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Course Abstract

This three-day hands-on course provides basic introduction as well as
advanced capabilities of GFSSP. GFSSP is a general-purpose computer
program developed at Marshall Space Flight Center for analyzing steady
state and time-dependent flow rates, pressures, temperatures, and
concentrations in a complex flow network. For more information about
GFSSP, please visit . The version 604 of the
code will be released through this course. The course quickly teaches new
users to use GFSSP to solve engineering flow network problems through
lectures and tutorial problems. There are seven core lectures, nine lectures
on application and six step-by-step tutorials and several challenge tutorials.
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BACKGROUND

 GFSSP stands for Generalized Fluid System Simulation
Program

e Itis a general-purpose computer program to compute
pressure, temperature and flow distribution in flow
network with solid to fluid (conjugate) heat transfer

« It was primarily developed to analyze
— Internal Flow Analysis of Turbopump

— Transient Flow Analysis of Propulsion System

« GFSSP development started in 1994 with an objective
to provide a generalized and easy to use flow analysis
tool
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DEVELOPMENT HISTORY & ONGOING DEVELOPMENTS

Version 1.4 (Steady State) was released in 1996

Version 2.01 (Thermodynamic Transient) was released in 1998
Version 3.0 (User Subroutine) was released in 1999

Graphical User Interface, VTASC was developed in 2000
Selected for NASA Software of the Year Award in 2001

Version 4.0 (Fluid Transient and post-processing capability) is
released in 2003

Version 5.0 (Conjugate Heat Transfer capability) is released in
2006.

Educational Version was released in 2011
Version 6.0 (Multi-Dimensional Capability) will be released in 2012
Psychrometry & Chemical Reaction are under development
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COURSE OUTLINE
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Day 1 Morning
Introduction & Overview (CL-1)
Pre & Post Processor — Part | (CL-2)
Compressible Flow (LA-1)
Tutorial on Converging-Diverging Nozzle (TP-1)

Day 1 Afternoon
Resistance & Fluid Options (CL-4)
Fluid Transient (LA-2)

Tutorial on Water hammer (TP-2)
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Day 2 Morning

Mathematical Formulation (CL-5)
Tank Pressurization,Control & Relief Valve (LA-3)
Tutorial on Tank Pressurization & Control Valve (TP-3)

Day 2 Afternoon
Pressure & Flow Regulator (LA-4)
Tutorial on Pressure Regulator (TP-4)

Cryogenic Propellant Loading (LA-5)
Tutorial on Transfer Line Chilldown (TP-5)
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COURSE OUTLINE
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Day 3 Morning

Data Structure (CL-6)

User Subroutine (CL-7)

Fluid Mixture & Two-phase Flow (LA-6)
Tutorial on Propellant Recirculation (TP-6)

Day 3 Afternoon

Rotating Flow ,Turbopump & Heat Exchanger (LA-7)
Multi-Dimensional Flow Modeling (LA-8)
Open Session
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NETWORK FLOW OR NAVIER STOKES ANALYSIS

Computational Fluid
Dynamics (CFD)

Navier Stokes Network Flow
Analysis (NSA) Analysis (NFA)
Finite Finite Finite Finite _ Finite
Volume Difference Element Volume Difference
GFSSP
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NETWORK FLOW OR NAVIER STOKES ANALYSIS

Navier Stokes Network Flow
Analysis Analysis
« Suitable for detailed flow « Suitable for flow analysis of a
analysis within a system consisting of several
component components

 Uses empirical laws of
transport process

e Used during preliminary
design

 Requires fine grid
resolution to accurately
model transport processes

o Used after preliminary
design
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NETWORK DEFINITION
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NETWORK DEFINITIONS

e Network: o
O Boundary node Series
O Internal node _ II -
[ |
—L— Branch T~
Parallel

At boundary nodes, all dependent
variables must be specified T~

Combination

« Atinternal nodes, all dependent variables

must be guessed for steady flow and specified for transient
flow.
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UNITS AND SIGN CONVENTIONS

e Units
— Length - inches
— Area - inches?
— Pressure - psia
— Temperature - °F
— Mass injection - Ibm/sec

Heat Source

e Sign Convention

Mass input to node = positive
Mass output from node = negative
Heat input to node = positive

Heat output from node = negative

Btu/s OR Btu/lbm-

External (input/output) Internal (inside GFSSP)

feet

feet?

psf

°R

lom/sec

Btu/s OR Btu/lbm
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Network
Boundary Internal Branch Solid Ambient Node Conductor
Node Node Node
Fluid > < Solid >
Solid to Solid Solid to Solid Solid to Fluid Solid to Ambient
Conduction Radiation
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MATHEMATICAL FORMULATION

Principal Variables:

Unknown Variables Available Equations to Solve

1. Pressure 1. Mass Conservation Equation

2. Flowrate 2. Momentum Conservation Equation

3. Fluid Temperature 3. Energy Conservation Equation of Fluid
4. Solid Temperature 4. Energy Conservation Equation of Solid

5. Specie Concentrations 5. Conservation Equations for Mass Fraction of Species

6. Mass 6. Thermodynamic Equation of State
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MATHEMATICAL FORMULATION

Auxiliary Variables:

Thermodynamic Properties, Flow Resistance Factor & Heat Transfer
Coefficient

Unknown Variables Avalilable Equations to Solve

Density
Specific Heats Equilibrium Thermodynamic Relations
Viscosity [GASP, WASP & GASPAK Property Programs]

Thermal Conductivity

Flow Resistance Factor Empirical Relations
Heat Transfer Coefficient
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MATHEMATICAL FORMULATION

BOUNDARY CONDITIONS

e (Governing equations can generate an infinite number
of solutions

e A unique solution is obtained with a given set of
boundary conditions

e User provides the boundary conditions
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PROGRAM STRUCTURE

Solver & Property

Graphical User Module User Subroutines
Interface B P P
(VTASC) « Equation Generator New Physics
SS——— »] ¢ Equation Solver v
Input Data * Fluid Property Program * Time dependent
P process
: File
: * non-linear boundary
* Creates Flow Circuit conditions
* Runs GFSSP T » External source term
« Displays results DY Output Data File . Customized output
graphically * New resistance / fluid
option
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GRAPHICAL USER INTERFACE -1
MODEL BUILDING
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GRAPHICAL USER INTERFACE
MODEL RUNNING
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A generalized computer program to calculate flow
rates, pressures, termperatures and concentrations
in a flow network.

|

ENTER INPUT DATA FILEMNAME

P[]

SOLUTION SATISFIED CONVERGENCE CRITERION OF 00003 N 13
ITERATIONS

TAU = 1.0000000E+D3 ISTER = 1 |
Edit Output | Print | Claze |

< Ll_l
{1.0125,3.5) : Inch

iﬁStart”J e ; o] H & Intraduction. ppt | Etrput_output.ppt |[=I¥rasc version 202 ... [ZE 0@ auaem
GFSSP Version 6.04 Training Course
Introduction & Overview

-
=
|




Marshall Space Flight Center
GFSSP Training Course —

GRAPHICAL USER INTERFACE
MODEL RESULTS
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— 1. Pipe Flow

— 2. Flow Through a Restriction

—
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(@) - Rectangle (b) - Ellipse
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(©) - Concentric Annulus (d) - Circular Sector

Thin Sharp Orifice

Foh
ol

— 3. Non-Circular Duct

— 4. Pipe Flow with Entrance
& Exit Losses

Where:
D = Pipe Diameter
D, = Orifice Throat Diameter

5. Thin, Sharp Orifice
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Thick Orifice

ke L
T - i Wh_ere: :
il

D; = Orifice Throat Diameter
Square Reduction

Lo = Orifice Length
D, D,
Square Expansion

e
T_I_i

Rotating Annular Duct

Where:
D, = Upstream Pipe Diameter
D, = Downstream Pipe Diameter

Where:

Where:

L = Duct Length (Perpendicular to Page)
b = Duct Wall Thickness (b =r, - ;)

o = Duct Rotational Velocity

r;= Duct Inner Radius

r, = Duct Outer Radius
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D, = Upstream Pipe Diameter
D, = Downstream Pipe Diameter

— 6. Thick Orifice

— 7. Square Reduction

— 8. Square Expansion

— 9. Rotating Annular

Duct
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RESISTANCE OPTIONS

v — 10. Rotating Radial Duct

..l :

11. Labyrinth Seal

¢ ere:
c:SeaI Thl k ness (CI Ice)
T B = pas
L= Sea
Flow

— 13. Common Fittings

& Valves

@i — 14. Pump Characteristics
‘ § g £ — 15. Pump Power

-4 ( ] 3—>

— 16. Valve with Given Cv

— 17. Viscojet

18. Control Valve
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RESISTANCE OPTIONS
U 19. User Defined —— % Fixed Flowrate
1z
! . .
20. Heat Exchanger Core 1 25. Cartesian Grid

22. Compressible
Orifice

23. Labyrinth Seal (Egli
Correlation

|
. 1
E 21. Parallel Tube
—
*
g
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FLUID OPTIONS

GASP & WASP

Index Fluid Index Fluid
1 HELIUM 7 ARGON
2 METHANE 8 CARBON DIOXIDE
3 NEON 9 FLUORINE
4 NITROGEN 10 HYDROGEN
5 CARBON MONOXIDE 11 WATER
6 OXYGEN 12 RP-1

GFSSP Version 6.04 Training Course
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GASPAK
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FLUID OPTIONS
Index Fluid Index Fluid
1 HELIUM 18 HYDROGEN SULFIDE
2 METHANE 19 KRYPTON
3 NEON 20 PROPANE
4 NITROGEN 21 XENON
5 CO 22 R-11
6 OXYGEN 23 R12
7 ARGON 24 R22
8 CO, 25 R32
o] PARAHYDROGEN 26 R123
10 HYDROGEN 27 R124
11 WATER 28 R125
12 RP-1 29 R134A
13 ISOBUTANE 30 R152A
14 BUTANE 31 NITROGEN TRIFLUORIDE
15 DEUTERIUM 32 AMMONIA
16 ETHANE 33 IDEAL GAS
17 ETHYLENE

GFSSP Version 6.04 Training Course
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FLUID OPTIONS

 Fluids not available in GASP/WASP or in GASPAK
can be modeled by providing property tables
 GFSSP needs Molecular Weight and tables for
following thermodynamic and transport properties:

« Enthalpy

e Entropy

« Density

* Viscosity

 Thermal Conductivity

» Specific Heat

» Specific Heat Ratio

GFSSP Version 6.04 Training Course
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ADDITIONAL OPTIONS

* Variable Geometry

e Variable Rotation

» Variable Heat Addition
e Turbopump

 Heat Exchanger

e Tank Pressurization

« Control Valve

« Valve Open/Close

e Conjugate Heat Transfer
* Pressure Regulator
 Flow Regulator

* Relief Valve

e Multi-dimensional flow

GFSSP Version 6.04 Training Course
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Example Problems

GFSSP User’'s Manual includes twenty-five example problems

EXAMPLE

The Purpose |S tO' FEATURE 1(2(3]4]|5]|6([7]|8]|9(10|11|12(13|14|15[16{17]|18|19|20|21|22|23|24|25 FEATURE
Conjugate Heat Transfer 13(14 23 Conjugate Heat Transfer
1 . D e m O n Strate Constant Property 2 7 25|Constant Property
. Cyclic Boundary 20 Cyclic Boundary
th e m aJ Or Fixed Flow Regulator 22 Fixed Flow Regulator
Flow Regulator 17 Flow Regulator
features of Gravity 1 23] | |Gravity
Heat Exchanger 5 11 20 Heat Exchanger
th e COd e Ideal Gas 8 1617 ldeal Gas
. Long Inertia 3 6 12 18|19 Long Inertia
2. Val I d ate th e Fluid Mixture 4 10 J12 23 Fluid Mixture
. Model Import 23 Model Integration
SOIUtl on by Moving Boundary 7 9 Moving Boundary
. Multi-dimensional Flow 25[Multi-dimensional Flow
CO m p arl n g Non-Circular Duct 7 Non-Circular Duct
. Phase Change 14 Phase Change
Wlth TethOO k Pressurization (Tank) 10| |12 Pressurization (Tank)
. Pressure Regulator 16 Pressure Regulator
SO I utl O n , Pressure Relief Valve 24 Pressure Relief Valve
. Pump 1 12 Pump
Experlmental Turbo Pump 11 Turbo Pump
. Turbo Pump-Internal Flow 21 Axial Thrust
data’ |f Unsteady 8|9f10| |12] |14|15]16(17 22|23|24| _|Unsteady
. User Fluid 20 User Fluid
aval |ab|e User Subroutine 10 12 18]19|20 User Subroutine
Valve O/C 15 Valve O/C
Variable Geometry 9 Variable Geometry
Water Hammer 15 Water Hammer

GFSSP Version 6.04 Training Course
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Example 1 - Simulation of a Flow System
Consisting of a Pump, Valve and Pipe Line

Receivin g Reservoir

Pipe

150 ft
Supply Reservoir D=6in.
ﬁ &/D = 0.005
0 OWRT Gravity Vector) = 95.74°
/ Water/
—Q— Gravity Vector
Gate
Pump Valve

Feature: Gravity, Pump Characteristics, Pipe & Valve

GFSSP Version 6.04 Training Course
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Example 2 - Simulation of a Water
Distribution Network

48 psia (3 45 psia (4

Feature: Constant Property Fluid Option & Comparison
with Hardy-Cross Method

GFSSP Version 6.04 Training Course
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Example 3 - Simulation of Compressible Flow iIn
a Converging-Diverging Nozzle

0.492 in. Flow sl 1453 in.
( Not to Scale
0.158 in. —> N
< 6.142 in. >

Feature: Inertia In Momentum Conservation,
Comparison with Isentropic Solution

GFSSP Version 6.04 Training Course
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Example 4 - Simulation of the Mixing of
Combustion Gases and a Cold Gas Stream

500 psia
1500 F
Xn20=0.9
Xo=0.1 .
Cph20=0.5696 (btu/(Ibm F)) \ Mis
Cpoz=1.2512 (btu/(Ibm F)) .
M3y
14.7 psia
80F

500 psia

80F 9
Xo02=1.0
Cpo2=0.2324 (btu/(lbm F))

Feature: Fluid Mixture, Comparison with Textbook
Solution

GFSSP Version 6.04 Training Course
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Example 5 - Simulation of a Flow System
Involving a Heat Exchanger

Pipe Pipe
L=10in. L=10in.
D=0.25in. D=0.25in.
Water
P=50 psi () (S P=25 psi
T=100 F
Heat Exchanger
Water
P=25 psi (g O P=50 psi
T=60 F
—
Pipe Pipe
L=101in. L=10 in.
D=0.5in. D=05in.

Feature: Heat Exchanger Option, Comparison with
Textbook Solution

GFSSP Version 6.04 Training Course
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Example 6 - Radial Flow on a Rotating
Radial Disk

|
[ —
e T
T
i
A

Feature: Rotating Flows, Comparison with Textbook
Solution

GFSSP Version 6.04 Training Course
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Example 7 - Flow in a Long Bearing Squeeze
Film Damper

Squeeze Film Region l

AY
4 A
! 1
ﬁ !
\
AY

’
’
> lLeZ— Bearing

? Rotor Shaft &

\/ Inner Segment

Outer Segment

Feature: Moving Boundary, Comparison with Test Data

GFSSP Version 6.04 Training Course
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Example 8 - Simulation of the Blow Down of
a Pressurized Tank

)

Tank

V=10 ft

Initial Conditions

p,=100psia| d=0.1in

T.=80°F ¢
L ~ Atmosphere
T p = 14.7 psia

Feature: Unsteady Flow, Comparison with Analytical
Solution

GFSSP Version 6.04 Training Course
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Example 9 - A Reciprocating Piston-Cylinder

i 4

d = 3.0 inches

A
| l
| 1
L(t) = 4.0 + 3.0cos(wt) inches

Feature: Variable Geometry, Moving Boundary, and
Comparison with Analytical Solution

GFSSP Version 6.04 Training Course
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Example 10 - Pressurization of a Propellant Tank

Pressurant

v

TULLAGE -RNALL
S Ullage QWA 51
4

mPROP

Propellant
TPROP
Propellant to Engine

Feature: Tank Pressurization, User Subroutine for Mass
Transfer, Comparison with published data

GFSSP Version 6.04 Training Course
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Example 11 - Power Balancing of a Turbopump
Assembly

Gas Generator
r _
\/
Pump ,(\; Turbine
4 N

Y

Feature: Turbopump & Heat Exchanger Option, External
Heat Input

GFSSP Version 6.04 Training Course
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Example 12 - Helium Pressurization of LOX and RP-1 Propellant Tanks

GHe Supply

P = 750 psig [1.3"ID D D 1.3"ID 0.53" ID
0.53" ID
sv2 [ ]

Flex Line i

Engine Purge Interface Engine Chamber Engine Chamber
P =600 - 800 psig

Feature: Multiple Tank Pressurization with control valve
& Comparison with test data

GFSSP Version 6.04 Training Course
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Example 13 - Steady State & Transient Conduction
Through a Circular Rod, With Convection

T=32 °F

r D =0.167 ft

T=212 °F

—— L=2ft -

AN

Feature: Conjugate Heat Transfer and comparison with

analytical solution

GFSSP Version 6.04 Training Course
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Example 14 - Chilldown of a Short Cryogenic
Pipeline

Cryogen

——

Metal Tube

Feature: Conjugate Heat Transfer with phase change
and comparison with analytical solution

GFSSP Version 6.04 Training Course
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Example 15 — Simulation of Fluid Transient
Following Sudden Valve Closure

Liquid Valve closes in 100

Sgggzinaat Flowrate =0.1 Ib/s milliseconds
P e D=0.25inch

and 200R @: 450 psia
|

I 400 ft !

Feature: Valve Open/Close, Restart and Comparison
with Method of Characteristic Solution

GFSSP Version 6.04 Training Course
Introduction & Overview 43



Marshall Space Flight Center
GFSSP Training Course —

Example 16 - Simulation of a Pressure Regulator
Downstream of a Pressurized Tank

)

Tank

V=10 ft

Initial Conditions

p,=100psia| d=0.1in

T.=80°F
L Atmosphere
p = 14.7 psia

Feature: Pressure Regulator Option (Iterative &
Marching Algorithm)

GFSSP Version 6.04 Training Course
Introduction & Overview
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Example 17 - Simulation of a Flow Regulator
Downstream of a Pressurized Tank

 —

Tank

V=10it

Initial Conditiomns
= 100 psia
T =80F

Atmosphere
p=14.Tpsia

Feature: Flow Regulator Option (Iterative & Marching

Algorithm)

GFSSP Version 6.04 Training Course
Introduction & Overview
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Example 18 - Simulation of a Subsonic Fanno

Flow
p: =50 psia D= 6inch
T.=80F /
Ml = 05
Fluid: N, .
< L = 3207 inches >

Feature: Compressible Flow with Friction, User
Subroutine to set constant friction factor, and
comparison with Text Book solution

GFSSP Version 6.04 Training Course
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Example 19 - Simulation of a Rayleigh Flow

p: =50 psia D= 6inch
T.=80F /
Ml = 05
Fluid: N, .
< L = 3207 inches >

Feature: Compressible flow with heat transfer, User
Subroutine to set zero friction factor, and comparison
with analytical solution

GFSSP Version 6.04 Training Course
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Example 20 - Simulation of a Lithium Loop Model

Feature: Closed Loop with cyclic boundary, Use of user-
specified property, Heat Exchanger & User Subroutine
to model Electro-Magnetic Pump

GFSSP Version 6.04 Training Course
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Example 21 — Axial Thrust Calculation in a
Turbopump

7 . >, 7
E%h RN /4,,\ i
4,/‘ /Sa— ,zz_.,/a\\,
k)

| AN, II ?

l i\\ \ﬁ=
. =SS ‘\\

1z
&n_
Y
' - '/;/ “
! .
\ )
\\. —— Y

Feature: Axial Thrust, Rotating Flow, Mixture, Parallel
Tube and comparison with test data

GFSSP Version 6.04 Training Course
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Example 22 — Simulation of a Fluid Network
with Fixed Flow Rate Option

] 2K—={:] [ =-4]
12 $ 3 a4
@ -

Feature: Fixed Flow Rate Option for Unsteady Flow

GFSSP Version 6.04 Training Course
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Example 23 — Helium-Assisted Buoyancy-Driven Flow in a Vertical
Pipe Carrying Liquid Oxygen with Ambient Heat Leak

&

i E_ihﬂ i E i H_i’
3 5 & &

HTCR K HTCR ®
1 Fs S L
Helium

—[-—-——R:—-—_—-
1z 23 34

&

= |- | =
By E2EH
]
8

Liquid Oxygen

BV

Feature: Phase Change in Fluid Mixture, Buoyancy
Driven Flow, Model Import and Conjugate Heat Transfer

GFSSP Version 6.04 Training Course

Introduction & Overview 51



Marshall Space Flight Center
GFSSP Training Course

Example 24 — Simulation of Relief Valve in a Pressurized Tank

T
X

TANK

Volume = 10 ft?

P; = 14.7 psia

Feature: Relief Valve Option

GFSSP Version 6.04 Training Course
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Example 25 — Two-dimensional Recirculating Flow in a Driven Cavity

Uy, = 100 ft/sec

>
>

12 inches

12 inches

Feature: Multi-dimensional option, Grid Generation and
Post Processing with Tecplot

GFSSP Version 6.04 Training Course
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SUMMARY

GFSSP is a finite volume based Network Flow
Analyzer

Flow circuit is resolved into a network consisting of
nodes and branches

Mass, energy, and species conservation are solved
at internal nodes. Momentum conservation is solved
at branch

Generalized data structure allows generation of all
types of flow network

Modular code structure allows user to add new
capabilities with ease

GFSSP Version 6.04 Training Course
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SUMMARY
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Unique mathematical formulation allows effective coupling of
thermodynamics and fluid mechanics

Numerical scheme is robust; adjustment of numerical control
parameters is seldom necessary

Intuitive Graphical User Interface makes it easy to build, run,
and evaluate numerical models

GFSSP has been successfully applied in various applications
that included

— Incompressible & Compressible flows

— Phase change (Boiling & Condensation)

— Fluid Mixture

— Thermodynamic transient (Pressurization & Blowdown)

— Fluid Transient (Waterhammer)

— Conjugate Heat Transfer

Twenty five Example Problems illustrate use of various code
options

GFSSP Version 6.04 Training Course
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INPUT/OUTPUT THROUGH A
GRAPHICAL USER INTERFACE -
VTASC

I vTASC [ 3]
Fle Edit Advanced Help
|BFEa x|
’T A
]
O
£
.
B=
-
AN o
=
w K
7 "
[]—
R B —E—O
= 106
73 \ /Q \*
510 o
[5] am\
/‘
—_
"
4 of
A

GFSSP Version 6 Training Course
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Content

Overview

VTASC Description

VTASC Steady State Demonstration
Input/Output Files

GFSSP 6.04 Preprocessor / Demo
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Overview

Visual Thermo-fluid dynamic Analyzer for
Systems and Components (VTASC) is a
program designed to efficiently build flow
network models for use in the GFSSP program.

— Visually Interactive
* “Drag and Drop” Paradigm

* Model Building, Running, and Post-Processing in one
environment

— Self-Documenting
e Hard copy of flow network

* Bitmap image of flow network for inclusion into papers
and presentations

GFSSP 6.04 Preprocessor / Demo
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Overview

— Eliminates errors during model building process
« Automatic node and branch numbering

« Save and restore models at any point in the model building
process

* Robust
— Pushbutton generation of GFSSP input file
« Steady and Transient cases

» Advanced features such as Turbopump, Tank Pressurization,
and Heat Exchangers

— Run GFSSP directly from VTASC window
 GFSSP Run Manager acts as VTASC/GFSSP interface

GFSSP 6.04 Preprocessor / Demo
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Overview

— Post-processing capability allows quick study of results
» Pushbutton access to GFSSP output file
» Point and click access to output at each node and branch
 Built-in plotting capability for transient cases
« Capable of plotting through Winplot

— User Subroutines can be developed and integrated

« Editing, compiling, and linking to create a new executable can
be done in VTASC Window

 New executable replaces the default executable

GFSSP 6.04 Preprocessor / Demo
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VTASC DEMONSTRATION PROBLEMS

Receiving Reservoir

Pipe
L = 1500 ft

D=6In.

€/D = 0.005

BWRT Gravity Vecton) = 95.74°

150 ft

Supply Reservoir

Gravity Vector

Water /
/ ~
Gate

Pump Valve

GFSSP 6.04 Preprocessor / Demo
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Build Model on VTASC Canvas

E‘i VTASC Version 506.000 - D:/GFSSP/TFAWS2010/Demo 1/Demo.vis

Marshall Space Flight Center

File Edit Advanced Run Module Display Canwas Group Help

Esa & ! W x

;o000 >

/

34
—Q—"—zu—-/
11 iz

<

(9.8125,5.45) : Inch

GFSSP 6.04 Preprocessor / Demo
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Delp (psf)
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Determination of Pump Characteristics

GFSSP Training Course —
500 =
450 \
o0 Q (GPM) | mdot [ Head (ft) | Ap (psf) mdot?
350 (lb/S) (|b/5)2
g %0 0 0 495 30,888 0
§ 250 4000 556.13 485 30,264 3.093e05
"0 8000 1112.3 470 29,328 | 1.2372e06
150 12000 1668.4 450 28,080 2.784e06
100 16000 2224.5 425 26,520 | 4.9484e06
50 20000 2781 385 24,024 7.734e06
0 5000 10000 15000 20000 2.) Convert to Ib/S and pSf
Flowrate (GPM)
1.) Manufacturer’s Pump Curve (Head vs. Flowrate)
35000 .
4.) Curve fit:
30000 e e— 4o
25000 I —— AP = 30,888 —8.067x10""m
20000 155 vtasc3. 210 |
_é Pump Charactenistics E
15000 Identifier
10000 Description W
Intercept ’W
5000 st Order lﬂi
0 2nd Order ,W
0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06 5.00E+06 6.00E+06 7.00E+06 8.00E+06 e in72) I
mdot*2 (Ib**2/s**2) Initial Flovarate [lbm/sec) lﬂi
3.) Plot delP vs. mdot? GFSSP 6.04 Preprocessor / Demo Carcel || ool
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VTASC DEMONSTRATION PROBLEMS

Pipe
L = 1500 ft
Pump Gate Valve D=6
A, = 30888 D =6in. -oin.
B, = -8.067E-04 K, =1000 €=0.03In. .
A = 201.06177 in? K,=0.1 Ot crauty vecio = 9574
1 ‘@‘ 2 23 3 34 4
N N
Supply Reservoir Pump Outlet Valve Outlet Receiving Reservoir
P = 14.7 psia Valve Inlet Pipe Inlet P =14.7 psia
T=60"F T=60"F
Legend
—()——  Branch
Boundary Node

Internal Node

GFSSP 6.04 Preprocessor / Demo
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INPUT DATA FILE

Example 1 Flow System Schematic

e GFSSP data files are
created by VTASC

o Structure of the data file g
are classified into 20 g7 oo
sections
. /Water/ ~
 Example 1 will be used to P

explain the content of
Input data file

GFSSP 6.04 Preprocessor / Demo
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INPUT DATAFILE

GFSSP VERSION
300

ANALYST

ALOK MAJUMDAR <— i i

INPUT DATA FILE NAME Tltle Informatlon

exl.dat

OUTPUT FILE NAME

exlgp.out

TITLE

PUMP-SYSTEM CHARACTERISTICS

USETUP
F
DENCON GRAVITY ENERGY MIXTURE THRUST STEADY TRANSV SAVER
F T T F F T F F
HEX HCOEF REACTING INERTIA CONDX ADDPROP PRINTI ROTATION _ _
F F F F F F T F «—— L ogical Variables
BUOYANCY HRATE INVAL MSORCE MOVBND TPA VARGEO TVM
F F F F F F F F
SHEAR PRNTIN PRNTADD LAMINAR TRANSQ
F T T T F
PRESS INSUC VARROT
F F F
NORMAL SIMUL SECONDL
T T F

NNODES ~ NINT NBR NF  «——— Node, Branch & Fluid Information

4 2 3 1

RELAXK RELAXD RELAXH CC NITER < Solution Control Variable
1.000 0.500 1.000 0.100E-03 500 _ _ .

NFLUH(I), 1= 1,NF « Fluid Designation

GFSSP 6.04 Preprocessor / Demo
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INPUT DATA FILE

NODE INDEX
1 2 : : :
2 1 Node Numbering & Designation
3 1
4 2

NODE PRES (PSI) TEMP(DEGF) MASS SOURC HEAT SOURC THRST AREA
1 0.1470E+02 0.B6000E+02 0.0000E+00 0.0000E+00 O.0000E+00
2 0.1000E+02 0.B6000E+02 0.0000E+00 0.0000E+00 0 .0000E+00 :
3 0.4803E+02 0.6000E+02 0.0000E+00 0.0000E+00 O.0000E+00 Node Variables
4 0.1470E+02 0.6000E+02 0.0000E+00 0.0000E+00 O.0000E-+00

INODE  NUMBR BRANCH 1 BRANCH 2 BRANCH 3 BRANCH 4 BRANCH 5
§ 3 ;i; 32 < Node Branch Connection
BRANCH  UPNODE DNNODE OPTION
12 1 2 14
éi g 2 1? «—— Branch Flow Designation and Resistance Option
BRANCH OPTION -14: PUMP CONST1, PUMP CONST2, AREA
12 30888.00000 -0.00081 201.06177
BRANCH OPTION -13: DIA, K1, K2, AREA i . .
23 6.00000 1000.00000 0.10000 28.27431+—— Resistance Option Information
BRANCH OPTION -1: LENGTH, DIA, EPSD, ANGLE, AREA
34 18000.00000 6.00000 0.00500 95.74000 28.27431
BRANCH  NOUBR NMUBR
12 0
23 1 12 _ - -
24 1 3 < Inertia Information

GFSSP 6.04 Preprocessor / Demo
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INPUT DATA FILE

BRANCH NODBR NMDBR

12 1 23
23 1 34
34 0
BRANCH ] ]
12 “ Inertia Information
UPSTRM BR. ANGLE
DNSTRM BR. ANGLE
23 0.00
BRANCH
23
UPSTRM BR. ANGLE
12 0.00
DNSTRM BR. ANGLE
34 0.00
BRANCH
34
UPSTRM BR. ANGLE
23 0.00
DNSTRM BR. ANGLE
NODE DATA FILE
FNODE .DAT <

BRANCH DATA FILE Restart File

FBRANCH.DAT

GFSSP 6.04 Preprocessor / Demo
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OUTPUT DATA FILE

Output Data File can be classified into following
categories:

o Title and Data Files

e Logical Variables

 Node & Branch Information
e Fluid Information

e Boundary Conditions

e Solution Results

e Convergence Message

GFSSP 6.04 Preprocessor / Demo
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TITLE
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OUTPUT DATA FILE
1. Titles & Data Files

:PUMP-SYSTEM CHARACTERISTICS

ANALYST -ALOK MAJUMDAR
FILEIN -exl.dat

FILEOUT EX1.0UT

2. Logical Variables

LOGICAL VARIABLES
DENCON F
GRAVITY
ENERGY
MIXTURE
THRUST
STEADY
TRANSV
SAVER
HEX

GFSSP 6.04 Preprocessor / Demo

T
T
F
F
T
F
F
F
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OUTPUT DATA FILE

3. Node & Branch Information

NNODES
NINT
NBR
NF

NVAR
NHREF

4
2
3
1
5

2

4. Fluid Information

FLUIDS: H20

GFSSP 6.04 Preprocessor / Demo
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2
3
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OUTPUT DATA FILE

5. Boundary Conditions

BOUNDARY NODES
NODE P T RHO AREA
(PSI1) ') (LBM/FTA3) (IN"2)
1  0.1470E+02 0.6000E+02 0.6237E+02 0.0000E+00
4  0.1470E+02 0.6000E+02 0.6237E+02 0.0000E+00

6. Solution Results (Nodes)

SOLUTION
INTERNAL NODES
P(PSI) TF(F) Z RHO EM(LBM) QUALITY
(LBM/FT~3)
0.2290E+03 0.6003E+02 0.1186E-01 0.6241E+02 0.0000E+00 0.0000E+00
0.2288E+03 0.6003E+02 0.1185E-01 0.6241E+02 0.0000E+00 0.0000E+00

GFSSP 6.04 Preprocessor / Demo
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OUTPUT DATA FILE

7. Solution Results (Branches)

BRANCHES
BRANCH KFACTOR DELP FLOW RATE  VELOCITY  REYN. NO. MACH NO. ENTROPY GEN.  LOST WORK
(LBF-S72/(LBM-FT)~2) (PSI) (LBM/SEC) (FT/SEC) BTU/(R-SEC)  LBF-FT/SEC
12 0.000E+00  -0.214E+03  0.191E+03 0.219E+01  0.241E+06 0.183E-02 0.000E+00  0.000E+00
23 0.764E-03 0.193E+00  0.191E+03 0.156E+02 0.644E+06 0.130E-01 0.210E-03  0.848E+02
34 0.591E+00 0.214E+03  0.191E+03 0.156E+02  0.644E+06 0.130E-01 0.162E+00  0.657E+05

8. Convergence Information

*xF*% TOTAL ENTROPY GENERATION = 0.163E+00 BTU/(R-SEC) ******
**** TOTAL WORK LOST = 0.120E+03 HP *****
SOLUTION SATISFIED CONVERGENCE CRITERION OF 0.100E-03 IN 6 ITERATIONS
TAU = 0.100000E+Q9ISTEP = 1

GFSSP 6.04 Preprocessor / Demo
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SUMMARY

VTASC is a flow network model builder for use with
GFSSP

Flow networks can be designed and modified
Interactively using a “Point and Click” paradigm

Generates GFSSP Version 6.04 compatible input
files

Winplot can be activated from VTASC for post
processing

User Subroutines can also be developed, compiled,
and linked from VTASC

GFSSP 6.04 Preprocessor / Demo
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Compressible Flow

\ T
A
0.492 in. Flow —Jp 1.453 in.

v ” l

Not to Scale

0.158in.— > < —

6.142 in.

Marshall Space Flight Center

I GFSSP Training COUI’SE .|
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CONTENT

One-dimensional Compressible Flow

Compressible Flow Modeling in GFSSP

Converging- Diverging Nozzle (Example 3 & Tutorial 1)
Fanno Flow (Example 18)

Rayleigh Flow (Example 19)

GFSSP 6.0 Training Course
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One-Dimensional Compressible Flow
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Assumptions  * The properties are function of x only

H A=A(X); p=p(x); p=p(X);u=u(x);T =T(x)

Governing Equations Analytical Solution
Mass Conservation:
d?p-l-dTA-l-de:O M(1+y_1M2)

2

Momentum Conservation: dM = 2 Mzi+ (1+YM >dT0 —yM? ld_A
dp M fdx ., dV dx (VL D 2T, dx A dx
— 4+ YM"—=0
p 2 D \Y/

Where, M = Mach no. = %

e
o o

GFSSP 6.0 Training Course
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Compressible Flow Modeling in GFSSP
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» GFSSP considers all fluids to be compressible at all speeds, however,
inertia term in Momentum Conservation Equation needs to be activated for
high speed flows

&

Circuit ] Iritisl Values

x]

[~ il Thiust E-i Restriction

[~ Cuyclic Boundary HEStriCt FlDW

[~ Dalton's Law of partial pressure ||:|Er'|tiﬁEr E

Iv Enthalpy Formulation fo Stagnation " Static
I Fluid Conduction

[ Fluid Mass Injection

[~ Gravity I~ Buoyancy Reference Node ’_ 'ﬁ'rea [In"’\z] ||:|2?-| ?
™ Heat Exchanger
I~ Heal Source & Blufsec £ Brufbm Flana

'IU Inestia [~ BranchAngles EDEfﬁCiEnt
/ I Misture o Tomeaus O Gkl O B2

. S Iritial Flowrate (Ibm/s=c) |0
[ Momentum Source
I Moving Boundary Save as default waluez | Use Saved default values |
[T Normal Stress

[~ Phase Separation Mods!
[ Rotation

™ Shear [ Botation [ Momentum Source v Inertia
[~ Solid-Fluid Heat Transfer Coeff. ¢ User Specified ¢ DittusBoelter ¢ Miropolskii

Drezcription |Fi estrict 23

|0

I~ Transient Term Active

™ Tiansverse omentum Cancel .‘I:'U:CED':

[~ Tubopump

Default Cancel Applp-Close ‘ Apply |
Cloze

GFSSP 6.0 Training Course
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Converging-Diverging Nozzle
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ffect of varying back

P

ressure

a &b : Subsonic Flow

c: Sonic flow at throat:;
rest subsonic flow

d: Shock wave in
diverging section

Receiver

GFSSP 6.0 Training Course
Compressible Flow

e: Shock wave at exit
plane

f. Supersonic flow in
diverging section

g: Same as f, further
expansion occurs at
outside nozzle

79



Example 3 - Simulation of Compressible Flow in a Converging-Diverging
Nozzle
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Detailed Schematic

Inlet Flane Throat Exit Flane

0 0m e T 0S5 h oMM 01%Tm

S P x2 = i =2 ;

T T T T | I | | | | T T}

Hzgsber 12 3 4 5 G T g a 10 11 12 13 14 15 16 E 17
Rk i e e e e e e e e el Sl Tl N ¥

Ti Flow .

