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SUMMARY

This report describes a computer model of combustor transient performance, emphasizing
recent improvements in the model’s descriptions of heat release rate, autoignition, stability, and
fuel injector performance. Also included is an independent analysis of the model identifying five
parameters: combustor volume, liner pressure drop, combustion efficiency, turbine inlet flow
parameter, and prediffuser exit area, which strongly affect the model’s calculations of combustor
exit temperature and flowrate. Finally, a unique, nearly complete, transient combustion facility is
described along with the instrumentation which will be used in the first test, planned for 1987.
Data from this test will be used to validate and further refine the model. Ultimately, the
transient combustion model will become a tool used to promote stall recovery in future gas
turbine engines.




SECTION |

INTRODUCTION

In current aircraft gas turbines, compressors must be designed to meet the contradictory
demands of high pressure ratio (to optimize engine performance) and stall-free operation (to
minimize aircraft vulnerability). In practice, compressor stall margin may be consumed by inlet
distortion, pilot requested transients, and engine-to-engine manufacturing variations. Most stalls
are self-recovering, with only a momentary loss of engine power. However, some stalls are
nonrecoverable; they cause the engine to operate at low power and high turbine inlet
temperature, and they can only be cleared by an in-flight shutdown and restart. While there has
been considerable effort to simulate and control compressor stalls, little attention has been paid
to the combustor’s role in the engine post-stall scenario, even though combustor response to a
compressor stall can determine whether or not the engine recovers.

This report summarizes Pratt & Whitney’s efforts to model and understand transient
operating conditions in a gas turbine combustor, with an ultimate goal of designing future
combustors to promote stall recovery. Toward this end, Pratt & Whitney (P&W) has created a
lumped-parameter computer model of a gas turbine combustor, and has subjected the model to
independent analysis designed to identify model parameters which have the greatest impact on
model predictions of combustor exit temperature and flowrate. This analysis has also resuited in
a prediction of model accuracy when test sensor (e.g., pressure, temperature) accuracies are
within specified limits. In 1987, these efforts will culminate in noncontractual validation of the
model with test data from a transient combustion facility under construction at United
Technologies Research Center (UTRC).




SECTION Il

BACKGROUND DISCUSSION

1. COMBUSTOR CONTRIBUTIONS TO ENGINE STALL BEHAVIOR
a. Normal Combustor Operation

The combustor is located at the heart of the gas turbine engine. From a thermodynamic
cycle standpoint, the role of the combustor is simply to convert the chemical potential energy in
the fuel to thermal energy by combustion. This thermal energy is then converted to kinetic
energy in the turbines to drive the compression system and create thrust. In the combustion
process, high efficiency at low pressure drop is desired. The design and performance of a
combustor is much more complex than the blackbox thermodynamic description suggests.

A typical gas turbine combustor during normal (i.e., unstalled) operation is shown
schematically in Figure 1. The compressor exit air Mach number is gradually reduced in the
diffuser in a manner which limits total pressure loss. A dump section is provided for consistent
flow behavior at the diffuser exit.

Combustor stability during normal operation is typically considered to be defined by
conditions in the primary zone. Stoichiometry and swirler/fuel nozzle induced swirl strength are
prime contributors in this regard.

Primary zone stoichiometry is controlled by the combustor fuel and front end/primary air
flowrates and distributions. Fuel distribution is determined by the spray cone structure and the
degree of atomization, and can vary significantly between nozzles of different designs, such as
pressure atomizing or airblast. A pressure atomizing fuel nozzle design relies upon large fuel
pressure drops to atomize. A pure airblast design uses the shearing effect of high velocity air on a
fuel film for atomization.

Reverse flow in the primary zone occurs when a nondimensional ratio of tangential
momentum to axial momentum (called the swirl number) exceeds a value of 0.6. The static
pressure in the central core of the swirler then becomes sufficiently low and recirculation results.
With increased swirl number, the recirculated mass flow is increased and, for very strong swirl
levels, it can actually exceed the swirler flow.

Primary zone reverse flow creates stable combustion by recirculating hot reacting gases and
fresh fuel and air which perpetuates combustion. Since only fuel in the vapor phase can burn,
some of the heat release is used to help vaporize the injected fuel. The resulting overall fuel/air
ratio in this zone must be within lean and rich limits and, in general, exceeds stoichiometric level.

The gases exiting the primary zone enter the intermediate zone. The intermediate zone
provides time, at elevated temperature, for the recombination of the dissociated products, such as
CO and H,. This recombination process helps to reduce engine smoke emissions and prevent low
combustion efficiency at reduced power conditions.

SRS |
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— Combustors Are Typically Designed for Normal Flow Conditions

Figure 1.




The gases exiting the intermediate zone enter the dilution zone. In the dilution zone, the
hot gases are mixed with cooler compressor exit air to reduce temperature levels and produce
temperature patterns compatible with the turbine. Typically at high power, most of the
combustion is complete before the hot gases enter the dilution zone.

Combustors are presently designed for these conditions of normal operation and are
required to provide the following at acceptable levels:

¢ Durability

¢ Exit temperature patterns (hot spot and average profile)
o Starting capability at sea level and. altitude

* Smoke and emissions (including efficiency).

There are presently very few accepted guidelines for the design of “stall resistant combustor
systems.” Two of these are elevated fuel nozzle passage pressures to limit boiling potential, and
increased combustor section volume. Conventional “normal operation” design guidelines must
not be severely impacted by stall resistance design considerations, however.

b. Combustor During Stall

During normal combustor operation, the distribution of airflow is bookkept in the interests
of providing desired exit temperature patterns, durability, starting, and smoke and emissions.
These airflow distributions are determined by measured steady-state pressures. Figure 2
illustrates in a simple manner what is believed to happen to combustor air flow during an engine
surge. For pre-surge conditions, the airflow distribution is normal. During the early stage of the
surge cycle, the airflow into the combustor is retarded as the compressor discharge flow is
reduced. As the engine approaches the trough of the surge cycle, it is speculated that deep reverse
flow within the combustor section occurs. Hot reactants and products are drawn forward out of
the liner. Primary zone recirculation patterns and, therefore, stability in the conventional sense
may vanish from the primary zone. On the repressurization side of the surge cycle, forward flow
is reestablished and some of the reactants and products are drawn back through the combustor
liner. During these last two steps, it is considered crucial whether or not the combustor blows out
and, if so, does it relight (if normal terminology can be applied).

