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ABSTRACT iii

The purpose of this research was to develop a prototype expert

system with three main capabilities related to the test and
operation of liquid-fueled rockets. These include monitoring the
test for any values exceeding safety limits, initiating a rapid
post-test performance optimization analysis, and providing the
ability to create a life history, including performance optimization
advice given, of any rocket examined by the system. Hard copies
of all displayed information are available for more traditional
analysis and storage when desired.

This thesis describes the capabilities of the expert system,
including hypertext presentation, in detail and uses a simulated
test run, with three previously created data files of the appropriate
numerical information, to show it in actual operation. Also included
is a discussion of future expansion for this work. This prototype
expert system is utilized to demonstrate the feasibility and the
potential benefit of the operational system. The modification and
improvement will be required to complete the final version of the

operational system.
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CHAPTER 1

INTRODUCTION

1.1 Background

This past decade has seen the retirement of some of the best this
country has to offer in the aerospace engineering profession. As time
goes by this trend will continue, leaving many parts of the field lacking
in trained experts. With this disturbing decline has come a real concern
in the aerospace industry for preserving the knowledge and experience
of these trained professionals for the next generation of aerospace
engineers to build upon and lead the United States of America into the
twenty-first century. A partial possible solution to this problem has
been steadily winning favor among government agencies and throughout
the private sector. Coming out of the artificial intelligence field, expert
systems are rapidly emerging as the method of choice for preserving the
expertise of engineers in an easily accessible form. An expert system is
defined as "...a computer program that relies on a body of knowledge to
perform a somewhat difficult task usually performed only by a human
expert. The principal power of an expert system is derived from

the knowledge the system embodies rather than from search algorithms
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and specific reasoning methods. An expert system successfully deals

with problems for which clear algorithmic solutions do not exist. Human
experts reason and arrive at conclusions based on their knowledge;
expert systems reason and arrive at conclusions based on the knowledge
they possess” [1] 1, Once an expert system is endowed with the
knowledge of a trained expert, it may assist less experienced engineers
in solving difficult problems in areas of familiarity but extending beyond
their area of expertise. It also may assist equally experienced engineers
in solving problems more rapidly by providing another expert to confer
with. If the knowledge of several trained engineers goes into the
creation of an expert system, it can become rather like conferring with
an entire team of experts.

Aerospace engineering is one of many fields that lends itself well to
the application of expert systems. With a knowledge of liquid-fueled
rocket propulsion as well as a background in the creation of expert
systems for aerospace applications, a problem was sought, for a master's
thesis in aerospace engineering, that would require someone with this

combination to solve. Initial studies indicated a great deal of work had

1 Numbers in brackets refer to similarly numbered references in the
bibliography.
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been done concerning expert systems for rocket engine desgine ([9]),

but very little could be found on expert systems for rocket engine design
([9]), but problems that occur after a rocket system has been desgined
and testing has begun.
1.2 Research Objective

The purpose of the research presented in this thesis was to create a
prototype expert system to assist in three areas of liquid-fueled rocket
testing. These areas include: 1) monitoring an operating test and
providing immediate warnings when safety limits are exceeded; 2)
initiating a rapid post-test performance optimization analysis; and 3)
building a life-history of selected rockets tested. The performance
optimization analysis was to provide assistance in the form of advice as
to suggested parameter changes that would lead to an improvement in
performance without violating the safety limits imposed initially by the
user of the system.

One additional feature of the expert system was to be the ability
to compare important performance parameters of the rocket engine with
those of previous tests of the same rocket and to store them and the
advice provided in a database for construction of a life history of a

rocket. Another ability of the expert system was to be the computation




of expected performance values and storage of them for later

comparison with actual values to further assist in the performance
analysis and optimization. A system with these abilities would serve as
a valuable tool for decreasing the amount of testing that must be done to
determine the conditions under which a given rocket design achieves its
best possible performance. It would also be an important reference in
the design of similar rocket engines as well as tracking the behavior of a
given rocket engine over time.
1.3 Expert System Construction Tools

A wide variety of tools were used in the development of this
system. The implementation of the expert system was done using
VP-EXPERT version 2.1 [14], a rule-based expert system development
tool developed by Paperback Software. A rule-based expert system
represents its information in a product rule of the form

If premise
Then conclusion ;

or in the form
conclusion
If premise ;
Fulfillment of the premise provides the appropriate advice indicated in

the conclusion or in later conclusions whose rule premises’ are fulfilled

by this conclusion [1]. This package was chosen for its low cost and wide
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availability, compared with other expert systems, as well as for the

limited graphics and hypertext development capabilities available in this
latest software version. The use of hypertext will be discussed later in
this report.

Creation of the database files, for documentation of a rocket engine's
history, was done using the dBase III+ and Lotus 123 software. Only
the appropriate field names were entered through their utilization,
however. Any storage, modification, or deletion of data from the
database files is done through the expert system after the initial file
creation. As a result, the user of this expert system need only have the
VP-EXPERT package [14] and not all three. All necessary files would
be provided along with the system.

The dBase ITI+ and Lotus 123 software were used for two
reasons. First of all, files created using them are in a format acceptable
for use by VP-EXPERT [14]. Secondly, they create files that may
contain text strings as well as numerical data. This feature was
necessary for the storage of performance parameter information
together with advice provided for performance optimization in the same

file. It also proved useful in the creation and modification of the
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hypertext files containing any short comments relating to each test.

1.4 The Description and Utilization of Hypertext

Although not a separate tool in itself, the hypertext capabilities of
the VP-EXPERT software [14] should be discussed. Hypertext is textual
information that is linked to other blocks of text information. When a
hyperword, a word linked to a hypertext block of information, is
selected, it is replaced by the corresponding hypertext block. A block of
hypertext information appears initially to be the same as an ordinary
block of text information. Within a hypertext block, however, are
previously set key words that when selected, usually with a mouse,
provide new blocks of text generally related to the term chosen. In this
rocket engine testing expert system, this feature was used to link a short
list of six lines of comments for a particular rocket engine test to the
name given to the engine test. As a result, after retrieving a listing of all
engine tests currently in the database, the selection of a particular
engine test may be made, and the comments related to the selected
engine will appear on the screen. The engine test listing will disappear
from the screen. This becomes very useful for a quick examination of
the tests in the database.

1.5 Rocket Engine Data




To demonstrate the operation of the expert system, typical
liquid-fueled rocket engine performance data was desired. Such a set of
data was created by referring to the technical manuals for the H-1
rocket engine, models H-1A, H-1B, H-1C, and H-1D [2], and the F-1 rocket
engine [3]. These manuals are restricted by the United States
government to alimited distribution, so they were only used herein as
guidelines. No actual numbers or text information from the H-1 or F-1
engines was utilized in this report or in the expert system itself. The
H-1 engine series was also used as a baseline to determine the typical
parameters measured in a liquid-fueled rocket engine test as well as the
most important safety parameters to consider.

1.6 Expert System Operations Process Overview

Figure 1 shows the operations structure of the expert system.

Before the test begins, the important design parameter default values
are presented to the user for review and modification. Then the
working relationships for ideal rocket performance analysis [Appendix
A] are used to determine expected engine performance. Next, safety
limitations are entered into the system by the user. Also the method of
disposal for the gas generator flow, either dumped overboard or put

through the nozzle, is requested. This effects all mass flow rate
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calculations, which will be discussed in detail later in this material. Now

the rocket test begins and an output stream of raw data (digital and/or
analogue signals) is sent to theexpert system, after being converted to an
ASCII file. The data stream is periodically updated to include current
measured values. The ASCII file structure will be discussed in detail
later in this report. The necessary manipulations needed to get the
information from the rocket test output data stream into the ASCII file
in the appropriate format is assumed to be provided by each individual
company or agency utilizing the system, since their rocket test
information is returned in their own format.

As the expert system reads data from the ASCII file, it compares
the values to their earlier defined safety limits and checks for those
fallingoutside acceptable limits. After completely examining the file's
information, the user is given the option to continue monitoring the test
by reading the continually updated file once again. Some of the data
retrieved from the file will be unused in the later performance analysis
and is referred to in figure 1 as raw data. This information would be
necessary to provide a life history of the engine that includes all
conceivable parameters in case the user decides they shoud be included

in the database. These parameters, along with the current time and
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elapsed time in the test, are automatically stored and it is then up to the

user if this information is to be later included in the database.

Once a test has been completed, the post-test analysis can begin.
This analysis includes options to make comparisons of the measured
performance values with expected values calculated earlier. The
comparisons of measured performance values with the performance
values of the tests currently in the database will determine whether the
new data values fall within the minimum and maximum values for each
parameter of the database, and to request advice on improving
performance. The latter is based on the closeness of measured to
expected performance values and considers the nearness of the
influencing parameters to their safety limits as well. If there is still
room for change, the expert system recommends an increase or decrease
in the parameter, whichever is appropriate, to achieve better
performance. These recommendations are added to the numerical
information already stored in an archive file. This will be discussed in
detail later in this report.

Future options for this system are also recommended in figure 1.

These include the direct control of the rocket engine test by the expert
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system with changes made by an engineer to the near-real-time display

and archive file directly affecting the actual test. This ability is required
to be developed in the future, but this would definitely have a highly
potential benefit. This possibility as well as many other extensions for
the future of this expert system will be discussed in the conclusions
section at the end of this thesis report.

An easy and clear method for monitoring rocket tests, the most
important parameters to consider when analyzing and optimizing the
performance of a liquid-fueled rocket engine as well as the appropriate
safety limits to consider, and the most important parameters to include
when constructing the life history of an engine were learned in the
conduction of this research and development of this expert system. The
final system developed, a simulated test run's results, using precreated
data files, and suggestions for the future continued development of this

prototype system are included in the following chapter.



CHAPTER II

THE STUCTURE AND DETAILED SECTIONS OF THE EXPERT SYSTEM

2.1 Expert System Structure

When developing an expert system for an aerospace application, it is
necessary to come at the problem from different angles. The problem
must be examined from a purely programming point of view as well as
from an entirely application point of view. Finding the balance, although
difficult, results in an excellent expert system for technical utilization.
With any reasonably sized programming problem, developing a solution
in modular independent form is usually best.

