficient
Vaporizer valve position

Multiplication factor of ST vent valve orifice area (valve choking)

Time of ST vent valve choking fault; s



fS,valveQ
tS,valveQ
Sgll

tgll

Sgl2

tgl2

St

trin
Sri2

trio

Qu2
tag
fae
tar
far
tag
fag
tak
fax
fapvii
fapviz
fapvis
tStuckE
stuckE
tStuckF
stuckF
tStucks
stuckJ
tStuck K
stuck K

tStuckPV11
stuckPV11

tStuckPV12
stuckPV12

tStuckPV13
stuckPV13

tStuckST
stuckST

tStuckET
stuckET

Multiplication factor of ET vent valve orifice area (valve choking)
Time of ET vent valve choking fault; s

Hole cross-section of gas leak fault in storage tank; m?
Time of gas leak fault in storage tank; s

Hole cross-section of gas leak fault in external tank; m?
Time of gas leak fault in external tank; s

Hole cross-section of liquid leak fault in storage tank; m?
Time of liquid leak fault in storage tank; s

Hole cross-section of liquid leak fault in external tank; m?
Time of liquid leak fault in external tank; s

Heat leak to ET ullage area

Time of transfer line valve blockage; s

Multiplication factor for valve area

Time of transfer line chilldown valve blockage; s
Multiplication factor for valve area

Time of replenish valve blockage; s

Multiplication factor for valve area

Time of main fill valve blockage; s

Multiplication factor for valve area

Multiplication factor for valve area

Multiplication factor for valve area

Multiplication factor for valve area

Time of transfer line valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of transfer line chilldown valve stuck fault; s
Vvalve position for stuck fault (in [0,1])

Time of replenish valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of main fill valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of main fill valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of main fill valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of main fill valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of ST vent valve stuck fault; s

Valve position for stuck fault (in [0,1])

Time of ET vent valve stuck fault; s

Valve position for stuck fault (in [0,1])

The mathematical model is described by the following set of equations. Here, we assume that the temperature

of the LH2 is constant at 20 K.



3.1 Storage Tank

hri = f(mei/pr) (3.1.1)

po1 =M1/ (Vi —mr1/pr) (3.1.2)

Po1 = M1 RyTp1/ (Vi — mpi/pL) (3.1.3)

V= p/pp (3.1.4)

S1 =m(R} — (R — hr1)?) (3.1.5)
1

T, =T, (i)”j) A (3.1.6)

T. - Ty
higt = hGg\| o —m 3.1.7
fal fg T. —Ti1 ( )

hrsi = \/kLeLpL/m (3.1.8)

Qrsi = hrs1S1(Tr1 — Ter) (3.1.9)
\V "ivcvpvl/’fr» Tvl 2 Tsl
hys1 = 2 (T — T, 3.1.10
' 0.156§/96%p“( LRV L 10
KoV
stl = hvslsl(Tvl - Tsl) (3111)
Jear = M (3112)
hig
mry = —Jy — J’uap - JL,Leakl + Jedr (3113)
My1 = Jpoit — Jv,valvel - J’u,Leakl — Jear (3 1].4)
Qvl = Qevl - stl +plle/pL - CpTv1<J'u,Leak1 + Jv,valvel) (3115)
- Cstl Jea1 + CproilJboil (3116)
- Jv,valveU?ﬂ/Q - Jv,LeaklvaLeakl/z (3117)
. 1. _

Ty = (Qvl - mvlc'uT'ul) (3118)

My1Cy
(3.1.19)

Here, f(mp1) is the algebraic function which computes liquid height for a sphere for a given amount of
volume.

3.2 Vaporizer

Jvap = CvapAvap V/ 2PL(P1 — Patm) (3.2.1)

7 L Jva —J o1l )y vap > 0

Jhoil = ey e = o), Ty . (3.2.2)
, otherwise

mvap = Jvap - Jboil

—
w w
o i
-~ W

N~—



3.3 Transmission Line

1.3

2
Dypipe
IOg (er‘,pipe )

2
s — O Dpipe pLDpipe
ppe 2 2Lpipe f

o =2m (%)% 2}5;, i=1{B,F,J K,PV11,PV12, PV13}

-2
pipe

f=

aeff:(()\EaE+)\Fap)72+a +
(Ajay + Agak) 2+ Apyiiapyy +

(Apvisapyvia + Apvizapyiz) 2) "2

. 1 .
Jir = — (cersV/ 11 — p2lsign(pr — p2) — Jir)
tr

(3.3.1)