In the case of a rotating stall, the amplitude of the combustor pressure variations is
decreased while the frequency is increased. Local combustor response to a passing stalled cell
might be visualized as being somewhat similar to surge response, but of reduced severity. The
passing stall cell induces a local reverse flow of reduced strength relative to a surge induced
reverse flow. The cell must affect local combustion to some extent as it passes, but complete
blowout is not likely.

Combustor poststall dynamic effects have a significant impact on engine system stall
recovery. Possibly the most important of these is the tendency for repeated combustor
blowout/relight during surge cycling to reduce engine power level far into the sub-idle region.
Once in the far sub-idle (or starting) region, it can be easy for the engine to fall into rotating stall
(stagnation). As shown in Figure 3, repeated combustor relight/blowouts on the surge cycles
drive average combustor pressure well below idle level. The end result of this transient was
rotating stall.
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A study was conducted to determine the feasibility of using either existing rigs or engine
configurations to conduct timely yet relatively inexpensive transient tests. No suitable facility
presently exists at P&W to accomplish this goal. However, the United Technologies Research
Center Transient Combustion Facility (planned to be operational in 1987) has this objective and
was selected under this study.

The combustor model was integrated into the Systems Control Technologies (SCT)
parameter estimation code and subjected to system identification analysis. This analysis
determined the feasibility of identifying combustor model characteristics from rig test data with
the goal of including the identified model in a full-scale engine poststall model.

SCT and Pratt & Whitney defined sensor sets which are currently practical for poststall
combustor testing and sensors which are not currently available but could be developed in the
near future. Accuracy levels for all sensors were then defined, and estimates of combustor model
parameter uncertainties were made.

Using these uncertainty estimates, the optimum set of parameters to identify was defined
for each combination of input, sensor set, and uncertainties. These estimation sets are optimum
in the sense that they will minimize combustor model output error due to estimation error.

Estimation accuracy analysis was then performed in an iterative fashion for each
estimation set. The final result of this analysis is a specification of the test instrumentation,
inputs, and model uncertainty required to determine combustor model characteristics from test
data.

A test input which drives the combustor into its different modes of operation, is desirable
and has been selected as an input to the transient rig. It is eseential that the state of the burner
be determined through proper instrumentation of the facility and rig, and that the computer
model be flexible enough to react to and simulate that change. The JETAS computer system
installed in the transient facility’s control room is capable of accessing data at as high a rate as
500 cuts/sec. This is more than adequate for the type of instrumentation and resolution desired.

3. SUMMARY OF FINDINGS
8. Combustor Model Survey

During the literature search, most of the technical papers on combustor modeling reviewed
were concerned with steady-state operation, but the lumped volume approaches taken,lends them
to transient analysis as well. No papers were identified which specifically presented poststall
combustor models. However, many papers were sssembied which concentrate on the important
physical mechanisms which occur during poststall combustor operstion, namely mixing,
evaporation and chemical reaction. These mechanisms along with gas dynamic effects such as
residence time and turbulence intensity help to control combustor ignition, stability, flame
propagation and efficiency. A bibliography of the important publications which were used in the
formulation of the poststall combustor model under this program are listed in the reference
section.

(1) Existing Digitsl Computer Model

A review and critique of the existing state-of-the-art P&W poststall combustor dynamic
computer model developed under the AF contract F33615-79-C-2087 was also performed. The
model is shown schematically in Figure 4 and in flow chart form in Figure 5. It consists of two
other representing the region inside the liner. Flow into the outside liner is calculated based on




“dump loss” associated with sudden expansion at the diffuser exit and likewise, flow through
limrisbandonthohmxpmdmp Combustor exit flow is calculated by assuming a
choked high turbine since the turbine is not modeled.

Flow Caiculated from Turbine Flow

Flow Calculsted from A P Parameter, Assuming Choked Flow
With Effective Ares
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I S
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Figure 4. — Existing Combustor Model Represents Qutside and Inside Liner Regions as
Separate Lumped Volumes

Each of the two volumes incorporates dynamic equations for conservation of mass and
conservation of energy. The liner volume also includes conservation of fuel so that fuel/air ratio
can be taken as the ratio of the mass of fuel within the volume to the mass of air as shown in
Figure 6.

The heat release dus to combustion is obtained by reading steady-state temperature rise
curves with fuel/air ratio and applying a first-order lag intended to account for transient
residence time effects as shown in Figure 7. This provides a somewhat realistic transient
temperature rise with minimal computational complexity.

The modes! also includes other important physical processes using empirical correlations.
Blowout limits are checked and, if exceeded, the temperature rise is zero. Following blowout, the
combustor doss not immediately relight once stability limits are no longer violated. Rather, some
time elapees before the relight. This autoignition delay time has been correlated with entering air
temperature and pressure. Once the relight is initiated, the flame must propagate around the
annulus; it is sssumed that the propagation is a linear function of time.
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Figure 6. — Model Simulates Masses of Air and Fuel Separately for Transient Fuel/Air
Ratio Calculation

(2) Shoricomings

An analysis of the function of the various subroutines and how they interact as well as the
overall methodology of the model was undertaken in the review. The weaknesses in the model
and the methods of dealing with the weaknesses will be discussed in this section.

(a) Heat Release

The efficiency values which are applied to the ideal temperature rise are based upon a
simple functional form involving only two variables. The literature search indicated that steady-
state combustor efficiencies are dependent on mixing, evaporation, and reaction effects which
involve many variables. Also, the application of a first order time lag may be appropriate, but the
time constant involves more physical effects than only residence time.

