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SECTION I  SPACE ACT AWARD APPLICATION

TITLE

Generalized Fluid System Simulation Program (GFSSP) Version 3.0



1.  DESCRIPTION.
a.
Briefly describe the contribution.  In addition, if peer-reviewed publications by contributors have been accepted on this topic in refereed journals or for refereed conference papers, please attach a copy with this form as a supplement.

GFSSP Version 3.0 is a general-purpose computer program for analyzing steady state or transient flows in complex networks.  In addition, a graphical user interface, Visual Thermo-fluid dynamics Analyzer for Systems and Component (VTASC), has been developed to facilitate the development of the GFSSP input files. GFSSP has also been successfully integrated with a state of the art thermal analyzer SINDA with the help of an interface.

GFSSP is capable of modeling phase changes, compressibility, mixture thermodynamics and external body forces such as gravity and centrifugal. The program contains subroutines for computing “real fluid” thermodynamic and thermophysical properties for thirty-three fluids including hydrogen, oxygen, nitrogen, helium, water and kerosene (Rocket Propellant –1). Nineteen different resistance/source options are provided for modeling momentum sources or sinks in the branches.  These options include:  pipe flow, flow through a restriction, non-circular duct, pipe flow with entrance and/or exit losses, thin sharp orifice, thick orifice, square edge reduction, square edge expansion, rotating annular duct, rotating radial duct, labyrinth seal, parallel plates, common fittings and valves, pump characteristics, pump power, valve with a given loss coefficient, Joule-Thompson device, control valve and a user specified option. 

The authors and users of GFSSP computer program have published twenty technical papers in journals and conferences (Attachment A).  Selected papers are included in the attachment. Papers number 6 and 11 provide a general description of the code and mathematical formulation and they are included as part of Attachment A.  The GFSSP Version 3.0 user's manual has been included as Attachment B and The VTASC users manual has been included as Attachment C.

b.
In what NASA program, project or mission has this contribution been used or will be utilized and to what extent? (include any non-aerospace commercialization applications)
GFSSP has been used to support the following programs:

· Space Shuttle Main Engine (SSME) High Pressure Oxidizer Turbopump Secondary Flow Circuit Analysis

· Axial Thrust Balance/ Secondary Flow Circuit Analysis of the Fastrac (MC-1) Engine Turbopump 

· Pressurized Propellant Feed System Analysis for the Propulsion Test Article at Stennis Space Center

· X-34 Main Propulsion System Analysis

· X-33 Reaction Control System and Thermal Protection System Analysis

· Shooting Star Experiment Feed System Analysis

· Rotodynamic Analysis of the SSME High Pressure Oxidizer Turbopump 

· Bantum Lifter Purge Analysis and Various Venting Analyses

· International Space Station (ISS) Environmental Control and Life Support System design 

· Integrated Powerhead Demonstrator Test Analysis

· ISS Propulsion Module Analysis

· MC-1 Engine Test Support Analysis

c.
Provide details describing how the contribution works or operates relative to system, subsystem, components, etc.

A fluid flow network consists of a group of flow branches, such as pipes and ducts, that are joined together at a number of nodes.  They can range from simple systems consisting of a few nodes and branches to very complex networks containing many flow branches simulating valves, orifices, bends, pumps and turbines.  In the analysis of existing or proposed networks, some node pressures and temperatures are specified or known.  The problem is to determine all of the unknown nodal pressures, temperatures and branch flow rates.

An accurate prediction of the axial thrust in a liquid rocket engine turbopump requires the modeling of fluid flow in a very complex network.  Such a network involves the flow of cryogenic fluid through extremely narrow passages, flow between rotating and stationary surfaces, phase changes, mixing of fluids and heat transfer.  Propellant feed system designers are often required to analyze the pressurization or blow down processes in flow circuits consisting of many series and parallel flow branches containing various pipe fittings and valves while using cryogenic fluids.  

Available commercial codes are generally suitable for steady-state, single phase incompressible flow.  Because of the proprietary nature of such codes, it is not possible to extend their capability to satisfy the above mentioned needs. In the past, specific purpose codes were developed to model the SSME turbopump.  However, it was difficult to use those codes for a new design without making extensive changes in the original code.  Such efforts often turn out to be time consuming and inefficient.  Therefore, a generalized fluid system simulation program was developed as a general fluid flow system solver capable of handling phase changes, compressibility, mixture thermodynamics and transient operations.  The program also includes the capability to model external body forces such as gravity and centrifugal effects in a complex flow network. 