0.246! : ;

n ! i
4’j7 ' i0.7265

Mot to Scale

3 6.142 in >|

VTASC Model

GFSSP 6.0 Training Course
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Example 3 — Converging-Diverging Nozzle

Predicted Mass Flow Rate with Varying
Exit Pressure

Pi(psia) | T.('F) | Piz(psia) | Tiz ('F) Pot

Boundary Conditions

150 1000 134 1000 (psia) | M (bris)
134 0.279
150 1000 100 1000 ! 5
150 1000 80 1000 o —
150 1000 50 1000 50 0337
150 1000 45 1000 25 0.337

—4— Exit Pressure=130 psia

—#—ExitPressure=120 p=ia
—— Exit Pressure=100 psia +
Exit Pressure=50 psia '""'i ------------
Exit Pressure=580 psia
—*— Exit Pressure=43 psia
[ v

—8— Exit Pressure=100 psia
Exit Pressure=00 psia  [----- :* """"""
E:xit Preszure=50 pzia
—4— Exft Prassure=45 psia

: : ! ;
m\ ------------- oo R aehin SEEEEEEEEEs

Tempersture [F]

Pressure [psia)

a0 4
500
20
H
1
1 1 i S0 t + t .
] } } } } } } ] 1 2 3 4 5 g 7
o 1 z 3 4 5 & 7

Ped= Position [in]
Hodal Position (in)

Predicted Pressures for the Isentropic Steam Nozzle Predicted Temperatures for the Isentropic Steam Nozzle

GFSSP 6.0 Training Course
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Example 3 — Converging-Diverging Nozzle

Comparison with Isentropic Solution

G oA 9.7 2 )
throat Pinlet RTinIet y +

-1 -1
I:)Inle'[ = PStatic(l + (y 2 jszy

1.2809

. 12809 - 1 , )| 12809-1 _

Priet = (150 p5|a)(1 + (—2 )(0-342) = 161.6 psia

Ibm — ft 2281
. , Ibf 32174m (1281) 2 0281 lbm
m = (019012 in?) 1616 — = 0.327 —

in Ibf — ft 0 \1281+ S
85.83 -—1460°R
Ibm-"R

GFSSP Predicted Mass Flowrate is 0.337 lbm/sec (within 3 %)

GFSSP 6.0 Training Course
Compressible Flow
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Flow with Friction (Fanno Flow)

Friction

'
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—

T . o
o1 k L i Tos
bkl e \ 4

APPENDIX 26.C
Fanno Flow Factors
(K 1.4)

0/ f Pt o ') X o \fL/D
X U 1.200 b4 X
21.903 0.0547 1.1949 11.592 280,02
101,944 0.1004 1.197 5.82) 66.022
116 0.131 1.1965 4.864 15,418
7.800 0.153 1.195 {.182 32.511
1,829 0.175 1.194 3.673 24 198
0 UGl (). 196G 1.192 3.278 18.543

oo 0218 1.1905 2 0963 14 533
1.355 02072 l.155 2.403 S 483
3.619 (.3257 |.178 20035 . 299
S.092 ”_.";-l-" | l-|| 1.778 3.45h3
) RS n a4°:x1 1 1R°2 B0 SR ALY

GFSSP 6.0 Training Course
Compressible Flow
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Fanno Curve

aiM ]

FIGURE 1.14
The Fanno curve

GFSSP 6.0 Training Course
Compressible Flow
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« Mach number
increases for Subsonic
Flow

* Flow can be choked in
a long, thin pipe due to
friction

« Mach number
decreases for
Supersonic Flow

» Entropy increases in
both cases due to friction

84



Example 18 - Simulation of a Subsonic Fanno Flow
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p; =50 psia D= 6inch
T,=80F /
M, = 0.5 l
Fluid: N,

< L = 3207 inches »
Fluid: Nitrogen
=5
: sSclx': i L 14 w P=14.7 psin P214.7paa Pa14.7 pois PE14.7 poin PEL T pain
ToE0'F =60 *F r-nf T=60°F T=60°F T=50°F
Length=§2m Langth=T4d in Length=§4in Length=107 Length=1238n Length=1%4 in Length=ibdm
[
=
- e
-
& .
£
F=14.7 psia P 14 ps:n r 1-1 :fn P :a J'y:a F=14.7poa P 1-1 ?psm P H psa -
Te w *F 'I' 60"
Length=1%4 in Length=154m Length=221in Length=2&4 in Length=31%in Length=31%in Length=266 in I 0\ ‘DRH
5
3
=
i
-
&
5 P=14.7 pan P=14.7 prin P=14.7 pon P=I13dpsia
T=60°F T=60%F T=40°F TRE0°F
L& E &I EE
P=13.7 psin f .
T=60%F Length=107 in Length=89In Length=74in Length=é2 in

GFSSP 6.0 Training Course
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Fanno Flow Model
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VTASC Model

ﬂ—-+E—-+H—-*E—-+E—-H]—-*{}—-ﬂﬁj
12 3 4 45 L a7 T8

-
[‘e]-k-—.+-—E+-—E+-—E|+-—E+_—E|-—-—E|
-

(7] — ] — e ] — -~ 5] —
Boundary Conditions
Boundary Node Number Pressure (psia) Temperature (°F)
1 50 80
21 23.4 60

In the User Subroutine Friction Factor was set to 0.002, which
was used for analytical solution

GFSSP 6.0 Training Course

Compressible Flow 36



Comparison with Analytical Solution
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Fanno Flow: Temperature with Axial Distance

Fanno Flow: Pressure with axial distance 116
295 —*—Theoretical
= MonUniform Grid with 20 nodes
= Mon Uriform Grid with 20 grids] = Uniform Grids with 20 nodes
\ = Theoretical ——Uniform Grids with 40 nodes
200 4 : . — Unitorm Grids w th 40 nodes 1.12 + .
f —— Uniorm Grids with 20 nades 1:
% =
1.75 S 1.08 -
‘a ——
a
1.50 - =
~._“\.. 1.04 -
1.25 1 N
b 1.00 ; ; ; ;
0.00 0.20 0.40 0.60 0.80 1.00
1.00 T T T T :
x/L
0.00 0.zo 040 0.E0 0.80 1.00
xiL

Fanno Flow: Mach No. Plot

08 A
— GF3SSP
— Theoretical
o
=
= 06 A
o
I
=
0.4 4
02 T T T T i
0 02 0.4 06 08 1

xIL

GFSSP 6.0 Training Course
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Flow with Heat Transfer (Rayleigh Flow)

Marshall Space Flight Center

GFSSP Training Course —
Q
P o N o,
T, LV M, T,
M1 —E_" — M2
To Tos

APPENDIX 26.D
Rayleigh Flow Factors

(k= 1.4)

M p/p’ po/po” /™ To/To* a/a®* =p*/p
0.00 2.400 1.268 0.000 0.000 0.000
0.05 2.392 1.266 0.0143 0.0119 0.00598
0.10 2.367 1.259 0.056 0.0468 0.0237
0.12 2.353 1.255 0.079 0.0667 0.0339
0.14 2.336 1.251 0.107 0.089 0.0458
0.16 2.317 1.246 0.137 0.115 0.0593
0.18 2.296 1.241 0.1708 0.143 0.0744
0.20 2.273 1.235 0.2066 0.1735 0.091
0.25 2.207 1.218 0.304 0.257 0.138
0.30 2.131 1.198 0.409 0.3468 0.192
0.35 2.048 1.178 0.514 0.439 0.251

GFSSP 6.0 Training Course
Compressible Flow



Flow with Heat Transfer
Concept of * (star) quantities & Rayleigh Curve
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¥  mMoDERN COMPRESSIELE FLOW

4] ()
I | (Eamie Tlow)
M, =3 | A, 1.5 |
| | |
Fol | [y |
: - Lidl |
T: | 1 4
[ ; L I
L By |
@
| |
“-I 1 ’— _______________________ b | T
ir | e |
T | e | 1kl l
1 1" I i
el e R e
o ".. i
T N {
& ; [ Bame | !
| walues ) |
¥ 1 D e e T e s St P b2, [y S e ]
5 —! M =] / s'
Ps | I el l‘lﬂ'l— |
o2t 2op [ — ¢ |
T | : [ RS | |
| g | ."' !
p g _74 TR (T Feb {
E
=4 | T
. g o : FIGURE 3.12

Fhe Rayleigh curve.
FIGURE .11

Mpstragon of the meaning of 1he starred quantities ut Maech | for one-dimensional Rew with heat
addition

GFSSP 6.0 Training Course
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";;A' Example 19 - Simulation of a Rayleigh Flow

Marshall Space Flight Center

|
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p.= 50 psia D = 6inch
T,=80F
M, =05 [
Fluid: N, .
< L = 3207 inches >
Fluid: Nitrogen
Pedd? AT Fu A7 FldT S TRT ] Pedd? 13T e P14 e
Ty Tudd"r Tasd®r ““-," Fad i .-,:-,F“ Tu i Fasi'F
P rtasd O B 5 a3 22 AP ML S 3 iSSP T et e Pt il TE 8 BT Heat el b e T Haal el 17 bl
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Rayleigh Flow Model

Marshall Space Flight Center
GFSSP Training Course —

VTASC Model

CI— e — s |0 — e | —ERe{o]| — -1 |—@—{1]

- =]
[10] - W2 | et [ ¢ |- [ |- B —{ 2 | - B | —[ 0 |=— B — |

-

B—-—h—-—h—-—h‘—‘ -
1718 1818 1520 2031

Boundary Conditions
Boundary Node Number Pressure (psia) Temperature (°F)
1 50 80
21 35 40

In the User Subroutine Friction Factor was set to zero to eliminate
frictional effect

GFSSP 6.0 Training Course
Compressible Flow
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Comparison with Analytical Solution

Marshall Space Flight Center
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Rayleigh Flow: Temperature Plot
350.00

Rayleigh Flow: Mach No Plot
300.00

0.9

250.00 08
N ]
"m / ——Temp (GFSSP) i //
£ 200.00 Tl it —— Mitheo)
2 =T (theo) 0 06
g 2 / —— /LM (GFSSP)
" -
£ 150.00 CR ) —
g e £0s
10000 | 03
02
50.00 01
0
0.00 0 0.2 0.4 0.6 0.8 1 1.2
0 0.2 0.4 0.6 0.8 1 12 L
x/L

GFSSP 6.0 Training Course
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CONCLUSIONS

« GFSSP can model subsonic compressible flows for ideal and
real gas

 For compressible flows, inertia term in the momentum
conservation equation needs to be activated to account for fluid
acceleration due to large density and area change

« GFSSP predictions for compressible flows have been validated
by comparing with analytical solutions of three classical
compressible flow problems:

— Converging-Diverging Nnozzle
— Subsonic Flow with Friction (Fanno Flow)
— Subsonic Flow with Heat Transfer (Rayleigh Flow)

GFSSP 6.0 Training Course
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Tutorial — 1

Simulation of Compressible Flow in a
Converging-Diverging Nozzle

ﬁ\

0.492 in.

v

\

e

|

FIOW sl 1.453 in,

l

0.158 in. — >

Not to Scale

/\T

6.142 in.

GFSSP 6.04 -- Tutorial 1
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Converging-Diverging Nozzle
Geo m etry Marshall Space Flight Center

s —
GFSSP Training Course
Inlet Plane Throat Exit Plane
96 i 0.4424 0.4424 in.
X2 X2 in.
I N R \ | \ \ \ \ 1
Node 123 4 5|6 71 8 9 10 1 12 13 14 15 16 |17
T Flow
0.246
in
EL 0.7265
in

Not to Scale

Y

6.142 in

Problem Considered:
» One-dimensional pressure and temperature distribution

 Flow rates in subsonic and supersonic flow

(This is a simplified version of Example 3 in the GFSSP User’s
M an Ua|) GFSSP 6.04 -- Tutorial 1
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Program Options

Input data file :

tutl.dat

Output data file :

tutl.out

Setup for specilying general information

%]

Marshall Space Flight Center

. I
GFSSP Training Course
i3 Global Options El
stiuctions Setup for general intasmati
E—
General Information
Circut Options Ussr Informatps® ] Soluion Cortiol | Qutput Cortrol | \
i Unsteady Options
L. Fiid Options Title | Tutorial 1 )
Ainalyst [ /
GFSSP Input File F&5PLTRAWS 201 (T utl \my B
GFSSF Dutput File [Tutt.out |
GFS5F Executable [C:\Frogram Files\GFS SPEOEAGFSSPS06 EXE |
Compiler = Compag (" Intel
Defaul Cancel Apply-Closs Apply

Ui Indeemation
Sobe Information.
% [Semullareous Sohmon

Soktion Cortrd | utpes Contol |

Sohiton Methads
E Encegy for Sod Diferencens Sehene
" Erwagy by First Law 1 Newton Raghaon % First Oveiee.
< o - C r
Comergerce Infomation
[krmrr-m['dmn!ﬁ n LT L] AelaxH |1 Flolax HC
Masimumfierations [500 Mo 05 RelsNA [T PelaTs 1
kil Guert
™ Uses Soechied
™ Sucesssive Substiuion
T levmnaby Specied
rs Saverml [FHODE DAT
™ P inbamaton Biarch ekt S won/Finact File - [FRRANCH OAT

Close

Detsdt

Cancel

| toppise

Second Law
Option

G

FSSP 6.04 -- Tutorial 1
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Program Options (cont.)

Activate INERTIA

option globally

Genmal Infoemation
Cacad Opticrs
Unateady Dgtiont

*This only means
that the Inertia
term becomes

selectable in the

branches

| Sotun for pecitying fud/thermodynanic popertios

Type
= Cortart Propey = el i % Gimmesl Pt ~ HA0Z
Themedyranic Package
& Garp and'Wamp r GASPAK Gratch Pk age
Fhud Specihicaion
Lieaty ol Flads g
[ M 0| [
| Misthane i
|Mezn [, |
| Mibogen
|r~:...p..m- — [
Owgen +~
o I
Cabon Dimace - |
[
[
s
Delsk

Corcel | il |

e

Marshall Space Flight Center
GFSSP Training Course

{5 Global Options

chions Setup for specifying circuit information

&

eneral Infamation

&
nsteady Options
Iuid Options

[ Branch Angles

Circuit I Init i &

I Rotation
™ Fluid Conduction
I Fluid Mass Injection

I Busyancy

I~ Heat Exchanger

I~ Turhapurp

I~ Moving Boundary

[~ Momentum Source

I~ Asial Thrust

™ Homal Stress

I” Heat Source & Biu/sec

I~ Cyclic Boundary

Reference Node

" Biu/lbm

[T Solid-Fluid Heat Transfer Coeff. € User Specified € Dittus-Boelter € Miropolskii
™ Dalon's Law of partisl pressure
[T Transient Term Active
Detault Cancel Apply-Close Apply

Clase

Fluid i1s steam
(water)

GFSSP 6.04 -- Tutorial 1
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O =R R R~ R R[] —~]
12 23 34 45 56 67 78 80

Branch Geometry

Marshall Space Flight Center
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: FE viasc3.210 X
Branch INGCEN (D) R estict Flaw —

12
23
34
45
56
67
78
89

0.3587
0.2243
0.1901
0.2255
0.3948
0.7633
1.2520
1.6286

|dentifier
D e=zcription |F|estrict 12
Area [in"2) |0.3587

Flew ( j
Coefficient |—D

Iritial Flovarate (Ibrn/sec] |0

Save az default values | Use Saved default values |

[T Rotation [ bomentum Snurc
Cancel Accept

*Set restriction flow coefficient
to 0.0 (isentropic)

eActivate inertia term in each

branch

GFSSP 6.04 -- Tutorial 1
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Boundary
Conditions

Marshall Space Flight Center
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OB =R =R = [ &[]
12 23 34 45 56 B7 78 80

{55 NodePro perties

*Run five cases g vesrom) " NEREER

Mode Diesription [Mod= 9
«Adjust downstream pressure — @
for each case o it s

B
ps'a) Ps'a> S
1 1000 1000 el e 10 [E550
2 150 1000 100 1000 S
. e P 1000 o
4 150 1000 50 1000
5 150 1000 45 1000

GFSSP 6.04 -- Tutorial 1
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Results of Parametric Computations

Marshall Space Flight Center
GFSSP Training Course

Determine the choked flowrate
F (Ib,/s)

134
100
60
50
45

o A W N P

*How does the choked flowrate compare to the hand-calculated value of 0.327 Ib,/s?

(2] lbm — ft

- 32.174 (1.281) 221

: gr 2 7 2 :

m= Athroat Pinlet . = (019012 In2(1616lbf2j I:)t;:f_ fst ( 2 Jozgl =0.327 7Ibm
R Tie| 7 +1 " esgs L 1460°R 1.281+1 s

*How does the throat temperature (T4) compare to the hand-calculated value of 799 °F?

GFSSP 6.04 -- Tutorial 1
100



Study of the Results

Marshall Space Flight Center
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Study tutl.out to note the following facts:

Pressure is decreasing from inlet to throat and increases from
throat to exit in subsonic flow (Exit Pressure = 134 psia)

Temperature follows a similar trend; temperature changes due to
expansion and compression

Entropy remains constant due to isentropic assumption

With lower exit pressure, flow becomes supersonic in the diverging
part and becomes subsonic with the formation of shock wave

Flowrate remains constant with exit pressure once choked flow rate
IS reached

GFSSP 6.04 -- Tutorial 1
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— 10. Rotating Radial Duct

F%

11. Labyrinth Seal

— 13. Common Fittings
& Valves

— 14. Pump Characteristics

— 15. Pump Power

— 16. Valve with Given
Cv

— 17. Viscojet

Marshall Space Flight Center
GFSSP Training Course 102
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RESISTANCE OPTIONS

GFSSP can model flow in the following passages:
— Circular and non-circular pipes/ducts
— Flow through a restriction
— Thick and thin orifice
— Square expansion and reduction
— Rotating radial and annular ducts
— Labyrinth Seal
— Flow between closely spaced parallel plates (Face Seals)
— Common fittings and valves
— Pump characteristics
— Pump power
— Joule-Thompson device
— Control Valve
— Heat Exchanger Core
— Parallel Tube
— Compressible Orifice
— Fixed Flow
— Two-Dimensional Cartesian Grid

GFSSP 6.03 Training Course
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RESISTANCE OPTION 1

Pipe Resistance Option Parameters
PIPE FLOW
L
A £
b 7
v -~ (J\/K/\/\ij

DETAIL A DETAIL A
Where:

D = Pipe Diameter

L = Pipe Length

¢ = Absolute Roughness _
Flow Resistance Factor Calculated from:

_ . 64 8fL

For Re <2300, Friction Factor is: f = Kr= T, 5
For Re > 2300, Friction Factor calculated _1 _ _ log € 4 251

from the Colebrook Equation: Jf 37D  Re,/f

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 2

FLOW THROUGH A RESTRICTION
1

K:
f 2gcp, CLA’

In Classical Fluid Mechanics, Head Loss, H, is Expressed as:
2
AH = K
29

Kand CL are Related by:  CL = T
K

If the User sets C, to 0, the code will set K; to O (invisid flow through the branch)

GFSSP 6.03 Training Course
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RESISTANCE OPTION 3

NON-CIRCULAR DUCT

Four cross-sections currently considered: Poiseuille Number Relationship

For Laminar Flow

b b 26 T
a a 24 X Rectangle
O Ellipse
22 A Concentric Cylinders
(a) - Rectangle (b) - Ellipse OCircular Sector
20
A A\ o 18
o blzl 15
@ : )
12
10 + + + t t t
(c) - Concentric Annulus (d) - Circular Sector 0 0.2 04 0.6 08 1 12
b/a
Po=C;Re

GFSSP 6.03 Training Course
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RESISTANCE OPTION 3 - CONTINUED

NON-CIRCULAR DUCT - CONTINUED

Reynolds Number based upon Hydraulic Diameter D,, (= 4A/P)

Laminar Flow (Rep, < 2300) Turbulent Flow (Rep, > 2300)
¢ _ 4Po 1. Compute Effective Diameter
" Re, o _16D,
T Po

2. Compute Effective Reynolds Number
M D
Reeff - H A

3. Use Effective Diameter & Reynolds Number
in Colebrook Equation:

1 :—2Iog{ : 2.51}

NG 37D  Re,/f

8fL
p,m>Dh g,

GFSSP 6.03 Training Course
Resistance & Fluid Options

Flow Resistance Factor Calculated from: K; =
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RESISTANCE OPTION 4

PIPE FLOW WITH ENTRANCE AND EXIT LOSS

Pipe With Entrance and/or Exit Loss

L
v
A M
D
v — DETAIL A
Entrance / """ Exit
DETAIL A

Where:

D = Pipe Diameter K, = Entrance Loss Coefficient

L = Pipe Length K, = Exit Loss Coefficient

¢ = Absolute Roughness

| 8K, 8fL 8K,
Flow Resistance Factor: Kf = +

+
p,n°Dg,  p,’D’g,  p,n°Dg,

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 5

Thin Sharp Orifice

THIN SHARP ORIFICE

Flow Resistance Factor: T ‘

K1

_ D, D,
2g¢p, A JL ‘ 7?
u

Where:
D ? D ? D ‘
K1:[2.72+(—2J (120 —1}][1—(—2] }[[_lJ —1} for Rep, < 2,500
Dl ReDl Dl DZ !
D 2 D 2 D 4
Ky = 2.72-(—2J (4OOOJ 1—{—2} (—1j -1 for Rep, > 2,500
D, ReDl D, D, '

GFSSP 6.03 Training Course
Resistance & Fluid Options

Where:
D, = Pipe Diameter
D, = Orifice Throat Diameter

Kt
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RESISTANCE OPTION 6

Thick Orifice

THICK ORIFICE

< Lo>
Flow Resistance Factor: -
K1 J Where:

K= e
2 ngu Az D, = Pipe Diameter

D, D, D, = Orifice Throat Diameter
Where: JL L

L., = Orifice Length
D ? D ? D !
Ki= 2.72+(—2j ( 120 —J 1—[—2] (—1J —~1/0584 + O'Oi‘? for Rep, < 2,500
D,) (Rep, D, D, (Lor/D,) " +0225

2 2 4
D D D
Ki= 2.72—[—2J {4(’00} 1—[—2J (—1] ~1] 0584+ 0'0?3;6 for Rep, > 2,500
D,/ \Rep, . D, (Lor/D,) " +0225

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 7

SQUARE REDUCTION

Square Reduction

_T N

Where:
Flow Resistance Factor: D, D, = Upstream Pipe Diameter
K, D, = Downstream Pipe Diameter
Ki=o—75 T
2
29cpy A
Where:
D 4
Ky=|12+ 160 (—J -1 for Rep, < 2,500
ReDl Dz '

o ¥l(0)2 |
K1:[0.6+O.48f](—1J [—1j ~ 1|  for Rep, > 2,500
DZ D2 '

GFSSP 6.03 Training Course
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RESISTANCE OPTION 8

SQUARE EXPANSION Square Expansion

[

Where:
D; = Upstream Pipe Diameter

Flow Resistance Factor:

— D, D, e
K. D, = Downstream Pipe Diameter
Ki =5 r _I
29cP, A JL
Where:
4

Klz[l(&j } for Rep, < 4,000 Version 603 has the capability

i to switch between Option 7

5 2T and 8 depending upon the flow

Ky=[1+ O'Sf]{l_(D_lj ] for Rep, > 4,000 direction

GFSSP 6.03 Training Course
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RESISTANCE OPTION 9

ROTATING ANNULAR DUCT

Rotating Annular Duct

Flow Resistance Factor:

fL

Kf=
pyn” A2dg (1o - 1)

Where:

L = Duct Length (Perpendicular to Page)
b = Duct Wall Thickness (b =r,-r,)

o = Duct Rotational Velocity

r, = Duct Inner Radius

Where: r, = Duct Outer Radius

57038
f o rj
= |1+ 0.7656(—')
for 2u

for = O.O77(Ru)_o'24, Ru = Puu2(ro - 1i)

GFSSP 6.03 Training Course
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RESISTANCE OPTION 10
ROTATING RADIAL DUCT _
Flow Resistance Factor:
‘ D ’ 8 f L
Where: Kf=———
L = Duct Length f p 2 Dsg
o= Duct Rotational Velocity u ¢
D = Duct Diameter A Q
Where:
f 0D\ wD?)]
] e - oo (2] 227
! f; = 0.0791 (Ru)™*
¢ v . . Z(ro rl)
fi V)
Axis of /\ @
Rotation ,J

GFSSP 6.03 Training Course
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RESISTANCE OPTION 11
LABYRINTH SEAL

Labyrinth Seal

Where:

C = Clearance

M = Gap Length (Pitch)
r; = Radius (Tooth Tip)
N = Number of Teeth

o = Step Seal Factor (~0.9)

: - Where:
Flow Resistance Factor (Modified Dodge Eqn):

_ 1
- (812+o.5) N + 15 {1 _ [N(C(N-l)/ M ]}

20, pyol A2 {CIM}-002)

GFSSP 6.03 Training Course
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RESISTANCE OPTION 12
FACE SEAL
— L
lc Where:
T ¢ = Seal Thickness (Clearance)
D ? g B = Passage Width (B = D)
T L = Seal Length Flow Resistance Factor:
—
Flow
12uL
ko= 2uLp
n g De|)

V\

.
\//\ R

GFSSP 6.03 Training Course
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RESISTANCE OPTION 13

COMMON FITTINGS AND VALVES

_ K, /Re+ K.(1+1/D)

Flow Resistance Factor: Kt >
2ngu A

Where: K1= K for the fitting at Re =1,
K= K for the fitting at Re = ; (K, in GFSSP)
D = Internal diameter of attached pipe, in.

The Following Common Fittings and Valves Can Be Modeled using This Option:

Two-K Method
| I

________________________ \

Y

|| 45°,90°, and 180° Elbows ||

Y

Y

(Screwed, Flanged/Welded,
Stub-in-Type)

(Std., Long, & Mitered)

(Gate/Ball/Plug, Globe [Std., Angle/Y-Type],
Diaphragm [Dam Type], Butterfly, Check
[Lift, Swing, Tilt])

GFSSP 6.03 Training Course
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RESISTANCE OPTION 14

PUMP CHARACTERISTICS

S

This Option Considers the Branch as a Pump with Given Characteristics. The Pump Characteristics are
Expressed in the Pressure Rise:

Ap=A, +B,m+C,m?

Where:  Ap = Pressure Rise in Ibf/ft?
m = Flow Rate in lom/sec

The Momentum Source Used to Induce the Desired Flow is:
S=ApA Lk

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 15

PUMP POWER

S

This Option Considers the Branch as a Pump with a Given Horsepower, P, and Efficiency, n.
The Momentum Source, S, used to Induce the Desired Flow is Expressed as:

5 5500, P17 A

m

GFSSP 6.03 Training Course
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RESISTANCE OPTION 16

VALVE WITH GIVEN CV

—_— Q=

Cv

This Option Considers the Branch as a Valve with a Given C..
The Flow Resistance Factor for this Branch is Expressed as:

46799 x 10
pyC¥

Kt

GFSSP 6.03 Training Course
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RESISTANCE OPTION 17

VISCOJET (JOULE-THOMPSON DEVICE)

This option considers the branch as a Visco Jet which is a specific type of flow
resistance with relatively large flow passages with very high pressure drops. The
flow rate through the Visco Jet is given by:

V
w =10000 K, - — JAp S.G. (1-x)

ohm

Where: w = the flow rate in lbm/hr, o

Lonm = the resistance of the fluid device [W} :

k, = an empirical factor,

S.G. = Specific Gravity,

x = the downstream fluid quality, calculated by the code
and V; = the viscosity correction factor.

For this option, K; can be expressed as:

P _18.6624( L, jz
" S.G. \Vk,(1-x)

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 18
CONTROL VALVE
v e Pressure monitored at arbitrary

point downstream of valve

« Valve maintains pressure within
user specified tolerance

— Closes when pressure exceeds
maximum value

Propellant

— Opens when pressure drops below
minimum value

 Flow resistance factor calculated
v using same equations as Option 2

GFSSP 6.03 Training Course
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RESISTANCE OPTION 18 - CONTINUED

SUB-OPTIONS

* Instantaneous - Valve is either fully open or fully
closed at any given time.

* Linear - Valve open/close transient is modeled as a
linear operation.

* Non-linear - Valve open/close transient is modeled as
some user specified non-linear operation.

GFSSP 6.03 Training Course
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RESISTANCE OPTION 19
User Defined U

® This option allows users to create a new

resistance option that is not available in
GFSSP library.

« Once this option is chosen, user is required
to supply the coding for calculating K; for this
option in the User Subroutine

* In the preprocessor the user is required to
supply the cross-sectional area of the branch.

e User has the option of supplying up to six
branch parameters via the preprocessor

GFSSP 6.03 Training Course
Resistance & Fluid Options
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5§ VTASCE03
—Uszer Defined

Identifier
Dezcription
Area (in” 2]
Property 1
Property 2
Property 3
Property 4
Froperty &

Froperty B

|12

ILlser'IE

[10.0

|271828

314155

|42

Initial Flavirate (ibrdsec) |0

[~ | Btation [T Momentum Source. [T | [nertia

Cancel

Aocept

124




RESISTANCE OPTION 20
E
Heat

|
Exchanger 1 s— 2
Core —

A, — Wetted Surface Area

A.— Minimum Free Flow Area

o — Ratio of Free Flow Area to Frontal Area
K.- Contraction Loss Coefficient

K- Expansion Loss Coefficient

Marshall Space Flight Center
GFSSP Training Course

(K +1-0)+2| 21|+ t 22 (1-6" k)2
< _ P, A P, P,
| 2p.9 A

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 21

Parallel Tube

8 fL
Kf - 2 2
p'Dgn

 This option is an extended version of Resistance Option 1
where n is the numbers of parallel tubes

GFSSP 6.03 Training Course
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RESISTANCE OPTION 22

Compressible |
Orifice '

rT.]ij:CLijA p|p|gC%(pcr)2/y[l—(pcr)(y_1)/yi|

 This option considers branch as an orifice for compressible flow
* Flowrate is calculated from a simplified momentum equation
* There is no need to calculate K; for this option

» The input to this option is identical to option 2 (Flow through Restriction)

GFSSP 6.03 Training Course
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RESISTANCE OPTION 23
LABYRINTH SEAL (EGLI Correlation)

Labyrinth Seal

Where:

C = Clearance

M = Gap Length (Pitch)
r; = Radius (Tooth Tip)
N = Number of Teeth

o = Step Seal Factor (~0.9)

GFSSP 6.03 Training Course
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RESISTANCE OPTION 24
Fixed Flowrate

—(8-

*A new branch option has peen introduced to fix flowrate
In a given branch

* The Fixed Flow branch can only be located adjacent to a
Boundary Node

* For unsteady option, a history file will be needed to
specify flow rate and area at all time steps

GFSSP 6.03 Training Course
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Algorithm for Fixed Flow Option(Schallhorn)
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A
Pump Characteristics Pump Characteristics ——>
Ap Ap
Operating Point
Operating Point
System Characteristics
System Characteristics
] 2 - ] 2 -
m m
Ap=A+Cm|m| where A=am|m|; C =—a;where o =1x10%
. mim
Substituting A and C, one gets: m=—
m

GFSSP 6.03 Training Course
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New Resistance Option — Fixed Flow
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SSP602 VTASC6.201 -- D:Wersion_6\Wersion602\Feb16-2011\Examples\EX1\Ex1_fixflow.vis
File Edt Advanced Run Module Display Canwas Group Help

BE B ==~ HE !

;o0 0E >

@ % =

Sguare Reduction  Square Expansion  Fotating &nnular - Rotating Radial Labyrinth Seal
Dt Dt Dodge

-4 2K Q o e

Face Seal Fittings & Valves Pump Pump Power Walve with Cv
Characteristics

b [ U = =

Viscojet Contral Walve User Defined Heat Exchanger Parallel Tube

=

& =] =
Compressible Labyrinth Seal Egh Fixed Flow

Cnifice

(2,2375,6.9375) : Inch

GFSSP 6.03 Training Course
Resistance & Fluid Options
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RESISTANCE OPTION 25
Linear Cartesian Grid

| |
424 19t
i i

¥4
¥

« Multi-dimensional flow calculation capability has been
Introduced

« User can “Enable Grid Generation” under “Advanced”
pull down menu option

 This will make Linear Cartesian Grid available for
drag and drop

By right clicking the image user will have the option to
generate the grid

GFSSP 6.03 Training Course
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Linear Cartesian Grid
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.Generation and displav of Two-
dimensional F= o -
i -

EGFSSP&OS VTASC6.300 -- D:\Wersion_6\W603\0ctober_19_11\Driven_Cavity.vis.
fle Edit Advanced Run Module Display Canvas Group Help

E‘i Grid Properties

Grid Options B E~==~a3 0 0l X
" Polar & Uniform € Monuniform Seed = Seele x =
=
Nade Sweep Optons 5 O
(s H-direction " Y-direction ® i w0 & awst % i L w0 % 400 & a1 4
o \ \ \
Wwhall on Boundary O [l [o] ol [ [ ]
[ WestBounday — Velocity (it’s) |0 Angle [deg) |0 B ([ S 4% B g
[~ East Boundary Welocity [ft4z] 0 Snile [dea) 0 Eﬂ*ﬁ*@*ﬁ**ﬁ*@*ﬁ**ﬁ’*H*E’]
[~ NothBoundary  elocity [ft/s] [0 Angle(deg) [0 R | % R P A A
[ SouthBoundary  Yeloeiy [itfs] [0 Angle[deg) [0 [t ﬁ =l —+ ﬁ # ﬁ Hf=l]
2425 2526 ‘ 2627 prpil ‘ 2829 A 2930
Grid Parameters e fE T % wr HE am % - % 20 T
Mumber of Hodes in 0 Length in =-direction [in) a [ L] oo | e [ ][]
Mumber of Modes in 0 Length in%-direction [in] o A T S % mHE e % a2 % oss
Nurnber of Nodes in 2 1 Length in Z-direction [in) 1 e Ml e T e e Bl e = gD i g

101t 111 ‘ 1213 1514 ‘ 1415 ‘ 1516

30 $$ 41 $$ 512 % 13 $$ 14 % 815 % 916 $$
Mode Parameters
Preszure [pai] 0 Temperature [F) 0 B %*E %’ %*E‘ %* i#j* %*’E

Cancel Apply o [ f

(6.5375,8.45) : Inch
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RESISTANCE OPTIONS SUMMARY

Most fluid systems can be modeled using available
options
Option 2 can be used as a generic option where C,

must be computed from a known pressure drop vs.
flowrate characteristics.

User can add new resistance options by User
Subroutines

Multi-Dimensional Grid Generation will be expanded
to include Cylindrical Polar Co-ordinate

GFSSP 6.03 Training Course
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FLUID OPTIONS

 GFSSP requires the following thermodynamic and
thermophysical properties of fluids for the solution of the
governing equations:
— Density [p(T, p)]
— Absolute Viscosity [uw(T, p)]
— Thermal Conductivity [K(T, p)]
— Specific Heat at Constant Pressure [C(T, p)]
— Ratio of Specific Heats [y(T, p)]

« GFSSP requires these properties at every node at each
iteration. These properties are supplied by
thermodynamic property programs integrated into GFSSP.

GFSSP 6.03 Training Course
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AVAILABLE FLUIDS IN GASP/WASP

Working Fluid

Argon

Carbon Monoxide

Carbon Dioxide

Fluorine

Helium

Hydrogen

Methane

Neon

Nitrogen

Oxygen

Water

Kerosene (RP-1)

— Properties Calculated Using:
GASP & WASP

User Defined
(Constant Property Fluid)

A

A

Properties Found in Lookup Table

User Supplies pand p

(NOTE: The Energy Equation cannot
be used with this Fluid Option)

GFSSP 6.03 Training Course
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AVAILABLE FLUIDS IN GASPAK

Marshall Space Flight Center

GFSSP Training Course

« User can choose GASPAK by setting ADDPROP to TRUE

» GASPAK has a library of 32 fluids; in addition an option of ideal gas is

also provided when GASPAK is set to .TRUE.