(b) Combustion Zones

The “inside liner” volume was previously one lumped volume. This was divided into a
primary and a secondary zone because the primary zone is most influential in terms of ignition
and stability and is separable from the secondary zone in this regard.

(c) Iignition Model
Autoignition delay time was previously the only criterion used for a combustor “on/off”

decision. Using the characteristic time approach, a spark ignition criterion was added for better
modeling and completeness. *
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(d) Stability

The original blowout characteristic did not allow the inclusion of all the important
variables revealed in the literature search, and was based upon steady state rig data. A stability
calculation, better than the original, was required to determine if blowout limits are exceeded. A
characteristic time approach was adopted.

(e) Fuel injector

An improved fuel injector model was incorporated to allow calculation of droplet size. Fuel
nozzle design and fuel type are strong drivers on spray droplet size (typically identified by the
Sauter mean diameter or SMD) which is involved in the physics of evaporation, flame
propagation, and efficiency.

(3) Approach

A combustor modeling approach which has been given much attention in the literature is
that of characteristic times. Characteristic times can be formulated for mixing, evaporation,
chemical reaction, residence, and quenching. Relationships between these characteristic times
can be developed to form criteria for spark induced ignition and stability. The previous model
used a first order lag approach but the time constant is now represented as the sum of the
residence, evaporation, and reaction characteristic times.

b. Test Configuration Definition

A survey of possible test configurations indicated that no appropriate rigs existed for
simulating combustor transient operation. It was also apparent that engine testing was far too
late in the development cycle and a very expensive operability test vehicle. Early in this program
effort, a capital appropriation for the construction of the Transient Combustion Facility at the
United Technologies Research Center in East Hartford was approved. The purpose of this
facility is to provide a less expensive approach to operability testing which can be performed
much earlier in the engine development cycle. It will also serve as an excellent poststall
combustor dynamic test vehicle for the refinement of the poststall combustor computer model.
The facility will be capable of simulating compressor surge and rotating stall, spooldown relight
conditions and lean deceleration conditions. Flow capabilities for this facility are summarized in
Table 1 and a schematic of the facility itself is shown in Figure 8. The different possible airflow
transients are illustrated in Figure 9.

c. System Identification

Optimal parameter estimation sets have been identified for a range of possible instrumenta-
tion sets and levels of model confidence. These results indicate that, with current instrumenta-
tion and model confidence, estimation of four model parameters will produce the best results.
These parameters include a constant bias on combustor efficiency, the resistive areas, and
volumes. Parameter estimation techniques require the coefficients in the combustor stability
equation to be identified separately, after other model parameters have been identified. These
terms may be estimated accurately from test data after initial identification efforts. As with all
estimation results, identified model accuracy is dependent on the model structure.

12




TABLE 1.
LIMITING CONDITIONS FOR TRANSIENT COMBUSTION FACILITY

Airflow
. Steady State Operstion — Continuous
. * Flowrste 10 pps
¢ Pressure 230 psia

Temperature 1000°F
TrmdutuShoﬂMMSm(Sﬂuc)Opunﬂon

*  Flowrste 0-20 pps
*  Pressure 280 psia max
o  Temperature 1000°F max
¢ Cycling 10 Hs
Frequency
* Rise/Decay 1-5 sec
Time
Fuel Flow
. Steady State or Transient Operation
e Flowrste 0-05 pps
+  Pressure 1000 peia max
*  Temperature Ambient — 320°F
¢ Cycling 30 Hz
Frequency
* Riss/Decay Instantaneous
Time
Deata Acquisition — Foast Response (> 1000 Hz)
¢ 24 Channels
»_Expect UTRC Capecity to Incresse

d. Test Evalustion

The result of the test evalustions can be summarized as follows: Non-estimated model
parameters must be known on the average to within 5 percent of the trus values. Systematic
measurement errors must be known extremely well (sensor bias within +0.5 percent and sensor
time constraints to within +0.25 percent). With this knowledge and currently available
instrumentation, a poststall combustor model could be identified such that predicted combustor
mwwmmumwmsmt«mmm(mm
total error).

13
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b) Oscillating Transient

Figure 9.

Time
¢) Combined Transient

— Combustor Transients
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SECTION I
TEST CONFIGURATION DEFINITION

1. TEST INPUTS

The combustor transient model was exercised at SCT using two input test cases. The first
test case simulates the compressor exit pressure during multiple planar surge. This consists of a
20 Hz signal imposed on an inlet pressure varying from 50 to 250 psia. The second test case is a
slow increase in fuel flow, from 0.0 to 2.0 pps with combustor inlet pressure constant at 14.7 peia.

2. INSTRUMENTATION

It is important to state at this time that the rig and facility instrumentation must be
capable of indicating at what time during the transient the burner is in the lit and unlit modes.

The selection of combustor and rig instrumentation will be determined by such factors as
their frequency response, accuracy, durability, and nonobtrusiveness. Adequate but not excessive
redundancy is important to allow for instrumentation failure without incurring excessive cost or
influencing the flowpath because of large instrumentation bundles. Selection of instrumentation
based upon frequency response, however, is likely to be the most important factor for a dynamic
combustor test. A typical rule of thumb for the measurement of transient phenomena is that data
should be sampled at twice (2X) the event frequency for frequency information and 10X for
amplitude and phase information.

Facility transient capabilities must be considered as well as the dynamics of engine stall
events when selecting instrumentation based upon frequency response. For the measurement of
pressure at high frequencies there are at least three possibilities: Statham, Kulite, or Kistler
sensors. Statham pressure sensors can sample at rates up to approximately 1000 Hz, but Kulites
or Kistlers have much higher maximum sampling rates at nearly 20,000 and 50,000 Hz,
respectively. These sampling rates assume flush mounting with no leads which detract from the
response levels. If leads of any substantial length are required, Kulites and Kistlers might be left
as the only adequate pressure sensors, since Stathams display limited response margin. Accuracy
levels for these devices are typically about 1 percent of full scale.

