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SECTION |
SUMMARY

A new simulation system, ROCETS, was designed and developed to allow cost-effective
computer predictions of liquid rocket engine transient performance. The system allows a user to
generate a simulation of any rocket engine configuration using component modules stored in a
library thru high-level input commands. The system library currently contains 24 component
modules, 57 sub-modules and maps, and 33 system routines and utilities. FORTRAN models from
other sources can be operated in the system upon inclusion of interface information on comment
cards. Operation of the simuiation Is simplified for the user by Run, Execution and Output
Processors. The simulation system makes available steady-state trim balance, transient operation,
and linear partial generation. The system utilizes a modern equation solver for efficient operation
of the simulations. Transient integration methods include integral and differential forms for the
trapezoidal, first order Gear, and second order Gear corrector equations.

A detailed technology test bed engine (TTBE) model was generated to be used as the
acceptance test of the simulation system. The general level of detail of the model was that
reflected in the SSME DTM (Reference 2). The model sucessfully obtained stady-state balance in
maln stage operation and simulated throttle transients including engine start and shutdown. A
NASA fortran control model was obtained, ROCETS interface installed in comment cards, and
operated with the TTBE model in closed-loop transient mode.
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SECTION 1l
INTRODUCTION

The National Aeronautics and Space Administration (NASA) Facilities such as the George C.
Marshall Space Flight Center (MSFC) require analysis and simulation of pump fed liquid rocket
engine transient performance. The types of analysis and simulation include control design and
analysis, design parametric studies, research and development, failure investigation, real-time
simulation, feasibility studies, and software design, development, and testing. Therefore, multiple
simulations representing different engine configurations with various levels of fidelity and transient
response ranges are needed to support these studies. An analytical tool to meet these needs in a
cost-effective manner Is a digital computer simulation system. :

A computer simulation system named ROCket Engine Transient Simulation (ROCETS) was
designed and developed under this program. An engine transient performance simulation normally
consists of mathematical representations of the engine components interfaced together to describe
the engine system performance. These component-by-component engine simulations (Figure
2-1) require interfacing the component models together in a computer program, with appropriate
program controls to interpret user commands, execute the program, and provide outputs to the
user. All of this can be accomplished with in-line computer code that. is a free-standing
simulation. However, a simulation system provides many benefits relative to individual,
free-standing simulations.
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Figure 2-1. A Rocket Performance Simulation Consist of
Component-By-Component Models

A simulation system (Figure 2-2) allows generation of simulations representing ditferent engine
configurations without expensive new computer code production and verification. The system acts
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as a repository so that the same engineering methodology representing the components is utilized
in different simulations to ensure prediction consistency. In addition, the system provides the
latest modeling technology of verified numerical techniques and utilities; new advances placed in
the system can easily be shared by all simulations operating in the system. A simulation system
also provides a common operating base for all users to minimize required operational training after
the initial start-up experience is obtained.
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Figure 2-2. Simulation Systems Are Effective Tools

The ROCETS program to design and develop a simulation system consisted of nine (9)
technical tasks:

1. Architecture

System Requirements

Component and Submodel Requirements
Submodel Implementation

Component Implementation

® 0 xw N

Submodel Testing and Verification



7.

Subsystem Testing and Verification

8. TTBE Model Data Generation

9.

System Testing & Verification

The Architecture definition determined there would be five major components of the ROCETS

system:

1.

2
3
4,
5

Library System

Executive programs (or Processors)
Simulation Input and Output
Documentation

Maintenance Procedures

The requirements were developed and documented in the System Requirements Specification
(SRS) of P&W FR-20283, 25 November 1988 (Reference 3). The component and submodel
implementation and testing/verification is contained in the System Design Specification (SDS) of
P&W FR-20284, 25 July 1990 (Reference 4). The Technology Test Bed Engine (TTBE) Model
description and system testing/verification are contained in this report.
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SECTION il
SYSTEM DESCRIPTION

The Rocket Engine Transient Simulation (ROCETS) System was designed to use modular
building blocks to represent engine components, and an architecture to interface these modules in
any configuration desired by the user when generating an engine simulation. The architecture
structure does not include any specific rocket engine configuration, and thus the flexibility exists to
configure any rocket cycle of the future. The five components of the ROCETS system are:

1. Library — A central source of all software code to allow multiple-users.
2. Executive Programs - Software processors that conduct system functions.

3. Simulation Input/Qutput — User inputs to configure a simulation, to execute the
simulation, and to output the desired parameters.

4. Documentation — System standards, engineering descriptions, user’s manual,
programmers manual, and qualification test plants (contained in FR-20284).

5. Maintenance Procedures - Instructions for system upkeep (contained in
FR-20284).

3.1 SYSTEM OVERVIEW

The ROCETS System has engineering models of all major engine components which are
implemented as FORTRAN subroutines. These subroutines are called "modules”. Standard
engineering modules, once fully verified and documented, are put into a library so they can be
accessed by all system users. A unique aspect of the ROCETS system is that engineering
modules use comment cards to interface with the system. This allows ROCETS modules to be
used outside the system as well as the ability to quickly adapt existing code to be used inside the
system.

Virtually any engine cycle can be represented by connecting the engineering moduies in a
desired order. While the modules could be connected by hand (i.e., an engineer building a main
concatenating routine), this is time consuming, tedious, and error prone. The ROCETS system
uses a Configuration Processor to accomplish this task (Figure 3-1). An engineer builds a
configuration input file using high-level commands and the Configuration Processor generates an
executable FORTRAN main program. The Configuration Processor also scans the execution order
to identify algebraic loops required by the model. Algebraic loops are caused by variables which
are used before being calculated, or variables which are outputs of more than one module.

The ROCETS systems also uses a high-level command language to supply necessary inputs to
run a particular model experiment. The input is read and interpreted by a Run Processor. The
Run Processor initializes necessary inputs and sets appropriate flags to carry out the users
instructions. The Run Processor allows the user to input schedules, set-up additional algebraic
balances, and tailor a variety of integration options.
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Figure 3-1. ROCETS System Overview

Execution control is provided by an Execution Processor. It controls looping, print, balancing,
and linearization. Within the Execution Processor are calls to numerical utilities that provide
steady-state balancing, transient integration, and linearization. It provides a centralized location for
all numerical operations so that adding new features to the system in the future is simplified.

Output is controlled by an Output Processor that allows the user to specify parameters to be
printed and plotted. Plot information is supplied to a Interface routine designed for a particular
plotting software package. Therefore, implementing plotting on a different system requires only a
change in the plot interface routine. Linearization output is not controlled by the Output Processor,
but rather all necessary information is passed to a separate interface routine. This feature allows
tailoring of the linearization output by changing only the interface routine.

The ROCETS system has three run modes: Steady-state trim balance, Transient, and
Linearization. The steady-state trim balance mode iterates dynamic states and algebraic balance
variables until time derivatives and algebraic balance error terms are zero (within a specified
tolerance). Transient integration normally integrates dynamic states using a predictor-corrector
scheme with the corrector equations and algebraic balances closed simultaneously. The
linearization mode linearizes about a steady-state or transient point and provides state—space
model partials which can be used for other applications. Table 3-1 presents a summary of the
ROCETS system significant features.



Table 3-1. ROCETS System Significant Features

1. Storage for re-use of developed codes.
2. Access for multi-users
3. Repository for modeling methodology
4. Allows adaptable future modeling technology
mponen
1. Component models are non-linear representation
2. Generic component modules; unique characteristics in distinct sub-modules.
Interface Structure
1. Component models use comment cards to interface with system
2. Existing models linked in any arrangement to simulate all engine cycles.
3. Any FORTRAN model can easily be used in system simuiations.
igurati r
1. Structured, English-like input
2. Automatic scanning for required inputs and algebraic balances
3. Generates FORTRAN main program
Bun Processor
1. Structured, English-like input
Schedule (curve) input available
Definition of additional algebraic balances

2
3
4, Activation for states and balances
5

Three run modes: steady-state, transient, linearization

tiliti

1. Trapezoidal, first and second order Gear methods; others can be adapted.
2. Ability to activate/deactivate states

3. Ability to remove dynamic effects of states (force derivatives to zero)

4

Advanced non-linear equation solver to close corrector and algebraic balances
simultaneously.

tomati n rtial nerati
1. Repeatability and linearity checking
2. Analytic handling of algebraic balances

3. Analytic handling of states forced to steady-state.

3.2 ENGINEERING MODULES



Engineering modules are stand-alone engineering representations of individual entities that are
singular in purpose. The modular approach separates engineering modules, sub-modules,
component data and generic data (properties) into the basic building blocks of the simulation. For
example, a generic turbine module can be used multiple times in a single simulation simply by
changing the component performance characteristics or map as well as being used in muitiple
simulations. This reduces the amount of code required while providing consistent methodology.

The approach taken in modeling gives primary preference to engineering first principals
followed by empirical correlations and transfer functions. However, modules of similar functions
can be built with different modeling approaches and varying levels of complexity. The user then
has the flexibility to select different approaches and level of detail used in a simulation.

During the design phase of ROCETS, it was evident that the use of existing engineering
representations would be desirable. To achieve this goal, it was decided to separate system
functions from the engineering representations. This was accomplished by using call lists for
communication to the engineering modules and keeping all system dependent code out of the
individual modules. An additional benefit is that the modules can be operated as individual entities
during design and verification. Modules only communicate to the ROCETS system through the
subroutine call list. Commons are not used to communicate with the main or other modules.
However, common blocks can be used in certain cases for communication between a module and
a sub-module.

Modules are interfaced to the ROCETS system using three blocks of comment cards at the
beginning of the subroutine. These comment card blocks are called “interface cards” and are
read by the Configuration Processor. The interface blocks relate call list names to system names,
define the status of each variable for system operation, define the I/0 status of each variable, and
the FORTRAN variable type. Virtually any FORTRAN subroutine can easily be converted to the
ROCETS system by adding the interface information on comment cards. However, the module
history including author, dated revisions and internal code documentation should also be included.

3.3 TRANSIENT MODELLING ASPECTS

In general, the dynamics which are modelled in a rocket engine consist of volume dynamics,
flow inertia, rotor speed integration, and thermal capacitance. Volume dynamics implement the
laws of conservation of mass and energy using density and internal energy as dynamic states.
Flow inertia dynamics implement conservation of momentum using flow rate as the dynamic state.
Thermal nodes implement heat transfer laws and the energy equation applied to a metal mass
using the metal temperature as the dynamic state.

The baseline transient integration scheme is a predictor-corrector with the corrector equations
closed by a modified Newton-Raphson iteration. Using a closed-loop integration offers advantages
which are incorporated into the system. One item of particular usefulness is the capability of
forcing states to their steady-state value during a transient. This is accomplished by using a
steady-state error term (i.e., forcing the time derivative to zero) instead of closing the corrector
equation for specified states. When this is done, the dynamic effects of the specified states are
removed thersby allowing a variety of studies to be conducted. An obvious use of this feature is
to obtain reduced order linear state-space models. However, it has also proven extremely
valuable during model verification and validation.