Index Fluid Index Fluid
1 HELIUM 19 KRYPTON
2 METHANE 20 PROPANE
3 NEON 21 XENON
4 NITROGEN 22 R-11
5 co 23 R12
6 OXYGEN 24 R22
7 ARGON 25 R32
8 CO: 26 R123
9 PARAHYDROGEN 27 R124
10 HYDROGEN 28 R125
11 WATER 29 R134A
12 RP-1 30 R152A
13 ISOBUTANE 31 NITROGEN TRIFLUORIDE
14 BUTANE 32 AMMONIA
15 DEUTERIUM 33 IDEAL GAS
16 ETHANE 34 HYDROGEN PEROXIDE
17 ETHYLENE 35 AIR
18 HYDROGEN SULFIDE

GFSSP 6.03 Training Course
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Provision of Using Fluid Not Available in Fluid Library

e User can add fluids in the library by providing property
table

 GFSSP requires following property table:
e Thermal Conductivity
e Density
* Viscosity
» Specific Heat at Constant Pressure
» Specific Heat Ratio
» Enthalpy
* Entropy

GFSSP 6.03 Training Course
Resistance & Fluid Options
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Thermodynamic Property Table

3 Global Options

Instructions Setup for specifying fluid/th dynamic properti
General Information
Circuit Options Fluid |
Unsteady Options —Typ
ELE " Constant Property " |deal Gas {* General Fluid ~ H202
Density (bl 3] ID
Wizcagity [lbm/ft-sec]] ID
Has Constant [f-bf/ b B |53.34 Fief. Fressure [psi] |1 47
Cp (Btu[lbrm FI) Jo24 Ref. Temperature (F] [20
Wizscagity [lbm/ft-sec]] |1.2Be-05 Fief, Enthalpy [Budlbm] ID

Thermal Conductivity [Biusft-zec F] I4.1 3306

Fref. Entropy [Btud(lbm-F] ID

— Thermodynamic Packag

Carbon Monoxide
Dxygen J
Argon &

Carbon Dioxide LI

{* Gasp and Wasp " GASPAK Switch Package
—Fluid 5 pecification
Library of Fluids Selected Fluids zer Fluid Eiles

Helium -~ [11] W ater Thermal Conductivity

Methane

MNean -’l Dersity

Mitragen : :

Vizcazity

Enthalpy

Entropy

|
|
|
Specific Heat Fatio |
|
|
Specific Heat |

Fluid Maolecular weight I Accept Fluid Infol

Iole Fraction H20 ID.5

Default |

Cancel | Accept |

| Cloze

GFSSP 6.03 Training Course
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No. of Pressure points No. of Temperature points
15 30‘(////,
0.5100E+03 0.5600E+03 0.6100E+03 0.6600E+03 0.7100E+03
0.7600E+03 0.8100E+03 0.8600E+03 0.9100E+03 0.9600E+03 30 Temperature
0.1260E+04 0.1285E+04 0.1310E+04 0.1335E+04 0.1360E+04 £ goot
0.1385E+04 0.1410E+04 0.1435E+04 0.1460E+04 0.1510E+04
0.1560E+04 0.1660E+04 0.1760E+04 0.1860E+04 0.1902E+04
First pressure._, 0.6000E+01 0.2300E+00 0.2280E+00 0.2250E+00 0.2230E+00| 30 CP values
point, p(1) 0.2210E+00 0.2190E+00 0.2170E+00 0.2160E+00 0.2150E+00 corresponding to 30
0.2090E+00 0.2087E+00 0.2085E+00 0.2083E+00 0.2080E+00 (1)=6.0 psi
0.2083E+00  0.2087E+00  0.2090E+00  0.2093E+00  0.2097E+00| PL)=0.UD
0.2099E+00 0.2100E+00 0.2105E+00 0.2110E+00 0.2120E+00
0.2130E+00
Second pressure 0.7000E+01 0.2300E+00 0.2280E+00 0.2250E+00 0.2230E+00 30 CP values
oint, p(2) /V 0.2210E+00 0.2190E+00 0.2170E+00 0.2160E+00 0.2150E+00 Corresponding
point, p 0.2130E+00  0.2120E+00  0.2110E+00  0.2105E+00  0.2100E+00 0 30
0.2090E+00 0.2087E+00 0.2085E+00 0.2083E+00 0.2080E+00
0.2083E+00  0.2087E+00  0.2090E+00  0.2093E+00  0.2097E+00 temperature
0.2099E+00 0.2100E+00 0.2105E+00 0.2110E+00 0.2120E+00 points at
0.2130E+00 p(2)=7.0 psi
Read Statements :
READ(NRP1DAT,*) NP1,NT1
READ(NRP1DAT,*) (T1(J),J=1,NT1)
DOI1=1,NP1
READ (NRP1DAT,*) P1(1),(PHI1(1,J,K),J=1,NT1)
ENDDO

GFSSP 6.03 Training Course
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FLUID OPTIONS SUMMARY

GFSSP considers both gas and liguid as real
fluid ; Liquid is also modeled as compressible
fluid

GASP/WASP/GASPAK provide higher order
equation of state to calculate properties of liquid
and vapor state over a wide range

Table look-up provision can be used to add new
fluid to the library
ldeal Gas option can also be used

GFSSP 6.03 Training Course
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FLUID TRANSIENT

I ¥TASC Yersion 2.01 ‘Waterhammer2/lo:

: 5 | ] D S O
File Edit Advanced Run Help
|lmea & x|
— -
0 -
O
O
i 7'*——_——-—_:-7___,,_’—_*—_4—-\
1z % 34 45 55 &7 7 (-]
[ Results for Node 11 el .
Print to Bitmap Properties ... |
(=]
Title g‘u
G396 — "
’
i
w
? 10d1
2
i
o
D4
|J|2
Time (Sec.)
Close
4
Ll 2
[8.5125,2.8875) : Inch

#Hstart |J & |J 3y Tecplot: H2oCOMP

[Dlirbo: - mimosct... | [ | ¥TASC Version.. [BAddress ook | Es-10-02 EDR5 TL... G L0825
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CONTENT

» Classification of Unsteady Flow
e Causes of Transient
e Methods of Analysis

e Valve Closing
— Comparison with Method of Characteristics
— Gas liguid mixture
— Condensation
— Fluid Transient in Branch Line
— User Subroutine

e Valve Opening
e Conclusions

GFSSP 6.0 Training Course
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CLASSIFICATION OF UNSTEADY FLOW
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* Quasi-steady flow is a type of unsteady flow when
flow changes from one steady-state situation to
another steady-state situation

— Time dependant terms in conservation equation is not
activated

— Solution is time dependant because boundary condition is
time dependant
e Unsteady flow formulation has time dependant terms
In all conservation equations
— Time dependant term is a function of density, volume and
variables at previous time step
 GFSSP provides option for first order or second order
differencing scheme

GFSSP 6.0 Training Course
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CAUSES OF TRANSIENT

Changes in valve settings, accidental or planned
Starting or stopping of pumps

Changes in power demand of turbines

Action of reciprocating pumps

Changing elevation of reservoir

Waves in reservoir

Vibration of impellers or guide vanes in pumps or
turbines

Unstable pump characteristics
Condensation

GFSSP 6.0 Training Course
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METHODS OF ANALYSIS

* Arithmetic Method
e Graphical Method

 Finite Difference Method
— Method of Characteristics
— Predictor-Corrector

 Impedance Method
* Finite Volume Method (GFSSP)

GFSSP 6.0 Training Course
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Example 15 — Simulation of Fluid Transient
Following Sudden Valve Closure

LO, Propellant
Tank
500 psia, -260 F

D =0.25 inch
Flowrate = 0.0963 Ibm/s
(X
400 ft !
Valve Closure History
Objectives of Analysis: Time (sec) Area (in?)
. 0.00 0.0491
e Maximum Pressure
0.02 0.0164
* Frequency of Oscillation 0.04 0.0055
0.06 0.0018
0.08 0.0006

0.10 0.00
GFSSP 6.0 Training Course
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GFSSP Model

Valve

LO, Propellant Tank

—[-—"'_[-_"'_[-_"_[-_"—[-—"—R:—-’ Ambient
500 psia, -260 F 12 7 34 % 56 &

* Run a steady state model with 450 psia ambient condition

* Run unsteady model with steady state solution as initial value

53 Valve Open/Close rls_< | 2 ex15vlv.dat - Not... [Z”E”g|
e File Edit Faormat  Yiew Help

Yalve Open/Cloze

Op Branch 1 Branich [Festriction or Comp Orifice) |67 Add

Yalve Op File el Bl dat I:lﬂ Delete

L0481
L0164

. 00545
. 00182
- . 00061

.E-1&
.E-156

| el el |

Cancel | Finizhed

GFSSP 6.0 Training Course
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Result
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Estimate of Time Step from Courant Number:

41
Courant Number = —2@nch > 1
Qg AT

The speed of sound (a;,;4) for LOX is 2462 ft/sec

oo

GO0 4

Courant Number = 6.5 for
A7 =0.02 sec
for L, ..., =200 ft

a00 -

400 4

Pressure (psia)

300 4

200 4

100 4

0 0.5 1 1.2 2 25 3 35 4 45

GFSSP 6.0 Training Course
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Description of Test cases
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Piank = 500 psia
Tiank = -260 ° F (Oxygen) = 70 ° F (Water) =-414 ° F (Hydrogen)

Case Fluid Number of | Time Step Sound Flowrate Prmax Period of
No. Branches (sec) Speed (Ib/sec) (psia) Oscillation
(ft/sec) (sec)
1 LO, 10 0.01 2462 0.0963 626 0.65
2 LO, 20 0.005 2462 0.0963 632 0.65
3 LO, 5 0.02 2462 0.0966 620 0.65
4 H,0 10 0.005 4874 0.071 704 0.33
5 LH, 10 0.02 3577 0.0278 545 0.43
6 LO, & GHe 10 0.01 1290 0.0963 580 1.24
(0.1%)
7 LO, & GHe 10 0.01 769" 0.0963 520 2.08
(0.5%)
8" LO, (2 Phase) 10 001 | - 0.0963 550 1.17
Xexit = 0.017
9 LO, (2 Phase) 10 001 | - 0.0963 538 1.22
Xexit = 0.032
10 LO, 0.01 2462 0.0963 611 0.65

" Pressure oscillations are due to condensation
Estimated from period of oscillation [a=4L/\]

* Time step for each test case is so chosen that Courant number is larger than unity

GFSSP 6.0 Training Course
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COMPARISON BETWEEN GFSSP & MOC SOLUTION

Fhlud Flowrate Velocity Friction Sound Max Pressure Pertod of
(b= (i) Factor Speed rise ahove Dscillation
(U=zed in (/=) supply pressure (zec)
MOC (psi)
solutiorn) MOC | GFSSP | MOC | GFIEP
Water 0.071 3.34 00347 4392 214 204 033 0.33
CEy gen 0.0963 4.35 00196 2455 136 126 065 0.65
Hydrogen 00278 19.01 00157 3725 &1 45 043 043

Majumdar, A. K. and Flachbart, R. H., “Numerical Modeling of Fluid Transients by a Finite Volume Procedure for Rocket

Propulsion Systems”, Paper No. FEDSM2003-45275, Proceedings of ASME FEDSM’03, 4th ASME/JSME Joint Fluids
Engineeing Conference, Honolulu, Hawaii, July 6-10, 2003.

GFSSP 6.0 Training Course
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GAS LIQUID MIXTURE

600 —— Liguid Oxygen
— — — — LOX-Helium {0.1%] Mixture
——————— LOX-Helium {0.5%) Mixture

(4]
h
o

Pressure(psia)
S
[ =]

450

Time(sec)

GFSSP 6.0 Training Course
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Rapid Valve Opening
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E
Z L, - 5
A c c E
! | ! |
% S— ! Water Control Volume —V | ||! Air p
é 5o 'F
L
Top: Schematic of the Pipeline System |
with ball-valve location. ol
Side: Ball-Valve Opening History 2
Parameters: o =L//L o I —
PR = pR/po 0 | | . | J | i i T |

0.00 005 0.10 015 0.20 025 0.30 0.35 040 045 0.50

Time (Secaonds)

GFSSP 6.0 Training Course
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GFSSP MODEL
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Oz | | -« |— e 2 |— [ o | — 7 | — = ¢ |
12 73 34 45 56 67 74 ‘

Pipe Length = 20 ft ?
Pipe Diameter = 1.025in i | ]

112 1011

 Node 1: Reservoir pressure = 29.4 to 102.9 psia

 Node 12: Volume change due to change in entrapped air
volume.

e Air pressure at the end of node 12 is calculated using
Adiabatic gas expansion relation for ideal gas.

 The valve opening area is based on ball-valve opening of
the original problem.

« Momentum Source due to pressurization of water column
due to air pressure.

GFSSP 6.0 Training Course
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Mathematical Formulation
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*\/olume Change with time for pseudo node 12 due to air pressure:

A\/w — _AVair — mairRairleAp/plzz
Ap = (P, — IOIz)

*Air Pressure Calculation: (Using Adiabatic Gas Relation):

* Y_l

* * * V

p={pV+pV ij -1 [/(V+AV)

*p, V etc indicates pressure and \70Iume at the (;urrent time step and p”,

V" indicates pressure and volume at the previous time step. The
volume and pressure changes are with respect to time.

*Momentum Source in Node 12: -(p,;,-P12)A

GFSSP 6.0 Training Course
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RESULTS
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L+
Z | ]
R L{ Lg
A c e E
| I I I
- Ez —— | Water Control Volume —=V | IE Air p
i : | : Pressure atdead end (entrapped air pressure) for o.=0.45,PR=7
B D O F 300
L: i
250
4
L
4
200 -
o :
. r
o =Ly/Ly SRS
E 4
Pr = Pr/Po o
50 A
E T T T
0 0.5 1 1.5 2 2.5 3 35 4
Time (sec)

GFSSP 6.0 Training Course
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CONCLUSIONS

GFSSP has been used to compute fluid transient following rapid valve
closure and opening

GFSSP predictions have been compared with MOC solution and
experimental data:

— Maximum pressure and frequency compares well

— Discrepancies exist in damping rate primarily due to rigid pipe assumption
Demonstrations have been made for

— Two phase (Gas-Liquid) flow following valve closure

— Condensation of liquid-vapor flow following valve closure

— Sudden opening of cryogenic propellant in long pipeline
Time step must satisfy Courant condition

Predictions in all demonstration calculations show physical realism

GFSSP 6.0 Training Course
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Tank

V=10 ft?

Initial Conditions

p, = 100 psia
T.=80°F

L

d=0.1in

VTASC DEMONSTRATION PROB

Marshall Space Fli

b

EI\/IS -2

t Center

GFSSP Training Course

BolE e 88 [N

= [,:.,]
o
E

BoowrOax]

[— &
12

|

Tank
Atmosphere

\

Atmosphere

p = 14.7 psia

GFSSP 6.04 Preprocessor Demo 2
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Demo 2:
Interior Node Initial Conditions
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{53 NodeP roperties E|
\dentifier |'I Concentratian
l—
Maode Description |Nude 1
Pressure [psial 10000000
o W (000000
Initial LT ——
Mazz Rate [lbrmdz] |EI.EIDEIEIEI
Heat Fiate |0.00000
Thiust Area [in™2] |EI.EIDEIEIEI
Mode Higtary File | Jﬂ
Mode Wolume (in™3) |1 728000000
Tank 1" 123 Normal to Mode [in”2) |0.00000
VO I ume Marmal Welocity af Haode [ft/zec) |EI.EIDEIEIEI
[T Moving Boundary
[T Cyclic Boundary I U pztream Branch 1D
Cancel

GFSSP 6.04 Preprocessor Demo 2
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Demo 2:
Transient Boundary Conditions

5 NodeProperties
\dentifier |2 Caoncentration
’7
Mode Description |N0de 2
Pressure [psial |14. 70000
Temperature (F] | 50.00000
Mazs Rate [lbr/z) |D.DDDDD
Heat Rate |.00000
Thruzt &rea (in”2) |D.UDDDD
Mode Histor File
Hode Yolume (73] 00000
Area Mormal to Node [in™2) |D.DEIDDD
MHormal Welocity of Hode (fr/gec) |D.DDDDD
I Moving Boundary
I~ Cyclic Boundary lﬂi Upstream Branch [D
QK LCancel |

Marshall Space Flight Center
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3

Number of Lines (min. 2)

[ Hist2.dat - Notepad E”E|E|
File Edit Format

Time (s), P(psia), T(F), Mass
Fraction

/
Specify History Filename

*GFSSP will interpolate transient boundary
conditions from the history file
*Even if boundary conditions are constant, at
least two lines must be given

GFSSP 6.04 Preprocessor Demo 2
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Demo 2:
Plotting Transient Results
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Select Parameters

TE§GFSSPE01 VTASCH.104 -- F:/GFS5P/Classes/TFAWS 2010/Demo 2/Demo2.vs -[o]x]
File Edit Advanced Bun Module Display Canvas Group Help
EEI =Y X
— =
’T — B3 WinPlot v4.60 rcl - [Plot #1]
=] File Edit Script Parameter Tirfgflice Wiew Axis  Style Momenclature Markers Options User Window Data  Help - 0 x
[} .
5 \ BES & b | Eey |0|0F BXYLItE IENE
o . @ D ¢ =0
o Start Wlnplot —c P1 PSIA Hode 1 —4- P2 PSIA lode 2
o Wi Pk A 8 et
| 100
80
o =
12
60
40
20
| | B
[7.2125,0.275)  Inch v
0
[ 20 40 60 80 100
TIME SECONDS
1zara mm
Ready MUM

GFSSP 6.04 Preprocessor Demo 2
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Tutorial — 2

SIMULATION OF FLUID TRANSIENT
FOLLOWING SUDDEN VALVE
CLOSURE

D =0.25inch

400 ft |

GFSSP 6.04 -- Tutorial 2
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FLUID TRANSIENT SCHEMATIC
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O>I<_>i/gléindat Valve closes in 100
"
500 psia Flowrate = 0.1 Ib/s _ : milliseconds
4 200 R D =0.25inch
an g)ﬂ 450 psia
| 400 ft !

Problem Considered:

*Time dependent Pressure and Flow rate history during and after
valve closure

GFSSP 6.04 -- Tutorial 2
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Part 1: Build Steady State Model

Marshall Space Flight Center
GFSSP Training Course —

e|nput File: Tut2.dat

Setup for specifying general information
- General Information

L. Cicuit Opions Uset Infornaton | Soluton Conirel | Dutput Coniral |

f-Unsteady Options .
. L. Fiuid Dptions Tide \
eQutput File: Tut2.out |
|DAGFSSPATRAWS 201 DT U2\ Tut2. dat /

. GFSSP Output File [T m—
. C h e C k Save I nfo r m at I O n to Save t h e GFS5P Executable |E'\Prnglam Files\GFS5PE0BAGFSSPE0GE.EXE
steady-state solution in the restart files

LI

eFluid is LOx

E}Glohal Options

Lo Imstructions Setup for specifying general information

- Circuit Options
- Unsteady Options
L Fluid Dpticins

User nfermation | Sokion Control | Output Contol |
Solver Infamation

¥ Simultansous Solution

Defauit Cancsl ApplyClose
Salution Methods

Apply
Energy far Fluid Energy far Solid Differencing Scheme
& Energy by First Law  Newton Raphson @ First Orcles
" Energy by Second Law + Successive Substitution " Second Order

Convergence Information
Convergence Criteria |0.0001  Relax K |1 RelaxH |1 Felax HC |1
b aximum [terations | 500 Relax D |0.5 Relax NR |1 Felax TS |1
Initial Guess

" User Specified

" Successive Substitutian

* Intemally Specified

.

Node Restart Save/Read File :  [FNODE.DAT

™ Read Information

Branch Restart Save/Read File: [FBRANCH.DAT

) Cancel Applp-Closs Apply

Cloze
GFSSP 6.04 -- Tutorial 2




Part 1. Build Steady State Model (cont.)
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Ligquid Oxygen _ ;
2 - Py M e =] o] P =430 psia
P : 500 O|Z)Sla 12 \i} 23 \i} 34 \i‘ 45 \i} 56 \i[ 67 T= -2600 =
T=-260 F Pipe Pipe Pipe Pipe Pipe Valve
L=960in. L =960 in. L =960 in. L =960 in. L =960in. C. =0.6
D=0.25in. D=0.25in. D=0.25in. D=0.25in. D=0.25in. A =0.0491 in2
e
|I|—|-_-" 2 —|-_—"' 3 |- o —|-—-- 5 —I-—-- G —RI —--
12 23 R 45 ] By
1G] NodeProperties El
\donifier I Conceniration
Mode Description ’Node‘\i

*Build the model on the canvas o
*Set boundary conditions -

Mode Waolurme [in”3)

*Set pipe and restriction
parameters

#Ayea Mormal to Mode (in”2)

*Assume smooth pipe (¢=0)

500.00000
-260.00000

[ooooo
[oooooo
[pooooo
Y
[poooco
[oooooo

Mormal Welocity of Mode [ft/sec) |0.00000

™ Moving Boundary

™ Cyclic Boundary

0 Upstieam Branch D

GFSSP 6.04 -- Tutorial 2
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eRun the steady state model

eCheck that the flowrate is =0.11b /s

eNote that the results have been saved in
the restart file

& D:\GFSSP\TFAWS2010\Tut2

File Edit Wiew Favorites Tools Help

@Eack - \_) l.@ ;j Search ||~ Folders v x 3 | % @ Dlj |:'j‘ j‘

address |3 [ GFSSPITFAYWSZ0L0TuEZ

Date Modified
6/14/2010 11:01 AM

Name Size | Type
m TukorZ, out 130KE OUT File
E;TutorZ‘WPL 41 KB Windows Media pla...  6/14/2010 11:01 AM
ZKB MTSFile 8i3/2010 11:02 AM
1KE Microsoft Office Exc...  8/3f2010 11:07 AM

File and Folder Tasks

129 Make & new folder
led Share this folder

1KE DATFle 8/3(2010 11:07 AM
other Pl ZKE DATFle 8/3(2010 11:07 AM
er Haces 17KE OUTFile 6/3/2010 11:07 &M

1KE Microsoft Office Exc... 832010 11:07 AM
1KE Microsoft Office Exc...  S/3f2010 11:07 AM
Tukz.dat SKE DATFie 8/3/2010 11:07 &M
m Tuk2.ouk 7EKB OUT File 8i3/2010 11:07 AM

TRAWS2010
@ My Docurnents

:i My Computer

\:J Iy Metwork Places

Details

Part 1. Build Steady State Model (cont.)

Marshall Space Flight Center

Ei Branch 12 Results

GFSSP Training Course

Yariable IUnits "alue
Kiactor Lbft-S"2/(Lbm-F6)"2 | 0.153E+06
Delp Fsl " UH9IEFOH
Flow Bate Lbm/Sec ( 0.966E-01
Yelocity FSec S Ld3EELD
Feynolds Number 0.70ZE+05
bach MNumber 0.5&0E-02
Entropy Generation | Btuf(F-Sec) 0.137E-04
Lost Wiork Lbt-Ft/Sec 0.212E+01
]

203 KB 4 My Computer

GFSSP 6.04 -- Tutorial 2
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Part 2: Build Transient Model

Marshall Space Flight Center
GFSSP Training Course —

*Convert the model to transient

strucions Setup for specifying unsteady information

eneral Information
ircuit Options Unsteady I
nsteady Options (Options

- Fluid Options ¢ Steady " QuasiSteady

*Time step =0.02 s

‘Runtime=1.0s

*Check Valve Open/Close W

[~ Variable Geametry  File [ Jﬂ

Unsteady Option

=3 Global Options ® < ¥ Valve Open/Clase

Instructions Setup for specifying circuit information —

General Information
" Flow Aegulator

Circuit Optians
Unsteady Options .
Fluid Optians I Inertia ™ Branch Angles Default Cancel Applyp-Close Apply
Gravity I~ Buopancy Reference Mode

Gicuit | it Values |

Rotation

Fluid Conduction
Fluid Mass Injection
Heat Exchanger

Turbopump

Momentum Source

Aixial Thrust

Momal Stress

Heat Source & Btufsec € Bhu/lbm
Cloze

Cyclic Boundary

r
r
r
r
r
r
™ Moving Boundary
r
r
r
r
r
r

Solid-Fluid Heat Transfer Cosff € User Specified € Ditus-Boslter € Miropolski

C iy Check Transient Term Active
o | on Circuit Options page

Close

GFSSP 6.04 -- Tutorial 2
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Uncheck SAVE restart file box
Check READ restart file box
*Check Winplot output

«Create history files for boundary nodes

Global Options

Setup for specifying general information

Circuit Options
i Unsteady Options Output Information
Fluid Options ¥ Netwark Infarmation

User Information | Solution Contiol | Output Contrcl }

Iv Extended Information

I Iritial Field

lobal Options.

Circuit Dptions
Unsteady Options
Fluid Ciptions

Part 2. Build Transient Model (cont.)

Marshall Space Flight Center
GFSSP Training Course

X

Setup for specilying general

mation

User Infarmation | Solution Control IUulputEor\tro\ |
Solver Information
¥ Simultaneaus Solution

Solution Methods

Energy for Fluid Energy for Solid Differencing Scheme

% First Order
¢~ Second Order

" Eneigy by First Law ¢ Newtan Raphson

" Eneray by Second Law & Succsssive Substitution

Convergence Information

Conveigence Ciiteria [0.0001  Relax K |1 RelaxH |1 Felax HE [1
Maximum lterations  [500 Relax D [05 Relax MR 1 Felax TS [1
Intial Guess

" User Specified

" Successive Substitution

& Intemaly Speciied

[~ Save Informatior Mode Restart Save/Head File ‘FNUDE.DAT

Branch Restart Save/Read File ‘FERANEH.DAT

v Read Information

Cancel Apply-Llose Apply

Winplot Data  Plafgequency: 1 €S {+ Binary fils ‘wiiteWequency 50 Buffer 1.1
Plat User Specified 38riables MNumber User Variables 1
P Run Information,
Iv Disable PLT file creation,
Default Cancel Apply-Cloze Apply

Closs

GFSSP 6.04 -- Tutorial 2

1G] NodeProperties
Iderife I Hist1.dat - Notepad
Wit sler Mot N File Edt Format Miew Help
Pressure [psia) | BTG} 2
S SR 0.0 500.0 -260.0 1.0
10,0 500.0 -260.0 1.0
Mass Rate (Ibm/s) ’W
Heat Rate [oooon |
Thiust Area [in"2)
Made History File
Mode Waolurme [in”3)
freaMomsloMode n°2)  [oooooo
Mormal Welocity of Mode [ft/sec) ’W
™ Moving Boundary
™ Cyclic Boundary 0 Upstream Branch (D
Cancel 168




Part 2. Build Transient Model (cont.)

Marshall Space Flight Center
GFSSP Training Course

Valve Closure History

*Open the Valve Open/Close Time (Sec) Area (in%)
dialog box from the Advanced 0.00 0.0491
menu 0.02 0.0164
*To represent the valve closing, 0.04 0.00545
the area of Branch 67 will vary as 0.06 0.00182
a function of time 0.08 0.00061
0.10 0.00

ulases: L2 ] B ex15vlv.dat - Notepad [= ||B1] E
Walve Open/Cloze e = (== (a——
Valve OpBranch 1 IR r g (] Add File Edit Format Yiew Help

Yalve Op Filex |e:-:1 Byl dat ﬂ Delete

Cancel Finizhed

. 00
.02

0431
014
« 00545
0012
0001
.E-1lg
E-1&

F
0
0
a.
0
a.
0
1

04
. OE
s
1
]

|l ol e e

]

GFSSP 6.04 -- Tutorial 2
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Pressure History at Valve

Marshall Space Flight Center
GFSSP Training Course —

Ex15FN.CSV P6 PSIA
640 WinPlot v4.50

600

560

520

480

440

400
-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2

TIME SECONDS

11:05:45AM 07/30/2008

GFSSP 6.04 -- Tutorial 2
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STUDY OF THE RESULTS

Marshall Space Flight Center
GFSSP Training Course —

* Plot pressure and flowrate history
— Peak pressure approximately 620 psia
« Estimate the predicted period of oscillation and compare with
the following formula
— Period of Oscillation = 4L/a
— Where L = length of the pipe =400 ft
— And a = Speed of sound = 2462 ft/sec for LOX

« Plot compressibility (Z) history and note variation of
compressibility with time

GFSSP 6.04 -- Tutorial 2
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MATHEMATICAL FORMULATION

Node |~ Fluid
i=2 Mixture
=N
mr+Ar - mr J )
Car o m" -
4 ] = 1 Fluid
Mixture
Node . s Node . s Node
j=1 i j=3
Single
Fluid
k=1
mlj = mJI

Tank

v=10ft Single Nod

Initial Conditions FIUId J 84e

. _ : ( : ) k=2 -
p,=100psia| d=0.1in
T,=80°F | "
q Atmosphere 1 2
T p = 14.7 psia ||
Marshall Space Flight Center
GFSSP Training Course T —
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Content

e Mathematical Closure
« Governing Equations
e Solution Procedure

GFSSP 6.04 Training Course
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MATHEMATICAL CLOSURE

Problem of a Steady State
Flow Network

 Given : Pressures and
Temperatures at Boundary Nodes

 Find : Pressures and
Temperatures at Internal Nodes
and Flowrates in Branches

Primary Variables

p27 p3lT21T3’ m12,m23, M3s

Secondary Variables
pz ! 103 ! Ile ! ILls

Marshall Space Flight Center
GFSSP Training Course

Receiving Reservoir

Pipe
L = 1500 ft

D=6in.

€/D = 0.005

OWRT Graviy vectory = 95.74°

150 ft

Supply Reservoir

T

] Gate
Pump Valve
Pipe
L = 1500 ft
Pump Gate Valve D=6in.
A, = 30888 K, = 1000 €/D = 0.005
B, = -8.067E-04 K,=0.1 OWRT Gravity vecton) = 95.74°
12 2 23 3 34
Supply Reservoir Pump Outlet Valve Outlet Receiving Reservoir
P =14.7 psia Valve Inlet Pipe Inlet P = 14.7 psia
T=60°F T=60°F
Legend
—x>——  Branch
Boundary Node

Internal Node

GFSSP 6.04 Training Course
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MATHEMATICAL CLOSURE

Problem of an Unsteady Flow _ _
Network Primary Variables
» Given : Pressures and Temperatures at p,(2) T, () m(z), m(z)
Boundary Nodes and Initial Values at
Internal Nodes Secondary Variables
 Find : Pressures and Temperatures at P, (T ) H, (T)
Internal Nodes and Flowrates in Branches
with Time.

Tank

v=10ft

& J—T et 1 12

GFSSP 6.04 Training Course
Mathematical Formulation
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MATHEMATICAL CLOSURE

Problem of an Unsteady Flow with Primary Variables
Conjugate Heat Transfer

- Given : Pressures and Temperaturesat P (7): T (7)m (7) .m(2).T(7)
Boundary Nodes and Initial Values at S -

: . econdary Variables
Internal Fluid Nodes and Solid Nodes y

 Find : Pressures and Temperatures at pi(7). 4 (%) k(7).he (7)
Internal Nodes and Flowrates in Branches
with Time.

>4 [+] >4
R =] z |— -] s - s - —=-{ s |—R, »[7]
12 ‘ 3 ‘ 34 | 45 ‘ A6 ‘ i
HTCR HTGR HTGR HTGR HTCR
V] MW a3 A 104 ’\F/‘Sf 115 ’\F/;/ 126

k. K K k.
o[ —%—]
== == == S5

GFSSP 6.04 Training Course
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Mathematical Closure

Unknown Variables

1. Pressure
2. Flowrate
3. Fluid Temperature
4. Solid Temperature

5. Species Concentration

6. Mass

Avallable Equations to Solve

A A o

Mass Conservation Equation
Momentum Conservation Equation
Energy Conservation Equation of Fluid
Energy Conservation Equation of Solid

Conservation Equations for Mass Fraction of
Species

Thermodynamic Equation of State

GFSSP 6.04 Training Course
Mathematical Formulation
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MATHEMATICAL CLOSURE

Secondary Variables:
Thermodynamic & Thermophysical Properties
Unknown Variable Available Equations to Solve

Density

Specific Heats Equilibrium Thermodynamic Relations

Viscosity [GASP, WASP & GASPAK Property Programs]

Thermal Conductivities

Friction Factor Empirical Relations

Heat Transfer Coefficients

GFSSP 6.04 Training Course
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Marshall Space Flight Center
GFSSP Training Course —

GOVERNING EQUATIONS

 Mass Conservation

« Momentum Conservation
 Energy Conservation of fluid
 Energy Conservation of solid
* Fluid Species Conservation
e Equation of State

e Mixture Property

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS

MASS CONSERVATION EQUATION

_ j=n_
mr+Ar mr — Z mij
AT J -1

Nod
>
Single

Fluid

k=1

Note : Pressure does not appear explicitly in
Mass Conservation Equation although it is
earmarked for calculating pressures

GFSSP 6.04 Training Course
Mathematical Formulation

Single
Fluid
k=2

Marshall Space Flight Center
GFSSP Training Course

Fluid
Mixture

Node

Fluid
Mixture

Node
i=3

180
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GOVERNING EQUATIONS
MOMENTUM CONSERVATION EQUATION Noce

 Represents Newton’s Second Law of Motion Branch
Mass x Acceleration = Forces

» Unsteady * Pressure

 Longitudinal Inertia « Gravity

» Transverse Inertia e Friction o v

e Centrifugal

» Shear Stress

* MOVIng Boundary Axis of Rotation

N s
<
<

* Normal Stress

e External Force

GFSSP 6.04 Training Course
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MOMENTUM CONSERVATION EQUATION
r.nij
Mass x Acceleration Terms in GFSSP u,
Unsteady O O
(muij )T+AT o (muij )‘r
g.A7

Longitudinal Inertia

(u, -u)

MAX‘mu,O

(U —u.)- MAX ‘—'mu 0

Transverse Inertia

(u, -u,)

+ MAX ‘m 0

(u,~u,)-MAX -m....0

GFSSP 6.04 Training Course
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MOMENTUM CONSERVATION EQUATION

Node

Force Terms in GFSSP

Pressure
( pi o pj)Au'

Gravity
pgVCosé
Node

gc Y
Friction

Branch

A

-K, mi,-‘mi,-

Centrifugal
LK A
Q.

Axis of Rotation

GFSSP 6.04 Training Course
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MOMENTUM CONSERVATION EQUATION

Force Terms in GFSSP

Shear Stress

U, — U AS
gc5ij,p
Normal Stress

u,—-u, U -u |A
b s T g

ij,d ij,u

U

Moving Boundary

o IOAnormunormuij / gc

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS .. s
j=2 Mixture
ENERGY CONSERVATION EQUATION
 Energy Conservation Equation can be @
written in Enthalpy or Entropy Fluid

Mixture

» Based on Upwind Scheme Node Node+ Node
P o 3 N gy NG

Enthalpy Equation Single /
Fluid

Rate of Increase of Internal Energy = k=1 Q @ fy = -1y
Enthalpy Inflow - Enthalpy Outflow + Heat Source
Single Node
Fluid | '
k=2 [1=4
0-2). 2] irfun el
P s Pl)e = 'y IMAX| -m 0 |h —~MAX|m 0l +Q
A’Z’ J:l 1] ] ]

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS ol Fuic
j=2 Mixture
ENERGY CONSERVATION EQUATION
Entropy Equation
@ Fluid
Mixture
Rate of Increase of Entropy = 'j\'idf Noide < jNS%e
Entropy Inflow - Entropy Outflow + -~ /
ingle
Entropy Generation + Entropy Source Fluid
Py Py k=1 Qi /T. @ = iy
B | Node
k=2 [ J=4
(ms). . A, —(ms). ~ j=n . j=n MAX[— m”,O] Q
+ N = jzl{MAX - mu,o]sj —MAX[mU,O]si}+ 121{”% ij, gen +T*_'

GFSSP 6.04 Training Course
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Solid — Fluid Network for Conjugate Heat Transfer

D Solid Node
@ Boundary Node

Ambient Node

|:| Internal Node O

< S Conductor
—C P Branches

<—> Solid to Solid
D RIS > Solid to Fluid
<> Solid to Ambient

GFSSP 6.04 Training Course
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Energy Conservation for Solid Node

Marshall Space Flight Center
GFSSP Training Course —

v

k=1 Q\ O Rt Ambient Node

js:3

—  Solid Node

Js= a4
Fluid Node
Conservation g :
Cauat | | Successive
quation " A Substitution Form
68 (mC T! ) qus + stf + qua+s. ( c ) .
T = ZC“ 4 ZC” T“ + ZC“ R A mT' +S
dss = kijS Aijs /5ijs (TsjS _Tsi) > Tsi < Ne
& +ZC., + ZC.“ + ZC.,
asf = hijf Aijf (Tfjf _Tsi) "

dsa = hija'Aﬁja (-l-aja _Tsi)

GFSSP 6.04 Training Course

Mathematical Formulation 188



Marshall Space Flight Center
GFSSP Training Course —

Heat Transfer Coefficient
Dittus-Boelter Equation for Single Phase

3 h.D
-
Nu = 0.023(Re )O‘B(Pr

Vv

Nu

)0.33

_puD
Hy

Modified Miropolski’s Correlation for Two Phase Flow
Nu=0.023(Re, )" (Pr,)"* (Y)

oo
)
k,

0.4
Y =1—0.1(ﬂ—1j (1-x)™*

Py

Re

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS [l ruic
j=2 | Mixture
FLUID SPECIES CONSERVATION EQUATION
@ Fluid
Rate of Increase of Fluid Specie e
a =
e . o R
Fluid Specie Inflow - Fluid Specie Outflow + /
mge
Fluid Specie Source i . @ o
Fug | Node
k=2 [1=4

(m‘ Ci’k)HAT _(miCi,k)T J =N

AT le

GFSSP 6.04 Training Course
Mathematical Formulation
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GOVERNING EQUATIONS

EQUATION OF STATE

For unsteady flow, resident mass in a control volume is calculated

from the equation of state for a real fluid

o PV

RTz

Z 1s the compressibility factor determined from

higher order equation of state

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS

EQUATION OF STATE

» GFSSP uses two separate Thermodynamic Property Packages
GASP/WASP and GASPAK

* GASP/WASP uses modified Benedict, Webb & Rubin (BWR)
Equation of State
* GASPAK uses “standard reference” equation from
 National Institute of Standards and Technology (NIST)
e International Union of Pure & Applied Chemistry (IUPAC)

* National Standard Reference Data Service of the USSR

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS

Mixture Property Relation

Density
» Calculated from Equation of State of Mixture with Compressibility Factor

pi = pi Ri :k_nXkRk
ZiR T,
» Compressibility Factor of Mixture is Mole average of Individual Components
K= nX , o
L = 7, = I
i kz 1 k k K Pk Rk Tk

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS

Mixture Property Relation

Thermophysical Properties
* Viscosity, Specific Heat and Specific Heat Ratios are calculated

by taking Molar Average

k=n kSN
el Yi= 2 xi 7k
Hi= 2k k21K
k=1 k=n
k=n Cp,k XkMk
k=
C,i= L
k=1 k=n _
X M,
k=1 k

GFSSP 6.04 Training Course
Mathematical Formulation
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GOVERNING EQUATIONS

Mixture Property Relation

Temperature

» Mixture Temperature is calculated from Energy Conservation Equation

(Ti )H—Ar — =

Cp, xT,MAX|-m 0|+(C mT) /ar+Q
Cp, x. MAX {m“j ,OJ+ (C.m)/Ac

k=1

jnk nf
=1

j=1 k=1

Limitation

» Cannot handle phase change of mixture

GFSSP 6.04 Training Course
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GOVERNING EQUATIONS
Summary

o Familiarity with GFSSP’s Governing Equations is not absolutely
necessary to use the code

 However, working knowledge about Governing Equations is
helpful to implement various options in a complex flow network

* A good understanding of Governing Equations is necessary to
iIntroduce new physics in the code

GFSSP 6.04 Training Course
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SOLUTION PROCEDURE

Successive Substitution
Newton-Raphson

Simultaneous Adjustment with Successive
Substitution (SASS)

Convergence

GFSSP 6.04 Training Course
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SOLUTION PROCEDURE

* Non linear Algebraic Equations are solved by

— Successive Substitution
— Newton-Raphson

e GFSSP uses a Hybrid Method

— SASS ( Simultaneous Adjustment with Successive Substitution)

— This method is a combination of Successive Substitution and
Newton-Raphson

GFSSP 6.04 Training Course
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SOLUTION PROCEDURE

SUCCESSIVE SUBSTITUTION METHOD
STEPS:

1. Guess a solution for each variable in the system of equations

2. Express each equation such that each variable is expressed in terms of
other variables:e. g. X =f(Y,Z2) and Y =f (X,Z) etc

3. Solve for each variable

4. Under-relax the variable, if necessary

5. Repeat steps 1 through 4 until convergence

ADVANTAGES:
Simple to program; takes less computer memory
DISADVANTAGES:

It is difficult to make a decision in which order the equations must be
solved to ensure convergence

GFSSP 6.04 Training Course
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SOLUTION PROCEDURE

NEWTON-RAPHSON METHOD
STEPS:
1. Guess a solution for each variable in the system of equations
2. Calculate the residuals of each equation
3. Develop a set of correction equations for all variables
4. Solve for the correction equations by Gaussian Elimination method

5. Apply correction to each variable
6. Iterate until the corrections become very small

ADVANTAGES:

No decision making process is involved to determine the order in which
equations must be solved

DISADVANTAGES:

Requires more computer memory; difficult to program.