Given the importance of burner state, an optical viewing probe will be used as a data
gathering device and the signal will be recorded on video tape. This video recording will have a
time signal superimposed on the signal from the host computer so that during data analysis, piots
may be compared to the video transmission.

With a test input of 20 Hz, it is necessary to have a minimum of 40 Hz frequency response
for frequency definition, and 200 Hz for amplitude information. For the transient combustor test
rig, the minimum line length for burner pressure instrumentation will be about 6 inches. With
these line lengths required to route the instrumentation to an accessible location the best
Statham sensor frequency response would be 23 Hz. The more capable Kulite sensor for the same
conditions will provide 85 Hz frequency response. Given SCT's conclusion that 50 Hz is
adequate, the pressure data should allow accurate examination.

Air temperature response will be limited to 5 Hz at best, and for the majority of the
transient testing will be on the order of 1 Hz. Conventional platinum-iridium thermocouples with
wire diameters ranging from 15 mils to 3 mils will provide durability during the checkout phase
(156 mils) and somewhat better response time (3 mils at 5 Hz) during crucial transient data
gathering.

16
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Figure 9. — Combustor Transients
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Two 14 track FM tape systems can be used to record up to 26 critical, high response
pressures (one each for time). These FM recorders are capable of recording frequencies well
above the range of Kulite sensor response expected from this data.

The use of the video recorder is made necessary by the distinct modes of combustor
operation (on or off). The optical viewing probe is capable of sending a signal to the computer as
a digital representation of the optical data, but the ability to see with the eye the front end of the
burner, will be irreplaceable.

With a data acquisition system as capable as what has been described here, and the
knowledge that the instrumentation is adequate to perform its required task, the data
accumulated should provide the proper information to verify the digital computer model.




SECTION IV

1. MODEL DESCRIPTION

The burner physics coded into the original digital computer combustor model inadequately
described the burner process for the scope of this program. As listed in the Summary of Findings
there were several weaknesses that were recognized and more accurately modeled in the
improved computer code. This section will describe the improvements and explain how each was
incorporated into the computer code.

Flexibility has been designed into the computer program so that data may be matched by
changing constants in equations or by modifying the physical makeup of the burner itself. The
input, output, and burner geometry parameters are listed in Table 2, and a description of these
parameters is given in Table 3. An example of combustor model predictions for specified inlet
conditions are provided in Appendix A.

TABLE 2.
SUMMARY OF ARRAY PARAMETERS

States Output Diddle Factors
X(1) = Ppyy Y(1) = Py P(1) = FPHPT
X(2) = Tras Y(2) = Tyy P(2) = ADIFF
X(3) = Py, Y(3) = W, P(3) = ALINR
X4) = Ty, Y(4) = Py P) = VOL3S
X®) = Fan Y(5) = Tram P(5) = VOIL4

Y(8) = Wy P(6) = AP3

Inputs Y(7) = Py P(7) = BP3

Y®) = Tyy P(8) = AP3S
u(l) = Ppy Y(®) = Wy, P(9) = BP35
w(2) = Tyy Y(10) = Pyyn P(10) = AP4
u(@) = Wna Y(11) = Tyrun P(11) = BP4
Y(12) = Wy P(12) = AT3
Y(13) = Py, P(13) = BT3
Y(14) = Ty, P(14) = vy
Y(15) = W, P(18) = Arpy
Y(16) = Ppyy P(16) = By
Y(17) = Topae P(17) = vy
Y(18) = Wy P(18) = Ay,
Y(19) = Wng P(18) = By,
Y(20) = Wypgy P(20) = vy,
Y(21) = Qupumn P(21) = AWF
Y(22) = Quumem  P(22) = BWF

a. Alflow Management

The improved heat release calculation “BURN 02" more accurately modeis the burner
physics. The burner airflow is split into several components, illustrated in Figure 1. These
include swirler (or fuel nozzle) airflow, primary (or recirculation) zone airflow and intermediate
and dilution zone airflows. The swirler airflow is primarily responsible for fuel atomization
which, in turn, impacts combustor ignition and stability. The recirculation airflow, a portion of
the air entering through the primary holes, is specified to calculate primary 2one stoichiometry,
which impacts combustor stability, ignition, chemical efficiency, and circumferential flame
propagation.

21




TABLE 3.
POSTSTALL COMBUSTOR MODEL CANDIDATE PARAMETER SET DIVISIONS

Paorameter Name Description
Mode Change Parameters
CSTAB Biss on Characteristic Fusl Evaporstions/Reaction Times in Stability

Equation
CIG Biss on Steady Stats Fuel Evaporstion/Reaction Times in
Ignition Criterion Equation
CIGE Scale Factor on Evaporation Time in Ignition Criterion
CIGC Scale Factor on Reaction Time in Ignition Criterion

Combustor Physical Parameters

FPHPT Resistive Area at Exit

ADIFF Resistive Area at Inlet (Diffuser Dump Loss)
ALINR Burner Liner Loss

VOL 38 Outer Case Volume

VOL 4 Liner Volume

CPROP Scale Factor on Flame Propegation (Percent Burning)
CIGDLY Ignition Delay for Autoignition

CSTABE  Scale Factor on Fuel Evaporation Time (Heat Release)
CSTABC  Scale Factor on Fuel Reaction Time (Heat Release)
CTAU Bias on Heat Relesse Lag

CTAUM Scale Factor on Mining Time (Heat Release)

CEFFA Quadratic Combustion Efficiency Correlation Term
CEFFB Linear Combustion Efficiency Correlation Term
DELEFF Bias on Combustor Efficiency

BOTIME Time of Blowout

Sensor Model Parameters

AP3 Diffuser Total Pressure Measurement Scale Factor

BP3 Diffuser Total Pressure Measurement Biss Factor
TAUP3 Diffuser Total Pressure Messurement Time Constant
AP35 Outercase Total Pressure Measurement Scale Factor
BP35 Outercass Total Pressure Messurement Bias Factor
TAUP35  Outercase Total Pressure Messurement Time Constant
AP4 Linear Total Pressure Measurement Scale Factor