With the closed-loop integration, using density and internal energy as states causes numerical
problems in liquid systems due to the extreme sensitivity to pressure to density and the difficulty in
providing first guesses for internal energy. It would be considerably better to use pressure and
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enthalpy as states but it is not possible to write appropriate differential equations. The solution to
this problem is to make a change of iteration parameters. Instead of using density and internal
energy as the iteration parameters to close the corrector equations, pressure and enthalpy are
used.

3.4 GLOBAL COMMUNICATION

While engineering modules communicate through call lists, the system functions do not
because ROCETS provides maximum flexibility by dynamically building system communication
without using a predefined data structure. Therefore global commons are constructed which
contain all the variables passed into or out of the engineering modules. These commons are used
to communicate between the engineering modules, the interpretive reader, and the Execution
Processor. Figure 3-2 depicts the communication flow.

The global commons are divided by FORTRAN variable type: real, integer, character, double
precision, complex, and logical. In addition to the 6 global variable commons, additional system
commons are used to communicate information concerning states, derivatives, and additional
balances as well as other necessary information.

EXECUTION PROCESSOR RUN PROCESSOR

T

GLOBAL COMMONS

CONFIGURATION
> PROCESSOR
GENERAT!D'
MAIN CONCATENATING ROUTINE
T
l_ 1 CALL LISTS
—t = ] J
Y ¥

ENGINEERING MODULES

Figure 3-2. ROCETS Global Communication
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3.5 CONFIGURATION PROCESSOR

The goal when defining a simulation is to converts an abstract concept into a mathematical
representation in a flexible, reliable, and convenient manner. Therefore it is desirable to automate
the simulation creation to the extent possible, freeing the user from the tedious aspect of
assembling a simulation. In ROCETS, a Configuration Processor is used to automatically create a
simulation. (Figure 3-1).

The configuration input consists of user commands defining a particular simulation in a simple,
structured high-level format. The user defines the system to be modeled in the configuration input
file by specifying component types, design characteristics, the relationship between various
elements of the system, property packages to be used and what properties are to obtained, and
definition of algebraic balances. (Note that algebraic balances can also be defined at run time).

The processor performs two functions in generating a simulation: first it reads the
configuration input, then it reads the interface definitions for the modules specified in the
configuration. The processor needs the engineering module interfaces to determine the required
variables, call lists, variable status (input, output, state, derivative, etc.) and variable type (real,
integer, array, character, etc.). The processor cross references the configuration input and the
module interface information to generate the specific variable names. These names are used to
generate the appropriate call lists for the FORTRAN main program/module communication. This
methodology is what allows the engineering modules to remain separate from the system code.

The global commons are dynamically built for individual simulations during configuration. The
commons consist of the variable names created from the module call lists along with required
system variabies.

3.6 RUN PROCESSOR

Run input consists of user commands to execute a configured simulation (Figure 3-1). The
user input contains information required to define schedules, set inputs, define algebraic loops,
specify output, and control execution. The input is in a high-level structured language.

The ability to define and use schedules is quite powerful. Besides allowing schedules for time
inputs, schedules can be set-up to define desired functional relationships in conjunction with
algebraic loops. As an example, schedules can be defined to set a requested chamber pressure
and mixture ratio and algebraic balances defined to vary valve areas until the requested values are
obtained.

Integration options can be tailored through run input to optimize model operation. The
integration method, perturbation sizes, tolerance, convergence criteria, and activation can be set.
The inputs are divided into “defaults” and "exceptions”. It is generally easier to set-up default
information which is adequate for most states and then to override the defaults for specific states
when necessary. Currently the system includes Euler, trapezoidal, first order Gear, and second
order Gear integration schemes. However, other integration schemes can be easily added.

The default for all states is to be active. However, it is often convenient to turn states off at
various times. Three selections are possible for operations with each state:

ON
OFF
STEADY-STATE

the state is active

the state is inactive and held constant

the state is always iterated to steady-state thereby removing the
dynamic effect of the state

12



ROCETS provides the capability to define algebraic balances at run time. An independent
variable can be varied until a dependent variable is equal to another dependent variable or until a
dependent variable is equal to a value. The value may be an input or read from a schedule. This
is especially useful when running operating lines or generating control schedules.

Balance options can be tailored through run input similar to the integration options. The
perturbation sizes, tolerance, convergence criteria, and activation can be set. Like the integration
options, the inputs are divided into “defaults” and “exceptions”.

Linearization options can also be defined at run time. Included are values to be used for
repeatability and linearity checking. Partials are generated by making a forward perturbation,
backward perturbation, and repeating the forward perturbation. Repeatability is checked by
comparing variable values on the two forward perturbation passes. If the percentage difference is
more than the specified value a warning message will be written. Linearity is checked by
comparing the forward and backward difference partials. If the percentage difference is more than
the specified amount a warning message will be written. In addition to the check values,
parameter names for linear model inputs and outputs are specified by the user.

Linearization defaults are defined to establish the perturbation size for generating partials and
exceptions to the defaults may also be specified. These functions are similar to default and
exception declarations for states and balances.

Simulation output optioﬁs are handled through the Run Processor. This includes optional print
during Jacobian evaluations and convergence attempts, opticns for debug output, and specifying
simulation output.

Three run modes are supported: Steady state, Transient, and Linearize. For steady-state,
the number of consecutive steady-state points to be run is also specified. A system parameter
POINT is available for reading schedules with the steady-state point number. This is useful for
running steady-state operating lines or generating control schedules. For a transient, the time
increment, print time, plot time, and termination time are specified. Time is available for reading
schedules. The linearization mode perturbs each state and specified input to generate
state-space model partial derivative matrices.

3.7 MULTI-VARIABLE NEWTON-RAPHSON SOLVER

ROCETS employs a state-of-the-art non-linear equation solver which is the heart of efficient
system operation. It is a modified multi-variable Newton-Rahpson technique, which has been
optimized to operate effectively with the large systems of equations encountered in the rocket
modeling problems. The basic method operates on the matrix equation.

AX = J-V AY

Where AY is the amount the errors, or dependent variables, need to change to be zero and
AX is the associated change in the independent variable. The solver Jacobian, J, is a matrix of
partial derivatives generated with the model. The solver makes a number of passes equal to the
number of iteration variables plus 1 through the model to generate the Jacobian.

To improve the efficiency of the solver, the Jacobian is scaled using a modified version of the
method given by MclLaughlin (Reference 8). The normalization factors from Jacobian scaling are
then used in determining convergence as well as limiting allowed change of the independent
variables. (This is necessary in non-linear systems to prevent excessive movement leading to
exceeding map bounds, etc.)
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Further enhancements include an algorithm following the Broyden method for updating the
inverse Jacobian. Broyden's method updates the inverse Jaccbian without evaluating or inverting a
new matrix, providing a large savings in number of total passes through the model. The matrix
update is basically a secant-type method and is performed during convergence attempts.

in steady-state operation the solver Is used to drive all state time derivatives to zero while
simultaneously driving algebraic balance error terms to zero (within a specified tolerance).
Transiently, the solver is used to provide simultaneous closed-loop integration of states and closing
of algebraic loops. Closed-loop integration entails iteration on the simulation state variables (or
state iteration variables) until they are equal to calculated values. This technique provides great
flexibility since integration and algebraic balances are handled simultaneously.

3.8 TRANSIENT INTEGRATION METHODS

Rocket englne simulations comprise a set of stiff differential equations that require special
methods for integration. Integral methods are efficient when the model time increment is small
relative to the time constant associated with the state being integrated. However, as the model
time increment is increased, a critical point is reached where convergence failure results. This
limits the maximum time increment that can be used.

An alternate method is to use the differential form of the corrector equations instead of the
integral form, with the error term being formed as the difference between the actual and
calculated derivative. Scaling by the time constant associated with each state is'recommended by
MclLaughlin (Reference 8). The differential method improves convergence when the model time
increment is large compared to the state time constant.

The integration routines used on the ROCETS system automatically uses the appropriate form of the
corrector equation. The engineering modules approximate the time constant for each state and use
this information to select the appropriate integration form. Both the integral and differential forms are
incorporated for trapezoidal, first order Gear, and second order Gear corrector equations.

3.9 LINEARIZATION

The ROCETS system was designed to provide accurate linearization about a steady-state or
transient operating point. Linearization provides state-space matrices of partial derivatives which
can be used for subset model generation, transfer function creation, or muiti-variable control
analysis.

Generation of accurate partial derivatives is critical to control design, analysis, and
development. However, complications arise with large simulations using real properties and many
dynamics components. These complications are due to changing iteration variables, the necessity
to close aigebraic balances, and from discontinuities associated with thermodynamics properties
around the saturation dome.

The ROCETS linearization methodology automatically accommodates any change of iteration
variables for states and automatically closes all active algebraic balances. With the assumption of
small perturbations such that the partials represent a linear model, the algebraic balances and
state iteration parameters can be solved from a linear set of equations after all partials have been
generated.

The basic set of equations describing a linear model are:

Xdot=A*X+B"U
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Y=C*"X+D*U

where Xdot is a vector of state derivatives, Y is a vector of outputs, X is the state vector, and U is
a vector of inputs. When using pressure and enthalpy (or internal energy) as iteration variables the
X's cannot be directly perturbed, so that the matrices cannot be measured directly. However, equations
can be measured directly that allows for an analytic substitution of variables and solution of algebraic
balances.

Let the nomenclature be that T is a vector of state iteration variables and Z is a vector of
aigebraic balance independent variables. Then the equations that can be directly measured through
perturbations are:

Xdot = A1 * T + Betat * U + Alpha2 * Z
Errors = A3 * T + Beta2 * U + Alphad4 * Z
Y =C1*T+2eta*U +Theta2 *Z
X=0mega * T

where the matrices represent the appropriate partial derivatives and Errors is a vector of error terms
from algebraic balances which are to be zero. The change of variables from T's to X's is accomplished
by solving the last equation for T and substituting Omega-inverse * X for T. Let

Alphal = A1 * (Omega-inverse)
Alpha3 = A3 * (Omega-inverse)
Thetal = C1 * (Omega-inverse)

so that the equations become;
Xdot = Alphal * X + Betal * U + Alpha2 * Z

Errors = Alpha3 * T + Beta2* U + Alphad4 * Z

Y = Thetal * X + Zeta * U + Theta2 * Z

Now solve for the algebraic balance parameters by noting that the error terms are to be zero. Then
Z's are given by:

Z = -(Alphad-inverse) * (Alpha 3 * X + Beta 2 * U)

Substitution yields:
Xdot = (Alphat - Alpha2 * (Alphad-inverse) * Alpha3) " X +
(Betal - Alpha2 * (Alphad-inverse) * Beta 2 ) * U

y = (Thetal - Theta2 * (Alphad4-inverse) * Alpha3) * X +
(Zeta - Theta2 * (Alphad-inverse) * Beta 2 ) * U

so that the actual matrices desired are given by;
A = (Alphat - Alpha2 * {Alphad4-inverse) " Alpha 3)
B = (Betal - Alpha2 * (Alpha-inverse) * Beta2 )
C = (Thetal - Theta2 * (Alphad-inverse) * Alpha3).
D = (Zeta - Theta2 * (Alphad-inverse} * Beta2 )

15



In actual practice, an extremely accurate matrix inversion routine is necessary to preserve the
integrity of the partials. A standard Gauss-Jordan reduction does not have sufficient accuracy.
Therefore a Gauss-Jordan reduction has been combined with a recursion formula to obtain
extremely accurate inversion and all matrix operations are performed in double precision.

