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Course Qverview
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« GFSSP is a general-purpose computer program
— Developed at Marshall Space Flight Center (MSFC)
— Used to analyze Steady-State and Time-dependent Complex Flow Networks
Flow rates
Pressures
Temperatures
Concentrations

VVVY

« GFSSP Version 702 Training
— Provides basic introduction and advanced capabilities in GFSSP
— Course designed to quickly teach new users how to use GFSSP
— Lectures and Tutorials cover engineering flow network problems

Eight Core Lectures (CL)

Nine Lectures on Applications (LA)

Six step-by-step Tutorial Problems (TP)
Five Challenge Problems

VVVY

For more information about GFSSP:
https://www.nasa.qgov/qgfssp

GFSSP Version 7.02 Training Course
Introduction & Overview



Background @2
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» Generalized Fluid System Simulation Program (GFSSP) Objective

» Provide a generalized and easy-to-use flow analysis tool

« Started development in 1994
— General purpose computer program to compute flow network parameters
Pressure
Temperature
Flow distribution in flow network
With solid to fluid (conjugate) heat transfer

YV VY

— Initially developed to analyze
» Turbopump Internal Flow
» Propulsion Systems Transient Flow

GFSSP Version 7.02 Training Course
Introduction & Overview



Background @)
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History & Ongoing Development

Version 1.4 (Steady State); Released in 1996

Version 2.01 (Thermodynamic Transient); Released in 1998

Version 3.0 (User Subroutine); Released in 1999

Graphical User Interface, VTASC,; Developed in 2000

Selected for NASA Software of the Year Award in 2001

Version 4.0 (Fluid Transient and post-processing capability); Released in 2003
Version 5.0 (Conjugate Heat Transfer capability); Released in 2006
Educational Version; Released in 2011

Version 6.0 (Multi-Dimensional Capability); Released in 2014

Version 701 (Psychrometric Properties and MLI); Released in December 2015
New GUI, MIG, developed in 2017-2018

Version 702; Test release in Jan. 2020, Updated in Aug. 2020, Feb. 2024
» Additional heat transfer correlations
» Common block replaced with modules

GFSSP Version 7.02 Training Course
Introduction & Overview



Course Outline @)
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« Day 1 Morning

1. Introduction & Overview (CL-1)

2. Pre & Post Processor — Part | (CL-2)

3. Compressible Flow (LA-1)

4. Tutorial on Converging-Diverging Nozzle (TP-1)

« Day 1 Afternoon

5. Resistance & Fluid Options (CL-3)

6. Pre & Post Processor — Part 2 (CL-4)
7. Fluid Transient (LA-2)

8

Tutorial on Water-hammer (TP-2)

GFSSP Version 7.02 Training Course
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Course Outline @)
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« Day 2 Morning

1.
2.
3.

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

« Day 2 Afternoon

©XNOoOA

Rotating Flow, Turbopump, Heat Exchanger (LA-4)
Pressure & Flow Regulator (LA-5)

Tutorial on Pressure Regulator (TP-4)

Multi-D Modeling and Psychrometric Properties (LA-6)
Conjugate Heat Transfer (LA-7)

Tutorial on Transfer Line Chilldown (TP-5)

GFSSP Version 7.02 Training Course
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Course Outline @3
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« Day 3 Morning

Data Structure (CL-6)
User Subroutine (CL-7)
Fluid Mixture & Two-phase Flow (LA-8)

Tutorial on Propellant Recirculation (TP-6)

H e

« Day 3 Afternoon

5. Model Integration & Future Developments (CL-8)
6. Open Session

GFSSP Version 7.02 Training Course
Introduction & Overview



Navier Stokes or Network Flow Analysis 2
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Computational
Fluid Dynamics

(CED)
Navier Stokes Network Flow
Analysis Analysis
(NSA) (NFA)
Finite Finite Finite Finite Finite
Volume Difference Element Volume Difference

GFSSP
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Navier Stokes or Network Flow Analysis 2
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Navier Stokes Analysis Network Flow Analysis
— Suitable for detailed flow analysis within — Suitable for flow analysis of a system
a component consisting of several components
— Requires fine grid resolution to — Uses empirical laws of transport
accurately model transport processes process
— Used after preliminary design — Used during preliminary design

GFSSP Version 7.02 Training Course
Introduction & Overview



Network Definition (2
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Flow Problem
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Network Definition /)

Network Symbols

O Boundary node

[

Internal node

—ll- Branch

Boundary Nodes

All dependent variables must be specified

Internal Nodes

All dependent variables
» Must be guessed for steady flow
» Must be initially specified for transient flow

GFSSP Version 7.02 Training Course
Introduction & Overview
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Network Types

Series

(] L1 1 Ol

Parallel

11



Units and Sign Conventions
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Units
External Internal
(input/output) (inside GFSSP)
— Length inches feet
— Area inches? feet?
— Pressure psia psf
— Temperature °F °R
— Mass Injection Ib,/sec Ib, /sec
— Heat Source Btu/s OR Btu/lb,, Btu/s OR Btu/lb,,
Sign Conventions
— Mass Input to Node: positive (+)
— Mass Output from Node: negative (-)
— Heat Input to Node: positive (+)
— Heat Output from Node: negative (-)

GFSSP Version 7.02 Training Course
Introduction & Overview
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Data Structure
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Boundary Internal Branch Ambient Solid Conductor
Node Node Node Node
< Fluid > < Solid >
Solid to Solid Solid to Solid Solid Solid
Conduction Radiation to to
Fluid Ambient

GFSSP Version 7.02 Training Course
Introduction & Overview 13



* Principal Variables

Unknown Variables
1. Pressure

2. Flowrate

3. Fluid Temperature

4. Solid Temperature

5. Specie Concentration

6. Mass

Mathematical Formulation @3
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Available Equations to Solve
1. Mass Conservation Equation

2. Momentum Conservation Equation

3. Energy Conservation Equation of Fluid

4. Energy Conservation Equation of Solid

5. Conservation Equations for Mass Fraction of Species

6. Thermodynamic Equation of State

GFSSP Version 7.02 Training Course
Introduction & Overview 14



Mathematical Formulation 3
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* Auxiliary Variables
— Thermodynamic Properties
— Flow Resistance Factor
— Heat Transfer Coefficient

Unknown Variables Available 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

GFSSP Version 7.02 Training Course
Introduction & Overview 15



Mathematical Formulation @33
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Governing equations
— Can generate an infinite number of solutions

Unique solution obtained with a given set of boundary conditions

User provides the boundary conditions

GFSSP Version 7.02 Training Course
Introduction & Overview
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Program Structure
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Solver & Property
Graphical User Module User Subroutines
Interface (MIG) s
* Equation Generator New Physics .
» * Equation Solver y
Input Data | . Fluid Property Program - Time dependent process
File * Non-linear boundary conditions
- External source term
* Creates Flow Circuit H » Customized output
* Runs GFSSP * New resistance / fluid option
- Displays results graphically o Output Data File

GFSSP Version 7.02 Training Course
Introduction & Overview 17



Graphical User Interface @2
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MIG: Model Building

4F Modeling Interface for GFSSP - EAGFSSP\__MIG_Installer\Test b10\Tut2\Tut2. gfssp — O *
Eile Edit View Model Advanced Help
L -t = e
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Main Model
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VO
T
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Valve 1 Branch: |67 =
Valve History File: [ValveOpenCloses7.dat Edit
Add Remove
Cancel

Working folder set: E:/GFS5P/__MIG_Installer/Test b10/Tut2

GFSSP Version 7.02 Training Course
Introduction & Overview
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Graphical User Interface (22
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* MIG: Model Results

4F Modeling Interface for GFSSP - EAGFSSP\__MIG_Installer\Test b10\Tut2\Tut2. gfssp — O *
Eile Edit View Model Advanced Help
Awerb@es AnANEX B @ &6 (= Qa9
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Working folder set: E:/GFS5P/__MIG_Installer/Test b10/Tut2
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(b) Ellipse
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Where:
D, = Pipe Diameter

iy
Dy
D; = Orifice Throat Diameter

Resistance Options

1. Pipe Flow

2. Flow Through a Restriction

3. Non-Circular Duct

4. Pipe Flow with Entrance
& Exit Losses

5. Thin, Sharp Orifice

Marshall Space Flight Center
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S

T - ad Where:

D, = Pipe Diameter
D, = Orifice Throat Diameter
Ly = Orifice Length

Wihere:
D, = Upstream Pipe Diameter
D. = Downstream Pipe Diameter

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

Where:

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

o = Duct Rotational Velocity

r, = Duct Inner Radius

r, = Duct Outer Radius

GFSSP Version 7.02 Training Course
Introduction & Overview

6. Thick Orifice

7. Square Reduction

8. Square Expansion

9. Rotating Annular Duct

20



GASP He
GASP CH,
GASP Ne
GASP N,
GASP CO
B casp o,
GASP Ar
B casp co,
B GasPF,
GASP H, (para)
WASP H,0
RP-1 Tables
]

Ideal Gas
T

User Fluid 1
User Fluid 2
User Fluid 3

Fluid Options

ID Number

SOURCE / FLUID

51 GASPAK He

Y GASPAK CH,

X GASPAK Ne

54 GASPAK N,

55 GASPAK CO

56 GASPAK O,

57 GASPAK Ar

58 GASPAK CO,

59 GASPAK H, (para)
GASPAK H, (normal)
61 GASPAK H,O

62 GASPAK RP-1 (liq)
63 GASPAK Isobutane
64 GASPAK Butane
65 GASPAK Deuterium
GASPAK Ethane

67 GASPAK Ethylene
GASPAK H,S

GFSSP Version 7.02 Training Course
Introduction & Overview
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ID Number

70
71
72
73
74
75
76
77
78
79

81
82
84

SOURCE / FLUID

GASPAK Kr
GASPAK Propane
GASPAK Xe
GASPAK R-11
GASPAK R-12
GASPAK R-22
GASPAK R-32
GASPAK R-123
GASPAK R-124
GASPAK R-125
GASPAK R-134A
GASPAK R-152A
GASPAK N,F;
GASPAK NH,
GASPAK H,0,
GASPAK Air

21



Additional Options

Variable Geometry
Variable Rotation
Variable Heat Addition
Turbopump

Heat Exchanger

Tank Pressurization
Control Valve

Valve Open/Close
Conjugate Heat Transfer
Pressure Regulator
Flow Regulator

Relief Valve
Multi-dimensional flow
Fluid Mixture
Psychrometric Calculation
Multi-Layer Insulation

GFSSP Version 7.02 Training Course
Introduction & Overview

Marshall Space Flight Center
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Example Problems (wa)
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« GFSSP User’'s Manual: Example Problems 1 - 16 (1/2)
« Demonstrates major features of GFSSP
» Provides validation by comparison with textbook solution and/or experimental data

EXAMPLEID

FEATURE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Conjugate Heat Transfer x x
Constant Property x x

Cyclic Boundary

Fixed Mass Flow

Flow Regulator

Gravity x

Heat Exchanger x x

Ideal Gas X X
Long Inertia > o x

Fluid Mixture > x x

Model Import

Mowving Boundary o o

Multi-Layer Insulation

Multi-dimensional Flow

MNon-Circular Duct >

Phase Change >

Pressurization (Tank) x x

Pressure Regulator x

Pressure Relief Valve

Pump x x

Solid Rocket Motor

Turbo Pump x

Turbo Pump-internal Flow

Unsteady X X x x x x x

User Fluid

User Subroutine X p.s

Valve O/C X

Variable Geometry x
Fluid Transient
(Water Hammer)

GFSSP Version 7.02 Training Course
Introduction & Overview



Example Problems (2
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« GFSSP User’'s Manual: Example Problems 17 - 32 (2/2)
« Demonstrates major features of GFSSP
» Provides validation by comparison with textbook solution and/or experimental data

EXAMPLEID

FEATURE a7 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Conjugate Heat Transfer x x x

Constant Property x

Cyclic Boundary x

Fixed Mass Flow x >

Flow Regulator x

Gravity x = x x

Heat Exchanger x o

Ideal Gas x =

Long Inertia x x x x x

Fluid Mixture x

Model Import

Manifold Flow Distribution x

Mowving Boundary =

Multi-dimensional Flow x

Multi-Layer Insulation x

Mon-Circular Duct

Phase Change x x x

Pressurization (Tank) p. 8

Pressure Regulator

Pressure Relief Valve x

Pump

Solid Rocket Motor =

Turbo Pump x

Turbo Pump-Internal Flow

Unsteady o x > x X x x X

User Fluid > >

User Subroutine X X x X x x X X
Valve OJI/C x x

Variable Geometry P

Fluid Transient x

(Water Hammer)
* Variable geometry & Moving Boundary handled by User Subroutine

GFSSP Version 7.02 Training Course
Introduction & Overview




Example Problems )
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« Example Models to be studied in closer detail (1/2)
- Simple Flow Systems

Ex1:
Ex2:
Ex4:
Ex8:

VVVVVVYY

Ex16:
Ex17:
Ex22:
Ex24:

Steady-state Water Pumping System

Water Distribution Network

Mixing of Hot Combustion Gases with a Cold Gas Stream
Blow Down of a Pressurized Tank

Pressure Regulator Downstream of a Pressurized Tank
Flow Regulator Downstream of a Pressurized Tank

Fluid Network with the Fixed Flow Rate Option

Relief Valve in a Pressurized Tank

— Compressible Flow

> EX3:

> Ex18:
> Ex19:

Converging-Diverging Nozzle
Subsonic Flow with Friction (Fanno Flow)
Subsonice Flow with Heat Transfer (Rayleigh Flow)

—  Fluid Transient

> Ex15:
> EXx26:

Waterhammer after Sudden Valve Closure
Fluid Transient after Sudden Valve Opening

GFSSP Version 7.02 Training Course
Introduction & Overview
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Example Problems (ia
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Example Models to be studied in closer detail (2/2)
Tank Pressurization

> Ex10:
> Ex12:

Simple Tank Pressurization
Multiple Tank Pressurization with Control Valves

Conjugate Heat Transfer

> Ex13:
> Ex14:
> Ex29:

Steady-state Conduction through a Rod with Convection
Chilldown of a Cryogenic Pipeline
Self-Pressurization of a Cryogenic Propellant Tank Due to Boil-Off

Turbomachinery Applications

> EX6:
> Ex11:
> Ex21:

Radial Flow on a Rotating Disk
Power Balancing of a Turbopump Assembly
Axial Thrust Calculation in the Simplex Turbopump

Miscellaneous

Ex5:

YVVVVYY

Ex20:
Ex23:
Ex25:
Ex27:
Ex31:

Simple Heat Exchanger

Lithium Loop Model

Helium-Assisted, Buoyancy-Driven Flow in a LOx Recirculation Line
Two-Dimensional Recirculating Flow in a Driven Cavity

Boiling Water Reactor

Psychrometrics of Air-Water Vapor Mixture

GFSSP Version 7.02 Training Course
Introduction & Overview
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summary ()
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« GFSSP is a finite volume based Network Flow Analyzer

* Flow circuit
— Resolved into a network consisting of Nodes and Branches

« Mass, Energy, and Species conservation
- Solved at Internal Nodes

A Momentum Conservation
- Solved at Branches

* Generalized Data Structure
— Allows generation of all types of flow network

« Modular Code Structure
- Allows user to add new capabilities with ease

» Unique mathematical formulation
- Allows effective coupling of thermodynamics and fluid mechanics

GFSSP Version 7.02 Training Course
Introduction & Overview



summary ()
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* Robust Numerical Scheme
— Numerical control parameters adjustment is seldom necessary

« Intuitive Graphical User Interface (MIG)
— Makes it easy to build / run / evaluate numerical models

« GFSSP has been successfully applied in various applications
— Incompressible & Compressible flows
— Phase change (Boiling & Condensation)
—  Fluid Mixture
— Thermodynamic transient (Pressurization & Blowdown)
— Pressure and Flow Regulators
— Fluid Transient (Waterhammer)
— Conjugate Heat Transfer
- Model Integration

« Example Problems (32)
— lllustrate use of various code options

GFSSP Version 7.02 Training Course
Introduction & Overview
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Input/Output Through a Graphical
User Interface - MIG

45 Modeling Interface for GFSSP - E:/GFSSP/__MIG_Installer/ Test b10/EXAMPLES/Ex12/EX12.vts
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Content
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* Overview
* MIG Description

 MIG Steady State Demonstration

GFSSP 7.02 Preprocessor / Demo 1



MIG Overview (/3)
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 Modeling Interface for GFSSP (MIG)
— Program designed to efficiently build flow network models for GFSSP

* Visually Interactive
“Drag and Drop” Paradigm
— Model Building, Running, and Post-Processing in one environment

« Self-Documenting
— Hard copy of flow network
- JPG image of flow network for inclusion into papers and presentations

GFSSP 7.02 Preprocessor / Demo 1



MIG Overview 2/3)
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« Eliminates errors during model building process
— Automatic node and branch numbering

— Save and restore models at any point in the model building process
—  Built-in calculator

— Input values can be defined as Symbols that can be easily changed for
parametric studies

« Pushbutton generation of GFSSP input file
- Steady and Transient cases

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

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

GFSSP 7.02 Preprocessor / Demo 1



MIG Overview 3/3)
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« Post-processing capability allows quick study of results
— Pushbutton access to GFSSP output file
— Built-in plotting capability for transient cases
— Capable of plotting through Winplot

« Develop/Integrate User Subroutines using MIG
— Edit and compile a dynamic link library (DLL) used by the main GFSSP
executable

GFSSP 7.02 Preprocessor / Demo 1



GFSSP Demonstration Problem 1

Supply Reservoir

Water

Marshall Space Flight Center
GFSSP Training Course

Receiving Reservoir

150 ft

Pipe
L = 1500 ft

D=6in.

€/D = 0.005

BWRT Gravity vectory = 95.74°

Gravity Vector

Pump

Gate
Valve

GFSSP 7.02 Preprocessor / Demo 1



Build Model on MIG Canvas
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5 Modeling Interface for GFSSP - E:/Top Secret Plans/Demol/Demol.gfssp - O x

File Edit View Model Advanced Help

Lerbes AN REX B O &6 c= Q44
A Main Model

=]

[

=,

g

H

T
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Q— -] 2K—[3 |
12

23
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Determination of Pump Characteristics
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1) Manufacturer’s Pump Curve

(Head vs. Flowrate) 2) Convert to Ib/s and psf
500
I Q m Head AP m?
450 (GPM) (Ib,/s) (f) (psf) (Ib,/s)?
o 0 0 495 30888 0
350 )
- 4000 556.13 485 30264 3.093x10°
3
F 250 8000 1112.3 470 29328 1.2372x106
200 12000 1668.4 450 28080 2.784x1068
150 16000 22245 425 26520 4.948x108
100
20000 2781 385 24024 7.734x108
50
0 5000 10000 15000 20000
Flowrate (GPM) H
4) Curve fit
3) Plot AP vs. m? AP = 30888 — 8.067x10 *m?
35000 1
1 45 Branch Properties ? x
30000 ]
] I e e R o Pump
-4 \
25000 1 .
] Identifier: |12 |
E 20000 Description: |Pump 12 | [ show
§ 15000 3 Intercept [30388 |bffz +
10000 1st Order [0 | aofife/ompsed ~
] 2nd Order (bfffa/fom/se)? ~
5000 4
1 Area |201| |ir11 =
01
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
mdot*2 (Ib**2/s**2)
Symbol Manager Cancel

GFSSP 7.02 Preprocessor / Demo 1



Summary
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MIG is a flow network model builder for use with GFSSP

* Interactive “Point and Click” paradigm to design/modify flow networks
« Generates GFSSP compatible input files

» Develop/Compile/Link User Subroutines linked from MIG

* Winplot can be activated from MIG for post-processing

GFSSP 7.02 Preprocessor / Demo 1
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Compressible Flow
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Content
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« Compressible Flow Modeling in GFSSP

One-dimensional Compressible Flow

» Converging - Diverging Nozzle (Example 3 & Tutorial 1)

« Example 18: Subsonic Flow with Friction (Fanno Flow)

« Example 19: Subsonic Flow with Heat Transfer (Rayleigh Flow)

GFSSP 7.02 Compressible Flow



One-Dimensional Compressible Flow
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* Assumptions
— Properties are function of x only

A=Ax)p=p); p= px);u=ux);T =T(x)

« Governing Equations

Mass Conservation:
dp 4 dA 4 av _

p A Vo
Momentum Conservation:
dp yM? fdx av
—_t —— M?—=0

>t 2 p VY

where M = Mach no.= %: v

p
p
» Analytical Solution
—1
av M (1+55=m?) oL, M) T, L 1dA
dx (1= M2 D 2T, dx ! Adx

GFSSP 7.02 Compressible Flow



Compressible Flow Modeling in GFSSP
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« GFSSP considers all fluids to be compressible at all speeds

— Must activate Inertia term in Momentum Conservation Equation for high speed
flows

* Once Inertia term is activated in a branch

— Upstream pressure becomes static pressure
» Pressure in the upstream boundary node is always a stagnation pressure

4 Model Properties ? x

45 Branch Properties ? x

General Steady /Unsteady Circuit Fluids Solver Output

[ Asial Thrust [] Momentum Source R. Restriction
[ cydic Boundary [] Moving Boundary -y
[ Daltor's Law of Partial Pressure [] Mormal Stress Id t|ﬁ | 23|
Enthalpy Formulation | Static - [ Phase Separation Model STUITRCTE
i Psych 1r idity - = _
[ Fiuid Conduction [ psychrometry | Relative Humidit DESI:TIFItlDrI: |RES1T||:t||:I|'I 23 | D Shaow
[ Fluid Mass Injection [ Rotation
[ Gravity [ shear
] Heat Exchanger [] Transverse Momentum Area ||:I. 2243 | in? w7
] Heat Source  &TUjsec [ Turbopump
] eranch Angles [ OFLE [ Conjugete Heat Transfr Flow Coefficient |0 |
D Grid Generation aminar
Inertia

Symbol Manager Cancel

Cancel

GFSSP 7.02 Compressible Flow



Converging-Diverging Nozzle

Marshall Space Flight Center
GFSSP Training Course

« Effect of Varying Back Pressure

- a&b Subsonic flow

- C Sonic flow at throat; rest subsonic flow

- d Shock wave in diverging section

- e Shock wave at exit plane

- f Supersonic flow in diverging section

- g Same as f, further expansion occurs outside nozzle

Reservoir

|
Py [ Pe
Po [ | Recei
o / o X El:;:l'll'ﬂl'

GFSSP 7.02 Compressible Flow



Ex3: Converging-Diverging Nozzle (1/3)

Marshall Space Flight Center
GFSSP Training Course

 Detailed Schematic

Inlet Plane Throat Exit Plane
LN 00507 8 04w 0S4 m OHM 01iSm
x2? x \ x2 x5 m x2 i
T T T T T I T T T T T T3
mﬁdmeber 172073 4 5 6 7 8 9 10 11 12 13 14 15 16 217
L e e e e e e e Sl e S Sl S S T
Flow
0.7265
in

Not to Scale

< 6.142in >

e MIG Model

GFSSP 7.02 Compressible Flow



Ex3: Converging-Diverging Nozzle 2/3)

Marshall Space Flight Center
GFSSP Training Course

Predicted Pressures for Isentropic Steam Nozzle

160 T
Boundary Conditions g o o
120 ' SR .— ------------ ;-----u----415--------“--‘: -------------
Py L P17 Ty : ] : : : :
sia °F sia °F : : : : : :
(psia) CF) (psia) CF) 5 N . — ——
150 1000 134 1000 3 e
2 - ressure= psia -
2 g0 it Pressures ol ra e
150 1000 100 1000 i iy |
& —*— Exit Pressure=465 psia
150 1000 60 1000 & ; i
150 1000 50 1000 .
150 1000 45 1000 .
i, :
1] 1 2 3 4 5 6 7

#sid Positicn (in)

« GFSSP Predictions _ _
) Predicted Temperatures for Isentropic Steam Nozzle
Predicted Mass Flow Rate oo | 5 i ; : :

with Varying Exit Pressure

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

I:)exit m
(psia) bisy | il nndiennnniisesnesnnnn feennnahanney
134 0.279 B Prassuwes130 poia

8- Exit Pressure=100 psia '
Exit Pressure=60 psia  [----"| :' """"""""
Exit Pressure=50 psia ¥
—*— Exit Pressure=46 psia

60 0.336 : :
ity s R - i A—— >
50 0.337 \ ; g g ; j j

45 0.337

100 0.329

Tempersture (F)

600

500

Aodd Postion(in)
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Ex3: Converging-Diverging Nozzle (3/3)

Marshall Space Flight Center
GFSSP Training Course

* Isentropic Solution

=)
gcY 2 y-1
M = AthroatPinlet RT. y—1

inlet

N
y—1 y-1
Pinlet = Pstatic (1 + < 2 )Mz)
1.2809

1.2809 — 1 12809-1
= (150 psia) (1 + <f> 0.3422> = 161.6 psia

Iby, |
by, | 321742 ft 1.281) NG Ib,,
m = (0.19012 in?)(161.6 —) = <1 o1 1) = 0.327 =
In*" g5 g3 2~ bR °R (1460°R) \ 1401+ S
\

« GFSSP-predicted m = 0.337 lb,,/s (within 3%)

GFSSP 7.02 Compressible Flow



Subsonic Flow with Friction (1/2)

Marshall Space Flight Center
GFSSP Training Course

« Fanno Flow

Friction

T 7Y
P4 : P2
T1 i V1 i V2 TQ
M, —* > D

R ARER AR e NP SRR RS \ 4
APPENDIX 26.C
Fanno Flow Factors
(K 1.4}
\] 0 /;' (1) P rp 7 o i /h.'..",.‘ l/,]'
(.00 X 0. 1.200 X X
15 21.903 0.0547 1.199 11.592 280.02
0.10 10,944 0.1094 1.197 n.822 66.0922
0.12 1116 0.131 1.1965 1,864 15.408
0.14 7.809 0.153 1.195 1.182 32011
116 (.829 0.175 1.194 3.673 24 198
)18 5.066 0.196 1.192 3.278 18.543
I 20 155 (0218 | 1905 2.963 14 533
).25 1.355 0.272 1. I85H 2.403 S 483
}.30 3.619 (0.3254 1178 2055 1.299
135 3.092 0.379 1171 |.778 3.453
r AN ) O N A2 1 1872 1 =0 Y ION
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Subsonic Flow with Friction (2/2)

Marshall Space Flight Center
GFSSP Training Course

 Fanno Curve
— Mach number increases for Supersonic flow
— Flow can be choked in a long, thin pipe - due to friction
— Mach number decreases for Subsonic flow
— Entropy (s) increases in both cases - due to friction

Gahyo=s

Supersonic

ki

am 1)

GFSSP 7.02 Compressible Flow



Ex18: Subsonic Flow with Friction (1/3)

Marshall Space Flight Center

P, = 50 psia

T, = 80°F
M, = 0.5

Fluid:

N,

D=6inch

Fluid: Nitrogen

PESOpas
=300

L&

Length=62m

P=14.7 paa

T260°F

16

[* .E

Length=1%4in

=yduay

wsrr

17

P=13.7 poy

=60

Length=107 in

PE14.7 psia PE14.7 psia
T=60°F 1=60°
=60°F

Length=7din Length=8%mn
P214.7 psia P=147paa
T=60°F T260°F

Length=184m Length=221in
P=14.7paa P=14.7 psia
1=60°F T=60%F

Length=89In

Length=74in

P=14.7 pzia
1560 °F

D

Length=107 in
P2ldTpas
T=60°F
GO
Length=266n
P=14.7 pan
T=60°F
4 20

Length=62in

L = 3207 inches

P=14 7 pan

T=60°%F

5

=

Length=128in

P=147paa

T=60°F

12

D

Length=318in

P=234pas

T=60°F

GO

GFSSP 7.02 Compressible Flow

Pald Tpoy

T=60%

6

Length=154in

P=14.7 psia

T260%F

" .m

Length=31%in

7

P2la 7pas

T=60°F

Peld.7 pos
T=60°F

Length=184in

=221 in

Length

10

P

Length=266In

GFSSP Training Course

PE14.7 psin
T=60°F

9

P=147paa
T260"F



Ex18: Subsonic Flow with Friction (2/3)

Marshall Space Flight Center
GFSSP Training Course

MIG Model

CO— ] — e — = — | — = | —a—]]
12 2 U 45 e a a2 ‘

-

5[3“"’?“@"’?

-

E]—---E—--.._--.._-
1712 1819 1920 2021

(2] o—{ ][ | =[] ——:]
1213 2 101 910

Boundary Conditions

Boundary Pressure Temperature
Node Number (psia) (°F)
1 50 80
21 23.4 60

In the User Subroutine:

Friction Factor was set to 0.002

(also used for analytical solution)

GFSSP 7.02 Compressible Flow




Ex18: Subsonic Flow with Friction (3/3)

Marshall Space Flight Center
GFSSP Training Course

« Comparison with Analytical Solution
i Fanno Flow: Pressure with axial distance Fanno Flow: Temperature with Axial Distance
. 1.16
- — - == Theoretical
= Non Uriform:Grid with:20 grids — NonUniform Grid with 20 nodes
\ ~#—Theoretical ~—Uniform Grids with 20 nodes
200 4 ~—Lhiform Gridswith 40 nodes ——Uniform Grids with 40 nodes
= Uniform Gridswith 20 nodes 112 »
1.75 - = [~
o
= R 1.08 -~
1.50 H \\\
\\\ 1.04 A
1.25 \‘\.\
1.00 T T T T 1.00 T T T T
0.00 0.20 0.40 _ 060 0.80 1.00 0.00 0.20 0.40 . 060 0.80 1.00
x{L x/L
) Fanno Flow: Mach No. Plot
08 A
— GFSSP
— Theoretical
o
=
£ 06 A
o
3
=
0.4 A
02

0.2 0.4 06 058
xIL
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Flow with Heat Transfer (1/2)

Marshall Space Flight Center
GFSSP Training Course

» Rayleigh Flow

P ___________ N o)
Ty LV Vi T,
M1 | M2
T01 : TOZ

APPENDIX 26.D
Rayleigh Flow Factors

(k = 1.4)

M p/p* po/po* T/ 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 7.02 Compressible Flow



Flow with Heat Transfer (2/2)

Marshall Space Flight Center
GFSSP Training Course

« Concept of * (star) Quantities and Rayleigh Curve

J..'

B rnoDERN COMPRESSIELE FLOW
4] Q
| | | (&enie Mow)
- AP ’
M, = M 1.5 |
i I |
a ! I |
e aELaag] —— fal |
n | & I |
| ; i i
!\l_ I.l:
@ |
]
A R e e e e e o ToM=1 |
i ! F |
T | | } | |
I qr R !
My LA Lt L e e 7/__( ___________ B e \'1. l
i Y |
e 7 L |
e : f Sarne | |
| walues ) l
[ [ e e g g |l o § ¢ |
;=15 T M 7 !
s | I ™ ﬂ'r
P ¥ ,"l .
L | 2 [ pe £ §
| | {
[ | i _74 piasetiarlell (g _l ™ | 1
[ i |
e |
3t =4 g | 2 |
FIGURE .11
[Nustration of the meaning of the starred quantities ut Mach | for one-dimensional fow with heat FIGCURE 31.12

addition
[he Rayleigh curve.

GFSSP 7.02 Compressible Flow



Ex19: Subsonic Flow with Heat Transfer (1/3)

Marshall Space Flight Center
GFSSP Training Course

D=6inch

P, = 50 psia
T, =80°F (
M, =0.5
Fluid: N,

L = 3207 inches

Fluid: Nitrogen

PeiLT PuldT B fulld? b ST TY 137 e (TR Ty ST [STEFTY
o' ™" Teso'r Teso®? Yo't 5e0°7 M 2080
M N0 Ot S e iy s g b Mt A sS Ot S At At 858 B S WAt et TS 2 Bu S Heat anets s I Mt awedl)? et
jl | @ e @ L @ ) ® Z @ 5 @ | B
Length=62m Length=74in Length=29in Lengthel07in Length=122in Length=154 in Length=134mn

c

-

~

~

"

¥
14t En AT D PlaT e CETRE T TR 1) '-H_‘FI- [STRE T v
Tedo'r Tet0*r Teto*t Ty Tedo'y Tei'r o'y T

At 0 MU T

A ANl S My S

At atesil ) TEu S

Mt T s

PHatrateslb) b bu S

L P B

L A

TR
Length=154in Length=1241n Length=221In Length=266n Length=315In Length=319In Length=2661n 1eeo'r
- AT el 0T IS
-
o
-3
W
-
»
r
_.:’ TR PeldT pee PeldT g TR T
TelO* Teto"r o't sty
Pt rIMaSS O U 'S L e T Heat aeess 60 MU S It At O U 'S
AT e
et Length=107 in Length=8%in Length=74in Length=62m

AN G SO Mu 2
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Ex19: Subsonic Flow with Heat Transfer (2/3)

Marshall Space Flight Center
GFSSP Training Course

MIG Model

CO— ] — e — = — | — = | —a—]]
12 2 U 45 e a a2 ‘

-

5[3“"’?“@"’?

-

E]—---E—--.._--.._-
1712 1819 1920 2021

(2] o—{ ][ | =[] ——:]
1213 2 101 910

Boundary Conditions

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

In the User Subroutine;

Friction Factor was set to zero

(to eliminate frictional effect)

GFSSP 7.02 Compressible Flow




Ex19: Subsonic Flow with Heat Transfer (3/3)

Marshall Space Flight Center
GFSSP Training Course

« Comparison with Analytical Solution

Rayleigh Flow: Temperature Plot
350.00

300.00

— /

| A

e

Temp (GFSSP)
T (theo)

[y N
9,) [=]
S 9
(=) (=]
(-] (=]

Temperature °F

50.00

0.00

0 0.2 0.4 0.6 0.8 1 1.2
x/L

Rayleigh Flow: Mach No Plot

0.9
0.8

5 S

o 0.6
= /
£ 05

0.4

—M({theo)
x/LM (GFSSP)

0.3

0.2
0.1

0 0.2 0.4 0.6 0.8 1 1.2
x/L
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Summary

Marshall Space Flight Center
GFSSP Training Course

« Compressible Flow
— GFSSP can model Ideal and Real gases

— Inertia term in the momentum conservation equation needs to be activated
» Accounts for fluid acceleration due to large density and area change

 GFSSP Predictions
— Validated by comparing with analytical solutions for three classical compressible

flow problems
» Converging-Diverging Nozzle
»  Subsonic Flow with Friction (Fanno Flow)
» Subsonic Flow with Heat Transfer (Rayleigh Flow)

GFSSP 7.02 Compressible Flow



Tutorial = 1

Simulation of Compressible Flow In a
Converging-Diverging Nozzle

[
1
NOT TO SCALE \ 7,y
[
! I
N ! I
0.492 in. : : 1.453 in.
\ I |
! I
' I
! i
1
! I
! 1
; |
< 6.142 in. ~,~|

0.158 in. 9‘



Converging-Diverging Nozzle Geometry

Problem Considered:

« One-dimensional pressure and temperature distribution

 Flow rates in subsonic and choked flow

(This is a simplified version of Example 3 in the GFSSP User’s Manual)

Inlet Plane Throat

Exit Plane

in. .xz
[T 7

[
4 5 6 7 8
9 Y

s
o » —

I
Node 12
9

14 15 16

Number

0.246
in

Not to Scale

Flow

6.142 in

7265

in

A




Model Properties (1/2)

Model file: Tutl.gfssp

4 Model Properties

Analyst Name: |Dariel Bernoul

Solver Input File: [Tut1.DAT

Solver Qutput File: ‘Tutl.OuT

Uniits for History Files and Output: |English =
Input file: Tutl.DAT —
p " " Setup User Subroutine,  Compiler Options | Edit User Subroutine

Output file: Tutl.OUT

Activate INERTIA option globally

— Means that the inertia term
becomes selectable in the
branches

— Check DFLI box

? x
General Steady / Unsteady Circuit ~ Fluids Salver Output
Mode! Title: |Tut1: Converging-Diverging Mozzle ‘
Working Folder: [E:/GFSSP/_MIG_InstallerTest b10/Tutl |
Solver Executable: ‘C:megram Files/GFSSP/solver fofssp701i.exe Default
User Subroutine Source File:
Cancel

45 Model Properties

General Steady [ Unsteady Circuit Fluids Solver Cutput

[ axial Thrust

[ cydic Boundary

[ Dalton's Law of Partial Pressure
[ Enthalpy Formulation | Stagnation
[ Fluid Conduction

[ Fluid Mass Injection

I:‘ Gravity

[ Heat Exchanger

[] Heat Source  ETLjzec

I Inertiz [ | Branch Angles DFLL I

|:| Grid Generation Laminar

I:l Momentum Source

[ Moving Boundary

[ Mormal Stress

[[] Phase Separation Model

[ Psychrometry | Relative Humidity
I:‘ Rotation

[ shear

D Transverse Momentum

[ Turbopump

[ conjugate Heat Transfer

GFSSP 7.02 -- Tutorial 1




Model Properties (2/2)

45 Model Properties ? x

General Steady [ Unsteady Circuit Fluids Solver Output

Fluid Type |General Fluid -

General Fluid Properties

Library (G=GASP Library, GP=GASPAK Library) Selected Fluids
Helium G - (11) Water WASP
Methane G
Meon G
Mitrogen G

Carbon Monoxide G

H H Cxygen G a—
Fluid Is steam
Carbon Dioxide G
Flugrine G

(water) o

\Water WASP | ]

oK Cancel

45 Model Properties ? e
General Steady / Unsteady Circuit Fluids Solver Qutput

Simultanecus Solution

Solution Methods Convergence Information
Single Fluid Energy: Convergence Criteria: |U.EIUUI |
. Monlinear Solver: Newton - S5 - Maximum Iterations: |SUEI |
Second Law Formulation o e l
Relax D: |D. 5 |
|

Of Relax H: [1
Energy Equation

[] save Information
Node Restart Save/Read File: |FNODE.DAT

[ Read Information g2 pestart Save/Read Fie: |FERANCH.DAT

Reset to Defaults

Carce

GFSSP 7.02 -- Tutorial 1



Branch Geometry

M-m 45 Branch Properties ? Y
12 0.3587 Re Restiction
23 0.2243 Identifier: |12| |
34 0.1901 Description: |F'.EStI'iEﬁDI‘| 12 | [] show
45 0.2255 ‘ Area |0.3587 -
56 0.3948 Flow Coeffident |0
67 0.7633
78 1.2520
89 1.6286 Symbaol Manager Cancel

« Setrestriction Flow Coefficient to 0.0 (isentropic — no friction)

 Activate Inertia term

7 7 7 . 7
_RI"S_RI_.'B_RI_.'?_Rl_"’s_R
45 56 67 78 89

GFSSP 7.02 -- Tutorial 1




Boundary Conditions

E].—m-pz—kz—-—3—kz-—4—kvhs—§'—h—ﬁ

7 e 7
P R, R ™7 |—Ra ¢ | Ra
12 23 34 45 56 67 78 89
® NOde 1 45 MNode Properties ?
- P - 150 pSIa Identifier |1 Fluid Concentrations
- T =1000 °F Water WASP | 1.0000
Mode Description [Mode 1 [] shaow
~
Pressure | 150 PSIA
* Node9 | | :
. Temperature | 1000 F v
- P =134 psia /
- T=1000 °F*
Symbal Manager Cancel

4k

*Note: We don’t know exit temperature a priori, but because GFSSP uses an upwind scheme for the energy equation, we only need a reasonable guess.

GFSSP 7.02 -- Tutorial 1




Parametric Computational Results Comparison

* Run five cases, gradually decreasing the exit pressure (node 9)

P, F
(psia) (Ib,,/s)

134
100
60
50
45

v A W N -

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

2.281

2 (m) lb
( ) =0.327 T’"

Y+1

n=A P Ge¥ 2 (V—l) = (0.19012 in?)(161.6 !
M = AtnroatPintet |pp— |27 = (0. in")(161.6 —3)

Ib,, — ft
32.174 b —s? (1.281)

Ib; — ft
85.83 Lo f (1460°R) \ 1281 1
1b,, — °R

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

GFSSP 7.02 -- Tutorial 1



Study of the Results

Study tutl.out and note the following:

 Pressure
— Decreases from inlet to throat
— Increases from throat to exit in subsonic flow (Exit Pressure = 134 psia)

- With lower Exit Pressure
» Flow becomes supersonic in the diverging part of nozzle
» Flow becomes subsonic with the formation of shock wave

« Temperature
— Follows a similar trend
- Changes due to expansion and compression

 Entropy
- Remains constant due to isentropic assumption

 Flowrate
- Remains constant with exit pressure once choked flow rate is reached



If Time Permits...

Try re-running case 5 with “Energy by First Law” on the Solver tab
— Flow rate is slightly different.
— Note that enthalpy (H) is constant, and temperatures remain nearly
constant (994 — 1000 °F). This is because GFSSP assumes stagnation
enthalpy by default.

Now change “Enthalpy Formulation” to “Static” on the Circuit tab.

— Flow rate is slightly different.

— Now temperatures are changing, because the energy equation includes a
velocity term.

- In GFSSP, temperatures are associated with nodes, but velocities are
associated with branches, introducing some inaccuracy into the calculation
of static enthalpies.

— For an isentropic high-speed flow model such as this, the Second Law
option is convenient, as it avoids the difficulties of static vs. stagnation
enthalpy.



Challenge Problem 1 (1/2)
Simulation of a Water Distribution Network

Given: Water at room temperature enters the flow network shown below at 50
psia and exits at the given boundary pressures. Each branch of the network is
a commercial steel pipe with the dimensions given in the table. The relative
roughness (e/D) of the pipes is 0.0018.

Branch Length Diameter
48 psia @ 45 psia (inches) (inches)
12 120 6
25 2400 6
g\
27 2400 5
57 1440 4
53 120 5
56 2400 4
f 64 120 4
8 68 1440 4
. 78 2400 4
46 psia
89 120 5

Determine: the mass flow rate of each of the branches

GFSSP 7.02 -- Tutorial 1



Challenge Problem 1 (2/2)
Simulation of a Water Distribution Network

 How do your results compare to those determined by calculations using the
Hardy Cross method of analyzing pipe networks?

« Hardy Cross method assumes a constant friction factor for the network

Flow Rate (Ib,./s)
Branch
Hardy-Cross GFSSP
12 100.16
25 63.59
27 36.58
53 44.43
56 29.11
57 -9.93
64 47.07
68 -17.99
78 26.64
89 8.66

« GFSSP calculates a friction factor for each branch

GFSSP 7.02 -- Tutorial 1



Marshall Space Flight Center
GFSSP Training Course

Resistance & Fluid Options

(R G | | 13. Common Fittings & Valves

' 10. Rotating Radial Duct

é:fé 14, Pump Characteristics
5
11. Labyrinth Seal
:f 15. Pump Power
5

16. Valve with Given C,

12. Face Seal

17. Visco Jet




Friction Term in GFSSP’s Momentum Equation

Marshall Space Flight Center
GFSSP Training Course

In classical fluid mechanics, pressure drop can be related to dynamic
pressure by a dimensionless constant X

1
AP = K (Epu2>

GFSSP’s momentum equation expresses friction losses in terms of flow rate

AP = Kym?

The relationship between Kand K

1 5
ko= k|l 222 ) (2
77 7 \(pAw)2) ~ 7 \2pA?

Note that K,is not dimensionless
— Units: (Ibs/ft?)/(Iby/s)?




Resistance Option 1

Marshall Space Flight Center
GFSSP Training Course

* Pipe Flow
Pipe Resistance Option Parameters
} 1
<
| !
D e/\/k/\/\_rv-’\w
~oL Detail A
Detail A
Where:
D = Pipe Diameter
L = Pipe Length
€ = Absolute Roughness
For Re <2300, Friction Factor (f) For Re > 2300, Friction Factor Flow Resistance Factor
64 (using Colebrook Equation) 8fL
= — K -
/= Rep L . 7™ pum?Dsg,
i 37D Rey




Resistance Option 1 (cont.)

Marshall Space Flight Center
GFSSP Training Course

« How was the equation for K; derived?

fL(1 .
AP = o3 —pu’ | = K;m?

m = pAu A =—D?

L (30u) = ks [ou G o?)

2

3fL
pumD>g,

Kf:



Resistance Option 2 (1/2)

Marshall Space Flight Center
GFSSP Training Course

* Flow Through a Restriction (1/2)

1
 29cpuCEA?