GFSSP 6.04 Training Course
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SOLUTION PROCEDURE

SASS (Simultaneous Adjustment with Successive Substitution) Scheme

e SASS iIs a combination of successive substitution and Newton-Raphson
method
e Mass conservation and flowrate equations are solved by Newton-Raphson
method
e Energy Conservation and concentration equations are solved by
successive substitution method
e Underlying principle for making such division:
e Equations which have strong influences to other equations are solved
by the Newton-Raphson method
e Equations which have less influence to other are solved by the
successive substitution method
e This practice reduces code overhead while maintains superior
convergence characteristics

GFSSP 6.04 Training Course
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GFSSP Solution Scheme

SASS : Simultaneous
Adjustment with Successive

Substitution
Approach : Solve

simultaneously when equations
are strongly coupled and non-

Imgvantage Superior
convergence characteristics
with affordable computer
m e m O ry GFSSP 6.0£_‘r Training Co_urse
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CONVERGENCE

 Numerical solution can only be trusted when fully
converged

« GFSSP’s convergence criterion is based on
difference In variable values between successive
iterations. Normalized Residual Error is also
monitored

« GFSSP’s solution scheme has two options to control
the iteration process
— Simultaneous (SIMUL = TRUE)
— Non-Simultaneous (SIMUL = FALSE)

GFSSP 6.04 Training Course
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CONVERGENCE

Simultaneous Option

e Single Iteration Loop

— First solve mass, momentum and equation of state by the
Newton-Raphson (NR) scheme

— Next solve energy and specie conservation equation by
Successive Substitution (SS) scheme

— Solution is converged when the normalized maximum
correction, A, IS less than the convergence criterion

@
20

Amax = MAX N. is the total number of equations solved by the Newton-Raphson scheme

GFSSP 6.04 Training Course
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CONVERGENCE

Non-Simultaneous Option

* Inner & Outer Iteration Loop

Mass, Momentum and Equation of state is solved in inner
iteration loop by NR scheme

Energy and Specie conservation equations are solved in
outer iteration loop by SS scheme

Convergence of NR scheme is determinedAy,
Convergence of SS scheme is determined\by
Ko
2k

A = MAX etc.

A A AVOT Al A =MAX

GFSSP 6.04 Training Course
Mathematical Formulation
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Convergence Characteristics For Simultaneous Option

100
Reductionof RSDMAX and DIFMAX with Iteration in
Example of Converging-Diverging Nozzle
10 +
lterations
1 - | | | | | I I
0 30 35 40
0.1
0.01 +
0.001 + ——RSDMAX
——DIFMAX
0.0001 T
0.00001

GFSSP 6.04 Training Course

Mathematical Formulation 206



Marshall Space Flight Center
GFSSP Training Course —

Comparison of Convergence Characteristics between Simultaneous and Non-Simultaneous Option
in Converging-Diverging Nozzle

100
10 A Simultaneous
RSDMAX r'd lterations
1 1 % : : : : : : :
0 20 4, 40 60 80 100 120 140 160 180
o1+ |\t At t
44 A, A
A A
A A A
0.01 + A \ IS U
"\ A AT A Ad
\'\\‘k \ A AA N
0.001 1 N1 A i _
A N y Non-Simultaneous
A AlA AA“
AL
A A AlA F YV
0.0001 + Al N L YV
“AA“
A A A Ala A2
0.00001 + A 2
A A A
4 A AlA Alla
A All|lasd]]a
0.000001 + | At At LlA
A A \ A
A A A A Al al
A A A A 2lAl|A
0.0000001 + A A Al 4 AR A ) Al
1E-08

GFSSP 6.04 Training Course
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SOLUTION PROCEDURE
Summary

Simultaneous option is more efficient than Non-Simultaneous
option

Non-Simultaneous option is recommended when Simultaneous
option experiences numerical instability

Under-relaxation and good initial guess also help to overcome
convergence problem

A lack of realism in problem specification can lead to
convergence problem

Lack of realism includes:

— Unrealistic geometry and/or boundary conditions

— Attempt to calculate properties beyond operating range

GFSSP 6.04 Training Course
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Tank Pressurization, Control
Valves, and Relief Valves
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Content

e Tank Pressurization
 Control Valve
e Relief Valve

GFSSP 6.04 Tank Press. / Advanced Valves
210
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TANK PRESSURIZATION

Pressurant

* Predict the ullage T e
conditions considering o Ul
5
heat and mass transfer |
between the propellant A Qe
and the tank wall Throe
Propellant
* Predict the propellant .
conditions leaving the
tank

v

GFSSP 6.04 Tank Press. / Advanced Valves Propellant to Engine
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TANK PRESSURIZATION
ADDITIONAL PHYSICAL PROCESSES

Pressurant

 Change in ullage and propellant volume.

v
* Change in gravitational head in the tank. ﬁ%
« Heat transfer from pressurant to propellant. ‘1 A%f

¢QSOND

 Heat transfer from pressurant to the tank Mheor
Wal I . Propellant

« Heat conduction between the pressurant "
exposed tank surface and the propellant
exposed tank surface. Kﬂ F/
 Mass transfer between the pressurant and .
prOpe”ant Propellant to Engine

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
MATHEMATICAL MODELING OF PHYSICAL PROCESSES -1

Change in Ullage and Propellant Volume Presuan
m orop AT
AVitiage = =0V r0p
| prop | v A ¢QCOND
Conservation Equation of Volume Thror
Propellant
ullage +Vprop ~ Vtank T
St
Vgrc;Lp ‘ _Vgrop o derop
or — o
VuTIIJ:agg _Vurllage + quTIF;gTe v

Propellant to Engine
GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
MATHEMATICAL MODELING OF PHYSICAL PROCESSES -2

Pressurant

Change in Gravitational Head in the Tank

v
B PpropIH T
Ptank bottom = pullage + C Ullage
g C QPROP Q.WALL7'
4

Heat Transfer from Ullage to Propellant o Vo

QIOFOIO - [hC A]ullage— prop (Tullage _Tprop)

Heat Transfer Coefficient (Natural Convection)
‘. k %
n

Propellant

S

GFSSP 6.04 Tank Press. / Advanced Valves Propellant to Engine
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TANK PRESSURIZATION
MATHEMATICAL MODELING OF PHYSICAL PROCESSES -3

Pressurant

Heat Transfer from Ullage to Wall

v
Qwall [h A]ullage—wall (TUIIage ~ Twall ) TN
QPROP Ullage QWA LL/,
v A

Tank Wall Conduction 4
ri‘]:ROP

Qcond - ktank Acond ( wall Tprop )/ (H/ 2) Propellant

Transient Heat Transfer in the Tank fror

N \yall

Myall € Puwan or Qwall Qcond Kﬁ %

GFSSP 6.04 Tank Press. / Advanced Valves Propellant to Engine
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TANK PRESSURIZATION
MATHEMATICAL MODELING OF PHYSICAL PROCESSES -4

Pressurant

Mass Transfer from Propellant to Ullage

v
v Qprop \ /JN
prop o . Ullage
hfg T Cpf (Tsat _Tprop) ‘1 o
A

Vapor Pressure Relation . ¥ oo

Propellant

In psat — A+£+C |nT5at + DTsat

sat

Enthalpy of Vaporization «Kﬁ
dP ‘ %
v

Neyy = (v —V
g sat\Vg f

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
CALCULATION STEPS

Pressurant

For each time step calculate v
« Ullage and Propellant Volumes /ﬁwﬁ
e 4
 Tank Bottom Pressure v A e

 Heat Transfer between pressurant and
propellant and pressurant and wall

« Wall Temperature
« Mass Transfer from propellant to ullage % %
(only with optional user subroutine) '

Propellant to Engine

Propellant

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION

ADDITIONAL INPUT DATA FOR PRESSURIZATION

PRESS
NTANK
NODUL
NODULB
NODPRP
IBRPRP
TNKAR
TNKTH
TNKRHO
TNKCP
TNKCON
ARHC
FCTHC
TNKTM

Pressurant

Logical Variable to Activate the Option \
Number of Tanks in the Circuit

U”age NOde TULLAGE WALL
Pseudo Boundary Node at interface & Ullage ;
Propellant Node J el

i A ¢/Q<:0ND
Branch number connecting NODULB & NODPRP |

m;/ROP
Tank Surface Area in Ullage at Start, in?

Tank Thickness, in
Tank Density, lbm/ft3 oo
Tank Specific Heat, Btu/lom - R

Tank Thermal Conductivity, Btu/ft-sec-R
Propellant Surface Area, in?

Multiplying Factor in Heat Transfer Coefficient
Initial Tank Temperature, °F J

Propellant to Engine

Propellant

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
EXAMPLE 10 TANK SCHEMATIC AND GFSSP MODEL

Helium Fluid: He
95 psia P =95 psia
120 deg. F T =120 °F

v

Helium Ullage C =06
P, = 67 psia Gz L: 29E iz
T,=-264 deg F A=0.785in
V, =258
Aluminum Tank
Diameter = 71.5 in. Ullage Node 2
Wall thickness = 0.375 in.
LOX Propellant Fluid: Oz
_IT_i = 7;«(-515(195'3': Pseudo Boundary Node P.=0 = 74.76 psia
=" €g. h= 0
V, = 475 fts T.=0 =-264 °F
T = -264 deg. F
C,.=00
Propellant Surface 64 A= 4015 in?
Propellant Node 4 | @ P =50 psia
. C,=0.3043
LOX Propellant to Engine A = 14.25 in?
P =50 psia

GFSSP 6.04 Tank Press. / Advanced Valves
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Additional Input for Pressurization
Option

f53 vtasc3.172

Tank Type
Tank 2 & Cylindrical Tank ¢ Spherical Tark &dd Delete | Accept | Cloze |

Jllage Mode |29 T Sarface R441.96 M atural Corvection Carrelation [Ring)
Area [in™2]
Pzuedao Boundary Ii Tark Density Ii Coniztant far Ii
Node 3 (Ibm/ft™3) 170 Gaswal 0.54
Tank Cp li Indes far li
Prapellant Wode |31 (Etu/(IbmeR ] 0z Gas/al 0.25

Tank Thermal

Pseudo Branch  |1030 Bl 0.03622 Eistuslietif oy 0.27
[3az-FPropellant

[Budft-zec R

Ullage-Propellant

- 3387 Tark Thickress (in] [0.38 ez (o0 0.25
[3az-FPropellant

Area [in™2)

Corre. Heat Transfer I'Ii Imitial T arik I?Eli
&dj. Factor Temp. [F]

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION

EXAMPLE 10 PRESSURIZATION OUTPUT

SOLUTION
INTERNAL NODES
NODE P(PSI) TF(F) z RHO EM(LBM) CONC
(LBM/FTA3)
HE

02

2 0.9138E+02 -0.1347E+03 0.1006E+01 0.1047E+00 0.5144E+01 0.9690E+00 0.0310
4 0.9869E+02 -0.2640E+03 0.2310E-01 0.6514E+02 0.2937E+05 0.0000E+00 1.0000

BRANCHES

BRANCH KFACTOR DELP  FLOW RATE  VELOCITY  REYN. NO.
(LBF-S72/(LBM-FT)~2) (PS1) (LBM/SEC) (FT/SEC)

12 0.238E+05  0.362E+01 0.148E+00 0.445E+03 0.156E+06

34  0.000E+00  0.000E+00 0.163E+03 0.899E-01 0.412E+06

45  0.263E+00  0.487E+02 0.163E+03 0.253E+02 0.690E+07

NUMBER OF PRESSURIZATION SYSTEMS = 1
NODUL NODPRP QULPRP QULWAL QCOND TNKTM VOLPROP
2 4 1.9642 8.5069 0.0022 196.4447 450.8641

SOLUTION SATISFIED CONVERGENCE CRITERION OF 0.100E-02 IN 5

TAU = 10.0000 ISTEP = 100
GFSSP 6.04 Tank Press. / Advanced Valves

MACH NO. ENTROPY GEN. LOST WORK

BTU/(R-SEC) LBF-FT/SEC
0.129E+00 0.281E-02 0.127E+04
0.114E-03 0.00OE+00 0.0O00OE+00
0.323E-01 O0.115E+00 0.176E+05

VOLULG
49_.1359

ITERATIONS

Tank Output Units
QULPROP, Btu/s
QULWAL, Btu/s
QCOND, Btu/s

TNKTM, deg. R
VOLPROP, ft3

VOLULG, ft3
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TANK PRESSURIZATION
EXAMPLE 10 ULLAGE AND TANK BOTTOM PRESSURE HISTORY

90 1+

85:'

re (psia)

70

65

60

80 f

75 +

\
\\
---------------------------------------------------------------------- \
Tank Bottom
------ Ullage
20 40 60 80 100 120 140 160 180 200

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
EXAMPLE 10 ULLAGE AND TANK WALL TEMPERATURE HISTORY

-50
-100 /
-150 / ------ Tank Wall
-200

Temperature (deg F)

I T T e— s

-300

0 20 40 60 80 100 120 140 160 180 200
Time (sec)
GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
EXAMPLE 10 PROPELLANT AND ULLAGE VOLUME HISTORY

500

450

400

350

300

250

Volume (ft*3)

Ullage
- - - - - -Tank Bottom

200

150

100

50

0 20 40 60 80 100 120 140 160 180 200
Time (sec)

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
EXAMPLE 10 HELIUM FLOW RATE HISTORY

0.45

0.4

0.35

0.3
0.25 \
0.2

0.15

Mass Flow Rate (Ibm/s)

0.1

0.05

0 20 40 60 80 100 120 140 160 180 200
Time (sec)

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
EXAMPLE 10 PROPELLANT TO ULLAGE MASS TRANSFER
RATE HISTORY

0.045

0.04

0.035

(Ibm/s)
o

P o
N o
(6] w

M T fer
o
o
N
~—_

0 20 40 60 80 100 120 140 160 180 200
Time (sec)

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
COLLAPSE FACTOR CORRELATION

The collapse factor is the ratio of actual pressurant
consumption to an ideal pressurant consumption which
assumes no heat or mass transfer. It is represented by the
following formula.

Wo

. {G—: - 1)[1— exp(—p,C" |

X

o 1 Pe S Pz o
1—exp(—p38 )]+1}xexp{—p5(l+cj (l+S) Q }

T O

where
w? = p0 AV C= (ngt)W T_
P G 0 T
(pCp)GDeq 0
ho. T q0
S= cYT _S Q — T
(pCP)ZDeq To (pcp)ZDeqTO

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
COLLAPSE FACTOR CORRELATION DEFINITIONS

C - ratio of wall to gas thermal capacitance

P1-Pg - fitted constants dependent on propellant

Q - ratio of ambient heat input to effective thermal capacitance of gas
S - modified Stanton number

T, - pressurant inlet temperature

T, - propellant saturation temperature at initial tank pressure

Wg- ideal pressurant mass consumption

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
PRESSURIZATION MODEL VALIDATION

« GFSSP Collapse Factor Prediction: 1.44

« Epstein Correlation Collapse Factor
Prediction: 1.58

 GFSSP Prediction Discrepancy: 8.86%

GFSSP 6.04 Tank Press. / Advanced Valves
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TANK PRESSURIZATION
SUMMARY

GFSSP’s transient capability further extended to model the
pressurization of a propellant tank

User activates this option and supplies additional tank information
Code predicts the history of ullage and propellant conditions

Example 10 illustrates the use of this option and also describes the
verification of the numerical prediction

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE

* Pressure monitored at arbitrary
point downstream of valve g

* Valve maintains pressure within

user specified tolerance
— Closes when pressure exceeds U

maximum value

— Opens when pressure drops below propellant
minimum value

* Flow resistance factor calculated
using same equations as Option 2

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
SUB-OPTIONS

Instantaneous - Valve Is elther
fully open or fully closed at any
given time.

Linear - Valve open/close
transient iIs modeled as a linear
operation.

Non-linear - Valve open/close
transient is modeled as some
user specified non-linear
operation.

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
BRANCH INPUTS -1

e Sub-option

* Flow Coefficient (C,)

 Area (A)

Propellant

e Control Node

e Valve Initial Position

e Pressure Tolerance File Name XN /

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
BRANCH INPUTS -2

e Linear Sub-option
— Time to open/close
— Number of steps to open/close %

e Non-linear Sub-option

— Open characteristics file name

Propellant

— Close characteristics file name

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 12 SCHEMATIC
S'j‘;gg“;‘;’i'g Lanin — 13D 053" ID
T=0-120deg. F Sv7 Sv3
0.53" ID 0.78" ID 053" ID
SV5
SV15 SV14 SVi3 SV12
sv2[ ] OF15:1 £OF14 OF13 % OF12

LOX Tank RP-1 Tank

4.26" ID 4.26" ID

LOX Pum

Flex Line i

Engine Purge Interface Engine Chamber Engine Chamber
P =600 - 800 psig

GFSSP 6.04 Tank Press. / Advanced Valves
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Pipe  SV7 Tee, FloThru  Pipe sv3 Pipe  Tee FloThru Reduction Pipe SV4
L=128in. C=06 K1=200 L=17in. C=06  L=288in.  Ki=p00 D=13in.  L=221in. C.=0.6
Facility Interface D=13in. A=0.63617in* K2=0.1 D=1.3in. A=0.63617in2 D=13in. K2=0.1 D,=053in.  D=053in. A=0.2827 in
P=T765 psia @ —@ I} — @] —@ @[ —® @
T=0-120 F ;
Pi
SVv2 Pipe Tee, Flo Thru Reduction Telz'lflz%ghm |_=pr in.
C.=06 L=191in. K1=200 D=L3in. & |70 D=0.53 in.
A=0.63617 in? D=1.3in. K2=0.1 D,=0.78 in. =
] — @} —aD
Reduction SV5 Pipe Tee, Elbow ~ Tee, Elbow Pipe
‘ = K1=500 .
@D:=L3in. (C.=06 L=14in. (9 ﬁzgoy Ko=07 ()L=75in.
D,=0.53in. 7 A=0.63617 in? D=0.53 in. ) D=0.53 in.
Pipe Tee, Elbow  Tee, Elbow pi SVi3 sv12
Pi K1=500 K1=500 Ipe =
® 1 in L=11in. (5 Kp=07 K2=0.7 (g L=28in. €.=0.6 €06 |
D=0.53 i D=0.78 in. D=0.78 in. A=0.00001 in? A=0.2827 in
Flex Tube SV15 SV14 Pipe OF13 OF12 Pipe_
L=28in. C.=0.6 @ C.=06 L=14in. (B¢ =06 =06 L=9in.
D=053 in. A=0.00001 in A=0.63617 in? D=0.531n.T" A=0,00785 in A=0.02895 in?] D=0.53 in.
Engine Interface . Tee, Elbow
P=615 - 815 psia Pipe OF15 OF14 Pipe K1=500 (§ FML
L=18in C.=0.6 C,=06 L=15in. K2=0.7 C,=0.83056
D=0.78 in.| A=0.01767 in® A=0.10179in{ D=0.78 in. : A=0.22565 in?
— @
i ing, iti Tee, Elb ) i
For stainless st_eel tubing, it is assur_ned ekil:so%w Expansion  pipe ove g iTleA_
that £=0.0008 in. For steel flex tubing, Ko-07 & C=0.77371 D;=053in.  L=14in.  C,=0.6 D053
this roughness is multiplied by four. A=055351 in* D30in.  D=053in. A=04185in| =7
. ) Pi
Expansion  Pipe cve i, Recovery V=15 6 V,,=285 ft*
D=0.78in.  L=21in.  C,=0.6 @ D=078in G0 (5
D=30in.  D=078in. Az07854ind D-0781M  A=7.06858 in
F—@—f—® {4 @ f—@—{1—
R RP1 Diffuser RP1 Surface  Pipe RP1 Pump Pipe
ecovery _ C,=0.6 C,=0.0 C, =0.181  A,=168757.
C,=00 Vo251t Vi, =475 o ol R8T i ALi4Zsie B C. =0.0464
AL 06858 in A=37.6991 in? AR3087. i AR14.25im  Bo=-4.9362 (& A=14.25 in?
@] @D Engine Chamber
LOX Diffuser LOX Surface  Pipe LOX Pump  Pipe P=652 psia Engine Chamber
C,=0.6 €,=0.0 C_=0304 AF176033. C, =0.105 P=652 psia
A=37.6991 in? A=4015.in2  A=14.25in? B,=-25799  A=14.25 in?

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE

EXAMPLE 12 VTASC CANVAS
[ e e |8 2 e[« - (o | B [ o[ ]2 -5 ][ |- e[

1001 0z s e 1004 1005 wos ' oo
; 2K
1058 !
— 1034
. Bl 0
1050 (I R 1035
' 1036 S,
1
61
[= ]2 K7 ]-2K-[=]
= ] 1
i 1037 1041
10zz (I 14
= T '
; 0
)
1062 | R"'
1039 ‘“_ q 1043
10g; (I
> |
1040 [ (I 1044
I ! o -
1064 (I _Bh.""ﬁ‘-_
L] |
1045 1045
2K
1047 ¥
v
[« [-~[e]
1043
(I 14
- .
52 |51 ]
pEarne &
o 1052 1051 1050

1053 K

¥ '
op-<Colzp-<nb-<ay - io -z -4, - B
3

10454 1055 1056

GFSSP 6.04 Tank Press. / Advanced Valves

1009 Mo
011

L]
[ ]2 {2 ]-2 K[ ]
1

o1 [ 1012 1016 -
-' 1
1
IDMK G 1018
] |
115 (I 101
L) !
mp>-Empb-4a
1021 1020
2K
L
1022 bl
E>GEl
1023
(I 1524
1
()i - o]
EIV' 1027 1026 1025
1D?3+
ol -
= 8] [l —B=]
1029 1030 E"

K 1031

103 1032
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CONTROL VALVE
EXAMPLE 12 CONTROL VALVE INPUT

BR OPT-> 18-2, SUBOPT, FLOW COEF, AREA, CTRL NODE, INIT POS

1018 2 0.60000 0.28270 29.0000 T
BR OPT-> 18-2(continued), CYCLE TIME, CYCLE STEPS, PR TOL FILE
0.05000 5.00000

ex12rpl.dat

BR OPT-> 18-2, SUBOPT, FLOW COEF, AREA, CTRL NODE, INIT POS

1043 2 0.60000 0.63617 54.0000 T
BR OPT-> 18-2(continued), CYCLE TIME, CYCLE STEPS, PR TOL FILE
0.05000 5.00000

ex1l2lox.dat

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 12 PROPELLANT TANK PRESSURE HISTORY

l‘&ww\w VNS AN
A VAV A ot

R RV N e

lllllllll

y

X

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 12 LOX TEMPERATURE HISTORY

-50

-100

M W e
1 i

J"‘/"’“ —=—Tank Wall

Temperature (deg F)

-250

-300 - ‘
0 10 20 30 40 50 60
Time (sec)

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 12 ULLAGE VOLUME HISTORY

160

140 //

120 o

100

Volume (ft"3)
o)
S

2]
o

40

20

0 10 20 30 40 50 60

Time (sec)
GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 12 HELIUM FLOW RATE HISTORY

0.5

0.45

—e— Engine Purge Interface
—=—LOX Tank Inlet
—A— RP-1 Tank Inlet

o P*t 0 By 9t Pee

Pooo

0.4 /v V/ u

AVARV

POt Peeeee s
M

0.35

m
"

I

W
T

1

res

0.25 *
0.15

-

|
]

M

0 10

20

30
Time (sec)

40 50

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 12 PROPELLANT TO ULLAGE MASS
TRANSFER HISTORY

0.002

/)

» e
/M"N/

0.0014 /
0.0012 /M
0.001
’,0"’“ ——GOX
0.0008

/ —=—RP-1

0.0006 /
0.0004 /

0.0002
0 +® ; ; ; ; ; i

0 10 20 30 40 50 60

Mass Transfer Rate (Ibm/s)

Time (sec)
GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
SUMMARY

 New Branch Resistance Option added to GFSSP
to model a Control Valve

« Valid only for transient models

e User provides the flow and operational
characteristics of the valve

 Example 12 demonstrates the operation of the
control valve option in GFSSP

GFSSP 6.04 Tank Press. / Advanced Valves
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RELIEF VALVE

e Distinct from Control Valve

« Monitors pressure differential across
valve branch

* Valve opens when pressure
exceeds cracking pressure

» Relief valve is an Advanced Option
that may be linked to:

— Restriction
— Compressible orifice
— Valve with Cv

- Inlet nozzle G- Cap

1

2 - %alve zeat ¥ - Spring
3 - Seat holder & - Bonnet
4 - Walve bhody 9- Seal

5 - Set prezsure

adjusting screwy

GFSSP 6.04 Tank Press. / Advanced Valves
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RELIEF VALVE INPUTS

E‘i Prezsure Relief Yalve Ed
—Relief Walve
Cantral Prezsure 1 Branch [Restriction, Comp Orifice I23 Add
or Yalve w/Cy)
Cracking Preszure [paid] IEI.E Delete
Contral File [RLPvUv23DAT || e  Accept
Diane

« Branch ID number
» Valve cracking pressure differential (psid)

e Control file determines valve branch flow
resistance as function of pressure differential

GFSSP 6.04 Tank Press. / Advanced Valves
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RELIEF VALVE CONTROL FILE

B RLFVLY... M=l B3
File Edit Farmat
e Number of Iines, > ¥iew Help
 Reseating pressure (psid) al? 0 1.0E-14 =
5.0 0.24
 [ully-open pressure (psid 9.0 0.45
4 _p P G )\19. 0.72
e Area (in?) or Cv
<] Ay

GFSSP 6.04 Tank Press. / Advanced Valves
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CONTROL VALVE
EXAMPLE 24 VTASC CANVAS

[1] E—-—- 3 E—Iﬁ
Air Supply Tank Ambient
35 psia 10 ft3 14.7 psia

GFSSP 6.04 Tank Press. / Advanced Valves
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RELIEF VALVE
EXAMPLE 24 Tank Pressure History

- P2 PSIA Node 2
26 WinPlot vd.55 11

24
20 /
18
16 ,
/

14
0 4 8 12 16 20

TIME SECONDS

T51:50PM 0926 2012

GFSSP 6.04 Tank Press. / Advanced Valves
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RELIEF VALVE
EXAMPLE 24 Flow Rate History

—¢ F12 LBM/SEC Orifice 12 —4— F23 LBM/SEC Orifice 23
0.35 WinFlot v S5 et

; R
; - |

NI Ininn|

TIME SECONDS

GFSSP 6.04 Tank Press. / Advanced Valves
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RELIEF VALVE
SUMMARY

 New Advanced Option added to GFSSP to model
a Relief Valve

« Valid only for transient models

e User provides the cracking pressure and flow
resistance characteristics of the valve

 Example 24 demonstrates the operation of the
relief valve option in GFSSP

GFSSP 6.04 Tank Press. / Advanced Valves
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Tutorial — 3
Valve-Controlled Pressurization of a Propellant
Tank
|

Propellant

R

v

GFSSP 6.04 -- Tutorial 3
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Problem Elements: &%%

«Control tank pressure within a specified tolerance
*Use control valve branch option
*Use tank pressurization advanced option

*Use 2 fluids (oxygen and helium)

GFSSP 6.04 -- Tutorial 3
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Set Up Options

Marshall Space Flight Center
GFSSP Training Course —

eUser Information: T3 et e .

—— Setup for specifying unsteady information
General Information

- Cirouit Options Unsteadyl r ﬁ
. Unsteady Options || —0pt

" i Fluid Options )
eInput File: Tut3.dat ComT N e e

)

«Output File: Tut3.out

Piint Frequency [1
— el

*Unsteady Options sy B

*Time step = 0.01 s; Final time = 200 s st

 Flow Regulator

«Check Tank Pressurization option —
&

Setup for specilying general information

eneral Information

ircuit Options User Infarmation | Solution Control IUulDuIEwnlrw\ |
Insteady Options Solver Information
Fluid Options [ Simukaneous Solufion
Solution Methods
Enengy for Fluid Enengy for Solid Differencing Scheme
5 Enerqy by First Law £ Mewton Raphson @ First Order
£ Energy by Second Law 5 Successive Substitution " Second Order Cose |
Convergence Informatiog
Convergence Citg®]0.005  Relas K [05 RelN |1 Fielax HC 1
Masimum [teration™JE00  Relas D 05 RelpiR [1 Relax TS [1

Initial Guess
" User Specilied

" Successive Substitution

& Intemaly Specified .SOI utl O n CO ntrOI

I~ Save Infomation Node Restart Save/Read File : ‘FNDDE DAT

I Read Information Branch Restart Save/Read File ‘FEHANEH DAT

Defaul Cancel Apply-Close Apply

sConvergence Criteria = 0.005
*RELAXK = 0.5

GFSSP 6.04 -- Tutorial 3
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*QOutput Control

i Instructions:

i General Information

i Circuit Optiares

i Unsteady Optians
Fluid Options:

Set Up Options

«Select Winplot binary output

Setup for specifying i

i£3 Global Options

6]

slobal Op

Irstructions

i+ Circuit Options
i~ Unsteady Options
Fluid Options

Fuud |
Tupe
" Constant Property " |deal Gas
Density (Ibm/ft"3) 0
Wiscosity [lbm/[ft-sec]] |0
Gas Constant [ft-l6f/(Ilom R)) ‘53.34
Cp [Btu/(lbm FJ) ‘U 24
Wiscosity (lbm/[ftsec]) ‘T 26e05

Thermal Conductivity (Bus(ft-sec F) [4.133=-08

Thermodynamic Package

f* General Fluid

" Hz02

Ref. Pressure (psi] |14 7

Ref. Temperature (F) [20

Ref. Enthalpy (Blu/lbm) [0

Ref. Entrapy (Bu/(lbm-F)) [

Marshall Space Flight Center
GFSSP Training Course

Setup for specifying general information

User Infomation | Solution Control | Output Cortrel ]
Output Infiarmation
[ Metwork Infarmation

[v' Extended Information

[ Initisl Field

v “inplot Data It fraquency: 1 " CSV file (% Binary file Wk frequency 50 Buiffer 1.1
cified Variables Number User Variables [T
I Disable GFSSP Fun Information.
[v Disable PLT file creation.
Detault Cancel Apply-Close Apply

Clase

&+ Gasp andWasp " GASPAK Switch Package
Fluid S pecification
Library of Fluids / Selected Fluds \ Uzer Fluid Files
4 (6] Oxyaen ermal Conductivity |
1] Helium
Nean ensity [
Mitrogen .
Carbon Monaride iy |
Uxygen - Specific Heat Ratio [
Argon
Carbon Diovide j Enthalpy [
Entropy [
Specific Heat [
Fluid M olecular b eight Apply Fluid Info
ole Fraction H20 [0.5
Default Cancel ‘ Apply-Cloze ‘ Apply ‘

Close

*Fluid Options

«Select Oxygen first

*Then select Helium

GFSSP 6.04 -- Tutorial 3
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Boundary File Name: histl.dat

Fluid = He
P =95 psia
T=120deg. F

Instantaneous Sub-Option
Control Node = 3

Initial Position = Open (True) Q
Pressure Tolerance File =cvptol.dat

[2

2

@

Ullage Node | 3
V=43200. in® D

Pseudo Boundary Node

Option 18
C.=06
A =0.63617 in?

Fluid: He
P=79.32 psia
T=120. deg. F

Option 2
C.=06
A =0.785in?

Fluid: He
P=67.0 psia
T=-300. deg. F

Build Model on Canvas

@ Boundary Node
D Internal Node

O Branch

Boundary File Name: hist4.dat

Fluid: O,
P=74.76 psia
T=-300. deg. F

Option 2

Pseudo Branch QS C.=00

A =4015 in?

Boundary File Name: hist6.dat

Propellant Node . T
V=820800. in® El %6
Option 2
C_=0.319
Fluid: O, A=14.25in?
P=74.76 psia

T=-300. deg. F

E Fluid: O,
P=50 psia

T=-300. deg. F

GFSSP 6.04 -- Tutorial 3

Propellant

Marshall Space Flight Center
GFSSP Training Course

He Supply

Control valve

Orifice

Ullage space

Pseudo-boundary
(Pressure on propellant surface)

Pseudo-branch
(Propellant surface)

y
R — ]
5E
Orifice  Exit boundary
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Set Up Boundary Nodes

Marshall Space Flight Center
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«Node 1 is the helium supply Eouiere
. o Idenifier [ Hist1.dat - Notepad
P =95psia, T=120 °F e Dozt Fle Edt Format Yiew Help
. Frezsure [pzia) E
.LOZ maSS fraCtlon = 0.0 Temperature [F] 1 l:'- l:' 95. |:| lED. D
e e 00,0 95,0 120.0
*He mass fraction = 1.0
Thinust Area [in™2]
*Node 4 is a pseudoboundary node

Mode Yalume [in™3] |D aooan

*It separates the He from the LO2

Area Mormal to Mode (in™2) |D aooan

Mormal Yelocity of Mode [ft/sec) |D aooan

*History file is required, but pressure

[T Maving Boundary
Wi” be OVerWritten by NOde 3 UIIage [ Cpelic Boundary lﬂi Upstream Branch 10
pressure plus propellant head
P =74.76 pSia’ T=-300 °F [ Hist4.dat - Notepad

File Edit Format ‘Wiew Help
2

. 0.0 F4.78 =300.0
*He mass fraction = 0.0 200.0 74.76 -300.0

*[.O2 mass fraction = 1.0

*Node 6 is the LO2 exit boundary

[ Histé6.dat - Notepad

P =50 psia, T =-300 °F File Edit Format Wiew Help
z
*LO2 mass fraction = 1.0 20008 3070 30900 10

*He mass fraction = 0.0 GFSSP 6.04 -- Tutorial 3
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Set Up Interior Nodes

Marshall Space Flight Center

GFSSP Training Course —
5 NodeProperties
et g epen 0000 |
*Node 3 represents the ullage space — (\ frome
- _ . _ o Pressure [psia) |67.00000
eInitial P = 67 psia, T =-300.0 °F B )
eInitial Volume = 43,200 in3 o :zzzzzz
*He fraction = 1.0, LOx fraction = 0.0 ceree
Mode Histary File liJﬂ
*Node 5 represents the propellant space caramsy )
Area Momal b Wode [in™2) |I] ooooo
.|n|t|a| P - 7476 ps|a’ T o _3000 °F Normal Velocity of Node [ft/sec) [0.00000
[T Maving Boundary
.Initial Volume - 820’800 in3 I~ Cyclic Boundary lﬂi Upstream Branch 10
. . Ok | Lancel |
L Ox fraction = 1.0, He fraction = 0.0

*Node 2 represents the small space
between the control valve and the ullage
inlet orifice

eInitial P = 79.32 psia, T =120 °F
*\Volume is negligible

*He fraction = 1.0, LOx fraction = 0.0

GFSSP 6.04 -- Tutorial 3
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Set Up Branches

Marshall Space Flight Center

GFSSP Training Course —
*Branch 12 is an instantaneous control ;
valve 15§ viasc3.210 X
Control W alve
. | dentifi 12
A= 0.6317 in2, C, = 0.6 e '
Dezcnption |"-.-"a|ve 12
eIt is controlled by pressure in Node 3 Flow Cosfficient [
. Area [in™2) QENT
«70 psia — close = |
Control Hode Mumber |3
*64 psia — open Iniial Flowrate (lbm/sec) [0
L. Freszure Hiztomy File ITutFhewptol dat ]
*Valve is initially open R . e
*Requires a history file S —
. . e v |nstantaneous O Linear " Mon-Linear
*Branch 23 is the inlet orifice to the ullage
Lir —
A =0.785 inz, CL = 0.6 :; 2 cvptol.dat - Notepad E@]E|
. File Edit Farmat Wiew Help
*Branch 45 represents the surface of the A2 oo 7000 6400
prope”ant " 1oo0.0 FO.00 ad4.00
ofTime Close open

oA — in2 =
A 4015 In y CL OO Cloze Higtory File I—Jﬂ

*Branch 56 represents the orifice to the
eXit boundary [ Rotation [ MMomentum Source [ Inertia

A =14.25 inz, CL = 0.319 Cancel Accent

GFSSP 6.04 -- Tutorial 3
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*Open Pressurization Dialog from Advanced

menu
Click ADD

*Cylindrical aluminum tank
«Tank Surface Area: 6431.91 in?
*Density: 170. lbm/ft3
*Specific Heat: 0.2 Btu/lbom-R

Tank Pressurization Option

Marshall Space Flight Center

*Thermal Conductivity: 0.0362 Btu/ft-s-R

Ullage/Propellant Heat Transfer Area: 4015. in?