BP4 Linear Total Pressure Measurement Biss Factor

TAUP4 Linear Total Pressure Messurement Time Constant

AT3 Diffuser Total Temperature Measurement Scale Factor
BT3 Diffuser Total Temperature Measurement Biss Factor
TAUT3 Diffuser Total Temperature Measurement Time Constant
AT3S Outercase Total Temperature Measurement Scale Factor
BT35 Outercase Total Temperature Messurement Bias Factor
TAU3S Outercase Total Temperature Measurement Time Constant
AT4 Linear Total Temperature Measurement Scale Factor
BT4¢ Linear Total Temperature Measurement Biss Factor
TAUT4¢ Linear Total Temperature Megsurement Time Constant
AWF Fuel Flow Measurement Scale Factor

BWF Fuel Flow Messurement Biss Factor

b. Heat Relesse Routine Logic

The basic combustor physical processes that are modeled are contained in the program’s
heat release routine. Figure 12 shows how the improved heat release calculation fits into routine
“STATIC” of the main program. STATIC is used to calculate steady-state combustor
parameters. The heat release routine is employed to evaluate the state of the combustor (lit or




unlit) and combustor heat release at each time step. Referring to Figure 13, supporting variables
for the various combustor correlations are first calculated, after which the state of the combustor

at the previous time step is checked.

)
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Figure 12. — Revised Routine STATIC Including Improved Heat Release Subroutine
BURNO2
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Figure 13. — Simplified Flow Diagram for Heat Release Routine

If the burner is not lit, conditions in the primary zone are examined to determine if they are
favorable for autoignition. If not, the potential for spark ignition is checked. Since the ignitor
does not operate continuously, an evaluation of the occurrence of spark ignition includes an
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assessment of whether or not the ignitor has fired between the previous and present time steps,
as well as an examination of primary zone conditions. Should it be determined that autoignition
and spark ignition do not occur, temperature rise and efficiency are equated to zero, and time lag
calculations are made.

If the combustor is found to be lit at the previous time step or if autoignition or spark
ignition occurs, conditions in the primary zone are examined to determine if stable operation is
possible at the present time step. If not, combustor blowout occurs, efficiency and temperature
rise are equated to zero, and time lag is calculated. If stable combustion is possible, chemical
efficiency, combustor temperature rise, and the extent of flame propagation around the
combustor annulus are determined prior to the time lag/heat release calculations. The flame
propagation calculation does not apply when the combustor has been lit as a result of
autoignition. In this case, it is assumed that conditions are favorable for autoignition at multiple
locations around the circumference of the burner, and propagation is instantaneous. If the
combustor lights via spark ignition, however, the time required for the flame front to propagate
around the annulus is taken into account.

A description of the correlations used to evaluate the various physical processes referred to
above is provided in the following section.

¢. Heeat Release Routine Corvelations

The heat release routine first calculates a number of supporting variables which include:

Inlet air properties

Atomization characteristics (Sauter mean diameter)

Turbulent intensities within the combustor

Fuel droplet Reynolds number

Mass transfer numbers

Effective primary zone fuel-air ratio (based on the fraction of vaporized fuel).

These parameters are necessary to evaluate the various combustor physical processes
discussed in the following paragraphs.

(1) Spark ignition

The ignition and stability models use the characteristic time approach presented by Ballal
and Lefebvre and correlated to many P&W commercial and military aircraft gas turbine engine
data by Andreadis. This approach was viewed as being the simplest to incorporate while
exhibiting the important physics with flexibility. The spark ignition model states that for
ignition to occur, the passage of the spark must create a small, roughly spherical volume of air
(spark kernel) with a sufficiently high temperature to initiate evaporation and chemical reaction.
If the rate of heat release by combustion exceeds the rate of heat loss by thermal conduction and
turbulent diffusion, then the kernel grows to a size capable of flame propagation. The ignition is
successful when the time required for the fuel to evaporate (t,) and chemically react (t,) is less
than (on an order basis) the time required for the cold mixture to quench the spark kernel (z) by
thermal conduction turbulent diffusion. In equation form:

1, > C, + C;1, + C,7, (msec) (1)
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where C,, C,, and C, are constants of proportionality or “free variables” which were determined
by Andreadis to be:

Cl - 0.0
C, = 01
C3 =10

The spark kernel quench time (1) was defined as the ratio of the heat capacity of the spark
kernel divided by the average rate of heat loss from the kernel by thermal conduction and
turbulent diffusion, i.e.:

For moderate turbulence:

T - 'g(m%ruva;y(m) )
For high turbulence, this reduces to:
% = Tt (mee) @
where:
4 - [z ] @
and
W = 0.758 (%)

The droplet evaporation time (t,) is defined as the ratio of the mass of fuel present to the
average rate of fuel evaporstion for polydisperse spray. Thus according to Ballal and Lefebvre,
the droplet evaporation time is given:

Ce} p; Cp . (SMDY*
8Ce,K,plog(1 + BY1 + 0.25 Ce3** Re"*)
where the mass transfer number (B) is defined as the available vaporization energy divided by
the energy required to vaporize the fuel. In equation form:

%, - (msec) (6)
B-%'L m
The energy required to vaporize the fuel is stated as:
Q = L +CpyT;-T,) = Ly+Cp/T, - T) @®

The energy available to vaporize the fuel is calculated by:

Q. = (M, H/r)+Cp(T, - T,) 9




_ 4

The constants used in the evaporation equation, Ce,, Ce,, and Ce, are:

Cel bl 0-3 1
Cez - 0.2 1
Ce3 = 046

The characteristic reaction time calculation is dependent upon the relative value of the root
mean square of the fluctuation velocity and the laminar and turbulent flame speeds.