Ky

* Loss Coefficient: ¢,

— Sometimes called “Flow Coefficient” or “Discharge Coefficient”
— Smaller values of ¢, indicate greater resistance

- BUT, ifUsersets ¢, =0
» GFSSP will set K; to 0 (flag for inviscid flow through the branch)



Resistance Option 2 (2/2)

Marshall Space Flight Center
GFSSP Training Course

Flow Through a Restriction (2/2)

* In classical fluid mechanics, head loss (AH) is expressed as:

AH Ku2
2y
« Kand (, are related by:
oo 1
VK

« Larger values of K indicate greater resistance

 In GFSSP, it is common to use the Restriction Option 2 as a generic branch
— K-values from either the manufacturer, or from literature
— K-values converted to Loss Coefficients, (;



Resistance Option 3 (1/2)

Marshall Space Flight Center
GFSSP Training Course

Non-Circular Duct (1/2)

Four cross-sections: Poiseuille Number Relationship
for Laminar Flow

Po = C;Re
b 26
a 24 4 x Rectangle
® Hiipse
22 4 A Concentric Cylinders
(a) Rectangle b) Ellipse O Gircular Sector

20

/% o 181

16 -

&’ “

12 €
10

0 0.2 0.4 0.6 0.8 1
(c) Concentric Annulus d) Circular Sector b/a

12



Resistance Option 3 (2/2)

Marshall Space Flight Center
GFSSP Training Course

* Non-Circular Duct (2/2)

Laminar Flow (Rep, < 2300) Turbulent Flow (Rep .. > 2300)
eff
1. Compute Hydraulic Diameter (Dy,) 1. Compute Effective Diameter (D.g)
4A 16Dy,
Dp =+ Defr = Po
2. Compute Effective Reynolds Number (Reyp,) 2. Compute Effective Reynolds number (Re.)
m Dy 11 Do
Repy, = - Reefr = A
3. Compute friction factor (f) 3. Use D4 & Rein Colebrook Equation
f 4Po 1 . £ N 2.51
= _— 0 —
Rep, 77 8137D " Rey7

Flow Resistance Factor
fPL

Ke=— "
f 7 8g.pyA®



Resistance Option 4

Marshall Space Flight Center
GFSSP Training Course

Pipe Flow with Entrance and Exit Loss

Pipe with Entrance and/or Exit Loss

o

d/ . e/\/\/\/\m:
/‘-./ Detail A

K; = Entrance Loss Coefficient
K. = Exit Loss Coefficient

Detail A
Where:
D = Pipe Diameter
L = Pipe Length
€ = Absolute Roughness

Flow Resistance Factor

8K; 8fL 8K,
Kf = 24 + 25 + 24
Py T Iec PuT Jec Pul 9c




Resistance Option 5

Marshall Space Flight Center
GFSSP Training Course

« Thin Sharp Oirifice

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

Flow Resistance Factor
K

K =——

F T 2gcpu A2

where;:

K, = [2 72 + (22 1)2 ( 120 _ 1)] [1 - (]‘;—i)zl [(3—2)4 - 1] for Rep, < 2500

K; = [2 72+ (32 (4000)] [ DZ)ZI [(3—2)4 = 1] for Rep, > 2500

Note: This branch is only for incompressible flow.



e Thick Orifice

Resistance Option 6

Marshall Space Flight Center
GFSSP Training Course

L >

I .

D, = Pipe Diameter
D, = Orifice Throat Diameter
L, = Orifice Length

L

Flow Resistance Factor
K;

29cpyA*

where:

Kf=

lz 72+ (2 1)2 (RlezDoh - 1)] l1 - (E—f)zl l(]';—:f - 1] |0.584 + ——2°—| for Rep, < 2500

Kl—l272+ (
1

4000
ReD1

)[1- )] [(B) -1 [o584 + rmamsszzs] for Re, > 2500

Note: This branch is only for incompressible flow.
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Resistance Option 7
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« Square Reduction

g S—

Where:
— D, D4 = Upstream Pipe Diameter
D, = Downstream Pipe Diameter

Flow Resistance Factor

K, = —
I 2gcpy A2
where:
_ 160 | [(D1\*
K, = [1.2 + ReDll l(Dz) 1] for Rep, < 2500

K, = [0.6 + 0.48f] (’;—:)2 [(E—;)Z - 1]2 for Rep, > 2500

12



Resistance Option 8
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« Sguare Expansion

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

Flow Resistance Factor
K;

- 2g.pyA?

where:

K¢

4
K, =2 l1 - (g—:) ] for Rep, < 4000

D:\2]?
K, = [1+ 0.8f] [1 -(3) ] for Rep, > 4000

GFSSP will automatically switch between Options 7 and 8 depending upon the flow direction

13



Resistance Option 9
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Where:

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

® = Duct Rotational Velocity

r, = Duct Inner Radius

r, = Duct Outer Radius

Flow Resistance Factor
L
Kr = 2 !
PuT gc(ro - ri)

where:

f (wri)z 0.38
—=|1+0.7656(—
for [ 2u ]

u2(r, — rj
for = 0.077(Ru) 924 Ry = Pu ('uo i)




Resistance Option 10
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D
T Flow Resistance Factor
N 8fL
k=L
punzDsgc
where:
L
f WD /wD?\1%282
J — =0.942 + 0.058 [( ) < >]
for u 14
M~ \_// o u2(r, — r;
: for = 0.0791(Ru) 025 Ru = 2 (; )
Axis of _______iﬁ____________________________/3_03 _____
Rotation

Where:

L = Duct Length

® = Duct Rotational Velocity
D = Duct Diameter

Note: This branch only models the friction losses in the rotating duct.
User must activate centrifugal term in momentum equation separately.

15



Resistance Option 11
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Where:

C = Clearance

M = Gap Length (Pitch)

ri = Radius (Tooth Tip)

N — Number of Teeth

o = Step Seal Factor (~0.9)

Flow Resistance Factor
(Modified Dodge Egn)

(+05)N+15
2gcpua’h?

Kf=

where:

1

{1 B [N(%é%d_} 1—)61.\32) }

E =




Face Seal

Resistance Option 12

Where:

FL
c
!
T ¢ = Seal Thickness (Clearance) '
D B = Passage Width (B = D)
e L = Seal Length
—>

Flow Resistance Factor
12uLp

B ng.Dc3|m|

K¢

Marshall Space Flight Center
GFSSP Training Course
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Resistance Option 13
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« Common Fittings and Valves

Flow Resistance Factor

K, 1
Re ' Koo (1 + D) ‘ ‘
2gcpuh?
where: —
K, = K for the fittingatRe =1
K_,= K for the fitting at Re = oo (K, in GFSSP)
D = Internal diameter of attached pipe (in)

Kf=

« Types of Fittings and Valves

Two-K Method

Y

Y

|| 45°,90°, and 180° Elbows ||

Y Y

Standard Screwed Gate/Ball/Plug
Long Flanged/Welded Globe [Std., Angle/Y-Type]
Mitered Stub-in-Type Diaphragm [Dam Type]
Butterfly
Check [Lift, Swing, Tilt]

18



Resistance Option 14

Marshall Space Flight Center
GFSSP Training Course

Pump Characteristics
— Option 14 considers the branch as a pump with given characteristics

— Pump Characteristics are expressed in the pressure rise

Ap = AO + Bom + Comz Ap
where:
Ap = Pressure Rise (Ib./ft?) )
i = Flow Rate (Ib, /sec) m

- Momentum Source (S) used to induce the desired flow

S = ApA

19



Resistance Option 15
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Pump Power

Considers the branch as a pump with a given horsepower (P) and efficiency (77)

Momentum Source (5) used to induce the desired flow

. 550p,PnA
- om

20



Pumps and the Energy Equation
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NOTE: Pump options automatically add an energy source term to the 15t
Law Energy Formulation.

m  APm
S = APAu = APA— =
pA  p

« CAUTION: For a compressible fluid, density/velocity are not constant. This
equation will be based on the inlet density, a lower value than the exit
density, thus tending to overvalue the energy source.

» Therefore, if the pump option is used to model a compressor, exit
temperatures may be overestimated.

« Options when modeling a compressor:

 If possible, switch to Energy by 2" Law (Entropy)
« If Energy by 18t Law is required, break pump branch up into separate
stages.

21



Resistance Option 16

Valve with Given C,
— Branch considered as a valve with a given C,

Marshall Space Flight Center
GFSSP Training Course

#6

Cv

Flow Resistance Factor

. H6799x 10°
PTG

22



Resistance Option 17
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* Visco Jet (Joule - Thomson Device)

— Option 17 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.

— Visco Jet flow rate is given by:

w = 10000 k,

,/Ap S.G.(1 —x)
ohm

where: @
w = flow rate (lb,,/hr) '

k, = empirical factor

V; = the viscosity correction factor

Lo = resistance of the fluid device ”’f/ in?
S.G. = Specific Gravity “’m/ hr
x = downstream fluid quality (calculated by the code)

- For Option 17, K is expressed as:

186624 Lopm
I~ 8.6 \Vik,(1 —x)



Resistance Option 18

Control Valve

Pressure monitored at arbitrary point downstream of valve

Valve maintains pressure within user specified tolerance
» Closes when pressure exceeds maximum value
» Opens when pressure drops below minimum value

Flow resistance factor calculated using same equations as
Option 2 (Restriction)

Marshall Space Flight Center
GFSSP Training Course

Ullage

Propellant

24



Resistance Option 18
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« User Defined U
— Allows User to create a new resistance not available in GFSSP library
— User is required to supply Fortran coding for calculating K
— User is required to supply the branch cross-sectional area via the preprocessor
— User has the option of supplying up to six branch parameters via the preprocessor

45 Branch Properties ? *

TJ uUser Defined

Identifier: | 12 |

Description: |Llser Defined 12 | [1 show

Area |I:I |ir11 -

Property 1 |EI

Property 2 |EI

Property 3 |EI

Property 5 |D

|
|
|
Property 4 |D |
|
|

Property 6 |D

Initial Flow Rate: |0 |lbmjs =

Symbol Manager Cancel

25



Resistance Option 20
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Heat Exchanger Core
— I

1]
1 2
1]
— [

Flow Resistance Factor

(KC+1—az)+2(&—1)+fﬁi—(1—az—1(e)ﬂ
P2 A P2

c Pavg

Kfz

2p19:A%
where:

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

Note: This branch only models the friction loss in the heat exchanger.
Heat transfer can be modeled separately with a heat source, or the heat exchanger advanced option.

26



Resistance Option 21

Parallel Tube

— Option 21 is an extended version of Option 1
» nis the number of parallel tubes

- Assumes uniform flow distribution

Flow Resistance Factor
_ 8fL
 pum?DSgcn?

K¢

Marshall Space Flight Center
GFSSP Training Course
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Resistance Option 22 (1/2)
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« Compressible Orifice (1/2)
— Option 22 considers branch as an orifice for compressible flow
— Flowrate is calculated from a simplified momentum equation
— Input is identical to Option 2 (Restriction)
— Flow will choke at the critical pressure ratio (P you/Pyp)

Gas P,

> \7oT 02,N2,H2 1.4 0.53

Pop = | ——
. <y+1> He 1.66 0.49
CO2,CH4 1.3 0.55

—
_



Resistance Option 22 (2/2)
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« Compressible Orifice (2/2)

—
_

— If %s P, (choked flow)

- R
m = CLA Puppupch(Pcr)y 1- (Pcr) Y

P
- If dvnspo

Pup
2 =1

S 2y (Pdaown \Y Pdaown\ ¥
e e R

29



Resistance Option 23
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« Labyrinth Seal (EGLI Correlation)

Where:

C = Clearance

M = Gap Length (Pitch)

r; = Radius (Tooth Tip)

N — Number of Teeth

o. = Step Seal Factor (~0.9)

30



Resistance Option 24

Marshall Space Flight Center
GFSSP Training Course

Fixed Flowrate —(—

12

Fixed Flowrate branch uses a nearly vertical pump curve
— Forces GFSSP to solve for a desired flow rate

Fixed Flowrate branch can only be located adjacent to a Boundary Node
— Replaces pressure boundary condition with a required flow

User should always check that calculated flowrate is as expected
— Tighter convergence criteria may be required

Although the Fixed Flowrate branch works on the principal of a pump, it does
NOT add an extra term to the 1st Law Energy Equation.
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Algorithm for Fixed Flow Option (Schallhorn)
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Pump Characteristics Pump Characteristics —>

d

Ap Ap

Operating Point

Operating Point

System Characteristics
System Characteristics

2 ~ m? ~
Ap = A + Cm|m| C=—a
where: where:
A = am|m| a = 1x10%°

Substituting 4 and C:

. m|m|

Il
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Resistance Options Summary
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Most fluid systems can be modeled using available options

Resistance Option 2 can be used as a generic option
— C, must be computed from a known pressure drop vs. flowrate characteristics

User can add new resistance options through User Subroutines

33



Fluid Options
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 GFSSP uses the following thermodynamic and thermo-physical properties of
fluids for the solution of the governing equations

— Density [p (T, p)]

— Absolute Viscosity [u (T, p)]

— Thermal Conductivity [k (T, p)]

— Specific Heat at Constant Pressure [C, (T, p)]
— Specific Heat Ratio [y (T, p)]

- Enthalpy [H (T, p)]

- Entropy [S (T, p)]

 GFSSP requires these properties at every node, at each iteration

* Properties are supplied by thermodynamic property programs integrated into
GFSSP

34



Integrated Fluid Property Programs
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GASP/WASP
— Developed at NASA Glenn Research Center in 1970s

— Uses modified Benedict, Webb, & Rubin (BWR) Equation of State
— Fast and forgiving of out-of-range input

GASPAK
— Developed by Cryodata Inc. as an evolution of MIPROPS/NIST-12

— Uses variable term Helmholtz equation

- Based on:
» National Institute of Standards and Technology (NIST)
» International Union of Pure & Applied Chemistry (IUPAC)
» National Standard Reference Data Service of the USSR

— Fairly fast, but unforgiving of out-of-range input

35



GASP He
GASP CH,
GASP Ne
GASP N,
GASP CO
B casp o,
GASP Ar
B casp co,
B GasPF,
GASP H, (para)
WASP H,0
RP-1 Tables
]

Ideal Gas
T

User Fluid 1
User Fluid 2
User Fluid 3

ID Number

51
52
53
54
55
56
57
58
59

61
62
63
64
65

67

SOURCE / FLUID

GASPAK He
GASPAK CH,
GASPAK Ne
GASPAK N,
GASPAK CO
GASPAK O,
GASPAK Ar
GASPAK CO,
GASPAK H, (para)
GASPAK H, (normal)
GASPAK H,O
GASPAK RP-1 (liq)
GASPAK Isobutane
GASPAK Butane
GASPAK Deuterium
GASPAK Ethane
GASPAK Ethylene
GASPAK H,S

Available Fluid Library

Marshall Space Flight Center

GFSSP Training Course

ID Number

70
71
72
73
74
75
76
77
78
79

81
82
84

SOURCE / FLUID

GASPAK Kr
GASPAK Propane
GASPAK Xe
GASPAK R-11
GASPAK R-12
GASPAK R-22
GASPAK R-32
GASPAK R-123
GASPAK R-124
GASPAK R-125
GASPAK R-134A
GASPAK R-152A
GASPAK N,F;
GASPAK NH,
GASPAK H,0,
GASPAK Air
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Provision of Using Fluids Not Available
In Fluid Library (1/2)

Marshall Space Flight Center
GFSSP Training Course

« User can add fluids in the library by providing property tables

« Tables can be used with 1t Law (enthalpy) energy formulation only

« GFSSP requires the following property tables
— Thermal Conductivity (k)
— Density (p)
— Dynamic Viscosity (u)
— Specific Heat at constant pressure (C,)
- Specific Heat Ratio (y)
- Specific Enthalpy (h)
— Specific Entropy (S)

37



Provision of Using Fluids Not Available
In Fluid Library (2/2)
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If fluid properties knowledge is limited, some tables can be filled with

dummy values
— Entropy (s) is print-out value only; dummy values can be used

If model does not use Conjugate Heat Transfer option
— Thermal conductivity (k) is not required; dummy values can be used

If model uses Mixture Temperature option
— Specific heat (Cp) and specific heat ratio (y) are required
— Enthalpy (h) tables can be dummy values

Enthalpy (h) tables can be constructed by integrating C, over temperature
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User-defined Fluid Table Inputs
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Number of Number of
Pressure points Temperature points
(NP) (NT) NOTE: NP and NT must be the same in all seven user fluid files.
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 g0 0 rmat
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 0(1)=6.0 psi
0.2083E+00 0.2087E+00 0.2090E+00 0.2093E+00 0.2097E+00 :
0.2099E+00 0.2100E+00 0.2105E+00 0.2110E+00 0.2120E+00
0.2130E+00
Second pressure_v 0.7000E+01 0.2300E+00 0.2280E+00 0.2250E+00 0.2230E+00 30CP valugs
point, p(2) 0.2210E+00 0.2190E+00 0.2170E+00 0.2160E+00 0.2150E+00 Correspondmg
0.2130E+00 0.2120E+00 0.2110E+00 0.2105E+00 0.2100E+00 to 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 (NRP1DAT,*) NP1,NT1

Read Statements

READ (NRP1DAT,*) (T1(J), J=1,NT1)
DO | = 1,NP1
READ (NRP1DAT,*) P1(l),(PHIL(1,J,K), J=1,NT1)

ENDDO
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Units of User-defined Fluid Tables
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« To use Sl units in fluid tables, Sl units must also be enabled in MIG

 GFSSP installation directory contains a folder with utility programs for
converting table units and converting a REFPROP output file to GFSSP

format
Property Name English Units Sl Units
Pressure (P) psia kPa
Temperature (T) °R K
Thermal Conductivity (k) BTU/ft-s-°R W/m-K
Density (p) Ib,/ft3 kg/m3
Absolute Viscosity (u) b, /ft-s N-s/m?
Specific Heat Ratio (y) Dimensionless Dimensionless
Specific Enthalpy (h) BTU/lb,, kJ/kg
Specific Entropy (S) BTU/Ib,-°R kJ/kg-K
Specific Heat (C)) BTU/Ib,-°R kJ/kg-K




Saturated Properties of User-defined Fluids
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Seven User-defined fluid property tables
— Not sufficient for modeling phase change

User has the option of adding an eighth file
— Saturated liquid and vapor properties as a function of saturation pressure

GFSSP installation directory contains a folder with utility programs for
converting REFPROP saturation properties to GFSSP format
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Number of

Format of the Saturated Property Table

Saturation Pressures

/

Marshall Space Flight Center

GFSSP Training Course

L TextPad - EA\GFSSPAGFSSPersions\Develop Sat User Fluid\satwater.dat =0 <=
File Edit Search Tools Macres  Configure  Window Help
nSsEa8& 21 DV HR T .
" satwater.dat K < 8
427 =t
0.10000000 434 E7001 3.0109000 £2.421001 1.0073000 1.13720004E-03  1.0002000 9.06111163E-05 6. 10450003E-03  1077.2000 3.39569990E-04 *
7.E999999 64015002 148 £2000 60562001 1.0035000 2.30890000E-04  1.0878000 1.07836109E-04 0. 26412001 1138.8000 2.01319996E-02 |z
15.100000 672.98999 181 87000 £9.794993 1.0078000 1.87869999E-04 1.1201000 1.09102773E-04 0.31442001 1151 .6000 3.82689983E-02
22.600000 694 .15997 203.05000 59.245999 1.0114000 1.67100006E-04 1.1425000 1.09558336E-04 0.34567001 1159 .3000 5.58030009E-02
30100000 710 15997 219 27000 58 BOR00D 1 0148000 1 54020003E-04 1 1603000 1 09744447E-04 0 367399 1165 0000 7 Z9RTI987E-D2
37.599998 723.16998 232 50999 £3.432999 1.0179000 1.44720005E-04  1.1752000 1.09802771E-04 0.28718000 1169.4000 B.987300L0E-02
45099998 734.21997 24378999 58 105000 1.0208000 1.37E30006E-04  1.1883000 1.09791661E-04 0. 40261999 11732.0000 010658000
52.59999% 743.87000 253.67000 57.811001 1.0236000 1.31959998E-04 1.2000999 1.097386899E-04 0.41596001 1176 .0000 0.12314000
60.099998 752.46002 262.48999 57.542000 1.0263000 1.27280000E-04 1.2108001 1.09658329E-04 0.42772001 1178 . 6000 0.13957000
A7 599998 TEO 23999 270 48999 57 292999 1 0283000 1 23310005E-04 1 2206000 1 09561108E-04 0 43827000 11809000 0 15590000
7E.099998 7E7.34998 27782999 57 062000 1.0314000 1.19889999E-04  1.2298000 1.09447225E-04 0. 44784001 1182.9000 0.17214000
g2.59999% 773.90997 284 62000 E6. 844002 1.033%000 1.16900002E-04 1.2385000 1.09325003E-04 045662001 1184 .7000 0.18831000
90.099998 780.01001 290.95001 S6.639000 1.0362999 1.14249997E-04 1.2467000 1.09197223E-04 0.46474001 1186.4000 0.20442000
97 599998 TEE 71997 296 89001 5f 443001 1 0387000 1 11879993E-04 1 2545000 1 09061111F-04 0 47229001 1187 8000 0 2z048000
105.10000 731.09003 30249999 56257000 1.0410000 1.09729997E-04  1.2618999 1.08922221E-04 0.47936001 1189.2000 0.23649000
112. 60000 796.16998 307 79001 56 078999 1.0432000 1.07779997E-04  1.2691000 1.08780558E-04 0. 48600999 1190.4000 025246000
120.10000 g00.97998 312.82999 55.908001 1.0455000 1.05990002E-04 1.2759000 1.08636115E-04 0.49228999 1191 . 6000 0.26839000
127 60000 g05.57001 317 64001 55.743000 1.0477000 1.04339997E-04 1.2826000 1.08491673E-04 0.49823999 1192 . 6000 0.28430000
135 10001 20994000 322 23001 55 SE4000 1 0493001 1 02819993E-04 1 2890000 1 N8344444F-04 0 50389999 1193 6000 0 300179939
14260001 214.13000 32664999 55431000 1.0520000 1.01400001E-04  1.2952000 1.08194443E-04 0.50931001 1194 .5000 031604001
150.10001 g158.14001 330.89001 E5.282001 1.0541000 1.00079997E-04 1.3012000 1.08044449E-04 0.51446998 1195 .3000 0.33188999
157 60001 g22.01001 334 .97000 55.137001 1.0562000 9.88359971E-05 1.3071001 1.07894441E-04 0.51942003 1196.1000 0.34771001
165 10001 825 72998 338 92001 54 995998 1 0583000 9 7RTO9998E-05 1 3128999 1 07744447E-04 0 52418000 1196 8000 0 36353001
172.60001 229.31000 342 73001 £4 859001 1.0604000 9.EE720028E-05  1.3135000 1.07594446E-04 0.52876002 1197 .5000 0.37933999
180.10001 232 780032 34642001 54 72E002 1.0624000 9. EE349969E-05  1.3240000 1.07444444E-04 [ 53316998 1198.1000 0.39513001
187 60001 836.14001 35000000 4. 596001 1.0645000 9. 45509964E-05 1.3293000 1.07294443E-04 0.53742999 1198 .7000 0.41091999
195 .10001 §39.40002 353.48001 54.467999 1.0664999 9.36180004E-05 1.3346000 1.07141670E-04 0.54154998 1199 .2000 0.42671001
202 60001 743 54999 356 B5999 54 344002 1 0BES00N 9 27290021E-05 1 339&000 1 NE991669E-04 0 54553998 1139 3000 0 44250000 hal I
1K A i A A A A A A » ol
T T 1 Refd Owr Block Sync JRec Caps
sat Plig Hig kI|q vap
P h, Coli - .
sat liq p.hq YIIq S“q pvap

Table continues with
vapor values for:
Co 17, k,and s




Other Fluid Options
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Constant Property Option
— Allows the user to model a fluid with constant density (p) and viscosity (u)
- Energy equation is not solved
— Auvailable only for steady-state models

Ideal Gas Option
— Allows the user to model an ideal gas
— Uses constant viscosity (1) and specific heat (C,)

GFSSP Ideal Gas (default)
— AIR at room temperature values for viscosity (1) and specific heat (C,)
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User-Coded Fluid 1/2)
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 User subroutine PRPUSER

» Allows the user to overwrite any or all fluid properties

SUBROUTINE PRPUSER(I GIVEN, I NFLUID, Z P, Z T, Z RHO, Z H, Z CP,

- Z CV, 72 S, 7Z GAMMA, Z MU, Z K, I KR, Z XV,
- Z RHOL, 7z HL, 7 CPL, % CVL, % SL, Z GAMMAL, 7z MUL, Z KL,
- Z RHOV, 7z HV, Z CPV, 7 CVV, 7 SV, Z GAMMAV, Z MUV, Z KV)
C PURPOSE: ADD NEW FLUID PROPERTY

C I GIVEN: Inputs are: (1) P/T (2) P/H (3) P/S (4) Psat/X
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User-Coded Fluid (2/2)
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User can choose which properties to overwrite
— For example, overwrite only viscosity to match textbook solution
- Define a new fluid using their own Fortran-coded property package

GFSSP installation directory includes instructions for calling REFPROP

from a User Subroutine

— User must have
» Installed REFPROP v9
> Intel Fortran compiler

Test cases have shown that REFPROP agrees well with GASP/WASP
— Model run time is much slower
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Fluid Options Summary
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GFSSP considers both gas and liquid as real fluid
— Liquid is also modeled as compressible fluid

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

Options to add new fluid to library
— Table look-up provision
— User-supplied Fortran code

Constant Property and Ideal Gas options can also be used
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Tank
V =10 ft3

Initial Conditions
P, = 100 psia
T, = 80°F

Marshall Space Flight Center

GFSSP Training Course

GFFSP Demonstration Problem 2

—_ |e— o

P.m = 14.7 psia

4 Modeling Interface for GFSSP - E:/Top Secret Plans/Demo2/Dema2.gfssp

File Edit View Model Advanced Help

Aerdes A DHEX

e <=aa9

Main Model

Ferog~»

==
L—=—
12

H

Tank Atmosphere

GFSSP v7.02 - Demo 2




Creating an Unsteady Model

Marshall Space Flight Center
GFSSP Training Course

45 Model Properties

General  Steady /Unsteady l Crrcuit | Fluids | Solver | Output |

@ady State Mode: |Llnsteady j \

Time Settings

Unsteady Options

Time Step (sec): |III. 1 [ variable Rotation

File: | J

[ Variable Geometry

kPrintFrequenn:y: |1 / File: | J

Start Time (sec): |IZI

Final Time (sec): | 300

[ Variable Heat Load [ Pressure Regulator
[ Tank Pressurization [ Flow Regulator
[ Valve Open/Close [ Pressure Relief Valve
Ok Cancel

GFSSP v7.02 - Demo 2



Internal Node Initial Conditions

Marshall Space Flight Center
GFSSP Training Course

45 Node Properties 7 oy
Identifier |1 Fluid Concentrations
Ideal Gas | 1.0000 =
Mode Description | &ir Tank [ ] show
o Pressure (100 PSIA ¥
Initial P, T ——s
Temperature |80 T hd
Tank  ——3| Node Volume |= 10 * pow(12,3) in* ¥
Volume
Symbol Manager oK Cancel

GFSSP v7.02 - Demo 2



Transient Boundary Conditions

Marshall Space Flight Center
GFSSP Training Course

45 History File Editor ?
Time Pressure Temperature Ideal Gas
Seconds PSIA °F Mass Fraction
* Mode P rti ? >

& Node Properties 10 14.7 30 10
Identifier |2 2 1300.0 147 80 1.0
Mode Description |Mode 2 [ ] show
Mode History File |HistZ.DAT Edit

Symbaol Maglager Cancel

/ Add Line Remove Line | |External Editor Cancel
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 v7.02 - Demo 2



Plotting Transient Results

Marshall Space Flight Center
GFSSP Training Course

45 Modeling Interface for GFSSP - E/Top Secret Plans/Demo2/Demo2.gfssp - [m] x D Winlot w4 551 - [Plot £1] fe e =
f[| File Edit Script Parameter TimeSlce View Axs Style Nomenclature Markers Options User Data Window Help ==
File Edit View Model Advanced Help SES &y B B 3 H X IY t it it =) G D Pl
[ mat -t =] oo — = B O <»¢P1 PSIA Air Tank -&-P2 PSIA Ambient
NEr @ AaDE B8 <=aQq
Main Model
3
B Select Parameters
D 80
2, Start Winplot
_E'E_p w
H ’
40
20
0
0 50 100 160 200 250 300
TIME SECONDS »
Ready CPU2%  MEM: 17%

GFSSP v7.02 - Demo 2



Add Conjugate Heat Transfer

Marshall Space Flight Center
GFSSP Training Course

e Previous solution was adiabatic (no heat transfer from wall)
e Now repeat problem with Conjugate Heat Transfer to model natural convection
between the air and the warm tank wall.

45 Model Properties ? d

General l Steady / Unsteady ] Circuit ] Fluids ] Solver ] Duu:-ut]

Model Title: |Dem02

Analyst Name: |Andre LeClair

Working Folder: |E:fGF55F‘fCIassesf26_2E|2|J atKSCf6_GUI_2

Solver Input File: |Dem02.CI-|T.DAT

Solver Output File: |Demo2.CHT|OUT

Solver Executable: |C:;‘Program Files GF55P fsolver fafssp 70 1i.exe Default
Units for History Files and Qutput: |English -

I User Subroutine

Setup User Subroutine | Compiler Options | Edit User Subroutine

User Subroutine Source File: | J

oK Cancel

GFSSP v7.02 - Demo 2



Enable Conjugate Heat Transfer

Check Conjugate Heat Transfer on Circuit tab

Marshall Space Flight Center
GFSSP Training Course

4 Model Properties

General ] Steady [ Unsteady Circuit l Fluids ] Solver ] Output]

I Axial Thrust

I Cydlic Boundary

I Dalton's Law of Partial Pressure

I Enthalpy Formulation 'Wl
I™" Fluid Conduction

I™ Fluid Mass Injection

I Gravity

I Heat Exchanger

I™ Heat Source  |BTU/sec

™ nertia ™ Branch Angles [~ DFLI

I Grid Generation [ Laminar

[ Momentum Source

[ Maoving Boundary

[ Mormal Stress

| Phase Separation Model

[~ Psychrometry ’W‘
[ Rotation

[ Shear

[ Transient Term Active

[ Transverse Momentum

[~ Turbopump

W iconjugate Heat Transfer

Add Solid Node 3, and Fluid-to-Solid Conductor 31

GFSSP v7.02 - Demo 2



e |nput

Tank material, mass: SS304, 471 Ib, ; initially at 80 °F

— Tank surface area: 3250 in?

» Characteristic length is tank diameter: 2.68 ft

Enter Heat Transfer Information

Marshall Space Flight Center
GFSSP Training Course

Heat transfer coefficient correlation is Vertical Plate Natural Convection

45 Conductor Properties

? >
HTCR
VY Solid-Fluid Convection
Identifier |31
45 Solid Node Properties ? * |
Description |Cnnducmr 31 [ show
D Solid Node R
Identifier |3 | Heat Transfer Area |3250 |in2 ﬂ
Description |SNDL‘.|E 3 | ] show Heat Transfer Coeffident Correlation |6 Vertical Plate Matural Convection ﬂ
Temperature |30 % ~
Char. Length |2.68] ft ﬂ
Mass |4?1 | lbm =
Heat Source |D |ETUIS S L
_ Emissivity of Solid |0
Material Stanless Steel 304 =
Cancel Emissivity of Fluid [0

QK Cancel

GFSSP v7.02 - Demo 2



Compare Results (1/2)

Marshall Space Flight Center
GFSSP Training Course

e Compare Results (1/2)
— Run the model and plot the results in Winplot

— Plot Demo2.WPL file for comparison
» Note: Pressure and temperature decrease more slowly when there is heat transfer from the

tank wall
Pressure Temperature
P1 PSIA Node 1 P1 PSIA Node 1 T1 DEG F Node 1 1 DEG F Node 1
100 WinPlot v460 0 — >_|
40
” CHT
0
CHT . :
%0 Adiabatic
Adiabatic 0
40
-80
2, 50 100 150 200 250 300 120 % o o po po .
TIME SECONDS —— TIME SECONDS

GFSSP v7.02 - Demo 2



Compare Results (2/2)

Marshall Space Flight Center
GFSSP Training Course

e Compare Results (2/2)
— Plot the tank wall temperature and the heat transfer coefficient
— Note: Tank wall heat transfer coefficient is not constant over time

-
Tank Wall Temperature Heat Transfer Coefficient
TS3 DEG_F SNode 3 HSF31 B/S-FT2F Conductor 31
80.0 WinPlot 146 0.0006
0.0005
79.5
0.0004
79.0 0.0003
0.0002
78.5
0.0001
78.0 -0.0000
0 50 100 150 200 250 300 0 50 100 150 200 250 300

TIME SECONDS o TIME SECONDS

GFSSP v7.02 - Demo 2
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Fluid Transient

£ Modeling Interface for GFSSP - EAGFSSP\_MIG_Installer\Test b10\Tut2\Tut2.gfssp - O X
Eile Edit View Model Advanced Help
. = = — i R R
DrrbB@ag AnAREX E- & &8 += Q49
Main Model
L3
O
O
B bl
%y L— s |— [ |— [ |— s |— > |—R —»[5]
12 23 34 45 56 &7
</ VOoC
‘HEF [ Results [u] X
Plot Type: | Temporal ~ 4 Reset zoom
B P6 (PSIA)

625.6

5713

517.1

629

408.6

0.00 0.25 0.50 0.75 100
Time (s}
Working folder set: E:/GFS5P/__MIG_Installer
@) copy chart Close




Content

Marshall Space Flight Center
GFSSP Training Course

« Classification of Unsteady Flow
« Causes of Transient

« Methods of Analysis

* Valve Closing

* Valve Opening

 Conclusions

GFSSP 7.02 -- Fluid Transient



Classification of Unsteady Flow

Marshall Space Flight Center
GFSSP Training Course

Quasi-steady flow is a type of unsteady flow when flow changes from one

steady-state situation to another steady-state situation
— Time dependant term in conservation equation is not activated
— Solution is time dependant because boundary condition is time dependant

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 7.02 -- Fluid Transient



Causes of Transient

Marshall Space Flight Center
GFSSP Training Course

« 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 7.02 -- Fluid Transient



Methods of Analysis

Marshall Space Flight Center
GFSSP Training Course

* Arithmetic Method
» Graphical Method

* Finite Difference Method
— Method of Characteristics
— Predictor-Corrector

* Impedance Method

* Finite Volume Method (GFSSP)

GFSSP 7.02 -- Fluid Transient



Ex15 — Simulation of Fluid Transient Following
Sudden Valve Closure (waterhammer)

Marshall Space Flight Center
GFSSP Training Course

» Objectives of Analysis
— Maximum Pressure

—  Frequency of Oscillation Valve Closure History
Time (sec) Area (in?)
0.0 0.0491
0.02 0.0164
0.04 0.0055
0.06 0.0018
0.08 0.0006
LO, 0.10 0.0
Propellant
Tank
P =500 psia
o D =0.25inch
T=-260°F Flowrate = 0.0963 Ib, /s |
Xn
' 1
< 400 ft =|

GFSSP 7.02 -- Fluid Transient



Ex15 - GFSSP Model (waterhammer)

Marshall Space Flight Center
GFSSP Training Course

* For this GFSSP model
— Discretize total pipe length into 5 branches (80 ft. each)
— Run a steady state model with 450 psia ambient condition
- Run unsteady model with steady state solution as initial value

LO,
Propellant Valve
Tank ]— L] [+ |- m—e[s |- =[] i
_[-_..._[-_... e - BB : | R, —=[7] Ambient
P =500 psia 12 23 4 b3 5 &
T =-260 °F
ﬁf \fal\.re I:IFIE” ClDSE ? X g HIStDr}f File Editor ?
Time Area
Valves & Seconds in
Valve 1 10 :0.0401
Valve History File: |ValveOpenCloses?.dat Edit 2 0.2 00164
3 0.04 0.00545
4 0.06 0.00182
5 0.08 (0.00061
Add Femove
6 0.1 le-16
G | | |1,
Add Line Remove Line | External Editor Cancel

GFSSP 7.02 -- Fluid Transient




Time Step Check

Marshall Space Flight Center
GFSSP Training Course

* Check assumed time step (A1) with Courant Number

4Lbranch

Courant Number =
afluid AT

>] w— Courant Number =6.5

where:
LOX speed of sound (ag,y) is 2462 ft/sec

* Recheck Courant Number when any changes occur to L., and/or At

GFSSP 7.02 -- Fluid Transient



Ex15 - Results

Marshall Space Flight Center
GFSSP Training Course

 Comparison between GFSSP and Method of Characteristics (MOC)

700

—MOC

T —GFSSP

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

500 JJ-J---\ 1 N . e X 0N N BN

.g 400 +--=-=-=-===-- L ecmenlencncacncas E ________________________________ demcmcmencedocnoncncnclancaancnan lecmcmamcm=

¢ E

& 300 f--scmmssmebate st atte e E ............................................................................
L onseaeans e e
Ul S T Tl s e S s i S
0 ] ] ; ] 1 ] l i |

Time (sec)

GFSSP 7.02 -- Fluid Transient



Description of Test Cases

Marshall Space Flight Center

GFSSP Training Course

Time step for each test case is so chosen that Courant Number = 1

Piank = 500 psia
LO,: Tiank = -260 °F
HoO: Tiank = 70 °F
LH: Tank = -414 °F

. Period of
Case . Number of Time Step | Sound Speed Flowrate Pmax 106

No Fluid Branches (sec) (ft/sec) (Ibm/sec) i Oscillation
' (psia) (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,O 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%)
LO, (2 phase)
8* 10 0.01 - 0.0963 550 1.17
Xexit = 0.017
LO, (2 phase)
9* 10 0.01 - 0.0963 538 1.22
Xexit = 0.032

10 LO, 10 0.01 2462 0.0963 611 0.65

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

GFSSP 7.02 -- Fluid Transient



Gas Liquid Mixture

Marshall Space Flight Center
GFSSP Training Course

600 Liquid Oxygen
| — — — — LOX-Helium {0.1%) Mixture
| N e LOX-Helium {0.5%) Mixture
IR
—550 1t ‘ .
8 | 1 o
2 ~
T I f \ A
- ]".a- - ! R
a | ™ . 10
B500f- 7] {1 N b L PO A9 S0
a [/ w4 vy VT
] i | i I P W
I |
4
l
i | /
450 - V! 14
7 ! v
7\
].I 1 | 1 I 1 1 l I 1 1 I l 1 1 I l 1 1 1 I
1 2 3 4 5
Time(sec)

GFSSP 7.02 -- Fluid Transient



Comparison Between GFSSP & MOC Solution

Marshall Space Flight Center
GFSSP Training Course

“Numerical Modeling of Fluid Transients by a Finite Volume Procedure for

Rocket Propulsion Systems”, Majumdar, A. K. and Flachbart, R. H.
Paper No. FEDSM2003-45275, Proceedings of ASME FEDSM’03
4th ASME/JSME Joint Fluids Engineering Conference, Honolulu, Hawaii, July 6-10, 2003

Speed Max. Pressure Rise Period of Oscillation

Fluid Flowrate Velocity Friction of Above Supply Pressure (sec)

(Ib,/sec) (ft/sec) Factor* Sound (psi)
(ftsec) MOC GFSSP MOC GFSSP
Water 0.071 3.34 0.0347 4892 214 204 0.33 0.33
Oxygen 0.0963 4.35 0.0196 2455 136 126 0.65 0.65
Hydrogen 0.0278 19.01 0.0157 3725 61 45 0.43 0.43
* Used in MOC solution

GFSSP 7.02 -- Fluid Transient




Rapid Valve Opening (priming)

Marshall Space Flight Center
GFSSP Training Course

Schematic of Pipeline System with Ball Valve location

!
G- -H
L7
z A -
R Lé Lg
A c c E
| | | |
% —— | Water Control Volume —V | I'I Air p
i | | I
B D D F
L i
% , o ; )
" /%/
70

.

o

=}

S
—

Ball Valve Opening History Parameters
a=Lg/ly
Pr = Pr/Po

Valve Angle 0 (
8 &
\\

n
=]

10

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 045 0.50

Time (Seconds)

GFSSP 7.02 -- Fluid Transient



GFSSP Model (priming)

Marshall Space Flight Center
GFSSP Training Course

Reservoir (Node 1) pressure range: 29.4 to 102.9 psia
Initial Air pressure is atmospheric
After Valve opens, Water rushes into the Air column and pressure rises

Reservoir
12 23 24 4% 58 a7
—
Air Valve Water
[t [ [} ]
1314 1213 112 1011 910 8s
L Pipe Length with Water = 20 ft
Pipe Length with Air =9 ft
s} —@m—{:] Dead End Pipe Diameter = 1.025 in
1516

GFSSP 7.02 -- Fluid Transient
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Results (priming)

Marshall Space Flight Center
GFSSP Training Course

* Pressure at Dead End (entrapped air pressure)

300
4
4
200 1‘
Ball Valve &
Opening History -
Parameters %
a=L/Lr=045 & iu
Pr=pPr/Po=7
4
0 . .
0 0.5 1 1.5 2 25 3 35 4
Time (sec)
/;\
G- — -H
L -
ZR L‘ S Lg o
A [} é E
! | ! I
% — | Water Control Volume —>V ' IE Air p I
i bk L
: ]

GFSSP 7.02 -- Fluid Transient



Conclusions

Marshall Space Flight Center
GFSSP Training Course

GFSSP has been used to compute fluid transient following rapid valve
closure (waterhammer) and opening (priming)

GFSSP predictions have been compared with MOC solution and

experimental data
- Maximum pressure predictions - compare well
- Oscillation (frequency) predictions - compare well
- Discrepancies exist in damping rate - primarily due to rigid pipe assumption

Demonstrations have been made
- Two phase (Gas-Liquid) flow following valve closure
— Condensation of liquid-vapor flow following valve closure
— Sudden opening of valve in long pipeline

Time step must satisfy Courant condition

GFSSP 7.02 -- Fluid Transient
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Tutorial = 2

Simulation of Flow Transient Following
Sudden Valve Closure

D =0.25inch

I
| —
’

|< 400 ft



Fluid Transient Schematic

Problem Considered:

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

» Speed of sound in LOx: a = 2462 ft/s

» Note that if valve closes in 0.1 sec, wave can only travel 246.2 ft, not far
enough to reach the upstream end of the pipe.