GFSSP requires that the flow network be resolved into nodes and branches. The program’s GUI, VTASC, allows the user to interactively develop a fluid network simulation consisting of nodes and branches.  In each branch, the momentum equation is solved to obtain the flow rate in that branch.  At each node, the conservation of mass, energy and species equations are solved to obtain the pressures, temperatures and species concentrations at that node. The system of equations describing the fluid network is solved by a hybrid numerical method that is a combination of the Newton-Raphson and successive substitution methods.  GFSSP Version 3.0 also provides the flexibility to add additional capability through user-supplied subroutines.  This feature significantly reduces the need to modify source code to extend code’s capability.   

2.
SIGNIFICANCE.
a.
Explain why the contribution is significant: scientifically, technologically, or from a humanitarian viewpoint, to the aeronautics,  space community, and non-aerospace commercial activities.

GFSSP has already made significant technological contributions to various NASA programs and has demonstrated potential as a successful commercial product.  GFSSP has appeared as a new invention in NASA Tech Briefs (page 49, January, 2000).  NASA/MSFC has filed a patent application (Application No. 09/313,576, dated 05/07/99).  NASA/MSFC is also in the final stages of negotiation with two companies for licensing GFSSP for commercial application.  Its contribution to the aeronautics and space community can be categorized as:

I) Cost savings:  The objective of GFSSP was to develop a generalized fluid flow system solver capable of handling the different physical processes encountered in a typical thermo-fluid system.  This reduces analytical costs associated with building specific-purpose analysis tools that have limited applicability. The intent of this effort was that an engineer with an undergraduate background in fluid mechanics and thermodynamics should be able to rapidly develop a reliable model.  This has been demonstrated by several successful applications of the code by users as evidenced by several publications (Attachment-A).  Another cost savings provided by GFSSP is its ability to reduce the amount of testing required during flow system development. In all applications, the cost of a GFSSP run is many orders of magnitude lower than the cost of a corresponding experimental investigation.  A computational parametric investigation can be performed with remarkable speed.  A designer can study the implications of hundreds of different configurations and choose the optimum design.
II) Detailed Information: The GFSSP solution of a flow circuit gives detailed and complete flow field information.  It provides the values of all of the relevant variables (such as mass flow rate, velocity, pressure, temperature, density, concentrations, specific heat, viscosity etc.) at all locations of the model and at each instance (time step) during the entire operation (duration of model run).  Obviously, no experimental study can be expected to measure the distribution of all variables over the entire circuit for a given period of time.  For this reason, even when an actual test is performed, there is a great value in obtaining a GFSSP solution to supplement the test information.
b.
Estimate the degree of scientific or technological significance by a mark on the line below:

0___________1_______________2___________________3________X________4_________________5

         None              Modest
            Average

     Major                       Maximum

c.
Estimate the significance of the contribution relative to a specific NASA program or mission by marking the line below:
0___________1_______________2___________________3________X________4_________________5


   None               Modest
                Average                           Major                        Critical
3.
STAGE OF DEVELOPMENT.

Indicate the stage of development of the contribution by a mark on the line below:

0___________1_______________2___________________3_________________4________X________5


Concept         Simulated
                Tested                    Fully Developed            Operational
4.
ASSESSMENT OF USE.

a.
If the contribution is now in operation, describe its performance and value within both the aerospace field and its application to non-aerospace commercial and government uses. 
GFSSP has been successfully used in the design of the MC-1 engine turbopump assembly at Marshall Space Flight Center.  Excellent agreement with test results was obtained for both steady state and transient operations (Attachment – D).  GFSSP predictions have also compared well with the test results obtained from the ATD Bearing Tester (Attachment – E) and Squeeze Film Damper (Attachment – F).  The GFSSP simulation of the Propulsion Test Article helium pressurization system also shows good agreement with test results (Attachment G). 

b.
If the contribution is not now in operational use, describe its most likely or previous applications and the extent of commercial,(includes non-aerospace commercialization)  government and/or NASA-specific uses.

GFSSP is fully operational and has been in use since 1995 in support of the various MSFC programs listed in paragraph 1b. 

c.
Will the contribution increase in value or in its applications over time and in what manner?
There are two efforts currently under way to develop new capabilities in GFSSP.  GFSSP’s fluid property library will be extended to include all fluids.  Secondly, the transient capability will be further extended to include water hammer.  There has been ongoing effort to extend GFSSP’s application in boiling and condensation heat transfer.  With these added capabilities, GFSSP’s use and application will significantly increase over time.