This problem was no exception. The clear concise break-up into
pieces of the problem presented in figure 1 is no coincidence. This is in
fact the way that the problem was broken up for programming
purposes. The entire system is menu driven with the main controlling
menu represented in the center of the figure by the entire expert
system block. An expanded view of this center block as well as a
slightly differently structured diagram for the system may be examined
in figure 2. From this it may be seen that the expert system contains the

production rule base, representing the knowledge of the system in the

rule format discussed in chapter 1, as well as the hypertext system,
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FIGURE 2. EXPERT SYSTEM STRUCTURE
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used extensively in the database operations portion of the system for
linking engine labels with short summary comments of their tests and
with the other engine tests contained in the database.
2.2 Expert System Benchmarking Parameter Inputs

Before entering the main controlling menu, three operations are
performed whose results are stored for later use while the test is
running. It is assumed at this point, that the test has not yet begun, but
it is not absolutely necessary for this assumption to be met. The expert
system will operate the same if started at a point before or during the
test. It should be noted, however, that once these operations are
completed they are never returned to the status during the test. This is
a purely one-way link, unlike the other links of figures 1 and 2. This is
due to the fact that no change in the parameters defined by these
operations is desired during the test since the typical test time is
relatively small.

The first operation defines the user designated design

characteristics of the liquid-fueled rocket engine currently being tested.
They include the nozzle expansion ratio, the oxidizer to fuel flow rate

ratio, the thrust the engine was designed to produce, the specific heat
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ratio of the propellant, the molecular weight of the propellant, the

specific impulse which the engine was designed to produce, and the
ambient pressure. Default values are provided for user acceptance or
modification. From these design parameters, expected performance
values are calculated and stored for later comparison to measured
values if so desired.

The second operation is the performance value calculation. Using
the working relationships for ideal rocket performance analysis, found in
Appendix A, the propellant flow rate (equation 1), the effective exhaust
velocity (equation 3), the thrust coefficient (equation 6), and the
characteristic velocity (equation 8) are calculated. All performance
parameters are then stored in a text file for retrieval by the expert
system.

The third operation is the definition of safety limit parameter
values and the specification of gas generator output flow handling. The
safety limits should be monitored by the expert system and considered
when providing optimization advice as well. Figure 3 provides a typical
list of these parameters. All limits, with the exception of environmental

temperature, are considered maximum values. Environmental



Minimum Environmental Temperature

Maximum Environmental Temperature
Fuel Pump Inlet Pressure Limit

Fuel Pump Inlet Temperature Limit
Fuel Pump Outlet Pressure Limit

Fuel Pump Outlet Temperature Limit
Oxidizer Pump Inlet Pressure Limit
Oxidizer Pump Inlet Temperature Limit
Oxidizer Pump Outlet Pressure Limit
Oxidizer Pump Outlet Temperature Limit
Chamber Pressure Limit

Chamber Injector Pressure Limit
Chamber Temferature Limit

Turbopump Speed Limit

Turbine Exit Static Préssure Limit
Gas Generator Pressure Limit

Gas Generator Temperature Limit
Turbopumt Lubricant Consunption Limit

Cooling Flow Rate Limit

Figure 3. Safety Limit Parameters
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temperature safety limits are minimum and maximum values.

Gas generator output may be dumped overboard or brought into
the rocket engine nozzle for exhaust. The reply to the inquiry, to
determine which method is being used, affects the calculated exhaust
flow rate. If the gas generator flow enters the nozzle, it must be
included in the flow rate calculation. Otherwise it is excluded. This
operation completes the parameter inputs for the user with any further
inputs being measured from the rocket test.
2.3 Expert System Operations
2.3.1 Expert System Task Selection
These three initial operations now complete, the expert system

main controlling menu is accessed and allows user selection of test
monitoring or post-test analysis operations. Each possible selection in
the main menu represents a line connecting to the center blocks of
figures 1 and 2 and a portion of the expert system operations that may
be accessed when desired (see figure4).

A short explanation of each line in the main menu can be obtained
byclicking the mouse on the light-blue title word "Expert.” When this is

done, the main menu text disappears and is replaced by predefined

hypertext providing the desired explanations (see figure 5A and 5B).
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Figure 4. Expert System Main Menu
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There are two screens of information so a light-blue "PAGE2" appears at

the bottom of the first screen. Clicking this with the mouse replaces the
first page with the hypertext of the next page. To return to the main
menu, another light-blue word labeled "RETURN" is provided. Clicking
on this term replaces the text with the main menu display once again.
More detailed descriptions of the first, fifth, and sixth menu lines
are available when needed, as indicated by the light-blue color of each
of their first words. Clicking on these words with the mouse causes the
menu to be replaced on the screen by the hypertext explanation of the
selected option's function. The first option, "UPDATE ROCKET TEST
PARAMETER FILE," has the hypertext explanation found in figure 5C.
The fifth option, "PERFORMANCE OPTIMIZATION ADVICE," has the
hypertext explanation found in figure 5D. The sixth option, "ROCKET
ENGINE LIFE-HISTORY DATABASE OPERATIONS," has the hypertext
explanation found in figure SE. All options are selected by clicking the
mouse on the color square next to the one desired. The hypertext
capabilities just discussed may be utilized anytime the user is in the
main menu. After completing all hypertext examinations desired for the
moment, the user is ready to select an option.

2.3.2 Access of the ASCII Input File
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As soon as all user-defined inputs are completed, the rocket test is
begun and the elapsed-time-in-test clock is started. Data immediately
starts pouring into the ASCII file. To access this file and monitor the
ongoing rocket test, the user should select the "UPDATE ROCKET TEST
PARAMETER FILE" option from the main menu by clicking on the colored
box next to it. This causes the screen to clear and a set of twenty-seven
measured values from the test to be read into the expert system. Also
nine additional parameters are calculated from these measurements.
These thirty-six parameters are listed in figure 6 and include those
important for performance evaluation as well as values only for
developing a life history of a liquid-fueled rocket engine to be stored in
the rocket database.

As was mentioned earlier, each company, agency, etc. operating the
system will have a slightly different arrangement of information
collection. As a result, it is assumed that they have handled the
necessary manipulation of their output files to provide an ASCII file
containing only the numerical values listed in figure 6, one value per
channel, and in that order. This format must be adhered to for the
expert system to receive the appropriate information.

2.3.3 Performance Parameter Calculation from Measured Values



Measured

Environmental Temperature

Gas Generator Pressure

Gas Generator Temperature
Turbine Exit Static Pressure
Turbopump Speed

Turbopump Lubricant Consumption
Fuel Pump Inlet Pressure

Fuel Pump Inlet Temperature
Fuel Pump Outlet Pressure

Fuel Pump Outlet Temperature
Oxidizer Pump Inlet Pressure
Oxidizer Pump Inlet Temperature
Oxidizer Pump Outlet Pressure
Oxidizer pump Outlet Temperature
Chamber Injector Pressure
Chamber Temperature

Coolant Flow Rate

Thrust Chamber Fuel Flow
Thrust Chamber Oxidizer Flow
Gas Generator Fuel Flow

Gas Generator Oxidizer Flow
Nozzle Static Exit Pressure
Thrust

Fuel Quantity

Oxidizer Quantity

26

Calcylated

Chamber Pressure

O/F Ratio
Exhaust Velocity

Thrust Coefficient
Specific Impulse

Total Propellant Flow
Effective Exhaust Velocity
Characteristic Velocity

Figure 6. ASCII File Test Measurement Parameters
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Once the values have been read into the expert system, some are

used to calculate the total propellant weight flow rate (See Appendix A,
Equation 9A or 9B), the total propellant mass flow rate (See Appendix A,
Equation 10), the measured oxidizer-fuel flow ratio (See Appendix A,
Equation 11), the measured specific impulse (See Appendix A, Equation
12), the measured effective exhaust velocity (See Appendix A, Equation
13), the thrust chamber nozzle stagnation pressure (See Appendix A,
Equation 14 and 15), the measured thrust coefficient (See Appendix A,
Equation 17),and the measured characteristic exhaust velocity (See
Appendix A, Equation 18). All measured and calculated values are
stored in an archive file that may later be retrieved by the current time
when it was stored.

The thrust chamber nozzle stagnation pressure is calculated from
the pressure of the injector at the other end of the thrust chamber using
equation 15 in Appendix A. Since this is an important parameter in
performance optimization, great care was taken in its calculation. It
could be assumed that its value is approximately that of the injector
pressure, but instead the calculation is made under the worst case
assumption, minimum difference between the two pressures, so as to

make the safety limit check very realistic. This is important due to the
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fact that its degree of accuracy influences the degree of accuracy of the

optimization advice. This influence will be discussed in detail in chapter
three.
2.3.4 Comparing Operational Performance Values to Safety Limits
Next, the values are compared to their safety limits, when
applicable,and displayed one by one after each comparison. Whenever a
parameter value exceeds its safety limit, it is displayed in red, an
asterisk is displayed beside it, to mark out-of-limits parameters if a
hard copy is desired, the limiting value is displayed in red at the bottom
of the screen, and the user is given the option to ignore further readings
from this channel if it is considered to be returning bad data. If a data
channel is chosen to beignored, it will no longer be displayed in red or
marked in any way if it happens to again exceed its safety limit. After
the ignore-the-channel inquiry has been answered, the next parameter
value is checked against its safety value and displayed in the
appropriate fashion. When the calculated parameter values are
displayed, their values and the nominal values are shown side by side
for easy comparison. The format of the final display may be seen in

figure 7A. These nominal values are those expected performance values
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calculated before the test was begun. The current time displayed is
obtained internally from the computer itself. The elapsed time is
obtained by taking the current time and subtracting the time stored
when the elapsed time was first calculated.

Once all parameters have been displayed, the ability to obtain a
hard copy by pressing the "print screen"” key is noted and. the option to
continue monitoring the test is given to the user. If monitoring is
continued, the ASCII file is read again, retrieving the latest parameter
values, and the process just described is repeated. If monitoring is
discontinued, the user is returned to the main menu and may return to
monitoring at any time by again selecting the first menu option. A
post-test analysis of the test should not occur, however, until the
completion of the test.

2.3.5 Archive File Retrieval

After completion of the test the user has a variety of options to
choose from the main menu. The second option is labeled "DISPLAY
CURRENT ROCKET TEST PARAMETER VALUES" and allows the user to
retrieve archive files stored at various times during the test. Clicking on

the colored box next to this line causes the main menu to be replaced by
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a listing of archive files in order of time stored. The user then decides

which file to examine and the parameter information is then displayed
on the screen in the format of figure 7B. Any recommendations made
from a performance analysis for the selected file are included in this
display as well. This is due to the fact that this option may be utilized
during the test as well as in the post-test analysis. Each archive file is
updated anytime recommendations for improving performance are
made and this information may be retrieved along with the numerical
parameter values using this option. At the bottom of the screen, the user
is reminded that a hard copy may be obtained by pressing the "print
screen” key. Return to the main menu is achieved by pressing any key.
2.3.6 Comparing Operational Performance Values to Expected Values

The third option available from the main menu is labeled

"COMPARE TEST PARAMETERS TO EXPECTED PERFORMANCE VALUES."