Liquid
Oxygen . Valve closes in
_ D =0.25inch o
500 psia 100 milliseconds
Flowrate = 0.1 Ib, /sec l

200 °R
( 450 psia

400 ft =|

A




Part 1: Build Steady State Model (1/3)

 Model File: Tut2.gfssp

* Input File: Tut2.DAT

« Output File: Tut2.0UT

« General Fluid: Oxygen (Fluids tab)

« Check: Save Information (Solver tab)
— Save the steady state solution in the restart files

£ Model Properties 7 X £ Model Properties ? X
General Steady [ Unsteady Circuit Solver Output General Steady [ Unsteady Circuit Fluids Output
Fluid Type |General Fluid -
Simultaneous Solution
General Fluid Properties
Library (G=GASF Library, GP=GASPAK Library) Selected Fluids Sclution Methods Convergence Information
Helium G ~ (6) Oxygen G single Fluid Energy: Energy by FirstLaw 55 = Convergence Criteria: ‘0.0001 ‘
Methane G ) ) )
Neon G Norlinear Solver: MNewton - 55 7 Maximum Iterations: ‘SDD ‘
Nitrogen G _ Relax K: |1 Relax NR: |1 ‘
) el 0xide G >
loxgen G - Relax D: |D.5 ‘
Argen G Relax H: |1 ‘
Carbon Dioxide G
Fluorine G
Hydregen G
Water WASP v

Restart Files
Save Information
Node Restart Save/Read File: [FNODE.DAT |

[ Read Information  gyoch) Restart Save/Read File: [FBRANGH.DAT |

OK Cancel

Reset to Defaults

Cancel

GFSSP 7.02 -- Tutorial 2




Part 1: Build Steady State Model (2/3)

Build the model on the canvas
Set boundary conditions

Set pipe and restriction parameters
— Assume smooth pipe (¢ = 0)

45 Node Properties ? W
Identifier |1 | Fluid Concentrations

Oxygen G |1.0000 5
Mode Description |Ncu:|e 1 | ] show
Pressure ‘EDD |p5m -
Temperature |-26|j | F -

Symbol Manager Cancel
LOX
P =500 psia. P =450 psia.
T =-260 °F T =-260 °F
e
] — =] 2 |—mm—{ 3 B ¢ |— | 5 | — s R, —7]
12 ot 34 45 Gl 67
Pipe Pipe Pipe Pipe Pipe Valve
L =960in. L =960 in. L =960 in. L =960 in. L =960 in. C.=06
D =0.25in. D=0.25in. D=0.25in. D =0.25in. D =0.25in. A =0.0491in2
GFSSP 7.02 -- Tutorial 2




Part 1: Build Steady State Model (3/3)

* Run the steady state model
« Check that the flowrate is = 0.1 Ib. /s

* Note that the results have been saved in the restart files

* Note for later: RHOG6 = 64.87 Ib/ft> and V67 = 4.37 ft/s

£ Modeling Interface for GFSSP - Tut2. OUT ? X b L w | Tut2 -
Home Share View
¢ 4.7022EH02 -2.5392E402 1.031E2-01 €.43LLE70L 0.00002400 0.0000E400 " & = v 4 ||« DATADRIVED(E) » GFSSP > _MIG_nstaller » Testbf » Tut2 v © | SearchTut2
5 4.6030E+02 -2.5989E+02 1.0530E-01 6.48%0E+01 0.0000E400 0.0000E+00
&  4.5037E+02 -2.5987E+02 1.0363E-01 6.4863E+01 0.0000E400 0.0000E+00 = )
Name Date modified Type Size
7 Quick access
NODE H ENTRORY =M COND cr GRMA DAT File 1KB
BTU/LB BIU/LE-R La8M/FT-5EC BTU/FT-5-R BTU/LE-R ~ [ This PC DAT File 7KB
z 7.71002401 7. .39342-05 1.8184E-05 4.1737E-01 2.0266E+00 I Desitop & Tur2 a7 D;TF"E_ "E
3 7.7100E401 7. .38142-05 1.81752-05 4.17592-01 2.0280E+00 |5 Documents & Tut gfssp GFSSP File 116 KB
4 7.7100Z+01 7. .36332-05 1.8167E-05 4. 2.0253E+00 4 Downloads B Tutzout OUT File 128KB
5 7.7100Z+01 7. .35732-05 1 4. 2.0306E+00 )
& 7.7100Z+01 7. .34538-05 1 4. 2.0313E400 b Music
&= Pictures
BRANCEES B Videos
BRANCH EFACTOR DELD FLOW RATE | VELOCITY  RE¥N. NO. MACE NO. ENTRODY GEN.  LOST WORK
(LBF-5~2/ (LBM-FT)~2) [(PSI) { ) (FT/SEC) BT/ ( LBF-FT/SEC ‘= Windows (C)
12 1. 3.5242400 5. z 4.35 7.021E404 5. 1.38 2.124E+00 > = DATADRIVED (E)
23 1. 9.326E400 5. z 4.38 7.031E404 5. 1.38 . . )
34 1. 3. +00 fs- z 4.38 7.041Z+04 5. 1.38 . = iesapps (msfciesO
45 1. 3.53272400 5. z 4.38 7.051E404 5. 1.38 . = appsserv (\\msfc-aj
H3 1. 9.3272400 | 3- 0z 4.38 7.0622404 5 1.36 z = apps (msfc-apps)
&7 5.TZ4E403 3.7072-01 5. 0z 4.37 7.071E404 5. 5.11 7 =
== shared libs (\\msfc-
P
¥ Metwork
TIMZ OF ANALYSIS WAS  1.5625000000000002-002 SECS
P
v
Close
5 items

GFSSP 7.02 -- Tutorial 2




Part 2: Build Transient Model (1/4)

* Model Properties
Check: “Unsteady” (Steady/Unsteady tab; under Steady State Mode)

Convert model to transient (Steady/Unsteady tab)
» Time step = 0.02 sec

> Runtime =1.0 sec

Check: “Valve Open/Close” (Steady/Unsteady tab)
Check: “Transient Term Active” (Circuit tab)
» Activates the transient term in the momentum equation
» Usually negligible except in waterhammer problems

Steady State Mode: |Unsteady

Time Settings

Time Step (sec): |U.UZ

Start Time {sec): |U

Final Time (sec): | 1.0

Print Frequency: |1

MLI Calculation Frequency: | 1000

Unsteady Options

[ Variable Rotation

[ Pressure Regulator
[] Flow Regulator

[] Pressure Relief valve

Cani

cel

45 Model Properties

General | Steady [ Unsteady Fluids

[ Axial Thrust

[ Cydic Boundary

[ Dalton's Law of Partial Pressure
[ Enthalpy Formulation | Stagnation
[ Fluid Conduction

[ Fluid Mass Injection

[ Gravity

[] Heat Exchanger

[ Heat Source BTU/sec

[ tnertia Branch Angles DFLI
[ Grid Genera tion Laminar

Output
[] Momentum Source
[] Moving Boundary
[ Mormal Stress

[ phase Separation Model

[ Psychrometry | Relative Humidity

[ Turbopump
I:l Conjugate Heat Transfer

GFSSP 7.02 -- Tutorial 2




Part 2: Build Transient Model (2/4)

* Model Properties

- Uncheck: “Save Information” (Solver tab, under Restart Files)
- Check: “Read Information” (Solver tab, under Restart Files)

— Check: “Winplot Data” (Output tab)

& Model Properties

General Steady [ Unsteady Circuit Fluids Qutput

Simultaneous Solution

Solution Methods Convergence Information
Single Fluid Energy: Energy by FirstLaw 55~ Convergence Criteria: |0.0001
Differencing Scheme: First Order hd Maximum Iterations: |500
Nonlinear Solver: Mewton - 55 v Relax K: ‘1

Relax D: |D.5

Relax H: |1

|
|
Relax MR: |1 |
|
|

Restart Files
[ save Information

Mode Restart Save /Read File: ‘FNODE‘DAT

Read Informationl - geanch Restart Save/Read File: [FBRANCH.DAT

Reset to Defaults

Cancel

& Model Properties 7

General Steady / Unsteady Circuit Fluids Solver

Solver Qutput Options
Metwork Information
Extended Print Information [] Extended Plot Information
[ Print Initial Values
[ chedk values [] Debug Solver
ut Frequancy_ Binary Write Frequencyuf‘ﬁar
[ Plot User specified Valuss  Number User Variables

[] Tecplot Data

[ pisable GFSSP Run Information

cancel

GFSSP 7.02 -- Tutorial 2




Part 2: Build Transient Model (3/4)

Create history files £ Node Properties 7 X
— Boundary Node 1 dentiier |1
> P =500 pSIa Mode Description |Mode 1 [] show
> T=-260°F |
Mode History File |Hist1.DAT Edit
\ =
— Node 7
> P = 450 pSia Symbol Manager e Cancel
» T=-260°F -
4F History File Editor ?
Tirne Pressure Temperature Oaxygen G
Seconds PSIA °F Mass Fraction
10 : 500 -260 1
21 500 -260 1
Add Line Remove Line |  External Editor Cancel

GFSSP 7.02 -- Tutorial 2




Part 2: Build Transient Model (4/4)

« Open the “Valve Open Close” dialog box from the Advanced menu
— Click Add; Input name of the Valve History File in the dialog box: click Edit

- Input Valve Closure History values (time, area)
» Represents valve closing

« GFSSP will interpolate Branch 67 area for each time step

Valve Closure History

45 Valve Open Close ? x 4 History File Editor
Valves Time Area
-
Valve 1 Branch: |67 - P > em”ds n
10 | 0.0491
Valve History File: (ValveOpenCloset7.dat | Edit
2 0.02 0.0164
3 0.04 0.00545
4 0.06 0.00182
5 0.08 0.00061
Remove
6 0.1 1e-16
Concel
71 le-16
_e——
Lﬁ.ddl_in) Remove Line | |External Editor

Note: To prevent division by zero, a closed valve is given a very small area, such as 1x10-16

GFSSP 7.02 -- Tutorial 2
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Study of the Results

Plot pressure and flowrate history
— Peak pressure approximately 620 psia

Estimate the predicted period of oscillation and compare with formula

— Period of Oscillation = 4L/a
» L =length of the pipe = 400 ft
» a = Speed of sound = 2462 ft/sec (for LOX)

Estimate worst case pressure rise for an instantaneous valve closure:
AP = PaVsteady

Ic
> g.=32.174 Ib_-fti(s2-Ib;)

» Remember to convert from psf to psi (divide by 144)
» Compare this value to the predicted pressure rise relative to the 500 psi supply
pressure

Plot density (RHOG6) and compressibility (Z6) history
— Note variation of compressibility with time



Animate the Pressures

* Open the MIG plotter by clicking Model / Plot Results
— Change: Plot Type from Temporal to Profile
- Change: to
— Press: Play button to animate the Pressure vs. Node plots over time

« Animations are most useful for single row, evenly-spaced node models

P Results O X
Plot Type: |Profle | ~§ Parameter |Fluid Node Pressure ~ | | Reset Zoom @ be | T= D EBDDDD
B Fluid Node Pressure (PSIA)

625.6

571

517.1

462.9

408.

0.0 1.5 3.0 4.5 1]
Nodes

& Copy Chart Close

GFSSP 7.02 -- Tutorial 2



Challenge Problem 2
Draining a Water Heater

Given:

An insulated, electrically heated water heater contains 190 kg of liquid water at
60°C when a power outage occurs. If water is withdrawn from the heater tank
at a constant rate of 0.2 kg/s, how long will it take for the temperature of the
water in the tank to drop from 60°C to 35°C? Assume that cold water enters
the tank at 10°C, and that the tank is well insulated.

E] Cold Water Source
‘ T=10°C

S -

Flowrate = 0.2 kg/s *

Area =5 cm? Water Heater

2 Tinitias = 60°C
Volume =0.193 m3

Exit restriction
- 2 ~
Area=5cm R. 23

C, =10

GFSSP 7.02 -- Tutorial 2
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Challenge Problem 2
Draining a Water Heater

Two ways to set up/run GFSSP using Sl units

— Click: File / Preferences, then “Default SI”
» Close and restart MIG

— Click: General tab of the Model Properties page
» Select Sl for History Files and Output
» Manually input each entry in Sl units into the dialog boxes

Fixed Flow Branch Option
— Can be used to specify the flow rate in this simple system
— Assume reasonable pressure value at the boundaries (e.g. 101.3 kPa)

— Acts as a pump
» Raises the driving pressure enough to maintain the specified flow rate of 0.2 kg/s

This problem is Example 7.3 of Introduction to Chemical Engineering

Thermodynamics, 5" ed. by Smith et al.
— Given answer: 658.5 seconds (assuming constant properties)
- How does GFSSP’s answer compare?
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Mathematical Formulation

j=n Fluid
mT+A7; - mr . . Mixture
AT _ mij Node
o j=2
Jj=1
Fluid
Mixture
Node Node Node
- | vode | Gy Move LGy moce
Single
Fluid
Tank k=1
V =10 ft3 @ Ty = -1
" * ]
1 | — L, 0
—_r —j Node
Initial Conditions R I j=4
P, =100 psia : '
T, = 80°F Single
Fluid
. k=2
d=0.1in
\_

P.m = 14.7 psia

.
—_— |e— o
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* Finite Volume Procedure Basics
*  Mathematical Closure
« Governing Equations

* Solution Procedure

GFSSP 7.02 Training Course
Mathematical Formulation



Finite Volume Procedure Basics (1/2)

Marshall Space Flight Center
GFSSP Training Course

« The Finite Volume Procedure for a fluid network is an extension of single
control volume analysis of mass and energy conservation in classical
thermodynamics.

Boundary Node

Work (W) [ ] Internal Node
VYork (W)

<= Branch

Mass in

System boundary

| \
| Control |\ (control surface)

\\ volume \

Sm‘r()un(hngs

Mass out
Heat (Q)
LN, H,+0,+N,
Control Volume Analysis Finite Volume Analysis
in Classical Thermodynamics in Fluid Network

GFSSP 7.02 Training Course
Mathematical Formulation



Finite Volume Procedure Basics (2/2)

Marshall Space Flight Center
GFSSP Training Course

« Development of governing equations
— Conservation of mass, momentum, and energy of working fluid
— Conservation of thermal energy of solid in contact with working fluid

« Use of accurate thermodynamic and thermo-physical properties of fluid and
material properties in development of the governing equations

* Numerical Solution of the governing equations by an iterative method

GFSSP 7.02 Training Course
Mathematical Formulation



Problem of a Steady State Flow Network
Given: Boundary Node Pressures and Temperatures

Find: Internal Node Pressures and Temperatures;
Flowrates in Branches

Supply Reservoir

Primary Variables

P2, p37T27T3)m12; m23; m34 /iévgéy ;

Mathematical Closure /5)

Marshall Space Flight Center
GFSSP Training Course

Receiving Reservoir

150 ft

Pipe
L = 1500 ft

D=6in.

€/D = 0.005

OWRT Graviy vecton = 95.74°

Gravity Vector

Gate
Pump Valve
Secondary Variables
Pipe
L = 1500 ft
P2, P3, U2, U3 pump Gate valve D=6in
A, = 30888 K, = 1000 €/D = 0.005
B, = -8.067E-04 K;=0.1 OWRT Gravity Vector) = 95.74°
(12) [ 5] (23 [ 5] N
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
—CG®——  Branch
Boundary Node

GFSSP 7.02 Training Course
Mathematical Formulation

Internal Node



Problem of an Unsteady Flow Network

Mathematical Closure (2/5)

Marshall Space Flight Center
GFSSP Training Course

Given: Boundary Node Pressures and Temperatures; Initial Values at Internal Nodes

Find: Internal Node Pressures and Temperatures; Flowrates in Branches with Time

Primary Variables
pl (T)) Tl (T), ml (T), le (T)

Secondary Variables

p1(7), 11 (1)

( )

Tank
V =10 ft3

Initial Conditions
P, =100 psia
T, = 80°F

d din

P.m = 14.7 psia

GFSSP 7.02 Training Course
Mathematical Formulation
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Mathematical Closure (3/5)

Marshall Space Flight Center
GFSSP Training Course

Problem of an Unsteady Flow with Conjugate Heat Transfer
Given: Boundary Node Pressures and Temperatures; Initial Values at Internal Fluid
Nodes and Solid Nodes

Find: Internal Node Pressures and Temperatures; Flowrates in Branches with Time

Primary Variables
p(7), T (1), m(z), m(7), Ts(7)

Secondary Variables
p(1), u(z), k(z), ho (1)

34 | 45 | fili] | &7

[ | — < ]
12 7

HTCR HTCR HTCR HTECR HTCR
gy ] ’\,{55/ 104 “\F/;/ 118 “\F/;/ 126

K K K K

29 ain 1011 1112

GFSSP 7.02 Training Course
Mathematical Formulation




Mathematical Closure 4/5)

Marshall Space Flight Center
GFSSP Training Course

* Primary 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. Species Concentration 5. Conservation Equations for Mass Fraction of Species
6. Mass 6. Thermodynamic Equation of State

GFSSP 7.02 Training Course
Mathematical Formulation



Mathematical Closure (5/5)

Marshall Space Flight Center
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« Secondary Variables
— Thermodynamic & Thermophysical Properties

Unknown Variables Available Equations to Solve
Density (p)
Equilibrium
Specific Heat (C)) Thermodynamic Relations
[GASP/WASP & GASPAK]

Viscosity (v)
Thermal Conductivity (k)

Friction Factor (f)
Empirical Relations
Heat Transfer Coefficients (h,)

GFSSP 7.02 Training Course
Mathematical Formulation



Mass Conservation Equation

Marshall Space Flight Center
GFSSP Training Course

Fluid
j =n Mixture

Myipr — My . . Node
= — mij j=2
Fluid

Mixture

o —CGo— M —CGo— 2%

Single
Fluid

k=1
m;; = —m;;

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

GFSSP 7.02 Training Course
Mathematical Formulation



Momentum Conservation Equation (1/4)

Marshall Space Flight Center
GFSSP Training Course

« Momentum Conservation Equation
- Represents Newton’s Second Law of Motion

Node

mass * acceleration =  forces Branch
» Unsteady * Pressure

* Longitudinal Inertia * Gravity

* Transverse Inertia * Friction Node

* Centrifugal

* Shear Stress

* Moving Boundary
* Normal Stress

» External Force i"_)_ _______ Axis of Rotation ., _

GFSSP 7.02 Training Course
Mathematical Formulation



Momentum Conservation Equation (2/4)

Marshall Space Flight Center
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Mass x Acceleration Terms in GFSSP

— Unsteady

(Muyj) gy a0 —(MUyj), O
g.At

— Longitudinal Inertia

— Transverse Inertia

+ MAX |1y qns, O (s — W) — MAX| —Tit gy qms, O (s — 1)

GFSSP 7.02 Training Course
Mathematical Formulation
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Momentum Conservation Equation (3/4)

Marshall Space Flight Center
GFSSP Training Course

Force Terms in GFSSP (1/2)

—  Pressure (i) Node

(pi — pj)Aj

Branch

- Gravity

pgV cos @
Ic Node (i)

—  Friction

— Ky iy || A i
- Centrifugal

p KrzothA(rj2 - riz)
9c

GFSSP 7.02 Training Course
Mathematical Formulation
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Momentum Conservation Equation (4/4)

Marshall Space Flight Center
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Force Terms in GFSSP (2/2)

— Shear Stress

U, — Uj;
p ij ;
U= 4s myj
Yc ij,p —_—
Uy, Uyj Ug
— Normal Stress @ @ x @ @
Ug — Ujj Uij — Uy | Ajj < Gy —SK— S0 —>
nud 6 — u 6
ij,d iju | Yc
- Moving Boundary
_pAnormunormuij/gc

GFSSP 7.02 Training Course
Mathematical Formulation
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Governing Equations (1/8)

Marshall Space Flight Center
GFSSP Training Course

« Energy Conservation Equation (1/2)
— Can be written in terms of Enthalpy (h) or Entropy (s)
- Based on Upwind Scheme

Fluid
Mixture

Node
j=2

Fluid
Mixture

e G| "o @ 1%

« Enthalpy Equation

Rate of Increase of Internal Energy = Enthalpy Inflow - Enthalpy Outflow + Heat Source

_p _ — L) j=n
m(h p])T+AZT m(h p])rZJE{MAX[—mij,O]hj—MAX[mij;O]hi}'l'Qi

J=1

Note: /= 778.17 ft-Ib/Btu

GFSSP 7.02 Training Course

Mathematical Formulation 15



Governing Equations (2/8)

Marshall Space Flight Center
GFSSP Training Course

« Energy Conservation Equation (2/2)

Fluid
Mixture

Node
j=2

Fluid

Mixture

Single
2 Node Node Node
Fluid j=1 : j=3

k=1

Single
Fluid
k=2

* Entropy Equation

Rate of Increase of Entropy = Entropy Inflow - Entropy Outflow + Entropy Generation + Entropy Source

j=n j=n .
= MAX[—m;;,0]) . -
(ms)”zfr (ms)e _ E {MAX[-my;,0]s; — MAX[my;,0]s;} + E { [_ il ]}Si,-,gen +%
j=1 j=1 7] l

GFSSP 7.02 Training Course
Mathematical Formulation



Governing Equations (3/8)

Marshall Space Flight Center
GFSSP Training Course

* Fluid Species Conservation Equation

Fluid
Mixture

Node
j=2

Fluid
Mixture
Single
2 Node Node Node
i =1 i j=3
Si,k @ mi]' = —mI
Single
Fluid | Node
k=2 [/=4

» Fluid Species Equation

Rate of Increase of Fluid Species = Fluid Species Inflow — Fluid Species Outflow + Fluid Species Source

j=n
(mici,k)T+AATT (micit)e _ Z{MAX |74, 0]¢j i — MAX [y, Ofcipc} + Sik
j=1

GFSSP 7.02 Training Course

Mathematical Formulation 17



Governing Equations (4/8)

Marshall Space Flight Center
GFSSP Training Course

« Equation of State
— For unsteady flow, resident mass in a control volume is calculated from the
equation of state for a real fluid

_pv

M= RTZ

— zis the compressibility factor determined from higher order equation of state to
give density (from property packages or interpolated from tables)

GFSSP 7.02 Training Course
Mathematical Formulation
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Governing Equations (5/8)

Marshall Space Flight Center
GFSSP Training Course

« Liquid-Vapor Mixtures
— If the enthalpy at a given pressure is under the saturation dome

» Fluid is considered to be a homogeneous liquid-vapor mixture with a quality
» Qualilty is the vapor mass fraction

— Saturated fluid properties will be quality-weighted averages of the liquid and
vapor properties

aint

Critical p

ub-saturate
water

(Wl sleam)
Tw phass regien

Temperature

a

L_ hr -,-_!- hh! !

Enthalpy

GFSSP 7.02 Training Course
Mathematical Formulation 19



Governing Equations (6/8)

Marshall Space Flight Center
GFSSP Training Course

Mixture Property Relations (1/4)
— Mixture Density
Amagat’s Law of Partial Volumes
GFSSP’s default
Suitable for liquids and most gas mixtures
Uses density evaluated by property package at the node pressure

YV VVY

1 Xk
Pmix Pk

GFSSP 7.02 Training Course
Mathematical Formulation
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Governing Equations (7/8)

Marshall Space Flight Center
GFSSP Training Course

Mixture Property Relations (2/4)

— Mixture Density

Dalton’s Law of Partial Volumes

Activated on Circuit Options tab

Properties are evaluated at the partial pressure of the gas

Appropriate for gas mixtures where at least one gas would be a liquid if properties
were evaluated at the total pressure of the mixture.

Pmix = Z Pk

YV VVY

GFSSP 7.02 Training Course
Mathematical Formulation
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Governing Equations (8/8)

Marshall Space Flight Center
GFSSP Training Course

« Mixture Property Relations (3/4)
— Example: When Dalton’s Law of Partial Pressures would be appropriate
» Mixture: 76 mol% O, and 24 mol% He, at 45 psia, -277.7 °F
> At atotal pressure of 45 psia, O, is a liquid
> At a partial pressure of 34.2 psia, O, is a gas

Amagat’s Dalton’s
Law Law
p (Ib,/ft3) p (Ib/ft3)
O, 57.73 0.5946
He 0.0918 0.0221
Mixture 2.336 (Incorrect!) 0.6167

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (1/10)

Marshall Space Flight Center
GFSSP Training Course

Successive Substitution (SS)

Newton-Raphson (N-R)

Simultaneous Adjustment with Successive Substitution (SASS)
Program Sequence

Convergence

Sparse Matrix Solver

Time Step

Relaxation Parameters

Troubleshooting

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (2/10)

Marshall Space Flight Center
GFSSP Training Course

Non-linear algebraic equations solution options
— Successive Substitution (SS)
— Newton-Raphson (N-R)

GFSSP uses a Hybrid Method
— SASS ( Simultaneous Adjustment with Successive Substitution)
— Method is a combination of Successive Substitution and Newton-Raphson

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (3/10)

Marshall Space Flight Center
GFSSP Training Course

« Successive Substitution (SS) 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,Z) and Y= f(X,2), etc.
3. Solve for each variable
4. Under-relax the variable, if necessary
5. Repeat steps 1 — 4 until solution convergence
— Advantages

» Simple to program
» Takes less computer memory

— Disadvantages
» Difficult to decide in what order to solve the equations to ensure convergence

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (4/10)

Marshall Space Flight Center
GFSSP Training Course

* Newton-Raphson (N-R) 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 the correction equations by Gaussian Elimination method
5. Apply correction to each variable
6. Iterate until corrections become very small
— Advantages
» No decision-making process involved to determine order in which equations must be

solved

- Disadvantages
» Requires more computer memory
»  Difficult to program

GFSSP 7.02 Training Course
Mathematical Formulation 26



Solution Procedure (5/10)

Marshall Space Flight Center
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Using Newton’s method to find the root (zero) of a single equation.

- Guess x; )
. o £1x) _

- Calculate f(x;) and its derivative f(x;) N F)
— The next guess x;,, is: :
R I C0) | X Y,

i+1 = , — e A | \ X

i Y () &

guess Xa Next gue b g

— Therefore, the correction Ax.,,, IS \

f(x)
f1(x)

AXcory = Xjp1 — X3 = —

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (6/10)

Marshall Space Flight Center
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Using Newton-Raphson method to find the roots of multiple equations.

— Arrange conservation equations so that all terms are on one side.
— These terms add up to a residual R.
- Want to drive R;(Xy, X5, X3...), Ry(Xq, X5, X3...),... to value of zero.
— R can be conservation of mass, momentum, or equation of state.

— X; could be a pressure, flow rate, or resident mass

— Calculate current values of residuals R, R,, R5, ... and place in vector R:

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (7/10)

Marshall Space Flight Center
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« Using Newton-Raphson method to find the roots of multiple equations (cont.).

— Use numerical differencing to calculate current values of partial derivatives in
Jacobian matrix J.

'6R, OR;

SR, OR,

J=1%x o,
SRy

- Invert the Jacobian matrix J, multiply by the vector of residuals R, and calculate a
vector of corrections:

Ax,
Ax Note similarity to single variable form:
— 2| _ -1
Axcorr = =—]°R A f(xi)
Xeorr= ~ Zrr—
Axy frx)

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (8/10)

Marshall Space Flight Center
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SASS (Simultaneous Adjustment with Successive Substitution) Scheme

— Combination of Newton-Raphson (N-R) and Successive Substitution (SS) methods
» NR method solves mass conservation, momentum, and equation of state
» SS method solves energy conservation and concentration equations

— Underlying principle for making such division
» Equations which have strong influence on other equations are solved by the NR method
» Equations which have less influence on other equations are solved by SS method

SASS Advantages
— Approach reduces code overhead
— Maintains superior convergence characteristics

GFSSP 7.02 Training Course
Mathematical Formulation
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Solution Procedure (9/10)
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* Flow Chart of Solution Algorithm

Start

READIN - Reads input
< data from data file
generated by MIG

h 4

Iteration loop

repeated for BOUND — Supply

Obstz:ztf;:'a' «—,| [INIT - Generate Trial GASP/WASP or GASPAK —
Solution » A routine for thermodynamic
properties Mass
Conservation

eachtimestep [« > Time-dependant
boundary conditions | COEF — Constructs EQNS - Calculates
4 the coefficient matrix PR residuals of three
Simultaneous NEWTON — ofth: zg;:’sﬁtlon goz:;ir;:g Conservation
(S) solution of Controls the i 9
pressure, < » iteration loop of Equation
flowrate, and Newton-Raphson [¢—* SOLVE-Solve of State
resident mass scheme l— correction equation
by Gaussian
i elimination method
Successive ENTHALPY —
Substitution | Solves by SS UPDATE — After applying
(SS) solution of " method —* corrections update each

~
Y

enthalpy & variable (11)
concentration MASSC — Solves Energy
concentration by _\ Conservation

v SS method Species
Conservation

Solution of
Temperature of 5| TSOLID or TSOLIDNR Solid
Solid — Solves temperature ol
Temperature

by SS or S method

A 4

Caleuiateflow | | RESIST - Calculates DENSITY — Calculates GASP/WASP or GASPAK —
resistances resistances for all branches  |¢ > density and other <+—{ A routine for thermodynamic
e properties properties
A 4 KFACT1 - KFACT21
Convergence Calculates branch
check resistances

GFSSP 7.02 Training Course
Mathematical Formulation



Solution Procedure (10/10)
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Solution of the governing equations involves following steps

hwnNE

o o

© o N

Subdivide the flow domain into fluid nodes and branches

Subdivide the solid domain into solid nodes and conductors

Connect the solid and fluid nodes with solid to fluid conductors

Solve at each fluid node

a. Mass and Energy Conservation equations to calculate Pressure (p) and Enthalpy (h)

b. Equation of state to compute resident mass (mg)
At each fluid branch, solve Momentum Conservation equations for calculate flow rate (m)
From Pressure and Enthalpy, calculate fluid Temperature (T¢) and all other thermodynamic
and thermophysical properties required in governing equations
At each solid node, solve Energy Conservation equation to calculate solid Temperature (T,)
Repeat Steps 4 — 7 until convergence

Repeat Steps 4 — 8 for each time step

GFSSP 7.02 Training Course

Mathematical Formulation 32



Convergence (1/5)

Marshall Space Flight Center
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Numerical solution can only be trusted when fully converged

GFSSP’s convergence criterion
— Based on difference in variable values between successive iterations (DIFMAX)
— Normalized Residual Error is also monitored (RSDMAX)

GFSSP’s solution scheme

— Two options to control the iteration process
» Simultaneous (SIMUL = TRUE)
» Non-Simultaneous (SIMUL = FALSE)

GFSSP 7.02 Training Course
Mathematical Formulation
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Convergence (2/5)
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« Simultaneous Option

— Single Iteration Loop
» Perform one iteration of the Mass, Momentum, and Equation of State by N-R scheme

» Solve Energy and Species Conservation equations by SS Scheme

> Solution is converged when the normalized maximum correction, A, (DIFMAX) is
less than the convergence criterion

Ng ,

;

Amax - MAX za
i—1 l

where: N is the total number of equations solved by the NR scheme

GFSSP 7.02 Training Course
Mathematical Formulation 34



Convergence (3/5)

Marshall Space Flight Center
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Non-Simultaneous Option

- Inner & Outer Iteration Loop
» Mass, Momentum, and Equation of State are solved in inner iteration loop by N-R scheme

» Energy and Species Conservation equations are solved in outer iteration loop by SS
Scheme

» Convergence of NR scheme is determined by A, .,
> Convergence of SS scheme is determined by A,
Amax = MAX|Ags, Ay, A o1 Ag
Np

A MAX E K t
= , elcC.
K K;

i=1

GFSSP 7.02 Training Course
Mathematical Formulation
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Convergence (4/5)
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« Convergence Characteristics for Simultaneous Option

100
Reduction of RSDMAX and DIFMAX with Iteration in
Example of Converging-Diverging Nozzle
10 +
Iterations
1 h 1 1
(0] 30 35 40
0.1 —+
0.01 A
0.001 —— RSDMAX
—— DIFMAX

0.0001 -

0.00001

GFSSP 7.02 Training Course
Mathematical Formulation



Convergence (5/5)
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« Comparison of Convergence Characteristics between Simultaneous Option
and Non-Simultaneous Option in Converging-Diverging Nozzle

100

10
RSDMAX

1

0.1

0.01

0.001

0.0001

0.00001

0.000001

0.0000001

0.00000001

3

Simultaneous

lterations

20 | 4, 40 60 80 100 120 140 160 180

A
44 .

Non-Simultaneous

A A

AlA
A

Al A A AL AA4L] L4 4 A Al

GFSSP 7.02 Training Course
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Sparse Matrix Solver (1/4)
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In numerical analysis, a sparse matrix is a matrix in which most of the
elements are zero

GFSSP uses matrix method (Gaussian Elimination) to solve the system of
correction equations while using N-R method

For large network models, the matrices are usually very sparse

There are iterative and direct methods of solving sparse matrices
— GFSSP uses direct method

Sparse matrix solver
- Eliminates multiplications of zero elements
— Saves processing time

GFSSP 7.02 Training Course
Mathematical Formulation 38



Sparse Matrix Solver (2/4)

New Solver Options

Marshall Space Flight Center
GFSSP Training Course

45 Model Properties

Solution Methods
Single Fluid Energy:

Monlinear Solver:

[] save Information

[] read Information

General Steady [ Unsteady Circuit Fluids Solver Output

Simultaneous Solution

Convergence Information

Energy by FirstLaw 55 Convergence Criteria: |D.DDD1

Newton - 55 7 Maximum Iterations: |5[JD

HE I'I‘:I.EEI.H. i

Broyden - 55 . Relax Ki |1
Mewton - 55 (Sparse)
Relax D: |[J.5
Relax H: |1

|
|
Relax MR: |1 |
|
|

Restart Files
Mode Restart Save/Read File: |FNODE.DAT

Branch Restart Save /Read File: |FBRAMCH.DAT

Reset to Defaults

Cancel

GFSSP 7.02 Training Course
Mathematical Formulation
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Sparse Matrix Solver (3/4)

Marshall Space Flight Center
GFSSP Training Course

« Performance of Sparse Matrix Solver

Processing
Time
Saved
(%)

Problem No. of No. of CPU Time CPU Time
Internal (sec) (sec)

Description Nodes | Branches (non-sparse) (sparse)

Tank Self-pressurization
due to Boil-off 6 13 498500 8902 8677 3
(Example 29)

Transfer Line Chilldown

el 31 32 16000 1166 1044 1
Tank
Pressurization 59 64 892 2214 1108 50
(Example 12)
e et lFalliny s el 161 238 600 66443 9687 85

(LaRC/Hass)

GFSSP 7.02 Training Course
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Sparse Matrix Solver (4/4)

Marshall Space Flight Center
GFSSP Training Course

« Example: Arc Jet Facility Model (LaRC/Hass)

Sparse Matrix Solver reduces solution time by 85%
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Time Step 1/2)

Marshall Space Flight Center
GFSSP Training Course

Explicit or Implicit methods can be used to solve systems of differential
equations

Explicit methods
- Easier to program
- Time step must be kept small for numerical stability
- Not always easy to determine stable time step a priori

Implicit methods
— Numerically stable regardless of time step
— May still require a small time step for solution accuracy

GFSSP 7.02 Training Course
Mathematical Formulation

42



Time Step (2/2)

Marshall Space Flight Center
GFSSP Training Course

GFSSP uses an implicit solver
- In theory: Implicit solver is numerically stable at any time step

— In practice: Very large time steps may not run
» Negative temperatures and/or pressures will crash the property packages

It is still the user’s responsibility to verify solution time step independence
- Example: Verify time step independence
» Run model with a 0.1 second time step; solution converged
» Re-run model with a time step of 0.05 seconds
» If solutions are comparable, then time step independence is verified

GFSSP 7.02 Training Course
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Non-linearity & Under-relaxation

Marshall Space Flight Center
GFSSP Training Course

» Under-relaxation is necessary to solve non-linear equations

— Example: Solve a simple non-linear equation x2 = 16

Rewrite equation: X, = 16/x*

Suppose x* = 2; then X, = 8

If we substitute x* = 8, we get X, = 2

The solution will oscillate between 2 and 8 but will never reach the correct answer

YV VY

— Try under-relaxation with a value of 0.5 (o)
> lteration #1
. Guess: x* =2
X =16/x*=16/2 =8
Xpew = (L-0)X* + ax
Xnew = (0.5)(2) +(0.5)(8) =5

> lteration #2
. Guess: X* = Xpew =5
. X=16/x*=16/5=3.2
. Xpew = (0.5)(5) + (0.5)(3.2) =4.1

> Iteration #3
. Guess: X* = Xpen = 4.1
. X =16/x* = 16/4.1 = 3.902
=(0.5)(4.1) + (0.5)(3.902) = 4.001

. =
Xnew

GFSSP 7.02 Training Course
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Relaxation Parameters (1/4)
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GFSSP Training Course

GFSSP provides several relaxation parameters
— Used to reduce the size of the corrections to the solution variables
— Can prevent the solution “running away” to outrageous values

» Relaxation parameters can also increase the time needed for the solution
to converge

* In general, explicit under-relaxation is employed
— Relaxation parameter multiplies the calculated correction by the relaxation
parameter before applying it

« Example
— Set the relaxation parameter to 0.6
— Only 60% of the calculated correction will be applied in each iteration

GFSSP 7.02 Training Course
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Relaxation Parameters (2/4)

Marshall Space Flight Center
GFSSP Training Course

RELAXNR

- Under-relaxes the Newton-Raphson solver
» For the mass and momentum equations solving for pressures and flow rates

- Generally the most effective relaxation parameter on the solution

RELAXK
— Under-relaxes the change in the factor K;
» Used in the friction term of the momentum equation

— May be useful if the model has elements with large swings in K;
» For example, a valve opening and closing

GFSSP 7.02 Training Course
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Relaxation Parameters (3/4)

Marshall Space Flight Center
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RELAXH
— Under-relaxes the change in enthalpy or entropy between iterations

— If using 15t Law, enthalpy uses inertial relaxation
» Weight (or inertia) is given to the enthalpy from the previous iteration

> Larger values of RELAXH will apply more relaxation
. This is different from the other relaxation parameters

- If using 2" Law, entropy is explicitly under-relaxed
» Example: Setting RELAXH to 0.6 will apply 60% of the correction

— The energy equation is fairly linear and usually well-behaved
» Problems are most often caused by bad inputs (pressures and/or flow rates) from the
solution of the mass and momentum equations
» RELAXNR is more likely to fix the energy equation than RELAXH

GFSSP 7.02 Training Course
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Relaxation Parameters (4/4)

Marshall Space Flight Center
GFSSP Training Course

RELAXD
— Under-relaxes the change in fluid density between iterations
- Set to 0.5 by default. Generally does not need further reduction

RELAXHC
— Under-relaxes the change in calculated convection coefficient between iterations

RELAXTS
— Under-relaxes the change in solid temperature between iterations

GFSSP 7.02 Training Course
Mathematical Formulation
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Troubleshooting

Marshall Space Flight Center
GFSSP Training Course

Check that input parameters are correct and make sense
Try under-relaxation (especially RELAXNR)

Change time-step

Tighten convergence criteria

Try non-simultaneous solution

If steady-state model won't converge
— Convert it to a transient and let it run to steady-state

If a model converges with less severe boundary conditions
— Try using that solution in a restart file to provide an initial guess

Contact the developers for help

GFSSP 7.02 Training Course
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Solution Procedure Summary

Marshall Space Flight Center
GFSSP Training Course

Simultaneous option is more efficient than Non-Simultaneous option

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

Non-linearity and strong coupling need under-relaxation
Good initial guess help to overcome convergence problem
A lack of realism in problem specification can lead to convergence problem

Lack of realism
— Unrealistic geometry and/or boundary conditions
— Attempt to calculate properties beyond operating range

GFSSP 7.02 Training Course
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Tank Pressurization, Control Valves, and

Relief Valves
i

Propellant

o/

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves




Tank Pressurization (1/19)

Marshall Space Flight Center
GFSSP Training Course

* Predict
— Ullage conditions between the propellant and the tank wall
» Includes heat transfer, and may include mass transfer
— Propellant conditions leaving the tank

Pressurant

v - ¥ b
Mprop

Propellant

T'P'VO'P

Propellant to Engine

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves



Tank Pressurization (2/19)
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« Additional Physical Processes Pressurant
- Volume change in ullage and propellant

— Gravitational head change in the tank

— Heat transfer from pressurant to propellant (mep)

Qprup
\ 4
— Heat transfer from pressurant to the tank wall (Q,,41;) ' Yo " o

Propellant

- Heat conduction between the pressurant exposed tank surface
and the propellant exposed tank surface (Q.onq)

T'P'VO'P

- Mass transfer between the pressurant and propellant (mgmp)
» Optional, with user subroutine

Propellant to Engine

GFSSP 7.02 Training Course
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Tank Pressurization (3/19)
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¢ Assumptlons Pressurant
— Liquid in tank remains at constant temperature

— Ullage gas is modeled as one bulk temperature & T
> No stratification

- Tank walls are well insulated Gprar A
» Heat leak from outside is negligible compared to heat transfer ; . ¥ Qoo
from pressurant e
Propellant

T'P'VO'P

Propellant to Engine

GFSSP 7.02 Training Course
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Tank Pressurization (4/19)
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« Mathematical Modeling of Physical Processes (1/4) pressurant
— Change in Ullage and Propellant Volume

m At
— prop —
qullage - - _derop

pprop

— Conservation Equation of Volume yrr . i
v ‘ Qcona

Vullage + Vprop = Viank

Propellant

T'P'VO'P

I+t — T

prop prop dv,

pbrop

T+6T _ T T+6T
I/ullage — Yullage + qullage

Propellant to Engine

GFSSP 7.02 Training Course
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Tank Pressurization (5/19)
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« Mathematical Modeling of Physical Processes (2/4) Pressurant
— Change in Gravitational Head in the Tank

pprong
Yc
— Heat Transfer from Ullage to Propellant

Qprop = [hcA]U—P (Tullage - Tprop) ; ‘ ¥ Geons

Ptank bottom = Pullage T

— Heat Transfer Coefficient (Natural Convection) Propellant

T'P'VO'P

Ky
hC = KHCL_Ran

S

Propellant to Engine

GFSSP 7.02 Training Course
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Tank Pressurization (6/19)
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« Mathematical Modeling of Physical Processes (3/4) Pressurant
— Heat Transfer from Ullage to Wall

Qwall = [hcA] U—W(Tullage - Twall)

— Tank Wall Conduction

Qcond = ktankAcond (Twall - Tprop) / (H/Z) v mg‘m i@.cm

- Energy Balance on Tank Wall Propellant

T'P'VO'P

- li ) ) .
meT\;/a%l + AmeT qu + (Qwall - Qcond)AT =(m+ Am)CpT\z/all

wal

Propellant to Engine

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves



Tank Pressurization (7/19)
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« Mathematical Modeling of Physical Processes (4/4) Pressurant

— Mass Transfer from Propellant to Ullage
»  With optional user subroutine

— Heat of Vaporization (hy,) and saturation temperature

(Tsar)
» Determined at current ullage pressure by calling utility Opron
subroutine PROPS_PSAT t ” bo
Mprop
m%rop — QpT'Op Propellant
hg + cpf(Tsat — Tprop) forer

Propellant to Engine

GFSSP 7.02 Training Course
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Tank Pressurization (8/19)
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« Calculation Steps Pressurart

— Ullage and Propellant Volumes

- Tank Bottom Pressure

- Heat Transfer Qs '
> Between pressurant and propellant (Q,,op) Y e " b
> Between pressurant and wall (Q,,qu)

Propellant

T'P'VO'P

- Wall Temperature

— Mass Transfer from propellant to ullage (mgmp)
»  Only with optional user subroutine

Propellant to Engine

GFSSP 7.02 Training Course
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Tank Pressurization (9/19)
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« Example 10 - Tank Schematic and GFSSP Model

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

1

Helium Ullage
P, = 67 psia
T, =-264°F Gz C.=0.6
V, = 25 f3 A =0.785in?
Aluminum Tank
’ 4
Diameter = 71.5 in Ullage Node | 2
Walll thickness = 0.375 in
LOX Propellant Fluid: LOX
P'TT _742%2 les;|a Pseudo Boundary Node || 3 ||P.,=74.76 psia
V,= 475 f¢° Teo™ 264 °F
Teat = -264 °F
C.=0.0
Propellant Surface @D AL= 4015 in2
PropellantNode | 4 @ 5 || P=250psia
C, =0.3043
¢ A =14.25in?