5.
CREATIVITY.

What is your assessment of the creativity displayed in the conduct of this contribution, relative to the expected performance of those in similar positions?
None________Low  __________Modest_________Average________High_________Very High_____X_____

6.
RECOGNITION
What forms of recognition have been received by the contributors for this contribution?  Have 





previous awards been made to the contributor(s) for this accomplishment?  Please describe.

GFSSP Version 1.4 was selected for inclusion in NASA’s Computer Software Management and Information Center (COSMIC).  Dr. Alok Kumar Majumdar received a software author award, consisting of a Certificate of Recognition and a check for $500.00.

The developers of GFSSP Version 2.01 (Alok Majumdar, John W. Bailey, Paul Schallhorn and Todd Steadman) were the recipient of the following awards:

1)  Space Act Award

2)  Award for Patent Application

3)  Technical Innovation Award

4)  Award for being Published in NASA Tech Briefs

The developers were awarded a total of $7200 ($1800 each) for the four awards.

7.
TANGIBLE VALUE.

As a measure of the tangible value of this contribution, estimate the following:


a.
NASA cost savings* to date and in future years.

Cost savings to date is estimated to be between $825,000 to $1,545,900.

Cost savings to date was estimated in 1999 to be $225,000.  This was based on a savings of one man-year in design and evaluation of the MC-1 turbopump, and a 0.5 man-year savings in the design and evaluation of the X-34 main propulsion system.  At this time, it was assumed that a reasonable estimate of future savings was to assume a savings of 2 man-years per year, due to the availability of GFSSP to facilitate the design process, considering the number of NASA projects that utilize complex fluid systems.  This 2 man-years per year savings would yield an annual savings of $300,000.  It has been 2 years since the original estimate, so the total savings to date would be $825,000 based on the availability of GFSSP to facilitate the design process of complex fluid systems.

In addition, a review of the Sverdrup Technology Continuous Improvement (CI) Database revealed 26 GFSSP related CI items dating from the present back to October 1994.  Cost savings claimed by these 26 improvements totaled $1,545,900.


b.
Current market value and potential as a commercial product or process.

The MSFC Technology Transfer Department worked with Research Triangle Institute (RTI) to explore the commercial feasibility of GFSSP.  Two companies are in final stages to procure licensing agreement to commercialize the code.  Concepts/NREC has been using this code in one of SBIR program funded by MSFC.

c.
Other measurable value: increased efficiency, enabling technology, improved management, etc.
GFSSP can be used as a teaching aid in both undergraduate and graduate curriculum in Aerospace, Mechanical, Chemical, Civil and Environmental Engineering.  GFSSP has been used at the University of Alabama, Huntsville, in undergraduate thermodynamics courses.

APPLICANT’S SIGNATURE: _______________________________________  DATE:_____________





                       (Bruce Tiller, Team Leader, Thermal and Thermodynamic System Team, ED 25)

 *State the rationale for the above cost estimates.

SECTION II   COMMENTS AND CONCURRENCE

1.     EVALUATOR


I recommend/do not recommend a Space Act Award for this contribution for the following reasons.

I recommend a Space Act Award for this contribution for the following reasons:  This code substantially increases the capability and productivity of this organization.  Prior to its development, turbomachinery internal flow and axial thrust analyses were extremely labor intensive to perform, and did not facilitate doing parametric studies during the design process.  It is now possible to quickly evaluate conceptual designs.  

The ability to perform higher fidelity analyses will reduce testing required to develop new systems and will minimize hardware failures during development.  Cost savings associated with reduced numbers of tests and loss of hardware will be substantial.  For example, eliminating one engine level test in a large rocket engine development (SSME class engine) will save as much as one million dollars.  Eliminating one turbopump failure could save between 5 to 30 million dollars depending on the extent of the damage to the engine and test stand.

Printed Name and Signature          Henry P. Stinson, Jr.

Title

Chief, Turbomachinery and Combustion Devices Team
Date

4/16/01

NASA Installation

MSFC


Contractor
Other

2.
EVALUATOR'S SUPERVISOR
I support/do not support a Space Act Award for this contribution for the following reasons.

I support a Space Act Award for this contribution for the following reasons:  GFSSP  has been a tremendous asset that was recently used to perform required analyses during the development of the MC-1 Engine turbopump and the X-34 Main Propulsion System.