12.5a

T, = m for u'<2S, (10) i
or
- Wyli%ﬁwf for v>2S, (11)
» where the laminar flame speed is determined from a P&W relationship:
iE S, = S ("'II":T)‘ (-:ll.‘:o;_'l.ii;—)‘ exp (~2x10%/ Ty + 2x10°/Ty,) (12)

i From propane and ethane data

S1o = 38 cm/sec
T = 4114°R

Tso - 540.R
and the flame speed correlated for combustor turbulent intensity using the Shchelkim model as
follows:
/ \2
s = 8. [1+()]" (13)
(2) Stabiity

For the combustion stability model, the stabilization process is viewed as occurring in the
shear layer surrounding the combustor recirculation zone by way of turbulent mixing of fresh
reactants and hot products and partially oxidized fuel. The stability criterion is met when the
volumetric residence time (t,;,,) of the hot turbulent eddies present in the shear-layer region is
greater then the evaporation time (t,) plus chemical reaction time (t.) (on an order basis). In
equation form: -

Twr > C, + Cs1, + Co1(msec) (14)
- where C,, C,;, and Cg; were found experimentally by Andreadis to be:
C‘ - 0.0
Cs bl 5.0
Cc = 5-0
26
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The volumetric hot residence time (t,,,) is defined as the ratio of the primary zone volume
divided by the airflow through the primary zone times the gas density. In equation form:

v,
T = W'f;_'- (msec) (15)

(3) Autoignition

The autoignition cc:relation employed in the current model is based on the work of
Spadaccini and TeVelde. In this correlation, the residence time of the unreacting fuel-air mixture
(t.pr) is compared with the ignition delay time (t,4). When (t,;,,) is equal to or greater than (t,y),
autoignition occurs. In equation form:

T > Tig(msec) (16)
Ignition delay time is defined as:
Ty - %exp (-EGT-) (msec) (17)

where:

A = 2527 E - 10 for JP-4

-%G— = 39E + 4

(4) Combustion Efficiency

The correlation used for calculating combustion efficiency was developed by P&W and has
been successfully applied to several commercial engine combustors. In this correlation,
combustion or chemical efficiency (1) is dependent on air loading parameter (ALP) as follows:

1/m = 0.9943 + C(FLPX) + C4(FLPX)? (18)

FLPX = ALPg,, 10-0%0™ 1 4T9 (19)
3.72 Wa,

ALP = B voL) 100 Ty (20)

where the constants C, and C, are for the PW2037 and were adopted here because the F100(3)
system is being modeled and also has an airblast fuel nozzie system.

C'l - —1.%3
Ca - 2-501

(5) Filame Propagation

The time required for flame propagation around the combustor annulus following spark
ignition is calculated from combustor geometry and turbulent flame speed. The percent of the
annulus lit is a linear function of time and flame speed.
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(6) Combustor Heat Release

The current model calculates heat release due to combustion (Qy,,;) by employing steady-
state ideal temperature rise data and correcting for chemical efficiency and the extent of flame
propagation around the annulus. Furthermore, a first order lag is applied to account for transient
effects. This method provides a realistic transient temperature rise with minimal computational
complexity. An approach requiring a transient solution of the chemical composition equations
would be too complex for a system type model. Heat release is calculated as follows:

Qurn ™ W' C" PCg ATy (20)
where:

AT = NAT (1 - exp ﬁ;r) (PCs) (21)

The lag time (t,,) is a function of evaporation, chemical reaction, and combustor residence
times as follows:

T = G +Ctu+Cyt,+Cpp 1. (22)

where:

C, =00
Clo - 5-0

C‘! bad 5.0
Clz = 1.0

2. LIMITATIONS OF THE MODEL

While much progress is being made regarding the development of the P&W combustor
dynamic model, there are a number of model aspects which require further efforts. First, the
model does not include the required physics for assessing the impact of fuel boiling on combustor
transient behavior. The model is currently configured only for constant (liquid) fuel flowrates.
Second, the model does not have the capability of handling multiple fuels. Although most of the
correlations employed are dependent upon fuel properties, the model fuel property library
contains only a single propellant (JP-4) at present. Third, the model does not have the
capabililty to simulate muitiple combustor configurations. With the exception of the efficiency
correlation, the model uses variables rather than empirical constants to account for the influence
of combustor geometry. However, the combustor/fuel nozzle swirler geometry, inside/outside
liner volumes, and airifow splits libraries are currently limited to one configuration — the
F100(3).




SECTION V

SYSTEM IDENTIFICATION BACKGROUND

1. INTRODUCTION

System identification is a powerful technique used to validate and enhance computerized
models of dynamic systems. Techniques have been developed which allow definition of system
test procedures, identification of model structures and parameters which simulate the dynamic
system, and evaluation of the uncertainty and sensitivity of the identified model. The system
identification procedure represents an integrated approach to the problem of modeling and
understanding uncertain dynamic phenomena. State-of-the-art system identification procedures
and theory are discussed in this section.

2. SYSTEM IDENTIFICATION PROCEDURE

Figure 14 illustrates the integrated system identification procedure which is applicable to a
wide variety of dynamic systems. The system identification process consists of an iterative loop
of test planning, actual testing, and data processing. There are two feedback loops in the process
which may be vital to the success of the system identification. An inner loop, closed during data
collection, checks the quality of the data produced in the tests. This checking is done in real or
nearly real time. If the quality of the data is determined to be poor, then corrections to the testing
procedure can be made while the test crew and facilities are still available.

An outer loop around the entire identification process is also closed. For the first pass
through the identification process, a model structure is chosen. Given an initial model structure,
test input and sensor specifications may be generated. As the model structure and parameter
values are iterated upon, the characteristics of the model which result may indicate that different
input signals or sensors are required for complete model identification. If this is the case, then
additional tests are required.

A key component of the identification process is the estimation of system parameters. The
theory of parameter estimation is presented in the following section.

3. PARAMETER ESTIMATION THEORY

The techniques used to identify model parameters from transient data are drawn directly
from parameter estimation theory developed at SCT. This section briefly summarizes the
concepts of parameter estimation and identification sensitivity. Sensitivity tools are used to
determine the effects of instrumentation (e.g., noise, sample rates, lags) and model structure
(e.g., tri-modal models, nuisance parameters) on the identification process.