LOX Propellant to Engine
P =50 psia
GFSSP 7.02 Training Course
Tank Press. / Advanced Valves
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Additional Input for Pressurization Option

Tank Pressurization (10/19)

Marshall Space Flight Center
GFSSP Training Course

£F Tank Pressurization

Tanks: |Tank1 = Add
Options
Type: Vertical Cylinder =
Ullage Mode:
Pseudo Boundary Mode:
Propellant Mode:

Pseudo Branch:

45

Remowve

Lllage-Fropellant

Heat Transfer Area: |4,:, 15

Conv. Heat Transfer

Adjust Factor | 2

Tank Surface Area: |643 1.91

Tank Density: | 170

? >
¥ | Tank Cp: |III.2 |E!'I'I_.I,."{Ibm'R} -
T Tank Thermal Conductivity: |IZI.IZI362 |E€'I'I_.I,|"{Ft'5'F} b
-
Tank Thickness: |EI.3?5 |in -
-
Initial Tank Temperature: |-3IIII:I | == -
| inl -
[ ] Heat Transfer Correlation
| NU"-:; J = |0.54 E {Ra) R 0.25
| inz - .
NUGas Propellant = |0.27 = (Raj 10,25
| bmffts ~

Cancel

GFSSP 7.02 Training Course
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Tank Pressurization (11/19)

Marshall Space Flight Center

GFSSP Training Course

« Example 10 - Pressurization Output

SOLUTION
INTERNAL NODES

NODE P(PSI) TF (F) Z RHO EM (LBM) CONC

(LBM/FT"3)
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. MACH NO. ENTROPY GEN. LOST WORK

(LBF-S"2/ (LBM-FT) "2) (PSI) (LBM/SEC) (FT/SEC) BTU/ (R-SEC) LBF-FT/SEC
12 0.238E+05 0.362E+01 0.148E+00 0.445E+03 0.156E+06 0.129E+00 0.281E-02 0.127E+04
34 0.000E+00 0.000E+00 0.163E+03 0.899E-01 0.412E+06 0.114E-03 0.000E+00 0.000E+00
45 0.263E+00 0.487E+02 0.163E+03 0.253E+02 0.690E+07 0.323E-01 O0.115E+00 0.176E+05
NUMBER OF PRESSURIZATION SYSTEMS = 1

NODUL NODPRP QULPRP QULWAL QCOND TNKTM VOLPROP VOLULG Tank Output Units

2 4 1.9642 8.5069 0.0022 196.4447 450.8641 49.1359

SOLUTION SATISFIED CONVERGENCE CRITERION OF
TAU = 10.0000 ISTEP = 100

0.100E-02 IN

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves

5 ITERATIONS

QULPRP (Btu/s)
QULWAL (Btu/s)
QCOND (Btu/s)
TNKTM (°R)
VOLPRORP (ft3)
VOLULG (ft3)
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Tank Pressurization (12/19)
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« Example 10 - Ullage and Tank Bottom Pressure History

—< P4 PSIA Node 4 —A— P2 PSIA Node 2
1 00 WinPlot v4.55.1

1

R S
*‘»«._‘w\
—,_lank Bottom
% T
L4 m\.
i - S,
T — >
b e
90 f e e i
—A—— A T—
Ullage A 2 Xy

85
80
75

A

|
70
65

0 20 40 60 80 100 120 140 160 180 200

TIME SECONDS

9:21:59AM 09/04/2015
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Tank Pressurization (13/19)

GFSSP Training Course

Example 10 - Ullage and Tank Wall Temperature History

—— T2 DEG_F Node 2 ~A— TNKTM degF
_40 WinPlot v4.55.1
i — >‘\ e ——————
e T —
7 e
f’ e ———
3 v R
80 7 Ullage Gas g
r 4
/
F;.efi
-120 f
:g/
|
/
-160 /!.f
jf
|
200 /’
Tank Wall
=240
B
! WM_‘—““‘%“‘__“ ————
L e g
-280
0 20 40 60 80 100 120 140 160 180 200

TIME SECONDS

9:39:00AM 09/04/2015
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Tank Pressurization (14/19)
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« Example 10 — Propellant to Ullage Mass Transfer Rate History

—¢ Boiloff Ib/s
0.05 WinPlot v4.55.1

0.04 e e A

0.03

0.02

0.01 |

0 20 40 60 80 100 120 140 160 180 200
TIME SECONDS

9:46:52AM 09/04/2015

GFSSP 7.02 Training Course
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Tank Pressurization (15/19)
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« Collapse Factor Correlation

— Ratio of actual pressurant consumption to an ideal pressurant consumption
— ldeal consumption assumes no heat or mass transfer
— Calculated by the Epstein Correlation

Wh%g TO 1 De S b7
W = {(E = 1) [1 —exp(—p,CP?)] X [1 —exp(—p3SP+)] + 1} X exp l—ps (1 n c) <1—+s> Q”S]

0 .
pcpt) T hOr T q0r
WgngAV C:%T_‘g S = CO T_ Q: 5
(pcp)GDeq 0 (pcp)GDeq 0 (pCP)GDeqTO
C ratio of wall to gas thermal capacitance

p:1- pg fitted constants (dependent on propellant)

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

pressurant inlet temperature

propellant saturation temperature at initial tank pressure

NS

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves
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Tank Pressurization (16/19)

Pressurization Model Validation
— GFSSP Collapse Factor Prediction: 1.46

— Epstein Correlation Collapse Factor Prediction: 1.51

» GFSSP Prediction Discrepancy: -3.3%

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves

Marshall Space Flight Center
GFSSP Training Course
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Applications

Tank Pressurization (17/19)

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves

Marshall Space Flight Center
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LOX Tank

RP-1 Tank

Engine
Interface

18



Tank Pressurization (18/19)
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« Comparison of GFSSP Predicted LOX Ullage Pressure with Test Data

80
20 A S SN TV W VA W W PR N W W NN N
i\ 1 ' ]
VYV YR IR W
L}
n
60 :
1
1
1 .
50 : Engine Cut
® : b
g I
© 40 '
2 1
& '
a '
30 ' - - - GFSSP
! — Test 31
1
n
20 \ e L\
10
0
-500 -400 -300 -200 -100 0 100 200

Time (sec)
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Tank Pressurization Summary (19/19)
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GFSSP’s transient capability option
- Extended to model the pressurization of a propellant tank

User-activatated
— Inputs additional tank information

Code predicts the history of ullage and propellant conditions

GFSSP Example 10
— Demonstrates use of Tank Pressurization option
— Describes verification of numerical prediction

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves
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Control Valve (1/9)

Marshall Space Flight Center
GFSSP Training Course

« Pressure monitored at arbitrary point downstream of valve '
« Valve maintains pressure within user-specified tolerance ]

— Closes when pressure exceeds maximum value

— Opens when pressure drops below minimum value

Ullage

 Flow Resistance Factor

— Calculated using same equations as Branch Option 2

(ReStrICthn) Propellant
v

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves




Control Valve (2/9)

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 7.02 Training Course
Tank Press. / Advanced Valves

Marshall Space Flight Center
GFSSP Training Course
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Branch Inputs -1
— Sub-option
— Flow Coefficient (C))
- Area (A)
— Control Node
— Valve Initial Position

Control Valve (3/9)

— Pressure Tolerance File Name

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves

Marshall Space Flight Center
GFSSP Training Course
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Control Valve (4/9)

Branch Inputs -2

Linear Sub-option
» Time to Open/Close
» Number of steps to Open/Close

Non-linear Sub-option
» Open characteristics file name
» Close characteristics file name

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves

Marshall Space Flight Center
GFSSP Training Course
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Control Valve (5/9)
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« Example 12 - Schematic

GHe Supply "
. 1.3"ID " "
P = 750 psig | D D 1.3"ID 0.53
0.53" ID 0.78" ID 053"
SV5
SV15 SV14 SV13 SV12
SV2
[] OFlS% % OF14 OF13 é é OF12
FM2 FM1
CVv9 1 CcvVvs l
LOX Tank RP-1 Tank
4.26" 4.26"

RP-1 Pum
Flex Line i LOX P”mpq/ P

Engine Purge Interface EnginT(ﬂmber Engine Chamber
P =600 - 800 psig

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves



Example 12 — MIG Canvas
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Control Valve (6/9)
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Control Valve (7/9)

Marshall Space Flight Center
GFSSP Training Course

« Example 12 — Propellant Tank Pressure History

—>¢ P55 PSIA Node 55 —8- P30 PSIA Node 30
—4— P54 PSIA Node 54 —7— P29 PSIA Node 29

90 WinPlot v4.55.1

80 |

LOx Tank Bottom

60 LOx Tank Ullage

RP-1 Tank Bottom

50

RP-1 Tank Ullage

40
0 10 20 30 40 50 60

TIME SECONDS

10:45:02AM 09/09/2015
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Control Valve (8/9)

« Example 12 — LOX Tank Temperature History
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Control Valve (9/9)
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 Example 12 — Helium Flow Rate History

—>< F1011 LBM/SEC Pipe 1011 —4— F1034 LBM/SEC Valve 1034 —-8- F1059 LBM/SEC Valve 1059

0 5 WinPlot v4.55.1

To Engine

Lo LQX Ta_nk

ﬁagkLghg?\gL}_\LﬂAL = R &~ B
0.3
0.2
0.1

It b{ . a _l 54 el l 1 T N
0.0 £ e L

To RP-1 Tank

-0.1

0 10 20 30 40 50 60

TIME SECONDS

1:36:07PM 09/09/2015
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Control Valve Summary
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« Control Valve
— Monitors pressure of a target node
— Opens/Closes as needed

« Valid only for transient models

« User provides
- Flow and operational characteristics of the valve

« GFSSP Example 12
— Demonstrates the operation of the Control Valve option

GFSSP 7.02 Training Course
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Relief Valve (1/6)
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* Distinct from Control Valve

« Monitors pressure differential across valve branch

« Valve opens when pressure differential exceeds cracking
pressure

« Can also be used as a check valve if small cracking
pressure is used

» Relief valve is an Advanced Option that may be linked to:
— Restriction
— Compressible orifice

_ ; 1 - Inlet nozzle B - Cap
Valve Wlth Cv 2 - Yalve zeat 7 - Spring
3 - Zeat holder & - Bonnet
4 - Valve body 9 - Seal
S - Zet pressure

adiuzting screw

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves
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Relief Valve (2/6)

Marshall Space Flight Center
GFSSP Training Course

« Relief Valve Inputs
- Branch ID number
— Valve cracking pressure differential (psid)

— Control File
» Determines valve branch flow resistance as function of pressure differential

$5F Pressure Relief Valve ? -
Relief Valves
- Branch 23] b
Relief Walve 1
Cracking Pressure |9.5 psiD -
Control File |RLFVLY23.DAT Edit
Add Remove (04 Cancel

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves



Relief Valve (3/6)

Marshall Space Flight Center
GFSSP Training Course

« Relief Valve Control File
— Reseating pressure (psid)
— Fully-open pressure (psid)
- Area (in?) or Cv

45 Relief Valve Control File ? >
Delta-P Area
PsID in®
17 Te-16
2 8 0.24
19 0.48
4110 072
Add Line Remove Line | |External Editor Cancel

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves



Relief Valve (/6)

Marshall Space Flight Center
GFSSP Training Course

Example 24 — Tank Pressure History

- P2 PSIA Node 2

26

24

WinPlot v4.55 rct
A
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X ) ) /\ 4 \
N 1 ] A £ X i ]
\ \ o 7 /
2 \ \,5 i X |\ /
; \ \ \ \ / \
of \ 3 i / / \ \ %5
/ \ \ o/ \ \ / \ \
/ \ / \ \ / v/ \
/ 1 N \ / 7 ¥ \
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/ \ / i / \ \ / \ / 1 /
22 / \ / \ ¥ \ \ / \ S/ \ e
4 i ] \ 7/ \ \ / E / i »
Y ./ \ \ / | 4 \ / \
/ \/ \ 7/ \ / \ L Yiof \ /
V \ Y/ 174 |74 Vv
/ & V \1:\ v 4
7
%
X
v’i’
20 /
/
/
18 R

[ To

e
- 2 C | 1]
/‘ 12
16 ,/j

PRY /Y
Air Supply Tank
35 psia
14

Ambient
14.7 psia
4 8

12
TIME SECONDS

16 20
GFSSP 7.02 Training Course

1:51:50PM 09/26/2012
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Relief Valve (5/6)

Marshall Space Flight Center
GFSSP Training Course

« Example 24 — Flow Rate History

— F12 LBW/SEC Orifice 12 ~A- F23 LBM/SEC Orifice 23
0.35 WinPlot v4.55 rct
A
0.30
t A
0.25
0.20
0.15
0.10
0.05 | )
0.00 ~ A A a A L
0 4 8 12 16 20

TIME SECONDS

1:53:16PM 09/26/2012
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Relief Valve Summary (e/6)

GFSSP Advanced Option
— Models behavior of a Relief Valve

Valid only for transient models

User provides
— Cracking Pressure
— Flow resistance characteristics

GFSSP Example 24
- Demonstrates the operation of the Relief Valve option

GFSSP 7.02 Training Course
Tank Press. / Advanced Valves
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GFSSP Training Course
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Tutorial = 3

Valve-Controlled Pressurization
of a Propellant Tank
'

|

%Ullage

Propellant

p—




Fluid Transient Schematic

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)

|

Kllage

Propellant

R



Set Up Options (1/2)

General

Model File: Tut3.gfssp
Input File: Tut3.DAT
Output File: Tut3.0UT

Steady / Unsteady

Time step=0.1s
Final time = 200 s
Check Tank Pressurization

5 Model Properties

Steady State Mode: |Unsteady hd

Time Settings

General | Steady /Unsteady [ Circuit  Fluids  Solver  OQutput

l'l'lme Step (sec): (0.1 I

Start Time (sec): |0

[Final Time (sec): |ZDD ]

Print Frequency: | 10|

MLI Calculation Frequency: | 1000

Unsteady Options

[ variable Rotation
File:

[ variable Geometry
File:

[ variable Heat Load

Tank Pressurization

[] valve Open/Close

[ Pressure Requlator
[ Flow Regulator
[ Pressure Relief Valve

Cancel

GFSSP 7.02 -- Tutorial 3




Set Up Options (2/2)

 Fluids

— Select Oxygen (first)
— Select Helium (second)

 Output
— Select Winplot binary output

£ Model Properties

General Steady / Unsteady Circuit Fluids Solver Output
Solver Output Options
Metwork Information
Extended Print Information

[ Print nitial Values

Chedk Valuss [] Debug Solver
VinPlot Data |Binary File > Plot Frequency|1 5 I

[ Plot User Specified Values  Number User Variables

[] Tecplot Data

[] Extended Plot Information

[ Disable GFSSP Run Information

Binary Write Freuuencylzbuﬁer

& Model Properties

General Steady [ Unsteady Circuit Fluids Salver Output
Fluid Type | General Fluid -
General Fluid Properties

Library {G=GASF Library, GP=GASPAK Library) Selected Fluids

~ (6) Oxygen G
(1) Helium G

Methane G
Meon G

Nil‘tiilglenlfllli Z)I

Argon G

Carbon Dioxide G
Fluorine G
Hydrogen G
Water WASP

Ok Cancel

Cancel

GFSSP 7.02 -- Tutorial 3




Build Model on Canvas

Boundary File Name: histl.dat

Fluid = He
P =95 psia
T=120deg. F
He Supply
D Boundary Node C
Instantaneous Sub-Option Option 18 'c'
Control Node = 3 C.=06 Control valve
Initial Position = Open (True) QZ A =0.63617 in? D Internal Node %
Pressure Tolerance File =cvptol.dat
Fluid: He Q Branch '
[2 P=79.32 psia 2
T=120. deg. F
C) Option 2 R .
23) ¢, =06 PN H'=
A=0.785in? T Orifice
Fluid: He
3!3%3&0?; 3 | P=67.0 psia
B ' T=-300. deg. F 3
Ullage space

Boundary File Name: hist4.dat

Pseudo Boundary Node Fluid: O,
P=74.76 psia LT_J
T=-300. deg. F Pseudo-boundary
C Option 2 (Pressure on propellant surface)
Pseudo Branch 45 ) C, =0.0 <z
A =4015in? R
..4?. Pseudo-branch
Boundary File Name: hist6.dat Propellant surface
Propellant Node E @ E Fluid: O, ( p )
V=820800. in® P=50 psia
Option 2 T=-300. deg. F '
Lid C_=0.319 ” bv
Fluid: O, A=14.25in? o=
P=74.76 psia Propellant | 5 - (6]
T=-300. deg. F 56

Orifice  Exit boundary

GFSSP 7.02 -- Tutorial 3



Set Up Boundary Nodes

Node 1 is the helium supply
- P=95psia; T=120 °F
- LO, mass fraction = 0.0
— He mass fraction = 1.0

Node 4 is a pseudo-boundary node
— It separates the He from the LO,
— History file is required

» Pressure will be overwritten by
Node 3 ullage pressure plus
propellant head

- P=74.76 psia; T = -300 °F
- LO, mass fraction = 1.0
- He mass fraction = 0.0

Node 6 is the LO, exit boundary
- P =50 psia; T =-300 °F
- LO, mass fraction = 1.0
- He mass fraction = 0.0

45 History File Editor ? ot
Time Pressure Temperature Oxygen G Helium G
Seconds PSIA °F Mass Fraction Mass Fraction
10 |95 120 0 1
2 200 95 120 ] 1
45 History File Editor 7 =
Time Pressure Temperature Oxygen G Helium G
Seconds P5IA °F Mass Fraction Mass Fraction
10 74,76 -300 1 0
2 200 7476 -300 1 0
45 History File Editor ? *
Time Pressure Temperature Oxygen G Helium G
Seconds PslA *F Mass Fraction Mass Fraction
10 50 -300 1 0
2 200 50 -300 1 0
Add Line Remove Line | |External Editor Cancel

GFSSP 7.02 -- Tutorial 3




Set Up Internal Nodes

Node 3 represents the ullage space
- Initial P =67 psia; T =-300.0 °F
- Initial Volume = 43200 in3
- He fraction = 1.0
- LO, fraction = 0.0

Node 5 represents the propellant space
- Initial P =74.76 psia; T = -300.0 °F
- Initial Volume = 820800 in3
- LO, fraction = 1.0
- He fraction =0.0

& Mode Properties

7

X

Identifier |3

Mode Description |N0de 3

Pressure |6?

| PSIA ~

| Fluid Concentrations
Oxygen G |0.0000 -
| [] show
Helium G |1.0000 =

Temperature |-3|:||:|

[

l Mode Volume |432IZID

[n -]

Symbol Manager

Cancel

Node 2 represents the small space between the control valve and the ullage

inlet orifice
- Initial P =79.32 psia; T = 120 °F
- Volume is negligible
- He fraction = 1.0
- LO, fraction = 0.0

GFSSP 7.02 -- Tutorial 3




Set Up Branches

45 Branch Properties ? x
Branch 12 - an Instantaneous Control Valve M4 Contrl vave
- C.=0.6;A=0.63617 in? Identfer: [12 |
_ Controlled by pressure In Node 3 Description: |Cu:untrol1n'alve 12 ||:|5how
» 70 psia —close Fiow Coeffident [0.6
» 64 psia—open rea [0.63617 e )
- Valve is initially open (Control Node Nomber |3 ] |
- Requires a history file Intal lowrate [0 [ibmis
Branch 23 - inlet orifice to the ullage Pressre HstoryFle V12007 | [
_ _ 0. _ Open/Close Cption Instantaneous -
A=0.7851n4C_ =0.6
Branch 45 represents the surface of the propellant
- A=4015in%C_=0.0
Branch 56 represents the orifice to the exit boundary S r— —
- A=14.25in% C_ =0.319
45 History File Editor >
4 Time Close Pressure Open Pressure
............. Seconds PSIA PelA
10 70
QEDD 70 B
Add Line Remove Line | |External Editor Cancel

GFSSP 7.02 -- Tutorial 3




Tank Pressurization Option

* Open Tank Pressurization dialog from Advanced menu

Click “Add”

Type: Vertical Cylinder (aluminum tank)
UIl.-Prop. Heat Transfer Area: 4015 in?
Conv. Heat Transfer Adj. Factor: 1.0
Tank Surface Area*: 6431.91 in?
Density: 170. Ib/ft3

Thermal Conductivity: 0.0362 Btu/ft-s-°F
Wall Thickness: 0.375 in.
T -300 °F

tank*

45 Tank Pressurization

g==
Options

Ulage Node: 3 ~ | Tankcp: [0.2 |sruiem=y ~
Pseudo Boundary Node: s h Tank Thermal Conductivity: |0.0362 |ETUI(&'5'F] b
Propellant Node: 5

Pseudo Branch: 45

Ullage-Propellant
Heat Transfer Area:

[ Heat Transfer Correlation

Nugzs:

Use default convection correlation coefficients

*Tank wall surface area initially exposed to ullage. It will automatically increase as the tank drains.
GFSSP 7.02 -- Tutorial 3




Study of the Results

« 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

« If you finish early:
— Re-run the model with increased heat transfer
» Set the Heat Transfer Adjustment Factor to 2
— What effect does this have on the valve cycling time and the final helium mass
in the ullage node?
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WinPlot v4.55.1
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Tank Mass History

- EM3 LBM INode 3 £~ EM5 LBM INode 5
36000 *28 WinPlot v4.55.1

32000 24
28000 20
24000 16

20000 12

For multiple Y-axes in Winplot:

Select the Multi-Y button
(left of the Fit-X button)

li Yttt

16000 8

12000 4

8000 0
0 40 80 120 160 200
) bl TIME SECONDS
EM5 EM3 3:A7:17PM 09/10/2015
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Challenge Problem 3 (1/2)
Leakage Flow Past a Piston

Given:

A hydraulic system operates at a pressure of 20 MPa. The hydraulic fluid is SAE
10W oil (density = 920 kg/ms3, viscosity at 55 °C = 0.018 N-s/m?2). A control valve
consists of a piston 25 mm in diameter, fitted to a cylinder with a mean radial
clearance of 5 microns.

p; = 20 MPa (gage)

D, =25 mm

a =0.005 mm

(0

o
p> = 1.0 MPa (gage)

Determine: The leakage flow rate if the pressure on the low-pressure side of the
piston is 1.0 MPa. The piston is 15 mm long.



Challenge Problem 3 (2/2)
Leakage Flow Past a Piston

There are two ways to work with Sl units
— Click File / Preferences, then “Default SI”, close and restart MIG
— On the General tab of the Model Properties page, select Sl for History Files and
Output, then manually change each entry to Sl units as you enter them into the
dialog boxes.

The Face Seal branch option can be used to model laminar flow through a
tight clearance. Note that it asks for radius, not diameter.

The Concentric Annulus branch option will also work in this model.

GFSSP requires at least one internal node between the two boundaries.
The single flow resistance can be broken up into two identical branches,
each with half the cylinder length.

This problem is Example 8.1 in Introduction to Fluid Mechanics, 4th ed., by
Fox and McDonald
— The velocity given in the text is 0.147 m/s, and the volumetric flow rate (mass
flow rate / density) is 57.6 mm3/s.
—  How does GFSSP’s answer compare?
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Rotating Flow, Turbopump,
and Heat Exchanger

Pipe Pipe
fd— L=10in. L=10in.

D=025In D=025In |

daler

\L | P =50 psi. b — dP=25psi
® T =100 °F

Heat

. ™ L } """""" ) B Exchanger

‘/ Water

"—‘I P =25 psi b < dP=50psi.

l ¢ T=60°F
Pipe Pipe

L=10In. L=10In.
w4

D=05in D=05in




Content
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Centrifugal Force
— Example 6: Radial Flow on a Rotating Radial Disk

Axial Thrust
- Example 21: Axial Thrust Calculation in a Turbopump
— FASTRAC Turbopump

Turbopump Option
- Example 11: Power Balancing of a Turbopump Assembly

Heat Exchanger
- Example 5: Simulation of a Flow System Involving a Heat Exchanger
— Example 20: Simulation of a Lithium Loop Model

Summary

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer



Centrifugal Force in Momentum Equation

Marshall Space Flight Center
GFSSP Training Course

«  Momentum Conservation Equation

(mu)‘r+AT - (mu)r
gc:At

+ MAX |, 0| (wij — wy) — MAX [y, O] (wyj — wy)

2
pgVCosO ) ) pKrotw A(T ) Uy — Ujj
( i ]) Ij g, f U| l]l Ij g, 9c8ijp
-- Pressure -- -- Gravity -- - Friction -- -- Centrifugal -- -- Shear--
_,0 norm“norm4“ij +(/id d ij , ij u> Lj 4+ S
9e Oij,a Siju ) 9e
-- Moving Boundary --  ---------- Normal Stress ----------- -- Source --
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Ex6 — Radial Flow on a Rotating Radial Disk (1/4)

Marshall Space Flight Center
GFSSP Training Course

 Features
- Rotating Flows
— Comparison with Textbook Solution

A

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer




Ex6 — Radial Flow on a Rotating Radial Disk (2/4)

Marshall Space Flight Center
GFSSP Training Course

Detailed Schematic MIG Model

Nl
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T
:
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Branches

1011

0 Rotating
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« Activation of Rotational term in MIG

Ex6 — Radial Flow on a Rotating Radial Disk (3/4)

Marshall Space Flight Center
GFSSP Training Course

£ Model Properties

General Steady [ Unsteady Circuit

[ Axial Thrust

[ cydic Boundary

[] Dalton's Law of Partial Pressure

[ Enthalpy Formulation Stagnation
[] Fluid Conduction

[ Fluid Mass Injection

[ Gravity

[] Heat Exchanger

[] Heat Source  BTU/sec

Inertia [] Branch Angles DFLI

|:| Grid Generation Larminar

Fluids

Solver

Output

|:| Momentum Source

[] Moving Boundary

[] Mormal Stress

[] Phase Separation Model

[ psychrometry | Relative Humidity
[] shear

|:| Transverse Momentum

[] Turbopump

[ conjugate Heat Transfer

Cance

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer

45 Branch Properties ?

e L
R. Restriction

Identifier: | 23

Description: |Restri|:t 23

Area |1.BIZI41 |ir11

| [ ] show

Flow Coeffident |IZI

Inertia

Rotation
IUpstream Radius | 1,25 | in
Downstream Radius |2. 25 | in
RPM |5EIEIEI

K Factor |I:I.BE?1

Symbol Manager Cancel




Ex6 — Radial Flow on a Rotating Radial Disk (4/4)

Marshall Space Flight Center
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« Comparison of GFSSP Model Results with Experimental Data

025 - —#—CFSSP Modk |Us kg Hew Core Bion Method - Froat Facs
—H—GFSSP Mok |Us kg Hew Corre Bton Method - Back Face
B pratt 2 Wk ey Water Expe tme ital Data - Front Face
£ Prath s Wk teey Water Expe ime ital Data - Back Face
oz T
0.15
o
i
o
EE o1 T
=
g
0.05 T
ul |
a 1
-0.05 —

[RIRo)2

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
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Ex21 — Axial Thrust Calculation in a Turbopump (1/5)

Marshall Space Flight Center
GFSSP Training Course

« Features
— Axial Thrust
- Rotating Flow =

— Parallel Tube
— Comparison with test data
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Ex21 — Axial Thrust Calculation in a Turbopump (2/5)

Marshall Space Flight Center
GFSSP Training Course
« Simplex Turbopump Detailed Model
1 | — Boundary Node
— 130
= | 2 | — Internal Node . Amosphirs
Irpeller = ' H@
Discharge = (12 — Branch % 123 124
101 100 e R e % e
@
121 122
204
104 [ 103 | [ 102 107 108 @\
118
(2 =
105 109 |4 110 111 112 114 ] 115
ipeller + @
hlet - 210 712 (214
Axial Thrust {
121- 2133
113
hducer %
Inlet
140 132 —@
131 Téurbin?rl]sc
ront Face
116
401 - 2408 134 : I ..
138 T 133
[ & o G 170 |L{ 180
Turbine Ci
135 @ ;acll?eFaozc
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Ex21 — Axial Thrust Calculation in a Turbopump (3/5)

Marshall Space Flight Center
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« Simplex Turbopump MIG Model
z J"m,zsnz

123 @
o] _ [- 224
121 122
m 201 206 D' ‘
202 2007
2802 _
! Y |
[ ] - ] <[]
S 203 208 R+ i
T 205 Ty 204 _
L Y o
Lo |- B2 e {10 L= (11 | R [12] e[ o ]
210 m 12,0, _ 214 214
2132 _
/ 216 D
2::( m m 23
¥
13z 121
* 234 [ - o
' 2401 - 134 133
13|3 -t ] IEI[ 26 O s K
¥ L
- - @ 170 E-ﬁ-—

233
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Ex21 — Axial Thrust Calculation in a Turbopump (4/5)

 Activation of Axial Thrust in MIG

4 Model Properties

General Steady [ Unsteady
Axial Thrust

] cydic Boundary

[ palton's Law of Partial Pressure

Circuit Fluids Solver Cutput

[] enthalpy Formulation Stagnation

[] Fluid Conduction
[ Fluid Mass Injection

[ Gravity
[] Heat Exchanger

Heat Source | BTU/lbm
D Inertia

|:| Grid Generation Laminar

Branch Angles

DFLL

|:| Momentum Source

[] Moving Boundary

[ Mormal Stress

[] Phase Separation Madel

[ psychrometry | Relative Humidity
Rotation

[ shear

|:| Transverse Momentum

[ Turbopump

[ conjugate Heat Transfer

Cancel

Marshall Space Flight Center
GFSSP Training Course

45 Node Properties

Identifier | 104

| Fluid Concentrations

4k

Oxygen G |0.0000

Mode Description |Nu:u:|e 104

| [ show

Pressure | 187.2

\Psia v

Temperature |-286.6

=~

Heat Rate |E|

|BTUfbm ~

[Thrust Area |-0.9333

in% v]

Symbol Manager Cancel

GFSSP 7.02 Training Course

Rotation, Turbopump, Heat Xer
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« Comparisons with Experimental Data

Pressure Predictions Temperature Predictions
Compared to Experimental Data Compared to Experimental Data
900 109 110 111 112 114 115
-255 t t t t t t
B GFSSP LOX Predictions for 25,000 RPM
800 7 O LOX Experimental Results @ 25,000 RPM
-260 T
700 -
600 - 265 +
2 -
& 500 1 € o4
o o
@ 400 - ©
a g 251
@
300 -
-280 T
200 -
100 A 285 +
@ GFSSP LOX Predictions for 25,000 RPM
. . O LOX Experimental Results @ 25,000 RPM
0 4 t t t t t t
108 109 110 111 112 114 115 -2%0
Node 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, 34th AIAA/JASME/SAE/ASEE, Joint Propulsion Conference and Exhibit, July 13-15, 1998, Cleveland, OH
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Ex21 — Axial Thrust Calculation in a Turbopump (5/5)
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FASTRAC Turbopump (1/4)

GFSSP Training Course
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RP and He
Drain

220 520 219

He Inlet
301

T09

302
RP Impeller Inlet

€09

P**
RP Inducer Inlet

04 303 605

Turbine
Discharge

RP

RP and Helium
Helium

02 and Helium

02

Boundary Node

Internal Node

_._> Branch w/ Assumed
Flow Direction

GFSSP 7.02 Training Course
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A
B
FS
L
0
P

*%

FkK

Resistance Types Used

FASTRAC Turbopump (2/4)

Marshall Space Flight Center
GFSSP Training Course

O>-ERC 02 and He
Drain

P

02 Impeller Discharge

02 Impeller Inlet

02 Inducer Inlet

Axial Annulus

Bearing

Face Seal

Labyrinth Seal

Orifice

Pipe w/ Entrance and Exit
Losses

Rotating Branch

Branches Included Only for
Thrust Calculations

6 pipes (5141, 5142, 5143, 5144, 5145, 5146)
6 pipes (6031,6033, 6034, 6035, 6036)
6 pipes (4181, 4182, 4183, 4184, 4185, 4186)
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FASTRAC Turbopump (3/4)
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FASTRAC Turbopump (4/4)
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« FASTRAC Turbopump Model Results

Pressure History Comparison at RP-1 Impeller Back Face

900 [Labyrinth Seal Inlet (211) and Outlet (212)]

1 - {
1 i N P
800 | . A1 G .. _ \ )
/J\/’\I
[~

700 ..... o ‘

NNNNNW

N

600

500 |

Pressure (psia)

400

300

—— Actual
—&— Predicted

200 +

100 I —t—t+—t ——+— —t—+— ——t+—+ —t—t—t ——t—t —
42 43 44 45 46 47 48 49 50
Time (S)
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Turbopump Option (1/6)

Marshall Space Flight Center
GFSSP Training Course

Objectives

Calculate the flowrate in a turbopump for given pump performance
characteristics and speed
Calculate the power developed by the turbine to drive the pump

Gas Generator

[

\ v/
W
Pump < Turbine
v
m

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer
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Turbopump Option (2/6)

Number of Turbopump Assemblies

Branches representing pump and turbine

Rotational Speed(s)

Pump Performance Characteristics

Velocity Ratio and Efficiency of Turbine at Design Point

Marshall Space Flight Center
GFSSP Training Course

& Turbo Pumps ?

Turbo Pumps

Pump Branch: 23
Turba Pump 1

Turbine Branch: 1213

Speed (RPM): |EEEIEIEIEI

Turhine Efficency: |III. 5

Turbine Diameter: |3.435 in

Design Point Velodty Ratio: |III.4

Pump Characteristics File:

Add Remove ex11pmp23.dat

|| Edit

Cancel

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer
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Turbopump Option (3/6)

Marshall Space Flight Center
GFSSP Training Course

* GFSSP requires Head Characteristics in the following format
— Flowrate/Speed [GPM/RPM]
- Head/Speed? [ft/RPM?]

Head Characteristics

0.00001
0.000009 M
0.000008

AN

< 0.000007 +

"$0.000006 +

(]

©0.000005 -+

2

50.000004 |

D 4

20.000003
0.000002 1
0.000001 1

0 I I I
0 0.0001 0.0002 0.0003 0.0004
Flowrate/Speed

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer
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Turbopump Option (4/6)

Marshall Space Flight Center
GFSSP Training Course

 GFSSP requires Torque Characteristics in the following format
— Flowrate/Speed [GPM/RPM]
— Torque/(Density x Speed?) [Ibin/(Ib,/ft3 X RPM?)]

Torque Characteristics

2.5E-09

N

'<O L
D 2.0E-09 |
0 I
o

p I
X 1.5E-09 |
b L
‘»

% L
A 1.0E-09
=

(¢D)

-] L
o 5.0E-10 |
S I
|_

0.0E+00 } } }
0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04

Flowrate/Speed

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer



Turbopump Option (s/6)

Marshall Space Flight Center
GFSSP Training Course

Turbopump Model Algorithm

For a given flowrate
» Calculate pressure rise across pump
» Calculate required torque from the characteristics

Use this pressure rise as source in the momentum equation
Estimate the horsepower turbine must develop to drive the pump
Calculate turbine pressure ratio from turbine performance relation

Use this pressure drop as sink in the momentum equation

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer 21



Turbopump Option (e/6)

Turbine Performance Relationships
— Horsepower Ratio

2 NT

HP = ——
3.96E + 05

— Pressure

550 HP
1 y-1/y
nrJcpTry ll — (ﬁ) l

— Efficiency

m=

nr = (p/ep— D @/Pp)e

where
¢ =U/C, (Velocity Ratio)

1\Y~1/v . . .
Co = \/ZgC]CpTTl <1 - (1 - E) ) (Isentropic Spouting Velocity)
U= DZ—Q (Blade Speed)

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer

Marshall Space Flight Center
GFSSP Training Course
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Curve File Overview

Number of

Pump Characteristics

Data Lines

Flowrate

Speed

MNP R PR OO WwOo

(00)

.0000000
.035E-05
.071E-05
.106E-05
.214E-04
.518E-04
.821E-04
.125E-04
.428E-04

O W W W W W W oo

.680E-06
.971E-06
.190E-06
.341E-06
.436E-06
.486E-06
.486E-06
.445E-06
.372E-06

/

Head

Speed?

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer

Marshall Space Flight Center
GFSSP Training Course

Torque

(Density x Speed?)

e e e e RN e

/

.00000000
.8724E-10
.7065E-10
.0804E-09
.2166E-09
.3393E-09
.4570E-09
.5644E-09
.6733E-09

23



Turbopump Option — Example 11

Marshall Space Flight Center
GFSSP Training Course

-—[- 19 |-—= ) El-—'é"r:ms [ ex11pmp23.dat - Hotepad [ @_|
1920 1818 Eile Edit Format Yiew Nk
v ha -~
e 0.000 8. E80E-06 0.000
12 |-t 1 | t— —| 10 |t [ ——— 3.035E-05 S.971E-06 5.5724E-10
Cv 5.071E-05 9.190E-06 9.7085E-10
Q/ " e e 9.106E-05 9.341E-06 1.0804E-09
1.214E-04 9.435E-06 1.2165E-09
23 1213 1.C18E-04 9.486E-06 1.3393E-09
e 1.821E-04 9.485E-06 1.4570E-09
| {4 [ {1 | — -1 7.125E-04 9.445E-06 1.5644E-09
1214 1415 1516 Z.428E-04 9.272E-06 1.6723E-09
. 2.732E-04 9.263E-06 1.7872E-09
" 3.035E-04 9.11FE-06 1.9105E-09
¢ C]'«' 32.339E-04 S.935E-06 z2.0S5CSE-09
1 3.543E-04 S.753E-06 2.2161E-09
4 e | — = - ) -3 L 3.718E-04 &.E89E-06 2.2&93E-03
IE‘ D v 3.749E-04 S.E625E-06 2.2869E-09
4 57 78 3.794E-04 S.479E-06 2.3215E-09
3.807E-04 S.2EZE-06 2.3251E-09
3.810E-04 0.000E+00 0,000 3
] -5 ]
L il it
1920 0.843E+06 0.294E+03 0.224E+00 0.161E+04 0.198E+07 0.474E+00 0.213E+00
0.574E+05
1
IBRPMP IBRTRB SPEED (RPM) ETATRB PSITR TORQUE (LB-IN) HPOWER

23 1213 0.800E+05 0.580E+00 0.275E+00 0.513E+02 0.651E+02

SOLUTION SATISFIED CONVERGENCE CRITERION OF 0.100E-03 1IN 114 ITERATIONS
TAU = 0.100000E+09ISTEP = 1

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer



Turbopump Option Summary

Marshall Space Flight Center
GFSSP Training Course

GFSSP has the capability to model a turbopump assembly as one
component in a larger system model.

Turbopump option
- Allows two components of a flow circuit to exchange mechanical power

User is required
— To activate this option
— Supply additional information of the turbopump assembly

GFSSP predicts (for a given design and operating conditions)
- Flowrate

- Pressure differential

- Mechanical power

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer 25



Ex5 — Simulation of a Flow System
Involving a Heat Exchanger 1

Mal)shall Space Flight Center
GFSSP Training Course

 Features
- Heat Exchanger Option
— Comparison with Textbook Solution

Pipe Pipe
L=10in. L=10in.
|/ D=025in D=025in |
|\ > < }|
Water
P =50 psi. b > dP:EEpsi
T =100 °F
Heat
Exchanger
Water
P =25 psi b o dP:EDpsi.
T =60 °F
|/ — - H“-\.|
I\ - e .-"|
Pipe Pipe
L=10in. L=10in.
D=05in D=05in

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer



Ex5 — Simulation of a Flow System

Involving a Heat Exchanger (2

Mal)shall Space Flight Center
GFSSP Training Course

£ Model Properties

General Steady [ Unsteady Fluids Solver Output

[ asdal Thrust

[] cydic Boundary

[] palton's Law of Partial Pressure
[] Enthalpy Formulation | Stagnation
[] Fluid Conduction

[] Fluid Mass Injection

[ ] Gravity

Heat Exchanger

[] Heat Source | BTU/fsec
[ tnertia Branch Anagles DFLI

|:| Grid Generation Larninar

|:| Momentum Source

] mMoving Boundary
[] mormal stress

[[] Phase Separation Model

[ peychrometry  |Relative Humidity

|:| Rotation

[] shear

|:| Transverse Maomentum

[] Turbopump

[] conjugate Heat Transfer

Cancel

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer
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Ex5 — Simulation of a Flow System
Involving a Heat Exchanger (3

Mal)shall Space Flight Center
GFSSP Training Course

Heat Exchanger Option

45 Heat Exchanger Setup 7 =
Heat Exchangers Heat Exchanger Options
Heat Exchanger 1 Type Counter Flow -
Hot Branch 23 hd
Cold Eranch 67 A
Method LA =
UA [1.10375 BTUfsR) ~
Remaove Add
Cancel
hf=0.385E+00 Ib/s =0 71206402 F
- 2 = 3] - 4]
12 23 34
=0 6451 E+02 F h=0.541 E+01 Ibis
- {7 | [ |=— ]
78 67 56

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer
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"Ex20 — Simulation of a Lithium Loop Model (1/2)

Marshall Space Flight Center
GFSSP Training Course

* Features
— Closed Loop with Cyclic Boundary
- Use of User-specified Property
- Heat Exchanger
— User Subroutine to model Electro-Magnetic Pump

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer 29



Ex20 — Simulation of a Lithium Loop Model (2/2)

Marshall Space Flight Center
GFSSP Training Course

* Closed Circuit Modeling

— Cyclic Boundary Condition needs to be satisfied at Node 1
> Implies Temperature at Node 22 must be equal to Temperature at Node 1
» Must be achieved by iteration

Cyclic
Bou ndary M 0.257E401 Ibmisec #-'[? 31108375-&02 sia iP_ UIJJI'IDSGBE‘E:'?% Esia T 11 gEq-[lZ sia 1 5402 Esla ‘?:DDQI:;:?SEE:&? Esna
I—-—'—l@—- 5]
% I
e
=
R
ITIESDD Reactor o
ioeEs0s F Outlet \ |
o =
o ¥ g e
P=0.1404/ I =0.
0 drtoe0s B Helium
Line
$ 30 oo g
910
2K
O 2021 | * 2435 * P=0 1030E402 psia
P=0.1428E+02 gsna T=0.9339E+03
T=0.9106 E+03 ] E"’
obr -~
- P=0.1073E+403 psi l
+ oo aPESs R ] 10 9340403 F°
(I 1011
2K 1920
P=0_1450E402 psi | *
T=0.0106E405 F 3334 &-’?—’3’333&5&% psia
N = mj
Heat 32
4 Pump Exchanger M=0.100E+)0 Ibmisec
Reactor Qutlet e[ 112
Inlet iz
\ 3233
P=0 1555402 psi - P=0 857 P=0.9271E+01 = i
To0.9106E403 B J102ED) p=ia B iaER psia 0 STaEDs Siaed psia FOSFIEDI P Y fm0 8523801 psia
[e]~—& —-—-—IH K—EIF-— «@—l*-—
1718 1617 1516 1415 1314 1213 Heat
- Exchanger
GFSSP 7.02 Training Course Inlet

Rotation, Turbopump, Heat Xer
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Summary

Marshall Space Flight Center
GFSSP Training Course

Rotational Flow and Internal Flow in Turbopump capabilities in GFSSP
— Application was illustrated with Examples 6 and 21

— Model predictions were compared with Test Data
» Comparisons were satisfactory

« Activation of Rotational Term and Axial Thrust Calculation in MIG
» References 27 and 38 provide more details of these models

« Example 11 illustrates the Turbopump option.
« Used to model turbopump as a component in a larger system.
« Transfers momentum between two branches, representing turbine and pump

« GFSSP can be used to model a Heat Exchanger in a flow circuit
— Application was illustrated with Examples 5 and 20
— Transfers heat between two nodes on the hot and cold sides of the flow circuit.

GFSSP 7.02 Training Course
Rotation, Turbopump, Heat Xer
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Pressure & Flow Regulator

Outlet Pressure ( )
Gauge  Diaphragm ~—— Adjustment Tank
v Handle Inlet

Gauge
Initial Conditions
P, =100 psia
T;= 80°F
d=0.1in
-
\ { ) Patm = 14.7 psia
T Flow
Regulating

Puppet Valve


http://upload.wikimedia.org/wikipedia/commons/1/1c/Single-stage-regulator.svg

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
— 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 v702 -- Pressure and Flow Regulators



Iterative Algorithm

Marshall Space Flight Center
GFSSP Training Course

» The required flow area is determined by Newton’s Method:
1. Assume an Area: A*
2. Compute the deviation: f(4%)
3. Estimate the gradient:

m2
AP =P,, — Py, = N
P Y 2gcpupClA? f
m2
f= Preq — Pgn = Preq - Pup + 20cpupCEA?