Clicking on the colored square next to this line causes the expected and
measuredperformance parameters of a selected archive file to be
compared. This file is chosen from an archive file list in order of time
stored. Dividing the measured by the expected values for thrust,

specific impulse, effective exhaust velocity, thrust coefficient,
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characteristic velocity, oxidizer-to-fuel ratio, and propellant weight flow

rate provides seven efficiencies. The first six should typically fall
between 0.85 and 0.99 [4]. The seventh efficiency should typically fall
between 1.01 and 1.18, since more propellant is always required than in
the ideal expectation. The measured and expected values are displayed
for the parameters along with their efficiencies in the format seen in
figure 8. The contrast between theory and measured values for
performance parameters can clearly be seen in this type of format. A
hard copy of this comparison may be obtained by pressing the "print
screen” key. The user is returned to the main menu by pressing any
key.
2.3.7 Comparing Operational Performance Values to Database Extremes
The fourth option in the main menu is labeled "COMPARE TEST
PARAMETERS TO ROCKET ENGINE DATABASE." This selection provides a
comparison of selected archive file parameters to the minimum and
maximum performance values in the database to determine if the new
test values fall in the typical range of past test cases. Clicking on the
colored square next to this line causes the menu to be replaced by a
archive file list in order of time stored. The user then selects the file to

retrieve including a table of thrust, specific impulse, oxidizer-to-fuel
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ratio, fuel weight flow rate, oxidizer weight flow rate, and total

propellant weight flow rate values for the archive file and the database
minimums and maximums. The last column of the table displays an
asterisk for each archive file test value which is outside the range
formed by the database minimum and maximum. Figure 9 shows the
typical format.
2.3.8 Performance Analysis
The fifth main menu option is labeled, "PERFORMANCE

OPTIMIZATION ADVICE." This portion of the expert system is so
important that the entire next chapter is devoted to its description. As a
result, it will not be discussed here.
2.3.9 Database Updating

The sixth option available in the main menu is labeled "ROCKET
ENGINE LIFE-HISTORY DATABASE OPERATIONS" and allows the user to
interact directly with the life-history rocket engine database. If the user
selectsthis option, the main menu is replaced again with a list of
archive files in order of time stored. The user then selects the file to be
added to the rocket engine database, if so desired, while in this
portition of the expert system.

All operations in this succession are controlled from the menu, figure10
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and the display window, figure 11. From the display window, the entire
list of cases stored in the database file may be examined and any one
case selected for more detailed information. Also, as a quick reference,
the name of each case is a hyperword linked to hypertext displayed
when the name is clicked on with the mouse. This hypertext is the six
lines of brief comments about each test allowed. As a result, the user
can scroll through the case list and click on any name for quick
comments. If more information is desired, then selecting the case
number beside its name causes more information to be displayed.

3 After selection of an archive file for consideration, the database
operations main menu is displayed (see figure 10). If the user wishes to
add the previously selected archive file, complete with numerical and
performance analysis recommendation information, to the database, the
colored box by the line "ADD NEW ROCKET ENGINE TEST CASES TO
DATABASE" is clicked on with the mouse. When adding this case, the
expert system checks the new values against the database's minimum
and maximum values and makes them the new minimum and maximum
values information is then asked for along with six possible lines of

summary comments about the test.
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If the user desires to delete a rocket engine from the database,

selection of the "DELETE ROCKET ENGINE TEST CASES FROM
DATABASE" from the database operations menu is made. Once this
choice is made, the display window (figure 11) provides a listing of all
engines in the database. The user then selects the "Select Case Number"
button on the side of the screen and types the number of the case to
delete. The chosen test case will be erased from the database file and
new minimum and maximum performance parameter values are
calculated. The user is then returned to the database operations main
menu.

Selecting the "DISPLAY ROCKET ENGINE TEST CASES IN
DATABASE" option from the database operations menu, causes the
display window to appear (see figure 11). The user may now click on
any engine name for summary comments about the test or click the
"Select Case Number buttonand type the case number to retrieve all
numerical information, summary comments, and recommendations for
improving performance made. Clicking the "Exit" button at the side of
the screen returns the user to the database operations menu. Clicking
the colored box by the "RETURN TO ROCKET ENGINE MAIN MENU

OPERATIONS" option causes the main expert system menu to reappear.
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The structure of the two database files of greatest importance can be

seen in figures 12 and 13. Figure 12 is the engine historical database
file. Figure 13 is the minimum and maximum performance parameter
database file. As was mentioned earlier, these were created using Lotus
123 and dBase III+, but are completely accessible and usable to the
expert system. Neither one of these pieces of software need ever be
used again in relationA to these database files. The expert system will

handle all use of them.
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CHAPTER III

ROCKET ENGINE PERFORMANCE ANALYSIS

3.1 Important Parameters and Their Influence on Rocket Performance
Intricate machines of high technology, rockets are developed to |
deliver payloads to desired points with a specific velocity at the time of
delivery. Rocket propulsion system operation is based on energy
conversion principles with the typical rocket converting some stored
form of energy such as chemical energy, nuclear energy, or electrical
energy to another form of energy called kinetic energy of the propellant
flow. This conversion process generates a force called the rocket thrust
which propels the rocket vehicle. Analysis of the energy conversion
process is therefore the basis for identifying true rocket performance

standards [4]. Such an analysis is provided in Appendix A along with

the working relationships for ideal rocket performance analysis. From
these equations and references [2], [4], [5], [6], and [7] the important
parameters influencing the performance of a liquid-fueled rocket engine
were determined, and the expected performance of each engine being

tested was found to be calculated by using eqns 1-8 in Appendix A.
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3.1.1 Specific Impulse
Equation 1 in Appendix A clearly reveals specific impulse to be the

key parameter for performance optimization. The higher the Isp the

less weight flow of propellant is required to produce the same thrust.

The engine therefore becomes increasingly efficient with increasing Isp

and performance improves. The maximum Isp that may be achieved for

a given engine occurs when thrust is maximum. This can be seen in
equation 12 of Appendix A. Once maximum thrust has been reached,
increasing the propellant weigilt flow only decreases the specific
impulse.
3.1.2 Nozzle Exit Static Pressure

From equation 19 of Appendix A it may be determined that, for a
given altitude, maximum thrust occurs when the nozzle is designed such
that its exit static pressure equals the ambient static pressure. With this
condition the nozzle is referred to as "perfectly expanded” for the
ambient pressure. The nozzle exit static pressure depends on the nozzle
expansion ratio and on the chamber pressure. Assuming that the
chamber pressure is sufficiently high, as the nozzle expansion ratio

increases, the velocity of the exhaust gases increases, increasing the
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momentum thrust (first term on the right side of the equation 19).

However, as the nozzle expansion ratio increases, the viscous drag forces
on the nozzle walls also increase. A trade-off must therefore be
undertaken in nozzle design so that the thrust increases due to higher
nozzle area ratio, minus the thrust loss due to viscous drag, reaches a
maximum.

When P, is greater than P, the flow is considered to be

underexpanded and the nozzle expansion ratio needs to be increased to

lower the P.. When this condition occurs not all of the thermal energy

of the flow is being converted to the maximum possible kinetic energy
for the given ambient pressure, thus causing a waste of energy and a

decrease in engine efficiency. When P, is less than P, the flow is

considered overexpanded. Separation usually occurs inside the nozzle,
when P, is significantly less than P,. It tends to occur at the area ratio
where the pressure is approximately equal to one-half the ambient

static pressure. When this condition occurs, the nozzle expansion ratio is
too large for the engine chamber pressure, and , if operation is to be
continued, the chamber pressure must be increased until separation is

driven out of the nozzle.
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3.1.3 Thrust Coefficient

Specific impulse may be expressed in several forms, presented in
Appendix A. In one form, equation 23, it is a function of the thrust

coefficient, Cy, and the characteristic velocity, c*. The fact that the

thrust of a rocket is significantly higher than that which would be
produced by simple pressure imbalance due to the presence of the
throat in the aft end of the motor leads to the concept of a thrust
coefficient, which is, in a sense, a measure of the effect of the nozzle.
The pressure imbalance itself would result in a force which was equal to
the product of the chamber pressure and the area of the throat. By
factoring this product out of the thrust equation (See Appendix A,
equation 19), an expression for the theoretical thrust coefficient is
obtained [5].

Basically the quantity Cg reflects the results of the expansion of the
exhaust gas, and its properties, and the design quality of the nozzle. As
can be seen by equation 27 of Appendix A, it is a function of the specific
heat ratio, thrust chamber pressure, ambient pressure, and the nozzle
expansion ratio. The specific heat ratio is determined by the user from

thermo-chemical calculations, e.g. [12], based on the propellant used. A
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smaller value of specific heat ratio gives a higher exhaust velocity for a
given nozzle area ratio, hence, smaller exhaust gas specific heat ratio

yields a higher value for Cs. Keeping this in mind, rockets are designed

the produce the highest value for the ratio of the chamber temperature
to propellant molecular weight for optimum performance.
As for the effect of nozzle expansion ratio and ambient pressure on

C, the same conditions apply as mentioned earlier. The nozzle
expansion ratio should be as high as possible, subject to the limitations

previously discussed. The maximum value of C¢ will occur when this

condition is met.
3.1.4 Thrust Chamber Pressure

The thrust chamber pressure is an extremely important parameter,
as has been shown previously. As can be seen by equation 27 of
Appendix A, the effective chamber pressure or nozzle stagnation

pressure (P;)p¢ appears in two pressure ratios P/(P¢),g and P,/(Po)ps-
The ratio P./(P.),¢ has one value for a given nozzle expansion ratio and
specific heat ratio. (P_),¢ therefore influences Cy only through the

negative term -P,/(P.),s. An increase in (P.), ¢ decreases this negative



49
term and hence increases C¢. This effect is more pronounced when P, is

high. Since the thrust is proportional to both (P.)yg and C; it is clear
how an increase in (P;),¢ in a given thrust chamber will increase the
thrust [6]. Also as (P.)pg increases for a given thrust, the nozzle and
rocket motor size decrease. (P, therefore sizes the engine physically,

as well.
3.1.5 Characteristic Exhaust Velocity

The characteristic velocity, c*,is primarily used to rate the
propellant combustion performance, and it reflects the effective energy
level of the propellants and the design quality of the injector and

combustion chamber. From equation 24 of Appendix A, it is clear that c*

_measures combustion performance in a given combustion chamber by

indicating how many pounds per second of propellant must be burned to
maintain the required nozzle stagnation pressure. A lower value of
propellant consumption under the given conditions indicates a
combustion process of higher energy and efficiency and gives a
corresponding higher value of c* [6).