3.10 RUN TIME ERROR CHECKING

Run-time error checking is provided to warn of possible invalid model conditions and run-time
errors can also be used as a transient termination criteria. When curves are read with
out-of-range inputs, when internal iterations fail, or any other condition that results in invaiid
conditions, the user is informed by appropriate messages in a “debug” file and a numerical status
indicator (NSI) is set.

Each error location is identified by two eight-character names called “module name”™ and
“module location”. The numerical status indicator is sent to a specific value depending on the
error severity. Through run-time input, the user can control the NSI at which print will be provided
and the NSI which is considered fatal. In addition to the NSI for fatal errors, the user supplies the
number of occurrences of each fatal error before execution terminates.

A list of error codes and their corresponding errors follows:

0000 No error

1000 - 2999 Map Extrapolation

3000 - 4999 Input out of Range

5000 - 6999 Internal Iteration Failure
7000 - 9999 Invalid Solution

10000 Invalid Option {No Default),

execution halted immediately by ERCKOO
3.11 DOCUMENTATION

ROCETS documentation starts in the module source code where the system standards require
in the comments cards: A list of all module inputs & outputs with their definitions & units, an
engineering description of the module, a list of sub-modules needed, and a history including
qualification, author, and revision dates. The next level of documentation is contained in the
ROCETS System Design Specification (SDS) of Ref. 4 which contains:

Section 3.4 Documentation

3.4.1 Standards

3.4.2 Engineering Manual
3.4.3 Programmer's Manual
3.4.4 User's Manual
3.4.5 Qualification Test Plans

3.12 ROCETS SYSTEM STATUS

The ROCETS system software library contains approximately 100,000 lines of code of the
executive programs (processors) and engineering modules and sub-modules, numerical utilities,
and properites. The engineering generic modules represent engine components, and the
sub-modules in general provide the specific component performance characteristics. Listed below
are the 24 engineering modules representing the engine components with the corresponding 15
sub-modules. A brief description of each follows. Engineering write-ups including all equations
are contained in the SDS (Ref 2). A sample pump module “PUMP0O1" is presented in Appendix B.
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COMPONENTS MODULE SUB-MODULE
PUMP PUMPO1 PMAPO4
PMAPOQ5
PMAPOQS
PMAPOQ7
PMAPO8
TURBINE TURBO1 TBMPO3
TBMP0O4
TBMPO5
TBMPO6
TURBO2
TURBOPUMP ROTROO
ROTRO1
PREBURNER PBRNO1
MAIN CHAMBER MCHBO1
QCHMO1
NOZZLE NOZLOO0 CDNZ0O0
NCLVQ0
QNOZO01
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ENGINE
COMPONENTS

PLUMBING

VALVES
POGO SUPPRESSOR

GENERAL
HEAT TRANSFER

MODULE

PIPECO
PIPEO1
PIPEO2
PIPEO3
PIPEQ4
PIPEQS

PIPECSE

VOLMOO
VOLMO1
VOLMO02

VALVO0

POGO00O

METLOO
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FLPMO2

PRFPO4
PRFPO6
PRFPO7

PRPMO1



Module General Description Summary:

MCHBO1
METLOO
NCLVQ0

NOZLOO0
PBRNO1

PIPEQO

PIPEO1
PIPEO2
PIPEO3

PIPEO4
PIPEOS
PIPEO6
POGO00
PUMPO1
QCHMO1

QNOZO01

ROTROO
ROTRO1
TURBO1

TURBO2
~ VALVOO
VOLMOO
VOLMO1

VOLMO02

H2/02 COMBUSTION'AND VOLUME DYNAMICS WITH UNBURN CAPABILITY AND
HELIUM DILUTION.

ROUTINE IS A LUMPED MASS ANALYSIS OF A METAL WITH MULTIPLE HEAT
TRANSFER NODES.

ROUTINE FOR THE ENERGY ANALYSIS OF A LUMPED COOLING VOLUME USING
DENSITY AND INTERNAL ENERGY AS STATES.

CALCULATES FLOW AND THRUST FOR ISENTROPIC EXPANSION NOZZLE.

PERFECT GAS COMBUSTION (H2/02) WITH VOLUME DYNAMICS AND HELIUM
PURGE.

CALCULATES THE FLOW DERIVATIVE AND CRITICAL TIME FOR INCOMPRESSIBLE
FLUID FLOW IN PIPE WITH INERTIA AND LOSS.

CALCULATE INCOMPRESSIBLE FLUID FLOW THROUGH A PIPE WITH A LOSS.
CALCULATES COMPRESSIBLE FLUID FLOW THROUGH AN ORIFICE.

CALCULATES THE FLOW DERIVATIVE AND CRITICAL TIME FOR INCOMPRESSIBLE
FLUID FLOW IN PIPE WITH LOSS, INERTIA, AND CHANGE IN ELEVATION.

CALCULATES UPSTREAM PRESSURE FOR LIQUID FLOW.
CALCULATES UPSTREAM PRESSURE FOR COMPRESSIBLE FLOW,
CALCULATES UPSTREAM PRESSURE FOR LIQUID FLOW.
MODELS THE PRIMARY DYNAMICS OF THE POGO SUPPRESSOR.
ROUTINE REPRESENTS A CONSTANT DENSITY PUMP.

CALCULATES HEAT TRANSFER RATE BETWEEN MULTIPLE METAL NODES AND THE
HOT GAS FLOW PATH FOR ROCKET MAIN CHAMBER COOLING USING BARTZ
CORRELATION.

CALCULATES HEAT TRANSFER RATE BETWEEN MULTIPLE METAL NODES AND THE
HOT GAS FLOW PATH FOR ROCKET NOZZLE COOLING USING BARTZ
CORPORATION.

CALCULATES THE ROTOR SPEED DERIVATIVE FOR A ROTOR SYSTEM.
ROTOR WITH BREAKAWAY TORQUE FOR STARTING SIMULATION.

ROUTINE IS AN ISENTROPTIC ANALYSIS OF A TURBINE THAT IS DRIVEN BY AN
IDEAL GAS. '

ROUTINE 1S AN ISENTROPTIC ANALYSIS OF A TURBINE THAT IS DRIVEN BY A
SINGLE CONSTITUENT FLUID.

CALCULATES INCOMPRESSIBLE FLUID FLOW THROUGH A VALVE USING LIQUID
FLOW CORRELATIONS.

ENERGY AND CONTINUITY ANALYSIS OF A VOLUME WITH ONE INLET MASS FLOW,
ONE EXIT MASS FLOW AND ONE HEAT FLOW.

GENERAL MULTI-FLOW LUMPED VOLUME FOR SINGLE CONSTITUANT FLUIDS USING
DENSITY AND INTERNAL ENERGY AS STATES.

ROUTINE IS USED FOR VOLUMES WITH MULTI-FLOWS, (BOTH IN AND OUT). IT
ASSUMES PERFECT GAS PROPERTIES AND CAN HANDLE FLOW REVERSALS.
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CDNZ00
FLPMO2

MACH03
MACH04
PMAPO4
PMAPOS
PMAPOS
PAMPO7
PMAPOS
PRFPO4

PRFP06

PRFPO7

TBMPO3
TBMPO4
TBMPO5

TBMPO6

ROUTINE CALCULATES VARIOUS PARAMETERS FOR A CONVERGENT-DIVERGENT
NOZZLE.

FLOW PARAMETER BASED ON TOTAL TO TOTAL PRESSURE RATIO AND NUMBER
OF “VELOCITY HEADS" LOST.

CALCULATES MACH NUMBER FROM FLOW PARAMETER AND GAMMA FOR
ADIABATIC FLOW OF A PERFECT GAS.

CALCULATES MACH NUMBER FROM AREA RATIO AND GAMMA USING AN
ISENTROPIC RELATIONSHIP.

ROUTINE DETERMINES THE PUMP CHARACTERISTICS FROM A MAP FOR THE
ROCKETDYNE HIGH PRESSURE FUEL.PUMP.

ROUTINE DETEhMINES THE PUMP CHARACTERISTICS FROM A MAP FOR THE
ROCKETDYNE LOW PRESSURE FUEL PUMP.

ROUTINE DETERMINES THE PUMP CHARACTERISTICS FROM A MAP FOR THE
ROCKETDYNE HIGH PRESSURE OXIDIZER PUMP.

ROUTINE DETERMINES THE PUMP CHARACTERISTICS FORM A MAP FOR THE
ROCKETDYNE LOW PRESSURE OXIIDIZER PUMP.

ROUTINE DETERMINES THE PUMP CHARACTERISTICS FROM A MAP FOR THE
ROCKETDYNE PREBURNER OXIDIZER PUMP,

ROUTINE GIVES PRESSURE RATIO (TOTAL TO TOTAL) FROM FLOW PARAMETER,
RKLS AND GAMMA USING TOTAL TEMPERATURE AND TOTAL PRESSURE.

ROUTINE GIVES PRESSURE RATIO (TOTAL TO STATIC) FROM FLOW PARAMETER
USING TOTAL TEMPERATURE AND STATIC PRESSURE.

ROUTINE GIVES PRESSURE RATIO (TOTAL TO TOTAL) FROM FLOW PARAMETER,
RKLS AND GAMMA USING TOTAL TEMPERATURE AND TOTAL DOWNSTREAM
PRESSURE.

ROUTINE DETERMINES THE TURBINE CHARACTERISTICS FROM MAPS FOR THE
ROCKETDYNE HIGH PRESSURE FUEL TURBINE.

ROUTINE DETERMINES THE TURBINE CHARACTERISTICS FROM MAPS FOR THE
ROCKETDYNE LOW PRESSURE FUEL TURBINE,

ROUTINE DETERMINES THE TURBINE CHARACTERISTICS FROM MAPS FOR THE
ROCKETDYNE HIGH PRESSURE OXIDIZER TURBINE.

ROUTINE DETERMINES THE TURBINE CHARACTERISTICS FROM MAPS FOR THE
ROCKETDYNE LOW PRESSURE OXIDIZER TURBINE.
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Listed below are the 29 ROCETS utilities subroutines which perform functions like integration,
table reads, and error checks. A brief description of each follows the list.