Printed Name and Signature     Dr. Helen McConnaughey

Title

Manager, Subsystem and Component Development Department
Date

4/16/01

3.
TECHNICAL MANAGEMENT
I support/do not support a Space Act Award for this contribution for the following reasons.

I support a Space Act Award for this contribution for the following reasons:  GFSSP provides a state of the art fluid network system analysis capability.  The capability of GFSSP to handle mixtures, real gas properties, rotating elements, phase changes and external body forces is unique.  To the best of my knowledge, no other commercially available code can perform the all of the same calculations available in GFSSP.  The recent addition of the VTASC graphical user interface has greatly simplified the process of building flow network models.  This new feature has significantly reduced the time required to construct models by an order of magnitude.

Printed Name and Signature         Tom Beasley

Title

Manager, Space Transportation Directorate, Sverdrup Technology, MSFC Group
Date

4/16/01


4.
COMMERCIALIZATION MANAGEMENT
I support/do not support a Space Act Award for this contribution for the following reasons.
I support a Space Act Award for this contribution for the following reasons:  GFSSP possesses unique capabilities that are currently unavailable in existing commercially available fluid network analysis software. 
Printed Name and Signature   Vernotto McMillan


Title

Deputy, Technology Transfer Department,CD30
Date

4/16/01

TO BE COMPLETED BY AWARDS LIAISON OFFICE

5.  IDENTIFICATION OF CONTRIBUTORS

Name, Employer, and Percent Contribution
Social Security Number
Home Address

Alok Kumar Majumdar, NASA/MSFC, 50%





John W. Bailey, Sverdrup, 10%





Paul Allen Schallhorn, Sverdrup, 10%





Todd E. Steadman, Sverdrup, 10%





Saif Warsi, ERC, 10%





Katherine P. VanHooser, NASA/MSFC,5%





Kimberly Holt, NASA/MSFC, 5%





6.  PATENT INFORMATION

Patent Applied for?  Y/N    Granted?  Y/N

     Yes                   In Work


Serial Number or Patent Number

Application Number 09/313,576

Application filed by:  Government?

                                   Non-Government?

By Government
Date Filed or Granted 

Filed 05/07/99

License Granted    Y/N   (In progress)


Company Name: Cullimore & Ring Technologies and Concepts NREC, Inc.

7.  EVALUATION NUMBER     1     2     3

8.    BUSINESS ADDRESS OF CONTRIBUTORS IF OTHER THAN NASA EMPLOYEES

John W. Bailey, Paul Schallhorn, and Todd Steadman – Sverdrup Technology,  620 Discovery Drive, Huntsville, Alabama 35806 

Saif Warsi – ERC Inc, 555 Sparkman Drive, Executive Plaza, Suite 1622, Huntsville, AL 35816



9.       AWARD LIAISON OFFICER COMMENTS AND SIGNATURE

Printed Name and Signature


Comments
Date

ATTACHMENT – A

GFSSP PUBLICATIONS


Title
Author(s)
Conference/

Journal

1
A General Fluid System Simulation Program to Model Secondary Flows in Turbomachinery
Alok Majumdar

Katherine Van Hooser
31st AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 10-12, 1995, San Diego, CA, AIAA 95-2969

2
Mathematical Modeling of Free Convective Flows for Evaluating Propellant Conditioning Concepts
Alok Majumdar

John Bailey

Kimberly Holt

Susan Turner


32nd AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 1-3, 1996, Lake Buena Vista, FL, AIAA 96-3117

3
A Generalized Fluid System Simulation Program to Model Flow Distribution in Fluid Networks
Alok Majumdar

John Bailey

Biplab Sarkar
33rd AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 6-9, 1997, Seattle, WA, AIAA 97-3225

4
Numerical Prediction of Pressure Distribution Along the Front and Back Face of a Rotating Disc With and Without Blades
Paul Schallhorn

Alok Majumdar
33rd AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 6-9, 1997, Seattle, WA, AIAA 97-3098

5
Flow Network Analyses of Cryogenic Hydrogen Propellant Storage and Feed Systems
Douglas Richards

Daniel Vonderwell
33rd AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 6-9, 1997, Seattle, WA, AIAA 97-3223

6
A Generalized Fluid System Simulation Program to Model Flow Distribution in Fluid Networks
Alok Majumdar

John Bailey

Paul Schallhorn

Todd Steadman


34th AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 13-15, 1998, Cleveland, OH, AIAA 98-3682