Also from equation 24 of Appendix A, it becomes apparent that cis
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a function of the properties of the combustion product gas at the exit of

the combustion chamber, i.e., at the nozzle inlet; namely, specific heat

ratio, gas constant R, and the nozzle inlet stagnation temperature (T¢)ps.

As mentioned before, the highest possible ratio of chamber temperature

to propellant molecular weight is desired. Also for constant (T¢)ys, c*

will increase if R increases; i.e., the gas molecular weight decreases.
Thus, a higher value of R will yield a higher engine performance.
Choosing a propellant with the largest possible gas constant and ratio of
chamber temperature to propellant molecular weight provides the best
performance [6].

This leaves the (P.),,¢ and (T, ),g parameters to consider. In the c*
equation (see Appendix A, equation 24), clearly an increase in (P.)yq

. . *
causes an increase in ¢, for a constant propellant mass flow rate. Such

an increase in (P;),,s thus means that (T;),q must increase. As can be

. . . . . %k
seen in equation 24, this causes an overall increase in ¢ . These effects

are somewhat smaller at (P.);,5 above 300 psi, but the overall increase

still occurs [6]. As aresult, the expert system checks the values of

(Pc)ns, by converting the measured value of Pinj as before [8], and
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(T¢)ns against safety values and suggests an increase in (Pg)yg if possible

and safe.
3.1.6 Oxidizer to Fuel Flow Rate Ratio

Another way to improve a liquid-fueled rocket engine's performance
is to improve the combustion process taking place within the thrust
chamber. Complete combustion of a given amount of fuel requires
corresponding amount of oxidizer that depends on the molecular
composition of the fuel. That mixture ratio which effects complete
combustion, with no leftover of either fuel or oxidizer, is called the
stoichiometric mixture ratio. This ratio depends on the type of
propellants used, and theoretical temperature and heat release are
usually maximum at or very near to this ratio. In rocket engines,
however, where the highest possible exhaust velocity is desired,
optimum conditions often prevail at other than stoichiometric ratios.
The gas properties of molecular weight and gas constant strongly affect
exhaust velocity. As was discussed earlier and can be seen in equations
20 and 26 of Appendix A, the lower the molecular weight, the higher the
exhaust velocity, other things being equal. Operating the rocket engine

with a variety of O/F ratios near the computed optimum values can
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make clear the optimum point of balance between energy release (heat)

and composition (molecular weight) of the gas, a portion of which will
consist of gasified but unburnt propellants ([6] & [7]) if the propellant
combination is sub-stoichiometric.

As arule, the optimum mixture ratio is richer in fuel than the
stoichiometric mixture ratio. Also the optimum mixture ratio of some
propellant combinations shifts slightly with changes in chamber
pressure so it is important to hold this value constant when determining
the ratio. Also, in actual application the mixture ratio may have to be
shifted away from the optimum value to keep the chamber temperature
within safety limits with the indicated coolant flow ([6] & [7]).

3.1.7 Fuel and Oxidizer Pump Inlet and Outlet Pressures

The final parameters considered important in their effects on
rocket engine performance are fuel and oxidizer pump inlet and outlet
pressures. The propellant flow rates and the inlet and outlet pressures
of the fuel and oxidizer pumps can be used to measure the power
consumption of the pumps. As a result, an increase in the ratio of the
outlet to the inletpressure for a given flow rate results in an increase in
the pump input power. A decrease in the ratio of pump outlet and inlet

pressures for a given flow rate represents a reduction in pump power
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requirements. This can be seen by examining equations 9a, 9b, and 12

in Appendix A. Moreover, decrease causes the thrust chamber flow rate
to decrease resulting in an overall total propellant flow rate decrease
(equations 9a and 9b). This in turn increases the specific impulse
(equation 12) and therefore performance. Increased specific impulse
also increases the characteristic exhaust velocity (see equation 18 of
Appendix A) and therefore improves the combustion efficiency of the
rocket [6].
3.2 Performance Analysis by the Expert System

The performance parameters discussed in the previous section
were determined to be those having the greatest influence on the
performance of a liquid-fueled rocket engine. The expert system
executes a post-test performance analysis of a rocket engine by
comparing the expected to measured values of the key performance
parameters that can be modified at this stage and provides advice as to
changes that may be made to improve the rocket's performance. These
include specific impulse, thrust coefficient, characteristic exhaust
velocity, thrust chamber nozzle stagnation pressure, and oxidizer to fuel

flow ratio. The nozzle exit static pressure is not considered since this is a
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design parameter that may not be changed at this point without

redesigning the rocket.

First, the user selects the "PERFORMANCE OPTIMIZATION ADVICE"
option from the expert system main menu, by clicking the mouse on the
colored box next to this line. Next, a list of the archive files for the
current test are provided in order of time stored. After the user has
selected the file to be analyzed, the archive's information is recalled
along with the expected performance values for the rocket and the
user-defined safety limits. Then ratios of the measured to expected key
performance parameters are calculated and the user is asked to provide
a lower limit of acceptability for these all ratios except that of the
measured to expected oxidizer to fuel ratio. Since this ratio could exceed
the expected value, the limit of acceptability is considered to be a
minimum and maximum. The default value provided is 92%.

The first ratio considered is for specific impulse. If the value of the
ratio falls below the limit, the expert system determines that advice for
improving this parameter is needed. At the top of the screen the
parameter name is provided, in this case specific impulse, the expected

and measured values, and the measured to expected ratio are displayed,
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and the user is informed that the specific impulse is not at its optimum

value. The fact that the characteristic exhaust velocity and thrust
coefficient must be optimized for maximum specific impulse is provided
as advice, and their analysis is performed next. If the ratio value is
above the limit then the parameter name, its expected and measured
value, and the measured to expected ratio are displayed along with the
advice that the specific impulse is optimized under the current
conditions.

As mentioned above, if the ratio of measured to expected specific
impulse falls below the acceptable minimum, the thrust coefficient and
characteristic exhaust velocity are analyzed next by the expert system.
First, the thrust coefficient is considered. For this parameter, there are
three possible forms of advice. The first occurs when the following
conditions are met: the measured to expected rau'b is below acceptable,
the thrust chamber injector pressure is within nominal values, the
calculated nozzle stagnation pressure is also within nominal values, and
the thrust chamber temperature is within nominal limits. The advice
given is that the nozzle is not performing as expected and should be

redesigned, since thrust coefficient is an indicator of nozzle performance,
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as mentioned earlier, and that a greater propellant mass flow rate

should be utilized to increase injector pressure and thus the chamber
pressure. The pressures and their limits are displayed to give the user
an idea of the degree of increase possible without exceeding limits. As
was discussed earlier, this will increase the thrust coefficient. An
alternate piece of advice is given when the thrust coefficient comparison
ratio is less than acceptable and the other parameters, injector pressure,
chamber pressure, and/or chamber temperature, are less than the
nominal acceptable values. In this case, nozzle redesign is only an
option, and this information is then given; the poor performance is
mainly attributed to poor thrust chamber performance, and this advice
is given. The third piece of advice is given when the comparison ratio is
acceptable. In this case, the user is informed that under the current
conditions, the thrust coefficient is optimized. All advice given to the
user is stored in the retrieved archive file for later recall or inclusion
into the database.

Next, the characteristic exhaust velocity is considered. For this
parameter, there are three possible forms of advice. The first occurs
when the following conditions are met: the measured to expected ratio

is below acceptable, the thrust chamber injector pressure is less than the
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limit, the calculated nozzle stagnation pressure is less than its limit, and

the thrust chamber temperature is less than its limit. The advice given

is that poor combustion and injector performance is the probable cause
of low measured characteristic exhaust velocity. A greater propellant
mass flow rate would have to be utilized to increase injector pressure,
and thus the chamber pressure, and hence, the thrust. Note that the
specific impulse would not be improved if this correction to low
charactersitic exhaust velocity was used by the engineer. The pressures
and their limits are displayed to give the user an idea of the degree of
increases possible without exceeding limits. As was discussed earlier,
unless the injector/combustion performance is improved, measured
characteristic exhaust velocity and specific impulse will not improve,
unless combustion automatically improves when the propellant flow rate
through the engine improves. This is what can occur with throttlable
rocket engines such as the Apollo lunar decent engine. The second piece
of advice is given if only the characteristic exhaust velocity comparison
ratio is less than acceptable and none of the other conditions of the first
advice constraints have been met. In this case, improvement of the

injector and combustion performance of the rocket is the only option,
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and this information is then given. The third piece of advice is given

when the comparison ratio is acceptable. In this case, the user is
informed that under the currentconditions, the characteristic exhaust
velocity is optimized. All advice given to the user is stored in the
retrieved archive file for later recall or inclusion into the database.

The next parameter examined is the measured to expected
propellant oxidizer to fuel ratios ratio. If this value fall below expected,
then the chamber temperature, fuel pump inlet pressure, and oxidizer
inlet pressure are checked against their limiting values. If they have not
reached their values yet, then the advice is given to decrease fuel pump
inlet and outlet pressures and/or increase oxidizer pump inlet and outlet
pressures. This will, as was discussed earlier in this chapter, increase
the oxidizer to fuel ratio as desired to improve performance. If the
important values are at their limits, then no recommendations are
possible for improving this parameter, and this is information is
provided to the user. All advice given to the user is stored in the
retrieved archive file for later recall.

By considering the safety limitations and their effects on the other
parameters, the expert system can provide the necessary advice to the

user for optimizing the performance of the rocket in the next test
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conducted. From this part of the expert system, the user is returned to

the main menu, after the recommendations and current parameter
values, important for developing a life history of the engine, are saved in
an archive file. These important parameters are listed in figure 6. This
file may now be included in the database if desired.