3.4 External Tank

hre = f(mr2/pr)
pv2 = M2/ (V2 —mr2/pr)
pg2 = mga/(Va —mr2/pL)

p2 = (My2 +my2)/(Vo —mpra2/pr)
Po2 = Moo Ry Tya/(Va —mpa/pL)
Pg2 = Mga Ry T2/ (Vo —mpa2/pr)

P2 = Pv2 + Pg2
ve = i/ p2
Ay = TR2
1
o =T, (’”’2) A
Pe

T. T,
hpge = WG|
fo2 =R\ T, — T,
hrs2 =/ Kkrerpr/m

Qrs2 = hreoAs(Tro — Teo)

hysa = V ’11)01)/72/71'

st2 = hv52A2 (T’L)2 - Ts2)

J _ _(QL52 + Q’US2
ed2 =
fg2
Qur2 = hwra(Tws — Tra)(Ag + Rohps)
Pr = cpu/ky

Ra = |gﬁ(Tw2 - Tv2)(A2 + R2hL2)3PT/V2‘

9/16
492
U= (1+ <09) )*16/9

Pr
Nu = 0.68 + 0.503V Ra * ¥
s = _Nuk,
H — hpo

Quvz = hwva(Twa — Tua)(Ag + (Ha — Rohps))
Jvoit2 = Qura/h g2
mre = Jir — Jr,Leak2 + Jea2 — Jpoir2

va - Jboil2 - Jv,valveQ - JU,Leak2 - ch2

Jg,in = )\prepresscprepress \/Pg,in — P2

QUQ = Qva - st2 +p2mL2/pL + Cpng,inJg,in
- CpTUZ(JuLeak:Z + Jv,valveQ) - cpgTq2(Jg,Leak:2 + J 7vu,lve?)
— cpTs2dcaz + cpThoir Jvoil2
- Jv,valve2vq2;2/2 - Jv,LeakQUﬁ,Leak2/2

2 2
- Jg,valv62U92/2 - JQ;LGU«kzvg,LeakQ/Q

. 1 . )
Tv2 - (Qv2 - vaCvTUZ)
My2Cy + Mg2Cyg

! (Qew? - QwLQ _8Qwv2

M2 Cw2




3.5 Vent Valves

Pv1pP1 fy(pl _patm>S

vaalvel = )\Uent,ST F\/pT1 valvel
Pv2 _ ]
vaalve2 = )\vent,ET © i (p2 patm) SvalveQ
F\/ Pv2 + Pg2
Boz Y (p2 - patm)

P2

Jgvalvez = A S.
gvalve vent,ET valve2
P\/ Pv2 + Pg2

3.6 Leaks

JL Leakl,2 = \/QPL (p1,2 — Patm)SLi12
_ P2y (pra) o

J =
v,Leakl,2 F\/m gll,2
Ty = P2V (P2) o
g,Lea F\/p? g
3.7 Filling Protocol
Pressurization:
=0
I
b =
{] =0
k=1
/\/PV11 =1
Npvip = 1
Apy13 =0

Lent,ST - fvent,ST(plappress)

i)ent,ET = fvent,ET(pQ)

A;ap = fvap(plvppress)
A =1

prepress

(3.5.1)

(3.5.2)

(3.5.3)

(3.6.1)

(3.6.2)

(3.6.3)



Slow Fill:

5=0
=1
[ =0
k=1
IPV11:1
>‘/PV12:1
/\33\/13:1

;ent,ST = fvent,ST(pl 5 pslow>

;)ent,ET = fvent,ET (p2)

/\;ap = fvap(plapslow)

Aprepress =0
Fast Fill:
o=
=1
=0
k=1
IPV11 =1
/\;3V12 =1
Apyis =1

i)ent.,ST = fvent,ST (]91 y pfast)

A;ent,ET = fvent,ET (p2)

)‘{uap = fvap(pvl ) pfast)

)‘;)re;m“ess =0
Fast Fill (Reduced Pressure):

=1
=1

"

=
=1
ANpyi =1
! =1

PVi2 =
Apy1s =1

/
)‘vent,ST = fvent,ST (pl s preduced)
/

vent,ET — f’uent,ET(pZ)
A;)ap = fvap(pvlapreduced)
A =0

prepress

10



Fast Fill (Reduced Flow):

Np =1
Np =
N, =1
N =0.1

iDvn =1

/

pyiz =1

! =1

PV13 =

;ent7ST = fvent,ST(plapreduced)

)‘;Jent,ET = fvent,ET(P2)

>"/uap = fvap (plapreduced)

Aprepress = 0
Topping:

Ny =0
Np =1

L=

N =0.1

Npy11 =

)‘/13\/12 =
Npyis =1

;ent,ST = f’Uent,ST(phptopping)

/ —
vent, BT — 1

)‘Lap = fvap(plaptopping)
A\ =0

prepress

11



Replenish:

!