UTILITY FUNCTION ROUTINE
DIRECT MODEL EXECUTION XPRO0CO

ERROR CHECKS ERCKO00
ERCKO1
ERCKO2
ERCKO3

WRITES DUMMY GUESS ROUTINE DMGS01
INPUT SCHEDULE PROCESSOR SPR0O0O
INTEGREATION RINTO1

MATRIX OPERATIONS DPVNO1
DPVNO3
MTMUO2

OUTPUT LWRTO1
PRPLO1
WRITC1

PARTIAL GENERATION LMRDO1
PARTO1
PRTBO1

SOLVER TEROS
SMITO3
SSBLO4

SORT LIST SORTA4

TABLE READ SUNBOO
SUNBO1
SUNBO3
CPMRO2
CPMR04
CPMRO5
CPMRO6

UNITS CONVERSION UNITOO

21



Numerical/System Utilities General Descirption Summary

CPMRO02
CPMRO4
CPMRO5
CPMRO06

DMGSO01

DPVYNO1

DPNVO03

ERCKOO0

ERCKO1

ERCKO2

ERCKO3

ITEROS
LMRDO1

MTMUO2
OPCKO1

PARTO1

CORRESPONDING POINT BI-VARIENT MAP READER.
CORRESPONDING POINT BI-VARIENT MAP READER THAT ALSO RETURNS PARTIALS.
CORRESPONDING POINT BI-VARIENT MAP READER WITH NEW MAP INDEX POINTER.

CORRESPONDING POINT BI-VARIENT MAP READER THAT ALSO RETURNS PARTIALS
WITH NEW MAP INDEX DEFINITIONS.

CREATES A DUMMY GUESS ROUTINE WITH LOCATIONS FOR THE APPROPRIATE
REQUIRED GUESSES FOR A NEWLY CONFIGURED MODEL,

DOUBLE PRECISION MATRIX INVERSION USING GAUSS-JORDAN ELIMINATION WITH
PARTIAL MAXIMUM PIVOTING.

DOUBLE PRECISION MATRIX INVERSION USING COMBINATION GAUSS-JORDAN AND
RECURSION_FORMULA.

ONE OF A PACKAGE OF FOUR ROUTINES TO PROVIDE RUN-TIME ERROR CHECKING
(SEE ERCKO1, 02, AND 03). THIS ROUTINE IS CALLED AT THE POINT OF A ERROR
TO PASS IN THE ERROR NUMBER ALONG WITH INFORMATION TO IDENTIFY THE
ERROR. ERCKO01 IS USED TO PROVIDE ERROR PRINT AND ERCKO02 IS USED TO
SPECIFY PRINT AND KILL LEVELS.

ONE OF A PACKAGE OF FOUR ROUTINES TO PROVIDE RUN-TIME ERROR CHECKING
(SEE ERCKO0O0, 02, AND 04). THIS ROUTINE IS CALLED TO PROVIDE OUTPUTING
ERROR STATUS IN NORMAL TRANSIENT PRINT/PLOT AND FOR PRINTING
END-OF-RUN ERROR STATUS. ERCKOO IS USED TO ENTER ERRORS AND ERCKO02
IS USED TO SPECIFY PRINT AND KILL LEVELS.

ONE OF A PACKAGE OF FOUR ROUTINES TO PROVIDE RUN-TIME ERROR CHECKING
(SEE ERCKOO, 01, AND 03). THIS ROUTINE IS CALLED BY THE USER TO SPECIFY
THE PRINT LEVEL, KILL LEVEL, AND NUMBER OF FATAL ERRORS ALLOWED.
ERCKOO IS USED AT THE POINT OF AN ERRCR TO SET THE STATUS AND ERCKO1
IS USED TO PROVIDE ERROR PRINT.

ONE OF A PACKAGE OF FOUR ROUTINES TO PROVIDE RUN-TIME ERROR CHECKING
(SEE ERCKOO - ERCK02). THIS ROUTINE IS CALLED TO SEARCH THE NAME
ARRAYS AND RETURN THE LOCATION. IT IS A UTILITY FOR THE OTHER ROUTINES
AND IS NOT USER CALLABLE.

SECANT METHOD ITERATION WHICH CAN BE USED WITH NESTED LOOPS

ROUTINE WRITES OUT THE RESULTS OF THE LINEARIZATION OF ROCETS
SIMULATION.

DOUBLE PRECISION MATRIX MULTIPLICATION.

TRANSFORMS THE PROPERTY OPTION CHARACTER FIELD INTO A STANDARD FORM
AND TO READ THE INDEPENDENT & DEPENDENT PROPERTY NAMES.

MEASURES AND CHECKS THE PARTIALS FOR THE ROCKET ENGINE TRANSIENT
SIMULATION SYSTEM.
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PRPLO1 A GENERALIZED PRINT/PLOT ROUTINE FOR TRANSIENT DECKS PROVIDING
COLUMNAR PRINT, INTERFACING FOR PLOTS, AND OPTIONAL  USER PRINT/PLOT
HEADER SPECIFICATION AS WELL AS TAILORED PRINT FORMAT.

PRTBO1 ROUTINE PERTURBATES THE INDEPENDENT VARIABLE (X) AND MEASURE THE
" PARTIAL OF THE VECTOR OF DEPENDENT VARIABLE (Y) WITH RESPECT TO
INDEPENDENT VARIABLE. )

RINTO1 ROUTINE PERFORMS THE CLOSED LOOP INTEGRATION FOR THE ROCKET ENGINE
TRANSIENT SIMULATION SYSTEM. A CHOICE OF THREE IMPLICIT INTEGRATION
TECHNIQUES (TRAPEZOIDAL, FIRST ORDER GEAR, AND SECOND ORDER GEAR) IS
INCLUDED. AN EULER INTEGRATION IS ALSO AVAILABLE.

SMITO3 ROUTINE SOLVES A SET OF SIMULTANEOUS NONLINEAR EQUATIONS USING
NEWTON'S METHOD WITH BROYDEN'S INVERSE JACOBIAN UPDATE SCHEME.

SORTA4  ROUTINE SORTS A LIST OF CHARACTER WORDS.

SPR0OOO SCHEDULE PROCESSOR WHICH PROCESSES RUN-TIME SCHEDULES FOR ROCTES
SIMULATION SYSTEM. )

SSBL0O4 THE COMPANION ROUTINE TO THE TRANSIENT INTEGRATION ROUTINE (RINTO1).
SSBLO4 IS USED TO ACHIEVE A STEADY STATE BALANCE OF STATES AND
CONVERGENCE OF ADDITIONAL BALANCES.

SUNBOO  UNI-VARIENT OR BI-VARIENT SEPARATE INTERPOLATION MAP READER WITH
OPTIONAL EXTRAPOLATION FOR OUT-OF-RANGE DATA.

SUNBO1 UNIVARIENT OR BIVARIENT SUNBAR-TYPE MAP READER WITH OPTION TO READ
MAP IN ANY DIRECTION AND EITHER EXTRAPOLATE OR RETURN CORNER VALUES.

SUNBO3  TRI-VARIENT SEPARATE INTERPOLATION MAP READER WITH OPTIONAL
EXTRAPOLATION FOR QUT-OF-RANGE DATA AND MULTI-DIRECTION READ OPTION.

UNITOO ROUTINE SETS CONVERSION FACTORS AND CONSTANTS IN THE UNITS COMMON
BASED ON THE SYSTEM REQUESTED.

WRITO1 INTERFACE ROUTINE FOR PRPO1 TO WRITE PLOT FILE FOR MSFC IBM 3080
SYSTEM IN THE ORIGINAL UNIVAC FILE FORMAT,

XPROO1 PURPOSE: INTERFACES WITH SYSTEM COMMONS TO DIRECT MODEL EXECUTION.
THIS ROUTINE CALLS NECESSARY NUMERICAL ROUTINES AND DIRECTS
EXECUTION IN THE CALLING PROGRAM BY MEANS OF AN OUTPUT SIGNAL.

The properties contained in the ROCETS system include combustion for Hp/0,, hydrogen,
oxygen, helium, nitrogen, methane, and various metals. They are listed below and followed with a
brief description.
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PROPERTY MODULE SUB-MODULE

COMBUSTION HGPROP COMBO1
) ComMBO2

ZGASO00

ZZH201

HYDROGEN H2PROP HHCPOS
: HHCV05
HHPKOS

. HHPSO05

HHPUO5

HPSHO1

HPUTOS

HRHPO5

HRHPC6

HRUPQ5

OXYGEN 02PROP OHCPQO5
OHCV05
OHPKO5
OHPS05
HHPUOS
HPSHO1
HPUTO5
HRHPO5
HRHPO6
HRUPQS

HELIUM HEPROP EHPS05
EHPT05
ERHPOS5

NITROGEN N2PROP NHPS05
NPHT0S
NRHPO5

METHANE N2PROP MCPTO05
MCVTO5
MHPS05
MHPTO5
MRHPQ5

METALS PRPMO1
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Properties General Description Summary:

COMBO1
COMBO02
EHPS05

EPTHO5
ERHPO5

HEPROP
HGPROP

HHCPOS
HHCVO05S
HHPK05
HHPS05
HHPUOS
HPSHO1
HPUTOS
HRHPOS
HRHPO6
HRUPQS
H2PROP
MCPT05
MCVT05

MEPROPR
MHPS05

OBTAINS HOT GAS TRANSPORT PROPERTIES FOR H2/02 COMBUSTION PRODUCTS.
PERFECT GAS COMBUSTION (H2/02) WITH HELIUM DILUTION.

OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR HELIUM FROM AN ENTHALPY,
PRESSURE, ENTROPY MAP.

OBTAINS THEMOPHYSICAL FLUID PROPERTIES FOR HELIUM FROM A PRESSURE,
ENTHALPY TEMPERATURE MAP,

OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR HELIUM FROM A DENSITY,
ENTHALPY, PRESSURE MAP.

SUBROUTINE ACCESSES HELIUM PROPERTIES VIA HELIUM PROPERTY MAPS.

MAIN DRIVER FOR HOT GAS PROPERTIES (H2/02 COMBUSTION PRODUCTS) FROM
MAPS (INCLUDES HELIUM PURGE EXCEPT FOR Z, MU, AND K)

OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN FROM AN
ENTHALPY, PRESSURE, CONSTANT PRESSURE SPECIFIC HEAT MAP

OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN FROM AN
ENTHALPY, PRESSURE, CONSTANT VOLUME SPECIFIC HEAT MAP

OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN FROM AN
ENTHALPY, PRESSURE, THERMAL CONDUCTIVITY MAP

OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN FROM AN
ENTHALPY, PRESSURE, ENTROPY MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN
FORM AN ENTHALPY, PRESSURE, VISCOSITY MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN
FROM A PRESSURE, ENTROPY, ENTHALPY MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN
FROM A DENSITY, ENTHALPY, PRESSURE MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN
FROM A DENSITY, ENTHALPY, PRESSURE MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN
FROM A DENSITY, ENTHALPY, PRESSURE MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR PARA-HYDROGEN
FROM A DENSITY, INTERNAL ENERGY, PRESSURE MAP.

SUBROUTINE ACCESSES HYDROGEN PROPERTIES VIA HYDROGEN PROPERTY
MAPS.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR METHANE FROM
A TEMPERATURE, PRESSURE, CONSTANT PRESSURE SPECIFIC HEAT MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR METHANE FROM
A TEMPERATURE, PRESSURE, CONSTANT VOLUME SPECIFIC HEAT MAP.