This process may be repeated with any of the archive files. Once
the user has taken the advice under consideration and made the
appropriate changes, a new test may be initiated and a new post-test
performance analysis completed. In this way, the expert system guides
the user to the optimum performance for a given rocket design. By
examination of the recommendations in the archive files included in the
database, the path towards optimization of the performance of a given

rocket may be followed.



CHAPTER IV

60
CONCLUSIONS

4.1 Research Summary

The purpose of the research presented in this thesis was to create a
prototype expert system to assist in three areas of liquid-fueled rocket
testing. These areas include: 1) monitoring an operating test and
providing immediate warnings when safety limits are exceeded; 2)
initiating a post-test performance optimization analysis; and 3) building
a life-history of selected rockets tested. All three modules were
completed successfully, and Appendix B demonstrates the full
capabilties of the system by using a simulated rocket test based on
representational data from a set of actual rocket engine tests, to develop
and to illustrate the capabilities of the expert system.

Preparing this demonstration suggested a fourth area of application
for the expert system as well; it can be used to train personnel to
monitor rocl;et tests. By providing carefully prepared data files for a
simulation, or real, past rocket test data files, personnel can be trained
to watch for trends in data that may lead to problems in the test and to

handle such problems when they occur. This makes the expert system a

very valuable training tool as well.
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In developing the monitoring portion of the expert system, a study
of the requirements for displaying rocket test data, in a way most useful
to a test engineer, was made. These requirements were determined to
be thefollowing: 1) Clear, easy-to-read-at-a-glance data presentation;
2) Clearly flagged safety limit violations; 3) Easy comparison to nominal
values for important parameters; 4) Quick retrieval of a hard copy of
displayed information at any time; 5) Option to ignore bad channels to
avoid unneccesssary and distracting flagging of values. These
requirements have all been met by this expert system. All data is
presented on the screen in two columns of variable names and
numerical values. Any parameters exceeding their safety limits are
displayed in red, flagged by an asterisk, and may be ignored if bad data
is being returned by the channel. Nominal values for the performance
parameters are displayed in a separate column next to the
corresponding measured values. Finally, a hard copy of displayed
information may be obtained at any time by pressing the "print screen”
key. It should be noted that the asterisk marking, for values
violating safety limits, is utilized purely for hard copy purposes, since a

differently colored display will not appear on paper. An additional
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feature of importance is the storage of all parameter values in archive

files, referenced by the points in time they were stored, for later

retrieval and analysis.

4.1.2 Performance Analysis Module

In developing the post-test performance optimization analysis
portion of the expert system, a study was made of the most important
parameters to consider when optimizing performance and the other
parameters that influence them. The three most important parameters
were determined to be specific impulse, thrust chamber pressure, and
oxidizer to fuel flow ratio. Parameters influencing specific impulse were
found to be thrust coefficient, characteristic exhaust velocity, thrust
chamber nozzle stagnation pressure, thrust chamber injector pressure,
thrust chamber temperature, and the total propellant flow rate.
Parameters influencing chamber temperature are the propellant types,
their flow rates, and the efficiency of the combustion process, primarily.
Parameters influencing the oxidizer to fuel flow ratio were found to be
thrust chamber temperature, fuel pump inlet and outlet pressures, and
oxidizer pump inlet and outlet pressures. Each of the influencing

parameters are compared to their safety limits and advice is then
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provided as to changes that may be made to each if possible to improve

the primary parameter values and thus the rocket engine's performance.
All recommendations made are stored with the parameter values of the
archive file being examined for later retrieval and/or storage in the
rocket engine life history database.
4.1.3 History Database Module

In developing the rocket engine life history database portion of the
expert system, a study was made of the most important parameters to
include when constructing a life history for a rocket engine. This was
only half of the task, however. The other half was the easy recall and
manipulation of the database information. To solve this, the new
graphics and hypertext capabilities of the VP-Expert software were
utilized fully. All database operations are controlled from a database
main menu. When adding to the database, an engine name and test
identifier are selected along with up to seven lines of brief comments
about the test. The expert system then adds this information to a
database file and to a hypertext file.

In the retrieval operation, hypertext was determined to be the best

way to allow scrolling through a list of engine names longer than a single
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screen will allow. This list is stored in the hypertext file under page

numbers and recalled by specifying the page to be examined. Before
storage, Basic routines are used to manipulate the page number strings
into the appropriate hypertext format. Engiﬁe names are then added to
the end of a page list until the maximum of twenty is reached. The next
engine name to be added will be held until a new page number is
inserted. The engine name is then added after the new number. A
second hypertext file stores the comments for each test after the
corresponding engine names. These names must be manipulated into
the correct format using Basic routines before being added to the
hypertext file. This is necessary for the recall of associated comments
when an engine name is selected from the list.

When deleting from the database, each line of the database file is
read into a dummy file except the line corresponding to the deleted case.
This dummy file is then copied back into the original and the hypertext
files are deleted and recreated by retrieving the necessary information
from the new database file. This procedure is repeated for each case
deleted.

Selection of the cases for deletion or information recall is provided
by displaying the engine name list, with its scrolling options and
|
|
\
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requesting the number beside the case name to be manipulated. This

number corresponds to the row in the database file. The information in
this row is then recalled for display. If deleting the case, the process
will then begin. If not, the database operations menu is redisplayed.

Before selection of a case number, the comments associated with
each engine name of the list may be recalled by clicking the mouse
directly on the name. The engine list will then be replaced by any
comments available for the selected engine test. To return to the engine
list, the field labeled "Current Page" is clicked with the mouse, and the
list is once again displayed. This procedure may be repeated for any
engine listed.

This completes the summary of the expert system capabilities and
methods utilized in its creation. The result of this research is a working
prototype capable of monitoring a rocket test, initiating a post-test
performance optimization analysis, and building a life history of the
engine. The next section will discuss future work that may be done to
expand this prototype to cover other areas as well as increase the depth
of the work already completed.

4.2 Future Expansion of the Prototype
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4.2.1 Long-Term Expansion

As indicated in the title of this thesis, the developed expert system
is a prototype. The ultimate goal of this project would be to complete an
expert system capable of actually operating the rocket test. Such an
expert system would have the following capabilities: 1) Correction of the
appropriate influencing parameter values when others have exceeded
their safety limits; 2) Real-time performance optimization analysis and
appropriate corrections made to achieve optimum performance of the
rocket; 3) Complete diagnostic readout on rocket engine components for
any time selected from any rocket test; 4) Recall of trends in operating
parameters and performance for past tests of a rocket and comparison to |
similar rockets; 5) Modification of test parameters by engineers directly
to a monitor causing real-time changes in the test. Although these are in
the far future, they are certainly very promising future steps for expert
systems.
4.2.2 Near Short-Term Improvement

Suggested modifications to the expert system in the much nearer
future will now be discussed. The first change that might be made is to
allow the user to add their own recommendation files for performance

optimization, to be recalled under their defined conditions, if the



recommendations provided in a certain situation are either
unsatisfactory or incomplete. This would mean modularizing the
performance advice routines so that any files with defined conditions
and advice statements, to be displayed when the conditions are met,
would be able to "plug"” into the expert system. By putting the
conditions and advice into files to be recalled, instead of inside the main
code of the expert system, the ability to utilize any number of files, and,
therefore, any number of recommendations, is given to the expert
system. Files may be easily written to and modified where internal code
may not be. This expert system is‘entirely menu-driven. Itis suggested
that an additions maintain this operations structure. Handling of
recommendation file recall and modification would best be accomplished
by a operations menu similar to the one used for the database
operations and the main control menu

Another possible addition to the expert system is the calculation of
mean and standard deviation values for individual rocket tests and
collective tests for a given rocket. These values could be utilized in the
comparison routines along with the performance comparisons provided
currently. The number of standard deviations away from the mean

measured values fall into would serve as a further check of their
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validity and concurrence with other tests of the same rocket or similar

rockets. Just as with performance, these comparisons could be made to
expected values and with database values. A data uncertainty analysis
of measurement could also be utilized shortly thereafter. The earlier
comparisons would serve as a good check of the uncertainty analysis.

An option that may be considered as well is to provide access to
more accurate computer codes for calculating the ideal performance of
the rocket . This would be a simple matter of adding an inquiry, before
expected performance calculation, to determine which code should be
used. A menu of the codes available could be provided, and the default
could be the ideal, one-dimensional, isentropic equations currently being
utilized. Calling the other codes from the expert system is not a problem
as long as they have a .EXE, .COM, or .BAT extension. The .EXE extension
is preferrable.

A larger simulation file base is another possible addition to the
expert system. By increasing the number of data ﬁles, for the purpose
of training personnel to recognize trends in test data leading into
problems, the exposure to a variety of incoming data becomes more
varied. Also a limited random number generator could be used to vary

the data even more for any number of files, as long as the number
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generation was limited to a reasonable range for that parameter.

Currently the archive files stored always contain the last three
inputs from the test ASCII file. This can be expanded to cause the
creation of archive files every so many seconds or minutes. This time
interval would best be defined by the user for each test, and this would
provide a much more accurate account of parameter values over a
reasonably long test time. As a result, more than three sets of test
information could then be evaluated, examined, and perhaps included in
the database.