_df —m?
CdA T gepypCRA3

fl

4. Estimate the correction in the Area;
— A*
pa = T
f

5. Compute the new Area (A)

A=A"+aAA where0<a<1
6. Repeatsteps2—-5untlf -0

GFSSP v702 -- Pressure and Flow Regulators



lterative Algorithm

Purpose
— To control pressure at a given node
by adjusting the flow area of the
upstream branch

Implementation
- Stepl
» Steady/Unsteady
. Pressure Regulator

- Step 2
» Advanced
. Pressure Regulator

Application
- Example 16 — Simulation of a
Pressure Regulator downstream of a
pressurized tank

Pressure Regulator - Option 1

Marshall Space Flight Center
GFSSP Training Course

45 Pressure Regulator

Pressure Regulators

Pressure Regulator 1

? x
Reqgulator Option: Iterative 7
Branch: 12 b
Maximum Area: |D.D4 | in2 7
Mimimum Area: |1e—16 | in? -

Pressure Option: |Pressure History File ~

Pressure History File: |Preg.dat | Edit

Under Relaxation Factor: |E|.3 |

Convergence Criteria: |EI.EII31 |

Maximum Iterations: |5El |

45 Pressure Regulator History ?

Time

Add

Pressure

Seconds PSIA

Add Line

Remove Line | |External Editor Cancel

GFSSP v702 -- Pressure and Flow Regulators




Pressure Regulator - Option 2 (1/2)

Marshall Space Flight Center
GFSSP Training Course

« Marching Algorithm
— Areais guessed and adjusted only once in each time step
— Adjustment of area is calculated based on difference between calculated and
desired pressure

— Area adjustment
» Backward differencing algorithm (Schallhorn-Majumdar)
» Forward looking algorithm (Schallhorn-Hass)

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

Pressure
-« Adjustment
Handle Inlet

Outlet
Gauge  pjaphragm

Gauge

Poppet

GFSSP v702 -- Pressure and Flow Regulators


http://upload.wikimedia.org/wikipedia/commons/1/1c/Single-stage-regulator.svg

Pressure Regulator - Option 2 (2/2)

Marshall Space Flight Center
GFSSP Training Course

* Forward Looking Algorithm
— Previous time step result is not used
— Area is calculated from the following expression

A* _ mln([At + l’lrclax (Ancw o At )]Amax )
o max([At + nrelax (A new Ar )]0)
where,
A, A,(fﬁ]} e{ o
P,

GFSSP v702 -- Pressure and Flow Regulators



Forward-Looking Algorithm 1/2)

Marshall Space Flight Center
GFSSP Training Course

« Application Results

Air tank Amblent 45 Pressure Regulator History ?
Time Preszure
Seconds PSIA
................................................
1—R'-2—R'-|-—3 2 10 33
P il
3 10,01 An
12 23
4 40 A0
Pressure Exit
Regulator
Add Line Remove Line | External Editor Cancel

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

GFSSP v702 -- Pressure and Flow Regulators



Forward-Looking Algorithm (2/2)

Marshall Space Flight Center
GFSSP Training Course

« Comparison between Forward-Looking Marching and Iterative Algorithm

—< P1 PSIA Node 1 —5- P1 PSIA Node1
—— P2 PSIA Node 2 —— P2 PSIA Node 2
100 S— WinPlot v4.55.1

Tank Pressure
(Node 1)

Note: Oscillations over time when using Forward Looking option

\/ Pressure downstream of regulator
(Node 2)
20
0 10 20 30 40

TIME SECONDS

3:27:19PM 02/21/2018

GFSSP v702 -- Pressure and Flow Regulators



Applications (1/5)

Marshall Space Flight Center
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Inflatable Re-Entry Vehicle (IRVE3)

GFSSP v702 -- Pressure and Flow Regulators



Applications (2/5)

Marshall Space Flight Center
GFSSP Training Course

e GFSSP IRVE3 model

Control Valve Ballutes (x7)

\ T
- -
410411 : :
® o0s]———2 Kionz pid s [ro]-E-for] 2K—=[s|— B[] 2 K=[2] 2K --fi] W
ik Al 4 [ | G0as0s 7 m 12101 H 10150
Y B osan 2 Kinan [ Rt H 3
| 1 1] H 10135 oz |
2K—=-[5 | —EB-=-[5]-2 K>-1s ]2 K T 2K  2Kom
| | 507508 817 314 14102 H mq—
K a . 2Kun : =[] =
N Ta n k | A Y E 10237 | | o
2 0| —2K Koo | —W-=[n]-2 K[| 2K . -l W
HT‘ER J 413418 | 510511 1218 2015 15103 :
«;‘;’mn 2 Woroe 2'K|34|4 728 % H = E
H
2K—=[7 | — =0 ]2 K=[]2 K4LE_- o %0
513514 1319 2016 16104 10322 K
2 Koozot H
* 2
2k—=[: |-l ]2km[s] 2k——————F
siss17 1420 s 1310
‘ 2
Ergz;gw i«)sme

2K—=o | — =[] 2K={17]—2

510520 2423 a7 17106

T
2K

K—s-{10 | — w5 |- 2 K=-{15 |2 K

522523 1621 218 18106

Pressure
Regulator -

416417

2K—=-[11|— @[] 2 k=[] 2K 4

e T LTI, LI L]

300312
I = 423422 1622 3419 19107 W7232IK -
S
2K ] f )
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Applications (3/5)

Marshall Space Flight Center
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* Flow Rate

—¢ flow rate lbm per sec —A— F2231 LBM/SEC Restrict 2231
0.05 WinPlot v4.55 rct

Orange: Flight Data
Green: GFSSP Prediction

0.04 P
0.03 :
M A > A \
0.02
0.01
0.00 A NZA. X r‘_—'\z\ j
0 50 100 150 200 250 300

time (-3.4e+038 to +3.4e+038 seconds)

9:20:25AM 12/21/2012

GFSSP v702 -- Pressure and Flow Regulators
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Pressure in Ballute 3

—¢ Volume 3 Pressure PSIA

0 50

Applications (4/5)

GFSSP Training Course

~4— P103 PSIA Node 103

Marshall Space Flight Center

WinPlot v4.55 rc1

Orange: Flight Data

100 150 200 250
time (-3.4e+038 to +3.4e+038 seconds)

GFSSP v702 -- Pressure and Flow Regulators

Green: GFSSP Prediction

300

9:23:05AM 12/21/2012
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Applications (5/5)

Marshall Space Flight Center
GFSSP Training Course

* Regulator Pressure

—¢ Regulator Pressure PSIA —£— P300 PSIA Node 224
200 WinPlot v4.55 rct

Orange: Flight Data
Green: GFSSP Prediction

180
160
140- 1. A e i o Bl
120
100
0 50 100 150 200 250 300

time (-3.4e+038 to +3.4e+038 seconds)

9:20:25AM 12/21/2012

GFSSP v702 -- Pressure and Flow Regulators 13



Modeling Flow Regulator

Marshall Space Flight Center
GFSSP Training Course

GFSSP has two built-in options (algorithms) to model a Flow Regulator
- lterative Algorithm
> Applicable for single flow regulator
» Requires longer computation time

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

- Time-Marching Algorithm
» Adjusts area once per time-step
» Based on backwards-differencing functional derivative dF/dA
» Capable of handling multiple flow regulators

GFSSP v702 -- Pressure and Flow Regulators
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Iterative Algorithm

— Purpose: To control Flow Rate in a
given branch by adjusting the

branch area

Implementation
— Step 1l

» Steady/Unsteady Tab

—  Flow Regulator

— Step 2
» Advanced
—  Flow Regulator
Application

— Example 17: Simulation of a Flow
Regulator Downstream of a

Pressurized Tank

Flow Regulator — Option 1

Marshall Space Flight Center
GFSSP Training Course

45 Flow Regulator ? x
Flow Requlators
Regulator Option: Tterative hd
Flow Regulator 1 L -
Branch: 12 2
Maximum Area: (0.3 inz ¥
Flow Option: |Flow History File ~
Flow History File: [freq_hist.dat | [Edit
Under Relaxation Factor: | 1 |
Convergence Criteria; |D.IZIIZIl |
A 45 Flow Regulator History ?
Time Flow Rate
Ibm/s
10 0012
210 0.012
3 10.01 0.02
4 1000 0.02
Add Line Remove Line | External Editor Cancel

GFSSP v702 -- Pressure and Flow Regulators
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Flow Regulator — Option 2

Marshall Space Flight Center
GFSSP Training Course

« Time-Marching Algorithm
— Area is adjusted only once at the beginning of each time step

— Adjustment of area is calculated based on the functional derivative dF/dA and
the difference between the calculated and desired flow rate

— 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.

(F; = Freq)
Ariar = Ar — Nretax i dFTeq

dA

where

dF _ (Fr _ FT—AT)
dA (Ar — AT—AT)

GFSSP v702 -- Pressure and Flow Regulators 16



Flow Regulator — Example 17 (1/2)

Marshall Space Flight Center
GFSSP Training Course

5 Modeling Interface for GFSSP - E/GFSSP/_MIG_Installer/Test b10/EXAMPLES/Ex1 7/EX17.vts - O X
Eile Edit View Model Advanced Help
. " = == —— F— o e
Do ANAREXE & &= Qa4
Main Model
3
@l
Ol
B,
=
*a m—[]
£ b 12
- FR
T £ Flow Regulator History ? x
Time Flow Rate
Seconds lbm/'s

10 0012

2 10 0.012

3 10,01 0.02

4 1000 0.02

Add Line Remove Line | | External Editor Cancel

GFSSP v702 -- Pressure and Flow Regulators



0.028

0.024

0.020

0.016

0.012

0.008

0.004

0.000
0

Flow Regulator — Example 17 (2/2)

Marshall Space Flight Center
GFSSP Training Course

Comparison between Iterative and Time-Marching Algorithms

>~ F12 LBM/SEC Orifice 12

—A— F12 LBM/SEC Orifice 12

WinPlot v4.55 rc1

Option 1 (Iterative) —
Option 2 (Marching) - Green

Option 1 running time: 0.031 s

Option 2 running time: 0.016 s
8 12 16 20
TIME SECONDS

10:18:36AM 05/02/2012

GFSSP v702 -- Pressure and Flow Regulators 18



Summary

Marshall Space Flight Center
GFSSP Training Course

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

Pressure Regulator has two options
— lterative (Option 1)
— Marching (Option 2)
» Option 2 has the flexibility of using multiple regulators and runs faster

Flow Regulator also has two options
— lterative (Option 1)
— 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 v702 -- Pressure and Flow Regulators 19



Tutorial — 4

Modeling a Pressure Regulator

In this tutorial, you will:

« Use GFSSP’s built-in Pressure Regulator options to model the regulated
blowdown of a tank of compressed air

« Learn the difference between the two Pressure Regulator options

GFSSP 7.02 -- Tutorial 4



Set Up Options (1/2)

General

Model File: Tut4.gfssp
Input File: Tut4.DAT
Output File: Tut4.OUT

Steady / Unsteady

Time step=0.1s
Final time =40 s
Check Pressure Reqgulator

£ Model Properties

General | Steady /Unsteady | Circuit Fluids  Solver  Output

Steady State Mode: | Unsteady -
Time Settings Unsteady Options

l Time Step (sec): |U. ll [ variable Rotation

Start Time (sec): |E| File:
File:

Print Frequency: |25

[ variable Heat Load

|
|
Final Time (sec): ,H | [] variable Geometry
|
| -
|:| Tank Pressurization

MLI Calculation Freguency: | 1000

[ valve Open/Close

[ Flow Regulater
[ Pressure Relief valve

Cancel

GFSSP 7.02 -- Tutorial 4




Set

* Fluids
— Select Ideal Gas
— Defaults to Air properties

* OQOutput
— Select Winplot binary output

Up Options (2/2)

4F Model Properties

General Steady [ Unsteady Circuit Fluids Solver
Fluid Type | General Fluid -
General Fluid Properties

Library (G=GASP Library, GP=GASPAK Library)

Mitrogen G

Carbon Monoxide G
Crygen G

Argon G

Carbon Dicxide G
Fluorine G
Hydrogen G

Water WASP

RP-1 Tables

l Ideal Gas

ul

[ 1deal Gas Properties
Gas Constant | 53.34
Cp |0.24

Viscosity |1.26e-5

Thermal Conductivity |4.133e-

a

4 Model Properties

General Steady / Unsteady Circuit Fluids Solver Cutput

Solver Qutput Options

Metwork Information
Extended Print Information

[ Print Initial Values

Chedk Values
WinPlot Data | Binary File ~ Plot Frequancy'll S | I

Number User Variables

[] Extended Plot Information

[] Debug Solver

[ Piot User Specified Values

[] Tecplot Data

[ pisable GFSSP Run Information

cancel

Binary Write Frequencylzbuﬁer

Optional Reference Values
Ref, Pressure |14.7
Ref. Temperature |30

Ref. Enthalpy |0

Ref. Entropy |0

QOutput

Selected Fluids

(33) Ideal Gas

ftIbff(ibm-R)
BTU/(bm-R)
bm/(ft-s)

BTU/(ft:sF)

PSIA
F
BTU/lbm

BTU/(bm-R)

0K Cancel

GFSSP 7.02 -- Tutorial 4




Build Model on Canvas

Air tank Ambient

1—R'n—2—R'I—|-3

"

71 2 23\
Pressure Exit
Regulator

GFSSP 7.02 -- Tutorial 4



Set Up Transient Boundary Conditions

Node 3

P = 14.7 psia
T =80.0 °F

45 History File Editor ? *
Tirme Pressure Ternperature Ideal Gas
Seconds PSlA *F Mass Fraction
10 14,7 30 1
2 40 14.7 80 1
Add Line Remove Line | |External Editor Cancel

GFSSP 7.02 -- Tutorial 4




Set Up Internal Nodes

* Node 1l
- Initial P = 100 psia
- Initial T =80.0 °F
- Volume = 10 ft3

Node 2 (represents the volume downstream of the regulator)
- Initial P = 14.7 psia

- Initial T=80.0 °F

- Volume = 100 in3

45 Mode Properties

? ot
Identifier |1 Fluid Concentrations
Ideal Gas | 1.0000 =
Mode Description [Mode 1 [] show
Pressure |1I:||:| |PSIA "\
Temperature |B|:| | °F -
Mode Volume | 10 | ft2 =

J

Symbal Manager Cancel

GFSSP 7.02 -- Tutorial 4



Set Up Fluid Branches

Branch 12: Pressure Regulator

Initial A = 0.04 in2
C, =1.0

Branch 23: Exit

A = 0.00785 in?
C =10

GFSSP 7.02 -- Tutorial 4

ol -
R p, ReEstriction

45 Branch Properties ? ot

Identifier: | 12|

Description: |Restricﬁnn 12

| [] show
[ Area [0.04 [in= ~
Flow Coefficient |1 |
Initial Flowrate |0 lbm/fs -

Symbol Manager Cancel

45 Branch Properties ? ot

ol -
R p, ReEstriction

Identifier: |23 |

Description: |Restricﬁnn 23

| [] show

Area |0.00785 lin2 ~

Flow Coeffident | 1 |

Initial Flowrate |0 lbm/fs -

Symbol Manager Cancel




Set Up Pressure Regulator — Option 1

Select Advanced/Pressure Regulator
Click “Add”
Fill in the dialog boxes

Create a pressure history data file: Preg.dat

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

3 7 .
5 Pressure Regulator roX $5 Pressure Regulator History ?
Pressure Regulators
Regulator Option: Iterative <
Pressure Regulator 1 Tirne Pressure
Branch: 12 <
Seconds P5SLA
Maximum Area: (0.04 in2 /7 gy
10 i35
Minimum Area: in1
Pressure Option: |Pressure History File ~ 2 1 D 35
Pressure History File: Edit
3 1001 40
Under Relaxation Factor:
Convergence Criteria: Q -4':' 40
Maximum Iterations: |SD ‘
Add Remove
— Add Line Remaove Line | |External Editor Cancel

GFSSP 7.02 -- Tutorial 4




Results of Pressure Regulator — Option 1 (1/4)

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?

5 GFSSP Run Manager 4 X

LAFA W [ [ My ¥ [ MR ¥ [Py L | By o o g W PP 1LV M ¥ ) LI L by | My W [N [ NS ) Ml ¥y

23 -0.512E+01 -0.489E+09 -0.105E-07 0.102E-02 0.187E-04 ~

SOLUTION SATISFIED COMVERGEMCE CRITERION OF  0.100E-03IMN 122 ITERATIONS
TAU = 1,10000000000000 ISTEP = 11 DTAL =

0,100000000000000
Iteration ... 0.1100E+01 0.1466E-05

[TERADIU FSTR. FDASH ARDASH DIFPRS AREA

1 -0.536E+01 -0.487E+09 -0.110E-07 0.106E-02 0.1837E-04
2 -0.568E+01 -0.487E+09 -0.117E-07 0.113E-02 0.187E-04
3 -0.5359E+01 -0.487E+09 -0.115E-07 0.111E-02 0.187E-04
4 -0.546E+01 -0.487E+09 -0.113E-07 0.109E-02 0.187E-04
5 -0.538E+01 -0.4837E+09 -0.110E-07 0.107E-02 0.187E-04
6 -0.528E+01 -0.437E+09 -0.108E-07 0.105E-02 0.186E-04
7 -0,518E+01 -0.4837E+09 -0.100E-07 0.103E-02 0.186E-04
& -0.508E+01 -0.487E+09 -0.104E-07 0.101E-02 0.186E-04

SOLUTION SATISFIED COMVERGEMCE CRITERION OF  0.100E-03IMN 47 ITERATIONS

TAL = 1, 20000000000000 ISTEP = 12 OTAU =

0. 100000000000000
Iteration ... 0,1200E4+01 0,1449E-05 W
View Solver Output | Open WinPlot Stop Run Close

GFSSP 7.02 -- Tutorial 4



100

90

80

70

60

50

40

30

Results of Pressure Regulator — Option 1 (2/4)

Pressure History

— P1 PSIA Node 1 — P2 PSIA Node 2

Tank Pressure

Pressure downstream of regulator

10 20 30
TIME SECONDS

GFSSP 7.02 -- Tutorial 4

WinPlot v4.55.1

40

3:18:00PM 02/21/2018
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80

76

72

68

64

60

56

Results of Pressure Regulator — Option 1 (3/4)

Temperature History

“— T1 DEG_F Node 1

| Temperature of
. airinside tank

10 20
TIME SECONDS

GFSSP 7.02 -- Tutorial 4
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40
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Results of Pressure Regulator — Option 1 (4/4)

Pressure Regulator Area History

>~ A12 In*2 Restriction 12

0.014
0.012
Notice that area changes
to maintain defined

SRS downstream pressure.
0.008

0.006

0.004 |

0.002

0 10

20
TIME SECONDS

GFSSP 7.02 -- Tutorial 4

30

WinPlot v4.55.1

40

3:19:55PM 02/21/2018
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Set Up Pressure Regulator — Option 2 (1/2)

Model the Forward-Looking option

Go to Advanced/Pressure Regulator
Select Forward-Looking regulator option
Fill in the dialog boxes

45 Pressure Regulator ? Pt
Pressure Regulators
[ Regulator Option: Forward-Looking v]
Pressure Regulator 1
Branch: 12 A
Maximum Area: |III.EI4 | int -
Minimurm Area: | le-16 | int -

Pressure Option: | Pressure History File =

Pressure History File: |F‘reg.dat | Edit

Under Relaxation Factor: |III.3 |

Add Remove

Cancel

GFSSP 7.02 -- Tutorial 4
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Set Up Pressure Regulator — Option 2 (2/2)

Rename GFSSP files

— Prevents overwriting of first Pressure Regulator results
Under General tab

— Rename Input File: Tut4a.DAT

— Rename Output File: Tut4a.OUT

£ Model Properties ? X

Steady / Unsteady Circuit Fluids Solver Output

Model Title: |Tut4: Pressure Regulator

Analyst Name: |Zap Rowsdower

|
|
Working Folder: |E:/GF55P/__MIG_Installer(Test b&/Tut4 |
|
|

[ Solver Input File: |Tutda.DAT

Solver Qutput File: [Tut4a,0UT

Solver Executable: |C:,‘Pr0gram Files (GFS5P fsolver fafssp701i exe Default

Units for History Files and Qutput: |English
[] User subroutine

Setup User Subroutine |Compiler Options | Edit User Subroutine

User Subroutine Source File:

Cancel

GFSSP 7.02 -- Tutorial 4



Results of Pressure Regulator — Option 2 (1/2)

* 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.

- GFSSP’s 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 Dre
Apew = A <preg> (e(p—fg_l))

Pz

« Plot the new Option 2 results (Tut4a.WPL) over the Option 1 results
(Tut4.WPL)

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

GFSSP 7.02 -- Tutorial 4 15



Results of Pressure Regulator — Option 2 (2/2)

* Pressure History

— P1 PSIA Node1 —8- P1 PSIA Node 1
P2 PSIA Node 2 —7+— P2 PSIA Node 2
100 e o
e = o
DR = e AU
B = Y
RN = e

Tank Pressure

80 (Node 1)
60
Note oscillations over time when
using Forward-Looking option
4 ‘[\w‘“‘—' — Pressure downstream of Regulator
\/ (Node 2)

20

0 10 20 30

TIME SECONDS

GFSSP 7.02 -- Tutorial 4

WinPlot v4.55.1

<1
<

40

3:27:19PM 02/21/2018
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Challenge Problem 4 (1/2)

Simulation of a Flow System Involving a Heat Exchanger

Given:

Hot and cold water streams enter the system shown below at 50 psia and exit at 25 psia.
In addition to the 10-inch inlet and exit
pipes, the counterflow heat exchanger may be modeled as 10-inch pipes with diameter of
0.25 inches (hot side) and 0.50 inches (cold side). The heat exchanger effectiveness is

The hot water enters at 100 °F; the cold, 60 °F.

known to be 0.7, and the pipes are assumed to be smooth.

Pipe Pipe
L=10in. L=10In.
| D=025in D=025in ‘
Water
P = 50 psi. )) > szEEpsi
T =100 °F
Heat
Exchanger
Water
P =25 psi b = dP:5Dpsi.
T=60°F
Pipe Pipe
L=10in. L=10in.
D=05In D=05in

Determine the mass flow rates and exit temperatures of the two streams.



Challenge Problem 4 (2/2)
Simulation of a Flow System Involving a Heat Exchanger

* Hints:
— Because GFSSP’s energy equation uses an upwind scheme, exit boundary
temperatures are dummy values

— The heat exchanger option is activated on the Circuit tab; the dialog box is
accessed from the Advanced menu

— When the heat exchanger effectiveness is known, the product of the overall heat
transfer coefficient and the area (UA) does not need to be specified.

- Answers: Hot: 0.8851b/s; 72.1 °F Cold: 5.41 Ib/s; 64.6 °F

—— 2] ) - = w-[[]

G [ [
78 58

GFSSP 7.02 -- Tutorial 4
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Marshall Space Flight Center
GFSSP Training Course

Multi-Dimensional Flow Modeling
and Psychrometric Properties

Uy = 100 ft/sec

>
>

12 inches

||||||||||||||||||||||

12 inches ‘



Multi-D Terms in Momentum Equation

Marshall Space Flight Center
GFSSP Training Course

«  Momentum Conservation Equation

(Mmu) 447 — (Mu)
9c:At

2 2 2 2
pgVCosbl L. pKiorw A(Tj — 1 ) Up — Uij
( i 1) ij J; f u| l]l ] g, gc(gi]_lp s
-- Pressure -- -- Gravity -- -- Friction -- -- Centrifugal -- -- Shear--
. pAnormunormuij n (ﬂd Ug — uij —u, uij - uu> Aij +s
Je 8ija Siju ) 9c
-- Moving Boundary --  ------------ Normal Stress ----------- -- Source --

GFSSP 7.02 -- Multi-D / Psychro



Validation of GFSSP Prediction

Marshall Space Flight Center
GFSSP Training Course

« Three classical fluid dynamics problems have been considered for validation
of GFSSP Prediction

— Poiseulle Flow
» Shear dominated flow between two stationary flat plates

— Couette Flow
» Shear driven flow between one moving flat plate and one stationary flat plate

— Driven Cavity Flow
» 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.

GFSSP 7.02 -- Multi-D / Psychro



Poiseulle Flow 1/2)

Marshall Space Flight Center

GFSSP Training Course

Analytical Solution: u = 0.005(y — y?)

L'ltop surface — 0

Pupstream =20 pSi

Upottom surface = 0
|:)downstream
Length = 1000 in.
Distance between Plates = 1 in.

Fluid Density = 12 Ib/ft3
Fluid Viscosity = 1 Ib/ft-sec

GFSSP 7.02 -- Multi-D / Psychro
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Poiseulle Flow (2/2)

Marshall Space Flight Center
GFSSP Training Course

e GFSSP Model

Top Wall Top Wall
Ao » IGELN
@ > B >
@ > @2 >
(A3 »
23 > 2 @33 >
@ > & >
@ > &® >
Bottom Wall Bottom Wall
1
0.8 1
< 06
E 0.4 +
0.2 +
—&— Analytical Solution
—B— GFSSP Solution

0 0.1 0.2 0.3 0.4 0.5 0.6

Velocity (ft/sec)

GFSSP 7.02 -- Multi-D / Psychro



Couette Flow (1/2)

Marshall Space Flight Center
GFSSP Training Course

* Analytical Solution: u = 100y

e

=100 ==

Utop surface

Upottom surface — 0

|:)upstream =10 pSi Pdownstream =10 psi

Length = 1000 in.

Distance between Plates = 1 in.
Fluid Density = 12 Ib/ft3

Fluid Viscosity = 1 Ib/ft-sec

GFSSP 7.02 -- Multi-D / Psychro



Couette Flow (2/2)

Marshall Space Flight Center
GFSSP Training Course

e GFSSP Model

Top Wall R Top Wall .
@ > @ >
@ > & >
(A5 » (A23)
B > @33 >
@ > &2 >
@ > &> >
Bottom Wall Bottom Wall
1 -
0.8 T
< 06+
2
S
.g 0.4 1
a
0.2 +
—&— Analytical Solution
—&8— GFSSP Solution
0 t t t t i
0 20 40 60 80 100
Velocity (ft/sec)

GFSSP 7.02 -- Multi-D / Psychro



Ex25: 2-D Recirculating Flow in a Driven Cavity (2/3)

Marshall Space Flight Center
GFSSP Training Course

* Fluid inputs
— Density = 1 Ib/ft3
— Viscosity = 1 Ib/ft-sec
— Reynolds Number = 100

=100 ft/sec

»

=~ Top Wall Top Wall Top Wall Top Wall Tol pW all To pW all

wwu* ﬁd@

w_all

w
(8]
N
N

: |

Side Wall Side Wall

§ 9

3
O 5 (0> & [0 = (> &

i
7
7 9

Side Wall Side Wall

7
i)

=

{
ooz oz

>

Side Wall

12 inches Side Wall 45>

¢ 9 9 El
Ol s 1] ¢ 10| « 1>

E
Joole o[ Joo{ - Jo-

7

]
@»;-@»z@»g-@-»ﬁ

1)

[]
’*i@’i@”ﬂ*

Side Wall

n&
Ayl ~

Side Wall 1

TJorJor o JorL s Joa e

Side Wall Side Wall

|2|—@->|9|0->|16|-.->|23|-@>|30|@>|37|@->|44|

Y Side wall Side Wall

18|~.—)|15-@>|22|-@)|29 43|

S

3

w S

[

o
; L

;
>

‘: :‘ Bottom Wall Bottom Wall Bottom Wall Bottom Wall Bottom Wall Bottom Wall

12 inches
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Ex25: 2-D Recirculating Flow in a Driven Cavity (2/3)

Marshall Space Flight Center
GFSSP Training Course

Linear Cartesian Grid Generation and Display of 2-D cartesian grid

|
T
I
ik >y
i -
12
45 Modeling Interface for GFSSP - E:/GFSSP/_MIG_Installer/Test b10/EXAMPLES/EX25/EX25.vts
45 Grid Properties 2 X File Edit View Model Advanced Help
NrerBeg AN REXE L #d<=3Aa4%
Grid Options aod
&
Grid Type: |Cartesian -
Mode Sweep Option | X-Direction ~ E‘
O 4548 4647 4748 4349 4950 5051
wal on Boundary o 3845 % 346 % 2047 % 4148 % 4249 % 4350 % 2451 %
Velocity Angle ®q [0 oo | =B [0 | —H— [ | [ | [ ]
[ f— 0 fifs 0 deg 3839 3340 4041 1142 4243 4344
est Boundar ! -
Y : 3138 3239 3340 3441 3542 3643 3744
[ East Boundary ~ © ftfs 0 deg H
North Boundary | 100 fs >~ 0 deq T 3132 3233 3334 3435 3536 37
[ south Boundary | fris 0 bt 2431 % 2532% 2633 % 2734% 2835 % 2936 % 3037%
Grid Parameters %’%@%‘—H‘—b%%
2425 2525 637 728 2828 2330
Number of Nodes e 1724 1825 1926 027 2128 2229 2330
[17 | [1s|—FE— [1o |0 oo | [o1 | =B 2|~ [x7]
¥ Direction |7 |12 |il'1 e 1718 1318 1520 2021 2122 2223
| |1 | = - 1017% 1118 % 1218 % 1370 % 1421 % 1521% 1623 %
irection
Node Parametors [io]—H—w [ — [ [~ [1a]—H—» [i5]|—H—»[]
1011 1112 1213 1314 1415 1518
Cancel a 'E e lE‘ - ’E il ’ 78 l ;i ’E‘
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Ex25: 2-D Recirculating Flow in a Driven Cavity (3/3)

Marshall Space Flight Center
GFSSP Training Course

Frame 001 | 28 Nov 2011 |

Velocity field / Pressure Contour

Dimensionless Height

—&— GFSSP Prediction (7x7 Grid)

—8— Burggraf's 51x51 Grid Prediction (1966)

Dimensionless Velocity

GFSSP 7.02 -- Multi-D / Psychro 10



Multi-dimensional Summary

Marshall Space Flight Center
GFSSP Training Course

GFSSP’s Numerical Algorithm 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

Extended formulation has been validated by comparing the numerical

prediction with three benchmark solutions:
— Poiseulle Flow
— Couette Flow
— Flow in a Driven Cavity

Future work will include Heat Transfer & Turbulent Flow

GFSSP 7.02 -- Multi-D / Psychro 11



Psychrometric Properties

Marshall Space Flight Center
GFSSP Training Course

Definition of Psychrometric Property
Subroutines for Psychrometric Property Calculation
Control parameter for Psychrometric Option

Example 31: Modeling Psychrometrics of Air-Water Vapor Mixture

GFSSP 7.02 -- Multi-D / Psychro
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Dalton’s Law of Partial Pressure

P =DPat Dy
* Humidity Ratio
m, 0.622p,
a) — —
mgq P~ DPv

« Carrier Equation
® — Pwp)Tpp — Tws)

2831 — 1.43T,, _ws~tv
« Relative Humidity
_ My _ Py
S my pg
 Dew Point Temperature (at p,,)
Tq = Tsat

« Vapor Pressure Relation for Water:

ln(psat) =A+

where:

sat

A =99.4824; B = —7894.6011; C = —11.9783; D = 0.01101

+ Cin(Tsqt) + DTgqt

Temperature (T)

Definition of Psychrometric Properties

Marshall Space Flight Center
GFSSP Training Course

p = constant (py)
p = constant (py)

Tay +—— /— —————
g8 SR = Saturated
/ vapor line
Saturated
liquid line

Specific volume (v)

GFSSP 7.02 -- Multi-D / Psychro

13



Psychrometric Property Calculation

Marshall Space Flight Center
GFSSP Training Course

New Subroutines in GFSSP
-  PSAT(T,P)
» Calculates saturation pressure of water at a given temperature

- TSATT(P, T, TGUESS)
» Calculates saturation temperature of water from vapor pressure relation by N-R
Method

- TWBCAR(TDB,PDP,PAMB,TWB)
» Calculates wet-bulb temperature from the Carrier Equation by N-R Method

- CARIER(TWB,TDB,PWB,PAMB,PDP)
» Calculates the pressure at the dew point temperature

GFSSP 7.02 -- Multi-D / Psychro
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Psychrometric Option Control Parameter

Marshall Space Flight Center
GFSSP Training Course

Control Parameter : IOPTPSY

— IOPTPSY = 0: Psychometric Property Inactive

— IOPTPSY = 1: Input Relative Humidity (PHI)

— 1OPTPSY = 2: Input Wetbulb Temperature (TWB)
— IOPTPSY = 3: Input Humidity Ratio (OMEGA)

Activation of Psychrometric Option

— GFSSP reads either PHI, TWB or OMEGA for both steady-state and transient
models

— Boundary History File requires one of the three properties in addition to pressure,
temperature and concentration

Uses GASPAK Option for Air

Uses GASP/WASP Option for Water

GFSSP 7.02 -- Multi-D / Psychro
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Ex31: Modeling Psychrometrics of
Air-Water Vapor Mixture (1/6)

Marshall Space Flight Center
GFSSP Training Course

« Cold and dry air enters into an air-conditioning system
— Air is first heated and then humidified

« GFSSP model purpose
— Calculate the temperature and relative humidity of the air at the exit of the air

conditioner
Steam
P =20 psi
T =500 °F
QDOT
10 Btu/sec
Air
T=40°F —»
RH = 30% MDOT
0.013161b,/sec

O © ©

Heating Humidification
Section Section

GFSSP 7.02 -- Multi-D / Psychro
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e GFSSP Model

M=13

(]

Ex31: Modeling Psychrometrics of

Air-Water Vapor Mixture (2/6)

Marshall Space Flight Center

GFSSP Training Course

Heating Section Humidifying Section

=78F
Rel Humidity = 48%
= I

Heat Rate = 10 Btu/sec

42 lb/=

.-
L ¥4

T=40F
Rel Humidity = 30%

| 2

W= 1.254 lbis

23 ‘. 42

T=71F
Rel Humidity = 9.6% M'=0.01154 Ibis
B -

Steam
P =20 psi
T=500F

GFSSP 7.02 -- Multi-D / Psychro
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Activation of Psychrometry in Circuit Option

Ex31: Modeling Psychrometrics of
Air-Water Vapor Mixture (3/6)

Marshall Space Flight Center
GFSSP Training Course

5 Model Properties

General Steady [ Unsteady

[] axial Thrust

[] cydic Boundary

Dalton's Law of Partial Pressure
[] enthalpy Formulation
[] Fluid Conduction

[] Fluid Mazs Injection

|:| Gravity
[] Heat Exchanger

Heat Source

|:| Inertia

[] Grid Generation

BTU/fsec
Branch Angles

Larminar

Circuit

Stagnation

-

DFLI

Fluids

Salver Output

|:| Momentum Source

[] Moving Boundary

[] Marmal Stress

[] phase Separation Model

Psychrometry |Relative Humidity ~
) Relative Humidi

[] rotation Wethulb Temperature

[] Shear Humidity Ratio

|:| Transverse Momentum

[] Turbopump
[] conjugate Heat Transfer

Cancel

GFSSP 7.02 -- Multi-D / Psychro
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Ex31: Modeling Psychrometrics of
Air-Water Vapor Mixture (4/6)

Marshall Space Flight Center
GFSSP Training Course

« Boundary Node Properties for
Psychrometrics

45 Node Properties ? *
- Boundary Node 1 dentifer |1 | Fluid Concentrations
» Based on 30% RH at this P/T N EPT
» Mass Fractions for air and water calculated

Air GP {0.0000 =

Pressure |14.Ir' |PSIA w7

from the input RH. Fluid Concentrations
are ignored.

Temperature |4D | = g

Relative Humidity |30 o

|:| Psychrometry Overwrite

Symbal Manager Cancel

£ Node Properties ? X
Identifier |5 | Fluid Concentrations
| | D A Water WASP
Node Description |BMode 5 Show
aree poooo 2]
— Boundary Node 5 pressure [0 B
> Select Psychrometry Overwrite Temperature [500 I
>  Allows users to specify 100% water as the | e umaty |50 o

Fluid Concentration. Input RH is ignored.

[ Peychrometry Overwrite ]

Symbal Manager Cancel

GFSSP 7.02 -- Multi-D / Psychro
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Ex31: Modeling Psychrometrics of
Air-Water Vapor Mixture (5/6)

Marshall Space Flight Center
GFSSP Training Course

« Comparison of GFSSP prediction with hand calculation
- Energy conservation between (1) and (2)
Q‘l‘ Tflah1= ma‘l' hz

0 10
= = = — +3.595=11.06 B
hy = =t by = 137 +3.595 06 Btu/lb

— GFSSP calculates

TZ = 71 OF Steam
P =20 psi
@, = 9.6% T =500 °F
QDOT

10 Btu/sec

- PSYCHRO calculates
h, = 11.002 Btu/lb rlar — &

RH = 30% MDOT
0.013161by/sec

ORENONENO

Heating Humidification
Section Section

GFSSP 7.02 -- Multi-D / Psychro
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Ex31: Modeling Psychrometrics of
Air-Water Vapor Mixture (6/6)

Marshall Space Flight Center
GFSSP Training Course

« Comparison of GFSSP prediction with hand calculation
- Humidfier Mass Conservation between (2) and (3)

Steam
P =20 psi
T=500°F

Matz + Mhzo = Ma®s
My20 0.01154 .
(1)3 = (UZ + . = 0-0015 + _— = 0_ 0101 T==40°L: - >
mg 1.34 Rit = o0 001310 bjsec
- GFSSP calculates

ws = 0.0102 O, | O
- Energy Conservation (2) and (3) ’

MA20 ) 1102 + 001154 (1287.3) = 22.10 Btu/lb
m, v 134 )= as u/

h,is the enthalpy of steam used for humidification

— GFSSP calculates
T3 =79 OF, Q3 = 48%, w3 = 0.0102

- PSYCHRO calculates
h; = 22.13 Btu/lb, w; = 0.01017

h3=h2+

GFSSP 7.02 -- Multi-D / Psychro
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Marshall Space Flight Center
GFSSP Training Course

Conjugate Heat Transfer —
Modeling Heat Transfer Between
Solid and Fluid

— | 5 |— -

[]f— | 2 |— | : |— e + |—le- s

12 | 23 | 24 45 56 | 67
v I F|5 39 F|5 410 F|5 511 F|5 612
K K K K
=] =] =] =]
| 20 | 210 TT | 112 |
5|5 213 5|5 a14 5|5 1015 5|5 1118 5|5 1217
K K
13 |—Aw— 14 | — A 15 | — A — 16 | — | 17
| =] | =] | =] | =] |
S 1314 b 1415 VS 1516 b 1617 b
2 1323 s 1422 £ 1521 £ 1620 £ 1719
--@—23 --@722 -@711 -4@720 -n—@—m -—@—
2122 2021 1920 1319

134 ]



Conjugate Heat Transfer

Marshall Space Flight Center
GFSSP Training Course

 Why do we need it?
- Fluid flow and heat transfer are strongly coupled in many applications

— Typical examples in Propulsion Systems
» 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 7.02 -- Conjugate Heat Transfer



Solid Energy Equation

Marshall Space Flight Center
GFSSP Training Course

=1 ()i=2 ————— Ambient Node
A
A

js=3 — Solid Node

=1 yd "! \ .
! ™, i
‘_f' ' & ‘-\‘ /—V F|U|d NOde
L O O O
=1 =2 =3 =4
Conservation . o
Equation Successive Substitution
Form
8 .
aT(mCT) qus+zqsf+zqsa+s' ( C )
o Zc” : +ZC”T“ +Zc” e el pi
. _ _ i T
qss = kijS Aﬁjs /5”'5 (TSJS _TSI) Eia——V Ts e
iy i i,
Qg =Ny, Ay, (Tfjf _Tsi)

(;]sa = hija Aija (Taja _Tsi)

GFSSP 7.02 -- Conjugate Heat Transfer



Solid Node Input (1/2)

Marshall Space Flight Center
GFSSP Training Course

45 Solid Node Properties ? x

D Solid Mode

Identifier | 12 |

Description |5N-:u:|e 12 | [ ] show
Temperature |44 | o e
Mazss |13 |Ibm W
Heat Source |EI |EFI'L.I,|’5 w
Material Stainless Steel 304 w
View Cp View K

Symbol Manager Cancel

GFSSP 7.02 -- Conjugate Heat Transfer



Solid Node Input (2/2)

Marshall Space Flight Center
GFSSP Training Course

« Material Properties

— GFSSP installation directory contains

temperature-dependent properties (k and Cp) |
for 40 common materials [ soiaroce

45 Solid Mode Properties 7 >

) . . dentifier
— CAUTION: Not all library materials contain ; ) ) |8|5N — O |
- ) escription ode 2
propertles at cryogenic temperatures. . twre [70 E:
Emperature i
Mass |1 |Ibrn M

« Up to 5 user-defined material properties may
be defined in short text files

Heat Source (0

Material

— Userlk.prp and userlcp.prp

» User2k.prp and user2cp.prp

> Etc. OK Cancel

45 User Material Properties ?
* Units -
emperature K

—_ T (0 R) ; R BTU/(=ft-"R)

| 0.002611

- K (BTU/s-ft-°R)
- Cp (BTU/b,-°R)

0.002611

Add Line Remove Line | | External Editor Cancel

GFSSP 7.02 -- Conjugate Heat Transfer



Ambient Node Input

O Ambient Mode

Identifier |13

Description |AmbMode 13

Temperature |70

[ ] History File

45 Ambient Node Properties X
[ ] show
o= -

Edit
OK Cancel

GFSSP 7.02 -- Conjugate Heat Transfer
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GFSSP Training Course



Ambient to Solid Conductor

& Conductor Properties

HTCR . . .
*‘\gg/ Solid-Ambient Convection

Identifier 913

Description |Cu:unu:|uu:13:ur 913

Convection

[ ] radiation

Emissivity of Solid |0

| [] show
Heat Transfer Area |12.5 |ir11 -
Heat Transfer Coeffident |EE—-‘-H |ETL.I,|’{H:1'5'F} b
Emissivity of Ambient |0
Concel

Marshall Space Flight Center
GFSSP Training Course

Radiation option for S-A Conductor

View factor = 1.0

€ must be > 0.0 to avoid division by
Zero error.

When ¢, = 1.0, simplifies to
equation for small object
surrounded by a large ambient.

gA (Ts4 _ Tc?mb)
Qs—amb =

T, 1

Es Eamb

-1

GFSSP 7.02 -- Conjugate Heat Transfer



Solid to Solid Conduction Conductor (1/2)

Marshall Space Flight Center
GFSSP Training Course

45 Conductor Properties ? ot

k:
-*E-*g-" Solid-Solid Conduction

Identifier |1112

Description |Conductor 1112 [] Show
Conduction
Conduction Area |0.135 inz -
Distance |&00 in -
oK Cancel

GFSSP 7.02 -- Conjugate Heat Transfer



Solid to Solid Conduction Conductor (2/2)

Marshall Space Flight Center
GFSSP Training Course

« Mixing Materials
- When a solid-to-solid conductor connects two different materials, the effective
conductivity is the harmonic mean of the two conductivities.

2k kg

"tk

— This relationship holds true only if the length of the solid-to-solid conductor is %2
material A and ¥2 material B.

« Example: Atank wall is 0.25 inches thick and covered with 1.0 inch of
iInsulating foam.

Wall (0.20”) Foam (0.95")

HTCR K D K K HTCR
D_W_ YY > 0 I E
ES 53 55 55 SA
12 23

24 45 £

Interface (0.17)
(0.05” + 0.05”)

GFSSP 7.02 -- Conjugate Heat Transfer



Assumes two diffuse, gray surfaces
that form an enclosure

Example: a pipe surrounded by a
vacuum jacket (F; = 1.0)

o (Ti4 — Tj4)

- 1-— € 1 1-— Ej
+ +
giAi AlFl] EJA]

qij

I!" node is the first solid node selected.
J node is the second solid node.

Hint: when modeling a vacuum jacket,
make the inside pipe Solid Node I, and
the outside pipe Solid Node J. Then
the view factor F; = 1.0.

Solid to Solid Radiation Conductor

Marshall Space Flight Center
GFSSP Training Course

%5 Conductor Properties ? x

E
-"\Sﬂgf Solid-Solid Radiation

Identifier 1415

Description |C|:|n|:|ucb:|r 1415 | [ ] show
Radiation
Radiation Area SMode 14 in2
Radiation Area SMode 15 in2
V Factor 1] |1 |

Emissivity SNode 14(0.3 |

Emissivity SNode 15(0.25] |

Symbol Manager Cancel

GFSSP 7.02 -- Conjugate Heat Transfer




Solid to Fluid Conductor

Marshall Space Flight Center
GFSSP Training Course

45 Conductor Properties

HTCE
*‘\F/g/‘ Solid-Fluid Convection

Identifier |115

Description |Cu:unu:|uu:tn:ur 115

Convection

[ Show

Heat Transfer Area |942.5

inz >

Heat Transfer Coeffident Correlation |0 User Specified

=l

Heat Transfer Coefficient |6E-4

[ Radiation

[BTUf(ftzsF) |

Emissivity of Solid |0

Emissivity of Fluid |0

Ok

Cancel

GFSSP 7.02 -- Conjugate Heat Transfer
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Solid to Fluid Conductor (1/8)

Marshall Space Flight Center
GFSSP Training Course

« Heat Transfer Coefficient
- User-specified to a constant value set in MIG (Option 0)

— Calculated by a correlation defined in a Fortran user subroutine

— Calculated by built-in correlations for Forced Convection in a Pipe
Dittus-Boelter

MiropolskKii

Sieder-Tate

Petukhov

Gnielinski

akownpE

— Calculated by built-in correlations for Natural Convection to a Vertical Plate
6. Empirical
7. Churchill-Chu

GFSSP 7.02 -- Conjugate Heat Transfer
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Solid to Fluid Conductor (2/8)

Marshall Space Flight Center
GFSSP Training Course

« Dittus-Boelter (Option 1)

Properties evaluated at fluid node temperature.
Difference between fluid and wall temperatures should be less than 10 °F for liquids,

less than 100 °F for gases.
Uses Colburn formulation where Prandtl exponent is always 1/3.