SUBROUTINE ACCESSES METHANE PROPERTIES VIA METHANE PROPERTY MAPS.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR METHANE FROM
AN ENTHALPY, PRESSURE, ENTROPY MAP,
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MPHTO5

MRHP05

NHPS05

NPHT05

NRHPOS5

N2PROP
OHCPO5

OHCVO05

OHPKO5

OHPS05

OHPUOS

OPUTO5

ORHPO5

ORHPO6

ORUPO5

02PROP
PRPMO1
PRPMO1

ZGAS00
ZZH201

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR METHANE FROM
AN ENTHALPY, PRESSURE, TEMPERATURE MAP,

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR METHANE FROM
A DENSITY, ENTHALPY, PRESSURE MAP.

SUBROUTINE OBTAINS OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR
NITROGEN FROM AN ENTHALPY, PRESSURE, ENTHROPY MAP,

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR NITROGEN FROM
A PRESSURE, ENTHALPY TEMPERATURE MAP

SUBROUTINE SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR
NITROGEN FROM A DENSITY, ENTHALPY, PRESSURE MAP

SUBROUTINE ACCESSES NITROGEN PROPERTIES VIA NITROGEN PROPERTY MAPS,

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FORM
AN ENTHALPY, PRESSURE, CONSTANT PRESSURE SPECIFIC HEAT MAP

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN
FROM AN ENTHALPY, PRESSURE, CONSTANT VOLUME SPECIFIC HEAT MAP

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FROM
AN ENTHALPY, PRESSURE, ENTROPY MAP.

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FROM
AN ENTHALPY, PRESSURE, ENTROPY MAP,

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FROM A
PRESSURE, ENTROPY, ENTHALPY MAP.

SUBROUTINE THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FROM A
PRESSURE, INTERNAL ENERGY, TEMPERATURE MAP

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FROM A
DENSITY, ENTHALPY, PRESSURE MAP

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES AND PARTIALS FOR
OXYGEN FROM A DENSITY, ENTHALPY, PRESSURE MAP

SUBROUTINE OBTAINS THERMOPHYSICAL FLUID PROPERTIES FOR OXYGEN FROM A
DENSITY, INTERNAL ENERGY, PRESSURE MAP

SUBROUTINE ACCESSES OXYGEN PROPERTIES VIA OXYGEN PROPERTY MAPS
SUBROUTINE ACCESSES OXYGEN PROPERTIES VIA OXYGEN PROPERTY MAPS,

SUBROUTINE GIVES THE SPECIFIC HEAT AND CONDUCTIVITY OF VARIOUS METALS
AS A FUNCTION OF TEMPERATURE.

SUBROUTINE CALCULATES THE REAL GAS COMPRESSIBILITY FACTOR FOR H2/H202
SUBROUTINE CALCULATES COMPRESSIBILITY FACTOR FOR H2.
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SECTION IV
TTBE MODEL

Two models of the Technology Test Bed Engine (TTBE) were generated under the program. The
initial model was a simple model without boost turbopumps, and with a simulation complexity of 55
state variables and 2 algebraic loops. After testing and verification of this model, a detailed TTBE model
with the boost turbopumps and a POGO system was configured with 122 state variables and 14 algebraic
loops. _

4.1 SIMPLE TTBE SIMULATION

A simple model of the Technology Test Bed Engine (TTBE) was generated as the initial system
verification vehicle for the simulation system. Figure 4-1 shows a schematic of the simple TTBE
along with the 42 specific stations in the simulation. By using generic code, only the following 13
component modules were required by the simulation:

s

INJTOO - Main Injector

2. MCHBOO - Main Chamber

3. MIXROO - Flow Mixer

4., NOZLOO - Nozzle Thrust Calculations

5. PBRNOO - Preburner

6. PIPEQCO - Incompressibie flow with inertia

7. PIPEQ1 - Incompressible flow without inertia
8. PIPEQ2 - Compressible flow without inertia
9. PUMO0O - Polytropic Pump

10. ROTROO - Rotor Torque Balance/Speed Derivative
11. SPLTO0 - Flow Splitter

12. TURBOO - Turbine

13. VOLMOO - Volume

The modules described above were configured into the simple TTBE simulation along with
required property reiationships and numerical utilities. There were 55 state variables and 2
algebraic loops required in the simulation as shown in Table 4-1. State derivatives and outputs are
calculated form model inputs and states.

Using initial guesses from data of the Digital Transient Model (DTM) of Reference 2 at 100%
RPL, SMITE successfully obtained all TTBE model state derivatives and algebraic loop parameters
to within specific tolerances. This demonstrated the capability of the ROCETS system to converge
a rocket simulation to a steady-state point without running a transient. Transient capability was
demonstrated by running the simple TTBE simulation with smail perturbations of valve areas about
the 100% RPL point. The results of these tests are presented in Section 5.0 — System testing and
verification. :
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TABLE 4-1 - Simple TTBE Simulation States and Algebraic Loops

STATE DESCRIPTION

OFRFPRB Fuel Preburner Oxidizer Fraction
OFRMCHB Main Chamber Oxidizer Fraction
QOFRMFI Main Fuel Injector Oxidizer Fraction
OFROPRB Oxidizer Preburner Oxidizer Fraction
RHOFMCO Volume FMCO Density

RHOFPBI Fuel Preburner Injector Density
RHOFPRB Oxidizer Preburner Injector Density
RHOF10S Volume F10S Density

RHOMCHB Main Chamber Density

RHOMFI Main Fuel Injector Density

RHOMOI Main Oxidizer Injector Density
RHOOPBI Oxidizer Preburner Injector Density
RHOOPRB Oxidizer Preburner Density
RHOPBSF Preburner Fuel Splitter Density
RHOPBSO Preburner Oxidizer Splitter Density
RHO10 Volume 10 Density

RHO12 Volume 12 Density

RHO15B Volume 15B Density

RHOS8 Volume 8 Density

SNF2 Fuel Turbomachinery Speed

SNO02 Oxidizer Turbomachinery Speed
TTFPRB Fuel Preburner Temperature
TTMCHB ’ Main Chamber Temperature

TTMFI Main Fuel Injector Temperature
TTOPRB Oxidizer Preburner Temperature
UTFMCO Volume F10S Internal Energy
UTMOI Main Oxidizer Injector Internal Energy
UTOPBI Oxidizer Preburner Injector Internal Energy
UTPBSF Preburner Fuel Splitter Internal Energy
UTPBSO Preburner Oxidizer Splitter Internal Energy
uTi0 Volume 10 Internal Energy

uT12 Volume 12 internal Energy

uT15B Volume 15B Internal Energy

uT7S Volume 7S Internal Energy

uT8 Volume 8 Internal Energy

wWCCV Coolant Control Valve Flow

WFPHI Fuel Preburner Fuel Flow

WFPOV Fuel Preburner Oxidizer Flow

WFTI Line FTI Flow

WFTID Line FTID Flow

WF10 Line F10 Flow

WMFV Main Fuel Valve Flow

WOPHI Oxidizer Preburner Fuel Flow
WOPQV Oxidizer Preburner Oxidizer Flow
W11 Line 11 Flow

W16 Line 16 Flow
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w20 Line 20 Flow -

w2t Line 21 Flow

w4 Line 4 Flow

W7 Line 7 Flow Flow

w9 Line 9 Flow

ITERATION VARIABLE DESCRIPTION

WFTRB Fuel Turbine Flow - lterated until equal to
calculated value .

WOTRB LOX Turbine flow - lterated until equal to

calculated value
4.2 DETAILED TTBE SIMULATION

After successful verification of the simple TTBE model, a dstailed TTBE model simulation was
developed. The approach was to model the lox side and test, then the fuel side and test, then
the hot gas system and test, and finally connect the three sub-systems and test. A schematic of
the entire engine simulation is presented on Figure 4-2. There are 122 states and 14 additional
balances in the simulation. Each of the station names are labeled on the schematic.

A description of the modules used to configure the TTBE along with a list of the TTBE
schematic names that use that particular module follows.
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Pipe Modules

Six pipe modules were used to configure the TTBE. They are PIPEOO, PIPEO1, PIPEQO2, PIPEQS,
PIPEO5, PIPED6. Following is a list of the TTBE schematic pipe names that use the corresponding
pipe routines, a description of each module, and the states of each module.

Module PIPEQQ
Schematic Names: F1, F2, F5, FB, F7, F8, FFPB, FOPB, 02, 03, 05
OFPB, OOFPB, OINJ
Description:

This module calculates the flow derivative for incompressible fluid flow in a pipe with
inertial effects.

rivativ
PIPEQOO has flow as a state and calculates the flow derivative.
M le Pl 1

Schematic Names: F3, F4, F11, F12, F13, F14, F15, FSLV, FIG, FTC,
OTC, 04, 06, 07, MOV, FPOV, OPOV

ription:
This module calculates flow through a pipe for an incompressible fluid.

PIPEO1 calculates flow but it is not treated as a state. This module does not treat any
parameters as states and therefore does not calculate any state derivatives.

Module PIPEQ2
Schematic Names: HG3, HG4, OLK
ription:
This module caiculates flow through a pipe for a compressible fluid.
n ivativ

PIPEO2 caiculates flow but it is not treated as a state. This module does not treat any a
parameters as states and therefore does not calculate any state derivatives.

Module PIP
hematic Names: 01

This module calculates the flow derivative for incompressible fluid flow in a pipe with
inertial effects and elevation change.
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jvativ

PIPEQ3 has flow as a state and calculates the flow derivative.

ic Names; HG1, HG2, HG3, HGB, FINJ, HG5

This module calculates upstream pressure for compressible flow.

PIPEOS uses flow but it is not treated as a state. This module does not treat any
parameters as states and therefore does not calculate any state derivatives.

matic Names: F9, F10

This module calculates upstream pressure for incompressible flow.

PIPEO6 uses flow but it is not treated as a state. This module does not treat any
parameters as states and therefore does not calculate any state derivatives.

Yalve Module

One valve module, VALV0OOD, was used to configure the TTBE. Following is a list of the TTBE
schematic valve names that use the VALVOO routine, a description of the VALVO0 module, and the
states of the VALVOO module.

Module VALVQQ
matic N : MFV, CCV
Description:
This module ca:lculates flow through VALVE for an incompressible fluid.
n ivativ

VALVOO calculates flow but it is not treated as a state. This module does not treat any a
parameters as states and therefore does not calculate any state derivatives.
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Schematic Names; VL1, VL2, VL5, VLS, VL10, VL14, VL15, VL17, VL18, VL22

This module performs a continuity and energy analysis of a volume for pure fluids with
one inlet flow, one exit flow, and one heat flow.

n rivatives:

YOLMOO has density and internai energy as states. Corresponding derivatives are
calculated for each state.

Module VOLMO1
hematic Names: vL3, VL4, VL8, VL13, VLi16, VL18, VL20, VL21, PBSF, PBSO
iption;

The module performs a continuity and energy analysis of a volume for pure fluids with
multiple inlet flows, multiple exit flows, and multiple heat fiows.

n rivatives:

YOLMO1 has density and internal energy as states. Corresponding derivatives are
calculated for each state.