=0
=1
O, hLQ > H
N, = . 0.999H — hpso
7 1, min (1,0.10.9991_{ )
=0
Npvin =1
XPV12 =0
XPV13 =1

;)ent,ST = fvent,ST(pl P preplenish)

/ _
)‘vent,ET =1

)‘;ap = fvap (pl s preplenish)

)\;77“6])7“655 =0
where,
0» p1 < 1~05pset
fvent,ST(plapset) - 17 P1 > 0~95pset (371)
Apent, s> Otherwise
0, P1 < DET,low
fvent,ST(pZ) = 17 p1 > PET,high (372)

Avent,sT> Otherwise

mm(l, max(oa 10<pset - pl)/pset)); p1 < 0~98pset
fvap(plapset) = 07 P11 > 1.02]736,5 (373)
Avap: otherwise
Here, A~ refers to the previous value of A\. The actual valve inputs A; are functions of commanded position
A} as follows.

(3.7.4)

N stuck;, t > tstuck,i
( N otherwise

4 MATLAB Functions

The set of available MATLAB functions and scripts are described below. For additional information, type
help x in the MATLAB prompt, where x is the script or function name (e.g. help LH2Simulate).

e LH2ModelParams: This is a script that defines all the nominal parameters of the LH2 model. It defines
a variable in the MATLAB workspace called *LH2Model’ which stores these parameters and is used by
the simulation and control functions. Fault parameters may then be set after this script is called. See
runHeatLeakET for an example of its usage.

e LH2Simulate: This is a function that simulates the LH2 model given the parameters defined in
the workspace variable >LH2Model’. If given no inputs, it runs to the default time specified in

12



’LH2Model.tFinal’. Optionally, a time vector can be provided as the first argument (e.g., 0: 10000
or 0:1:10000). An optional second argument specifies the name of the scenario (e.g. ’Nominal’). It
returns a structure which contains time and relevant dynamical variables and outputs as fields. See
plotLH2Data for an example of how to use the data structure.

e LH2Control: This is an internal function which encodes the filling protocol.

e plotLH2: This is a function which takes two arguments and a third optional argument. The first
argument is the name of the data field to plot (which must be a valid data field in the data structure
returned by LH2Simulate). The second argument is a single data structure or a cell array of data
structures (returned by calls to LH2Simulate). The same variable from each data structure are plotted
on the same figure. The third argument is a gain term (used for unit conversions). See runHeatLeakET
for an example of how to use this function.

e plotLH2Data: This is a utility function that plots data returned by LH2Simulate in a particular format,
showing the most useful dynamical variables as subplots on 3 separate figures.

e runNominal: This is an example script which runs the nominal scenario. It demonstrates the use of
LH2ModelParams, LH2Simulate, and plotLH2Data.

e runHeatLeakET: This is an example script which runs a nominal scenario and two different heat leak sce-
narios. Key variables are plotted together for comparison. It demonstrates the use of LH2ModelParams,
LH2Simulate, and plotLH2.

e SampleSimulations: This is an example script which contains simulations for various fault scenarios
and the parameter settings used to accomplish them. The different data sets are saved to workspace
variables.

The general procedure for running a nominal or faulty scenario is the following (see also runNominal,
runHeatLeakET, and SampleSimulations). First, run LH2ModelParams. This loads the model and initializes
all parameters to nominal. Next, set the specific fault parameter values (e.g., LH2Model.t_StuckE = 100;
LH2Model.stuckE = 0.5;). Next, run LH2Simulate to obtain the data from the simulation of this scenario.
Before running a new scenario, run LH2ModelParams first to reinitialize parameters to nominal values. New
fault parameters can then be set and the simulation can be run again for the new parameters. Data returned
by a scenario can be plotted using plotLH2Data(data), where data is the variable that contains the data
returned by LH2Simulate.
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