Valid range:
- 0.7=Pr=<160
- Re =10,000

GFSSP 7.02 -- Conjugate Heat Transfer 13



Solid to Fluid Conductor (3/8)

Marshall Space Flight Center
GFSSP Training Course

Miropolskii (Option 2)
— Film-boiling correlation for two-phase flow
- Switches to Dittus-Boelter for single-phase flow
— Suitable for chilldown problems, which are mostly film-boiling
— Not accurate for nucleate boiling regime

Nu = 0.023(Re ;) 8(Pr,) %4 (V)

Reix = <puD> [x + <&> (1-— x)]
Hy Pi
Prv = <CZ'I:U>

0.4
y=1-01 (ﬂ) (1= x)%4
Py

GFSSP 7.02 -- Conjugate Heat Transfer
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Solid to Fluid Conductor (4/8)

Marshall Space Flight Center
GFSSP Training Course

Sieder-Tate (Option 3)
— Preferred over Dittus-Boelter when there are large temperature differences between
fluid and wall.
- Valid range:
- 0.7=<Pr<16,700
- Re 210,000

,Lt 0.14
Nu = 0.027Re0%8pr0-33 <—>
Hw

GFSSP 7.02 -- Conjugate Heat Transfer
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Solid to Fluid Conductor (5/8)

Marshall Space Flight Center
GFSSP Training Course

Petukhov (Option 4)
- May be more accurate (10% vs. 25%) than Dittus-Boelter or Sieder-Tate
- Valid range:
- 0.5=<Pr=<2,000
- 10,000 = Re < 5,000,000

(%) RePr

Nu =

0.5
1.07 +12.7 (’—g) (Pr2/3 — 1)

GFSSP 7.02 -- Conjugate Heat Transfer
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Solid to Fluid Conductor (6/8)

Marshall Space Flight Center
GFSSP Training Course

Gnielinski (Option 5)
— Useful for smaller Reynolds numbers
- Valid range:
- 0.5=<Pr=<2,000
- 3,000 < Re £ 5,000,000

s (g) (Re — 1000)Pr

14127 (é)o.s (Pr2/3 — 1)

GFSSP 7.02 -- Conjugate Heat Transfer
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Solid to Fluid Conductor (7/8)

Marshall Space Flight Center
GFSSP Training Course

« Empirical Natural Convection (Option 6)
— Requires user to enter characteristic length, L
— Properties evaluated at film temperature: T, = 0.5(T,+T;)
— In a mixture model, properties from fluid with greatest mass fraction node are used.
— Valid range:
- 10*<Ras<1013

_ gﬁ|(Tw_Tf)|L3PZCp

Ra s
Nu = cRa™
Laminar, Ra < 10° 0.59 0.25
Turbulent, Ra > 10° 0.13 0.33

GFSSP 7.02 -- Conjugate Heat Transfer 18



Solid to Fluid Conductor (8/8)

Marshall Space Flight Center
GFSSP Training Course

Churchill-Chu (Option 7)
— Requires user to enter characteristic length
— Properties evaluated at film temperature
— In a mixture model, properties from fluid with greatest mass fraction node are used.

0.387Ral/6

14 (202"

Nu = )0.825 +

GFSSP 7.02 -- Conjugate Heat Transfer
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Inside blanket first

Outside blanket last

MLI Conductor

£ ML Properties

A/l wLz

Description [MLI 1632

Identifier |1632

Area |?435 | in?

¥ | MLI Emissivity |D.D31

Pressure |5&—6

|to" Shroud Emissivity |n.04

Degradation Factor |6

Blanket Setup

Enable Mumber of Layers Density

Blanket 1 |10 | |8 | layersfcm ~

Blanket 2 |15 | |12 | layersjom ¥

Blanket 3 |?_U | |16 | layersfam ~

[JBlanket4 o i} layersfcm

[JBlankets g 0 layersfcm
Cancel

GFSSP 7.02 -- Conjugate Heat Transfer

Marshall Space Flight Center

GFSSP Training Course
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MLI Modeling Methodology

Marshall Space Flight Center
GFSSP Training Course

Tc Ty Ty TH Tamb

8-Layer/cm 12-Layer/cm 16-Layer/cm
MLI Blanket MLI Blanket MLI Blanket

Law of energy conservation
Qraa = Q1= Q2 = Q3
Q2(T1, T;) — Q3(T,, T,) =0
Q1(Ty, T1) — Q2(T1,T2) =0
QradTamp, Ty) — Q1(Ty, T1) = 0



MLI Heat Transfer (1/2)

Marshall Space Flight Center
GFSSP Training Course

« Heat transfer through the MLI calculated by the Modified Lockheed equation

€5 (0.017 + 7E = 6 % (800 — Tpyg) + 2.28E — 2 * In(Tuyg) ) (N)*S3(Ty, — T,)

Crg(T;ll-.67 _ TC4-.67) CgP(Tr(l).SZ .
+ +
N N

TCO-SZ)]

q = heat flux through MLI (W/m?)
T,g= average of hot and cold boundary temperatures (K)
N* = MLI layer density (layers/cm)

_ -4

T,, = hot boundary temperature (K) gs _i/;:;g 10-10
T. = cold boundary temperature (K) Cr _ 1.4600

N, = number of MLI layers &

& = MLI layer emissivity (&= 0.031)
P = interstitial gas pressure (torr)



MLI Heat Transfer (2/2)

Marshall Space Flight Center
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« Radiative heat transfer from the shroud to the outer layer of MLI

( amb — outer)
Qrad = 1
-1

gMLI Eshrd

— Expression assumes radiation between closely spaced parallel planes
— For other situations, user may wish to modify input shroud emissivity, for
example:

« Concentric cylinders (where r,,, and ry, 4 are not similar):

1—¢ T -1
shrd outer
! < )]
Eshrd Vshrd

q . ( outer)
rad — & — =
1 4+ 1-— Eshrd (router) shrd—mod

EMLI Eshrd Tshrd

« Small object in large cavity (set &,y = 1)

_ 4
Qrad = OEMLI (Tamb Touter)



MLI Modeling Methodology

Marshall Space Flight Center
GFSSP Training Course

* Flowchart of MLI_HEAT _RATE Subroutine

5 QFLUXMLI—Modified
Lockheed Equation

Develop Conservation ~| MLIEQNS

Equations for Each Layer - | QFLUXRAD—Radiation
Equation in Outer Layer

|
Develop Partial
Derivatives for N-R Solver

MLICOEF

\
Solve for Temperature
Corrections

GAUSSY

A
Apply Temperature
Corrections

heck for Convergence

No

Calculate Average Heat
Flux

'




Applications

Textbook Problem (Ex13)

Cryogenic Transfer Line (Ex14)

Propellant Loading

Pressurization of Space Shuttle’s LH2 Tank

Heat Leak through MLI to a Cryogenic Tank (Ex29)

GFSSP 7.02 -- Conjugate Heat Transfer

Marshall Space Flight Center
GFSSP Training Course
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Ex13: Verification of Conjugate
Heat Transfer Results

Marshall Space Flight Center
GFSSP Training Course

Problem Considered GFSSP Model
Tamp =70 °F 5)
=0.167 ft —__-"E (- — -
/ D=0.1 / . —
r é mz HTC HTCR H;Eﬁ\‘HTER 1213 HTll:R\;I\ﬁ‘\HTER wM
T=32 °F 7 T=212 °F "F’;’ ’\F’;”\F’éf "F’;’ YY ¥Y "F’E’\z\\
% HTCR 122 123 124\ 125 ldﬁ 13? 138 HTCR
1 / @ ZA . == . == . =31 . =1 .—i\gg/—. f=3=1 . =3=1 .—«5/;/\_.
—————— L =2ft —I-,% ai0
v
7 %

Comparison with Analytical Solution

25

200 /

o

Temperature (Deg F)
N
ol
o

-
o
S

—&— Analytical
—=%— GFSSP

50

0 3 6 9 12 15 18 21 24
X (inches)

GFSSP 7.02 -- Conjugate Heat Transfer



NBS Test Set-up of Cryogenic Transfer Line

Marshall Space Flight Center
GFSSP Training Course

SUPPLY DEWAR

Storoge
Dewar

Pressurizing
Gas

6.94 4ps
(1.83gps)
Turbine
Flowmeter

L 7

L

7
Vopor Pressure

7
Ball Val
Thermometer AL

Location

(80rt) #2 Globe ond Gate

Volve Location

Pressure Transducers,
Thermocouple Relerence
Barh.

#3

INSTRUMENT STATION

e Kovar Seal

*—Vocvum—=

Static Pressure (141 1r)

Top Pitor

Tubes

Inner Tube 61.0m (200 ft) x
1.90cm (3/4in) QD x
1.59¢cm(5/8in) 1.0., COPPER

Thermocouple

60.4m
(198 ft)

N

6/.0m
(2001/11)

Wall
Thermocouple

GFSSP 7.02 -- Conjugate Heat Transfer



Ex14: GFSSP Model of Cryogenic Transfer Line

Marshall Space Flight Center
GFSSP Training Course

3435 A6 plidcry 3735 3839 3940 4041 4143
[ D [ kK [ 4 4
At 36 At ——N 3T 38 39 42
Y3 2 2] et v
HTCR HTCR HTER 2355 HT|ER w HTCR a1 ﬂLEE 1o w
134 335 '\,_1"*;" 436 Y 537 F‘S 638 J\F?f 739 F‘S 40 F‘ 4 Yy
"’
R =z |[—E—e{: [ — O —e{+ | — {5 | —E—{c [—E—={7 | —EB—={s | — B | — =0 N
=31
12 23 34 45 A6 &7 T8 a9 ain |
[ 1011
1920 1219 1718 1617 1616 1418 1314 1213 1112 *
o]~ {1} O[]~ O[]t — [} O[] O[] | — O[] -0 —[1]
T "HTCR : “HTCR “HTER
1444 “\F"%/ 1244 ’}f;f 1143 J\F/g/
T, ., .
4 K K
s — i ——]
== =5 =5
4547 445 4344
5485 A556 SGAT LTEE A260 Q60 B162
K K 4 K K 4
A—[]——r ]l —]x] A
V- g w me e
o -4 s ¥ F3 Fs Y 4
25k / 2456 / 2557 2658 / 7750 2860 2061 062
o] O] e ] ] e o] |- O |— | -] — ]
2122 pratarc] 2324 2425 2526 2627 avas 28249 2930 |

zpz1 (I

K
GRET ’\S/‘Sf

S, Sy

e | e kors

'
N

GFSSP 7.02 -- Conjugate Heat Transfer
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Ex14: Comparison with Test Data

Marshall Space Flight Center
GFSSP Training Course

Saturated LH, chilldown time Subcooled LH, chilldown time for various driving
for various driving pressures pressures. LH, is subcooled at —424.57 °F
Experimental Predicted o Experimental Predicted
Driving  Saturation  Chilldown  Chilldown Driving “hldown hilicientmn
. Pressure Time Time
Pressure Temperatura Time Time (paia) (5) (&)
psia) I°F) (=) (s} 3A5.75 148 160
74.97 —411.06 68 70 8174 75 an
a6.73 —409.08 62 659 AE.73 B2 &0
172 -4 06.4 42 50 111.72 41 45
161.72 ~402.13 30 a3 136.72 az 3s
161.7 28 30
Saturated LN, chilldown time Subcooled LN, chilldown time for various driving
for various driving pressures pressures. LN, is subcooled at —322.87 °F
Experimental Predicted n Experimental Predicted
Driving  Saturation  Chilldown  Chilldown oriving  Chilidown  Ghildown
Fressure Temperature Time Time PF{EEE?:;E TE:_:;E TEEE
(psia) (°F) (s) (s) e o e
61.74 —294.09 165 185 '
4997 170 175
74.87 —289.71 150 160 81,74 128 140
BE.73 —286.24 130 140 74.97 100 100
2673 BS a0

GFSSP 7.02 -- Conjugate Heat Transfer



Ex14: Comparison of Temperature Histories

Marshall Space Flight Center
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p = 36.74 psia p=61.72 psia
— e e 1 —— Exp Data
0] ] - - - Prediction
= 0__
g —100 = —100
T ] T
2 ] = ]
£ 20 ] § —200 :

: . £ £ ] &
Station #1 (violet) 2 _300-] 2 ool )
—20 ft from tank inlet ] i :

—400- 3 o | R

i {— Exp Data -4004 @@= W === 0N\ s b Y
Station #2 (red) _ et — I ———r
—80 ft from tank inlet 0 20 40 60 80 100 120 140 160 0 20 40 60 80

(a) Time (s) (b) Time (s)
Station #3 (green)
—141 ft from tank inlet I T R T i, M 1
] %3 N ¥ ]

. 0 b s A 1

Station #4 (blue) i . % A% 0]
. R N \\ \\ \\ ]
—198 ft from tank inlet Tiacod b A% T oo
:; : \‘ i ‘\, ‘\ S E
5 = “ \\ - \‘-\ \ g :
g—zoo{ 1 wY £ 200
£ N \ \ \‘ 2 :
& \ ., N | § ]
-300 % A\ I = _300-
q ‘\ a\ ‘I 1
—400]— ExpData v _ _ _ _ ‘~---_\_\~r~§‘y —400-
l=<Prediction] e e L

0 10 20 30 40 50 60 0

(c) Time (s) (d) Time (s)

p = 86.7 psia p = 161 psia
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Propellant Loading - Shuttle ET LH, (1/6)

Marshall Space Flight Center

GFSSP Training Course

Loading Phase Start Time | Flowrate
(Approx.) | (Ib./s)
Transfer Line Chill T-7h55m ~1
Pressurize Storage Tank and ET T-7Tho1m 10
Slow Fill to 5% T-7h42m 10
Fast Fill to 72% T-7h5m 73
Fast Fill to 85% T-6h39m 52
Reduced Fast Fill to 98% T-6h18m 10
Topping and Replenish (not modeled) T-5hd4m =1

GFSSP 7.02 -- Conjugate Heat Transfer

31



Propellant Loading - Shuttle ET LH, (2/6)

Marshall Space Flight Center
GFSSP Training Course

KSC LH, Facility Properties

— Cross-country Pipeline
» Yamile of 10” Invar pipe, vacuum-jacketed
» 26400 Ib,,
» Dz=79ft

- Mobile Launch Platform
» 334 ft of 8" and 10" stainless steel pipe, vacuum-jacketed
» 6100 Ib,,
» Dz=43ft

GFSSP 7.02 -- Conjugate Heat Transfer
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Propellant Loading - Shuttle ET LH, (3/6)

Marshall Space Flight Center
GFSSP Training Course

« ET LH, Tank Properties
— Tank Mass: 23600 Ib,,

- LH, mass: 227600 Ib,,
— Length: 97 ft

— Diameter: 27.6 ft

— Insulation: 2078 Ib,,
> ~1.0" NCFI on barrel and aft dome
» ~0.75" BX-265 on forward dome

— Surface area: 8550 ft2
- Vent: C,A =f(DP) ~ 18 in?

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

GFSSP 7.02 -- Conjugate Heat Transfer 33



Propellant Loading - Shuttle ET LH, (4/6)

Marshall Space Flight Center
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« ETLH, GFSSP Model

To Flare Vent Tank _
Stack Valve WaII Insulation
ber r% . ‘64! !u
4 ._‘YV_E—‘W—E_‘V\’_.—W'_.\ \wm

o Bl 5354

ET LH, Tank Elgia EI-W—.—W—EI-«N—EI EANE
l’?“. M0 WL $149
(7 pipes, 8 nodes) EWEM—E-_W—E]WE];T;;\; :\\

2 @l e
[2]~%- E]-«N—._W_E]_W_E] ///
1 R na ae r:/ /
E i .—w—.—-vv—._:v\,_m/.m 'W/
P‘l‘l. Fi g e T4 >
Fill [l .“W—El—w—El-w—E]/ 4
@ Control Y. ™ % 5 Y. ]
' 00 (e | -] .‘W"E“W_E“YV—.
E | w:\};\( Va've Y4 1082 e 1929 01 Iy
O @ O T = |
‘ ‘ ‘ "B:{s.;: l £ ——%‘V‘ 708 ke 02432;55
.w Py w!e‘\fIY |
Wzn Wn ‘yvu 'yvsu ~Y E
. .
U—-*‘—-*&] -’$ -*l%] -*é] Mobile
: Pad Slope LaunchPad

Storage Tank Cross Country Pipe
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Comparison

Condition

STS-116

GFSSP

48 min 50 min
0
5% Full (T-7h7m) (T-7h5m)
119 min 116 min
)
98% Full (T-5h56m) (T-5h59m)
Tank Chilled N/A 106 min
(to -420°F) (T-6h9m)
H, Vented
during Loading NIA 4931 Iby,
Heat Leak *68 — 140 BTU/s 96 BTU/s

(through tank walls)

* Not measured — estimate from ET System Definition Handbook

GFSSP 7.02 -- Conjugate Heat Transfer

Propellant Loading - Shuttle ET LH, (s/6)
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Pressure at Valve Skid

~5 [GLHP400BA] + 14.7

80

70

60

30 Slow Fill

40 WMWMH

30

20 _\

10 . .
Trans Line Chill

1]

-28000 -28000 -27000

Propellant Loading - Shuttle ET LH, (6/6)

Marshall Space Flight Center
GFSSP Training Course

—&— P8 P3IA Valve Skid Inlet Pressure

Fast Fill

-26000 -25000 -24000
TIME Seconds Time in Seconds

GFSSP 7.02 -- Conjugate Heat Transfer

Reduced
Fast Fill

-23000

-22000

-21000

WinPiol v B3 re 1

-20000

B9 24 AN D T
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Pressurization of Space Shuttle’s LH, Tank (1/4)

Marshall Space Flight Center
GFSSP Training Course

, Propellant Feed,

Pressurization Lines
and Electrical
| Umbilicals
e
4

Orbiter Aft

Attachment \

Intertank T-0
/ Unbilical Plate

Orhiter
Forward
Attachment

Integrai Stringers /

SRB Fosward Attachment Pas

Anti-slosh

Liquid Oxygen,
Vent Valve

Shat Length 153.9 feet

and Fairing Baffles Diameter 27.6 Feet
Intertank
Gross Lift-oft Weight 1,655,600 Paunds
Inert Weight 66,000 Pounds
oy Liquid Oxygen Maximum 1.361.936 Pounds
thild Dyemy 143351 Gallons
Tank Liquid Hydrogen Maximum 227,641 Pounds
s 385,265 Gallons

pe >
(Al Weights Approximate)

Lightweight External Tank

LO,
/ Tank

Diffuser

2} Liquid level at start
of prepress

LH,
Tank | ‘Fl e
=

GH2 Pressurizati iqui
it Liquid level at
end of prepress

AftET / Orbiter

I3 Disconnect
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Pressurization of Space Shuttle’s LH, Tank (2/4)

Marshall Space Flight Center
GFSSP Training Course

Control Valve

He Supply j
E-[-- g ‘ﬁ: 2 —Pg‘-- 3 [—— (I ——-| 4
19 oz 23 a4
. Diffuser
.
Ullage— [s |—~— bome

| a7

HTCR
‘“‘F""‘S\-‘* A

I

G

. LHZ2
Surface
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Pressurization of Space Shuttle’s LH, Tank (3/4)

Marshall Space Flight Center
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« Ullage Pressure History in LH2 Tank (STS-109)

Pressure (psia)

5.00E+01

4.50E+01

//wamw

4.00E+01

//

3.50E+01

3.00E+01

2.50E+01

2.00E+01

1.50E+01

1.00E+01

5.00E+00

0.00E+00

0.00E+00 1.00

= GFSSP
= Test Data (STS-109) ||

Heat Transfer Coeff (Ullage -> Wall) = 2.38 Btu/hr-ft"2-F

Heat Transfer Coeff (Ullage -> LH2) = 2.38 Btu/hr-ft"2-F

Condensation Heat Transfer Coeff =14 Btu/hr-ft"2-F

E+01 2.00E+01 3.00E+01 4.00E+01 5.00E+01 6.00E+01 7.00E+01 8.00E+01

Time (sec)
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Pressurization of Space Shuttle’s LH, Tank (4/4)

Marshall Space Flight Center
GFSSP Training Course

« Helium flowrate history

Flowrate into Ullage for Base Case

9 cycles in 45 seconds after Prepress
1.40E+00

1.20E+00

g
1.00E+00
8.00E-01

6.00E-01

Flowrate (Ib/sec)

4.00E-01

2.00E-01

0.00E+00 w \ ‘ ‘
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)
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Ex29: Application of MLI Conductor in

Modeling Cryogenic Tank (1/2)

Work

roud
Assembly

Manhole ——_]

ver
Purge Ring =
Diffuser
Interstitial —

Measurement

Platform Lifting Eyes (4)
i III :j Ladder
Environmental
h Q

Primary

Instrumentation

|~ Penetration

=+ Pressurization

- Fill and Drain Penetration
= Tank Vent

| Primary Rake

Probe

Tank Secondary
= Rake — |

Encl —

Pump-Out N

| SOFI/45-Layer
VDMLI

GFSSP Training Course
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A

|_— Leg Tie Rods

I ~ Tank Interface

=392
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=¥~ Fluid Temperature at Node 11 (°F)
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Ex29: Application of MLI Conductor in
Modeling Cryogenic Tank (2/2)

Marshall Space Flight Center
GFSSP Training Course

* Pressure history

Ullage pressure with TVS Spray
-~ [1340]0.1450377 -4~ P2 PSIA Node 2
21 Vot v g

20

19
18 o
/ //
/s
£ i
l/ IJ‘/
o
¥ r
/
/,/
F
16
120000 140000 160000 180000 200000 220000 240000

TIME SECONDS TIME IN SECONDS

SIATAN OVTI0N



Summary

Marshall Space Flight Center
GFSSP Training Course

GFSSP 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 MIG allows user to construct, run, and
view results for network consisting of fluid and solid nodes

For Heat Transfer Coefficients, simple forced convection pipe flow and natural
convection vertical wall correlations are provided.

— Other correlations can be implemented through User Subroutine

GFSSP’s CHT capability has been validated by comparing with test data

Examples 13, 14, and 29 illustrate the use of Conjugate Heat Transfer
applications

GFSSP 7.02 -- Conjugate Heat Transfer 43



Tutorial = 5

Chilldown of Cryogenic Transfer Line

SUPPLY DEWAR
Storage

\
Pressurizing

Gas 6.94 dps
(1.83gps) L Vacuum
Turbine 1
Flowmerter

e

Z

6./m —
(20 1r)

% 7
Vopor Pressure
1/ Val
Thermometer 8a/l Valve Globe and Gate

\_‘i‘"’y Valve Location
Pressure Transducers,
Thermocouple Relerence
Barh.

Inner Tube 61.0m (200 1) x
1.90cm (34in) Q0D
1.59¢cm(5/8in) 1.0., COPPEA

INSTRUMENT STATION

Kovar Sea/ N
N ~—Vocvum—= 43.0m
‘\ Static Pressure (141 71)

Taop

Pitor
z Tubes

Streoam /

Thermocouple Sealing

Gland

Wall
Thermocouple

6/.0m
(20011)
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Chilldown of Transfer Line Schematic

Problem considered: | | |
- Time-dependent Pressure, Temperature and Flow Rate history during chilldown

SUPPLY DEWAR
Storoge

Pressurizing

_Gas 6.94 &ps
(1.83¢gps) | Vocuum
Turbine 1
Flowmeter

A

7 s

7
Vopor Pressure
/1 Ve
Thermomerer do alve Globe and Gate

cation
\iy Volve Location

Pressure Transducers,
Thermocouple Relerence

o \ Barh.
-— —_—

ocvum 43.0m R #3
Static Pressure (141 ¢1)

Pitor
V Tubes

3

Inner Tube 61.0m (200 #t) x
1.90cm(3/4in) Q0D x
1.59¢m(5/8in) 1.0., COPPER

Sealing
Gland

Stream /
Thermocouple
Wall

Thermocouple
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Set Up Options (1/3)

General

Model File: Tut5.gfssp
Input File: Tut5.dat
Output File: Tut5.out

Unsteady Options

Time Step: 0.0015 s
Final Time: 40.0 s

£ Model Properties

General Steady [ Unsteady l Circuit ] Fluids ] Solver ] Oumut]

Steady State Mode: |Unsteady -

Time Settings Unsteady Options
Time Step (sec): |D.DDIS [ Variable Rotation
Start Time (sec): |D File: |

Final Time (sec): |4D [ variable Geometry

|

Print Freguency: |1IJU =
I Variable Heat Load
[ Tank Pressurization

[ valve Open/Close

I Pressure Regulator
™ Flow Regulator

I Pressure Relief Valve

]

o]

Cancel

GFSSP 7.02 -- Tutorial 5




Circuit tab

- Conjugate Heat Transfer

Fluid: Hydrogen

Set Up Options (2/3)

45 Model Properties

Genersl | Steady /Unsteady  Crouit | Fluids
I™ Axdial Thrust

[ cydic Boundary

I™ Dalton's Law of Partial Pressure

[ Enthalpy Formulation IW‘
I Fiuid Conduction

I Fluid Mass Injection

I Gravity

™ Heat Exchanger

I HeatSource [FTUjec ]

[ mnerta I Branch Angles [T DFLT

I™ Grid Generation I Laminar

solver | output |
I Momentum Source
I Moving Boundary
I™ Mormal Stress
I Phase Separation Model
I psychrometry [Relative tumdty <]
I” Rotation
™ shear
I™ Transient Term Active
[”" Transverse Momentum
I~ Turbopump

I¥ Conjugate Heat Transfer

& Model Properties

General Steady / Unsteady Circuit Fluids

Fluid Type | General Fluid -
General Fluid Proper ties

Library (G=GASP Library, GP=GASPAK Library)

Solver Qutput

Selected Fluids

Helium G
Methane G

Neon G

Nitrogen G

Carbon Monoxide G
Oxygen G

Argon G

Carbon Dioxide G
Fluorine G

-~ (10) Hydrogen G

"Fydrogen G

=P

GFSSP 7.02 -- Tutorial 5




Set Up Options (3/3)

Output tab
— Check: Winplot Data / Binary File
- Set Plot Frequency to 10 (to avoid large Winplot file)

£ Model Properties 7

General Steady [ Unsteady Circuit Fluids Salver Cutput
Solver Qutput Options
Metwork Information
Extended Print Information [] Extended Plot Information
[ Frint Initial Values
[ check values [ Debua Salver
[ WinPlot Data | Binary File ¥ Plot Frequency|10 > ] Binary Write Frequencyuﬁ‘er
[ Plot User Spedified Values Mumber User UariablesM
[ Tecplot Data

[ pisable GF55P Run Information

Cancel

GFSSP 7.02 -- Tutorial 5



Build Model on Canvas

o "
Ih-i—l-—--S—l-—---'-l—l-—--ﬁ—l-—--Ei—Rl ([ 7]
12 23 a4 45 i} Ty
HTCR HTCE HTCE HTCR HTCE
Yy ez Yy W Yy 104 Y 15 YY 1
Fluid-Solid
- K r K r K n K r \ :
l—wn—[]——[]——[]——= Convection
29 q10 011 1112
Solid Node Solid-Solid
Conduction

Now is a good time to save your Tut5.gfssp file

GFSSP 7.02 -- Tutorial 5



Node 1: Inlet from Dewar

Node 7: Outlet to Ambient

Set up Transient Boundary Conditions

P =75 psia
T=-411 °F

(Boulder, CO)
P =12.05 psia
T=44°F

45 History File Editor

Time Pressure Temperature Hydrogen G
Seconds PSIA °F Mass Fraction
1|0 73 -411 1
2 75 -411 1
45 History File Editor ?
Tirne Pressure Temperature Hydrogen G
Seconds PSIA °F Mass Fraction
1|0 12,05 44 1
2§40 12.05 44 1
Add Line Eemove Line | External Editor QK Cancel

GFSSP 7.02 -- Tutorial 5




Set up Internal Node Initial Conditions

* Nodes?2-6
- P =12.05 psia
- T=44°F

— Volume not required — GFSSP will calculate from pipe dimensions
» Hint: Copy/Paste Node 2 properties to Nodes 3 - 6

45 Node Properties ? %
Identifier (2 Fluid Concentrations

Hydrogen G | 1,0000 =
Mode Description |Mode 2 [ ] show
Pressure (12,05 PSIA -
Temperature |44 oF -
Mode Volume |0 | in@ -

Symbol Manager Cancel

GFSSP 7.02 -- Tutorial 5



Set up Fluid Branches

Branch 12: Inlet valve

A = 0.3068 in2
C,=0.6

Branch 67: Exit

Branches 23, 34, 45, 56: Pipes
L =200ft/4 =50 ft=600in

A = 0.3068 in2
C =1.0

D =0.625 in
Smooth pipe: €=0

45 Branch Properties

o -
R. Restriction

Identifier: | 12

Description: |Rest'in:ﬁ|:un 12

Area |III. 3063

Flow Coefficent |III.6

Initial Flowrate |III

| [ ] Show
|ir11 7
|bmfs ~
Symbol Manager Cancel

GFSSP 7.02 -- Tutorial 5




Set Up Solid Nodes

* Pipeis 65 Ib,, of SS304
* Nodes 8-12
— Initial T =44 °F
- Mass=65Ib,/5=131b,,

— Stainless Steel 304
» Hint: Copy/Paste Solid Node 8 properties to Solid Nodes 9 -12

45 Solid Node Properties ? ot
Solid Node

Identifier |3

Description |SMode & [] show
Temperature |44 “r i
Mass |13 lbm -
Heat Source |0 BTUfs -
Material Stanless Steel 304 v

OK Cancel

GFSSP 7.02 -- Tutorial 5



Set Up Conductors

Fluid-Solid Convection

A = DL = m(0.625in.)(2400 in.) = 4712 in?

Total Wetted Area:

Area per convector: 942.5 in?
Miropolskii film boiling correlation

Solid-Solid Conduction

A

Cross-Sectional Area:

T
—(0D? — ID?)

SRS

Length per conductor: 50 ft = 600 in
» Hint: Copy/Paste also works for Fluid-to-Solid and Solid-to-Solid Conductors.

45 Conductor Properties

HTCR
J\F/;/ Solid-Fluid Convection

Identifier | 126

Description |Cnnduct0r 126

Conwvection

[ show

Heat Transfer Area |942. 5
Heat Transfer Coeffident Correlation |2 Miropolskii

i =]
=l

I Radiation

Emissivity of Solid |0

Emissivitv of Eid [0

45 Conductor Properties

[(0.75 in)? — (0.625 in)?] = 0.135 in2

L -‘\;E/ Solid-Solid Conduction

Identifier |8'5|

Description |Cn:nnu:|ucb:nr a9

Conduction

Conduction Area |I:I. 135

[ Distance |500|

——

GFSSP 7.02 -- Tutorial 5
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Results 1/3)

Fluid Temperature

-~ T2 DEG_F Node 2 -8- T4 DEG_F Node 4 -4 T6 DEG_F Node 6

-4~ T3 DEG_F Node 3 -~ T5 DEG_F Node 5
100

-100

-200

-300

-400

WinPlot v4.6.0

b 4

-500
0 10 20 30

TIME SECONDS
GFSSP 7.02 -- Tutorial 5

40

12:13:56PM 12/11/2019
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Results (2/3)

Solid Temperature

=% TS8 DEG_F SNode 8 -8- TS10 DEG_F SNode 10 =€~ TS12 DEG_F SNode 12
=&~ TS9 DEG_F SNode 9 =%~ TS11 DEG_F SNode 11

100 WinPlot v4.6.0

-100
-200
-300

-400

-500
0 10 20 30 40

TIME SECONDS _ y
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Results (3/3)

* Quality (Vapor Mass Fraction)

== XV2 - Node 2 =8- XV4 - Node 4 -4¢- XV6 - Node 6
== XV3 - Node 3 == XV5 - Node 5

20 WinPlot v4.6.0
15
1.0

0.5

0.0 * % 3 A5

b
b

-0.5

-1.0
0 10 20 30 40

TIME SECONDS

12:16:16PM 12/11/2019
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Animate the Results (1/2)

« Select Model / Plot Results to start the MIG plotter
« Change Plot Type to Profile and animate the fluid pressure changing over time.

Results O X

Plot Type: |Profile ¥ | Parameter |F|uid Mode Pressure j Nodes %, Reset Zoom El bh | T= | :SDSDDE

B Fluid Mode Pressure (PSIA)

8.6
1.0 2.5 4.0 5.5 7.0
P1, P2, P3, P4, P5, PG, P7

=

@ copy Chart Close

GFSSP 7.02 -- Tutorial 5



Animate the Results (2/2)

Also animate Fluid Node Temperature and Solid Node Temperature

E Results

-185.5

-305.8

-426.2
1.0

PlotType: |Profle | Parameter |Fluid Node Temp - Nodes %, Reset Zoom

8 Fluid Node Temp (DEG_F)

25 4.0
T1,T2, 73, T4, 15,76, T7

P Results

44.5

&) Copy Chart

-188.2

-304.6

-420.9
1.0

PlotType: |Profle = | Parameter [Solid Node Temperature ¥ | Nodes @, Reset Zoom

B Solid Node Temperature (DEG_F)

3.0
TS8, T59, TS10, T511, T512

(3

4.0

@ Copy Chart

GFSSP 7.02 -- Tutorial 5
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Challenge Problem 5
Psychrometric Mixing

A stream of moist air at 5°C and 38% relative humidity has a mass flow
rate of 3.0 kg/s.

A second stream of moist air at 24°C and 50% relative humidity flows at
8.4 kg/s.

If the two streams mix adiabatically, predict the mixture temperature and
humidity ratio (kg vapor / kg dry air).

Main Model

P =105 kPa
T=5°C C,A =440 cm?

® = 38% \RI\ C,A = 1700 cm?
i / > »E P =101.3 kPa

34

RT

P = 105 kPa Raw
T = 24°C / 2
® = 50% C,A = 1260 cm?

GFSSP 7.02 -- Tutorial 5
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Challenge Problem 5
Psychrometric Mixing

On the Circuit tab, activate Dalton’s Law and Psychrometry

There are two fluids
- Water (WASP)
—  Air (GASPAK)

Problem 5 is Example 12.17 from “Fundamentals of Engineering
Thermodynamics”, 3" Ed., by Moran and Shapiro

— Textbook answers
> T3=19°C
» w5 =0.007 kg vapor / kg dry air

GFSSP 7.02 -- Tutorial 5
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Marshall Space Flight Center
GFSSP Training Course

Data Structure

Name of Name of
Upstream Node Downstream Node
NOUBR(l) Relational NODBR(])
NMUBR(I,1) NMDBR(I,1)

Index Number of

ooooooooooooooooooooo

Resistance
NMUBR(I,NOUBR()) Option NMDBR(I,NODBR(l))




Importance of Data Structure

Marshall Space Flight Center
GFSSP Training Course

* In a Structured System
— Array of nodes can be constructed in different coordinate direction
- In 1-D flow network, each node has two neighbors
- In 2-D flow network, each node has four neighbors
— In 3-D flow network, each node has six neighbors

* In a Flow Network
— Layout of nodes is not structured
— No origin and coordinate direction to build the array of nodes

- In atypical flow network a node can have “n” number of neighbors
» “n” neighbors require unique data structure to define a flow network

GFSSP v702 - Data Structure



Data Structure for Flow Analysis

Marshall Space Flight Center
GFSSP Training Course

* Network Elements and Properties

Network
Boundary Internal
ELEMENTS
EeEERS Node Node Branch
PROPERTIES | 1hermo-
fluid
G iri Thermo- G iri Thermo
eometric fluid eometric fluid
Relational Quantitative Relational Quantitative

GFSSP v702 - Data Structure



Extended Data Structure

Marshall Space Flight Center
GFSSP Training Course

* Network Elements for Conjugate Heat Transfer

Network
Boundary Internal Solid Ambient
Node Node Sranch Node Node Conductor
% Fluid » 2 Solid >
Solid to Solid Solid to Solid Solid to Fluid Solid to Ambient
Conduction Radiation

GFSSP v702 - Data Structure



Internal & Boundary Nodes

Marshall Space Flight Center
GFSSP Training Course

* Thermofluid Properties

Pressure Temperature Density
Viscosity Concentration
/ Thermofluid
Conductivity Enthalpy
Sp. Heat Ratio G Entropy
as
Constant

GFSSP v702 - Data Structure



Internal Nodes

Marshall Space Flight Center
GFSSP Training Course

» Geometric Properties

Geometric

Relational Quantitative

NAMEBR(I, 1
NUMBR(1) (1, 1) Volume

NAMEBR(l, 2)

NUMBR — Number of branches
connected to the node pointed
to by I.

NAMEBR(I, NUMBR(1))

NAMEBR — Names of the branches
connected to the node pointed to by I.

GFSSP v702 - Data Structure



Example of Node Relational Property

Marshall Space Flight Center
GFSSP Training Course

« Relational Property of Node 1

3\®\

4 —CGD— 1 Q2D 2 —CQD—>| 7

pou 2
5 8

Number of branches connected to Node I, NUMBR(Il) =4

Name of the Branches connected to Node I,
NAMEBR(I,1) = 31
NAMEBR(I,2) = 41
NAMEBR(I,3) = 51
NAMEBR(l,4) = 12

GFSSP v702 - Data Structure



Branch Properties

Marshall Space Flight Center
GFSSP Training Course

e Geometric - Relational

Name of Name of
Upstream Node Downstream Node
NOUBR() Relational NODBR(])
NMUBR(I,1) NMDBR(l,1)
.......... Index Number of
Resistance
NMUBR(I,NOUBR(l)) Option NMDBR(I,NODBR(l))
NOUBR — Number of Upstream Branches NODBR — Number of Downstream Branches
NMUBR — Name of Upstream Branches NMDBR — Name of Downstream Branches

GFSSP v702 - Data Structure



Example of Branch Relational Property

Marshall Space Flight Center
GFSSP Training Course

* Relational Property of Branch 12

Fe.

4 —CGD— 1 =2 2 > 7

you 2
5 8

Name of Upstream Node: IBRUN(I) =1 Name of Downstream Node: IBRDN(I) = 2
Number of Upstream Branches: NOUBR(I) = 3 Number of Downstream Branches: NODBR(I) = 3
Name of Upstream Branches: Name of Downstream Branches:
NMUBR(I,1) = 31 NMDBR(Il,1) = 26
NMUBR(I,2) = 41 NMDBR(I,2) = 27
NMUBR(I,3) =51 NMDBR(I,3) = 28

GFSSP v702 - Data Structure



Thermofluid

Branch Properties

Thermofluid

Marshall Space Flight Center
GFSSP Training Course

Flowrate

Velocity

GFSSP v702 - Data Structure

Resistance
Coefficient
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Solid Node

0p)
O
—
S
O
Q.
@
| -
al
O
©
@
Z
©
O
p)

11
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Conductor Properties

Marshall Space Flight Center
GFSSP Training Course

Name ICONSS ()

Name of Connecting
Node | ICNSI (1)

Name of Connecting
Node J ICNSJ (1)

SOLID TO SOLID
CONDUCTOR

Conductivity between
Node | & J
CONDKH (I)

Name ICONSF (1)

Name of Connecting
Solid Node
ICS(I)

Name of Connecting
Fluid Node
ICF (1)

Heat Transfer Coeff
between Solid & Fluid
HCSF (I)

Conduction Area
between Nodel & J
ARCSIJ (D)

SOLID TO FLUID
CONDUCTOR

Distance between
Node | & J
DISTSIJ (1)

Effective Conductance
between Nodel & J
EFCSIJ (1)

GFSSP v702 - Data Structure

Heat Transfer Area
between Solid & Fluid
ARSF (1)

Heat Transfer Rate
between Solid & Fluid
QDOTSF (1)

Effective Conductance
between Solid & Fluid
EFCSF (I)

Emissivity of Solid
EMSFS (1)

Emissivity of Fluid
EMSFF (I)




Ambient Node

Marshall Space Flight Center
GFSSP Training Course

AMBIENT
NODE

NAME
NODEAM (1)

TEMPERATURE
TAMB (1)

GFSSP v702 - Data Structure
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Solid to Ambient Conductor

Name ICONSA (I)

Name of Connecting
Solid Node
ICSAS (1)

Name of Connecting
Ambient Node
ICSAA (1)

SOLID TO
AMBIENT
CONDUCTOR

Heat Transfer Coeff
between Salid &
Ambient
HCSA (1)

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)

GFSSP v702 - Data Structure

Marshall Space Flight Center
GFSSP Training Course
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Summary

Marshall Space Flight Center
GFSSP Training Course

« GFSSP’s Data Structure allows one to build any network system
— Only limit is the dimension of the array - which can be increased, if needed

 GFSSP provides current allocations for

— Nodes
»  Fluid: 300
> Solid: 100
» Ambient: 100

— Branches:

Fluid branches: 500

Solid to Solid; Solid to Fluid; Solid to Ambient Conductor: 100 each
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 Regulators: 10

>
>
>
>
>
>

A\

« Knowledge of GFSSP’s Data Structure will be required for development of
User Subroutines

GFSSP v702 - Data Structure
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User Subroutine

Solver Module User Subroutine
function function
FILENUM

Defines input and output files numbers within the code

MAIN TSTEP
Contrels program Allows user to overwrite the input deck definedtime step
USRADJUST

Allows user to iteratively adjust solution to satisfy design requirement

READIN USRSET
Readsinput data file Allows user to redefine input file to custom format
INIT USRINT

Provides initial value
and steady state
boundary conditions

Allows user to overwrite initial values and
steady state boundary conditions

BOUND
Provides time-dependant BN DUSER
boundary conditions Allows user to define time-dependant boundary conditions

from history file




Background

Marshall Space Flight Center
GFSSP Training Course

« 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

 How do user subroutines work?
— A series of subroutines are called from various locations of the solver
— Subroutines do not have any code but must include the GFSSP_GLOBAL
module
— Users can write FORTRAN code to develop any new physical model, in any
particular Node or Branch

 What do users need to do?
— Compile a user subroutine file containing all user routines into a Dynamic Link
Library (*.DLL)
— Run the main GFSSP executable with the DLL. (MIG handles this process
automatically.)

GFSSP v7.02 - User Subroutine



Quick Fortran Review (1/3)
Marshall Space Flight Center

GFSSP Training Course

Case insensitive; DIAM and diam are the same variable

Implicit data typing:
« INTEGER (variable starts with I, J, K, L, M, or N)
 REAL (variable starts with any other letter)
« “SANTA IS REAL unless declared otherwise.”