*Wall Thickness: 0.375 in.
«Conv. Heat Transfer Adj. Factor: 1.0
T -300 F

tank-

*Use default convection correlation coefficients

*Click ACCEPT, then CLOSE

P E—
GFSSP Training Course
{5 viasc3.210 x
Tark 1
Add Delete | Accept | Cloze |

Ullage Hode 3 Tank Surfacs B431.91 Matural Convection Correlation [Ring)
Brea(in”2) :

Pzuedo Boundary ’7 Tark Dengity Congtant for li

Node 4 (lbm 3] 170 Gas'w/al 054
Tank Cp Index far li

Fropellant Mode ] [BudlbrmR]] 0.2 Gasall 0.25
Tank Thermal Constant far

Pzeudo Branch 45 Conductivity 0.0582 GasP lant 0.27
{Btulit-sec Rl e

Ullage-FPropellant Index for

Heat Transfer 4M5 Tank Thickness (in] |0.375 0.25

e (i Gas-Propellant

rea [in~2)
Corv. Heat Transfer 1 Initial Tank T
&dj. Factor Temp. (F]
GFSSP 6.04 -- Tutorial 3 260
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Study of the Results

o Study tut3.out and plot files to note the following
facts:

— Ullage pressure is maintained between 64 and 70 psia by
the control valve

— Difference between ullage pressure and tank bottom
pressure due to gravitational head

— Tank bottom pressure decreases as propellant is expelled
from the tank

GFSSP 6.04 -- Tutorial 3
261



80

76

72

68

64

60

Tank Pressure

—— P3 PSIA Node 3

Marshall Space Flight Center

—4— P5 PSIA Node 5

40 80
TIME SECONDS

GFSSP 6.04 -- Tutorial 3

120

160

WinPlot v4.55 rcl

200

11:31:21AM 12/13/2010
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Tank Mass History

Marshall Space Flight Center
—— EM3 LBM Node 3 A~ EM5 LBM Node 5
36000 35 WinPlot v4.55 rcl

32000 30

28000 25
24000 - 20
20000 - 15
16000 - 10
12000 5
8000 0
0 40 80 120 160 200
i o TIME SECONDS
EM5 EM3 11:31:22AM 12/13/2010

GFSSP 6.04 -- Tutorial 3
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Outlet
Gaige Diaphragm

Pressure
-« Adjustment

Poppet

Inlet
Gauge

PRESSURE & FLOW REGULATOR

-
Tank
Vo= 10 1t
tial < omn ion s
1 00 psia d = 0.1 in
T 80°F
L At pl
T | 4 I

Flow Regulating
Valve

Marshall Space Flight Center

. ——
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Modeling Pressure Regulator

Marshall Space Flight Center
GFSSP Training Course —

 GFSSP has two built-in options (algorithms) to model a
pressure regulator

1. Iterative Algorithm
 Applicable for single regulator and longer computation
time
o Serves as an example of how to adjust GFSSP solution
to satisfy a given boundary condition
2. Marching Algorithm (Schallhorn-Haas)
« Capable of handling multiple regulators

 Numerically stable and computationally efficient

GFSSP v604 -- Pressure and
Flow Regulators 265



Pressure Regulator Option — 1
Iterative Algorithm),

arshall Space Flight Center

GFSSP Training Course —

e Purpose: To control pressure at a given

node by adjusting the flow area of the f—
upstream branCh Pressure Begulator
. e et Branch [Restiction or Comp Orifice) ’12— Add
b I m p | e m e ntatl O n bl avirnum Area (in”2) ’144— Delate
_ Mimimum drea (in”2] ,1&-18— Accept
Step 1 " Required Pressure (psia) ’40—
° Edlt " Pressure History File ’Wgﬂ
. Under Relaxation Factor ’DS—
b O ptl O nS Corveer gence Criteria ,DDDU'I—
° U nSteady OptlonS b aximum Iterations ’50—
— Pressure Regulator Cancd | Done
- Step 2 History File
* Advanced Number of Pressure
— Pressure Regulator lines in the file in psia
 Application Time in ~ //
_ _ Seconds—~—~,
— Example 16 — Simulation of a Pressure 0 35.00
Regulator downstream of a pressurized 10 35.00
tank 10.01 40.00
1000 40.00
GFSSP v604 -- Pressure and
Flow Regulators

266



Pressure Regulator — Option 2
Marching Algorithm

Marshall Space Flight Center
GFSSP Training Course —

In Marching Algorithm, area is
guessed and adjusted only once
In each time step

Adjustment of area is calculated Outlet
based on difference between Gai‘ge Diaphragm
calculated and desired pressure

Area adjustment can be done by
backward differencing algorithm
(Schallhorn-Majumdar) or forward
looking algorithm (Schallhorn-
Hass) Poppet

Schallhorn-Hass Algorithm has
been implemented in GFSSP
Version 603 as Option 2

Pressure
-—— Adjustment
Handle Inlet

Gauge

GFSSP v604 -- Pressure and
Flow Regulators 267
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Backward Differencing Algorithm

* In Backward Differencing Algorithm, area change Is
calculated from the previous time step:

c=A-2p-p)

N, eax = relaxation factor/reaction lag,

_haé ~ At hAtwAt
ap pt —pT—A‘t

GFSSP v604 -- Pressure and

Flow Regulators 268
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Forward Looking Algorithm

* In Forward Looking Algorithm, previous time step
result is not used, instead area is calculated from the
following expression:

* _ {mln([Ar + Noretax (Anew B Ar )]Amax )’

A =
T max((A, 1. (AL -AL)]0)

where,

GFSSP v604 -- Pressure and

Flow Regulators 269



Application Results

Marshall Space Flight Center
GFSSP Training Course —

Reference: Forward Looking Pressure Regulator Algorithm for
Improved Modeling Performance with the Generalized Fluid System
Simulation Program by Paul Schallhorn & Neal Hass, AIAA Paper
No. 2004-3667

Air tank Ambient

\54:-4:*
fﬁ 23

\

Pressure Exit
Regulator

GFSSP v604 -- Pressure and
Flow Regulators
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Iterative Algorithm — Option 1

Marshall Space Flight Center
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GFSSP602 VTASC6.201 -- D:Wersion_6\Version602\Feb16-2011\Tut5.vts
File Edt Advanced Run Module Display Camvas Group Help

BE B ==~ a5

el = Fanl=Edl

B preg hist.dat -
Fle Edt Format View Help

4
0 35.00
10 35.00
10.01 40,00
1000 40.00

Regulator Options

Pressure Regulator
+ Option 1 i~ Mption 2

- Pressure Regulator

Pressure Regulator 1

Mainnum Area fin2)
Minirnum Area (in"2]

" Required Pressure [psia)
@+ Pressure Histary File
Under Relaxation Factor
Convergence Criteria

Masimurn lterations

Branch [Restriction or Comp Orifice] IW 2 Add

[ Delete |
|1e-18 Accept |

[oo

[SSPEOT\Examples\Ex1 Bypren_histdat .| e
[1.0

[0.001

[s0

Cancel

(0,75,8.4625) : Inch

s start 8@

GFSSP v604 -- Pressure and
Flow Regulators
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Marching Algorithm — Option 2

Marshall Space Flight Center
GFSSP Training Course

{53 GFSSP603  VTASC6.300 -- C:\Program Files\GESSP603\Examples\EX16\Ex16.vts
File Edit Advanced Run Module Display Canvas Group Help

B B~ a8 ! [ x

;o0 OO

[~ &~
1 23

I8 VTASC603

Pressure Regulator

Fegulatar O ptions " Dption 1 i I:Iptu:un2

Pressure Regulator

Fzse e | Branch [Restriction or Comp Orifice) |‘| 2 Add

b awimLm Area [in™2) |‘| 44 Delete
Minirmum Area [in™2) |‘l e16 Accept
i~ Required Prezsure [pzia) |D.D
& Pressure History File KiGpreg_bistdat ... | e
Under Rela=ation Factor |'|

Cancel Dione

=
< |L|J

(7.1125,2.1125) : Inch

GFSSP v604 -- Pressure and

Flow Regulators 272



N(A A Comparison between Forward Looking Marching and Iterative Algorithm

Marshall Space Flight Center
GFSSP Training Course

P2 PSIA P2 PSIA
1(-D WinPlot v460rcl

Option 1 (Iterative) — Orange

8 Option 2 (Marching) - Green

60
40
20

0

0 40 80 120 160
TIVE SECONDS I
GFSSP v604 -- Pressure and ' 273
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Forward Looking Pressure Regulator — Option 2

Marshall Space Flight Center
GFSSP Training Course

E-‘i GFSSP603 VTASC6H.300 -- D:Wersion_6\V603\October_19_11\preg case4.vts
File Edit Advanced Run Module Display Canwas Group Help

B B~~~ B& ! HHx

S B
5]
O
5
i B —={z] -
n 12 ]
O
. [J— &=
14 43

{53 VTASC603NovB

Prezsure Regulatar

Regulator Options " Option 1
Pressure Regulator
Pressure Requistar 1 Branch [Restriction or Comp Orifice] |15 Add
Prezzure Regulator 2
Pressuis Regulator 3y - immum Area fin"2] 0.0078 Delets
Mimimum Area (in™2) 1e-1B Accept

f* FRequired Pressure [psia) i}
" Pressure Histary File I:Iﬂ
Under Relaxation Factor 1

=
4| | B

(£.3625,7.6375) : Inch

GFSSP v604 -- Pressure and
Flow Regulators 274



»

Pressure History
(Schallhorn & Haas Algorithm

Marshall Space Flight Center
GFSSP Training Course —

=8~ pP4 PSIA Node4
=¥ P5 PSIA Node5

WinPlot v460rcl

Tank Pressure

»
»
»
\
»
»

Pressure downstream of regulato

20 40 60 80 100
TIME SECONDS =
1:56:23PM 11/10/2011
GFSSP v604 -- Pressure and 275
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Modeling Flow Regulator

Marshall Space Flight Center
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 GFSSP has two built-in options (algorithms) to model a
flow regulator

1. Iterative Algorithm

« Applicable for single flow regulator; requires longer
computation time

e Serves as an example of how to adjust GFSSP solution
to satisfy a given boundary condition

2. Time-Marching Algorithm

 Adjusts area once per time-step, based on
backwards-differencing functional derivative dF/dA

« Capable of handling multiple flow regulators

GFSSP v604 -- Pressure and
Flow Regulators 276



Flow Regulator Option — 1
Iteratlve AlgOrlmrga]H Space Flight Center

GFSSP Training Course —
« Purpose: To control flow rate in a give i e
branch by adjusting the branch area eteties @Rl wen
° Impl em entatl On WBranch[Hesmctionortompnrifice]|12— fddd |
b aimum Area (in2] [z | Dekee |
— Step 1 O ReaiedFonfbrvse) [0z ccent |
. Edit & Flaw History File reg_histdat (] el
Under Relaration Factor —
° Options Convergencs Ciiteria Jooor
» Unsteady Options e
— Flow Regulator
— Step 2
* Advanced History File
— Flow Regulator Number of lines  Flow rate in
° App"cation Timein in the file Ib/s
. : Seconds o
— Example 17 — Simulation of a Flow — 4
Regulator downstream of a pressurized 0 0.012
tank 10 0.012
10.01 0.02
1000 0.02
GFSSP v604 -- Pressure and
Flow Regulators
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Flow Regulator Algorithm

Marshall Space Flight Center

GFSSP Training Course —
The required flow area is determined by the Newton-Raphson f= Treq —Mm

scheme with the following steps:

1.  AssumeanArea, A f*
[ ] [ ]

2. Compute the deviation, f = Mreg— M
3. Estimate the gradient

¢ _of _ 29pClAAD
oA ]
m

4. Estimate the correction in the Area

*

A=
f

5. Compute the new Area

A=A"+a A where0<a <1

*
6. Repeatsteps2-5until  f — 0

GFSSP v604 -- Pressure and

Flow Regulators 278



Flow Regulator — Option 2
Time-Marching Algorithm

Marshall Space Flight Center

GFSSP Training Course —

* In the Time-Marching Algorithm, (F _F )
area is adjusted only once at the A=A -1, ——
beginning of each time step d_F

« Adjustment of area is calculated dA
based on the functional derivative
dF/dA and the difference between
the calculated and desired flow dF (F.-F._4,)
rate dA ( A — AT_M)

« CAUTION: If other elements of
the model have significant effect
on the flow rate, calculation of
dF/dA by backwards differencing
may lead to numerical instability.
May require under-relaxation.

GFSSP v604 -- Pressure and

Flow Regulators
279



Flow Regulator — Example 17

Marshall Space Flight Center
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fieaton [l

GFSSP v604 -- Pressure and

Flow Regulators 280



0.028

0.024

0.020

0.016

0.012

0.008

0.004

0.000

> F12 LBM/SEC Orifice 12

Comparison between Iterative and Time-Marching Algorithms

Marshall Space Flight Center

“— F12 LBM/SEC Orifice 12

Option 1 (lterative) —

Orange _—
Option 2 (Iy archlng)
Green |

Option 1 running time: 0.031s
Option 2 running time: 0.016 s

8 12 16
TIME SECONDS

GFSSP v604 -- Pressure and
Flow Regulators

GFSSP Training Course —

WinPlot v4.55 rcl

20

10:18:36AM 05/02/2012
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Example of Multiple Flow Regulators

Marshall Space Flight Center
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._Flow1_dat - Hotepa x
LOX_Flowl.dat - N d =] B3
[ Hist1_dat - Notepad =] 3 File Edit Format iew Help
Fil=  Edit Format Miew Help El TIME Lox FLOW <
LI 0] BO.0
.0 Z20.0 88.0 1.0 20.0 80,0
20,0 20.0 68.0 1.0 0.0 70.0
21.0 35.0 88,0 1.0 0.0 F0.0
50.0 25.0 6.0 1.0 i
KN A
o il
> )
S =7 = i O
FR
—_—I'* n 57
12
— ]

[P LOX_Flow?2 dat - Notepad  [H[=] [E3
File Edit Format “iew Help

Ll TIME Lo FLOW -
0] 60, 0

20,0 a0, 0

30.0 50.0

50.0 50.0

Kl A

GFSSP v604 -- Pressure and
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120

100

80

60

40

Flow Rate Histor

Marshall Space Flight Center

10

—2— F46 LBM/SEC Restrict 46

| Spike occurs when inlet pressure
;1 is suddenly raised. But desired
|

:’ | flow rates are re-achieved within
[ a few time steps.

WinPlot v4.55 rc1

|

| .

-

| 1

sl

| 1|

I |

(111

it

111

| ]

i 1

111

i1 11

1 il

o1
| | |
N 1L
! |
i1 | ~

| | P = :

\: —%¢
] :.

\\-“\
e - .
K
—fly = ..
= =
20 30 40

TIME SECONDS

GFSSP v604 -- Pressure and

Flow Regulators
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Summary

Pressure & Flow Regulator Options have been made available
to include in any unsteady flow simulation

Pressure Regulator has two options: Iterative (Option -1) and
Marching (Option -2)

Option-2 has the flexibility of using multiple regulators and runs
faster

Flow Regulator has only two options: Iterative (Option-1) and
Marching (Option-2)

Option-2 has the flexibility of using multiple regulators and runs
faster; however, it may require relaxation for numerical stability

Fixed Flow Branch Option can also be used to regulate flow In
multiple branches

GFSSP v604 -- Pressure and

Flow Regulators 284



Tutorial — 4
Modeling a Pressure Regulator

Marshall Spa light Center
GFSSP Training Course

In this project, you will:

*Use GFSSP’s built-in pressure regulator options to model the regulated
blowdown of a tank of compressed air

sLearn the difference between the two pressure regulator options

GFSSP 6.04 -- Tutorial 4
285



Set Up Options

Marshall Space Flight Center
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.VTASC Fi Ie : Tut4 -VtS Setup for specifying Auid/th d i i x|
ircuit Dptions Fluid |
Uristeady Options ~Typ e ——
Input File: Tut4.dat e T~
Wiscosity (lom/ft-sec]] ID—

*User Information
= Constant Property ( & |deal Gas \ = General Fluid  H202
i O Utp Ut I: i | e : Tu t4 . 0 Ut Gas Constant [ft-Ibf/(Ibm R]] |53.34 Relf

f. Pressure [psi] |14.7
- . Cp [Buflam Fl) Jozs Ref. Temperatuie (F)  [a0
4 FI u I d IS I d eal G aS Yiscosity (Ibm/[ft-sec]] IT 26e-05 Ref. Enthalpy [Btudlbm] IU
. . Thermal Conductivity [Biu/[ft-sec F]) |4 133e-06 Ref. Entropy [Btu/[lbm-F]] IU
» Defaults to air properties
| Gazp and#asp i+ GASEAK Spitch Package

—Flud Speciication
Library of Fluids Selected Fluids ser Fllid Files

Helium Thermal Canductivity

N
Methane
Mean -’l Dersity

Nitrogen . .

Carbon Monoxide Hiseady I

Dxygen 4_| Spesiic Heat Hatis |

Argon

Carbion Diowide ;I Entfialay I
Entropy. I
Specific Heat I

Flud i aleculan wWeight Apply Fluid Inful

Iale Fraction H20 IU.5
Drefault | Cancel ApplyClose | Apply |

| Clase I

GFSSP 6.04 -- Tutorial 4
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*Transient run
*Time step: 0.1s
sFinal time: 100 s
*Print Freq: 25
*Select Pressure Regulator
option
«Qutput Control

«Select Winplot binary
output

GFSSP 6.04 -- Tutorial 4

183 Globhal Options

structions

=~ Unsteady Options
- Fluid Options

/
< & Pressurs Regulatar

{ £4 Global Options

Set Up Options (cont.)

Marshall Space Flight Center

GFSSP Training Course —

Setup for gpecilying unsteady information

L;nst.taady |
—Optior
(" Steady " Quasi-Steady QUnslsaD

Stant Timeflzec] IU
Final TimeNgec] IWDU

Frint Frequench

e
e

[~ Variable Rotation  Fil= |

I Wariable Geometry — File I
™ Wariable Heat Load
[~ Tank Pressurization

32

f

Flaw Fegulatol

Setup for specilying general information

User Information | Solution Contol | Output Canirol |

—Output Information
¥ Metwark Information

¥ Estended Print Information I Estended Plot Information
™ Initial Figld

[ _LChs alues

¥ ‘winplot Data ) Plat frequency: |1_

Mumber User Yariables [ma= 20|

¢ |CSV file = Binary file Bina file wite frequency |50

Buffer lT

PIartrEer o pecified Yariables
[~ Disable GFSSP Run Infarmatian.
[¥ Disable PLT file creation

Cancel Applylose Apply

Default |
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Build Model on Canvas

Marshall Space Flight Center
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Air tank Ambient

\54:-4:*
12 23

o\

Pressure Exit
Regulator

GFSSP 6.04 -- Tutorial 4
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Set Up Transient Boundary Condition

Marshall Space Flight Center

GFSSP Training Course —
° N Od e 3 Identifier IE Concentration
.P o 14.7 pSIa Mode Description |Made 3
_ Fressure [paia] 14700000
T =80.0 °F |
Temperature [F] |60, 000000
I &zs Hate [lbmds] ID.DDDDDD
Heat Fate [Btudzes] ID.EIEIEIEIEIEI

Thrust drea (in™2]

Nade Histary File [Hist3 dat ) ] e
Made Yaltme (i3]
Area Nl:lfmal 'n hlnA= (-390 Iﬂ ninniniyl
[P Hist3 dat - Motepad =] Ea
R o N Fe = A L=
2 -
0.0 14,700 80,00 1.00 j
1000.0 14,700 B0.00 1.00 |
— [ mstream Hade [
A k ,-'."a":
2=y | LCancel

GFSSP 6.04 -- Tutorial 4
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Set Up Internal Nodes

Marshall Space Flight Center

GFSSP Training Course —

.NOde 1: \dentifier [ [Concenfration

*Initial P = 100.0 pSia Mode Description [Mode 1

eInitial T = 80.0 °F Pressure [psial [100.000000 \

\ol. = 10 ft3 = 17280 in3 Temperature [F) |au.nnnny
*Node 2: s Fiste lbm/s] |

eInitial P = 14.7 psia Heat Fiste (Btu/sec] [o-oo0000

Thiuist rea (i 2] [o-oo0000

e[nitial T = 80.0 °F
*\Vol. =100 in3

[ mde Histany File

el

Maode Yolurme [in™3]

|17280.000000 /

[ mrmal Welosity of Mode [ftises] ID.DDDDDD

Area Momal to Nede (in™2]

[~ Mowing Boundarn

I” | Bhaze Separation Model

I~ | Cpclic Boundany IU pstream Mode D

ok I LCancel

GFSSP 6.04 -- Tutorial 4
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*Branch 12: Pressure Regulator
eInitial A = 0.04 in2
«C, =10
*Branch 23: Exit
*A =0.00785 in?
«C, =10

GFSSP 6.04 -- Tutorial 4

Set Up Fluid Branches

Marshall Space Flight Center

GFSSP Training Course —

[EjVTASCE.104 B

—Restrict Flow
[dentifier
Dezcrption IHestrict 12
Area [in"Z] {0.04
Flows I.I
Coefficient

Initial Flavwrate (lbm/sec] |0

Save az default valuesl Uze Saved default values

[T Botationn [T Mamentum Sowree. [T [nertia

Cancel |

Accept |

[EjVTASCE.104 E

—Restrict Flow
|dentifier 3
Dezcrption IHestrict 23
frea fin”2) 0.00785
Flow I.I
Coefficient

Initial Flovwrate (lbm/sec] |0

Save az default valuesl Uze Saved default values

[T Botationn [T Mamentum Sowree. [T [nertia

Cancel Accept
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Set Up Pressure Regulator Option 1

Marshall Space Flight Center
GFSSP Training Course —

«Select Advanced/Pressure Regulator

*Make sure the “Option 1” radio button is selected
Click “Add”

Fill in the dialog boxes

*Create a pressure history data file: preg_hist.dat
Click “Accept”, “Done”

*For each time step, GFSSP will adjust the area of Branch 12 to maintain the desired
pressure in the downstream node.

[EjVTASCED3
Pressure Regulatar N i
Requlator Options &+ Option 1 ¢ Option 2 Lines
— Prezzure Regulator
reg_hizt_dat - Hotepad »
FisE e ezt el Branch [Restriction or Comp Orifice] |12 Add rp E F b L Hel !E -
EY¥e Edt Fomat “iew Help
Mazimum Area [in”2) ID.D4 Delete | Fl :I
Firi Area (in”2 1e-16 A | u 32.00
inimum Area (in”2) I = coepk 10 25,00
¢ Fequired Pressure [psia) |I:|_D %gﬁgl jg gg
* Pressure Histary File Ipreg_hist.dat Bﬁ .
-
Under Relaxation Fact 03
nder Relaxation Factor | j \ S ~
Conwvergence Criteria ID.DDE“I
I aimum [terations |5EI \ \
Cancel Done Tlme, Pressure

GFSSP 6.04 -- Tutorial 4
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Result of Pressure Regulator Model

Marshall Space Flight Center
GFSSP Training Course —

*Run the model

*Note that in each time step GFSSP is adjusting the area of Branch 12 to meet the
desired pressure.

*What effect do you think this has on run time?

EFSSP Bun Manager 7| x|

0 Click. here to stop simulation!

[TERATIONS

TAU = 96.69999999995985 ISTER = 967 DTALU =
0.100000000000000
[teration ... 0.9670E+I2 0.1654E-06
[TERADJU FSTR FDASH ARDAZH DIFPRS
1 0104E+01 -0.176EHI9 0.538E-08 0.180E-03

2 0.101E+01 -0.176E+19 0.574E-08 0.176E-03
3 0.986E400 -0.176E+09 0.560E-08 0.171E-03
4 09B1E+00 -0.176E+19 0.545E-08 0.167E-03
5 0.936E+00 -0.176E+09 0.531E08 0.163E-03 —
F NO13FHIN N 17REHS N A1AFNA N 158F-N3 hd
DifMax Vs. Time
9.928:-05
B.2956e-06
5663306
= 5.0309.-0
S 3 3985008
1.7662e-06
1.338e-07 3 | | | = | |
fon] 1] ] fua] -t fo] 0]
= Iun] =3 w o o
Time

Edit Output | Print | Cloge

GFSSP 6.04 -- Tutorial 4
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Pressure History

Marshall Space Flight Center

—4— P2 PSIA Node2

WinPlot v4.55 rc1

- Tank Pressure

Pressure downstream of regulator
ey e - i —

[

20 40 60 80 100
TIME SECONDS

10:26:15AM 11/19/2010
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Temperature History

Marshall Space Flight Center

WinPlot v4.55 rc1

\.,ta\,.,;'r e -
| N‘.’ T m r tu r
-}&\_.-..\\\\\. e, Ir In I
‘“q;)—\..-\-‘\,_‘"'mﬁ 4 t n k
- ,L_.fj':;;..g.,m._

40

30

20
0 20 40 60 80 100

TIME SECONDS

1:32:33PM 11/19/2010
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0.016

0.014 |

0.012

0.010 |
0.008 |
0.006 |
0.004 |

0.002
0

"¢ A12 In*2 Restrict 12

Notice that area changes
to maintain defined
downstream pressure.

20 40
TIME SECONDS

GFSSP 6.04

-- Tutorial 4

Marshall Space Flight Center

60

Pressure Regulator Area History

80

WinPlot v4.55 rc1

100

1:33:26PM 11/19/2010
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N’;'A 2: Modeling the Forward-Looking Pressure Regulator

Marshall Space Flight Center

GFSSP Training Course —
*Now we will repeat the exercise using
a different pressure regulator algorithm
*Go to Advanced/Pressure Regulator
Delete the current pressure regulator (e v TAscens R, Be
'Se|eCt “Optlon 2" I‘adIO button Regulator Options ¢ Option 1 < f+ (Option 2 >
v
. 1] ” —Prezzure Regulator

.CIICk Add . fiozsualijenplio) Branch [Restriction or Camp Orifice] I'I2 Add |
.FIII In the dlalog boxes b aximum Area (in™2) ID.EI4 Delete |
.CIICk “Accept”, “Done” Finirnurm Area [in”2) I'Ie-1E Arccept |

" Required Prezsure [psia) ID.D

% Pressure Histary File WE_EI

|dtder Relaxation Factor ID.3

Cancel Dare

GFSSP 6.04 -- Tutorial 4
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Rename the GFSSP Files

Marshall Space Flight Center

ini I
GFSSP Training Course
. . £ Global Dptions
[ ] O n th e e d It O ptl O n S p ag e E""Inslructions Setup for specifying general information
! - Gieneral Infarmation I I I
. i Circuit Options User Information | Solution Control | Output Contral
rename the Input a.nd Output ;----Unstead}lelions
. - Fluid Dptions Title: |Tutnnal )
fl I eS - Analpst IAndar LeClair
. — L ——
GFS5P Input Fi FAGFS5PClasses\GFSSP Class 2011 wE03B etah TutBh Tutha dat \ _I
0Tut4a dat GFSSP Output Fl ot I L

GFS5P Executable IC: “Program Files [#B6]4GFSSPEOSNGFSSPRO3EXE _I

.TUt4a . O Ut Campiler i Compag © Intel

*This will prevent N T El
overwriting the results of the
first pressure regulator

Default | Page 1 Cancel Apply-Clase Apply

Cloze

GFSSP 6.04 -- Tutorial 4
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Result of Pressure Regulator Model

Marshall Space Flight Center
GFSSP Training Course —

*Run the model
*Note that this model runs faster. Why?

*GFSSP’s Option 1 pressure regulator iterates the branch area at every
timestep to meet the required pressure. Therefore each timestep is run 10-20
times. It's like a regulator that reacts instantaneously.

*The Option 2 regulator adjusts the area just once at the beginning of each
time step, based on a relation developed by Schallhorn and Haas. It reacts in
a finite amount of time, as would a real pressure regulator.

3 P
MY
. g. P
ANeW T Ar c

*Plot the new Option 2 results (Tut5a.WPL) over the Option 1 results (Tut5.WPL)

*Time permitting, try rerunning Option 2 with a different relaxation factor and note
its effect on the pressure oscillations.

GFSSP 6.04 -- Tutorial 4
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Pressure History

o Marshall Space Flight Center
—— P1 PSIA Node 1 —=- P1 PSIA Node1
—4— P2 PSIA Node 2 —— P2 PSIA Node 2

100 . WinPlot v4.55 ret

80 Tank Pressure

Note oscillations
over time when
using Option 2

60

]
<]
<]

40 o= v o v (=) v b= v
i J Pressure downstream of regulator

0 20 40 60 80 100 120
TIME SECONDS

11:26:55AM 11/21/2011

GFSSP 6.04 -- Tutorial 4
300



[ ]~ e | — -] c | — -
45 | 56 |

HTCR HTCR HTCR o
’\l_?f 410 ’\l_?f 511 ’\F/Ff 612
44—
a10 | 1011 | 112 |
K K 13 13 K
‘\ng/‘ 212 J\Sfﬁ\sf 914 ’g_’}sfmw ’g_’}sfnm '\Sf';fm?

| | | | |
[ 8 K 8

| | |
Wt yiop WS yrog W9 yrpp W g

e At At Pt
1323 F|5 1422 F|5 1521 F|5 1620 FlS 1719
Bl =@z =@ [:] =@ [ ]-«@ =] =@ ] =@
2314 1223 2112 20 1920 1219

Marshall Space Flight Center
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Conjugate Heat Transfer

Why do we need it?
In many applications fluid flow and heat transfer are
strongly coupled
Typical examples in Propulsion Systems are:
— Pressurization of cryogenic propellant tank
— Chilldown of cryogenic transfer line
— Regenerative cooling of engine nozzle

Integration of separate models of fluid flow and heat
transfer is difficult to construct and converge to a correct
solution

A better approach is to build a conjugate model using
one solver module to solve for fluid and solid properties

GFSSP v604 -- CHT Applications
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Verification of Conjugate Heat Transfer Results

250

200 /

150 /

100 /
/ ‘ —&— Analytical ‘

—=—GFSSP

Tamb =70 °F

r D =0.167 ft

T=32 °F T=212 °F .

Temperature (Deg F)

4 — L=2ft ——————

AN

AAAMIIITIHNN

50

Problem Considered

0
0 3 6 9 12 15 18 21 24

X (inches)

Comparison with Analytical Solution
-] e [ = =]

A | \"\\ﬁ\ :
iz HTLC HTCRE H;EE\‘HTEE 1213 HTCRE HTE HTCRE EJ"EJE14
W Fugngt Pt R L T F=
F = FS Y \\\ FS FS Fa \
HTCR 122 123 124 125 1 [i] 13? 138 HTCR
@ .“W‘.“W‘. A . . . .M
g3 ZA
a10
GFSSP Model
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Verification of Counter-flow Heat Exchanger Results

Douier= 4 inches

Heat Balance

Heat lost by hot leg =

A °
Nitrogen Nitrogen m_ C,(T,—Tg)=2.5879 Btu/s
2500 F —_ I Dipner= 2 inches 700F i "
. . Heat gained by cold leg =
m = 2.59 Ib/s Y ' m = 2.63 Ib/s
L=2ft M, Cp (Tos —Tyg) =2.577 Btu/s
T =246°F Heat Exchanger Effectiveness
— t--. r--. r--. t--. [-4- [-4- GESSP
Yy i} 14 34 -4 410 L4 11 L4 fi12 L4
| | | | | q m,, C,(T,—Te) 2.5879
SKS 55 m 55 8 - q - ° - 11646 B
'L 24 L a0 J< 1011 v 1112 v max me (Th,in _Tc,in)
Y813 Y a4 Y015 Y YT min
| | | |
—r—1 ][] — Effectiveness-NTU Relationship
134 yrpp 1418 HTlER 818 yrpp 1817 HTll:R
1323 W1422 W1521 W1ﬁzn ng wm[yimij
l_e max
H~@—E]~@ ] ~@—~@ [~ @ [~@®—T £= ———=0.02194
2324 233 2 2021 1920 1319 C.. ’NTU[l’@]
1— Zmin g
Ty=7391°F GFSSP v604 -- CHT Applications C
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Advanced Applications

 Modeling Cryogenic Transfer Line
— Validation of CHT Capability

* Modeling of Propellant Loading

— Model Verification by comparing with
Space Shuttle Data

* Pressurization of Space Shuttle’s LH2
Tank

— Model Verification by comparing with
Space Shuttle Data

GFSSP v604 -- CHT Applications
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NBS Test Set-up of Cryogenic Transfer Line

Storage

Pressurizing
Gas

6./m —
(201rt)

INSTRUMENT STATION

— Kovar Seal ~—Vocuum —

Static Pressure
Tap

Pitor
Tubes

Thermocoup/e

Wall
Thermocouple

GFSSP v604 --

Marshall Space Flight Center
GFSSP Training Course

SUPPLY DEWAR

6.94 dps
(1.83¢gps)
Turbine
Flowmeter

_ ”/5

r4

rd
7
Vapor Pressure
Ball Val
Thermometer i aive Globe ond Garte

\:’Lﬂ“’/ﬂ/ Volve Location
Pressure T, ransducers,
Thermocouple Reference
Barth,

A #3

Inner Tube 6/.0m (200 ft) x
1.90cm(39in) QD x
1.59¢m(5/8in) 1.0., COPPEAR

60.4m
(198 rt)

CHT Applications
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GFSSP Model of Cryogenic Transfer Line

Marshall Space Flight Center
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3435 3536 el 3T 3820 3040 404 H4z2

K [ [
=3 =31 =31

K
BTt
b 4243

1820 1818 L] 145 1314 1213
[20 ] = E— 19 | ~et— O — 15 |-~et— ([ 17 | wet— I — 15 | --et— (] 15 | ~et— ] 14 | =ea— | 10 | =+— ]
.y THTER T “HTER
HTCR HTCR
e 1850 "y 1547 " Y
F= T
2052 b . K
50 —— Ao | —as— 7 | — i —] a5 | —A—
v — | | [ ] —~—]5]
5051 4647
w1 5153 NN
5455 5556 5657 5758 5060 B 1
K K K K K
VG 5w e g o’
F3 Fs F3 Fz= I}-—%’ F = Fs Fs
/2153 ,/ 2355 /2455 ,// 1657 /2553 2860 2961

‘] ] ] ] ] o] ] ()
2122 2233 azg 2425 2526 62T 728 28249 2830 |

01 (I

[
b
G263 Yy

'

-—*Ev—--—_

P

3333 | 3132
HTCR HTCE
’\|=/ng254 L4
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Saturated LH, chilldown time for various driving

Comparison with Test Data

pressures
Experimental Predicted
Driving Saturation Chilldown Chilldown
Pressure Temperature Time Time

(psia) ("F) (=) (s)
7487 —411.08 itz 70
BE. T3 —408.08 G2 2]
111.72 —405.4 42 50
1681.72 —402.13 30 33

Saturated LN, chilldown time for various driving

pressures
Experimental Predicted
Driving Saturation Chilldown  Chilldown
Pressure Temperature Time Time
(psia) (°F) (s) (s)
61.74 —-284.09 1865 185
74.87 —289.71 150 160
BE.T3 —286.24 130 140

Marshall Space Flight Center
GFSSP Training Course —

Subcooled LH, chilldown time for various driving
pressures. LH, is subcooled at —424.57 °F

Experimental Predicted

Driving Chilldown Chilldown
Pressure Time Time
(psia) (s) (s}
3G6.75 148 150
61.74 75 B
BE6.73 B2 G
111.72 41 45
136.72 32 35
1681.7 2B 30

Subcooled LN, chilldown time for various driving
pressures. LN, is subcooled at -322.87 °F

Experimental Predicted

Diriving Chilldown Chilldown

Pressure Time Time
{psia) (=) (=)
AE.7E 222 250
4997 170 175
61.74 128 140
7487 100 100
83573 BS a0

GFSSP v604 -- CHT Applications
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Comparison of temperature histories for subcooled LH, for
various driving pressures