Module YOLMQ2
ic Names: FTBP, OTBP, FSF, OSF, MFI
iption:;

This module performs a continuity and energy analysis of a volume for perfect gases with
oxygen, hydrogen, and helium as possible constituents. The analysis is performed with
muiltiple inlet flows, muitiple exit flows, and muitiple heat flows.

VOLMO02 has pressure, temperature, oxidizer fraction, and helium fraction as states.
Corresponding derivatives are calculated for each state.
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Module NCLYVQQ
Schematic NAMES: VL6, VL7, VL11, VL12

This module models the cooling of the chamber and nozzle. The module performs a
continuity and heat transfer analysis of a volume of pure fluids with one inlet flow, one
exit flow, multiple node metal temperatures, and muitiple node heat transfer surface
areas. The heat transfer rate is calculated for each node.

NCLV00 has density and internal energy as states. Corresponding derivatives are
calculated for each state.

Rotor Module

The Inertial and transient speed effects for turbopumps are modeled by the ROTR0OO
module which mechanically links each turbopump togsther. Following Is a list of the TTBE
schematic turbopump names that use the rotor routine, a description of the ROTROO
module, and the states of the ROTRO0 module.

Module ROTRQQ
Schematic Names: LPFP/LPFT, HPFP/HPFT, LPOP/LPOT, (HPOP and PRBP)/HPOT
ription:

Given supply torques, required torques, rotative speed and the overall polar moment of
inertia, this routine calculates the speed derivative for the given system.

ROTROC has rotative speed as a state and calculates the corresponding speed derivative.
Pump Module

One pump module, PUMPQ1, was used to configure the TTBE. Following is a list of the TTBE
schematic pump names that use the pump routine, a description of the PUMPO1 module, and the
states of the PUMPO1 module. :

Module PUMPO1
Schematic Names: LPFP, HPFP, LPOP, HPOP, PRBP
Description:

By assessing the appropriate pump performance map, this module calculates exit
enthalpy, exit pressure, and required torque for a constant density pump.
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States and State Derivatives:

PUMPO1 uses rotative speed but it is not treated as a state (see module ROTROO above).
This module does not treat any parameters as states and therefore does not calcuiate
any state derivatives.

Turbine Modules

Two turbine modules were used to configure the TTBE and they are TURBO1 and TURBO2.
Following is a list of the TTBE schematic turbine names that use the corresponding turbine
routines, a description of each module, and the states of each module.

Module TURBO1
Schematic Name: LPFT, HPFT, HPOT

ription;
By accessing the appropriate turbine performance map, using isentropic efficiency this

module calculates exit enthalpy, supply torque, and required turbine flowrate for a turbine
driven by a perfect gas.

riv

TURBO1 uses rotative speed but it is not treated as a state (see module ROTR0O0 above).
This module does not treat any parameters as states and therefore does not calculate
any state derivatives.

By acéessing the appropriate turbine performance map, using intropic efficiency this
module calculates exit enthalpy, supply torque, and required turbine flowrate for turbine
driven by a liquid.

rivativ

TURBOQ2 uses rotative speed but it is not treated as a state (see module ROTROO above).
This module does not treat any parameters as states and therefore does not calculate
any state derivatives.

POGO Module
A POGC module, POGOQ0, was used to configure the POGO suppression system for the TTBE.

Following is a list of the TTBE schematic component names that use the POGO routine, a
description of the POGO module, and the states of the POGO module.
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Module POGOQQ
Schematic Name: POGO
Description:

This module models the POGO suppression system. Given the oxygen-side conditions,
this module calculates the required exit oxygen flowrate and appropriate derivatives.

rivativ

POGOO00 has pressure, liquid oxygen flowrate, liquid oxygen mass, and helium fraction as
states. Corresponding derivatives are calculated for each state.

Main Cham i ]

One main chamber combustion module, MCHBO1, was used to configure the TTBE. Following
is the TTBE schematic name for the main chamber combustion, a description of the MCHBO1
module, and the states of the MCHBO1 module.

le M 1
Schematic Names: MCHB
Description;

This module models perfect gas hydrogen/oxygen combustion with helium dilution, unburn
capability, and volume dynamics.

ivativ

MCHBO1 has pressure, temperature, oxidizer fraction, and helium fraction as states.
Corresponding derivatives are calculated for each state.

m |

One preburner module, PBRNO1, was used to configure the TTBE. Following is a list of the
TTBE schematic preburner names that use the PBRNO1 routine, a description of the PBRNO1
moduie, and the states of the PBRNO1 module.

Module PBRNQ1 .
Schematic Names: FPRB, OPRB
ription:

This module models perfect gas hydrogen/oxygen combustion with helium dilution, and
volume dynamics.

States and State Derivatives:

PBRNO1 has pressure, temperature, oxidizer fraction, and helium fraction as states.
Corresponding derivatives are calculated for each state.
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METAL MODULE

The transient metal temperature effecters are modeled by the METLOO module. Following is a
list of the TTBE schematic component names that use the METLOO routine, a description of the
METLOO module, and the states of the METLOO module.

Module METLQOO
Schematic Namesg: VL6/QDOTNZ1, VL7/QDONTNZ2. VL11/QDOTCHM1, VL12/QDOTCHM2.
iption:

Given the mass of the metal and the temperature of the metal, this routine caiculates the
metal temperature derivative for each of the given multiple nodes.

States and State Derivatives:
METLOC has metal temperature as a state and calculates the corresponding derivative.
hamber ide H nsfer Modul

One chamber heat transfer module, QCHMO01, was used to configure the TTBE. Following is a
list of the TTBE schematic names that used the QCHMO1 routine, a description of the QCHMO1
module, and the states of QCHM0O1 module.

| HM
Schematic Names: QDOTCHM1, QDOTCHM2

This module calculates the multiple node heat flowrate through the chamber wall from the
combustion gases using a Bartz empirical correlation.

WCHMO1 uses metal temperature but it is not treated as a state (See METLOO above).
This module does not treat any parameters as states and therefore does not calculate
any state derivatives.

le H i Transfer Modul

One nozzle heat transfer module, QNOZ01, was used to configure the TTBE. Following is a
list of the TTBE schematic names that use the QNOZ01 routine, a description of the QNOZ01
module, and the states of QNOZ01 module.
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Module QNOZ01
Schematic Names: QDOTNZ1, QDOTNZ2

This module calculates the multiple node heat flowrate through the nozzie wall from the
"~ combustion gases using a Bartz empirical correlation.

ivativ

QNOZ01 uses metal temperature but it is not treated as a state (See METLOO above).
This module does not treat any parameters as states and therefore does not calculate
any state derivatives.

Module NOZLOQ
Schematic Names: NOZL
ription:

This module calculates the gross thrust, flow through the nozzle, and the exit mach
number using isentropic relations.

NOZLOO calculates flow but it is not treated as a state. This module does not treat any

parameters as states and therefore does not calculate any state derivatives.

TTBE States

The TTBE simulation has 122 states. The states, a description of the states, the module
names where the states are differentiated, and the corresponding schematic names are listed for
the fuel side in Table 4-1, for the oxidizer side in Table 4-2, and for the hot gas side in Table 4-3.

The thermodynamic states, density and internal energy are difficult parameters to iterate. To
overcome this difficulty pressure and enthalpy are iterated to solve the density and internal energy
corrector equations. The thermodynamic states, a description of the thermodynamic states, the
corresponding iteration parameters, and a description of the corresponding iteration parameters
are listed for the fuel side in Table 4-4 and for the oxidizer side in Table 4-5.

TTBE Additional Required Balances

Fourteen additional balances are required to close the loop on pressures and temperatures to
achieve a power balance. The iteration parameters and the two balance parameters along with
their descriptions are listed in Table 4-6.
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Table 4-1. Fuel Side States
Module Schematic

State Description Name Name
SNFL Low-pressure fuel turbopump speed ROTROO0 LPFP/LPFT
RHOVL1 Density Of Vol. 1 VOLMOO VL1
UTvLi Internal Energy Of Vol. 1 VOLMOO VL1
WF1 Flow Rate Through Fuel Line 1 PIPEQQ F1
RHOVL2 Density Of Vol. 2 VOLMOO VL2
UTvL2 internal Energy Of Vol. 2 vOLMO0 VL2
SNFH High-Pressure Fuel Turbopump ROTROO HPFP/HPFT

Speed

RHOVL3 Density of Vol. 3 VOLMO1 VL3
UTVL3 Internal Energy of Vol. 3 VOLMO1 vL3
RHOVL4 Density of Vol. 4 VO.MO1 VL4
uTvL4 Internal Energy of Vol. 4 VOLMO1 VL4
WF2 Flow Rate Through Fuel Line 2 PIPECO F2
RHOVL5 Density of Vol. 5 VOLMO0O VL5
UTVLS Internal Energy of Vol 5 VOLMOO VL5
RHOVL6 Density of Vol. 6 NCLVOO VL6
UTVvL6 Internal Energy of Vol. 6 NCLV00 VL6
TMMTLA Metal Temp. for Qdotnoz1 METLOO Qdotnoz1
RHOVL? Density of Vol. 7 NCLVOO0 VL7
UTvL? Internal Energy of Vol. 7 NCLVOO0 VL7
TMMTL2 Metal Temp. for Qdotnoz2 METLOO0 Qdotnoz2
WF5S Fiow rate through fuel line 5 PIPEOO F5
RHOVLS Density of vol. 8 VOLMO!1 VL8
uTvLs Internal energy of vol. 8 VOLMO1 VL8
RHOVLS Density of vol. 9 VOLMO0 VL9
uTvLY Internal energy of vol. 9 VOLMO009 VLS
WF6 Flow rate through fuel line 6 PIPECO F6é
WF8 Flow rate thorough fuel line 8 PIPEOO F8
RHOVL10 Density of vol. 10 YOLMOO VL10
uTvL10 Internal energy of vol. 10 VOLMOO VL10
RHOVL11 Density of vol. 11 NCLVQ0 VL11
uTvL11 Internal energy of vol 11 NCLVOD VL11
TMMTL3 Metal temp. for Qdotchmi METLO0 Qdotchm1
RHOVL12 Density of vol. 12 NCLVOO vL12
UTvL12 Internal energy of vol. 12 NCLV00 vL12
TMMTL4 metal temp. for Qdotchm?2 METLOO Qdotchm2
RHOVL13 Density of vol. 13 VOLMO1 VL13
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State

UTVL13
RHOVL14
UTvL14
RHOVL15
UTVL15
RHOVL16
UTvLi16
WF7
PHOPBSF
UTBSF

Table 4-1. Fuel Side States (Continued)

Description

internal energy of vol. 13
Density of vol. 14

internal energy of vol. 14
Density of vol. 15

Internal energy of vol. 15
Density of vol. 6

Internal energy of vol. 16
Fiow rate through fuel line 7
Density of PB fuel splitter vol.