Other data types must be explicitly declared
* LOGICAL

* CHARACTER
* Arrays of any data type: REAL FIDDLER (3)
» Declarations must be made at the start of each program unit

Variables may be initialized at compile-time
« Classic style, on two lines: REAL WEIGHT LBS
DATA WEIGHT LBS /98.0/
* F90 style, onone line: REAL :: WEIGHT LBS = 98.0

GFSSP v7.02 - User Subroutine



Quick Fortran Review (2/3)
Marshall Space Flight Center

GFSSP Training Course

« Fixed-format (*.for files)
» Classic style, based on 80-column punch cards
« Column 1: cC indicates a comment

 Columns 1-5: Aninteger (1 — 99999) indicates a label number
 Column 6: Any character (usually + or &) indicates line continuation

e Columns 7-72: Actual code

C This 1s sample fixed-format Fortran

X =4.0
Y = X**2 + SQRT (X) /
+ (X — 1.0)

PRINT 5, 'Y = V', Y
5 FORMAT (A, ES10.3)

C2345678901234567890

‘IIHES"E|S|‘|¢|?|§.|LI 5888
9993939)5995599992834993393

1 380157

GFSSP v7.02 - User Subroutine



Quick Fortran Review (3/3)

Marshall Space Flight Center
GFSSP Training Course

* Free-format (*.f90 files)
« ! indicates a comment
* & Indicates the next line is a continuation
« Code may be written in any column, but regular indenting practices

are recommended

! This is sample free-format Fortran

X =4.0
Y = X**2 + SQRT(X) / &
(X = 1.0)

PRINT 5, 'Y = V', Y
5 FORMAT (A, ESI10.3)

GFSSP v7.02 - User Subroutine



Description of User Subroutines (1/3)

Marshall Space Flight Center
GFSSP Training Course

« Twenty-three User Subroutines are provided

« Most commonly used are:
- BNDUSER: Variable boundary condition during transient run
- KFUSER: New resistance option
- SORCEQ: External Heat Source in Fluid Node
- SORCETS: External Heat Source in Solid Node
-  USRHCF: New Heat Transfer Correlation
- USRADJUST: Solution adjustment to satisfy design requirement

- KFADJUST: Adjust resistance factor (K;) if necessary

GFSSP v7.02 - User Subroutine



Description of User Subroutines (2/3)

Marshall Space Flight Center
GFSSP Training Course

Less Commonly Used (1/2)

SORCEM:

SORCEF:

SORCEC:

PRPUSER:

TSTEP:

USRINT:

PRNUSER:

FILNUM:

External Mass Source
External Force
External Concentration source

Overwrite fluid properties; call other fluid packages such as
REFPROP

Variable time step during a transient run
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

GFSSP v7.02 - User Subroutine



Description of User Subroutines (3/3)
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Less Commonly Used (2/2)

USRSET:

PRPADJUST:
TADJUST:
PADJUST:
FLADJUST:
HADJUST:

SORCEHXOQ:

USRMDG:

User can supply all the necessary information by writing
their own code

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 (1/3)

Marshall Space Flight Center
GFSSP Training Course

Solver Module User Subroutine
function function
FILENUM

Defines input and output files numbers within the code

MAIN TSTEP

Controls program Allows user to overwrite the input deck defined time step

USRADJUST

Allows user to iteratively adjust solution to satisfy design requirement

READIN USRSET

Reads input data file Allows user to redefine input file to custom format

INIT USRINT

Provides initial value L
Allows user to overwrite initial values and

and steady st.a.te steady state boundary conditions
boundary conditions

BOUND
Provides time-dependant B N DUSER

boundary conditions Allows user to define time-dependant boundary conditions
from history file
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Solver-User Subroutine Interaction (2/3)

Solver Module

function

EQNS

Generates mass &
momentum conservation
equations along with
equation of resident mass

Marshall Space Flight Center
GFSSP Training Course

User Subroutine

function

SORCEM

Allows user to provide an external mass source

SORCEF

ENTHALPY/
ENTROPY

Generates and solves the
energy conservation
equation

Allows user to provide an external momentum source

SORCEQ

MASSC

Generates and solves the
specie conservation
equation

Allows user to provide an external heat source

SORCEC

RESIST

Calculates the flow
resistance coefficient

Allows user to provide an external specie source

KFUSER

DENSITY

Calculates the
fluid properties

Allows user to define new resistance options

PRPUSER

Allows user to define new fluid properties

GFSSP v7.02 - User Subroutine
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Solver Module

function

TSEQNS

Generates conservation equations
of solid temperature

Solver-User Subroutine Interaction (3/3)

Marshall Space Flight Center
GFSSP Training Course

User Subroutine

function

SORCETS

TSOLID

Solves solid temperature
equations by
Successive Substitution method

CONVHC

Calculates convective heat
transfer coefficient

Allows user to provide an external heat source to solid node

USRHCF

PRINT

Generates output files

Allows user to provide new heat transfer correlation

PRNUSER

Allows user to provide any additional output file(s)

GFSSP v7.02 - User Subroutine
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Indexing Subroutine

Marshall Space Flight Center
GFSSP Training Course

SUBROUTINE INDEXI determines the pointer to a Node or Branch

SUBROUTINE INDEXI (NUMBER, NODE, NNODES, IPN)
or
SUBROUTINE INDEXI (NUMBER, IBRANCH, NBR, IB)

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)

GFSSP v7.02 - User Subroutine
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SUBROUTINE INDEXI Usage

Marshall Space Flight Center
GFSSP Training Course

Node 100 200 300 400 500
Number
IPN 1 2 3 4 5

P 5125.5 4785.23 3876.45 2557.85 1668.25
TF 560.0 555.25 525.34 500.25 480.0
Example:

Address location of Node Number 400

NUMBER = 400
CALL INDEXI (NUMBER,NODE,NNODES, IPN)

-OR-

CALL INDEXI (400,NODE,NNODES, IPN)

In this example:

IPN = 4
P(IPN) = 2557.85
TF(IPN) = 500.25

GFSSP v7.02 - User Subroutine
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Indexing Subroutines

Marshall Space Flight Center
GFSSP Training Course

SUBROUTINE INDEXA (NUMBER, NODEAM, NAMB, IPAN)
— Determines the pointer of Ambient Node

« SUBROUTINE INDEXS (NUMBER, NODESL, NSOLIDX, IPSN)
— Determines the pointer of Solid Node

« SUBROUTINE INDEXSSC (NUMBER, ICONSS, NSSC, ICSS)
— Determines the pointer of Solid to Solid Conductor

« SUBROUTINE INDEXSFC (NUMBER, ICONSF, NSFC, ICSF)
— Determines the pointer of Solid to Fluid Conductor

« SUBROUTINE INDEXSAC (NUMBER, ICONSA, NSAC, ICSA)
— Determines the pointer of Solid to Ambient Conductor

« SUBROUTINE INDEXSSRC (NUMBER, ICONSSR, NSSR, ICSSR)
— Determines the pointer of Solid to Solid Radiation Conductor

— CALL statements to indexing subroutines can be inserted into the code by right-
clicking in the MIG Fortran editor. No need to memorize these statements!
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Utility Subroutines and Functions

Marshall Space Flight Center
GFSSP Training Course

SUBROUTINE INTERPOL
- Linearly interpolates a YVALUE given an XVALUE and XY data
— Does not extrapolate; returns the first or last y-value, as needed

SUBROUTINE INTERPOL (XVALUE, N, XARRAY, YARRAY, YVALUE)

Input Variables:
XVALUE: x value at which to interpolate y
N: number of points in XARRAY and YARRAY
XARRAY: array of x values, in increasing order
YARRAY: array of y values corresponding to XARRAY

Output Variable:
YVALUE: Interpolated y value

Functions to convert units are listed in Appendix 5 of the User Manual
- Example

REAL FUNCTION KW_BTUS (VALUE)
Converts VALUE (kW) to (BTU/s)

GFSSP v7.02 - User Subroutine
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Fluid Property Subroutines (1/5)

Marshall Space Flight Center
GFSSP Training Course

SUBROUTINE PROPS_PT

vV V V3

\7\7\7\7\7\7\7\7\7\7\79

o

CALL PROPS PT(I_NFLUID, Z P, Z T, Z_RHO, Z H,
+ Z CP, Z CV, Z_S, Z_GAMMA, Z MU
+ Z K, I_KR, Z_XV)

c
—

| NFLUID: Fluid ID code (see next slide)

Z P: Pressure

Z T. Temperature

ut

Z RHO: Density

Z H: Enthalpy

Z CP: Specific heat (constant pressure)

Z CV. Specific heat (constant volume)

Z S: Entropy

Z GAMMA: Ratio of specific heats

Z MU: Viscosity

Z K: Thermal conductivity

| KR Fluid phase code (0 unknown; 1 saturated; 2 liquid; 3 gas)
Z XV. Quiality (vapor mass fraction)

If fluid P/T is exactly saturated, Z_RHO = 0.0. Users are encouraged to include an

IF statement to check for this condition after each call.
GFSSP v7.02 - User Subroutine

16



Fluid Property Subroutines (2/5)

Marshall Space Flight Center
GFSSP Training Course

GASP He GASPAK He BEER GASPAK Kr
GASP CH, GASPAK CH, GASPAK Propane
GASP Ne GASPAK Ne GASPAK Xe
GASP N, GASPAK N, GASPAK R-11
GASP CO GASPAK CO GASPAK R-12
B caspo, GASPAK O, GASPAK R-22
GASP Ar GASPAK Ar GASPAK R-32
B casp co, GASPAK CO, GASPAK R-123
B caspr, GASPAK H, (para) GASPAK R-124
GASP H, (para) BT GAsPAK H, (normal) GASPAK R-125
WASP H,0 GASPAK H,0 GASPAK R-134A
RP-1 Tables GASPAK RP-1 (lig) I GASPAK R-152A
] GASPAK Isobutane GASPAK N,F,
Ideal Gas GASPAK Butane GASPAK NH,
] GASPAK Deuterium GASPAK H,0,
User Fluid 1 B caspak Ethane [EEIN cAsPAK Air
User Fluid 2 GASPAK Ethylene [

User Fluid 3 TR GasPak H,s ]
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Fluid Property Subroutines (3/5)

Marshall Space Flight Center
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English Units

Pressure (P) Psf
Temperature (T) °R
Conductivity (k) BTU/ft-s-R
Density (r) Ib/ft3
Viscosity (n) Ib/ft-s

Property

Specific Heat Ratio (y) Dimensionless
Enthalpy (H) BTU/Ib
Entropy (S) BTU/Ib-R
Specific Heat (Cp) BTU/Ib-R
Specific Heat (Cv) BTU/Ib-R

GFSSP v7.02 - User Subroutine
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Fluid Property Subroutines (4/5)
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« SUBROUTINE PROPS_PH, SUBROUTINE PROPS_PS

CALL PROPS PH(I NFLUID, Z P, Z_ T, Z RHO, Z H, Z CP, Z CV,

+ Z S, Z GAMMA, Z MU, Z K, I KR, Z XV,
+ Z RHOL, Z HL, Z CPL, Z CVL, Z SL, Z GAMMAL, Z MUL, Z KL,
+ z RHOV, Z HV, Z CPV, Z CVV, Z SV, Z GAMMAV, Z MUV, Z KV)

CALL PROPS PS(I_NFLUID, Z P, Z T, Z RHO, Z H, Z CP, Z CV,

+ Z S, Z GAMMA, Z MU, Z K, I KR, Z XV,
+ Z RHOL, Z HL, Z CPL, Z CVL, Z SL, Z GAMMAL, Z MUL, Z KL,
+ Z RHOV, Z HV, Z CPV, Z CVV, Z SV, Z GAMMAV, Z MUV, Z KV)
- Input
» | NFLUID: Fluid ID code
> Z P: Pressure
» Z HorZ_ S: Enthalpy or Entropy

— Output
» Similar to PROPS_PT

» If the fluid is saturated (I_KR = 1)
- Properties suffixed in “L” or “V” are the properties of the pure liquid or vapor
- Other properties are quality-weighted averages of the two-phase mixture
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Fluid Property Subroutines (5/5)
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« SUBROUTINE PROPS_PSATX, PROPS_TSATX

CALL PROPS PSATX(I_NFLUID, Z P, Z T

, Z RHO, Z H, Z CP, Z CV,
+ Z S, Z GAMMA, Z MU, Z K

K, I KR, Z XV,
+ Z RHOL, Z HL, Z CPL, Z CVL, Z SL, Z GAMMAL, Z MUL, Z KL,
+ Z RHOV, Z HV, Z CPV, Z CVV, Z SV, Z GAMMAV, Z MUV, Z KV)
CALL PROPS TSATX(I NFLUID, Z P, Z T, Z RHO, Z H, Z CP, Z CV,
+ Z S, Z GAMMA, Z MU, Z K, I KR, Z XV,
+ Z RHOL, Z HL, Z CPL, Z CVL, Z SL, Z GAMMAL, Z MUL, Z KL,
+ Z RHOV, Z HV, Z CPV, Z CVV, Z SV, Z GAMMAV, Z MUV, Z KV)
- Input
» | _NFLUID: Fluid ID code
» Z PorZ_T. Saturation pressure or saturation temperature
» Z XV: Quiality
— Output

» Z TorZ P: Saturation temperature or pressure

— Subroutines for saturation properties
» For GASP/WASP and GASPAK fluids only
» If the input is greater than P or T, then Z_RHO = 0.0.

GFSSP v7.02 - User Subroutine
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Example 18 - Simulation of a Subsonic Fanno Flow
User-Prescribed Heat Transfer Coefficient
Thermostatically Controlled Heater

Fixing the Temperature of an Internal Node
User-Defined Branch Resistance

User-Defined Plot Variables

GFSSP v7.02 - User Subroutine

User Subroutine Applications

Marshall Space Flight Center
GFSSP Training Course
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Ex18: Simulation of a Subsonic Fanno Flow (1/4)
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GFSSP Training Course

 Problem:

P, =50 psia D=6in

T,=80°F @
M, =0.5

< L=3207in. >
Fluid: N, |

« To compare with textbook solution, friction factor must be constant
— GFSSP always solves for friction factor based on Reynolds number

« Solution:
— Use subroutine KFADJUST to recalculate pipe resistance factor K; (assuming
a constant friction factor)

8fL

K, =
F'™ p,m2D5g,
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Ex18: Simulation of a Subsonic Fanno Flow (2/4)
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e MIG Schematic

O[] (][] — ]

'
?*?_E*f_m*? e C e e e £

-

E]—-—»—-*E]——-"—‘-"
. 1818 1520 2021

e User Subroutine KFADJUST

Chhkhkhkhkkkkkkhkkhkhkhkhkhhhhkhkhkhkhkkhhkhkhkhhhhhhhkhkhkhkhkkkhhkhkhhhhkhkhkhkhkhkkkkkkkkhkhkhkhkhkhkkkkkk

SUBROUTINE KFADJUST (I, RHOU,EMUU,RHOUL, EMUUL, RHOUV,EMUUV, ISATU,

& AKNEW)
C PURPOSE: ADJUST RESISTANCE IN A BRANCH
c***********************************************************************

USE GFSSP_GLOBAL
c**********************************************************************
o ADD CODE HERE

IF (IOPT(I) .EQ. 1) THEN

PIPEL = BRPR1 (I)
PIPED = BRPR2 (I)

F = 0.002

AKNEW = 8.0 * F * PIPEL / (RHOU * PI**2 * PIPED**5 * GC)
END IF
RETURN
END
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Ex18: Simulation of a Subsonic Fanno Flow (3/4)
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C***********************************************************************

SUBROUTINE KFADJUST (I,RHOU,EMUU,RHOUL,EMUUL, RHOUV, EMUUV, ISATU,

& AKNEW) Argument | is the pointer to the current branch.
Output AKNEW is the new value of Kf.
C PURPOSE: ADJUST RESISTANCE IN A BRANCH

C****************k*k*k*k*k*k******************‘k‘k****k*k*************************

Using the GFSSP_GLOBAL module gives us access
USE GFSSP GLOBAL to all the program variables listed in Appendix 4 of
a the User Manual.

C***************~k~k**************************~k**************************
C ADD CODE HERE If the current branch option is a pipe (option 1),
IF (IOPT(I) .EQ. 1) THEN then. ..
PIPEL = BRPRL (I) Pipe length and diameter are stored in branch

PIPED = BRPR2 (I) parameter arrays.

Set constant friction factor of 0.002
F = 0.002

Recalculate KF for this branch

AKNEW = 8.0 * F * PIPEL / (RHOU * PI**2 * PIPED**5 * GC)

Note that Pl and GC are already program constants.

END 1E Upstream density was passed as argument RHOU.

RETURN
END
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Ex18: Simulation of a Subsonic Fanno Flow (4/4)

Marshall Space Flight Center
GFSSP Training Course

« Branch Parameter Arrays
— Users have access to branch parameters through BRPR arrays
— Full table found in Chapter 4 of User Manual

Branch Option BRPR1 BRPR2 BRPR3 BRPR4 BRPR5 BRPR6
1. Pipe Length Diameter €/D
2. Restriction C,
3. Non-Circular Duct Length Height Width Type (1-4)
é%:ilf)oesvswet: Entrance and Length Diameter e/D Ki Ke
5. Thin Sharp Orifice D, D,
6. Thick Orifice Length D, D,
7. Square Reduction D, D,
8. Square Expansion D, D,
9. Rotating Annular Duct Length Mo r RPM
10. Rotating Radial Duct Length Diameter RPM
11. Labyrinth Seal Radius Clearance, ¢ Pitch, m N:Jerztbhernof Multiplier, a
(1|:2:.acF;a;ael:la)l Plates Radius Clearance, ¢ Length
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User-Prescribed Heat Transfer Coefficient

Marshall Space Flight Center
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 Problem: Heat transfer coefficient between ullage gas and tank dome is not a

constant value.
— Must be evaluated by natural convection correlations based on ullage properties

Diffuser

 Solution: Use subroutine USRHCF to calculate heat transfer coefficient

hL
Nu = 0.15(Gr Pr)%33 Nu = 7
_ LPp?gBAT Cpld

GT‘—T PI'=T
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User-Prescribed Heat Transfer Coefficient

Marshall Space Flight Center
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C****************k*k*k*k*k*k*******************‘k*****************

SUBROUTINE USRHCF (NUMBER, HCF) Argument NUMBER is the pointer to the current solid-to-
fluid conductor. Output HCF is the heat transfer coefficient.

C PURPOSE: PROVIDE HEAT TRANSFER COEFFICIENT

C****************k*k*k*k*k*k*******************‘k*****************

Using the GFSSP_GLOBAL module gives us access to

E GFSSP GLOBAL . .
USE GESSP_GLO program variables such as the node properties used below.

C***k*k*k*******************k*k*********************************

DATA HL /15.0/ Set characteristic length HL and correlation constants C1 and C2
DATA Cl1, C2 /0.15, 0.33/

g?ﬁi ;Négilmggigm b NODES. TEN Get fluid and solid node numbers (NUMF, NUMS)
( ! ’ ’ ) and their pointers (IPN, IPSN)

NUMS = ICS (NUMBER)
CALL INDEXS (NUMS, NODESL, NSOLIDX, IPSN)

BETA = 1.0 / 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)

XNU = C1 * (GR * PRNDTL) **C2

HCF = XNU * CONDF (IPN) / HL Calculate heat transfer coefficient HCF
RETURN

END

C******************k*k*k‘k*************************************

Having the fluid and solid node pointers (IPN, IPSN) allows us to access fluid and solid node properties such
as temperature (TF, TS), density (RHO), viscosity (EMU), Cp (CPNODE), and k (CONDF).
GFSSP v7.02 - User Subroutine
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Thermostatically Controlled Heater (1/2)

Marshall Space Flight Center
GFSSP Training Course

Problem: Simulate a thermostatically controlled heat source in a fluid node
— GFSSP’s built-in heat source options are constant-value or time-varying, but not
temperature-varying

Solution: Use subroutine BNDUSER
— Apply a heat source to a node based on its temperature

GFSSP v7.02 - User Subroutine

28



Thermostatically Controlled Heater (2/2)
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SUBROUTINE BNDUSER
C PURPOSE: MODIFY BOUNDARY CONDITIONS

C***********************************************************************

USE GFSSP_GLOBAL

C**********************************************************************

C ADD CODE HERE

C Declarations Declare a 1.0 BTU/s heater with temperature limits of 110 and 120 °F.

DATA HEATPOWER /1.0/, THEATOFF /120.0/, THEATON /110.0/

C 1In every time step, check the temperature of the heated node
C and apply heat if temperature is less than THEATON, or
C set heat to zero if temperature is above THEATOFF.
CALL INDEXI (5, NODE, NNODES, IPN) Get pointer to Node 5
TFAHRENHEIT = TF(IPN) - 459.67 Convert temperature of Node 5 from °R to °F.
IF (TFAHRENHEIT .LT. THEATON) THEN If temperature is too low, apply a heat
HSORCE (IPN) = HEATPOWER source. If too high, set heat source to zero.
ELSE IF (TFAHRENHEIT .GT. THEATOFF) THEN (At temperatures in between1 HSORCE Wl”
HSORCE (IPN) = 0.0 retain its value from the previous time step.)
END IF
RETURN
END
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Fixing the Temperature of an Internal Node (1/2)

Marshall Space Flight Center
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 Problem: A user has a large system model that includes a heat exchanger.
The exit temperature of the heat exchanger is expected to be 400°F. The
user doesn’t want to model the heat exchanger in detail.

« Solution: Use subroutine SORCEQ to apply a large imaginary flow at 400°F
into and out of a node.

h . Z minhin +
n0de T Y 1ioue + TERMD

« What if Qwere 1020 Ib/s of flow with enthalpy corresponding to 400°F, and
TERMD were 103° Ib/s of flow out of the node?

GFSSP v7.02 - User Subroutine
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Fixing the Temperature of an Internal Node (2/2)
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SUBROUTINE SORCEQ (IPN, TERMD)

C***********************************************************************

USE GFSSP_GLOBAL

C********************k*k‘k************************‘k***********************

C ADD CODE HERE

IF (NODE(IPN) .EQ. 9) THEN ! If it’s node 9
I NFLUID = 1 ! ID number of helium
Zz P = P(IPN) ! Current pressure of node, psf
Z T = 400.0 + 459.67 ! Desired constant temperature, deg R
CALL PROPS PT(I NFLUID, Z P, Z T, Z RHO, Z_H,
- Z Cp, z CV, Z_S, Z GAMMA, Z MU,
- Z K, I KR, Z XV)
SORCEH (IPN) = 1.0E30 * Z H ! Imaginary inlet flow
TERMD = 1.0E30 ! Imaginary outlet flow
END IF
RETURN
END

Subroutine SORCEQ is called by the energy equation for each internal node pointed to by IPN.

Heat source SORCEH(IPN) can be a simple external source (BTU/s), or an imaginary flow rate (Ib/s) multiplied
by a specific enthalpy (BTU/Ib).

Optional TERMD represents an imaginary mass flow out of the node (Ib/s)
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User-Defined Branch Resistance (1/3)

Marshall Space Flight Center
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« Problem: The user wishes to model pressure drop in a filter. Test data
relating pressure drop to flow rate are available.

Filter PipeL=20ft, D=2in

B
=
'
]
!

it 14.7 psis

(2]
=
o
o
<
.
o
o
o
in
ra
ra
N
)

« Solution: Use the User-Defined Branch Option in MIG along with
subroutine KFUSER

GFSSP v7.02 - User Subroutine 32



Test Data and X

User-Defined Branch Resistance (2/3)

Marshall Space Flight Center
GFSSP Training Course

Flow Rate AP %
(Ib,./s) (Ibd/ft?) 4
1.0 10 10
2.0 20 5
3.0 30 3.33
4.0 40 2.5

GFSSP’s momentum equation expresses friction losses in terms of flow rate

AP = Km?

GFSSP v7.02 - User Subroutine

33



User-Defined Branch Resistance (3/3)
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C************************k*k*******************k**k*************************

SUBROUTINE KFUSER(I,RHOU, EMUU, XVU, RHOUL, EMUUL, AKNEW)
C PURPOSE: ADD A NEW RESISTANCE OPTION

C************************k*k*******************k**k*************************

USE GFSSP_GLOBAL
C**********************k*k*k*k*********************************************
C ADD CODE HERE
C Declarations
REAL FILTERMDOT (4), FILTERKF (4)
DATA FILTERMDOT /1.0, 2.0, 3.0, 4.0/ Filter data (Kf vs. flow rate) stored in arrays.
DATA FILTERKF /10.0, 5.0, 3.33, 2.5/
C Executable code.
FILTERFLOW = FLOWR (I) Get the flow rate in this user-defined branch in the current iteration.

CALL INTERPOL (FILTERFLOW, 4, FILTERMDOT, FILTERKF, AKNEW) Interpolate KF for this branch

RETURN
END
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User-Defined Plot Variables 1/2)

Marshall Space Flight Center
GFSSP Training Course

Problem: User wants to plot pressurization option heat transfer rates in
Winplot.

Solution:
— Set up User-Defined Plot Variables
— Sends extra variables to the Winplot file

GFSSP v7.02 - User Subroutine
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User-Defined Plot Variables (2/2)
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C***********************************************************************

SUBROUTINE BNDUSER
C PURPOSE: MODIFY BOUNDARY CONDITIONS

C***********************************************************************

USE GFSSP GLOBAL

C**********************************************************************

C ADD CODE HERE

C Turn on user-variables to send to Winplot )
Declare two user variables and set

USRVAR = .TRUE. their Winplot names and units
USRVARSNUM = 2

USRPVARNAME (1) = 'QULPRP'

USRPVARUNIT (1) = 'BTU/s'

USRPVARNAME (2) = 'QULWAL'

USRPVARUNIT (2) 'BTU/s'

C Copy data from pressurization option to user variable

Copy the values of the pressurization option

USRPVAR (1) = QULPRP (1)

USRPVAR (2) = QULWAL (1) heat transfer rates to the user variables.
RETURN

END
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Summary
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User Subroutines
— Adds 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 time step, etc.

Checklist for User Subroutines
— ldentify subroutines that require modifications
— Select GFSSP variables to be modified
— Make use of GFSSP provided User Variables in your coding

GFSSP v7.02 - User Subroutine
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Demo 3: A Deflating Bicycle Tire
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Source: Introduction to Fluid Mechanics, 4™ ed., by Fox and McDonald,
Problem 13.39

Given: Air escapes from a high-pressure bicycle tire through a hole with
diameter d = 0.254 mm. The initial pressure in the tire is P = 620 kPa
(gage). Assume that the temperature remains constant at 27 °C. The
internal volume of the tire is approximately 4.26x10* m3 and is constant.

Estimate: Time needed for the pressure in the tire to drop to 310 kPa (gage)

Compute: Change in specific entropy of the air in the tire during this process

GFSSP v7.02 - User Subroutine
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Demo 3: Build Model on Canvas
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Exact method: Write a short user subroutine to fix the temperature of Node 1.

4 Node Properties

? >

Identifier | 1

Initial Conditions

Mode Description |Mode 1 [ Show

Fluid Concentrations (Mass Fraction)

Ideal Gas |1.0000

Pressure |?21

ea =]

Temperature | 27

< =

Node Valume |4.26E-4

m =]

Symbol Manager | oK

Cancel |

Approximate method: Activate Conjugate Heat Transfer and connect Internal
Node to Solid Node with large mass and initial temperature of 27 C.

.|

o
=

12

4F Solid Nede Properties ? *

D Solid Mode

Identifier |3

[ show

< =

]

jgrujs

|Aluminium 202476 |

o |

Description |5N0de 3

Temperature |2?

Mass | 10

Heat Source |D

Material

Cancel |

GFSSP v7.02 - User Subroutine

4 Conductor Properties ? x

HTCR
Y Solid-Fiuid Convection

Identifier | 31

Description |C0nduct0r 31 I~ show
Convection
Heat Transfer Area |0.1 |m1 j
Heat Transfer Coeffident Correlation |0 User Specified j

Heat Transfer Coefficent |100 ‘W,u’(m"K) j

I Radiation

Emissivity of Solid ‘E-

Emissivity of Fluid [0
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Demo 3. Set Up User Subroutine
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« Set up user subroutine (Demo3.for or Demo3.f90)

5 Model Properties ? >

General  Steady / Unsteady  Circuit  Fluids  Solver  OQutput

Model Title: Demo3: Deflating Bicycle Tire

Analyst Name: Henry Darcy

Working Folder: C:/Users/aleclair/Documents/E Drive/GFSSP/GFSSF versions/GFSSP702/v702_6/Testing/Demo3

Solver Input File: Demo3.DAT

Solver Qutput File: Demo3.0UT

User Subroutine DLL Demo3.dll Default User

Units for History Files and Output: SI w
@ User Subroutine

Mew User Module File  Duplicate User Module  Compiler Options  Edit User Subroutine

User Subroutine Source File: Demo3.for

[[J Customize Compile Command

Reset

Cancel

GFSSP v7.02 - User Subroutine
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Demo 3: Point MIG to Intel Compiler
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« Click Compiler Options on the General tab of Model Properties

» Select Intel compiler.

« Depending on your version of Intel Fortran, your Compiler Path may look
different from that shown below.

-

| 45 Compiler Setup ? i d

|

| Compiler: Intel - Format Preference: Fixed Format -
Compiler Options

Compiler Path: ram Files (x86)\Intel\oneAPT\compiler\2023.2.1\windows),

Cancel

GFSSP v7.02 - User Subroutine 41



Demo 3: Edit User Subroutine
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£ User Module Editor = O *
Subroutine: SORCEQ  ~ Jump to subroutine SORCEQ Find
|: _______________________________________________________________________
'decf attributes dllexport,c,refersence :: sorcedg
USE GFS5P GLOBAL
|: _______________________________________________________________________
C ADD CODE HERE
IF (HCDE(IPFM) .EQ. 1) THEN
I NFLUOID = 33 ' ID code for ideal gas I
Z P = FP(IFN) ' Current pressure in this node
Z T =C_R(27.0) ' Desired temperature converted to deg R
CALL PROFS PT (I NWFLUID, Z P, Z T, Z RHO, Z H, . . .
' Z CP, z CV, Z 5, Z GAMMA, Z MU, Right-click to insert CALL PROPS_PT
+ Z K, I ER, Z_XV)

SCRCEH(IPHN) = 1.0E30 = Z H
TEEMD = 1.0E30
END IF

EETURN
END

ti.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.i.

External Editor Compile Module Save Close

Line: 224 Colummn: 1

GFSSP v7.02 - User Subroutine
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Demo 3. Compile User Subroutine

GFSSP Training Course

Marshall Space Flight Center

#8F Compiling User Madule... ? x
Demo3 * + - o X
"C:\Program Files (x86)\Intel\oneAPI\compiler\2023.2.1\windows\..\envivars.bat"
intel64 & ifort /DLL /fpp fw [check:nobounds falign:dcommons [4R8 /414 [Qsave [ HE ] J > =+ w7026 > Testing > Demo3 > Search Demao3
traceback /MT /I"C:/Program Files/GFSSP/solver” /I"C:/Program Files/GFSSP/
solver/modules” "Demo3.for" "C:/Program Files/GFSSF/solver/GFSSPModules.lib"
"C:/Program Files/GFSSP/solver/gfssp.lib" -0 "Demo3.dII" ® New oh 18] @p = ] T Sort = View (B Details
# Home Mame : Date modified Type Size

Intel(R) Fortran Intel(R) 64 Compiler Classic for applications running on Intel(R
64, ‘.Eegsion 2021.10.(0 g!uild 20250509_000000 i ’ ® A Gatlery SAVE 1725 File folder
Copyright {C) 1985-2023 Intel Corporation. All rights reserved. & ANDRE - B Demo3.DAT DATFile 4KB

B Demo3.dll Application exten... 409 KB

£ Demo3.exp Exports Library File IKB

E Demo3.for FOR File 30 KB

4 Demo3.gfssp GFS5P File I0KB
Micmsohft (R) Int_:remefr;tal Linker_VersiolT ]_.4}.129.3015*4&| B8 Demo3.lib Object File Library KB
Copyright (C) Microsoft Corporation. All rights reserved. E Drive 45 Demo3.obj Object File -
_out:Demo3.dil BT’ Demo3.0UT OUT File 38 KB
-incremental:no [ This PC »| Demo3.WPL Windows Media p... 598 KB
-dll 3 Network [F GFSSPModules.f30 Fortran Source 90 KB
-implib:Demo3.lib ' B Hist2.DAT DAT File 1KB
Demao3.obj
"C:/Program Files/GFSSP/solver/GFSSPMod
"C:/Program Files/GFSSP/salver/gfssp.lib"

Creating library Demo3.lib and object Demo3.exp

Done. 12items 1 item selected 403 KB [=|o

Only the *.dll file is needed. If desired,
Close delete the *.exp, *.lib, and *.obj files.

GFSSP v7.02 - User Subroutine
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Demo 3: Plot Pressure
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-~ P1 KPA Node 1l
800 WinPlot v460

700

600

500

400

Reaches 411 kPa (absolute) in
23.5 seconds

300
0 5 10 15 20 25 30

TIME SECONDS

10:24:32AM 12/16/2019

GFSSP v7.02 - User Subroutine 44



-0.32

-0.36

-0.40

-0.44

-0.48

-0.52

-0.56

-0.60

Demo 3. Plot Specific Entropy

Marshall Space Flight Center
GFSSP Training Course

ENT1 KJ/KG-K Node 1

WinPlot v4.6.0

To plot entropy in Winplot, select
Extended Plot Information on the
Solver Tab of Model Properties.

In 23.5 seconds, specific entropy
increases by 0.161 kJ/kg-K

5 10 15 20 25 30
TIME SECONDS

10:29:07AM 12/16/2019

GFSSP v7.02 - User Subroutine
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Demo 3: Hand Calculations
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A

http://www.slideshare.net/SubodhKumar27/solution-manual-fluid-mechanics-fox-mcdonald
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Fluid Mixture &
wo-Phase Flows

500 psia
1500 °F -
Xz = 0.9
Xcop = 0.1 A
CPyz0 = 0.570 BTU/Ib, - °F -
CPco, = 0.302 BTU/Ib, - °F ﬁ
[¢]
i
D 5
|
R s
. |
Helium s —F—[]———%—®
. ‘ 49 10 101
14.7 psia -,
80°F O—e—)—& =[x
12 23 34
.
. ] - -
500 psia 102 LIC]UId Oxygen
80 °F e
X =1.0 RA 12
COo2 = +-

CPeo, = 0.298 BTU/Ib, - °F



Content
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 Temperature / Specific Heat Formulation
« Enthalpy 1 Formulation
« Enthalpy 2 Formulation

* Applications
- Example 23: Helium-Assisted Buoyancy-Driven Flow in a Vertical Pipe Carrying
Liquid Oxygen with Ambient Heat Leak

— Charging of POGO Accumulator

e  Summary

GFSSP 7.02 -- Fluid Mixture



Temperature / Specific Heat Formulation
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 GFSSP’s default calculation of mixture temperature
« Modified Energy Conservation Equation using the specific heats of the
individual species instead of enthalpy:

i=n k=1 : Cvim;T;
;_711 1 prkka- MAX[—mij, O] + ( AT ) + Ql

Zk =Ny Cpr Xy MAX[mU, O] + ((Cv ml)‘L'+A‘L')

(Ti)r+m: =

* Limitations
— Cannot handle phase change of mixture (because there is no heat of
vaporization, hy).
— Assumes specific heats are relatively constant.

GFSSP 7.02 -- Fluid Mixture



Enthalpy 1 Formulation (1/6)
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« GFSSP Enthalpy 1 Option
- Sums the enthalpies of the individual species to arrive at a Total Enthalpy of

the Node:
j = k=n . (m i Uj )
j-=711 k=1 fXj,khj’k MAX[—mij, 0] + ATl L4 Ql
(hi)T+AT — j=n <k=ns (m) iy
= . 1JT+AT
i1 Zi=q %k MAX[mhy;, 0] +>—4E

— Using Enthalpy avoids the problem of non-constant C,.
— Using Enthalpy accounts for the heat of vaporization, hg,.

— BUT, the individual fluid species have different reference points.

» Not possible to determine the mixture temperature directly.

» lterative procedure is used to find the mixture temperature.

» The procedure also checks for phase-change by checking to see if the Total
Enthalpy of the Node is bounded by the calculated mixture enthalpy at the saturation
temperature of each fluid. If so, it then sets the node temperature to the saturation
temperature and interpolates the quality of the saturated fluid.

GFSSP 7.02 -- Fluid Mixture



Enthalpy 1 Formulation (2/6)
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Example 4: Simulation of the Mixing of Combustion Gases and a Cold
Gas Stream (1/3)

Features
—  Fluid Mixture
— Comparison with Textbook Solution

500 psia
1500 °F
X = 0.9
Xcop = 0.1

14.7 psia
80 °F

500 psia
80 °F

GFSSP 7.02 -- Fluid Mixture



Enthalpy 1 Formulation (3/6)
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« Example 4: Simulation of the Mixing of Combustion Gases and a Cold Gas
Stream (2/3)

« Mixture Temperature Option

Xp20M13CPp20T1 + Xc02M13CPco2T1 + My3CPco2 Ty = M34Cppnin T3

Xp20M13CPR20T1 + Xco2M13CPco2T1 + Mo3Cpco2 T

T3 == :
m34cpmix
by, BTU . Iby, BTU . BTU 0
09 (1 15 Sec) (0.570lbm = ) (1960 °R) + (0.1) (1 15 Sec) (o 3021b—) (1960 °R) + (3.70 2 (0.298 I — o) (540 °R)
(4.85 2m) [(0 786) (0 266 H)B%) +(0.214) (o 569 %)]

T; = 1134 °R (674 °F)

GFSSP 7.02 -- Fluid Mixture



Enthalpy 1 Formulation (4/6)
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Example 4: Simulation of the Mixing of Combustion Gases and a Cold Gas
Stream (3/3)

Enthalpy 1 Option (Total Enthalpy of the Node)

XuzoMashuz0 + Xco2Masheoz + Masheoz = Mashyoge

Xp20M1zhp20 + Xco2Misheoz + Masheos

hpode =

T3y
Ib,, BTU Ib, BTU n BTU
09 (1 176 Sec) (1800 T ) +(0.1) (1 176 Sec) (722 . ) +(3.776 SeC)(332 )
= by,
(4952)
BTU
hnode = 6551 —

Iterating on temperature results in enthalpies at 633 °F:
h,.,= 1320 BTU/Ib,,
h,p,= 474 BTUIb,,

hpode = Xu20hH20 + Xco2hco2

U U
= (0.214) (1320 F) + (0.786) (474F>

BTU

hnoge = 6557 —

GFSSP 7.02 -- Fluid Mixture



Enthalpy 1 Formulation (5/6)
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Mixture Enthalpy for 99 wt% 02 and 1 wt% He at 20 psia

250.000
230.000
210.000

190.000

170.000

If h =190 BTU/Ib, T = 320 °R.

150.000

130.000

Enthalpy (BTU/lbm)

If h =110 BTU/Ib, T=170 °R and
oxygen quality is 50%.

110.000 G

90.000

70.000

50.000 -
20 70 120 170 220 270 320 370 420 470 520

Temperature (R)

The Enthalpy 1 option checks the saturation temperature of each fluid prior to
iterating on temperature.



Enthalpy 1 Formulation (e/6)
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Enthalpy One Project

P = 20 psia
T=-293F
02: 99 wt%
He: 1 wt% P = 14.7 psia
m—p| 2| m—[3| I, I,
12 23 Q2 =1BTU brm 34 43
45 Modeling Interface for GFSSP - Enthalpy One Project.OUT ? *
)
SOLUTION
INTERNAL
NODE TF z RHO EM CONC
(PST) (F) (LEM/FT~3) (LEM) (LB/LB)
02 HE
2 .8874E+01 -2.9300E+02 [|7.9329E-02 3.9791E+00 0.0000E+00 $.9000E-01 1.0000E-02
3 1.7684E+01 -2.9410E+02 [9.3597E-02 3.1810E+00 0.0000E+00 9.9000E-01 1.0000E-02
4 .6279E+01 -2.9557E+02/ 9.9497E-02 2.7793E+00 0.0000E+00 ©.9000E-01
NODE EMIT COND CP GRME
B-R) (LBM/FT-5) (BTU/FT-5-R) (BTU/LB-R)
02 HE
2 €.4138E+01 7.6679E-01 1.1784E-04 1.9580E-05 4.2907E-01 1.7643E+00 0.0000E400 1.0000E+00
3 £.5188E+01 7.7318E-01 £.5413E-05 1.9358E-05 4.2610E-01 1.7531E+0) 1.6429E-02 1.0000E+00
4 £.5188E+01 7.7371E-01 7.6930E-05 1.9321E-05 4.2484E-01 1.7431E+00 2.3392E-02 1.0000E+0
BRANCHES
ERLNCH KF DELP FLOW RATE  VELOCITY REYN. NO. MACH NO. ENT. GEM.
(LBF-5/ (LEM-FT} ~2) (PST) (LEM/S) (FT/S) (BTU/R-S) (LBF-FT/S)
12 9.7112E+00 1.1262E+00 4.0866E+00 1.7827E+02 5.2976E+05 2.5501E-01 1.2164E-03 1.5769E+02
23 1.0257E+01 1.1896E+00 4.0866E+00 1.3330E+02 5.2985E+05 2.6935E-01 1.3569E-03 1.7592E+02
34 1.2116E+01 1.4051E+00 4.0866E+00 2.3554E+02 7.3102E+05 3.3911E-01 2.0183E-03 2.5994E+032
45 1.3615E+01 1.5791E+00 4.0866E+00 2.6986E+02 85.1163E+05 3.9138E-01 2.6192E-03 3.3433E+02
L R LY
Open in External Editor Close




Enthalpy 2 Formulation (1/4)
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The Enthalpy 2 option was added to allow for one of the fluids in the mixture
to be two-phase. (This option was developed before saturation-checking
was added to the Enthalpy 1 option.)

Liquid Propulsion Applications

- Situations where one of the constituents is saturated
»  Mixture of liquid and vapor is in equilibrium
» Example: A mixture of helium, LO2, and GO2 exists during purging of liquid oxygen by
ambient helium

In the Enthalpy 2 option, Separate Energy Equations are solved for each
species. There is no heat transfer between the species unless coded in a
user subroutine.

— An average temperature is calculated for the node, but this is for output only.
The temperatures of the individual species will likely be different. The properties
of the individual species are evaluated at the species enthalpy, not at the
average node temperature.

— This contrasts with the updated Enthalpy 1 option with saturation-checking. The
Enthalpy 1 option assumes complete heat transfer between the separate
species, so that all species are at the same temperature.

GFSSP 7.02 -- Fluid Mixture



Enthalpy 2 Formulation (2/4)
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« Separate Energy Equation for Individual Species (SEEIS)

= )~ )

j=n
T Z{MAX[—mU, 0]k, — MAX[ri;;, 0]hy} + Qe + {+QUES)
j=1

AT
Transient Advection Source
Term Term Term
Fluid
Mixture
Node
j=2

Fluid

Mixture
Node . Node . Node
j =1 @ i @ f= 3

Single
Fluid
k=1

Node
j=4

Single
Fluid
k=2

GFSSP 7.02 -- Fluid Mixture
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Enthalpy 2 Formulation (3/4)
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« Thermodynamic Properties

— Temperature and other properties of individual species
— Calculated from node pressure and enthalpy of the species

Tik = f (i hix)
pik = f i, hix)
tik = i hig)
Kix = f (i, hix)
Cpix = f (i, hix)

« Nodal Properties

— Calculated by averaging the properties of species
> Note: c;;, is the molar concentration of species k for Node i

f
1 Cik
Pi & Pik

nf

Ui = z CikMik

k=1

GFSSP 7.02 -- Fluid Mixture



Enthalpy 2 Formulation (4/4)

Fluid Mixture Energy Option

Marshall Space Flight Center
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45 Model Properties

Solution Methods

Fluid Mixture Energy:

Monlinear Solver:

[] save Information

[] read Information

General Steady [ Unsteady Circuit Fluids Solver Output

Simultaneous Solution

Convergence Information

Convergence Criteria: |D.DDD1

Maximum Iterations: |5[JD

Relax K |1

Relax D: |[J.5

Relax H: |1

|
|
Relax MR: |1 |
|
|

Restart Files
Mode Restart Save/Read File: |FNODE.DAT

Branch Restart Save /Read File: |FBRAMCH.DAT

Reset to Defaults

Cancel

GFSSP 7.02 -- Fluid Mixture
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Application: Example 23
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« Example 23: Helium-Assisted Buoyancy-Driven Flow in a Vertical Pipe
Carrying Liquid Oxygen with Ambient Heat Leak

 Features
- Phase Change in Fluid Mixture

-
@

- Buoyancy-driven Flow

- Conjugate Heat Transfer

o
=3

&

HTCR K HTCR

49 910 1011

~E- 0=l =L -E
5
3

|

S |- | 2 |

!i “i
= o
2 ¥

O—e—{z ] —={:]
12 23

€
&

=

E-F¢-
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Application: Charging of POGO Accumulator (1/6)
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Problem Considered

An annular-shaped POGO Accumulator is wrapped around a LO2 Feedline to a rocket
engine turbopump. The lower portion of the Accumulator communicates to the feedline
through a series of holes. The Accumulator has a Dip Tube located a few inches above the
communication port and is connected to a dump line. The Accumulator also has a High
Point Bleed & Charge Port.