These mentioned improvements to the prototype would greatly
enhance its capabilities. Many more can be suggested, but these were
considered most important at this stage of the expert system's
development. This can be an ongoing project for many years with a
great deal of potential. It will no doubt evolve greatly in time. This
thesis served to provide the base from which all further work may be

done.
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Appendix A
IDEAL PERFORMANCE PARAMETER EQUATIONS

Expected Performance Calculation Equations

. F
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Performance Calculations from Measured Values

WTOTAL = Wrc, + Wrco
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Equations Relevant to Performance Optimization
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PERFORMANCE PARAMETERS

specific heat ratio

nozzle throat area (ft?)

nozzle exit area (ft?)

characteristic exhaust velocity (ft/sec)

effective exhaust velocity (ft/sec)

thrust coefficient

maximum thrust coefficient

thrust (1)

gravitational constant (ft/sec?)

specific impulse (sec)

propellant mass flow rate (Ibm/sec)

nozzle exit Mach number

thrust chamber propellant injector Mach number
propellant average molecular weight

oxidizer to fuel ratio

ambient pressure (psia)

thrust chamber nozzle stagnation pressure (psia)
calculated thrust chamber nozzle stag. pressure (psia)
maximum calculated thrust chamber nozzle stag. pressure (psia)
thrust chamber propellant injector pressure (psia)

maximum thrust chamber nozzle stagnation pressure (psia)



WTC F
Wreo

WroraL

nozzle exit static pressure (psia)

universal gas constant (ft — lb/lbm — mol — °R)
specific gas constant (ft — Ib/lbm — mol — °R)
thrust chamber temperature (°R)

nozzle exit static temperature (°R)

nozzle exhaust velocity (ft/sec)

propellant weight flow rate (Ib/sec)

gas generator fuel weight flow rate (1b/sec)

gas generator oxidizer weight flow rate (1b/sec)
thrust chamber fuel weight flow rate (Ib/sec)
thrust chamber oxidizer weight flow rate (1b/sec)

total propellant weight flow rate (Ib/sec)



A.1 Performance Equation Derivation Assumptions

The equations presented in this Appendix are taken from
references [4], [5], [6], [12], and [13]. The assumptions made in their
derivation are the following:

1) The combustion gases obey the perfect gas law

2) The gases are uniform in composition throughout the
chamber and the nozzle

3) There are no friction or heat losses in the system
4) The flow is steady and constant
5) The characteristic of the gases (i.e., Their velocity,
composition, temperature, pressure, etc.) are uniform
over any cross-section of the combustion chamber or
nozzle
6) All species of the working fluid are gaseous
The first assumption is valid due to the high temperatures that
accompany these. With the second assumption, the gases are assumed to
transverse the nozzle so rapidly that no significant change in equilibrium
composition of the gases (due to changes in temperature and pressure)
can take place because of kinetic limitations. The third assumption is

needed to consider the flow adiabatic. The larger and better insulated

the rocket engine combustion chamber, the more valid this assumption
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becomes. By neglecting frictional losses too, the overall assumption of an

isentropic system becomes valid. The isentropic condition covers the
next assumption as well, which means the flow is free of shocks or
discontinuities. The fifth assumption requires one-dimensional flow,
neglects boundary layer effects as well as any characteristic changes
associated with radial flow, and the final assumption neglects two-phase
flow losses [3].
A.2 Analysis of the Rocket Energy Conversion Process

The following discussion was obtained from references [4], [5], [12],
and [13]. Equation 19 serves as a working equation for rocket thrust.
The exhaust velocity and pressure at the exit of thé rocket nozzle in this
equation must be related to the internal workings of the rocket motor to
provide the capability of performance evaluation in terms of motor
designvariables. It is desired to relate ue and p, to the chemistry of the
propellant system and to the design variables like "chamber pressure”
that essentially define the state of the art of the motor.

The fundamental function of a rocket motor is to generate a force
called thrust which propels the rocket vehicle that the motor is mounted

in. The rocket motor operates on an open thermodynamic cycle and



80
works by converting energy from a stored form to the form of kinetic

energy of the propellant. For the chemical rocket, the energy conversion
process begins with the release of the internal energy of a high
temperature gas through the process of combustion. This energy is then
converted to kinetic energy of the high speed propellant through the
process of gas dynamic expansion. The energy conversion process occurs
in the expansion where the random "thermal” motion of the hot gaseous
propellant is converted into a non-random directed motion in the nozzle.

The maximum velocity that can be achieved in any nozzle
expansion can easily be estimated. From statistical thermodynamics, the
root-mean-squared molecular speed of random thermal motion can be
calculated by the following equation:

Vihermal = C r.m.s 2V8- = (C2ayg )12 = (3P/density)1/2
By using the ideal gas equation of state (Vihermal = (3RT)1/2), we can
evaluate Vyperm a1 in the rocket combustion chamber. Defining T to be

the temperature in the combustion chamber, the thermal velocity of the
random motion of the molecules of gas is on the average the following:

Vithermal = (3RTc)1/2
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The bulk fluid velocity at any station of a one-dimensional flow of

an ideal gas with constant specific heat Cp isV= (2CP(TC-T))1/2, where
T, is again the combustion chamber temperature. In the limit of the
expansion T goes to zero, so the limiting velocity of expansion, which is
the bulk, directed motion speed of the gas, is Viyax = (ZCPTC)I/Z. With
Cp = (SHR)(R)/(SHR - 1), where SHR is the specific heat ratio Cp/Cv, the
equation for V., becomes Vyyax = (R(SHR)(R)(T))/(SHR - 1)1/2.
Now the ratio of Viax t0 Vihermal becomes the following:
Vinax/Vihermal = Q(SHR)RT/(SHR-1)1/2/3RT)1/2

= (2SHR/3(SHR - 1))1/2

This may be interpreted as saying that, in the expansion process of the
hot exhaust passing through the nozzle, at most this amount of the
random thermal velocity of the molecules in the combustion chamber
can be converted to one-dimensional non-random directed velocity.
Since SHR values range from about 1.08 to 1.667, the ratio

Vmax/Vthermat falls in the corresponding range 3 to about 1.3. The

ratio is greater than unity and increases as specific heat ratio decreases.

This illustrates the concept of the rocket motor functioning as an energy
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conversion device and crudely describes the dynamical features of the

conversion of internal energy of a high temperature gas to kinetic
energy of nonrandom directed motion.

Now if the one-dimensional flow of a gaseous propellant passing
through a rocket motor is considered, it can first be assumed that the gas
is not undergoing chemical reactions. Then, neglecting heat transfer, the
energy equation for the stream can be written as:

h, + uc2/2 =he + uezl2
where "c" refers to the combustion chamber and "e" refers to any
downstream station. For convenience "e" will be considered to refer to

the exit or exhaust station. Assuming that the Mach number M, is very

small, i.e. for M, <= 0.1, then uc2/2 may be neglected compared to h,..

As a result, neglecting uc2/2 and solving for u, provides ug =

(2(hc-he))1/ 2 yalid for any non-reacting flow from "c" to "e". For a flow

with constant specific heats the equation changes to the following form:
g = QC(T T2 = CT(1-Te/T )12

For an isentropic flow with constant specific heats this changes to the

form:

} |
1 ue = (2CpT0(1 (P e/pc)(SHR-l )/SHR))I 2
i ,




83
Since Cp = (SHR)R/(SHR - 1), this can be expressed in the form of eqn. 20:

e = (ASHR)R/(SHR -1))Te(1 - (Pe/Po)(SHR - D/SHRy)1/2
This relates the exhaust velocity of the rocket to the chemistry of the
propellant system. The mass flow of a one-dimensional stream is MF =
(DEN)AYV, where DEN refers to the density of the stream. For steady
flow:
MF = (DEN);A1V] =(DEN) ApV) = ......... = const.
Evaluating this equation at the "throat" or minimum flow area of a
rocket, the form becomes MF* = (DEN)*A*V*, where superscript * refers
to the throat conditions. Assuming isentropic flow the following
equations become true:
(DEN)* = (DEN)(1 + ((SHR - 1)22)M*2)1/(SHR-1)
= (Po/RTC)(1 + ((SHR - 1)2)M*2y 1/(SHR-1)
V* = M*a* = M*(SHR)RT*)1/2
OR V* = M*(SHR)RT)!/2(1 + ((SHR - 1)/2)M*2)-1/2
Substituting and collecting terms, the mass flow equation becomes:

MF = (SHR/R)!/2PcA*M*/T1/2(1+((SHR -
1)/2)M*2)(SHR+1)/2(SHR-1)

At the throat, experiment and theory indicate that for a one-dimensional
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flow M*=1, i.e. the Mach number of the throat is "sonic". As a result, the

mass flow rate equation now takes the form of equation 21:

MF = (SHR/R)!/2p¢ A*/(TCUZ)((SHR + 1)/2)-(SHR+1)/2(SHR-1)

This relates the mass flow rate of the rocket to the chemistry of the
propellant system.
Going back to the previous mass flow equation, we generalize it for
any area and Mach number. This provides the equation:
MF = (SHR/R)!1/2PcAM/T,,1/2(1+((SHR - 1)/2)M2)(SHR+1)/2(SHR-1)
Equating the two forms and solving for area ratio provides the following:

A/A*=((SHR+1)/2)-(SHR+1)/2(SHR-1),
M(1+((SHR-1)2)M2)-(SHR+1)/2(SHR-1)

Rearranged this becomes:

Ae=A*(1+((SHR-1)/2)M,2)(SHR+1)/22(SHR-1);
Me((SHR +1)/2)(SHR+1)/2(SHR-1)

For isentropic flow, M, can be found in terms of Pe/P.. From the energy
equation (h; + u02/2 =he + uezﬂ), assuming u02/2 << h,, and constant
specific heats, the following equation is provided:

T =Te +u¢212C,
Since ug = Mg((SHR)RT,)1/2, then

T = Te + Mg2SHR)RT,/Cpy = Te(1 + (SHR-1)/2)M¢2)



and  Te/T = (1 +((SHR-1)/2)M2)’]

Now we examine the isentropic relation between pressure and
temperature:

Pe/P, = (To/To)SHR/SHR-1) = (1 4 (SHR-1)/2)Me2)-SHR/(SHR-1)

As aresult:

Pe =P¢(1 + ((SHR-I)/2)Me2)-SHR/(SHR-1)
M, = ((2/(SHR-1))((P,/P,) ((SHR-1)/SHR)._1y)1/2

Mass flow rate, exhaust velocity, nozzle exit area, and nozzle exit
pressure have all been related to the chemistry of the propellant. This
only leaves the ambient pressure parameter in equation 19 which is
provided at the start of a test. As a result, thrust has now been related
to the energy conversion process of the rocket. Equation 12 relates
specific impulse to thrust and the weight flow rate of the propellant.
Equation 13 relates the effective exhaust velocity to thrust and mass
flow rate of the propellant. Equation 24 relates the characteristic
exhaust velocity to chamber pressure, throat area, and the weight flow
of the propellant. Equation 27 relates the thrust coefficient to thrust,
chamber pressure, and throat area. As a result, all performance

parameters have been related to the energy conversion process.
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Analysis of the energy conversion process has indeed been the basis for
identifying true rocket performance standards, as stated earlier.

The thrust chamber nozzle stagnation pressure is not a measurable
parameter, however. Instead, it is calculated from the thrust chamber
injector pressure using equation 14. This equation is for isentropic
processes only and was obtained from reference [6]. Typical values for
the injector Mach number were obtained from reference [8] and were
determined to be 0.15 to 0.45. Since an injector Mach number of 0.15
gives the highest value for the chamber nozzle stagnation pressure, it is
used in all calculations made by the expert system. This is to assure that
the largest pressure value possible is used in the checks against safety
limits. The actual value may be lower, but choosing the higher number

adds a little extra safety margin.