The basic idea in system parameter identification is to find model parameters that make
the model results match the actual data as closely as possible. Parameters identified by SCT's
parameter estimation algorithm, SCIDNT, represent maximum likelihood values of the
estimated parameters. That is, the identified parameters that make the model best follow the
unknown system are, most likely, the actual parameters of the plant.
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Figure 14. — Integrated System Identification Procedure




Stated mathematically, the problem is equivalent to minimizing a performance index, the
error between measured plant outputs and corresponding model outputs:

Lo - £¢-%) (23)

where x = f(x, u, w, t, 0)

= hix, u,t,0) +v

>

and

= Number of data points

= nx states

= ny outputs

= nu inputs

= np X 1 parameter vector
= Time

= nx X 1 process noise vector
= ny X 1 output noise vector

cgrDde< Ky

E(w)=0 E(®w o) = Q
E(v) =0 Ewv) = R

where E is the expected value
and E[x x] is the covariance matrix.

The estimated plant outputs are determined by using both state equations and output
measurements.

If ® and v are Gauasian, then the performance index in Equation 23, can be expressed as a
likelihood function (Equation 24). This likelihood function is Gaussian and indicates the
likelihood (probability) that a certain parameter set, 6, has produced the measured data, y. Since
0 is the random variable here, the likelihood function covers np-space, and instead of a single
normal curve, the function is actually an np-space surface.

< N SR (-vY/207)
Lg) - N SR 24

To find an optimal set of parameters, the likelihood function in Equation 24 must be
mazximized, i.e., a 0 must be found which gives the largest value of L. Equation 24 can be
maximized as is, but a simpler approach considers the negative log of Equation 24. Finding the
minimum of the negative log likelihood function is equivalent to finding the maximum of the
likelihood function:

J(6) = ~ In L(O)

min J(0) = max L(6)
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where:

Jo) = $ (Vv R +2nR"?) (25)

J = Negative log likelihood (cost function)

v =Y - Y(0)

Y(0) = Model outputs

0 = Model parameters

Y = Plant measured outputs

R = E(v v) = Covariance of measurement noise.

Minimizing the negative log likelihood is a least squares problem, very similar in form to
Equation 23, the general optimization problem. Because v and ® are Gaussian, the relationship
in Equation 25 still produces maximum likelihood parameter estimates.

The maximum likelihood parameters occur where J is at a minimum. Finding this
minimum requires the use of the gradient of J since the minimum of J occurs where the gradient
(slope) of J is zero. The parameter identification algorithm is based upon finding where the
gradient of J is zero:

'ﬂ?i‘ -0 (26)

SCIDNT, the SCT algorithm, uses a Gauss-Newton method to converge to gradient zeros.
The convergence follows a first-order iterative algorithm. Consider some initial parameter guess,
0,, the gradient of J at 6,, and the Hessian (i.e., the gradient of the gradient, or second partial of
J) at 0,. A first-order guess of where the gradient is zero is

6,, = 6-pM'xg @7

where: © = np X 1 parameter vector
g = Gradient of J
M = Gradient of g and second partial of J
p = a user defined scalar (< 1) used to control the rate of convergence.

Convergence occurs by iterating through the algorithm until the gradient drops below a minimal
threshold (e.g., 0.001 percent). The critical problem at this point is, how are the gradient and
Hessian determined for a nonlinear model. Differentiating Equation 25 with respect to 8 yields
the following relationships for the gradient and Hessian (written in matrix form for the jth

parameter):

#) - Z (v R R - 1/9 v R gy Ro s 1/2Te R ) (28)

M - f.o(-%"o- R e (rt B g BB (29)
(0 oy v

M=-E(Hr ) (30)
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SCIDNT approximates the gradient and Hessian values by forming estimates of the v and
R partials using a perturbational technique for each parameter 6(j):

o (y(6 + A9) - ﬁ% - (v(6) - y) (31)
. L0+ 80)=x6) 32

In effect, SCIDNT propagates two output models, one at 8 + A8 and one at 9. The partial of
R is found in a manner similar to that used above. From these approximations and the stepping
algorithm, SCIDNT produces maximum likelihood parameter estimates.

The key points regarding identifiability and sensitivity lie in the Hessian. The Hessian is
also known as the Fisher information matrix. Its name derives from a unique property where its
inverse is the covariance matrix of the estimated parameters. As a result, the square root of M
inverse is a measure of the uncertainty of the parameter estimates.

M’ = E09) (33)

diagM-llz - E(O) (34)

This property is the basis for the identifiability formulae developed in the following subsections.

The uncertainty relationship in Equation 33 is an ideal, i.e., the uncertainty predicted by
the information matrix is a minimal value based upon exact model and plant agreement. Any
disagreement between model and plant in form or parameter values will be reflected as an
increase in uncertainty. However, once the model and plant disagree, the inverse square root of
M is no longer a mathematically correct prediction of uncertainty and the values predicted by M
will be less than actual uncertainties. More information and background on parameter
estimation and applicable algorithms can be found in References 24 through 31.

a. Identifiability

This discussion focuses on the use of the Hessian for developing identification relation-
ships. These relationships relate uncertainty to sample rates, noise levels, and limited sensor
sets.

Identifiability is defined as a measure of the likelihood that any estimated parameter is
within a specific range of the actual parameter value. Identifiability can also be thought of as a
measure of confidence (or uncertainty) in a parameter estimate. This is a more quantitative view
of identifiability. Mathematically, uncertainty is expressed as a standard deviation, where a
single standard deviation width indicates a 68 percent probability that the actual parameter
value is within that width.