LO2
Prevalve
(valve details not shown)

High Point Bleed & Charge Port

He Volume
in Accumulator

Dip Tube

LO2 Volume
in Accumulator

LO2 Feedline

/ to USE Flange

The Accumulator is initially filled with LO2. Helium enters into the accumulator through High
Point Bleed & Charge Port and displaces LO2 to the feedline and the dump line. Once the
LO2 level drops to the location of Dip Tube, a stable helium bubble is retained in the
Accumulator that provides desired compliance.

Objective: Predict the charging process history as well as the steady operation of the
Accumulator during engine run.
GFSSP 7.02 -- Fluid Mixture
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Application: Charging of POGO Accumulator (2/6)
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He Volume  —=

POGO Accumulator

toz volime = wrapped around
LO2 Feedline
Charge System Dump System
Dump
Port
Segment 6
Valve
Segment 5
I“’v Segment 4
Segment 3
{
{
s / Accumulator Segment 2 Sirer
4 Connector ¢
Pressurization DF‘OTGOb
TEE gullel

GFSSP 7.02 -- Fluid
Mixture



Application: Charging of POGO Accumulator (3/6)
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e GFSSP POGO Accumulator & Drain Line model

EEL gUa Solies -Coliny Soline tetiey el L0

e

- .
Helium Charge System Y
..
B-r8-ri-e = N ¥
y : ' 2K . 7 -
B+8% | & NG
Segment 2 Segment 3 R m, | Segment 1 -, W
B8 7 Accumulator : :
i e gy Mol STy (O s, Ny DR R s % & Nodes 1-10 b = N
el e T e T ke e T [ —
>3 | ™ ~ ~% | ™ e f/
?4 A Bw A B o .txw B ah B =] i,. ,’ ~
ik z} e ; g & : o
g -B B 2w v - W
1 g - e ] - « “ 1 -
= w8 8 r—8+8 5 EeeSuEe-aE—E—
i BLARS . - R Zr.
T J Segﬂ\u.ant 5 e -l -k w Dip Tube T o
- oe . el Orifice 31
*WG w8 8 ‘ Array —.o X
. 4 Dip Y
" Tube
w88 Segment 6 G L) W
m f =
!
= Drain Valve
i Assembly 1
! Dump
Deep 1 Port Feedline
Space K Comn;t(n)r:tl;:atlon ( = Pressure
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Boundary Conditions

Pressure and Temperature History
at the Helium Supply Line

Pressure and Temperature History
at the Communication Ports

ssure, psia, and Temperature, F

urization Helium Pre:

ssure, psia, and Temperature, F

munication Port Pre

mi

600

Application: Charging of POGO Accumulator (4/6)
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= P200 PSIA —&— T200 DEG_F

200

292 -

293

296 -

297

0 150 200 250 300 350 400 450 500 550 600 &
TIME AFTER LIFT OFF, sec

= P100 PSIA —&— T100 DEG_F

‘90

100 150 200 250 300 350 100 150 500 550 600 &
TIME AFTER LIFT OFF, sec

GFSSP 7.02 -- Fluid Mixture
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Application: Charging of POGO Accumulator (s/6)
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Charging of Helium and Draining of He-LO,, Mixture

Displacement of Oxygen from the
Accumulator During Charging

02 Fraction, Accumulator Top, 02-10, to Bottom, 02-1

Concentrations of Helium and
Oxygen in the Dip Tube

He & 02 Fraction Surreunding Dip Tube (Node &)

GFSSP 7.02

v -
-8 0 —— 02
- O

-- Fluid Mixture
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Application: Charging of POGO Accumulator (6/6)
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 Flowrates

3= F20015 LBM SEC w—dr= F1000 LBM SE¢ - FIW) LBM SE(
[ ' 0020 . - ) ) stns ate
£
e
';‘ ) 2 0.016
s
o |
2
2
a |
: o oau| LO2 into the Accumulator
P
[«] {
J |
g |
- | . .
$ : o i | LO2 and He Mixture through the Dip Tube
:
<
; o 1 o Helium into the Accumulator
2 !
o
1 '3 0.000 R R R R R R R I, —ree
" 150 P 250 0 ") 100 50 S0 550 ) o5
m: ....: ._w’: TIME AFTER LIFT OFF. sec
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Summary
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« Model with Multiple Species
— Requires trade-offs
— Requires reformulation of the energy equation

« Mixture Temperature Option

- Simple to implement
» Does not permit Phase Change or large variation in Cp

« Enthalpy 1 Option

— Requires extra steps of iteration on temperature and saturation-checking
» Gets around Cp variation and allows phase change

« Enthalpy 2 Option
— Allows Phase Change

— Species have individual temperatures
» Used to calculate an average node temperature
— User must decide whether and how to handle inter-species heat transfer

GFSSP 7.02 -- Fluid Mixture
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Tutorial — 6

Modeling an Oxygen Recirculation Line

Tutorial Objectives
(1) Model LOx sitting stagnant in a vertical recirculation line
(2) Evaluate the effect of heat transfer on the flowrate

(3) Add a helium injector to the recirculation line

GFSSP 7.02 -- Tutorial 6



Part 1. LOx Sitting Stagnant

General

— Model File: Tut6.gfssp
— Input File: Tut6.dat

— Output File: Tut6.out

Steady State

Circuit Options
- Gravity

Fluid Options
— Liquid Oxygen

45 Model Properties

Fluid Type | General Fluid -

General Fluid Properties

Library (G=GASF Library, GP=GASPAK Library)

Helium G
Methane G
MNeon G
MNitrogen G

Argon G

Carbon Dioxide G
Fluorine G
Hydrogen G
Water WASP

General Steady /Unsteady Circuit Qutput

[ Asdal Thrust ] Momentum Source

[ cydic Boundary [ mMoving Boundary

[ palton's Law of Partial Pressure ] Normal Stress

[ Enthalpy Formulation | Stagnation [ Phase Separation Model

[ Fluid Conduction [ psychrometry | Relative Humidity
[ rotation
[ shear

[] Heat Exchanger [ Transverse Momentum

[ Heat Source | BT fsac [ Turbopump

[ mertiz DFLL [[] conjugate Heat Transfer

[ Grid Generation

4 Model Properties
General Steady [ Unsteady Circuit Output

Selected Fluids

(6) Oxygen G

oK

Cancel
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Part 1: Build Model on Canvas

 Recirculation line

— 6 vertical smooth pipe
- 1.87” diameter

-
©

@
=

P2
<™

L]
5

[
LX)

)

B X GBI Rl BB Ralieyd Ralingd Roliny R
&

Now is a good time to save your Tut6.gfssp file
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Part 1. Set Up Steady-State Boundary Conditions

e Node 1:

45 MNode Properties

- P =55.78 psia

_ T — _2725 OF Identifier |1

‘ Fluid Concentrations

Oxygen G | 1.0

Mode Description |N0de 1

| [1 show

Pressure |55, 78

|PsIA ~

* Node 8:

Temperature |—2?2.5

=

- P =53.0 psia
- T=-2725°F

Symbol Manager

Cancel

* Note: AP,z =2.78 psia
Corresponds to the hydrostatic

45 MNode Properties

Identifier |8

‘ Fluid Concentrations

head of 6 ft of LOx

Oxygen G | 1.0

Mode Description |Node 8

| [T show

— LOx is approximately 1 °F

Pressure |53

|Psa ~

subcooled at this pressure

Temperature |-2}"2. 5

- -

Symbol Manager

Cancel
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Part 1. Set Up Fluid Branches

Branch 12: Inlet

Branch 23, 34, 45, 56, 67, 78: Pipes area [0539 o

A= 0.639 in?
C, =0.424

L=6ft/6=1ft=12in
D=1.87in

Smooth pipe: €=0
Angle = 180° (vertical)

45 Branch Properties ? *

o -
R g, Restriction

Identifier: | 12 |

Description: |Restriction 12 | |:| Show

Flow Coeffident |D.424 |

Symbol Manager Cancel

45 Branch Properties ? *
] Pipe

Identifier: |23

Description: |Pi|:|e 23 | [1 show
Length: | 12 | in hd
Diameter: |1.8? | in =
Absolute Roughness: |IZI | in -
Angle with Gravity Vector: | 180 |deg

Symbol Manager Cancel
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Part 1. Result of Stagnant LOx Model

45 Modeling Interface for GFSSP - Tut6.OUT ? >
NODE B(B5I) TIF(F) Z BHO EM (LBM; QUALITY s
(LEM/FT~3)
z 5_5780E+01 -2 _7251E+4+02 1_3319E-02Z &.6736E+01 0.0000E+00 O.0000E+00
3 5.5317E+01 -Z.7Z51E+02 1.32Z08E-02 &.&735E+01 O0.0000E+400 0.0000E+00
4 5.48354E+01 -Z.7Z51E+02 1.30%8E-02 &.&734E+01 0.0000E+400 0.0000E+00
5 5.435%0E+01 -2_.7250E+02 &.8733E+01 O0.0000E+00 0O.0000E+00
5 5.3927E+01 -2.7250E+402 6.673ZE+01 0.0000E+00 0.0000E+00
7 5_3463E+01 -2 _7250E+402 &.6731E+01 0.0000E+00 0.0000E+00
NODE H ENTROEY EMIT COND ce ERAMD
BTIU/LE BITU/LB-R LBM/FI-S5EC BIU/FI-5-R BIU/LE-R
z 7.1335E+01 7.6310E-01 9_4831E-05 1_8816E-05 4_1943E-01 1.9442ZE+00
3 T7.1335E+01 T.8310E-01 S_4875E-05 1.881eE-05 4.1343E-01 1.5443E+00
4 T7.1335E+01 T.8311E-01 S_.4868E-05 1.881eE-05 4.1344E-01 1.%5443E+00
5 T7.1335E+01 7T.8312E-01 S_.4862ZE-05 1.8815E-05 4.1345E-01 1.5444E+00
& T.1335E+01 T7.631ZE-01 9.4855E-05 1.8815E-05 4.1548E-01 1.3444E+00
7 7.1335E+01 7.6313E-01 9_4849E-05 1_8814E-05 4_1547E-01 1.9445E+00
BELNCHES f-----\
BRANCH EFACTOR DELP FLOW RATE VELOCITY REYN. HNO. MaCH NO. ENTROFY =EN. LOST WORE
(LBF-5-~2/ (LEM-FT) ~2) (BSI) |LEM/SEC) (FT/SEC) BITU/ (R-SEC) LEF-FT/SEC
1z &6_573E+01 -&_337E-05 | -3_370E-03 &§.959E-02  1.673E+03  9_.256E-05 5.570E-12 &_110E-07
23 3.258E-01 4 _g33E-01 | -3.3T70E-03 1.813E-02 8.070E+02 2.154E-05 2.T53E-14 4 _017E-0%
34 3.258E-01 4 _g33E-01 | -3.3T70E-03 1.813E-02 8.070E+02 2.154E-05 2.T53E-14 4 _01sE-0%3
45 3.258E-01 4_&33E-01 | -53.370E-03 1.813%E-0z2 8.071E+02 2_.154E-05 2_.755%E-14 4 _018E-0%5
5& 3.258E-01 4_&33E-01 | -53.370E-03 1.813%E-0z2 8.071E+02 2_.154E-05 2_T758E-14 4 _018E-0%5
&7 3_257E-01 4_833E-01 | -9.370E-03 1.619E-02 8.072E+02  2_154E-05 2_758E-14 4 _016E-09
78 3_257E-01 4_&34E-01 | -2_370E-03 1.621E-02  &8.072E+02  2_156E-05  2_758E-14 4 _015E-0%
Ak ko ko ko ko ko ko ko ko ok ko kb ok ok ko ok R
| Open in External Editor | Close

Flow rate is nearly zero, as we would expect given that pressure drop
between boundary nodes is approximately equal to the hydrostatic head.
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Part 2: Add Heat Transfer to Model

Activate Conjugate Heat Transfer

45 Model Properties ?
General Steady [ Unsteady Circuit Fluids Solver Qutput
|:| Axial Thrust l:‘ Momentum Source
|:| Cydic Boundary l:‘ Moving Boundary
|:| Dalton's Law of Partial Pressure l:‘ Normal Stress
D Enthalpy Formulation | Stagnation |:| Phase Separation Model
|:| Fluid Conduction l:‘ Psychrometry  |Relative Humidity
|:| Fluid Mass Injection l:‘ Rotation
Gravity I:‘ Buoyancy Reference Mode: |1: Mode 1 l:‘ Shear
D Heat Exchanger l:‘ Transverse Momentum
D Heat Source | BTUfsec D Turbopump
D Inertia Branch Angles DFLI [ Conjugate Heat Transfer ]
D Grid Generation Laminar

Next Node Mumber: -
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Part 2. Update Model on Canvas

Allow 1’ of the pipe to be exposed to ambient.

Remainder of pipe is well insulated.

€<—— 232700 —>

i

]

|

i

(=]

|

i

(]

é ) Ambient Node
A Solid Nodes

- /
4% [ % BE©

i3449 a10 1011

| 1
i

(=]

|

i

R

SO|id-SO_|id Solid-Ambient
Conduction Convection

Fluid-Solid
Convection
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Part 2. Set Up Solid Nodes

- Mass: 5.26 Ib, [ soidnode
T )
m=p l_ (ODZ _ IDZ)L] Identifier (9
b 4 Description [SMode 2 I:' Show
= (o.z%m—’;‘) [%((2.32 in)? — (1.87 in)?)(12 in)] Temperature [70 B
m = 526 lb Mass |2.63 |Ibm W
Heat Source |0 BTUfs
- Inconel 718 | |
Material Inconel 718 w
View Cp View K
Nodes 9, 10
- Guess: T=70 °F Symbaol Manager OK Cancel
- Mass: 5.261b,,/2=2.63 Ib,,
= Inconel 718 £ Ambient Node Properti.. 7 P
Ambient Node 11 (O mbient ode
Tamb =70 °F Identifier |11
Description |AmbMode 11 |:| Show
Temperature |70 |“F bod
Symbaol Manager K Cancel
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Part 2. Set Up Conductors

Solid-Fluid Convection
- Wetted Area:

A = nDL = m(1.87 in)(12 in) = 70.5 in?

Solid-Solid Conduction
“Average” Area:

Select Dittus-Boelter correlation

A = mDgy,L = m(2.095in)(12 in) = 79.0 in”

Solid-Ambient Convection
- Exposed Area;

Distance (pipe wall thickness): 0.225in

A= DL = m(2.321in)(12 in) = 87.5 in?

Natural convection:

» h=2BTU/hr-ft?>-°F = 5.56x10* BTU/s-ft2-°F

GFSSP 7.02 -- Tutorial 6

4£F Conductor Properties

HTCE . . .
gt e Solid-Fluid Convection

Identifier |49

Description |C0nducmr 49

Convection

Heat Transfer Area | 70.5

Heat Transfer Coeffident Correlation | 1 Dittus-Boelter

D Radiation

Emissi

4% Conductor Properties

i 4
Emi e Solid-Solid Conduction

Identifier |9 10

Description |C0nductor 910

Conduction
Fd

Conduction Area |?‘3
£A Distance |D.225|

Identi
| Symbol Manager Cancel
Descri
Convection
Heat Transfer Area |B?.5 |in1 v [ )
Heat Transfer Coeffident |5.56E—4{ |BTUI{&1'5'F} ~
J
D Radiation
Emissivity of Solid |0
Emissivity of Ambient |0
Symbol Manager Cancel
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Part 2. Result of LOx Model with Heat Input

« Rerun the model
— Addition of 0.1054 BTU/s of heat has increased flow rate to 0.1797 Ib/s

£F Modeling Interface for GFSSP - Tut6.0UT ? X
—
NODE = Z BHO EM QUALITY ~
(251} (LEM/FT3) (LEM)
2 5.5TETEHOL €.€E742401 0.0000E+00 | 0.0000Z+00
3 5.5304E+01 E.EE87 a 00 | 0.0000E+00
4 5.4343E+01 €.837 Q0E+00 | 0_.0000E+00
5 5.4382E+01 €.837 QO0E+00 | 0. 0000E+D0
€ 5.3522E+01 111E+02 E.E 0.0o0o 00 | €.1963E-05
7 5.34€2T+01 -2.7131E+02 €4 0.00002+00 | 1.07€3E-03
NCDE H ENTROPY COND CE
(BTU/LB)  (BTU/LB-R) (BTU/FT-S-R) (BTU/LB-R)
2 T.1338E+01 T.€311E-01 1.881 5 4. 1.5443E+00
3 7.1338E+01 7.% 1. 5 4. 1.5444E+00
4 T.1527E+01 T.€ 3020E 1. 5 4. 1.5587E+00
5 7. T.€ 3023E 1. 5 4. 1.58588E+00
€ 7.1827E401 7.¢ .234¢E 1. T 4. 1.35872+00
7 T.152€E+01 7T.%€ -172€E-05 1. 5 4. 1.5562E+00
BRANCHES
BRANCH EF FLOW RRTE VELOCITY REYN. NO. MACH NO. ENT. GEN. LOST WORE
(LEF-S/ (LBM-FT) ~2) (LEM/S) (BTU/R-S) (LBE-FT/5)
12 E.5T77E+OL JTSTOE-01) 7. -2085E+04 1 3.5220E-08 5.71%0E-02
23 1.1343E-01 .79TOE-01) 1. .547€E+04 2 €.7804E-11 5.8720E-08
41 7s7oE-01| 1. z £.73042-11 3.
45 1. 1. 2 €.7573E-11 5.
5& 1 1. 2z €.7581E-11 5.
€7 1.1361E-01 1. z £.736€2-11 9.9547E-0¢
78 1.1714E-01 1. z T.2455E-11 1.0€1&E-05
SOLID MODES
NODESL CESLD
(BTU/LB-F)
] O.0000E+0Q -2 _4480E+02
10 0. 0000E+0]
SOLID TO SOLID CONDUCTOR
ICCONSS CONDEIJ QDOTSS
{BTU/S5-FI-F) {BTU/S)
s10 1.3530E-03 -1.053%E-01
SOLID TO CUCTOR
ICONSF QDOTSF HCSF HCSFR
(BTU/S) |(BT/S-FI2-F) (BT/S-FI2-F)
43 1.0535E-0 2.0288E-03 0.0000E+00 e
S 3
Open in External Editor Close
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Part 2. Efficiency of Heat Leak as Pump

Use the values from the output file to determine the following:
— Pump Power

Flow rate P1-P8

N v

b lbf il’l2
= — —_
mAP ( S>( in2> (144 ft2> _BTU

0 b 1bf—ft>='T
(66.4—ft3>(778 e
— Heat Input
) BTU
Q=7—

S

- Efficiency
— W —9
n o
— Carnot Efficiency
Tc(°R)
ideal = 1 — oy = 7
fideat =TT CR)
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Part 3. Add a Helium Injector

Steady/Unsteady
— Time step: 0.1 sec

— Final Time: 100 sec
— NOTE: Although we are after a steady-state solution, in numerically challenging

problems it is often easier to run a transient model until it reaches steady-state.

45 Model Properties ? x
General Steady [ Unsteady Circuit Fluids Solver Output
Steady State Mode: |Unsteady s
Time Settings Unsteady Options
Time Step {sec): |D.1 | D Variable Rotation
Start Time (zec): |D |
l:‘ Variable Geometry
Final Time {sec): |IDD| |
Print Frequency: |1 |
l:‘ Tank Pressurization |:| Pressure Regulator

D Valve Open/Close D Flow Regulator
|:| Pressure Relief Valve
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Part 3: Add Inertia Term and Helium Gas

Circuit options
- Inertia

Fluid
—  Helium

45 Model Properties

General Steady [ Unsteady Circuit Fluids
I:‘ Axial Thrust

I:‘ Cydic Boundary

I:‘ Dalton's Law of Partial Pressure

I:‘ Enthalpy Formulation | Stzgnation

I:‘ Fluid Conduction

I:‘ Fluid Mass Injection

Gravity |:| Buoyancy Reference Mode: |1: Node 1
I:‘ Heat Exchanger

I:‘ Heat Source | BTU/sec

. Branch Angles . DFLI

[] &rid Generation Laminar

Solver

Qutput

I:‘ Momentum Source

I:‘ Maving Boundary

I:‘ Mormal Stress

I:‘ Phase Separation Model
I:‘ Peychrometry  Relative Humidity
I:‘ Rotation

I:‘ Shear

I:‘ Transient Term Active
I:‘ Transverse Momentum
I:‘ Turbopump

Conjugate Heat Transfer

45 Model Properties
General Steady / Unsteady Circuit Fluids

Fluid Type  General Fluid b
General Fluid Properties

Library (G=GASP Library, GP=GASPAK Library)

Solver

(_ Helium G )
Methane G

MNeon G

Nitrogen G

Carbon Monoxide G

Oxygen G

Argon G

Carbon Dioxide G

Clhunmrina 2

Qutput
Selected Fluids
(6) Oxygen G
(1) Helium G

—»

<

Cancel

GFSSP 7.02 -- Tutorial 6
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Part 3. Activate Mixture Enthalpy 2 Option

£ Model Properties ?

Solver

- FIUid M iXtu re Energy Simultaneous Solution
> E n t h al py 2 Solution Methods Convergence Information

lFIuid Mixture Energy: Enthalpy 2 - l Convergence Criteria:

General Steady [ Unsteady Circuit Fluids Solver Output

0.0001

Energy For Solid: Mewton Raphson - Maximum Iterations: ‘SDD

O utp ut Differencing Scheme: First Order - Relax K: Relax MR:

. Nonlinear Solver: MNewton - 55 = Relax D: Relax HC:
- W|np|0t Data Relax H: |1 | Relax T5:

»  Binary output

1

Restart Files
[ save Information
Mode Restart Save/Read File: |FMODE.DAT

[ Read Information & i) pesiart Save/Read File: |FBRANCH.DAT

£ Model Properties ?

General Steady [ Unsteady Circuit Fluids Solver Output
Solver Qutput Options
Network Information
Extended Print Information [ Extended Plot Information
[ Print Initial Values

[] check values [] Debug Salver

[ WinPlot Data | Binary File = Plot Frequency|1

[ Plot User Specified Values Mumber User \-'ariables

[ Tecplot Data

Binary Write Frequenc

u

[ pisable GF55P Run Information

Cancel
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Part 3: Add Helium Injector Branches

& g b

- Bl L Pl - Pl - PE

o
o

— (i —E—5—@
High Pressure 34 4 510 1011
Helium Supply
& — ] —R —» [ —mm—>
1213 1314 143

i
L

—
ra

E-F¢>

GFSSP 7.02 -- Tutorial 6
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Part 3. Set Up Helium Injector Branches

- Branch 1213: Pipe oo L

R ripe

—_ L — 12 in Identifier: 1213 |
- Description: [Pipe 1213 [ Show
. e N
—_ D - 0 152 N Length: [12 n v
’ . Diameter: |D.153 ‘m
— Smooth pipe: €=0 EES— &
N J
Angle with Gravity Vector: |90 Jdeg

Iniial Flow Rate: [0 [ioms ~

« Branch 1314: Restriction
- A =0.0012566 in?2 —
- CL = 06 45 Branch Properties 7 <
— Check: Inertia box B restrcton

Identifier: [1314 |

Description: |Restriction 1314 | I:l Show

« Branch 143: Pipe pwes [o.0012588 o

Flow Coeffident |U.6 |
- L=28In mtelFowrate 0 |bmis ~
_ D=0.152 in iInertia
— Smooth pipe: €¢=0

Symbal Manager Cancel

5 Branch Properties ? X

W ripe

Identifier: [143 |

Description: [Pipe 143 | O3 show

r

Length: [28 in )
Diameter: |D.153 ‘m
Absolute Roughness: |0 n -

\. | ‘ v
Angle with Gravity Vector: |90 Jdeg
Iniial Flow Rate: [0 [ioms ~
[ tnertia

Symbol Manager Concel
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Part 3: Transient Boundary Conditions

Node 12

P =425 psia

T =100 °F

He mass fraction: 1.0
LOx mass fraction: 0.0

Node 1

P =55.78 psia
T=-2725°F

He mass fraction: 0.0
LOx mass fraction: 1.0

Node 8

P =53.0 psia
T=-2725°F

He mass fraction: 0.0
LOx 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 LOXx will
not affect the calculations.

45 History File Editor ? ot
Time Pressure Temperature Oxygen G Helium G
Seconds PSIA °F Mass Fraction Mass Fraction
10 425 100 0 1.0
2 100 425 100 0 1.0
45 History File Editor ? *
Time Pressure Temperature Oxygen G Helium G
Seconds PSIA °F Mass Fraction Mass Fraction
10 55.78 -2725 1 0
2 1100 5578 2725 1 0
4 History File Editor ? *
Time Pressure Temperature Oxygen G Helium G
Seconds PSIA °F Mass Fraction Mass Fraction
10 53 -2725 1 0
: -725 1 0

Add Line

Remove Line | |External Editor

Cancel

GFSSP 7.02 -- Tutorial 6
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Part 3: Internal Node Initial Conditions

Nodes 13 and 14

- P =14.7 psia

- T=60°F

- He mass fraction: 1.0
- LOx mass fraction: 0.0

Nodes 2-7
- P=14.7 psia
- T=60°F
- He mass fraction: 0.0
- LOx mass fraction: 1.0

45 Node Properties

? x

Identifier | 13

Fluid Concentrations

Oxygen G |0,0000 =

Mode Description |Nu:u:|e 13

Pressure | 14.7

Temperature ‘GD

Mode Volume ‘D

| ] show
P5IA -
=

| in* v

Symbol Manager Cancel

NOTE: Node Volumes can be set to 0.0. GFSSP will
calculate the volumes based on the pipe dimensions.

45 Node Properties

? x

Identifier |2

Fluid Concentrations

Oxygen G |1.0000 =

Mode Description |Nu:u:|e 2

Pressure | 14.7

Temperature ‘GD

Mode Volume ‘D

| ] show
| PSIA v
- -
| |r|3 b

Symbol Manager Cancel

GFSSP 7.02 -- Tutorial 6
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Flowrates

Part 3: Results

= F12 LBM/SEC Restriction 12

-A- F1213 L

BM/SEC Pipe 1213

WinPlot v4.6.0

”»

p
p 3

b 4

1
With constant injection of 0.005 Ib/s helium,
LOx flowrate reaches steady-state flowrate of 1.79 Ib/s
A
0 4 4 4 4 4 4 4 dh
-1
0 20 40 60 80

TIME SECONDS

GFSSP 7.02 -- Tutorial 6

100

2:00:12PM 02/03/2023
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Mass Fractions

1.2

1.0

0.8

0.6

0.4

0.2

-0.0

-0.2

=% 027 - Node 7

Part 3: Results

-&= HE7 - Node 7

WinPlot v4.6.0
% a3 % a3 LOX a3 % (e a3
In Node 7, flow is 99.7% LOx, 0.3% He.
Helium
0 20 40 60 80 100

TIME SECONDS

2:01:59PM 02/03/2023
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Part 3: Study of the Results

Model Calculated Flowrate
(Ib,,/s)

Stagnant <0.010
Heat Leak (0.106 BTU/s) 0.1797

Heat Leak and He Injection 1.79

GFSSP 7.02 -- Tutorial 6
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Model Integration, Other Examples, and
Future Developments
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TVS Model |
4 o T (Steady State)

Self-Press Model ]
(Transient) — Self-Press Model provides boundary condition to TVS
Model
—* TVS Model provides flowrate and enthalpy of spray to Self-Press
Model

Marshall Space Flight Center
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Marshall Space Flight Center
GFSSP Training Course

CONTENT

Model Integration
Other Example Problems

Future Developments

— Cavitating Venturi
— v/03

Open Forum
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Model Integration

Marshall Space Flight Center
GFSSP Training Course —

* There are two ways GFSSP can handle model integration
— Copying and pasting nodes and branches from one model to another.

— Integration of two models by executing another model from the
existing one and data transfer between the models

« This presentation describes the second approach

— Example 29 (Self-Pressurization of a Cryogenic Propellant Tank Due
to Boil-off) demonstrates integration of two GFSSP Models (Tank Self-
Press Model and Thermodynamic Vent System Model)

« The advantages of the second approach:

— A transient system model can execute a steady-state component
model

— A “coupled” integrated model will be numerically more robust than one
large integrated model

— Works around the energy equation trade-offs that normally need to be
accepted with mixture models.

GFSSP 7.02 -- Future Developments



Demonstration of Model Integration

Marshall Space Flight Center
GFSSP Training Course —

Example 29 - Self-Pressurization of a Cryogenic Propellant Tank Due to Boil-off

GFSSP Model of Self-Pressurization

2 - i
- Al A2 .. i ane -

= =f | i g I
P e = [ o B )
s mr T Cady " e " e
VE]—W—E»W—Eva—D—w—T]
A [ P 1 o 1 o ) »

WY AN N A - .

e - : s ! :
~ ° BB BB

i Ny A Y A -

B BT (]

| | o

I8 N 1o A A v e e

B = o e e \

(TVS)

T m
]

T EES » Self-Pressurization Model is transient

g T o T « TVS Model is steady-state

L a| B o « Self-Pressurization model executes TVS
e m-o model from its User Subroutine

| Exchanger

@-pump| B @ GFSSP 7.02 -- Future Developments



Integrated Model

Marshall Space Flight Center
GFSSP Training Course —

* When ullage pressure in
the Self-Press Model
"\ exceeds 20 psia, the Self-
Press Model sends ullage
I i pressure, liquid pressure,
- R and liquid temperature to
- - D T | TVS model.
e Y e v T T  The TVS Model returns the
b= l=1l=1=0Y - L T F | predicted flow rate and
BB L g0 - enthalpy of the sub-cooled
U - 8 8% _za | spray back to the Self-
R S ode | Press model.
we T (Steady State) «  When the ullage pressure
Self-Press Model @ in the Self-Press Model
(Transient) — azlg-;resshﬂodelprovidesboundaryconditionto TVS — drops below 19 psia, it
—_— L\éi;\fodel provides flowrate and enthalpy of spray to Self-Press StOpS Ca”ing the TVS
model until ullage pressure
rises above 20 psia again.
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User Subroutine for Self-Press Model

Marshall Space Flight Center

GFSSP Training Course —
CHARACTER*256 SYSC ! Declare system command to run TVS model
IF (SPRAY) THEN
C SET TIME STEP TO LOWER VALUE
DTAU = 0.01
C GET POINTERS FOR ULLAGE NODES
DOI=1,6
CALL INDEXI (NODESPR (I),NODE,NNODES, IPSPR(I))
ENDDO
C WRITE PRESSURE & TEMPERATURE FOR LIQUID AND ULLAGE NODE FOR TVS MODEL
TO_TVS .DAT
OPEN (UNIT = NUSR1, FILE = 'TO_TVS.DAT', STATUS = 'REPLACE',
& ACTION = 'WRITE') P (IPN4) TF (IPN4) P (IPN2)
WRITE (NUSR1, *) P (IPN4),TF(IPN4),P (IPN2) (PSF) (DEG R) (PSF)
CLOSE (NUSR1) 2735.537 37.582541 2736.116
C RUN TVS MODEL (Statement broken up to fit in 72 columns.)
SYSC = '"C:\Program Files\GFSSP\solver\GFSSP.exe" TVS.DAT ' FROM TVS.DAT
SYSC = TRIM(SYSC) // ' TVS.DLL > DUMMY.TXT' —
CALL SYSTEM(SYSC) SPRAYFL (I) SPRAYHL (I)
C READ DATA FROM TVS MODEL LB/SEC BTU/LB
0.32358E-01 -0.10786E+03
OPEN (UNIT = NUSR2, FILE = 'FROM TVS.DAT', STATUS = 'OLD', 0.32358E-01 -0.10786E+03
& ACTION = 'READ') 0.32358E-01 -0.10786E+03
READ (NUSR2, *) (SPRAYFL (I),SPRAYHL(I), I = 1,6) 0.32358E-01 -0.10786E+03
CLOSE (NUSR2) 0.32358E-01 -0.10786E+03
0.16190E+00 -0.10786E+03

If writing Free Format (*.£90), the call to the TVS model can be written on a single line:

CALL SYSTEM(' “C:\Program Files\GFSSP\solver\GFSSP.exe" TVS.DAT TVS.DLL > DUMMY.TXT’)

GFSSP 7.02 -- Future Developments



Demonstration of Model Integration of Tank Model & TVS
Model (Example 29)

Marshall Space Flight Center
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Ullage pressure with TVS Spray
-3 [1340]*0.1450377 -4~ P2 PSIA Node 2

21 Vet v sk 3

20 y
o /
J
/ /
19 Self' N //
Pressurization // ¥ Pressure Control
P { ; by TVS
//
// ,//
18 /
/
£/
Ja
A,/
17 [ /
//
/,.
16

120000 140000 160000 180000 200000 220000 240000
TIME SECONDS TIME IN SECONDS

ATATAM 0V
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Concluding Remarks on Model Integration

Model integration is an effective way to model a large
and complex system

Example 29 demonstrates use of GFSSP for model
Integration

There are many such applications where model
Integration is necessary

Necessary user support will be provided to develop
Integrated model

GFSSP 7.02 -- Future Developments
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Other Examples

* |n this class, we have looked at 27 of GFSSP’s 32
Example models.

« Here we Dbriefly touch on the remaining 5 Examples.

GFSSP 7.02 -- Future Developments



Ex7 Features
- Moving Boundary

Ex7: Flow in a Long Bearing
Squeeze Film Damper

Marshall Space Flight Center
GFSSP Training Course —

— Comparison with Test Data

Inner Segment of Squeeze Film Damper

Fluid

Outer Segment of Squeeze Film Damper

p/CpRe

0.8

—— Initial 20 Node GFSSP Model
—8— Experimental Data

0.6 T

0.4 T

0.2 1

-0.2 +

0.4 1

-0.6 +

ot

GFSSP Version 7.02 Training Course 10
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Ex9: A Reciprocating Piston-Cylinder

Marshall Space Flight Center
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 EX9 Features
— Variable Geometry
- Moving Boundary
— Comparison with Analytical Solution

800

] e Isentropic Solution fory = 1.4
700 AN,
X / \,
/ \
F/ \.
/
4 )

/] 600 A

500 -1

400 1

v 200 1 / \\
< > AN

d=3.0inches

GFSSP Prediction

Temperature (°F)

. 100 -_,_,_,..// \\
L(t) = 4.0 + 3.0(cos wt) inches
0 + + + + + + + + +
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (sec)
GFSSP Version 7.02 Training Course 11

Introduction & Overview



Ex28: No-Vent Tank Chill & Fill Model

Marshall Space Flight Center
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« Ex28 Features
— Conjugate Heat Transfer with Phase Change
- Fixed Flowrate Option
- Loading of Tank

GFSSP (Single Node) and GFSSP (9 Node Centerline) Wall Temperature
Results Comparison to Test Wall Temperature Results

[¢] T T T T 1
$ 1800 3600 5400 7200 9000
P

Temperature (F)

|| —e—Test Tank Lower Bound Temperature (F)

=#—Test Tank Upper Bound Temperature (F)
350 +——
! 375 GFSSP (Single Node) Tank Temperature (F) \ A
@ Internal temperature sensors -400 +— —<—GFSSP (Nine Node Center Line) Tank Temperature (F) \ k
« External wall temperature sensors o ﬁw
| Close-spaced lemperature sensors
near iquid-vapor interface -
450 Time (seconds)
GFSSP Version 7.02 Training Course 12
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Ex30: Modeling Solid Propellant
Rocket Motor Ballistic

Marshall Space Flight Center
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Ex30 Features
— Propellant Burning as Mass & Energy Source
— Flow in Rocket Nozzle
— Thrust calculation

Nozzle
(supersonic)

Plenum End of Propellant Burning

Chamber Grain Mass as a function of
(fixed volume) (dynamic) Apyrm, Pressure

lature->Set Sub-Title

Thrust

Style->N

Edit w/i

Thrust History
~¥ Thrust Ibf

o o
50
40
30
20
10

0 t
-10

0.00 0.02 0.04 0.06 0.08 0.10 0.12

TIME SECONDS —
GFSSP Version 7.02 Training Course 13
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Ex32: Flow Distribution in Manifold

Marshall Space Flight Center
GFSSP Training Course —

« EX32 Features

— Longitudinal Inertia in Momentum Equation
» Calculates Flow Distribution in a Dividing Flow Manifold

I I I I I

Lateral Flow Distribution
(Comparison with Test Data)

0.14
0.12
0.1 ‘—’:::’:M‘
0.08
0.06
0.04 —o—Kubo & Ueda (Case 1) —e— GFSSP
0.02
0
0 0.2 0.4 0.6 0.8 1 1.2

GFSSP Version 7.02 Training Course
Introduction & Overview
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Future Developments

« Cavitating Venturi
 v/03

GFSSP 7.02 -- Future Developments
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Modeling Cavitating Venturi

What is a Cavitating Venturi ?

A venturi operating with a throat pressure equal to the
vapor pressure of the fluid corresponding to the inlet
temperature is called a ‘cavitating venturi’

GFSSP 7.02 -- Future Developments
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Use of Cavitating Venturi

Propellant flow and mixture ratio in the combustion
chamber is controlled by a cavitating venturi

It maintains constant propellant flowrate for fixed inlet
conditions (pressure and temperature) for a wide range of
outlet pressure

During ignition, it maintains constant flowrate while
pressure in the combustion chamber is building from
ambient condition

During stable combustion, it maintains a constant flowrate
while pressure fluctuates due to combustion instability

GFSSP 7.02 -- Future Developments
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Flow Characteristics

Pressure decreases in the
converging section and

Increases in the diverging ZEEEE

section ;;‘L;T':::_:_'b T oo
et d€

With decrease of downstream, a

pressure at throat reaches vapor

pressure (incipient cavitation)
With further reduction of n '

a Non cavitating flow '
downstream pressure, two | — ‘
phase condition extends
(cavitating flow) ) Crvicaing flov
Vapor bubble collapses further s
downstream and flow becomes Y i
single phase Length of the venturi ——

GFSSP 7.02 -- Future Developments
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Flow Rate Calculation

Flow rate through a cavitating venturi is calculated
from the following equation:

m = CdAt\/Zpgc(pin — psat)
In subroutine SORCEF, the momentum equation of a

restriction option has been replaced by the above
equation

It may be noted that a cavitating venturi will not
cavitate If:

A) Inlet temperature is above critical temperature

B) The ratio of downstream to upstream pressure Iis greater
than a critical ratio close to 0.8

GFSSP 7.02 -- Future Developments
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Comparison of Predicted Choked Flowrate with
Bernoulli Model (Fluid : Hydrogen)

Cavitating venturi
ol . ol
R —P(2 |—Ra—>

12 23

I:)INLET TINLET I:)SAT pINLET ATHROAT
(PSIA) | (R) | (PSIA) | (LBMIFT?) (IN2) (GFSSP) (BERNOULLD
(LB/S (LB/S)

46.3 55.28 4.265 0.0113 0.2654 0.266
601 46.3 5541 4.375 0.0113 0.9 0.3322 0.332
977 46.3 55.41 4.558 0.0113 0.9 0.4407 0.441
1381 46.3 55.41 4.715 0.0113 0.9 0.5375 0.537

GFSSP 7.02 -- Future Developments
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Comparison of predicted choked flowrate with experimental
data of Ghassemi et al (Fluid : Water)

Pnier | Pourier | Venturi ' m
(Bar) (Bar) Dia (GFSSP)
(mm) (ET))
20 0.774 5 0.94 1.2 1.167
20 13.821 5 0.94 1.2 1.167
15 0.894 2.5 0.94 0.28 0.253
15 8.126 2.5 0.94 0.28 0.253

In GFSSP, Cavitating Venturi can be modeled with a restriction
option modified by user subroutine SORCEF

GFSSP 7.02 -- Future Developments
21
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Use of Subroutine SORCEF to model Cawtatmg Venturi

Subroutine SORCEF performs the following functions:

1.

Define Ciritical pressure ratio of downstream to upstream
pressure for choked flow (PCRIT), Flow coefficient for choked
flow (CLCAV), and Flow coefficient for non-choked flow
(CLNOCAV)

|dentify the cavitating branch in the flow network to deactivate
the restriction option and introduce flowrate equation of
cavitating venturi

Obtain the saturation pressure at upstream temperature

Check Ciritical Pressure Ratio to determine if flow is choked or
Nnot

If flow is not choked, momentum equation of restriction option
IS restored.

If flow is choked, flowrate equation of cavitating venturi is
Introduced

GFSSP 7.02 -- Future Developments
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Listing of Subroutine SORCEF

C ADD CODE HERE
LOGICAL FIRST

DATA FIRST/.TRUE./ Define Parameters

DATA PRCRIT/0.8/ /

DATA CLCAV/0.94/

DATA CLNOCAV/0.6/ Check for cavitating venturi

branch

C CAVITATING VENTURI FLOWRATE EQUATION HAS BEEN INCORPRA!
IF (IBRANCH(I).EQ. 12) THEN

C OBTAIN SATURATION PRESSURE AT UPSTREAM TEMPERATURE

NUMUP = IBRUN (I)

NUMDN = IBRDN (I)

CALL INDEXI (NUMUP, NODE, NNODES, IPUP)
CALI INDEXI (NUMDN, NODE, NNODES, IPDN)
PU = P (IPUP)

PD = P (IPDN)

PRATIO = PD / PU

RHOU = RHO (IPUP)

I_NFLUID = NFLUID (1)

Z_T = TF(IPUP) Obtain Saturation Pressure
Z XV = 0.0 /

CALL PROPS_TSATX(I_NFLUID, Z_P, Z_T, Z _RHO, Z_H, Z _CP, Z_CV,

+ Z S, Z_GAMMA, Z MU, Z K, I_KR, Z XV,
+ Z_RHOL, Z HL, Z CPL, Z CVL, Z_SL, Z_GAMMAL, Z MUL, Z_KL,
+ Z_RHOV, Z HV, Z CPV, Z CVV, Z_SV, Z_GAMMAV, Z MUV, Z_KV)

GFSSP 7.02 -- Future Developments
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IF (z RHO .EQ. 0.0 .OR. PRATIO .GE. PRCRIT) THEN < Cneckfor Critical Pressure Ratio
IF (FIRST) THEN and Critical Temperature

IF (Z_RHO .EQ. 0.0) PRINT *, 'Inlet temperature in ',
+ 'cavitating venturi is above critical temperature'
IF (PRATIO .GT. PRCRIT) PRINT *, 'Pressure ratio ',
+ 'across cavitating venturi is greater than critical'’
PRINT *, 'Cavitating venturi is treated as ',
+ 'restriction option'
FIRST = .FALSE.
END IF

C IF PRATIO >= PRCRIT, TREAT BRANCH 12 AS RESTRICTION OPTION Use Restriction Option for
/ Non-cavitating venturi
TERM1 = 0.0
TERM2 = (PU - PD) * AREA(I)
BRPR1 (I) = CLNOCAV
CALL KFACT2 (BRPR1 (I), AREA(I), RHOU, AK(I))
TERM4 = AK(I) * AREA(I) FLOWR(I) * ABS (FLOWR(I))

ELSE _
Use flowrate equation for

C IF PRATIO < PRCRIT, TREAT BRANCH 12 AS CAVITATING VENTURI cavitating venturi

TERM1 = FLOWR (I) /

PTHROAT = Z_P
BRPR1 (I) = CLCAV
FACT1 = BRPR1(I) * AREA(I)

FACT2 = SQRT (2.0 * RHOU * GC * (PU - PTHROAT))
TERM2 = FACT1*FACT2
TERM4 = 0.0
END IF
END IF
RETURN GFSSP 7.02 -- Future Developments

END 24



Marshall Space Flight Center
GFSSP Training Course —

Concluding Remarks on Modeling Cavitating
Venturi

Cavitating Venturi option will be made available in
future GFSSP release

In version 702, cavitating venturi can be modeled
through user subroutine

Predicted flow rates for choked flow in a cavitating
venturi compare well with test data

Users may need to find appropriate flow coefficients
for a non-cavitating venturi

Work is in progress to better model a non-cavitating
venturi

GFSSP 7.02 -- Future Developments
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Future Developments Planned for v703

Add Cavitating Venturi branch option

Fluid properties from Refprop DLL?

Add roughness to Non-Circular Ducts?

Multiple iterative (Type 1) regulators in one model?
Add boiling correlations to library?

GFSSP 7.02 -- Future Developments
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Thank You !

Questions for Open Forum?

27
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