Marshall Space Flight Center

GFSSP Training Course —
p=36.74 psia p=61.72 psia
O 1 —— Exp Data
0] 0_\‘ =~ T. .. - - = Prediction
. . ;_100_ i —100] * p
Station #1 (violet) = b ] .
—20 ft from tank inlet 2 _,,, 2 ] g \
2 £ 200 s 'y '
=3 o 1 “ \ ' “
£ e 1 \ NEEANY
. F -300 - ] & \ o
Station #2 (red) -300- . X \{
—80 ft from tank inlet _ \ AN
—4001— Exp Data —400-} Se- oo pr Ny
_-'-'-’Plr'ec'”c'ﬁlol1 N LN AL L LN L L | ! N N I--I‘q--
. 0 20 40 60 80 100 120 140 160 0 20 40 60 80
Station #3 (green) (a) Time (s) (b) Time (s)
—141 ft from tank inlet
Station #4 (blue) : — ExpData
. 0- ] —~— |~ = - Prediction
—198 ft from tank inlet : 0] .
& ~100°] & 100 "\ Y
e 1 o ]
2 ] 5 ]
o ) = |
g —200] E;.—zoo—_
£ ] 2 ]
D i
- - 2 ]
—300-] : -300
—400|— ExpData \ao.____ NS-o._ = hes —400] - S
| -l -I -I engiPtlian T [ LI B [-l -I T | L [ LI | LI LI l LN I- |h I_I-I -I -I -i - Iq l’_l- LI .I i
0 10 20 30 40 60 0 5 10 15 20 25 30
(c) Time (s) (d)

p=86.7 psia

Time (s)
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GFSSP Model of LH2 Tank Loading of Ares | Upper Stage

Vent Valve Tank Wall Insulation
@*HM*PE{%E*H{IH lE*—E—IM
Vgnt Line and Flare Stack A @ *”' - “‘“"E"‘"‘H

ol =

LH2 Storage Tank EWM

wil S

me. s &4 g
Helium Tank — [ HF: HM"’?“E“W‘E

e . e

../'
Wi " p |_ .=
Flare Stack T 440 al I —ws-sv—.-w—H/
ank o@T ™ /
l“W‘M"*‘E *A'-H o

o

o .. L m:n. /ml
WL
sile Launch Pad H,|_ﬂ I Fs . 55 I 4 E 4 E
Y Ground E

System ¥

= Wil s
‘ Valve L ©) —— LO2 Tank
b
R HTCR MR WR HE II"" Imﬂ"ﬂ:'? Common

W W Wa W W ) Mobile Bulkhead
._-E " Launch ‘
’_."E"B' 5_._.&-' ) Pad Slope Pad
i B # % #

torage Tank .
& Cross Country Line GFSSP v604 -- CHT Applications
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Requirements for Propellant Loading

= LH2Loading
¢ Slow fill - 2 Ib/sec until Tank is 5% full
* Fastfill - 15 Ib/sec until Tank is 95% full
* Topping — 2 Ib/sec until Tank is 100% full
* Replenish - 1 Ib/sec to allow replenishment due to boil-off

= LO2Loading
¢ Slow fill - 9 Ib/sec until Tank is 3% full
¢ Fast fill - 93 Ib/sec until Tank is 95% full
* Topping - 9 Ib/sec until Tank is 100% full
* Replenish — 1 Ib/sec to allow replenishment due to boil-off

= Pre-chill
¢ Chilling of both tanks should start simultaneously to maintain a favorable thermal gradient
across Common Bulkhead
¢ | H2 loading can only start after completion of LO2 loading followed by 15 minutes of
pressure test

¢ Tank pressure must not exceed 10 psig during loading
GFSSP v604 -- CHT Applications
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Input Data for Integrated Ground System, LH, Tank and Flare Stack Model

~

GFSSP v604 -- CHT Applications

of Propellant Loading
LH2 Storage Tank Pressure 46.3 psia
Ambient Temperature 89°F
LH2 Propellant Load 48593 Ib
Pre-Chill Valve C, 16
Slow Fill & Topping Valve C, 12
FastFill Valve C, 140
Replenish Valve C, 9.64
Vent Valve Area 20.94 in?
Vent Valve C, 0.552
Ground System Pipe Length and Volume 1910 ft/ 879 ft*
Flare Stack Pipe Length and Volume 1305 ft/1605 ft*
Tank Volume 11,620 ft*
Ground System Pipe Mass 29314 1b
Tank Mass 87421b
Foam Mass 673 1b
Metal (Al-Li) thickness 0.1934in
Foam (BX-265)thickness (Tank Barrel) 1in
Foam (BX-265)thickness (Dome) 0.5in

Common Bulkhead Conductance

0.045 Btu/hr-ft>-F
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Summary Result for LH2 Loading

Pre-chill Time (after start) 129 Minutes
9% Tank Fill Time (after pre-chill) 23 Minutes
95% Tank Fill Time (after pre-chill) 73 Minutes
100% Tank Fill Time (after pre-chill) 87 Minutes
Tank Chill-down Time (after start) 194 Minutes
Maximum Tank Pressure (pre-chill) 15.94 psia
Maximum Ullage Pressure (Replenish) 14.89 psia
Maximum Vent Flowrate 0.94Ib/sec
Amount of GH2 Vented 39931b
Minimum Foam Surface Temperature 6.2F

GFSSP v604 -- CHT Applications
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16

12

Tank Inflow rate and Vent flow rate

F2627 LEM/SEC Vent Valve

F910 LEM/SEC Pipe 910

i Ao twded mi

2000

4000

Inflow
F astfill
Slowfill
Prechill Topping
Replenish
Vet Flow
G000 8000 10000 12000 14000

TIME SECONDS
GFSSP v604 -- CHT Applications
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Propellant Temperature and Quality in LH2 Tank

Hydrogen Temperature Quality (Vapor Fraction)

T10 DEG_F Hode =T22 DEG_F 8T26 DEG_F Hode XV10 - Hode 10 xvzz - BXVZ6 - Hode26
200 WP w48 rel 2.0 Vin Pt w8 e

100 = 1.5
Condensation Begins
L]
1.0 0 i 0 i ! = B——8——&
Ullage
100
0.5
Common Bulkhead | Mid Barrel
200
0.0
-300 Condensation Ends
Common Bulkhead . Mid B arred Ullage 0.5
-400
500 1.0 , -,
0 2000 4004 G000 000 10000 12000 14000 0 2000 TIM‘I:“;ECOJEEH 8000 10000 12000 14000
TIME SECOHNDS 2251 0°M T2 0T

ZITATMW 13020
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Shuttle ET LH, Propellant Loading

I
Storage Area / Cross Country [ FS5 | MLP : Orbiter/ET
Al
: | | | | PRG
X X] |
| ETITPRGs |
! I : o v v PRE-
i i‘T',’ * \PRESS
Z I -|-|-|L/ \\51[][]%
| . | ET VENT I ~.+
66 PSIG T | CAvITY
| “ ORBET | PRG
| DISC.
I CAVITY 8.7
I PRG | ae PSIA
| UV RS
" | ‘ N Cﬁw'r\l.!---l .
111 e | <oyl
5 G I :
il | :
I .
] | :
D I Y Eiii{P‘Ul
) 22
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Shuttle ET LH, Propellant Loading

Loading Phase Start Time | Flowrate
(Approx.) | (Ib./s)
Transfer Line Chill T-7Thd5m ~1
Pressurize Storage Tank and ET T-Tho1m 10
Slow Fill to 5% T-7Thd42m 10
Fast Fill to 72% T-7Thdm 73
Fast Fill to 85% T-6h39m 92
Reduced Fast Fill to 98% T-6h18m 10
Topping and Replenish (not modeled) T-5hodm =1

GFSSP v604 -- CHT Applications
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KSC LH, Facility Properties

= Cross-country pipeline
e /2mile of 10" Invar pipe, vacuum-jacketed
e 26,400 Ib,,
e AZ=79

= Mobile launch platform
e 334" of 8" and 10" stainless steel pipe, vacuum-jacketed
e 6100 Ib,,
e A7z=43

GFSSP v604 -- CHT Applications
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ET LH, Tank Properties

Marshall Space Flight Center
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= Tankmass: 23,600 Ib,,
= LH,mass: 227,600 Ib,,
Length: 97 ft

Diam: 27.6 ft
Insulation: 2078 Ib,,

# = 1 0in NCFI on barrel and aft dome
¢ = ().75In BX-265 on forward dome

Surface area: 8550 ft2
Vent: C,A = f(AP) = 18 in2

* Open during facility line chilldown
* Cycles open and closed during slow/fast fill to maintain 24-27 psig

GFSSP v604 -- CHT Applications
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ET LH, GFSSP Model

To Flare Vent Tank _
Stack Valve Wall Insulation
B —f— X Er BB
- T b
! L E“”—ET_E‘“’}’_.\
T e & RO U M
ETLH, Tank m-::h ‘:x;‘— w*— ¥ \\\__
(7 pipes, 8 nodes) | [#]-28- E|—W—E|—W—E|—w—l~_4rr= ﬂw-\"\_‘
ks z:»-n (21)
@"" Eﬂﬂﬂrﬂw7
.%.—w—.—w—.—w—lﬂ 2 Y
|'|'J:21- T e
Fill Bl B B B v B o ;
Tm- - e P
E EIControI [io]- (e ] {0 ]2 .“W’_E‘WE“W—E/
T W Valve - P - e sin
m B B B B |8 - ‘ _
L — -l -*-I Mobile
) ’ ) Pad Slope LaunchPad
StorageTank  Cross Country Pipe GFSSP v604 -- CHT Applications
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Comparison

STS-116 GFSSP
3% Full 48 min 50 min
(T-7h7m) (T-7Thd5m)
98% Full 119 min 116 min
(T-5h56m) (T-5h59m)
Tank chilled N/A 106 min
(to -420 F) (T-6h9m)
H, Vented During N/A 49311b,,
Loading
HeatLeak *68-140BTU/s 96 BTU/s
(through tank walls)

* Not measured. Estimate from ET System Definition Handbook.
GFSSP v604 -- CHT Applications
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Pressure at Valve Skid

STS-116 GFSSP
—~ [GLHP4006A] + 14.7 —4— P8 PSIA Valve Skid Inlet Pressure

Bn AP vl Beet

Fast Fill
70

60

50 Slow Fill
Reduced
40 Fast Fill

30
20

10
Trans Line Chill

1]
-29000 -28000 -27000 -26000 -25000 -24000 -23000 -22000 -21000 -20000
TIME Seconds Time in Seconds

GFSSP v604 -- CHT Applications
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Pressurization of Space Shuttle’s LH2 Tank

153.8 Feet
27.6 Feet

1.655,600 Pounds
66,000 Pounds

Fl iguid Daygen Maximum 1.361.936 Pounds

Liquid Oxygen 143,351 Ballons.

Tank liguid Hydiogen Masimum 227,641 Puunds
\( 385,265 Galons

(Al Weights Apprasimate)

Lightweight External Tank

Diffuser

L Liquid level at start of
prepress

Liquid level at end
of prepress

GFSSP v604 -- CHT Applications
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GFSSP Model of ET Hydrogen Tank Pressurization

Control Valve

He Supply
m—[-—g-R:-z—bgi-l-S—l-—ll*‘*r .
14 oz 23 34 / Dlﬁuser
-
* _ Dome
Ullage—fs |—A—[]
| a7
HTCR
Yy s
I
G

™. LH2 Surface

GFSSP v604 -- CHT Applications
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Ullage Pressure History in LH2 Tank $STS-109

Marshall' Space Flight Center
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5.00E+01
4.50E+01
4,00E+01 //
3.50E+01 //
= 3.00E+01
2 / / = GFSSP
% 2 5OE+01 = Test Data (STS-109)
A
a
2.00E+01
Heat Transfer Coeff (Ullage -> Wall) = 2.38 Btu/hr-ft*2-F
1.50E+01
Heat Transfer Coeff (Ullage -> LH2) = 2.38 Btu/hr-ft"2-F
1.00E+01
Condensation Heat Transfer Coeff =14 btu/hr-ft"2-F
5.00E+00
0.00E+00 ' r r ' r r r
0.00E+00 1.00E+01 2.00E+01 3.00E+01 4.00E+01 5.00E+01 6.00E+01 7.00E+01 8.00E+01

Time (sec)

GFSSP v604 -- CHT Applications
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Helium flowrate history in to ullage for base case
9 cycles in 45 seconds after prepress

1.40E+00

1.20E+00

o
1.00E+00
8.00E-01

6.00E-01

Flowrate (Ib/sec)

4.00E-01

2.00E-01

0.00E+00 T , ‘ , ‘
0.00E+00 1.00E+01 2.00E+01 3.00E+01 4.00E+01 5.00E+01 6.00E+01 7.00E+01 8.00E+01

Time (sec)

GFSSP v604 -- CHT Applications
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Condensation Rate of Hydrogen during Pressurization

1.60E-01

1.40E-01 o ———d

1.20E-01

1.00E-01

8.00E-02

Condensation Rate (lb/s)

6.00E-02

4.00E-02

2.00E-02

0.00E+00 T T , T T , ‘
0.00E+00 1.00E+01 2.00E+01 3.00E+01 4.00E+01 5.00E+01 6.00E+01 7.00E+01 8.00E+01

Time (sec)

GFSSP v604 -- CHT Applications
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Summary

GFSSP Version 6 allows Users to model Conjugate Heat Transfer (CHT)

Solid to Solid and Solid to Fluid Heat Transfer capability was added in the
GFSSP framework

GFSSP’s Graphical User Interface VTASC allows user to construct, run, and
view results for network consisting of fluid and solid nodes

For Heat Transfer Coefficients Dittus-Boelter and Miropolosky Correlations
(For Two Phase Flow) have been included

Other correlations can be implemented through User Subroutine
GFSSP’s CHT capability has been validated by comparing with test data
Examples 13 and 14 illustrate the use of Conjugate Heat Transfer applications

GFSSP v604 -- CHT Applications
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Tutorial = 5

CHILLDOWN OF CRYOGENIC TRANSFER
LINE

Storoge

SUPPLY DEWAR

Pressurizing \
) Gas 6.94 4ps

(1.83gps)
Turbine
Flowmeter

Vepor Pressure Bell l/:/ve
Thermometer Globe and Gore

w Valve Location

|- Vacuum

&/m —
{201t

INSTRUMENT STATION

Pressure Transducers,
Thermocouple Reference

P Kovar Sea/

N Barh.
*— Vac

gcvum—= <$3.0m

\ Static Pressure (14171}

Top

Prtor
Tubes

laner Tube 61.0m (200 7t) x
190em (34in) Q0 x
1.58¢cm(5/8in) 1.0., COPPEA

== —

_k

Sealing
Gland

Thermocouple

Walr
Thermocouple

GFSSP 6.04 -- Tutorial 5
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CHILLDOWN OF TRANSFER LINE SCHEMATIC

!
\
6.94 dps
(1.83gps) |- Vacuum
Turbine 4
Flowmeter
Jﬁ

Vopor Pressure
Ball Valve
Thermometer [
Location 3‘:,:: :"’d f_"”
ocation

Pressure Transdu cers,
Thermacou, ple Reference
Barh

#j

Problem Considered:

*Time dependent Pressure,
Temperature and Flow Rate
history during chilldown

—Vacyum—=

Static Pressure

lnner Tube 61.0m (200 11) x
L9Cem (X4in) QD x
1.59¢m (5/8in) 1.0., COPPER

a,
Thermocoupie ealin 50.4m S
Q
Wall N7
Thermocouple
&/.0m
f200r¢)

330
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Set Up Options

Marshall Space Flight Center
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€1 Global Options
Setup for specifying unsteady information

Unsteady I

«Select Advanced/Enable Conjugate Heat
Transfer

eUser Information :
.Input Flle: TUtS.dat I—'in\fa'r‘iaal:ﬂntatim File | [ ]

[~ Wariable Geametry  File [ Jﬂ

*QOutput File: Tut5.out

[~ Tank Fressuiza tion

1 [~ Walve Open/Close
*Unsteady Options
" Flow Regulator

*Time Step: 0.0015 s
*Final Time: 50.0 s

Options
" Steady " Quasi- Steady @ Unsteady

Cancel ApplyClose Apply

Intnuction Setup for specilying general information

Lises indoomation | Sokson Contral | gt Contiod

haady Doticns Diuipu Infomation
# f quorcy W Bl 17
Mumbes User Varisbies |1 Close

*QOutput Control
*Winplot binary output

Detst Cancel o |

Ciose

GFSSP 6.04 -- Tutorial 5
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G

Circuit Options
*Solid-Fluid Heat Transfer Coefft.
*Miropolski Correlation

*Fluid Options
*Hydrogen

obal Optio
Instructions Setup for ifying fluid/th d
General Information
Circuit Optiaris Fluid
Unsteady Options Type

Fluid Optians

" |dzal Gas

Density (Ibm/ft"3) 0
Wiscosity [lbm/(ftsec]] |0

¢ Constant Property & General Fluid ¢ Hz202

Set Up Options (cont.)

Marshall Space Flight Center
GFSSP Training Course

€1 Global Options

Instructions:

Setup for specifying circuit information

General Information
Circut | Iriial Values |

Unsteady Options
Fluid Options:

[ Inertia
-

Gravity ™ Buoyancy
Rlatation

Fluid Canduction

Fluid Mass Injexction

Heat Exchanger

Turtbopump

Moving Boundary

Mamenturn Source

Aial Thiust

Marmal Stress

.
.
-
.
-
.
-
.
-

eat Source ¥ Blu/sec

Cyclic Boundsty
Solid Fluid Heat Transfer Coel

" User Specified

[ BranchAnales

Reference Node

" Blu/lbm

" Dittus-Boelter

{+ Miropoleki

Default

Thermodynamic Package

Thermal Conductivity (Biu/(ft-sec 1) [4.133e-06

Ref. Entropy (Blu/{lbm-FJ) [

Gas Constant Lot/ lbm R)) [52:34 Ref. Pressure [psi) [127
Cp [Btw/lom F]) [0z Ref. Temperature () [20
Viscasiy (lbm/ft-sec)) 128205 Ref. Enthalpy (Btu/lbm) [0

Cancel Apply-Cloze

Apply

Close

f* Gasp and Wasp  GASPAK Switch Package
Fluid Specification
Library of Fluids Selected Fluids Uzer Fluid Filex
Argon ﬂ (10) Hydrogen ermal Conductivity |
Carbon Diowide:
Fluorine Density [
Hydiogen
i — |
Kerozene (RP-1)
Fluidl - Specific Heat Ratio |
Flus2 El Enthalpy [
Entropy [
Specific Heat [
Fluid tolecular Wweight Apply Fluid Info
tole Fraction H20 (0.5
Defaul Cancel | agpyOose | donb |
Close

GFSSP 6.04 -- Tutorial 5
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O~ m~[]
12 ]

Marshall Space Flight Center
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Build Model on Canvas

_—-——_—-——_—-— —RI:-

34 | 45 A a7
g g g g w104 115 p 136

| | \
‘ Fluid-Solid

[ [ [
El—a—[—n——n—[—%

28 T 210 1011 112 Convection

Solid Node Solid-Solid
Conduction

Now is a good time to save your Tut5.vts file.

GFSSP 6.04 -- Tutorial 5
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*Node 1: Inlet from Dewar
P =75 psia
T =-411 °F
*Node 7: Outlet to Ambient (Boulder, CO)
P =12.05 psia
T =44 °F

Set Up Transient Boundary Condit

Marshall Space Flight Center
GFSSP Training Course

{55 NodePro perties

Idertifier [1

Mode Description |Noda1
Pressure (psia) [14. 70000
Temperature (F] [E0.00000
Mazs Rate [lbmis) |U.DDUDD
Heat Riate [0.00000

Thrust Area [in™2)

Mode History File

Mode Yolume [in™3]

Area Mormal to Wode (in*2]

Marmal Welocity of Mod

lons

Hydrogen [1.0000 ]

(X

Concentration

—

GFSSP 6.04 -- Tutorial 5
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Set Up Interior Node Initial Conditions

Marshall Space Flight Center

GFSSP Training Course —

[Hydrogen [1.0000 ] Concentration

° N OdeS 2'6 Idertifier |2

Mode Description

P =12.05 psia Presats ]
oT - 44 °F TempeEte ()

azs Rate [lbmis)

*VVolume not required — GFSSP will [
calculate from pipe dimensions Tt e 2 fros

*Shortcut method to set all initial conditions: o

e
ElGlobal Options |

i Instuctions Setup for specifying circuit information £rea Normal to Node (in”2) [0.00000

i General Information

Euclt.ut iptluunts EF\IfE:IlN ] Initial ¥ alues I Mormal Yelocity of Mode [ft/sec) |D 00000

nsteady Lphons Iuii jodes

Fluid Options:
Pressure [psial [~ Moving Boundan

Temperature: [F)
— [ Cyclic Boundan 0 Upstream Branch 10

Mass Rate [lbmds]

Heat Rate 0
oK Lancel |
Thiust Area [in*2) o Apply to All
Solid Modss
Temperature (F] E0 1 Aluminium 2024-TE i‘
2 Al2219
Masz (lbm) 0 3 AL EOG
Material 0 4 ALT07S

b 4 286 Nickel Bagze Alloy

Applyto Al 6 Benylium hd|

Mode Sequence Seftings

Mode ID Sequence Start 1
Default Cancel | Apply-Cloze | Apply

Close
GFSSP 6.04 -- Tutorial 5
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*Branch 12: Inlet valve
*A=0.3068in?, C, =0.6
*Branch 67: Exit
*A=0.3068in?, C, =1.0
*Branch 23, 34, 45, 56: Pipes
oL =200ft/4=50ft=600Iin
D =0.625in
*Smooth pipe: €=0

GFSSP 6.04 -- Tutorial 5

GFSSP Trai

Set Up Fluid Branches

Marshall Spac

I5] vtasc3.210

Restrict Flow

Identifier
Description
Area (in"2)

Flon
Coefficient

e Flight Center

Iritial Flawrate (lbm/sec) |0

|F|estrict 12
|0.3083

i3

Save as defau

It walues | Usze Saved default values

[T Rotation [~ Momentum Sowrce [ [nertia

Cancel Accept

Yector [Deg)

Angle with Gravity |IJ

{5 vtasc3.210 X
Pipe Flaow
Identifier 23]
Branch Dezcription |F'ipe 23
Lenath [in) =
Diiameter (in) |0.625

Abzolute B oughness (in) |EI

Iritial Flawrate (lbm/sec) |0

Save ag default values | Usze Saved default values

[~ HRotation

[~ Momentum Sowrce [ [nertia

Cancel Accept
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Set Up Solid Nodes

Marshall Space Flight Center

GFSSP Training Course —
] ] Ei Solid Node Properties
*Pipe is 65 Ib,, of SS304 —
‘NOdeS 8 _ 12 Identifier 3 56 Biherium
e Deszcripti 5 Mode 5 27 Silver
°|n|t|al T = 44 OF meen o 28 Stanless Steel 302
M 651b. /5 =13 Ib Temperature (F] - 144.00000 #E] Stanless Steel 304 J
*VIass = = 30 Starless Stesl 316
Material 29 m m Mass (Ib) 13.00000 1 Starless Stesl 347
ateria M aterial 29 22 Lantalum ﬂ
*Shortcut method for setting all solid node A
initial conditions: gk Cancel |
B
[ —
L
A
I
. Applyto &l
Solid Nodes ‘ ﬂ
30 Steinless Steel 316 Rl
Cancel ‘ ApplyClose | Apply

GFSSP 6.04 -- Tutorial 5

337




Set Up Conductors

Marshall Space Flight Center
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*Fluid-Solid Convection (E\Comesionipreriies &)
Convection
*Total Wetted Area: R 2
Dezcription [
A = 7ZDL - 7[(0-625 In)(2400 In) = 4712 |n2 Heat Transfer &rea (in™2)
.Per COﬂVGCtOI’: 9425 in2 Heat Transfer Cosf. [Brudf™2-z F] |0
. . . [ Usze as default
*Solid-Solid Conduction
Fadiation
*Cross-Sectional Area: Emissivty of Solid [0
T Ernizsivity of Fluid |0
A = — (OD 2 — I D 2 ) Emizzivity of Ambient |I:I
4 I Radiation

-~ |75} ~(0625in) |- 0.135n’
rLength per conductor: 50 ft = 600 in

— Conduction
Identifier
Dezcrption :

Conduction &rea fin™2] 0135
Diztance [in]

[T Usze as default

Cancel Accept

GFSSP 6.04 -- Tutorial 5
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Fluid Temperature
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—— T2 DEG_F Node 2 —8—- T4 DEG_F Node4 —4— T6 DEG_F Node 6
—&— T3 DEG_F Node 3 —— T5 DEG_F Node 5

100 WinPlot w4 B0 rcd

-100

-200

=300

-400

=500
0 10 20 30 40 50 60

TIME SECONDS

361:40P M 08M402010
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Solid Temperature
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TS8 DEG_F S Node 8 —8— TS10 DEG_F —4— TS12 DEG_F

TS9 DEG_F S Node 9 —%— TS11 DEG_F S Node 11
1 00 winPlot wd 60 rod

0 = £l
-100
-200 .
=300
%)
=400 —
= e —
-500
0 10 20 30 40 50 60

TIME SECONDS

353 17FPM 02042010

GFSSP 6.04 -- Tutorial 5
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Quality (Vapor Mass Fraction)

Marshall Space Flight Center
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XV2 - Node 2 —8— XV4 - Node 4 —— XV6 - Node 6
XV3 - Node 3 —— XV5 - Node 5

2 0 WinPlot wa 60 rc

1.5

1.0

a
7.3
<1
0
F. 3
<1
0
7.3
<
a
F.y
<1
0
&
<
a

0.5

0.0

0 10 20 30 40 50 60
TIME SECONDS

3A63:43FM 02042010
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STUDY OF THE RESULTS

* Plot pressure, flowrate and fluid and solid temperature history
» Estimate the predicted chilldown time
* Observe the phase change behavior

GFSSP 6.04 -- Tutorial 5
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DATA STRUCTURE

Name of Upstream
Node

NOUBR(I)

Name of

Downstream Node

Relational

NMUBR(I,1)

NODBR(l)

NMDBR(I,1)

NMUBR(I,NOUBR(I}))

Index Number of
Resistance Option

NMDBR(I,NODBR(1))

Marshall Space Flight Center

GFSSP Training Course
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Importance of Data Structure in Network Flow Analysis

* In a flow network layout of nodes are not
structured
— There is no origin and co-ordinate direction to build
the array of nodes
* In a structured system, array of nodes can be
constructed in different co-ordinate direction

— In one-dimensional flow network, each node has
two neighbors

— In two-dimensional flow network, each node has
four neighbors

— In three-dimensional flow network, each node has
six neighbors

* In a typical flow network a node can have “n”
number of neighbors

» Therefore, a unique data structure is needed
to define a flow network

48 psia O 45 psia

Y
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DATASTRUCTURE FOR FLOW ANALYSIS

NETWORK ELEMENTS AND Network
PROPERTIES
ELEMENTS
Boundary Internal Branch
Node Node
PROPERTIES
Thermo-
fluid
Geometric Thermo- Geometric Thermo-
fluid fluid
Relational Quantitative Relational Quantitative
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Extended Data Structure for Conjugate Heat Transfer

Network
ELEMENTS
Boundary Internal Branch Solid Ambient Conductor
Node Node Node Node
< Fluid > « Solid >
Solid to Solid Solid to Solid Solid to Fluid Solid to Ambient
Conduction Radiation
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INTERNAL & BOUNDARY NODE THERMOFLUID PROPERTIES

Pressure Temperature Density
Viscosity .
Concentration
Thermo-
fluid
Conductivity
Enthalpy
Sp. Heat Ratio Gas Constant Entropy
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INTERNAL NODE GEOMETRIC PROPERTIES

Geometric
Relational Quantitative
NAMEBR(l, 1) VOLUME
NUMBR(I)
NAMEBR(l, 2)
NAMEBR(I, NUMBR(I))
NUMBR — Number of branches NAMEBR — Name of the branches connected to

connected to the node the node
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EXAMPLE OF NODE RELATIONAL PROPERTY

Relational Property of Node 1

31 26

3 \Q\A
41 12 27

s — O O 2 7]

8

Number of branches connected to Node I, NUMBR(I) =4

Name of the Branches connected to Node I,
NAMEBR(I,1) = 31
NAMEBR(,2) = 41
NAMEBR(I,3) = 51
NAMEBR(I,4) = 12
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BRANCH PROPERTIES
GEOMETRIC -RELATIONAL

Name of

Name of Upstream Node
Downstream Node

NOUBR(I) )
Relational NODBR(1)
NMUBR(I,1) NMDBR(I,1)
""""" Index Number of
Resistance Option
NMUBR(I,NOUBR(1)) NMDBR(I,NODBR())
NOUBR — Number of Upstream Branches NODBR — Number of Downstream Branches

NMUBR - Name of Upstream Branches NMDBR — Name of Downstream Branches
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EXAMPLE OF BRANCH RELATION

Marshall Space Flight Center
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L PROPERTY

Relational Property of Branch 12

31

3 \Q\A
41 12

s —O— 1 O

6

26

peod

Name of Upstream Node, IBRUN(I) =1
Number of Upstream Branches, NOUBR(I) = 3
Name of Upstream Branches,

NMUBR(I,1) = 31

NMUBR(I,2) = 41

NMUBR(I,3) = 51

Name of Downstream Node, IBRDN(I) = 2
Number of Downstream Branches, NODBR(I) = 3
Name of Downstream Branches,

NMDBR(I,1) = 26

NMDBR(I,2) = 27

NMDBR(I,3) = 28
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BRANCH PROPERTIES
THERMOFLUID

Thermofluid

Marshall Space Flight Center
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Flowrate

\elocity

Resistance
Coefficient

352



SOLID NODE PROPERTIES
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Name
NODESL (l)

Material
MATRL (1)

Mass
SMASS (1)

Sp. Heat
CPSLD (1)

Number of Solid to Solid Conductors
NUMSS (1)

Solid Node

Names of Solid to Solid Conductors
NAMESS (I, NUMSS(1))

Number of Solid to Fluid Conductors
NUMSF (1)

Names of Solid to Fluid Conductors
NAMESF (I, NUMSF(I))

Number of Solid to Ambient Conductors
NUMSA (1)

Names of Solid to Ambient Conductors
NAMESA (I, NUMSA(I))
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SOLID TO SOLID CONDUCTOR

Marshall Space Flight Center
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Name
ICONSS (I)

Name of Connecting
Node I ICNSI (1)

Name of Connecting
Node J ICNSJ (1)

Conductivity between

SOLID TO SOLID Node | & J
CONDUCTOR CONDKIJ (1)

Conduction Area between
Node | &J ARCSIJ

0

Distance between Node |
— & DISTSH (1)

Effective Conductance
between Node | &J
EFCSLI (1)
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SOLID TO SOLID RADIATION CONDUCTOR

Marshall Space Flight Center
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Name
ICONSSR (I)

Name of Connecting
— ' Node I ICNSRI (I)

Name of Connecting
Node J ICNSRJ (1)

Surface Area of Node |

ARRSI (1)
SOLID TO SOLID
CONDUCTOR Surface Area of Node J
ARRSJ (1)

View factor between
Node | & J VFSIJ

0

Emissivity of Node |
EMSSI (1)

Emissivity of Node J
L EMSSJ (1)
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SOLID TO FLUID CONDUCTOR
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Name
ICONSF (1)

Name of Connecting

Solid Node ICS
)
Name of Connecting
Fluid Node ICF
U]

Heat Transfer Coeff
between Solid & Fluid
HCSF (1)

SOLID TO FLUID

CONDUCTOR Heat Transfer Area

between Solid & Fluid
ARSF (1)

Heat Transfer Rate
between Solid & Fluid
QDOTSF (1)

Effective Conductance
between Solid & Fluid
EFCSF (1)

Emissivity of Solid
EMSFS (1)

Emissivity of Fluid
EMSFF (1) 356




AMBIENT NODE

AMBIENT
NODE

Marshall Space Flight Center
FSSP Training Course

NAME
NODEAM (1)

TEMPERATURE
TAMB (1)
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SOLID TO AMBIENT CONDUCTOR
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Name
ICONSA ()

Name of Connecting
Solid Node
ICSAS (I)

Name of Connecting
Ambient Node
ICSAA (1)

Heat Transfer Coeff between
Solid & Ambient HCSA

SOLID TO AMBIENT M
CONDUCTOR

Heat Transfer Area between
Solid & Ambient
ARSA (1)

Heat Transfer Rate between
Solid & Ambient
QDOTSA (1)

Effective Conductance
between Solid & Ambient
EFCSA ()

Emissivity of Solid
EMSAS (1)

Emissivity of Ambient
EMSAA (1) 358
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« GFSSP’s data structure aIIows ber\ ng any network system. The
only limit is the dimension of the array which can be increased easily
If needed

* The present version of the code provides allocation for
— Fluid Node : 300 ; Solid Node : 100 ; Ambient Node : 100

— Branch: 500 : Solid to Solid, Solid to Fluid, Solid to Amb. Cond.:
100

— Number of Branches to a node: 50

— Number of species in a Mixture: 10

— Number of Tanks for Pressurization System: 5
— Number of Control & Relief Valves: 10

— Number of Pressure & Flow Regulator: 10

A knowledge of GFSSP’s Data Structure will be required for
development of User Subroutine
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Solver Module/sunction

USER SUBROUTINE

User Subroutine/unction

A

MAIN

Controls program

A

Y

FILENUM

Defines input and output files numbers within the code

READIN

Y

TSTEP

Allows user to overwrite the input deck defined time step

A

Reads input data file

INIT

Provides initial value

Y

USRSET

Allows user to redefine input file to custom format

A

and steady state
boundary conditions

BOUND

Y

USRINT

Allows user to overwrite initial values and
steady state boundary conditions

Provides time-dependant
boundary conditions
from history file

A

EQNS

A

Y

BNDUSER

Allows user to define time-dependant boundary conditions

Generates mass &
momentum conservation
equations along with

Y

SORCEM

Allows user to provide an external mass source

A

equation of resident mass

Y

SORCEF

Allows user to provide an external momentum source

Marshall Space Flight Center

I GFSSP Training COLII’SG
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Contents

 Motivation & Benefit

 Program Structure

e Solution Algorithm

o Solver-User Subroutine Interaction
 Data Structure

* Indexing Subroutines
 Examples
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MOTIVATION AND BENEFIT

« Motivation: To allow users to access GFSSP
solver module to develop additional modeling

capability

« Benefit: GFSSP users can work independently
without Developer’s active involvement
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How do they work?

- Aseries of subroutines are called from various locations of solver
module

- The subroutines do not have any code but includes the common
block

- The users can write FORTRAN code to develop any new physical
model in any particular node or branch

What users need to do?

— Users need to compile a new file containing all user routines and
link that with GFSSP to create a new executable
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GFSSP — Program Structure
Solver & Property

Grlap%hii(::al User Module User Subroutines
({]/'Ie"z\g 86) « Equation Generator ‘NeWPhySICS
e »|  Equation Solver A 4

Input Data « Fluid Property Program * Time dependent

 File

process

* non -linear boundary

* Creates Flow Circuit v conditions
* Runs GFSSP « External source term

...... Output Data File « Customized output

« Displays results graphically  [€
* New resistance / fluid

option
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Start

A

Flow chart of Solution Algorithm

A 4

Obtain a trial
solution

A

READIN - Reads input
data from data file
generated by VTASC

Iteration loop

\ 4

INIT — Generate Trial

Marshall Space Flight Center
GFSSP Training Course

A

Solution

A

repeated for
each time step

\ 4

Simultaneous
(S) solution of
pressure,

Y

BOUND - Supply
Time-dependant

p{ GASP & Wasp or GASPAK —
A routine for thermodynamic Mass conservation
properties

A 4

boundary conditions

flowrate, and
resident maas

Successive
Substitution (SS)
solution of
enthalpy &
concentration

\ 4

NEWTON -
Controls the
iteration loop of

COEF - Constructs the
coefficient matrix of
the correction equation

EQNS - Calculates
residuals of three
governing equations

Momentum
Conservation

A A A
Y

Newton-Raphson
scheme

A 4

ENTHALPY -
Solves enthalpy

Y

SOLVE - Solve
correction equation by
Gaussian elimination
method

Equation of State

by SS method

A\ 4

Solution of
Temperature of
Solid

A 4

MASSC - Solves

UPDATE - After applying
corrections update each
variable (11)

nergy Conservatio

concentration by SS
method

Calculate flow
resistances

A 4

TSOLID or TSOLIDNR
— Solves temperature by
SS or S method

Specie
Conservation

Solid
Temperature

A 4

Convergence
check

A

Y

RESIST - Calculates
resistances for all branches

v

KFACT1 - KFACT21
Calculates branch resistances

DENSITY - Calculates GASP & Wasp or GASPAK -
< > density and other <+—» A routine for thermodynamic
properties properties
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Description of User Subroutines

Twenty two User Subroutines were provided:

SORCEM:
SORCEF:
SORCEQ:
SORCEC:
KFUSER:

PRPUSER:

TSTEP:

BNDUSER:

transient

External Mass Source
External Force

External Heat source

External Concentration source
New resistance option

New fluid property

Variable time step during a transient run

Variable boundary condition during
run
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Description of User Subroutines

USRINT:

PRNUSER:

FILNUM:

USRSET:

SORCETS:
USRHCF:
USRADJUST:

Provide initial values and steady state
boundary conditions

Additional print out or creation of
additional file for post processing

Assign file numbers; users can define
new file numbers

User can supply all the necessary
iInformation by writing their own code

External Heat Source in Solid Node
New Heat Transfer Correlation

Solution adjustment to satisfy design
requirement
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Description of User Subroutin€s

PRPADJUST:

TADJUST:
PADJUST:

FLADJUST:
HADJUST:
SORCEHXQ

USRMDG:

Adjust Thermodynamic or Thermophysical
Property

Adjust Temperature, if necessary
Adjust Pressure, if necessary

Adjust Flowrate, if necessary
Adjust Enthalpy, if necessary

Add heat sources to component Enthalpy
Equation in Mixture (Enthalpy Option -2)

Adjust Input Parameters for Multi-D Flow
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Solver-User Subroutine Interaction

Solver Module/sunction

A

(Partial List)

Y

Marshall Space Flight Center
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User Subroutine/sunction

MAIN

FILENUM

Defines input and output files numbers within the code

Controls program

A

Y

TSTEP

Allows user to overwrite the input deck defined time step

READIN

Reads input data file

USRADJUST

Allows user to iteratively adjust solution to satisfy design requirement

INIT

Provides initial value
and steady state
boundary conditions

A

Y

USRSET

Allows user to redefine input file to custom format

BOUND

Provides time-dependant
boundary conditions
from history file

A

Y

USRINT

Allows user to overwrite initial values and
steady state boundary conditions

A

Y

BNDUSER

Allows user to define time-dependant boundary conditions
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Solver Module/sunction

EQNS

Generates mass &
momentum conservation
equations along with
equation of resident mass

Marshall Space Flight Center
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User Subroutine/sunction

Y

SORCEM

Allows user to provide an external mass source

ENTHALPY/
ENTROPY

Generates and solves the
energy conservation
equation

A

Y

SORCEF

Allows user to provide an external momentum source

MASSC

Generates and solves the
specie conservation
equation

A

Y

SORCEQ

Allows user to provide an external heat source

RESIST

Calculates the flow
resistance coefficient

A

Y

SORCEC

Allows user to provide an external specie source

Y

DENSITY

Calculates the
fluid properties

A

KFUSER

Allows user to define new resistance options

Y

PRPUSER

Allows user to define new fluid properties
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Solver Module/function

TSEONS

Generates conservation equations
of solid temperature

TSOLID

Solves solid temperature equations
by successive substitution method

Marshall Space Flight Center
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User Subroutine/sunction

CONVHC

Calculates convective heat transfer
coefficient

SORCETS

Allows user to provide external heat source to solid node

PRINT

Generates the Output files

A

USRHCF

Allows user to provide new heat transfer correlation

Y

PRNUSER

Allows user to provide any additional output file(s)
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SUBROUTINE INDEXI (NUMBER, NODE, NNODES, IPN)
or
SUBROUTINE INDEXI (NUMBER, IBRANCH, NBR, 1B)

This subroutine determines the pointer of node or branch

Input Variables:

NUMBER: Node or Branch Number

NODE/IBRANCH: Array for storing Node or Branch Number
NNODES/NBR: Number of Nodes or Branches

Output Variable:
IPN/IB: Location of Node or Branch in Array (Pointer)
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USE OF SUBROUTINE INDEXI

Location 1 2 3 4 5
NODE | 100 200 300 400 500 B
INDEX 2 1 1 1 2 NNODE =5

P 5125.50 | 4785.23 | 3876.45 | 2557.85 | 1668.25 NINT = 3
TF 560.00 | 555.25 | 525.34 | 500.25 | 480.00

Address location of a node (say node number 400).