Internal energy of PB fuel splitter vol.
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Module
Name

VOLMO1
VOLMO0
YOLMOO
VOLMOO0
VOLMOO0
VOLMO1
VOLMO1
PIPEQO

VOLMO1
vOLMO1

Schematic
Name

VL13
VL14
VL14
VL15
VL15
VL16
VL16
F7
PBSF
PBSF



Table 4-2. Oxidizer Side States

Module Schematic
State Description Name Name
W01 Flow rate through oxid. line 1 PIPEO3 o1
RHOVL17 Density of vol. 17 VOLMOO0 VL7
uTvLt7 Internal energy of vol. 17 vOLMOO VL7
w02 Flow rate through oxid. line 2 PIPEQO 02
RHOVL18 Density of vol. 18 VOLMOO VL1i8
UTvL18 Internal energy of vol. 18 vVOLMOQO0 vLi8
SNOL Low-pressure oxid. turbopump speed ROTROO0 LPOP/LPOT
RHOVL19 Density of vol. 19 VOLMO1 vL19
UTVL1S Internal energy of vol. 19 VOLMO1 VL19
w03 Flow rate through oxid. line 3 PIPEOO 03
RHOVL20 Density of vol. 20 VOLMO1 vL20
uTvL20 internal energy of vol. 20 VOLMO1 vL20
SNOH High-pressure oxid. turbopump ROTROO HPOP/HPOT
speed
RHOVL21 Density of vol. 21 VOLMO9 VL21
uTvL21 Internal energy of vol. 21 VOLMO1 viL21
w05 Flow rate through oxid. line 5 PIPEOQ 05
RHOVL22 Density of vol. 22 VOLMOQO VL22
UTvL22 internal energy of vol. 22 VOLMOO vL22
WPOGO Liguid oxid. flow into POGO POGO00 POGO
PTPOGO Pressure in POGO vol. POGOQ0 POGO
HFRPOGO Helium frac. in POGO vol POGOQO0 - POGO
RMLPOGO Mass of liquid in POGO vol. POGOQ0 POGO
wO89 Flow rate through oxid. line 9 PIPEQQ 09
RHOVL23 Density of vol. 23 VOLMQO VL23
UTvL23 Internai energy of vol. 23 VOLMOO VLWE
RHOMOI Density of main oxid. inj. vol. VOLMQCO MOl
uT™OI Internal energy of main oxid. inj. vol.  VOLMOO MOI
WOINJ Flow rate through oxid. line OINJ PIPEQO OINJ
RHOPBSO Density of PB oxid. splitter vol. VOLMO1 PBSO
UTPBSO Internal energy of PBoxid. splitter vol. VOLMO1 PBSO
wO10 Flow rate through oxid. line 10 PIPEQO 010
WO11 Flow rate through oxid. line 11 PIPEQQ 011
RHOVL24 Density of vol. 24 VOLMOO vL24
UTvL24 Internal energy of vol. 24 vOLMQO vL24
RHOVL25 Density of vol. 25 VOLM00 vL25
UTL25 Internal energy of vol. 25 vVOLMOO0 VL25
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Table 4-3. Hot Gas Side States

Module Schematic
State Description Name Name
RHOFPBI Density of fuel PB injector vol. VOLMQO FPBI
UTFPBI Internal energy of fuel PB injector vol. YOLMOO FPBI
RHOOPBI Density of oxid. PB injector vol. VOLMOO OorPBI
UTOPBI Internal energy of oxid. PB injector vol. VOLMOO oPBI
WFFPB Fusel flow rate to fuel PB PIPEQO FFPB
WFOPB Fuel flow rate to oxidizer PB PIPEOC FOPB
WOFPB Oxid. flow rate to fuel PB PIPEQO OFPB
WOOPB Oxid. flow rate to oxid. PB PIPEOO PPPB
PTFPRB Pressure in fuel PB vol. PBRNO1 FPRB
TTFPRB Temperature in fuel PB vol. PBRNO1 FPRB
OFRFPRB Oxid. fraction in fuel FB vol. PBRNO1 FPRB
HFRFPRB Helium fraction in fuel PB vol. PBRNO1 FPRB
PTOPRB Pressure in oxid. PB vol. PBRNO1 OPRB
TTOPRB Temperature in oxid. PB vol. PBRNO1 OPRB
OFROPRB Oxid. fraction in oxid. PB vol. PBRNO1 OPRB
HFROPRB Helium fraction in oxid. PB vol. PBRNO1 OPRB
PTFTBP Pressure in fuel turb. bypass vol. VYOLMO2 FTBP
TTFTBP Temperature in fuel turb. bypass vol. VOLMO02 FTBP
OFRFTBP Oxid. fraction in fuel turb. bypass vol. VOLMO02 FTBP
HFRFTBP hellium fraction in fuel turb. bypass VOLMO2 FTBP
vol.
PTOTBP Pressure in oxid. turb. bypass vol. YOLMO2 OTBP
TTOTBP Temperature in oxid. turb. bypass voi. VOLMO2 OTBP
OFROTBP Oxid. fraction in oxid. turb. bypass vol. vOLMO2 OTBP
HFROTBP Hellium fraction in oxid. turb. bypass vOoLMO2 OTBP
vol.
PTFSF Pressure in fuel secondary flow vol. VYOLMO2 FSF
TTFSF Telmperature in fuel secondary flow VOLMO2 FSF
vol.
OFRFSF Oxlid. fraction in fuel secondary flow vOLMO2 FSF
vol.
HFRFSF Helium fraction in fuel secondary flow VOLMO2 FSF
vol.
PTOSF Prewssure in oxid. secondary flow vol. VOLMO2 OSF
TTOSF Telmperature in oxid. secondary flow VOLMO2 OSF
vol.
QOFROSF Oxid. fraction in oxid. secondary flow VOLMO2 OSF

vol.
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Table 4-3. Hot Gas Side States (Continued)

Module Schematic

State Description Name Name

HFROSF Helium fraction in oxid. secondary flow VOLMO2 OSF
vol.

PTMFI Pressure in main fuel inj. vol. VOLMO2 MFI
TTMFI Temperature in main fuel inj. vol. VOLMO2 MFI
OFRMFI Oxid. fraction in main fuel inj. vol. VOLMO2 MFI
HFRMFI Helium fraction in main fuel inj. vol. VOLMO2 MFI
PTMCHB Pressure in main chamber vol. MCHBO1 MCHB
TTMCHB Temperature in main chamber vol. MCHBO1 MCHB
OFRMCHB Oxid. fraction in main chamber vol. MCHBO1 MCHB
HFRMCHB Helium fraction in main chamber vol. MCHBO1 MCHB
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Table 4-4. Fue! Side Thermodynamic States and Their Corresponding lteration Parameters

Thermo- Corresp.
dynamic Thermodynamic lteration Corresponding Iteration
State State Description Parameter Parameter description
RHOVL1 Density of vol. 1 PTVLI Pressure in vol. 1
UTVL1 Iinternal energy of vol. 1 HTVLA1 Ethalpy of vol. 1
RHOVL2 Density of vol. 2 PTVL2 Pressure in vol. 2
UTVvL2 Internal enegy of vol. 2 HTVL2 Enthalpy of vol. 2
RHOVL3 Density of vol 3 PTVL3 Pressure in vol. 3
uTvL3 internal energy of vol. 3 HTVL3 Enthalpy of vol. 3
RHOVL4 Density of vol. 4 PTVL4 Pressure in vol. 4
utvL4 Internal energy of vol. 4 HTVL4 Enthalpy of vol. 4
RHOVL5 Density of vol. 5 PTVLS Pressure in vol. 5
UTVLS Internal energy of vol. § HTVLS Enthalpy of vol. §
RHOVLE Density of vol. 6 PTVL6 Pressure in vol. 6
UTvLé Internal energy of vol. 6 HTVLE Enthalpy of vol. 6
RHOVL7 Density of vol. 7 PTVL7 Pressure of vol. 7
uTvL? Internal energy of vol. 7 HTVL7 Enthalpy of vol. 7
RHOVLS Density of vol. 8 PTVLS Pressure of vol. 8
uTvL8 Internal energy of vol. 8 HTVLS Enthaipy of vol. 8
RHOVLS Density of vol. 9 PTVLY Pressure of vol. 9
uTvLS Internal energy of vol. 9 HTVL9 Enthalpy of vol. 9
RHOVL10 Density of vol. 10 PTVL10 Pressure of vol. 10
UTVL10 Internal energy of vol. 10 HTVL10 Enthalpy of vol. 10
RHOVL11 Density of vol. 11 PTVL1H Pressure of vol. 11
UTvL11 Internal energy of vol. 11 HTVL11 Enthalpy of vol. 11
RHOVL12 Density of vol. 12 PTVL12 Pressure of vol. 12
UTVL12 Internal energy of vol. 12 HTVL12 " Enthalpy of vol. 12
RHOVL13 Density of vol. 13 PTVL13 Pressure of vol. 13
UTvL13 internal energy of vol. 13 HTVL13 Enthalpy of vol. 13
RHOVL14 Density of vol. 14. PTVL14 Pressure of vol. 14
UTvLi14 internal energy of vol. 14 HTVL14 Enthalpy of vol. 14
RHOVL15 Density of vol. 15 PTVL1§ Pressure of vol. 15
UTVL15 Internal energy of vol. 15 HTVL15 Enthalpy of vol. 15
RHOVL16 Density of vol. 16 PTVL16 Pressure of vol. 16
UTVL16 Internal energy of vol. 16 HTVL18 Enthalpy of vol. 16
RHOPBSF Density of PB fuel splitter PTPBSF Pressure in PB fuel
vol. splitter vol.
UTPBSF Internal energy of PB fuel HTPBSF Enthalpy of PB fuel
splitter vol. splitter vol.
RHOFPBI Density of fuel PB injector PTFPBI Pressure in fuel PB
vol. injector vol.
UTFPBI Internal energy of fuel PB HTFPBI Enthalpy of fuel PB
injector vol. injector vol.
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Table 4-5. Oxidizer Side Thermodynamic States and Their Corresponding
lteration Parameters