APPENDIX B

ROCKET ENGINE TEST SIMULATION

B.1 Simulated Data Files Used

To show the expert system in full operation, a rocket engine test
simulation was created. The user follows the same procedure,
described in chapter two, when operating the expert system, except
the measured test parameters it obtains are from three
pre-constructed ASCII data files instead of an operating rocket test.
The files are copied into the main ASCII file and the expert system
draws its information from one by one each time as the user requests
to continue monitoring the test. The fourth time such a request is
made, the first file will again be copied. This loop through the three
files of information will continue until the user indicates test
monitoring should be discontinued. The archive files constructed will
consist of the three data files with current times being the last three
times monitoring took place. In other words, if the user monitors the
test nine times, the clock time of each of the last three monitoring runs

will be the stored times of the three archive files.
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B.2 Initial Design Parameter Entry

Expert system operation is begun by typing "VPX ROCKET". This
tells the operating system to execute the VP-EXPERT software using
the file named "ROCKET". First, a title page appears indicating the
name and author of this expert system (Figure 14). The user is
instructed to press any key to start the sytem and therefore does so.
Next, the rocket engine design parameters are requested. This is done
by providing a listing of the parameters such as nozzle area ratio,
oxidizer to fuel ratio, thrust, exhaust gas specific heat ratio, propellant
molecular weight, nominal on desired specific impulse, and ambient
pressure, and their default values (Figure 15). To modify these values
for the current rocket, the user clicks the mouse on the field
surrounding each number and types the new value. Pressing "return”
causes the field boundary to return with the new value inside. The
user may modify these values as many times as desired. When all
modifications have been completed, the user is instructed to click the
‘mouse on the field at the bottom of the screen labeled "CONTINUE" . For
this simulation, the values displayed in figure 16 were utilized.

B.3 Safety Limit Entry |
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Now the expected performance parameters of the rocket are

calculated, using equations 1 through 8 in Appendix A, and stored for
later recall. The next screen that appears is the first of two safety
limit parameter screens (Figure 17). All default values are zero. The
user defines these values by clicking on each field surrounding the
numbers with tile mouse, typing the new value, and hitting "return” to
return the field to normal with the new value displayed. This may be
done as many times as desired until the user is satisfied with the
defined values. For this simulation, the values displayed in figure 18
were utilized. Clicking the mouse on the field marked "CONTINUE" at
the bottom of the screen, defines the values and calls up the next
safety limit screen (Figure 19). For this simulation, the values
displayed in figure 20 were utilized.

One final pre-test user input is requested upon completion of the
safety limit definitions. This input is the handling of the gas generator
fuel and oxidizer flow. The user is asked if this flow is dumped into
the nozzle (Figure 20). If the user answer is yes, then the measured

values of gas generator fuel and oxidizer flow are added to those of
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the thrust chamber fuel and oxidizer flow to obtain the total flow rate

through the rocket. If the answer is no, then the gas generator flow is
not included in the total flow rate calculation. For this simulation, the
user answered no.
B.5 Expert System Main Menu

At this point, the actual rocket engine test would normally begin.
For this simulation, it is assumed that this has indeed happened and
the test-time-elapsed clock is started. The main expert system
operations control menu now appears on the screen as well (Figure
21). If the user is unclear about the meaning of each menu choice and
wishes an overall operations summary, clicking the mouse on the
light-blue title word"EXPERT" will provide one. This is done and first
page of the summary replaces the main menu in the display window
(Figure 22). Clicking the mouse on the light-blue "PAGE?2" causes the
window to now display the second page of the summary (Figure 23).
Clicking the mouse on the light-blue "RETURN" causes the window to
redisplay the main menu. The user may also click on the light-blue
words "UPDATE", "PERFORMANCE", and "ROCKET" to obtain explanations

of the listed menu option they are part of (See Figures 24, 25, and 26)
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respectively).

B.6 Monitoring Data Set 1

With the test operating the user selects the first menu option,
"UPDATE ROCKET TEST PARAMETER FILE", to monitor the test. For this
simulation, the first data file is now copied into the expert system
ASCII test parameter file. Display of the monitoring screen is then
begun. The first measured parameter, environmental temperature, is
compared to its safety limit and immediately is flagged as exceeding
displayed in red, as is the safety limit and the ignore-channel inquiry
shown at the bottom of the screen (Figure 27). Since this value is
clearly unreasonable, the user concludes the channel is malfunctioning
is indicates it should be ignored in future monitoring for this
particular test. The parameter display continues, once the user makes
this indication, and the fuel pump inlet and outlet temperatures are
flagged in a similar manner. These channels will not be ignored in
future monitoring. The resulting monitor screen for the first
simulated data set is displayed in figure 28. Note the nominal values
for the important performance parameters are displayed next to the

measured values for easy reference.
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B.7 Monitoring Data Set 2

After examining the values, the user indicates a wish to continue
monitoring and the simulated second data set is read into the ASCII
file. Notice now that the environmental temperature is not flagged,
since ignoring the channel was chosen previously, the fuel pump inlet
and outlet temperatures have dropped below their safety limitations,
and the turbopump lubricant consumption and thrust chamber
temperature have now climbed beyond their safety limitations (Figure
29). Both channels were decided not to be ignored in future
monitoring.
B.8 Monitoring Data Set 3

After examining these value, the user again indicates a wish to
continue monitoring and the simulated third data set is read into the
ASCII file. Notice now that the turbopump lubricant consumption was
adjusted below its safety limit and how the coolant flow rate was
increased to decrease the thrust chamber temperature below its limit
(Figure 30). All parameter values are within their limitations at this
time. At this point the user may continue the simulation, if desired,

by indicating a wish to continue monitoring. If this is done, the first
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data set is again read in and the comments of the past two paragraphs
and this one will still apply. This loop may be done as long as desired.
For this simulation test, the user discontinues monitoring at this point
and the main menu is once again displayed (Figure 21).
B.9 Recalling Archive Files

Now the test is assumed to be compeleted, and a post-test
analysis may now begin. Selecting the second option of the menu,
labeled "DISPLAY CURRENT ROCKET TEST PARAMETER VALUES", the
list of all current archive files for the test is displayed in order of the
time they were stored (Figure 31). The user decides to examine the
last archive made, and therefore selects number three. The archive
file is now retrieved from storage, and its storage time and the elapsed
time of the test when stored are displayed along with all parameter
values and any performance evaluation recommendations made so far
(Figure 32). Since post-test analysis has just begun, the
recommendations section is currently left blank. The user is also
reminded that pressing the "PRINT SCREEN" key will provide a hard
copy of the archive file information. After reviewing the values, the

user selects any key, and the main menu is again displayed

(Figure 21).
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B.10 Expected Performance Comparison

Now the user selects the third menu option, labeled "COMPARE
TEST PARAMETERS TO EXPECTED PERFORMANCE" , and again must
choose an archive file to be examined (Figure 31). The third file is
again selected, and a table of measured, expected, and measured to
expected ratios for thrust, specific impulse, effective exhaust velocity,
thrust coefficient, characteristic exhaust velocity, oxidizer to fuel ratio,
and propellant weight flow rate is displayed (Figure 33). After
reviewing the values, the user selects any key, and the main menu is
again displayed (Figure 21).
B.11 Database Extreme Value Comparison
Now the user selects the fourth menu option, labeled "COMPARE
TEST PARAMETERS TO ROCKET ENGINE DATABASE", and again must
choose an archive file to be examined (Figure 31). Once again the
third file is selected, and a table of database minimums, database
maximums, the current archive files test values, and out-of-range
asterisk flags for thrust, specific impulse, oxidizer to fuel ratio, fuel

weight flow rate, oxidizer weight flow rate, and total propellant weight
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flow rate is displayed (Figure 34). After reviewing the values, the

user selects any key, and the main menu is again displayed (Figure
21).
B.12 Performance Evaluation

Now the user selects the fifth menu option, labeled
"PERFORMANCE OPTIMIZATION ADVICE", and again must choose an
archive file to be examined (Figure 31). Once again the third file is
selected. Now the user is asked to define an acceptable percentage for
measured to expected performance ratios to be used in determining
the advice to be given. The default value is 92% (Figure 35). This
value may be modified by clicking the mouse on the field containing
the percentage. The user does this and changes the value to 99%
(Figure 36). Once satisfied with this definition, the user clicks the
mouse on the field labeled "Begin Optimization" at the bottom of the
screen. Having done this, the first performance evaluation
recommendation is made. The measured to expected specific impulse
ratio is determined to be below 99%. As a result, the measured,
expected, and ratio values are displayed along with the statement that
the thrust coefficient and characteristic exhaust velocity must be

optimized to maximize specific impulse (Figure 37).
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ACCEPTABLE PERCENTAGE FOR MEASURED/EXFECTED PERFORMANCE RATIOS: 92 4

Figure 36. Default Acceptable Ratio Precentage
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The user presses any key, as instructed, and the thrust coefficient is

now evaluated. The measured, expected, and ratio values are
displayed along with the statement that this parameter is optimized
under these conditions, since the ratio is acceptable (Figure 38).

The user presses any key, as instructed, and the characteristic
exhaust velocity is now evaluated. The measured, expected, and ratio
values are displayed followed by the statement that poor combustion
and injector performance are responsible for the low ratio value. This
advice is to increase characteristic exhaust velocity by increasing the
propellant mass flow rate, and thus the injector and nozzle stagnation
pressure. It also notes that the safety limits for injector pressure,
nozzle stagnation pressure, and chamber temperature, since
temperature increases with pressure, must be watched closely and
displays these values and their limits (Figure 39).