NUMBER = 400
CALL INDEXI (NUMBER,NODE,NNODES,IPN)

In this Example IPN = 4
P(IP) = 2557.85
TF(IP) =500.25
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SUBROUTINE INDEXA (NUMBER, NODEAM, NAMB, IPAN)
This subroutine determines the pointer of Ambient Node.

Input Variables:

NUMBER: Ambient Node Number

NODEAM: Array for storing Ambient Node Number
NAMB: Number of Ambient Nodes

Output Variable:
IPAN: Location of Ambient Node in Array (Pointer)

SUBROUTINE INDEXS (NUMBER, NODESL, NSOLIDX, IPSN)
This subroutine determines the pointer of Solid Node.

Input Variables:

NUMBER: Solid Node Number

NODESL.: Array for storing Solid Node Number
NSOLIDX: Number of Solid Nodes

Output Variable:
IPSN: Location of Solid Node in Array (Pointer) 374



Indexing Subroutines
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SUBROUTINE INDEXSSC (NUMBER, ICONSS SSC, ICSS)
This subroutine determines the pointer of Solid to Solid Conductor.

Input Variables:

NUMBER: Solid to Solid Conductor Number

ICONSS: Array for storing Solid to Solid Conductor Number
NSSC: Number of Solid to Solid Conductors

Output Variable:
ICSS: Location of Solid to Solid Conductor in Array (Pointer)

SUBROUTINE INDEXSFC (NUMBER, ICONSF, NSFC, ICSF)
This subroutine determines the pointer of Solid to Fluid Conductor.

Input Variables:

NUMBER: Solid to Fluid Conductor Number

ICONSF: Array for storing Solid to Fluid Conductor Number
NSFC: Number of Solid to Fluid Conductors

Output Variable:
ICSF: Location of Solid to Fluid Conductor in Array (Pointer)
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SUBROUTINE INDEXSAC (NUMBER, ICONSA, NSAC, ICSA)
This subroutine determines the pointer of Solid to Ambient Conductor.
Input Variables:

NUMBER: Solid to Ambient Conductor Number
ICONSA: Array for storing Solid to Ambient Conductor Number
NSAC: Number of Solid to Ambient Conductors

Output Variable:
ICSA: Location of Solid to Ambient Conductor in Array (Pointer)

SUBROUTINE INDEXSSRC (NUMBER, ICONSSR, NSSR, ICSSR)
This subroutine determines the pointer of Solid to Solid Radiation Conductor.
Input Variables:

NUMBER: Solid to Solid Radiation Conductor Number
ICONSSR: Array for storing Solid to Solid Radiation Conductor Number
NSSR: Number of Solid to Solid Radiation Conductors

Output Variable:
ICSSR: Location of Solid to Solid Radiation Conductor in Array (Pointer)
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Example of a Typical User Subroutine

C**********************************************************

SUBROUTINE USRHCF(NUMBER,HCF)
C PURPOSE: PROVIDE HEAT TRANSFER COEFFICIENT

C**********************************************************

INCLUDE 'COMBLK.FOR!
C**********************************************************

EQUIVALENCE (USRVAR1(1),HL)

DATA FACTHC,CONHC,FNHC/1.0,0.15,0.33/
C ESTIMATE HEAT TRANSFER COEFFICIENT IN ULLAGE NODES FROM FREE
C CONVECTION CORRELATION

NUMF=ICF(NUMBER)

CALL INDEXI(NUMF,NODE,NNODES, IPN)

NUMS=ICS(NUMBER)

CALL INDEXS(NUMS,NODESL,NSOLIDX,IPSN)

BETA=1./TF(IPN)

DELTAT=ABS(TF(IPN)-TS(IPSN))

GR=HL**3*RHO(IPN)**2*G*BETA*DELTAT/(EMU(IPN)**2)

PRNDTL=CPNODE(IPN)*EMU(IPN)/CONDF(IPN)

HCF=FACTHC*CONHC*CONDF(IPN)*(GR*PRNDTL)**FNHC/HL

RETURN

END

C**********************************************************
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Compiling & Linking User Subroutine
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{55 User Module Build

Jzer Module File uzr_exl2 fo

GFS5SP Object File |I::\\-"ersion_EWersionEM\GFSSF‘ED#.Dhi
GASPAE Object File |C:\\-"ersion_E\\-"ersionEDd\GASPHDPED4.obi
GASP Object File ||::'\\-"ersion_5\\-"ersion504\GASF'5|34.Dbi

Build | Stap ‘ o

User Build started using: df falign:dcommons freal_size:B4 Jfinteger_size:32 "usr_ex12.for" "C:
Wersion_SWersionS04\GFSSP504. obj" "C:\Wersion_5WersionS04\GASPS04 obj" "C:
Wersion_SWersionS04\GASPROPS04. obj"

Compag Wisual Fortran Optimizing Compiler Wersion B.6
Copyright 2001 Compag Computer Corp. All rights reserved.

usr_ex 12 far

usr_ex12 for525) - Warning: This statement function has not been used.  [F]
FiFR YR TR B,C,D,C4 BETA GAMA)=PR™RITR-1.-(BAR)-

Microsoft (R) Incremental Linker Wersion 6.00.8447

Copyright (C) Microsoft Corp 1992-1998. All rights reserved.

fsubsystem:console

fentry: mainCRTStartup

fignore:505

fdebugtype:cv

fdebug:minimal

fpdb:none

CAWINNTYTEMPYabE tmp
Cvwersion_SVWersiond04\GF 55P504. obj
C:WWersion_SWersion504\GASPS04. obj
C:WWersion_SWersionS04\GASPROPS04. obj
dfar.lib

libe. lib

dfconsal lib

dfport.lib

kernel3Z.lib

foutiusr_ex12 exe

Build completed. ﬂ
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* Flow Regulator
e User Prescribed Heat Transfer Coefficient

e Example 18 - Simulation of a Subsonic Fanno
Flow

e Example 20 - Simulation of a Lithium Loop
Model
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Modeling Flow Regulator in GFSSP

Marshall Space Flight Center
GFSSP Training Course —

. Flow
e A User Subroutine has _ ' Schematic
been developed to model | ;..«
Flow Regulating Valve
« An iterative algorithm has | &-+%"" | """ 5 |
. %@: Aimpsphere

been developed that L moasiting
adjusts flow area until vane
predicted flow matches

required flow GFSSP Model
e The model has been = % e

tested for a blowdown &
problem (Example 8)
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Flow Regulator Algorithm

Marshall Space Flight Center

GFSSP Training Course —
The required flow area is determined by the Newton-Raphson f= Treq —m
scheme with the following steps:
1. Assume an Area, A *

f
[ ] [ ]
2. Compute the deviation, f = Mreg— M

3. Estimate the gradient
of _ 29.p,CiAAp

fo
OA :
m
A
4. Estimate the correction in the Area
f *
A=——:
f

5. Compute the new Area

A=A"+a A where0<a <1

6. Repeat steps 2 — 5 until "5 0
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—>¢ Ex8B.CSV F12 LBM/S ex8_fgB.CSV F12 LBM/S

WinPlot v4.30
0.018 Without Flow Regulator

0.016

With Flow Regulator

0.014

0.012

0.010

0.008
0 40 80 120 160 200

TIME SECONDS

2:39:12PM 02/23/2007
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Area (ft**2)
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7.00E-05
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5.00E-05
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3.00E-05

2.00E-05

1.00E-05

0.00E+00
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History of Area Change of Flow Regulating Valve

‘ T
[~]

50 100 150
Time (Sec)

200
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User Subroutine

(;xxx **k*% ***% ***% **k*% **k*%

SUBROUTINE USRADJUST
C PURPOSE: ADJUST BOUNDARY CONDITION OR GEOMETRY FOR STEADY-STATE MODEL

Cxxx ***% ***% **k*% ***% **k*% **k*% *** **k*% **k*% ***% **k*%
INCLUDE 'COMBLK.FOR'

Cxxx **k*% ***% **k*% ***% ***% ***% ***% ***% ***% ***% **k*

C ADD CODE HERE — Define Requirements

DATA RELAXAR,AREAMAX/1.0,0.002/
DATA EMREQ/0.012/
CALL INDEXI(12,IBRANCH,NBR,IB)
CALL INDEXI(1,NODE,NNODES,IPUP)
CALL INDEXI(2,NODE,NNODES,IPDN)
FSTR=EMREQ-FLOWR(IB)
ABSDELP=ABS(P(IPUP)-P(IPDN)) — Calculate gradient and correction
FDASH=-2.*GC*RHO(IPUP)*BRPR1(IB)**2*ABSDELP*AREA(IB)
&  /ABS(FLOWR(IB))
ARDASH=-FSTR/FDASH

C CHECK CONVERGENCE

D E— Obtain Indices

IF (REPEAT) — Print convergence parameters

& WRITE (*,*) ITERADJU =" ITERADJU, AREA(IB),ARDASH,DIFMDOT
RETURN
END
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User Prescribed Heat Transfer Coefficient
Diffuser
L Liquid level at start of
prepress
/ Liquid level at end
of prepress
Nu =0.15(Gr Pr)o'33
NU = hL e In User Subroutine local
u= K property values are available in
3 2 the common block
L AT
Gr = P gz’B » Heat Transfer Coefficients are
y2i then calculated in SUBROUTINE
C 1 USRHCF and returned to the
Pr—_P" SOLVER MODULE

k
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User Subroutine to Calculate Heat Transfer Coefficient

C**********************************************************

SUBROUTINE USRHCF(NUMBER,HCF)
C PURPOSE: PROVIDE HEAT TRANSFER COEFFICIENT

C**********************************************************

INCLUDE 'COMBLK.FOR!
C**********************************************************

EQUIVALENCE (USRVAR1(1),HL)

DATA FACTHC,CONHC,FNHC/1.0,0.15,0.33/
C ESTIMATE HEAT TRANSFER COEFFICIENT IN ULLAGE NODES FROM FREE
C CONVECTION CORRELATION

NUMF=ICF(NUMBER)

CALL INDEXI(NUMF,NODE,NNODES, IPN)

NUMS=ICS(NUMBER)

CALL INDEXS(NUMS,NODESL,NSOLIDX,IPSN)

BETA=1./TF(IPN)

DELTAT=ABS(TF(IPN)-TS(IPSN))

GR=HL**3*RHO(IPN)**2*G*BETA*DELTAT/(EMU(IPN)**2)

PRNDTL=CPNODE(IPN)*EMU(IPN)/CONDF(IPN)

HCF=FACTHC*CONHC*CONDF(IPN)*(GR*PRNDTL)**FNHC/HL

RETURN

END

C**********************************************************
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Example 18 - Simulation of a Subsonic Fanno

Flow
p: =50 psia D= 6inch
T.=80F /
Ml = 05
Fluid: N, .
< L = 3207 inches >

Feature: Compressible Flow with Friction, User
Subroutine to set constant friction factor, and
comparison with Text Book solution

387



VTASC Model & User Subroutine
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O[] e[} (] — ][] — ] — 3]
12 . 4 45 L a7 T8

o

(o] (] —{] | O[] |0 —[c]~— 0]

LBt

f
() ] — e ] — 5] — e ]

1819 1520 2021

C***********************************************************************
SUBROUTINE KFADJUST(I,RHOU,EMUU,RHOUL,EMUUL,RHOUV,EMUUV,ISATU,

& AKNEW)
C PURPOSE: ADJUST RESISTANCE IN A BRANCH

C***********************************************************************

INCLUDE 'COMBLK.FOR!
C**********************************************************************
C ADD CODE HERE

IF(IOPT(1).EQ.1) THEN

PIPEL=BRPRL(])

PIPED=BRPR2(l)

F=0.002
AKNEW=8.*F*PIPEL/(RHOU*GC*PI*PI*PIPED**5)

ENDIF

RETURN

END
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Example 20 - Simulation of a Lithium Loop Model
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Feature: Closed Loop with cyclic boundary, Use of user-
specified property, Heat Exchanger & User Subroutine
to model Electro-Magnetic Pump
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VTASC Model & Electromagnetic Pump
Characteristl
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Cl—== ]—mm—— [ |- & _——{ | —> =] — (7]
* 2 23 24 45 =3 &7 _L
. o o s
| '
* . =
[ ESE=] &.
|
Lz-:)‘ 2+K 10
| .
? % 343
aoft 'I J
2 M isz0 - o
| | + 3334 #
=] — — (]
v I |
rl 1818 [z | —— ==z | zr———z
= =1 - =] 2Kk ][ &[] ——mm—[]
Tim 1ET s18 ans 1214 ErY

| ~+——Minimum Recommended Flow Rate

4137 60
Fluid=NaK (56%)
4T Temperature=571°C (1,060°F) 20
g g
< 2758+ F40 2
2 3
2 22 A270V g
S 20687 -30 3
3
g s
S 13797 18 A/200V -0 g
Q Design Point €
6895 UL 1SAIMTOV=255kW L 10
0 T T T T T T T T T T 0
0 5 {0 15 2 Tzs 0 3% 4 451 50
1kgls (2.2 1bls) 2kgls (44 bls)
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C MODELING OF THERMO-ELECTRIC PUMP
DIMENSION VOLT(50),FLWTE(50),DPTE(50,50)
LOGICAL UNREAD
DATA VOLTIN/170/
C READ PUMP CHARACTERISTIC DATA FROM FILE
IF ITER.EQ.1.AND. (NOT. UNREAD)) THEN
OPEN (NUSR1,FILE="Ex20_pump.dat',STATUS="UNKNOWN)
READ(NUSRZ,*) NFLW,NVOLT
READ(NUSRL,*) (VOLT(JJ),JJ=1,NVOLT)
DO Il = 1,NFLW
READ(NUSRZ,*) FLWTE(II),(DPTE(I1,33),JJ=1,NVOLT)
ENDDO
UNREAD = .TRUE.
ENDIF ! IF (ITER.EQ.0)..

'Ex20_pump.dat’
53 NFLW, NVOLT

140 200 270 VOLT(J), JJ=1,NVOLT

0.510 105 22 37 FLWTE(II), (DPTE(11,3J),JJ=1,NVOLT)

1.021 9 195 33.5
1.531 75 17 30

2042 6 145 265
2598 4.5 12.0 23.0

Marshall Space Flight Center
GFSSP Training Course

SUBROUTINE SORCEF(I,TERMO,TERM1, TERM2, TERM3,TERM4, TERM5,TERM6,
& TERM7,TERM8,TERM9,TERM10,TERM100)
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Double Interpolation to find DELTAP for a given flowrate & Voltage
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SUMMARY

» User Subroutines can be used to add new capabilities that are not
available to Users through Logical Options

* New capabilities may include:

— Incorporating Design Specification; this may require iterative adjustment
— User Specified Heat Transfer Coefficient

— Incorporating a new physical model such as mass transfer

— Customized output, Variable timestep etc.

e Checklist for User Subroutines

— ldentify subroutines that require modifications
— Select GFSSP variables that require to be modified
— Make use of GFSSP provided User variables in your coding
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[
55
a1

Fluid Mixture & Two-Phase Flows

HTCR
E—%—®

o1

Liquid Oxygen
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CONTENT

« Enthalpy Formulation of Mixture Modeling
Mathematical Formulation
Applications:

— Example 23 — Helium-Assisted Buoyancy-Driven
Flow in a Vertical Pipe Carrying Liguid Oxygen with
Ambient Heat Leak

— Charging of Pogo Accumulator
Summary

GFSSP 6.0 Training Course

Fluid Mixture 395
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Enhanced Mixture Option

The mixture capability in earlier versions of GFSSP does
not allow phase change in any constituent of the mixture

In liquid propulsion applications, there are situations
where one of the constituent is saturated, i.e. mixture of
liquid and vapor in equilibrium
— For example during purging of liquid oxygen by ambient helium,
a mixture of helium, LO2 and GO?2 exist
Why there is such limitation?

— Because the energy conservation equation of the mixture is
solved in terms of temperature

— For calculating phase change energy equation for each species
must be solved in terms of enthalpy

GFSSP 6.0 Training Course
Fluid Mixture 396
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Mathematical Formulation

e Mass Conservation
— Mixture Mass
— Concentration of Species

e Momentum Conservation
— Mixture Momentum

 Energy Conservation

— Temperature option
* Energy Conservation is formulated in terms of temperature
» Applicable for gas mixture

— Enthalpy option

» Separate Energy Equations are solved for Individual Species
» Applicable for liquid-gas mixture with phase change

GFSSP 6.0 Training Course

Fluid Mixture 397
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Separate Energy Equation for Individual Species
(SEEIS)

Fluid

Mixture
(mihik - p J _Kmihik - p j
ka T+AT ka T

@ AT

Fluid Transient Term

Mixture
Node Node Node .
j=1 . > . >j:3 J=n . . . . HES
Fluid j:]_
k=1 . .
@ m“ = -mji
Advection Term Source Term

Single

Fluig | Node

k=2 (154

GFSSP 6.0 Training Course

Fluid Mixture 398



Thermodynamic Properties
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® Temperature and other properties of individual species is calculated
from node pressure and enthalpy of the species:

T.. = f(p;,hy)
= f(p;,hy)
Mk (p, |k)
= f(p;.hy)
c o f(p, h )

* The nodal properties are calculated by averaging the
properties of species:

nNg
pi = 2.Cik Pi
k=1

N _
Hi = 2.Cik i
k=1

GFSSP 6.0 Training Course

Fluid Mixture 399



Select Mixture in Circuit Option
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nztructions Setup for specifying circuit information

-General Information

Circuit ]Initial\ialues l
-Unsteady Options

Fluid Dptiors [~ Axial Thrust

[ Cwchiz Boundary

Dalton's Law of partial pressure.
Fluid Conduction

Fluid Mazz Injection

Girarity [ Buoyancy Reference Mode

< 71 71 71

Heat Exchanger

Heat Source » Blusec " Btubm

< < 7

Inertia [~ Branch Angles

<

ixture " Temperature Enthalpy
MO -Grid

tomenturn Source

Maoving Boundarn

MHormal Stress

Phase Separation Model

Ruatation

Shear

< 71 717171717171

Solid-Fluid Heat Transfer Coeff. ¢ User Specified ¢ Dittuz-Boelter ¢ Miropolskii
Trangient Term Active

Tranzwerse Momentum

171 7

Turbopump

Default Cancel Apply-Close | BApply |

Cloze
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Example 23 — Helium-Assisted Buoyancy-Driven Flow in a Vertical
Pipe Carrying Liquid Oxygen with Ambient Heat Leak

R K
3
a10

HTCR ®
SA
101

i E_ihﬂ i E i H_i’
3 5 & &

—[-—-——R:—-—_—-
1z 23 34

= |- | =
By E2EH
]
8

BV

Feature: Phase Change in Fluid Mixture, Buoyancy Driven Flow,
Model Import and Conjugate Heat Transfer
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Charging of Pogo Accumulator

Marshall Space Flight Center
GFSSP Training Course —

LO2 Prevalve
(valve details
not shown)

Helium volume
a ———
in accumulator

Dip Tube - LO2 Liquid Level
locatioz volume :
in accumulator

LO2 Feedline

j /tc USE Flange

Problem Considered: An annular shaped pogo accumulator has been wrapped around a liquid oxygen
feed line to a rocket engine turbopump. The lower portion of the accumulator communicates to feed line
through a series of holes. The accumulator has a dip tube located a few inches above the communication
port and connected to the dump line. The accumulator also has a high point bleed and charge port.
Initially the accumulator is filled with liquid oxygen. Helium enters into the accumulator through high point
bleed and charge port and displaces liquid oxygen to feed line and dump line. Once the liquid oxygen
level drops to the location of dip tube, a stable helium bubble is retained in the accumulator that provides
desired compliance. The objective of the model is to predict the history of charging process as well as the
steady operation of the accumulator during engine run.

GFSSP 6.0 Training Course
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Pogo Accumulator with Charge Line and Dump line

. LO2 Prevalve
(valve details
not shown)

LO2 Liquid Level

High Point Bleed & Charge

Helium volume
Charge System in accumulator |

jiment LOZ2 volume
in accumulator

— Segment o

LOZ Feedline

/tc- USE Flange

POGO Accumulatorwrappedaround LO2
FeedLine

o Segment 4

Dump

Valves

Sagment 3

/

Segment 2

segmeant 1 /

Wi 1i.|F. Tube Outhat —_—

Dump System GFSSP 6.0 Training Course
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Seg.2
——

]

“ 1
-E-ZI-- I:-K E-- ]-'E I:-il—]-r-—l:-rﬁ—j—u— z

DrainValve
Assembly ]

éé—-——"' DeepSpace

.:L
iL
-

GFSSP Model of Pogo Accumulator & Drain Line

E.—-* W _.""'_._K”‘[—-h'-_l—.-h'-“i —E—r_l—-p]
I s i i Wi l:":' . “

r " 4\
Helium Charge System

- — ' CIRY

i i : 2K T " \W ..'\_ .
B8+, | Segment IR N\
N

E—W—E_:: - 1

Accumulator
(Nodes 1t010)

]
y
-

" DipTube iy ybe

J Orifice

Array / Feed Line

1/ Pressure
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Pressurization Helium Pressure, psia, and Temperature, F

—»— P200 PSIA —&— T200 DEG_F
600

Boundary Conditions

Marshall Space Flight Center
GFSSP Training Course —

£00

wo w0 ae 2% 30 w0 40

Tas

s

s 60 65

TIME AFTER LIFT OFF, sec —e P100 PSIA —&— T100 DEG_F
292 - 90
% 293 80
Pressure and Temperature
history at the Communication [~ ¢ = "
Ports
i: 295 | 60
E 296 50
E
8
GFSSP 6.0 Training Course
Fluid Mixture T S . . O O —
100 150 200 250 300 350 400 450 500 550 600 6!
:F' F:I: TIME AFTER LIFT OFF, sec 405



02 Frection, Accumulstor Top, 0210, to Bottom, $2-1

Charging of helium & draining of He-LO2 mixture

Displacementof Oxygen from
the Accumulatorduring
charging

LT
ﬁv/—k—hmhhwm%'uumx—h_ o T L R s T J

He & 02 Fraction Surrcunding Dip Tube [Mads 4]

Concentrations of Helium and

nygen inthe D|p Tube MWWM

GFSSP 6.0 Training Course - " - - . S S, - " - o
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Charge He, Communication LO2 and Dip Tube Flows, Ilbmls

=¥— F20015 LEM/SEC

4 1
3 2
s 0
1 £
] 4
4~ &
= R
FA103 F1100

"0.020

Flowrates

—&— F1100 LEM/'SEC

=8— F4103 LEM/'SEC

Lt

0.016

0.012

0.008

0.004

0.000
100 150 200
il
F20015

230

300 350 400
TIME AFTER LIFT OFF, sec

450 00

350

w00

&350

Predicted Flowrates of (@) Helium into the Accumulator, (b) LO2 into the Accumulator, and
(€) LO2 and Helium Mixture through the Dip Tube.
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Summary

Marshall Space Flight Center
GFSSP Training Course —

An enthalpy based mixture formulation has been
Introduced in the code

Energy equation for individual species has been solved
to calculate enthalpy of each species

Properties of individual species are computed from
pressure and enthalpy

Properties of the mixture are evaluated by averaging
properties of the species

New formulation allows calculation of phase change of
species

GFSSP 6.0 Training Course
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Tutorial — 6

Modeling an Oxygen Recirculation Line

In this multi-step project, you will:

*Model LOx sitting stagnant in a vertical recirculation line
sEvaluate the effect of heat transfer on the flowrate
*Model a helium injector

*Use VTASC'’s import option to combine the LOXx recirculation and helium
Injector models

*Evaluate the LOx flowrate when both heat transfer and helium bubbling
are applied

GFSSP 6.04 -- Tutorial 6
409



*VTASC File: Tut6.vts
sUser Information
Input File: Tut6.dat
*Qutput File: Tut6.out
Circuit Options
*Select Gravity
«Steady-State
*Fluid is Liquid Oxygen

St for specilying fuid/ thermodynasic progmties

 Genssl Pud  H202

{5 Global Dplions

Unsteady Options
= Fluid Options

Part 1. LOx Sitting Staghant

Marshall Space Flight Center

GFSSP Training Course

Setup for specilying circuit information

™ sl Thiust
I~ Cyelic: Boundany

= | Daltons Law of partisl pressue;

W Gravity I Buowancy Feference

Hede [T

I~ Heat Exchanger

& Blu/sec 1 Bru/lbm
I Inetia I~ Erarch Angles
= | Miture: & Temperature: €0 Enthalpy 1 €0 Enthalpy 2

I~ Momentum Saurce

I Moving Boundan

I~ Homal Stress

I~ | Bhase Separation Mode!

I~ Rotation

I~ | SolidFiuid Heat Transter Casf. € Wser Specified € DittusBoelter ) Miropolski
™| Trarsient Tembetive

™ Tubopump

Default

Cancel

Apply-Close

Apply

Sreich Package |

e |

o |

Detouk Cancel

Close

GFSSP 6.04 -- Tutorial 6
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The recirculation line is
simply a 6’ vertical smooth
pipe of 1.87" diameter.

Now would be a good time to
save your Tut6.vts file.

Build Model on Canvas

Marshall Space Flight Center
GFSSP Training Course
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*Node 1:
P = 55.78 psia
oT =-272.5 °F
*Node 8:
P =53.0 psia
oT =-272.5°F
*The 2.78 psia AP corresponds to
the hydrostatic head of 6 ft of Lox

At this pressure, the LOx is
approximately 1 °F subcooled.

E.‘i HodeProperties

|dentifier

Mode Description

Marshall Space Flight Center

GFSSP Training Course

|1

|Made 1

Prezsure [pzia] |55.T-"8 \
Temperature [F) |-2?'2.5

I ass Hate [lbmys]
Heat Fiate (Bludlses]
Thrust frea (in2]
Wade History File
Hode Yolume [in’3]

Srea Mormnal be Wode (in™2]

|0.ooo0o0

|0.00000n

|0.ooo0o0

[s2mReciciHistT . dat . | |

|0.00000n

|0.ooo0o0

Warmallelocity of Hode [leec] ID.EIEIEIEIEIEI

™ | Maving Boundarny
I” | Phase Separation Model

I™ | Cyclic Boundary

Oewpgen [0.0000 ]

Set Up Steady-State Boundary Conditions

Concentration

—

[ mstream Hade [

LCancel

GFSSP 6.04 -- Tutorial 6
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Branch 12: Inlet
*A=0.639in?, C, =0.424

*Branch 23, 34, 45, 56, 67, 78: Pipes

oL=6ft/6=1ft=121In
D=1.87In

*Smooth pipe: €=0
*Angle = 180° (vertical)

GFSSP 6.04 -- Tutorial 6

—Restrict Flow
I dertifier E
Degcription IHestlict 12
Area [in"2) JnEag
Floa
Coefficient ID'424

Set Up Fluid Branches

Marshall Space Flight Center
GFSSP Training Course

IE] vtasch.104 x|

Iitial Fiowrate ([m/ses] [0

Save as default valuesl ze Saved default values

[~ Batation = | Momentum Source. [T [rertia

Cancel | Arccept |
[E] vtascE.104
—Pipe Flow
Identifier |23
Branch Description IF'ipe 23
Length fin] E
Diameter [in] .87

Abzolute Roughness (in) IIJ

Angle with Gravity
Wectar [Deq) |1 80.0

Initial Flavrate ([m/ses] [0

Save az default valuesl ze Saved default values

[~ Rotation [T | Moementum Source. [T | [nertia

Cancel Arccept

413



*Run the model
*Flow rate should be close to zero (< 0.01 Ib/s)

B Tul6.out - Notepad =10l =]

File Edit Fomat Yiew Help

Result of Stagnant LOx Model

Marshall Space Flight Center
GFSSP Training Course

SOLUTION =]
INTERNAL NODES
NODE F(PSID TFCFD z RHO EM{LEM) QUALITY
(LEM/FTA3)
z 0.5578E+02 -0.2725E+03 0.1332E-01 0,6674E+02 0. 0000E+00 0. 0000E+00
3 0.5532E+02 -0.2725E+03 0.1321E-01 0,6673E+02 0. 0000E+00 0. 000QE+00
4 0.5485E+02 -0.2725E+03  0.1310E-01 0.6673E+02 0. 0000E+00 0. 0000E+00
5 0.5439E+02 -0.2725E+03  0.1299E-0L1 0,6673E+02 0. 0000E+00 0. 0O0QE+00
3 0.5393E+02 -0.2725E+03 0.1288E-0L1 0,6673E+02 0. 0000E+00 0. 0000E+00
7 0.5346E+02 -0.2725E+03 0.1277E-00  0.6673E+02 0. 0000E+00 0. 0000E+00
NODE H ENTROPY EMU COND fal:] GAMA,
BTU/LE BTU/LE-R LEBM/FT-SEC BTU/FT-3-R ETU/LE-R
2 0.7133E+02 0.1525E+01 0.9488E-04 0.1882E-04 0.4104E+00 0.1044E+01
3 0.7133E+02 0.1525E+01 0.9487E-04 0,1882E-04 0.4194E+00 0.1%44E+01
4 0.7133E+02 0.1525E+01 0.9487E-04 0,1882E-04 0.4104E+00 0.1044E+01
5 0.7133E+02 0.1525E+01 0.9486E-04 0,1882E-04 0.4194E+00 0.1944E+01
G 0.7133E+02 0.1525E+01 0.9486E-04 0,1881E-04 0.4195E+00 0.1944E+01
7 0.7133E+02 0.1525E+01 0. G4 85E 0 TTRELE-04  0.4105E+00 0.1044E+01
BRANCHES
BRANCH KFACTOR DELP FLOW RATE \ REYN. MNO.  MACH NO. ENTROPY GEN. LOST WORK
(LBEF-542/(LBM-FTJ)A2) (PSI) (LBM/SEC) (FT/NEC) BETU/ (R-SEC) LEF-FT/SEC
12 0. B5BE+02 -0, 653 -0, 951E-02 0.6P4E-01  0.170E+04  0.924E-04  0.J582E-11 0. B48E-06
23 0.321E+00 0.463E+00 -0.951E-02 0.147E-01  0.819E+03  0.215E-04  0.284E-13  0.414E-08
34 0.321E+00 0.463E+00 -0, 951E-02 0.142E-01  0.819E+03  0.215E-04  0.284E-13  0.414E-08
45 0.321E+00 0.463E+00 -0, 051E-02 0.142E-01  0.810E+03  0.215E-04  0.284E-13  0.414E-08
56 0.321E+00 0.463§+00 -0.951E-02 0.142E-01  0.819E+03  0.215E-04  0.284E-13  0.414E-08
67 0. 321E+00 0.4638 -0,951E-02 0.1p2ZE-01  0.810E+03  0.215E-04  0.284E-13  0.414E-08
78 0.321E+00 0. 463EN00 LG51E-02 0. /62E-01  0.819E+03  0.215E-04  0.2B4E-13  0.414E-08
HCHHH R R R R RO W R WO O W HOWCHCH RO W W
TIME OF AMALYSIS WAS 1. 562500000000000E-t
-
4] | v

GFSSP 6.04 -- Tutorial 6
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Part 2: Add Heat Transfer to Model

Marshall Space Flight Center
GFSSP Training Course —

[ Global Dptions x|

° S e | e Ct Advan Ced/E n ab I e C O nJ u g ate ::;.D‘ga“on Setup for specifying circuit information

Circuit Ilnihal\f'alues |

Heat Transfer ST W
™ Cyelic: Boundary

- - - = Dalton's Law of partial pressure:
«Circuit Options T

I Fluid Mass Injection

*Add Dittus-Boelter heat G s itk [

I~ Heat Exchanger

transfer correlation I Heal Souce B £ Budbn

™ BranchAngles
& Tempertue. € Enthaloy 1 ) Enthialpy 2

i
Detault Cancel Apply-Cloze Apply

Close I

GFSSP 6.04 -- Tutorial 6
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Allow 1’ of the pipe to be
exposed to ambient. The
rest remains insulated.