7
Flow Simulation in Secondary Flow Passages of a Rocket Engine Turbopump
Paul Schallhorn

Alok Majumdar

Katherine Van Hooser

Matthew Marsh


34th AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 13-15, 1998, Cleveland, OH, AIAA 98-3684

8
A Novel Approach for Modeling Long Bearing Squeeze Film Damper Performance
Paul Schallhorn

David Elrod

David Goggin

Alok Majumdar


34th AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 13-15, 1998, Cleveland, OH, AIAA 98-3684

9
Unstructured Finite Volume Computational Thermo-Fluid Dynamics Method for Multi-Disciplinary Analysis and Design Optimization
Alok Majumdar

Paul Schallhorn
7th AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, September 2-4, 1998, St. Louis, MO AIAA 98-4810

10
Numerical Modeling of Pressurization of a Propellant Tank
Alok Majumdar

Todd Steadman
37th AIAA Aerospace Sciences Meeting Conference and Exhibit, January 11-14, 1999, Reno, NV AIAA 99-0879

To be published in AIAA Journal of Propulsion and Power, November-December 2000


Title
Author(s)
Conference/

Journal

11
A Second Law Based Unstructured Finite Volume Procedure for Generalized Flow Simulation
Alok Majumdar
37th AIAA Aerospace Sciences Meeting Conference and Exhibit, January 11-14, 1999, Reno, NV AIAA 99-0934

12
Numerical Prediction of Transient Axial Thrust and Internal Flows in a Rocket Engine Turbopump
Katherine Van Hooser

John Bailey

Alok Majumdar
35th AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, June 21, 1999, Los Angeles, CA, AIAA 99-2189

13
Numerical Modeling of Helium Pressurization System of Propulsion Test Article (PTA)
Todd Steadman

Alok Majumdar

Kimberly Holt


Thermal & Fluids Analysis Workshop, September 13-17, 1999, Huntsville, AL

14
A Steady State and Quasi-Steady Interface Between the Generalized Fluid System Simulation Program and the SINDA/G Thermal Analysis Program


Paul Schallhorn

Alok Majumdar

Bruce Tiller
Thermal & Fluids Analysis Workshop, September 13-17, 1999, Huntsville, AL

15
An Unsteady Long Bearing Squeeze Film Damper Model – Part I: Circular Centered Orbits
Paul Schallhorn

David Elrod

David Goggin

Alok Majumdar


38th AIAA Aerospace Sciences Meeting Conference and Exhibit, January 11-14, 1999, Reno, NV AIAA 2000-0352

16
An Unsteady Long Bearing Squeeze Film Damper Model – Part II: Statically Eccentric Operation
Paul Schallhorn

David Elrod

David Goggin

Alok Majumdar


38th AIAA Aerospace Sciences Meeting Conference and Exhibit, January 11-14, 1999, Reno, NV AIAA 2000-0353

17
A Fluid Circuit Model for Long Bearing Squeeze Film Damper Rotordynamics
Paul Schallhorn

David Elrod

David Goggin

Alok Majumdar


AIAA Journal of Propulsion and Power, Vol. 16, No. 5, pp 777-780, Sept – Oct 2000

18
Unsteady Analysis of the Fluid Film Forces in a Long Bearing Squeeze Film Damper


Paul Schallhorn


Ph. D. Dissertation, University of Alabama in Huntsville, 1998

19
Numerical Modeling and Test Data Comparison of Propulsion Test Article Helium Pressurization System
Kimberly Holt

Alok Majumdar

Todd Steadman

Ali Hedayat


36th AIAA/ASME/SAE/ASEE

Joint Propulsion Conference and Exhibit, July 16-19, 2000, Huntsville, AL, AIAA 2000-3719

20
Numerical Modeling of Drying Residual RP-1 in Rocket Engines
Alok Majumdar

Robert Polsgrove

Bruce Tiller
Thermal & Fluids Analysis Workshop, August 21-25, 2000, Cleveland, OH

ATTACHMENT – B

GFSSP V. 3.0 User Documentation

ATTACHMENT – C

VTASC User Documentation

ATTACHMENT – D

AIAA 99-2189

Numerical Prediction of Transient

 Axial Thrust and Internal Flows in a 

Rocket Engine Turbopump

ATTACHMENT – E

ATD Bearing Tester

ATTACHMENT – F

Squeese Film Damper

ATTACHMENT – G

AIAA -2000-3719

Numerical Modeling and Test Data 

Comparison of Propulsion Test Article 

Helium Pressurization System