The user presses any key, as instructed, and the oxidizer to fuel
flow ratio is now evaluated. The measured, expected, and ratio of
measured to expected values are displayed along with the statement
that this parameter is optimized under these conditions, since the ratio

is acceptable (Figure 40). Pressing any key, the user is returned to the
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main menu (Figure 21).
B.13 Database Operations
B.13.1 Database Additions
Now the user selects the sixth menu option, labeled "ROCKET
ENGINE LIFE-HISTORY DATABASE OPERATIONS", and again must
choose an archive file to be examined (Figure 31). Once again the
third file is selected. This file had a reasonably good agreement with
expected values so the user now decides to include it in the database
as part of this rocket engine's life history. Selecting the first option of
the database operations menu (Figure 41), labeled "ADD NEW ROCKET
ENGINE TEST CASES TO DATABASE", all parameter values of the file, as ‘
well as the recommendations made for improving performance, are
displayed for review before database addition (Figure 42). After
examining the list, the user presses any key and must now decide if
the reviewed file should indeed be added, or if the operation should
be aborted (Figure 44). The user chooses to continue the addition
process.
Next a name for the engine tested is requested. This must not be

identical to any other names currently in the database, and all spaces ] }
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Figure 43, File Parameter Value Review
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ROCEET ENGINE NUMBER TEST DATRA

ENGINE:

EMV. TEMF.: &2 DEG. F COOLANT FLOW RATE:
56 FRE3SSURE: 671.49 PSIA T TC FUEL FLOW:

G6 TEMFERATURE: 00 DEG. F TC OXID Fili:

TR 3TATIC PREZS.: 34,9264 FSIA G FUEL FLJw:

TP SFZED: 4100 RFM 35 OXID SLgW:

TF LuB, CONSUM, : S 5FM NOZ £¢ 3TAT SRESS.:

FPOTNLET PRESS. : S7 FSIA MEASURED THRUST:

F& INLET TEMF.: &0 DEG. F FUEL QUANTITY: AONGG L3
FPOOUTLET FRESS.: 256 FSIA OXID GQUANTIT PG00 LY

FP OUTLET Teme,: 80 DEG. F TC NOZ 37AG ARESS.: 635.8613 FEBSIA
2P IMLET PRESS.: 98 F3IA J/F RaTIO: 2..312°043

OF INLET TEMF,: -390 DEG. F TOTAL FLAW SATE:
GF OUTLET PRESS.: 19 PSIA SPECIFIC IMPLLSE:
OF QUTLET TEMPF.: ~235 DEG., F
TC INMJECTIR FPRESS.: 657.07 FSIA
TC TEMFERATLRE: 2000 DEG. F

RECOMMENDATIONS SINCE START OF TEST: INCREASE FROFELLANT _Fi Ok

500D _NOZZLE _CESIGN 500D _FJEL FUMP _INLET FSESSURE
INCRSASE _1MJZCTOR PRECSURE BCAOD 0X.D_#JMP _INLIT FRESSURS
PREZSS ANY KEY T COMTINUS

Figure 43, File Parameter Value Review
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must be underlined. The best way to avoid name duplication is by
adding the test number at the end of the name. Since no two tests
have the same number, for the same engine, this problem may be
avoided. Seven lines of brief comments about the test are also allowed
for. The user therefore selects a name and five comments (Figure 45 ).
Pressing "return” aftef the last comment causes the file to be added to
the database and the database operations menu to be redisplayed
(Figure 42).
B.13.2 Database Case Information Recall

Now the user decides to examine the cases currently in the
database, including the most recent addition. Selecting the third
option, labeled "DISPLAY ROCKET ENGINE TEST CASES IN DATABASE"
scrolled, if there are too many cases to be displayed on a single screen,
by clicking the mouse on the "Next Page” and "Previous Page" fields,
and options for "First Page™ and ;'Last Page” display are available if
needed. Another option is to click the mouse on the case name to
obtain the up to seven lines of brief comments about each test. The
user now does this for the case recently added (Figure 45). To return
to the case list, the user clicks the mouse on the "Current Page” field.

The list is once again displayed (Figure 46).
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TYPE THE NAME OF THE ENGINE USED FOR THIS TEST CASE
(NO MORE THAN 40 CHARACTERS AND ALL SPACES MUST BE UNDERL INED)
(NOTE: TWO ENGINE NAMES MAY NOT BE EXACTLY ALIKE.)
H_1A_VERSION_2_TEST_10

TYFE ANY COMMENTS FOR THIS TEST CASE IN THE NEXT SEVEN LINES.
(EACH LINE SHOULD ONLY BE 40 CHARACTERS LONG. HIT RETURN FOR UNNESEDED LINES.)

TYFE LINE NUMBER OME: SLIGHT VIERATIONAL FROBLEM

TYFE LINE NUMEBER TWO: REASONABLE NOISE LEVELS

TYPE LIME NUMBER THREE: CHAMEER TEMFERATURE FLUGCTUATIUNS

TYPE LINE NUMBER FOUR: FUEL FUMP FRESSURE YARIATIONS

TYFE LINE NUMBER FIVE: GOOD THEORETICAL FPERFORMANCE COMFARISON
TYPE LINE NUMBER SIX:

TYFE LINE NUMEER SEVEN:

Figure 45. Case Identifier and Comment Entry
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SLIGHT YIBRATIONAL FROBLEM

REASOMNABLE NOISE LEVELS

CIFAMBER TEMFEARATURE FLUCTUATIONE

FEL PUMP PRESSURE YARIATIONSG
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Figure 47, Case One Comments
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To obtain the numerical information and performance
recommendations made for a case, the user selects the "Select Case
Number" field. Doing so, the number of the case to be examined is
requested (Figure 48). The user selects case number one and the
desired information is displayed (Figure 49). Pressing any key returns
the user to the archival file retrieval list. To return to the database
operation menu, the user may press the "Ctrl-Break” (Figure 41). The
user has now completed the post-test analysis of the tested rocket and
added to its life history. Selecting the final option of the menu returns
the user to the main menu (Figure 21). Selecting the final option there
causes the tempofary files to be deleted and the expert system is
exited.

B.14 Applications with Simulated Data

This completes a typical run through using the constructed expert
system. As areal world application, operating the expert system with
simulated data files could be a way of training those who will watch
the monitors during a test. A variety of problems could be introduced
into carefully thought out data files, or files from previous tests, to

teach operators trends in test problems to watch for, procedures for
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when safety limits are exceeded, etc. As a result, this exercise for
demonstration of the expert systems capabilities has shown yet
another application for the system. All computer files utilized in the
operation of the expert system are listed in figure 50 in regard to their

affiliation with the main expert system control menu.




FIGURE 50. EXPERT SYSTEM FILES

FILES FOR ROCKET DESIGN AND SAFETY LIMIT PARAMETERS

Basica.Exe Basic compiler

Clock. Computer internal clock time

Eperf. Stores user-defined performance values

Expperf. Stores all measured/calculated performance

Values

GGflag. Flags the gas generator flow when dumped into
the nozzle

Limits. Stores all safety limits

Perf. Stores all calculated performance values

Performance.bas Calculates performance values

Rocket.kbs Obtains rocket design and safety limit
parameters from user

Starter kbs Starts elapsed test time count

Timekeep.bas Retrieves internal clock time

Control.kbs Main menu display and options

FILES FOR EXPERT SYSTEM CONTROL MENU

Blank.kbs Dummy file for exit routine
Clean.bat Deletes unwanted temporary files
Control.kbs Main menu display and options
Link kbs Checks for reading errors

Kill.bat Deletes all temporary files
Menus.txt Stores hypertext for all menus
Mlink kbs Returns user to test monitor routine
Rmenus.txt Hypertext for various main menu options
Rlink kbs Returns user to the main menu
Timepass.bas Calculates time passed

Timer. Stores current time

Tpass. Stores elapsed time

Tstart. Stores test starting time

Basica.exe Basic compiler
Calc.bas Calculates performance parameters



Data.
Datal.
Data2.
Data3.
Lk2 kbs
Mclean.bat
Mon2.kbs
Mon3 kbs
Monitor.kbs
Sim.bat
Sim2.bat
Sim3.bat
TD1.bat

TD2.bat
TD3.bat
Tdatal.
Tdata2.

Tdata3.
Timepass.bas

Tstart.

Stores ASCII file data 138
Stores archive file data 1
Stores archive file data 2
Stores archive file data 3
Checks for input errors
Deletes unwanted temporary files
Monitors second simulation file
Monitors third simulation file
Monitors first simulation file
Calls first set of simulated data
Calls second set of simulated data
Calls third set of simulated data
Copies first set of simulated data into ASCII
file
Copies second set of simulated data into ASCII
file
Copies third set of simulated data ino ASCII
file
Stores simulated data 1
Stores simulated data 2
Stores simulated data 3
Calculates time passed
Stores current time
Stores elapsed time
Stores test starting time

Data_display kbs

Timepass.bas
Timer.

Displays selected archive file parameter
values

Calculates time passed

Stores current time

Stores elapsed time

Stores test starting time

Compares expected values to measured
values

Copies first set of simulated data into ASCII
file



TD2.bat Copies second set of simulated data into ASCII

file

TD3.bat CopienhixdsetofsimulmeddminoASCIl
file

Tdatal. Stores simulated data 1

Tdata2. Stores simulated data 2

Tdata3. Stores simulated data 3

Expperf. S‘t;xu expected performance parameter
values

Test_data, Stores retrieved archive file information

Dbcomp.kbs Compares database extremes to measure
values

TD1.bat Copies first set of simulated data into ASCI
file :

TD2.bat Copies second set of simulated data into ASCII

Optimize kbs Provides advice for performance optimization

TD1.bat Copies first set of simulated data into ASCII
file

TD2.bat Copies second set of simulated data into ASCII
file

TD3.bat Copies third set of simulated data ino ASCII
file

Tdatal. Stores simulated data 1

Tdata2. Stores simulated data 2

Tdata3. Stores simulated data 3

Expperf. Stores expected performance parameter
values

Test_data. Stores retrieved archive file information



Case_info.dbf
Case_info.
Cldbf

Clink kbs
Combine.bat
Counter.
CSEkbs
Dboutkbs

DEkbs
Delchange.bat
Extremes.dbf

Header.bas
Htext.bas
Hypermaker.bas
MCLdbf
MPL.dbf
Page.bas

Pagehdr.

Pagemaker.bas
Page_list.

Page_list.dbf

PL.dbf
Perror.
Scroll.
Testcase.txt

Stores case number listings
Stores numerical information
Stores hyertext information
Back up for case_info.dbf
Returns user to main menu
Combines files into one hypertext file
Stores number of cases in database
Adds test case to database
Displays database information for a
selected case
Deletes a selected database case
Copies backup into current file
Stores minimum and maximum parameter
values
Creates hypertext headers
Stores hypertext test comments
Modifies parameter format for hypertext
Master case information database file
Master page information database file
Stores engine name and summary
comments in database
Stores page name in hypertext format
form
Modifies page name for hypertext format
Stores case information by page name for
scrolling purposes
Stores page name and test cases within the
database
Backup page list database
Checks database selection for error
Flags current scrolling screen
Stores the numerical and graphical
information for a selected archive
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