2.327

Update Model on Canvas

Marshall Space Flight Center

a
ad

o
=
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-

Solid Nodes

45 J
HTCR K

0

Solid-Solid
Conduction

[
wh

Fluid-Solid
Convection

12

B £ gy Ealind BBl Ralinl RaBind Raling Bl

GFSSP 6.04 -- Tutorial 6
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HTCR
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Ambient Node

Solid-Ambient
Convection
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*Exposed pipe section is 5.26 Ib,,, of
Inconel 718

m:p[%(ODZ—IDZ)L}

_ (O.Z%%j{%((z.smn)z —(1.87in)2)(12in)} _5.26lb
*Nodes 9 & 10
Guess T =70 °F
*Mass = 5.26 Ib,,/ 2 = 2.63 Ib,,
*Material 17
sAmbient Node 11

*T,mp = 70 °F

Set Up Solid Nodes

Marshall Space Flight Center

GFSSP Training Course

E.‘iﬁulid Mode Properties

Identifier IEI
Dezcription IS Mode 3
Temperature [F] I._-"EI.EIEIDDDD

|
TT Lobal "
12 Copper _I
13 Gold
14 Graphite G N

15 Inconel GO
16 Inconel B25

Mass [lbm] 2.63 3 Irconel 718
] 18 Inconel 750 =
b4 aterial I'I?
=S 19 lran ll
0] LCancel |
{£j Ambient Node Properties

|dentifier 11

Drezcription I.-“-‘-. MHode 11

Temperature [F] I?I:I.q
[~ Uze Histon Eile

[Hade Histon File I

Ok LCancel

GFSSP 6.04 -- Tutorial 6
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Set Up Conductors

Marshall Space Flight Center
GFSSP Training Course

[} Conductor Properties
*Fluid-Solid Convection _C|Ddr:$igifn R _Cfdr;ifiﬁi,m 310
“Wetted Area: - o
A=7DL = 7[(]_87 |n)(]_2 |n) =70.5 in’ Heat Transfer Cosf. (Bl 2s FI— Bieriza ]
*GFSSP will calculate h by Dittus- [ e cefal I e 2
Boelter correlation [ ! | |
*Solid-Solid Conduction Emissivity of Fluid [0 Corcel_|[_ooest_|

Ermizsivity af Ambiemnt IIJ

*“Average” Area.: - Aton
. _ : : _ in2
A=7rD,,,L =(2.095in)(12in) = 79.0in ST p—

*Distance (pipe thickness): 0.225 in
«Solid-Ambient Convection Free i

*Exposed Area: Descipion

Heat Transfer &rea (in™2)

A=7DL = 7[(232 In)(12 In) =87.5 in2 Heat Transfer Coef. (Bu/itg-
*Natural convection:

*h = 2 BTU/hr-ft>-°F _HEardniiZ:E:ily of Sofid [0
= 556x104 BTU/s-ft2-°F Enmissivityof Fluid [0
Ermizsivity af Smbient IIJ

[~ Radiation

Cancel | Accept I

GFSSP 6.04 -- Tutorial 6
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Result of LOx Model with Heat Input

Marshall Space Flight Center

A I
GFSSP Training Course
*Rerun the model
*Addition of 0.106 BTU/s of heat has increased flow rate to 0.172 Ib/s
Es Tut6_out - Hotepad =] B3
File Edt Fomat “iew Help
SOLUTION =]
INTERMAL MNODES
MODE PCPSIN TFLFD z RHO EM{LEM QUALTTY
(LEM/FTAZ)
z 0.5577E+2 -0.27256+03 \0.1332E-01 0.6667E+02 0.0000E+Q0 0. 0000E+00
3 0.5530E402 -0.2725E+03 §.1321E-01 0.6667E+02  0.0000E+00 0. 0000E+00
4 0.5484E402 -0.2710E+03 (.1305E-01 0.663%E+02 0.0000E+Q0 0. 0000E+00
5 0.5438EA02 -0.2710E4+03 f.1204E-01 0.6633E+02 0.0000E+Y0 0. 0000E+00
& 0.5302E+%2 -0.2711E+03 /0.1320E-01 0.6546E+02 0.0000E+0Q 0.4100E-03
7 0. 5346408 0.1402E-01 0.6331E+02 0. 0000E+0N_0.1425E-02
MODE H EmL COMD Cp
BTU/LE BTU/LE-R LEM/FT-SEC EBTU/FT-5-R BETU/LE-R
2 0.7134E402 0.1525E+01 0.9487E-04 0.1882E-04 0.41594E400 0.1044E401
3 0.7134E+02 0.1525E+01 0.0486E-04 0.1882E-04 0.4184E+00 0.1044E+01
4 0.7196E4+02 0.1525E+01 0.9294E-04 0.1871E-04 0.4159%E+00 0.1053E+01
5 0.7196E4+02 0.1525E+01 0.9293E-04 0.1871E-04 0.419%E+00 0.1953E+01
6 0.7196E+02 0.1525E+01 0.9246E-04 0.1871E-04 0.4198E+00 0.1959E+01
7 0.7196E+02 0.1525E+01 0.9131E-04 0.1870E-04 0.41596E+00 0.1956E+01
BRAMCHES
ERAMNCH KFACTOR DELP LOwW RATE BLOCTTY REYM. MNO. MAZH MO, ENTROPY GEM. LOST wWORK
(LEF-5A2/(LEM-FTJ4A2) (PSI) (LEM/SEC) T/SEC) ETU/(R-SEC)  LEF-FT/SEC
1z 0.658E+02 0.185 0.172E+00 L727E+00  0.30BE+05  0.0966E-03  0.346E-07  0.504E-02
23 0.115E+00 0.462Ef 0.172E+00 163E+00  0.148E4+05  0.225E-03  0.804E-10  0.8BOE-05
34 0.115E+00 0.4618+00  0.172E+00 163E+00  0.148E+05  0.225E-03  0.604E-10  0.8BOE-05
45 0.115E+00 0.4536+00 0.172E+00 170E+00  0.151E+05  0.225E-03  0.602E-10  0.883E-05
56 0.115E+00 0.459 0.172E+00 170E+00  0.151E+0%  0.225E-03  0.602E-10  0.883E-05
67 0.116E+00 0.459 0.172E+00 170E+00  0.152E+05  0.225E-03  0.618E-10  0.907E-05
78 0.120E+00 0.461ENID 0.172E+00 L171E400  0.154E405  0.225E-03  0.8A0E-10  0.965E-05
SOLID MODES
MODESL CP5LD T5
BETU/LE
3 0.000E+00/ -0.248E+03
10 0.000E+0f -0.245E+03
SOLID TO SOLID <O
ICONSS COMDKIZJ 5
ETUSS FT F ETU/S
510  0.135E-02 -0.1086E+00
SOLID TO COMDUCTOR fro
TCOM HCSF HCSFR
UfSs FT¥%2 F
0.925E-02  0.000E+00 =
1] | v

GFSSP 6.04 -- Tutorial 6
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Efficiency of Heat Leak as Pump

Marshall Space Flight Center
GFSSP Training Course

*Use the values from the output file to determine the following:

Pump Power:

Flowrate / P1-P8
(?'bj ?B 144ﬁ
womaP A s in® ft*) __BTU
B B b, — ft)
P (6.4l |l 778" 3
ft BTU
. .BTU
*Heat Input:  Q=?—
«Efficiency: n:ﬂ:
Q

«Carnot Efficiency: T.(°R)
T, (°R)

GFSSP 6.04

-- Tutorial 6
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eSave current tut6.vts file
«Start a new file tutéa.vts
*User information
Input file: Tut6a.dat
«Qutput file: Tut6a.out
Circuit options
sInertia
«Steady-state
*Fluid is helium

Part 3: Model a Helium Injector

Marshall Space Flight Center

H I
GFSSP Training Course
lobal Options
[nctuctions || Setup for specilying circuit information
~General Information
. Dicut | IitalValuss. |
~Unsteady Options
-Flid Dptions I Asial Thrust
™ Cyclic Baundary
™ | Dalton's Law of partial pressure
™| Flid Conduction
I Fluid Mass Injection
I Gravity I Buoyaney)  Aeferercetiode [
I™ Heat Source ) Biu/sec £ Btu/lbm
= Inettia ™ Branch Angles
@ Temperatue ) Enthalpy 1 € Enthalpy_2
™ Momentum Source
I™ Moving Boundary
= Ltk Clomas
I Global Dptions
Instructions Setup for ifying fluid? d
General Infomation
Circuit Options Fluid |
Unsteady 0 - Type
7~ Constant Property 7 |deal Gas 1+ General Fluid i~ Hz02

Density [lbm/f3] [}
Yiseosity (lom/fsec]) |0

[5as Carstant (o {bm H]) |53 34 Ret Pressure [psi] |1 47
o (Bl ) Joze Fief Temperature () [80
iscasit (lomylfis=e)] [1.28=05 Fiek Enthelpy (Bufltm) - [0

Thermal Conductivity (Biu/fi-sec £) |4.1 3306

Fef. Entropy (Btur(lbm ) |U

—Thermodynamic Packag

&+ Gasp and Wasp " GASPAK

Switch Package

~Fluid Specificatio

Wser Fluid|Files

Library of Fluids elected Fluids

Helium - 1] Helium hema Conductivit |

Methane

Neon Diersity |

Mitrogen .

Carbon Monoxide iy |

Dpgen Speciiic Heat Hatio |

Argan

Carbon Diovide =l Erthalpy I
Enfropy |
Spesiic Heal |

Fitnd 1 aleculariweght I

ApnlFlurd [ rfe

Hale Fraction H20|0.5

Default

Cancel AppliClose I Apgly I

| Clase I

GFSSP 6.04 -- Tutorial 6
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Build Model on Canvas

Marshall Space Flight Center

GFSSP Training Course —
—[-—-——R:—-- _—--
12 23 14
High Pressure _
Helium Supply Ambient

Now would be a good time to save your Tut6a.vts file.

GFSSP 6.04 -- Tutorial 6
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Set Up Steady-State Boundary Conditions

Marshall Space Flight Center

GFSSP Training Course —
E.‘i ModeProperties X
*Node 1: Identifier [ Reliur [0.0000 ] Boneentalion

—

OP = 425 pSla MNode Description |N0d81
T =100 °F Pressure: [psial |425 000000 \

|100.000000

Temperature [F)

*Node 4:
] hiass Hate (lbm/s] [o-0ooo00
P =14.7 psia Heat Rate (Biursec) [F-00000
T =60 °F Thrust frea (i) [o-0ooo00
Wiade Histor File [Histt dat o
Nade alume (i3] [F-00000
fueaNomal to Node (n2) [0.000000

Wormal W elocity of Hode [lsec] ID.EIEIEIEIEIEI
™ | Maving Boundarny

I” | Phase Separation Model

[~ | Cyclic Boundary 0 pstream Mode D

LCancel

GFSSP 6.04 -- Tutorial 6
423



*Branch 12: Pipe
L =121in
D =0.152 in
*Smooth pipe: €=0
*Branch 23: Restrction
*A = 0.0012566 in?
*C, = 0.6
Inertia box checked
*Branch 34:. Pipe
L =281in
D =0.152 in
*Smooth pipe: €=0

Marshall Space

[ vtasc6.104 | X|

—Pipe Flow
Identifer
Branch Description IF'ipe 12
Length fin] 12
Diameter [in] Jo152

Abzolute Roughness [in] ID

Angle with Grawity ID
Wectar [Dea)

Iniial Flavarate (Ibm/sec]| [0

Save az default valuesl Uze Saved default valuesl

GFSSP Training Course

Set Up Fluid Branches

Flight Center

[ vtasc6.104 x|

—Pipe Flow
Identifer A
Branch Description IF'ipe 34
Length fin] R
Diameter [in] Jo.152

Ahbzolute Roughness (in) IIJ

Angle with Grawity ID
Wectar [Dea)

Initial Flavrate ([m/ses] [0

| Save az default valuesl ze Saved default values

[~ Rotation ™| Mementum Souree. [ Inertia

[~ Rotation, [T | Moementum Source. [~ | Inertia

Cancel | Accept |

Cancel Arccept

[E] vtascE.104
—Fiestrict Flow
[dentifier IE
Drescription IHestlict 23
Area [in”2] ID.DD‘I 2566
Flaw
Coefficient ID'B
Initial Flavrate ([m/ses] [0
Save az default valuesl g Saved default valuesl
7 N\
I~ Rotationy [T | Moementunm @lce ¥ Inertia )
Cancel\[\_.m |

GFSSP 6.04 -- Tutorial 6
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*Run the model

Result of Helium Injector Model

Marshall Space Flight Center
GFSSP Training Course —

*The injector can provide 0.00163 Ib/s of helium to ambient pressure

[P Tutba.out - Notepad =] E3

File Edit Faormat “iew Help

SOLUTION
INTERNAL MODES
NODE PCPSI) TFCFD z RHO EM{LEM)
CLEM/FTA3)
2 0.4248E+02  0.1000E+02 0.1017E+01 (.2F85E+00 0. 0000E+00
3 0.2184E+02 0.1033E+403 0.1001E+01 0.1432E-01 0.0000E+00

NODE H ENTROPY EMU COND cp
BTU/LE BTU/LE-R LEM/FT-SEC EBTU/FT-5-R ETU/LE-R

2 0.70532E403  0.7460E+01 0.1415E-04 0.2598E-04 0.1243E401
3 0.7052E+053 0Q.7460E+01 0.1415E-04 0,2598E-04 0.1241E+01

BRANCHES
BRANCH KFACTOR DELP LOCITY REYN.
(LBF-542 /(LEM-FT)42) (PSI) CFT,/SEC)

12 0. 824E+4+07 0. 133E+00, 0.163E-02
23 0. 204E+10 0.403E+403  0.163E-02
a4 0. 374E4+09 0. 094E+0 0.163E-02

R R RO R R R R R R R R R R R R R R R R R R

1] |

MO,

QUALITY

L1000E+01
L1000E+01

GAMA,

L166%E+01
L1667E+0L

MACH MO.  ENTROPY GEM.  LOST WORK
BTUA{R-SEC)  LBF-FT/SEC

0.466E+02 0.116E+05 0.137e-01 0. 286E-06 0.129E+00
0.673E+03 0. 441E+05 0. 197E+00 0.733E-04 0.319E+02
0. 907E+03 0.116E+05 0. 266E+00 0. 260E-03 0.114E+03

=
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NE;IA Part 4. Combine He Injector with LOx Recirc Line

Marshall Space Flight Center
GFSSP Training Course —

i S aVe C u rre nt tu t6 a . Vts fi I e ) th e n GF5S5P601 YTASCE.104 - F-/GFS5P/TFAWS 2010/Recirc/Tutbb. vtz

File Edit Advanced Bun Module Display Canvas Group Help

«Save As tutbb.vts |Bg B+=~a&! M X

*Select File/lmport Model n I
Select LOx Recirculation 5
Line model (tut6.vts) & -
. . o |
*To prevent conflict with =
existing nodes/branches, =
select an offset of 100
i
-Rearrange the canvas as T sa
necessary*
L . LOx Recirc Line
|
_ _ [ne—— I—g—l—@—@
Helium Injector ;m‘w
O~ —~]
) B
" Note renumbered
4 nodes and branches
= 2 onimported model.
*HINT: To move a group of nodes/branches, select |
multiple items by holding down the CTRL key, then _ILI
drag them across the canvas while holding down the 4 1 B

10,825 8 1625) - Inch 4

SHIFT key.

GFSSP 6.04 -- Tutorial 6
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*Right-click Injector branch 34

*Select Change Branch

Marshall Space Flight Center
GFSSP Training Course

Connect Injector to Recirc Line

Connection

*Change downstream node to

Recirc Line node 103
*Delete Injector node 4

E} GFS5P601 YTASCE.104 -- F-AGFSSPATFAWS 201 05Recirch\Tutbb. vis

File Edit Advanced Bun Module Display Canvas Group Help

IS[=] E3

(B B>r=~A8 ! MW X

3omo#0@ )

I — - — R —={: ]
12 3

34

<

Branch 34 now
connects injector to
recirc line node 103

1
Ed

o
=

&

uHnl RaElnd EuBlel Eaullind Baylol
a
5

HTCR [ HTCR
vy Ly —lul—w
43 01

910
.

|
_—-—-

i
[P
I

10z

R‘ 12

[10.5875,3.3675) - Inch

GFSSP 6.04 -- Tutorial 6
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*User information
Input file: Tut6b.dat
*Qutput file: Tut6b.out
Circuit options*
*Gravity
Inertia
*Mixture: Enthalpy2
Dittus-Boelter

*NOTE: Many of these options will already be
checked after they were imported.

££4 Global Options

Set Up User Options

Setup for sp

Marshall Space Flight Center
GFSSP Training Course

e FE————
= [nztructions ying circuit

General Infarmation
uit Dpliohs

- Unsteady Options

- Fluid Options

Cicut | el Valies |
I Asial Thrust
I~ Cuyclic Boundary

I~ Dalton's Law of partial pressure.

I Fluid Conduction

* nhjection
< ¥ Gravitp
er

I~ Heat Source

V¥ Inertia
¥ Misture:

I MDGrid

I~ Momenturn Source:

I~ Moving Boundary

I~ | Hermal Ghress

I Phase Separation Modsl

I Raotation

I~ Shear

¥ Solid-Fluid Heat Trarm¥er Coeff.
Bim Active

I Transverse Momenturn

I~ Tubopurp

I~ Buopancy

Reference Node I

& Biu/sec £ Btu/lbm

I Branch Angles
= Temperature ¢ Enthalpy @

" User Spgtified ¢ Dittus-Boelter Miropalskii

Default |

Cancel

Lpply-Cloze Apply

Cloze

GFSSP 6.04 -- Tutorial 6
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sUnsteady options
sUnsteady
*Time step: 0.1 sec
*Final time: 250 sec
*Fluids are
sHelium
*Oxygen
*Winplot binary output

Set Up User Options (cont.)

General Information

Marshall Space Flight Center
GESSP Trainina Course

i85 Global Options

Instructions

Setup for specifping teady inf

LDIns.teady |

—Option:

£~ Steady " Quasi-Steady < 1+ Unsteady >
| —

Time Fep (zec) 0.1

Stard Time [zec) (0
Final

Print Frequency

I Variable Rotation il |

el

I~ Wanable Geomety  Fil= I
I~ “ariable Heat Load

I~ Tank Pressurization

I~ “alve Open/Close

" Pressure Regulator

i Flow Regulator

Drefault |

Sutup for specilying general inforsstion

7 |desl Gat  Genssl Pud

 H202

Cancel | Apply-CIDsel

Apply

Uset Intomation | Soktion Conincl | Duspet Corired |

Urntmady € Dl bedoemation:

Fhd O 1 Hiobvaaek befommalion
~ deud Py
[ Dot Pkl

<  Wegki Oals Pl
I FiotUson

[~ Dinabin GESSF Aun infematen
¥ Dbl PLT e conatan.

™ Estorded P

b o Ny e imboamrey [ B [T
Hurnbes User Vansbies fnas 20 1

—

Close

Delmit

Detouk

Cancel

o]

o]

GFSSP 6.04 -- Tutorial 6
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*Node 1:
P =425 psia
T =100 °F

*He mass fraction: 1.0

. Ox mass fraction: 0.0
*Node 101:

P =55.78 psia

T =-2725°F

*He mass fraction: 0.0

. Ox mass fraction: 1.0
*Node 8:

P =53.0 psia

T =-2725°F

*He mass fraction: 0.0

. Ox mass fraction: 1.0*

*Strictly speaking, node 8 will be some mixture of
LOx and He. However, because it is downstream,
setting the boundary mass fraction to pure LOx will
not affect the calculations.

Complete Transient Boundary Conditions

Marshall Space Flight Center
GFSSP Training Course

[Ej NodeProperties x|

\deriifier [Hefum [0000 ] | Cancentration
Oxygen [0.0000 | l—

Mode Description INode 1
Fressure [psia) |425.DDEIEIDD
Tiemperature (F] |1 00.000000
I sz Hate [lEm/s] |D.DDDDDD
Heat Fate [Btu/sec] IEI.EIEIDDEIEI
Thrust &rea (in™2]
Mode Histary File _I_el

[P Hist1_dat - MNotepad _ Ol =]

I e walurne [in™3]
File Edt Format “iew Help

Brea Womal to Nade (in"2] IEI.EIEIDDEIEI ] -
[ ermal Yelaeity of Made [fisec] ID.DDDDDD 1008: g .’.413 g g %gg g % g g g
[~ WMoving Baur =

[~ | Fhase Sepan | - o

= Cyclic Boune !& Hist101.dat - Notepad O] x|

File Edit Fomat Yiew Help

2 "
0.0 5§5.78 -272.5 0.0 1.0—|

1000.0 55.78 -272.5 0.0 1.0

1] | v

!; Hist8_dat - Hotepad _ O] x|

File Edit Faomat Yiew Help

2 -
0.0 53,0 -272.5 0.0 1.0 j

10000 53,0 -272.5% 0.0 1.0

-

4 F o

GFSSP 6.04 -- Tutorial 6
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*Nodes 2 and 3:

P =147 psia

T =60 °F

*He mass fraction: 1.0

. Ox mass fraction: 0.0
Nodes 102, 103, 104, 5, 6, and 7:

P = 14.7 psia

T =60 °F

*He mass fraction: 0.0

. Ox mass fraction: 1.0

*NOTE: Node Volumes can be setto 0.0. GFSSP will
calculate the volumes based on the pipe dimensions.

Complete Interior Node Initial Conditions

Marshall Space Flight Center

GFSSP Training Course

ModeProperties
I dertifier |2
Mode Dezcription INnde 2
Pressure [psia) 14.?0000\
Temperature [F] G;u.uuouou /
blmee Dl oo £21 e

NodeProperties

Identifier [[Z

Mode Dezcription IN-:u:Ie 2

Fressure [pzia)

)

Temperature: (F] |0.000000

MEzs Fate [|bmds]

Heat Hate [Biudzes] ID.DDDDDD
Thrust &rea (in’ 2] ID.DDDDDD
Wide History File [Histi01.dat i
Nade Yalume (in™3) ID.DDDDDD

Area Nomal te Hede [in72) ID.DDDDDD

Warmal Welasity o Node [aes] ID.DDDDDD

I~ | Woving Boundan

[ | Phaze Separation Model

I Cuclic Boundany

CQgpgen [1.0000 ]

Concentration

i Concentration

—

I petreanm Wiode [

LCancel

GFSSP 6.04 -- Tutorial 6
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Complete Fluid Branches

Marshall Space Flight Center

GFSSP Training Course —
. D [ ~|| (G X A |
*Branch 12: Pipe mEEaEET Siemen
. | dentifisr I | dentifisr I
L=121n . . . .
Branch Description IF'lpe 12 Branch Description IPIDE 34
D =0.152 Iin Length fin] [12 Length [in] [28
Diameter fin] Jo152 Diameter fin] |0152

° i . =
S m OOth pl pe " 8 O Abzolute Roughne: Abzolute Roughness [in] ID

® i - o Angle with Grafity Angle with Gravity
G raVIty an g I €. 90 Wector [Deg) ) Wector [Deg) ISD \
Branch 34: Pi pe Iritial Firate (B Iritial Flovrate (| a’se\c]'_lll;-_/
- Save as default walues | Usze Saved defaul walues Save as default walues z& Saved defaul walues
oL =28 in | | |
. D = O . 152 N [~ Batation = | Mementum Souree. [ Inertia [~ Batation = | Momentum Souree [ Inertia
'SmOOth pl pe 8 = O Cancel Accept Canicel Accept

*Gravity angle: 90°

*NOTE: Most fluid branches will be already set after
the model import. However, the gravity angle must be
set in the helium injector pipes.

GFSSP 6.04 -- Tutorial 6
432



Flowrates

Marshall Space Flight Center
—4— F56 LBM/SEC Pipe 56

WinPlot v4.55 rc1

— e LQx-He
- - A 4 Mmixture .
1.0 = =
0.5
{ Helium
0.0 \ 4 5 : 5t .
-0.5

With addition of helium injection, LOx flowrate reaches steady-state at 1.05 Ib/s.

-1.0
0 40 80 120 160 200 240 280

TIME SECONDS

10:03:39AM 10/12/2010
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1.0

0.8

0.6 »

0.4

0.2

-0.0

-0.2

Mass Fractions

Marshall Space Flight Center

—4— 027 - Node7

WinPlot v4.55 rc1

e A o £ A A A LOX A
Helium
In Node 7, flow is 99.5% LOx, 0.5% He.
40 80 120 160 200 240 280

TIME SECONDS

10:11:13AM 10/12/2010
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Solid Temperatures

Marshall Space Flight Center

—A- 7810 DEG_F S Node 10
1 00 WinPlot v4.55 rc1
A\
VoA
\ O\
\ A
A\
0 N \‘5
\ N
LY \
A\
\ O\
X\
“'I 3\
N\
‘\:_ \\
x‘%‘i ;fi
3
-100 N\
""s@ N
b ™
\ e
S \\
\u 4
. .
b -
e A
-200 SR
i iy
*u,L:E'S-.

100 Recirculation line chills down in 200 seconds.

0 40 80 120 160 200 240 280
TIME SECONDS

10:21:17AM 10/12/2010
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STUDY OF THE RESULTS

Marshall Space Flight Center
GFSSP Training Course —

Calculated Flowrate (Ib,,/s)

Stagnant <0.010
Heat Leak (0.106 BTU/s) 0.172
Heat Leak and He Injection 1.05

GFSSP 6.04 -- Tutorial 6
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Rotating Flow, Turbopump &

Heat Exchanger

Pip Pip
L=10 L=10in.
D=0.25 =0.25in.

— >

Heat Exchanger

+—
Pip Pip
L=10 L=10
D=0.5 D=0.5

Marshall Space Flight Center

GFSSP Training Course 437
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CONTENT

Centrifugal Force

Axial Thrust

Example 6 - Radial Flow on a Rotating Radial Disk
Example 21 — Axial Thrust Calculation in a Turbopump

Example 11 - Power Balancing of a Turbopump
Assembly

Heat Exchanger

Example 5 - Simulation of a Flow System Involving a
Heat Exchanger

Summary

GFSSP 6.0 Training Course
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Centrifugal Force in Momentum Equation

Marshall Space Flight Center
GFSSP Training Course —

Momentum Conservation Equation

(mu)r+Ar B (mu)T + MAX

vy ‘mij,o (U, —u,)- MAX‘—.mij 0l (u, —u,)
-- -Unsteady ---  ----------- Longitudinal Inertia -------------
+ MAX mtrans,o (uij —Up)' MAX" mtrans 0 (uij —Up)z

——————————————— Transverse Inertia ---------------------
pgVCosd PK @A Up—Uj
pi— P A+ A+ +u A
( J) : : gc gcé‘ij,p
--Pressure-- -- Gravity -- -- Friction -- -- Centrifugal -- -- Shear --
U, — U u. —u .
SR By B i+s (3.1.2)
3. o

-- Moving Boundary-- -- Normal Stress --- -- Source --

Kf Mij [Mij

c

- pAnormunormuij /gc +[lud

ij,u

GFSSP 6.0 Training Course
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Example 6 - Radial Flow on a Rotating
Radial Disk

(T—
l
[N
S o) S \} ,,,,,,,,,, ).
Z\h
|
i,
A

Feature: Rotating Flows, Comparison with Textbook
Solution

GFSSP 6.0 Training Course
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Detailed Schematic VTASC Model

ol

T
:

=]
=
-
o
an
b=

Rotating
Branches

]

@
o
=

Raotating
Branches

1011

—P”(*-H—}”{*-H-;”i*ﬂ-}”{*ﬂ-}”{*

2]
=
P

Cl Pl P =P HY

PL

1213

[
o

O—&—{:]

=

GFSSP 6.0 Training Course
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nztructions

Activation of Rotational Term in VTASC

Marshall Space Flight Center

Setup for specifying circuit inf

GFSSP Training Course

(] Restriction

General Infarmation

Options
Unsteady Options
Fluid Dptions

/

Cicuit | Iniial Values |
[ Awial Thrust
[ Cyclic Boundany

Dalton's Law of partial pressure.

< 7

Erthalpy Formulation
Fluid Conduction
Fluid M asz Injection
Gravity

Heat Exchanger

Heat Source

<7177 7177

Inertia

Mizture:

MD-Grid
Maomentum Source
Maving Boundary
Mormal Stress

Phaze Separation Model

< 7777777717

R otation

Shear

Solid-Fluid Heat Transfer Coeff.
Tranzient Tem Active

Tranzverse Momentum

i i e B

Turbopump

¥ Stagnation ™ Static

[T Buoyancy

Reference Mode

& Btu/sec

[~ Branch Angles

¢ Btu/lbm

& Temperature ¢ Enthalpy_1

¥ Laminar

" User Specified ¢ Dittus-Boeler ¢ Miropolskii

" Enthalpy_2

X

Restrict Flaw

|dentifier 23

D ezcription |Fi egtrict 23
Area [in"2) 1.8041
Flow |EI
Coefficient

Initial Flowrate (Ibm/zec] |0

Save as default waluez | Use Saved default values |

[v Raotation [ MMomentum Source W Inertia

Canicel Aocept |

Default

Cancel

Apply-Cloze | Lpply |

Close

GFSSP 6.0 Training Course

Rotating Flow

X

Fatational/tomenturm Data

|pstream R adiuz [in] 1.25

Dawnztream Radiuz [in) |2.25

FPk s000
k. Factor 0.8671

b omentum Source [IBf] |0

442
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Comparison of GFSSP Model Results with
Experimental Data

01T

Apd plefa]2)

(RiRo2

Schallhorn, P.A. and Majumdar, A. K.: “Numerical Prediction of Pressure Distribution Along the Front and Back Face of a Rotating
Disc With and Without Blades,” AIAA 97-3098, Presented at the 33 Joint Propulsion Conference, Seattle, Washington, July 6-9,
1997

GFSSP 6.0 Training Course
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Example 21 — Axial Thrust Calculation in a
Turbopump

7 . >, 7
E%h RN /4,,\ i
4,/‘ /Sa— ,zz_.,/a\\,
k)

| AN, II ?

l i\\ \ﬁ=
. =SS ‘\\

1z
&n_
Y
' - '/;/ “
! .
\ )
\\. —— Y

Feature: Axial Thrust, Rotating Flow, Mixture, Parallel
Tube and comparison with test data

GFSSP 6.0 Training Course
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Simplex Turbopump Detailed Model

Marshall Space Flight Center
GFSSP Training Course —

| 1| — Boundary Node

. pamcsphere|| 130
= | 2 | — Internal Node & (23073
o

Dizcharnge
| 101 |@ 100
s
| 104 1] 103 i 102
TR
105
eller +
MEet —
Axial Thrust
hducer
Inla
140
Turbine Dizc
0L Ifﬂ = Front Face
w SR
4 €y

170 180

> e

GFSSP 6.0 Training Course
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Simplex Turbopump VTASC Model

Marshall Space Flight Center
GFSSP Trainina Course —

f=d)
zsﬁ,{. O -
123 124
22z o

1 112

q;,u

]
201 206
m ] ey
1803 _
I

1 1
[~ S~ S

oyl 04 03 208 l
2301 '

205 E 209
L :
o8 |- R o v e [ | R e [r12] e 1] e e 1]
210 2 22, _ 214 215

13

2,

B

132 _
Po
232 “ II 231
rd Y
132 131

oo ]

* 224 [ O
_ a0 134 133
| el . I |
- r s -l
e (. 136 236 O o5 20 Ry
- ¥ ¥
_ 135 .

2381

: |
'
E]
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Activation of Axial Thrust in VTASC

Marshall Space Flight Center

GFSSP Training Course —
|dentifier Dixpgen [0.0000 | Concentration
Node Description [Node 1o
Pressure [psial ,18727
Temperature [F] ,28557
Mass Rate (lbms] B
Heat Riate (Btu/lbm) o
Thrust Area [in”2) W
[ Lenatructions || Setup for specifying circuit information Node Volume [in”3) B
eneral Infarmation — - Ares Normal to Nod ,07
Circuit llnltlal\r"alues ] .
. omalveloctyfiode sec) [0
:D:;e;sﬁoashms Iw Axial Thrust S
LICicic Boundary ™ Phase Separation Modsl
[T Dalton's Law of partial pressure.
Iv Enthalpy Formulation (+ Stagnation " Static %
™ Fluid Conduction
[ Fluid Maszsz Injection
I~ Gravity [~ Buoyancy Reference Node ’_
[ Heat Exchanger
v Heat Source " Btulsec ' Btudlbrm
[ Inertia [~ Eranch Angles
[ Misture & Temperature € Enthalpy_1 ¢ Enthalpy_2
™ MD-Grid ¥ Laminar
[~ Momentum Source
[ Moving Boundary
™ Momal Stess
[T Phase Separation Model
[v Ruotation
[T Shear
[~ Solid-Fluid Heat Transfer Coeff. ¢ User Specified  Dittus-Boeler ¢ Miropolzkii
[ Transient Term Active
[~ Transwerse Momentum
[~ Turbopump
Default Cancel Apply-Cloze ‘ Apply |
Close

GFSSP 6.0 Training Course

Rotating Flow 447



Pressure (PSIA)

900

800 T

700 T

600 T

500 T

400 T

Comparison with Experimental Data

Marshall Space Flight Center

GFSSP Training Course —
Pressure Predictions Compared to Experimental Data Temperature Predictions Compared to Experimental Data
108 109 110 111 112 114 115

B GFSSP LOX Predictions for 25,000 RPM
O LOX Experimental Results @ 25,000 RPM

[ +
B GFSSP LOX Predictions for 25,000 RPM
0O LOX Experimental Results @ 25,000 RPM
t t lL -290
110 111 112

114 115 Node

Temperature (°F)

Node

Schallhorn, Paul, Majumdar, Alok, Van Hooser, Katherine and Marsh, Matthew, “Flow
Simulation in Secondary Flow Passages of a Rocket Engine Turbopump”, Paper No. AIAA 98-
3684, 341 AIAA/ASME/SAE/ASEE, Joint Propulsion Conference and Exhibit, July 13-15,
1998, Cleveland, OH

GFSSP 6.0 Training Course
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Example 5 - Simulation of a Flow System
Involving a Heat Exchanger

Pipe Pipe
L=10in. L=10in.
D=0.25in. D=0.25in.

Heat Exchanger

ater
P=50 psi
T=60 F
“—
Pip Pip
L=10 L=10
D=0.5in D=0.5

Feature: Heat Exchanger Option, Comparison with
Textbook Solution

GFSSP 6.0 Training Course
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Global Options E|

hstruchions Setup for specifying circuit information

General Information
Cicut | Iniial Values |
Unsteady Options
= Fluid Options

[~ Auial Thrust
[~ Cyclic Boundary

D alton's Law of partial pressure.

< 7

Enthalpy Farmulation + Stagnation ™ Static
Fluid Conduction
Fluid kass Injection

Gravity [~ Buoyancy Reference Mode

< 71717

Heat Exchanger

Heat Source &+ Btussec " Btu/lbm

Inertia [T EBranch Angles

Misture * Temperature ¢ Enthalpy_1 " Enthalpy_2
4 D-Grid ¥ Larminar

Momentum Source

Moving Boundary

MHaormal Stress

FPhaze Separation Maodel

Fotation

Shear

Solid-Fluid Heat Transfer Coefl.  « User Specified € Dittus-Boeler € Miropolski
Trangient Tem Achive

Transverse Momenturn

[ (S i e i i ) B i i B S A B

Turbopump

Drefauilt Cancel Apply-Close | Apply |
Cloze

GFSSP 6.0 Training Course
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Heat Exchanger Option

{5] vtasca.172

Heat Exchanger 2
Heat Exchanger 3

Heat Exchanger Type- Add

i Counter Flow
" Parallel Flow

3]

Delete |

Hat Branch I23 Ua

Ciold Branch IB?

Heat E schanger
_ .
Effectiveness

Accept |

[1.10375

Cloze: |

hf=0 885 E+00 b= T=0.7T1230EHIZ F
O—e—-{: | — [ | — =[]
12 23 3
T=0.6451 E+02 F hf=0.541 E+01 |b/is
Gl |~ |~ ]

T

&7

Afi

GFSSP 6.0 Training Course
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Example 20 - Simulation of a Lithium Loop Model

Feature: Closed Loop with cyclic boundary, Use of user-
specified property, Heat Exchanger & User Subroutine
to model Electro-Magnetic Pump
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Closed Circuit Modeling

Cyclic Boundary
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Summary
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GFSSP’s capability of modeling Rotational Flow and Internal
Flow in Turbopump has been illustrated with Example 6 & 21

In both examples, model predictions have been compared
with Test Data and comparison was satisfactory

This presentation illustrates the activation of
Rotational Term and Axial Thrust Calculation In
VTASC

Reference 27 & 38 provide more details of these
models

GFSSP can model heat exchanger in a flow circuit and its
application has been illustrated in Examples 5 & 20
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CONTENT

« Mathematical Formulation

 Validation of GFSSP Prediction
— POISEULLE FLOW
— COUETTE FLOW
— DRIVEN CAVITY FLOW (Example — 25)

e Summary
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Multi-D Terms in Momentum Equation
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Momentum Conservation Equation
mu —(mu : .
( )T+AT ( )r + MAX |mj;,0 (Uij —Uu) -MAX —mij,O‘ (uij —uu)
g.AT
-- -Unsteady ---  ----------- Longitudinal Inertia -------------
+MAX mtrans,o (u” —Up) 'MAX " mtrans,o‘ (ulj —up> =

--------------- Transverse Inertia ---------------------

pgVCosd | LKA Up—uj

p,—p:)A +—— K, mjm;| A + A
( ]) ] gc f : gc gcé‘ij,p
--Pressure-- -- Gravity -- -- Friction -- -- Centrifugal -- -- Shear --

Uy — U, u. —u, | A

— Ul Q. + < i~ 1—2+S 3.1.2

IOAworm normij gc [lud é‘ind luu é‘ij,u }gc ( )
-- Moving Boundary-- -- Normal Stress --- -- Source --

GFSSP 6.0 Training Course

Multi-D Flow 457



Marshall Space Flight Center
GFSSP Training Course —

Validation of GFSSP Prediction

« Three Classical Fluid Dynamics Problems have been considered for
Validation of GFSSP Prediction

— POISEULLE FLOW
— COUETTE FLOW
— DRIVEN CAVITY FLOW

* Poiseulle Flow is shear dominated flow between two stationary flat
plates

e Couette Flow is shear driven flow between one moving flat plate and
one stationary flat plate

 Driven Cavity Flow is also shear driven recirculating flow in a _
rectangular cavity when top surface is moving with a constant velocity.
Transverse momentum transfer is present in Driven Cavity Flow

Schallhorn, Paul and Majumdar, Alok, “Implementation of Finite Volume based Navier
Stokes Algorithm within General Purpose Flow Network Code”, 50th AIAA Aerospace
Sciences Meeting held on 9-12 January, 2012 in Nashville, Tennessee.
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POISEULLE FLOW
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0

u

top surface ~

0 :

u = =10 psi
bottom surface downstream — 10 pSI

P =20 psi

Upstream

Length = 1000 inches
Distance between Plates = 1 inch
Fluid Density =12 Ib/ft3
Fluid Viscosity = 1 Ib/ft-sec

Analytical Solution: _

—

u = 0.005(y - y?) ——
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GFSSP model of Poiseulle Flow
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COUETTE FLOW
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op surface ~ 100 >
[ I
[ I
ups roam ~ =10 pSI ot 0 |:)downstream =10 pSI
Length = 1000 inches
Distance between Plates = 1 inch
Fluid Density =12 Ib/ft?
Fluid Viscosity = 1 Ib/ft-sec
Analytical Solution: —
= 100y
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GFSSP model of Couette Flow
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Example 25 — Two-dimensional Recirculating Flow in a Driven Cavity
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Linear Cartesian Grid
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Comparison with Benchmark Solution
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Frame 001 | 28 Now 2011 |
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Summary

Numerical Algorithm of GFSSP has been extended to
calculate multi-dimensional flow

GFSSP’s unstructured nodal network accounts for
transport of scalar variable in n-dimensional space

One-dimensional momentum equation has been extended
to include shear term and transport of longitudinal
momentum due to transverse velocity

The extended formulation has been validated by
comparing the numerical prediction with three benchmark
solutions:

— Poiseulle Flow, Couette Flow and Flow in a Driven Cavity
Future work will include Heat Transfer & Turbulent Flow
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