ggﬁg:“og Thermodynamic l(t:::argz% Corresponding It_eration
State State Description Parameter Parameter description
RHOVL17 Density of vol. 17 PTVL17 Pressure in vol. 17
uTvLi7 Internal energy of vol. 17 HTVL17 Enthalpy of vol. 17
RHOVL18 Density of vol. 18 PTVL18 Pressure in vol. 18
UTvL18 Internal energy of vol. 18 HTVL18 Enthalpy of vol. 18
RHOVL19 Density of vol. 19 PTVL19 Pressure in vol. 19
UTvLi19 Internal energy of vol. 19 HTVL19 Enthalpy of vol. 19
RHOVL20 Density of vol. 20 PTVL20 Pressure in vol. 20
UTVvL20 Internal energy of vol. 20 HTVL20 Enthalpy of vol. 20
uTvL21 Density of vol. 21 PTVL21 Pressure in vol. 21
RHOVL21 Internal energy of vol. 21 HTVL21 Enthalpy of vol. 21
uTtvL22 Density of vol. 22 PTVL22 Pressure in vol. 22
RHOVL22 Internal energy of vol. 22 HTVL22 Enthalpy of vol. 22
UTvL23 Density of val. 23 PTVL23 Pressure in vol. 23
RHOVL23 internal energy of vol. 23 HTVL23 Enthalpy of vol. 23
RHOMOI Density of main oxid. injector PTMOI Pressurs in main oxid
vol. injector vol.
UTMOI Internal energy of main oxid. HTMOI Enthalpy of main oxid
injector vol. injector vol.
RHOPBSO Density of PB oxid. splitter PTPBSO Pressure in PB oxid.
7 vol. splitter vol.
uTPBSO Internal energy of PB oxid HTPBSO Enthalpy of PB oxid.
splitter vol. splitter vol.
RHOVL24 - Density of vol. 24 ' PTVL24 Pressure in vol. 24
UTvL24 Internal energy of vol. 24 HTVL23 Enthalpy of vol. 24
RHOVL25 Density of vol. 25 PTVL25 Pressure in vol. 25
UTVL25 Internal energy of vol. 25 HTVLZ23 Enthalpy of vol. 25
RHOOPBI Density PTOPBI Pressure in oxid. PB
injector vol.
uToPsI Internal energy of oxid. PB HTOPBI Enthalpy of oxid. PB
injector vol. - injector vol.
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Table 4-6. TTBE Modsel! Additional Required Balances

iterated Balance Balance

lterated Parameter Balancse Parameter 1 Balance Parameter 2

Parameter Description Parameter 1 Description Parameter 2 Description

WLPFP LPFP flow PTVL1 Vol. 1 pressure PTLPFD LPFP Disch. Pressure

WHPFP HPFP Flow PTVL3 Vol. 3 Pressure PTHPFD HPFP Disch. Pressure

WLPOP LPOP Flow PTVL19 Vol. 19 Pressure PTLPOD LPOP Disch. Pressure

WHPOP HPOP Flow PTVL21 Vol. 21 Pressure PTHPOD HPOP Disch. Pressure

WPRBP PBRP Flow PTPBSO Vol. PBSO PTPBPD PRBP Disch. Pressure

Pressure .

TTHTFD HPFT Disch. TTHTFD HPFT Disch. TTHTFDC Calc. HPFT Disch. Temp.
Temp. Temp.

TTHTOD HPOT Disch. TTHTOD HPOT Disch. TTHTODC Calc. HPOT Disch.
Temp. Temp. Temp.

WHG1 FPRB Disch. PTFPRB FPRB Pressure PTFPRBC Calc. FPRB Pressure
Flow

WHG2 OPRB Disch. PTOPRB OPRB Pressure PTOPRBC Calc. OPRB Pressure
Flow

WHGS FSF to MFI PTFSF FSF Pressure PTFSFC Calc. FSF Pressure
Flow

WHG6E OSF to MFIFlow PTOSF OSF Pressura PTOSFC Calc. OSF Pressure

WFINJ FINJ Flow PTMFI MFI| Pressure PTMFIC Calc. MF! Pressure

WF9 FL10 to VL11 PTVLiO0 Vol. 10 Pressure PTVL10C Calc. Vol. 10 Pressure
Flow

WF10 FL11 to VL12 PTVL11 Vol. 11 Pressure PTVLI1C Calc. Vol. 11 Pressure
Flow
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SECTION V
SYSTEM TESTING AND VERIFICATION

Systemn simulations were generated and operated to verify the proper operation of the
ROCETS system. Math model simulations utilized for this testing included:

e Simple TTBE Model

¢ Detailed LOX side Model
e Detailed TTBE Model

e Sub-set Model

Because the models did not use all the same equations and calculations of the SSME DTM
(Reference 2), the resulting predictions were not expected to reproduce exactly the DTM.
However, comparisons to the DTM resuits were used as a guide that the models were functioning
properly in the ROCETS system.

5.1 SIMPLE TTBE MODEL TEST

The simple TTBE Model (as defined in Section 4.1) had 55 state variables and 2 algebraic
loops. The initial test was obtaining a steady state balance at 100% RPL by driving the state
derivatives to zero and closing the algebraic loops (to within a specific tolerance). This
demonstrated the capability of the ROCETS system to converge a rocket simulation to a
steady-state point without running a transient. Transient capability was demonstrated by running
the simple TTBE simulation with small perturbations of preburner vaive areas about the 100% RPL
point.

Additional algebraic loops (balances) were placed in the model to set preburner valve
coefficients at points other than 100% RPL. The fuel preburner valve coefficient was iterated until
chamber pressure (PTMCHB) was equal to the request:

PTMCHBRegquest = PTMCHB1gg rRpL X %RPL

The LOX preburner valve coefficient was iterated until chamber oxidizer fraction (OFRMCHB)
was equal to a constant value of 0.865. (this is equivalent to a mixture ratio of 6.407). Figure
5-1 shows main chamber pressure and oxidizer fraction as a function of RPL. A series of
steady-state points between 60% and 119% RPL were then run with the solver iterating on valve
coefficients untit chamber pressure and LOX fraction were satisfied. this demonstrated the ability
of the model to use the solver as a means to set a model parameter based on an input constraint.
Output of the run gives a reference steady-state operating characteristic for the model and
provides data for SMITE guess curves. Figure 5-2 shows turbine speeds as a function of RPL.
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The steady-state data as a function of RPL was tabularized and used to construct an
open-loop control with RPL request input and valve data area requests calculated from the table.
The valve request were put through a first order lag to simulate actuator dynamics. Gross throttle
transients were run by inputting an RPL request as a function of time and using the open-loop
control to provide valve areas. Figures 5-3 and 5-4 show results of a transient run from 100% to
65% RPL decel and figures 5-5 and 5-6 show a transient run from 65% to 109% RPL. These test
with the simple TTBE model demonstrated the ability of ROCETS to obtain a steady-state balance,
obtain steady-state valve schedules based on imposed constraints, and to operate transiently.
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SIMPLE TTBE SIMULATION
THROTTLE TRANSIENT DECEL
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Figure 5-4 - Main Chamber Conditions as a Function of Time
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5.2 DETAILED LOX SIDE MODEL TEST

The Oxidizer side of the detailed Technology Test Bed Engine (TTBE) model was configured to
verify component fidelity and basic model definition. Figure 5-7 shows a schematic of the model
with the station names labeled. This version of the model did not include a pogo system, which
was added later.

In order to verify the configured model, a shutdown transient was executed by giving the
detailed lox side model transient inputs from the Rocketdyne Digital Transient Model (DTM) of
reference 2. These inputs were the high-pressure rotor speed, the low-pressure pump inlet
pressure, the pogo flowrate, and the oxidizer flowrates to the preburners and main chamber.
Figures 5-8 and 5-9 show these inputs as a function of time. Some results from operating the
lox-side TTBE simulation are shown in Figures 5-10 to 5-13 with overlays to the DTM predictions.
A 10ms time step, which is approximately 50 times larger than the DTM, was used with the impilicit
integration scheme of ROCETS.

With 5 passes, or less, at each time step to obtain the implicit integration, an order of
magnitude savings exist in computer calculations for a simulated transient. Figure 5-10 & 5-11
presents the low pressure pump and line 2 flowrates for both simulations showing excellent
agreement. The comparisons between the two simulations of low pressure rotor speeds (Figure
5-12) and mixer 2 total pressure (figure 5-13) are also very good transiently with only some initial
steady-state level differences.
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5.3 DETAILED TTBE MODEL TEST

The complete detailed TTBE model was balanced at 100% RPL and compared to the DTM. As
shown on Table 5-1, the balance condition was close to the values of the DTM parameters.
Various open loop transients in main stage operation were exercised to verify proper operation of
the model operating in the ROCETS system. Figures 5-14 through 5-21 present the results of one
of these experiments. The engine was initiated at 100% RPL, and then the fuel preburner valve
was closed 10% (Figure 5-14). The transient response to selected parameters of flows, pressure,
speeds, and pogo flowrate and pressure are presented on Figure 5-15 through 5-21.
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Table 5 -1. Comparison Between DTM & TTBE

RDIM IOBE % DIFF
PEY Spead - 13603.43 15198.43 2.598
WPt Spaed’ 34189.85 36173.44 8.043
LPFP Flawrate 148.732 149,496 9.512
WPPFP Flowrste 145,188 149,496 z.989
NPFP Pr Rise $885.45 $926.521 2.081
LPFT Flosrate 28.063 28.773 2.530
PESF Teme. 278.182 293.347 5.451
LPOT Speed $041.484 $459.55¢ 9.359
WOT Speed 27268.7¢ 27289.57 8.178
LPOP Flowrnte 896.203 905.328 1.618
WP Flewrste 1078.373 1687. 344 0.832
WPOP Pr Rise 3733.748 3659.952 1.976
PRSP Pr Rise 3623.2¢3 3129.1% 3.435
LPOT Flewrate 176.984 176.964 0.450
NFY Flow 145,135 145.257 t.e70
oY Flew €1.258 €5.613 7.100
WOV Flew 799.9¢67 812.811 1.608
FPOV Flew 68.530 €4.868 S, 344
POV Flew 25.976 . 24.822 8.192
Flow te V16 s2.911 49.393 6.211
Fleow te CCV €1.2¢1 €5.613 7.104
Flew to LPFV 28,663 28.7172 2.52¢
fuel Ign Flew 0.94?7 §.959 1.267
Flew te MOV 799.9%7 312.79¢ 1.603
Flew te LPOT 176.084 176.966 0.500
Flow te POCO e.392 0.447 14.031
Fleu te PREP %.728 95.168 $.60¢
Flew €ln 06) 1.966 1.978 0.458
Fleuw (1n 06) 6.181 6.273 1.569
flew te FPOV €8.530 64.368 5.344
Flew te OPOV 28.97¢ 26.022 0.192
flouw te FPRD 78.95S 79.328 0.472
Flew to OPRD 36.355 35.534 2.808
FPRS Toue 1786.976 1747.538 2.207
FPRE Press 4940.559 4995.051 1.103
OPR3 Teas 1437.797 1519.739 s.700
OPRS Prass €995.957 5082.129 1.725
HPFT Lnlat T 1786.976 1747.548 2.206
NPFT PR 1.449 1.471 1.518
HPPFT Flewrste 147.524 144.195 2.2%7
HPOT Inlet ¥ 1437.797 1519.74¢ 5.700
ReoT PR 1.508 1.5280 1.326
HPOT Flowrste $9.03¢ $8.07% 1.623
HFI Tewe 1676.750 1475.104 8.111
HFL Press 3218.718 3205.637 0.406
0L Toas 191.58¢ 191.31% 0.141
#HO1 Press 3894.03¢4 3923.581 0.759
MCNE Press 3004.181 ’ 3004.785 0.020
NCHB Teme 6437.148 €560.789 0.827
Theust $74218.1 175071.7 0.228
Spec lapusle 359.41 3$56.815% e.777
Ch. Cesl Tdis 285.424 291.43864t 2.123
Ch. Coel Pdis $560.598 $4%6.0%0 1.717

ORIGINAL PAGE IS

OF POOR QUALITY
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Oxidizer Preburner Pressure (psia)
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