Factors affecting M (and uncertainty) may be understood by expressing M in a different
form. The information matrix relationship in Equation 30 equates M to a sum of partial
innovation vector products normalized by the measurement noise covariance matrix, R. If R is
considered to be diagonal, then Equation 30 can be expanded to a scalar relation where each
measurement (or innovation) contribution is seen separately:

o 1 N v )
M- £ (2(5)) @)

In this form, the relationships between parameter uncertainty, number of data points (N),
number of measurements (m), and measurement noise level (o(y)) are more clearly visible.
Generally speaking, parameter uncertainty decreases with 1/ (N), i.e., the ability of the
parameter estimation algorithm to identify a parameter accurately will improve with the square
root of N. One simple way to increase the number of data points is to use a higher sample rate.
The number of points can also be increased by making several runs under the same conditions. In
this approach, even though sample rate has not changed, the number of data points for the same
type of information has increased. Other conditions impinge upon the selection of sample rate
minimums, but generally, identification can be improved without increasing sample rates by
using multiple identification runs (i.e., multiple maneuvers).

Equation 34 indicates that uncertainty decreases as the number of outputs is increased —
not a very surprising result. Equally predictable is the fact that uncertainty increases with
measurement noise. In fact, uncertainty increases in direct proportion to overall increases in
measurement noise levels.

The term within the highest level brackets in Equation 34 has a unique characteristic. From
Equations 31 and 34 it is apparent that this term is only dependent on the model output and the
number of data points. Thus, if 0 is near the actual 6, then the values for each output j are
constant. This is illustrated by rewriting Equation 34:

- 'v,0 36
0) g%(;)l (36)

where m(v, 0) is the contribution of the jth innovation over the entire measurement period (N
points) and o(y) is the noise level associated with the jth measurement.

Since m(v, 0) is constant near 0 actual, it is possible to relate uncertainty changes to various
combinations of sensor noise levels. In fact by making o (y) very large, it is possible to see how
uncertainty will change without the contributions of a sensor, i.e., what happens to uncertainty
under limited sensor sets.

This completes the development of identifiability formulae. These results are used later in
this report to explain how uncertainty is quantified. The following section uses the information
matrix to show how modeling errors affect identification. Together, these identifiability and
sensitivity tools explain a great deal about how successful an identification will be and how
identification can be improved.

b. Sensitivity

The effect of an error in a parameter that is assumed known on the identification of
another is called parameter sensitivity. For in-stall engine parameters, the effects of biased or
incorrect parameters are substantial. Parameters being identified (affected) are customarily
called “estimate parameters” 8; remaining (affecting) parameters are called “nuisance parame-
ters” (). As with identifiability, answers to the sensitivity problem are found within the Fisher
information matrix.




The information matrizx defined in Equation 30 is an np X np matrix, for np model

parameters. If only ne parameters are being estimated, M can be rearranged and partitioned as
follows:

ne nn
ne M, M, ]
Ms = o W "M il

where: ne = Number of estimate parameters
nn = Number of nuisance parameters
np = ne + nn

M,, is the Fisher information matrix that relates the changes in J due to changes in only
the estimate parameters, 6. During parameter identification, only M,, (the portion of the
information matrix which pertains to the parameters being identified) is used.

A relationship between 0 and o can be found by using other portions of the information
matrix (namely M,,) in conjunction with M,,. M,, can be expressed as:

M. - E(Z3) (38)

Combining the information in M,, and M,, yields

- i - 52
-E (%:?-) (39)

where X, = bias matrix.

The bias matrix indicates how much the estimate parameters change for a unit change in
the nuisance parameters. Equation 38 is the exact solution for the scalar case (J, 0, and o scalars)
and has similar interpretations in the general matrix case. Equation 38 can now be used to
estimate the effects of biased parameters on the estimation of other parameters. For the worst
case results, the absolute value of each element in the product of X, and o is taken. The worst
case estimate parameter (0) errors are:

Worst Error = [M;! M,,| |Ag (40)

where Ag is the change in off nominal.

Equation 39 is the primary means used in analyzing potential effects of nuisance parameter
errors. A typical application would be the effect of a change in a sensor time constant. For
example, assume T, has a modeled time lag constant of 100 milliseconds, but the actual sensor
time constant is 120 milliseconds. How might this nuisance parameter error bias estimates of
poststall combustor parameters? Questions of this type are addressed in a subsequent section of
this report.

4. SUMMARY
In the past ten years, system analysis tools have been developed and implemented which
are directed toward system identification. The tools include algorithms for mathematical model
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structure determination, parameter estimation, and test planning. A unified approach to the
problem of understanding uncertain dynamic phenomena has been formulated using these
analysis techniques. Application of system identification to combustor poststall operation is
discussed in the remainder of this report.




SECTION Wi
APPLICATION OF SYSTEM IDENTIFICATION PROCEDURES

1. INTRODUCTION

The application of system identification techniques to the poststall combustor model
required extensions of the system identification procedure. Because the combustor can operate in
different discrete modes such as blown out or ignited from spark or autoignition, special care is
required to ensure the success and validity of system identification analysis. The system
identification techniques developed in this program to accommodate the complicated nature of
the combustor model are detailed in this chapter. Included are discussions of model parameteri-
zation, separation of the discrete combustor modes of operation, and classification of model
parameters by function in the model. Inclusion of the combustor model into SCIDNT is the first
topic presented.

2. LOADING THE MODEL INTO SCIDNT

Prior to inserting the Generic Poststall Combustor model into SCIDNT, the simulation was
run on the VAX 11/785 to verify correct operation and to generate test cases to verify the output
of the SCIDNT resident simulation. This initial evaluation was completely successful. The
simulation matched test case results provided by P&W exactly.

Following simulation installation and testing on the VAX 11/785, the combustor model was
loaded into SCIDNT. Out of foresight and necessity, SCIDNT was designed with modularity in
mind. SCIDNT subroutines are modular and generic so that dynamic simulations such as the
combustor poststall model are easily incorporated.

SCIDNT requires three subroutines as inputs:

(1) STATE
(2) STATIC
(3) MEAS.

Inputs and outputs of these three required SCIDNT subroutines are shown in Table 4.
STATE calculates the state derivatives (XDOT). Inputs to STATE include the past states (X),
the vector of model parameters (P), and the input control vector (U). STATIC is the SCIDNT
initial condition module called at the beginning of each propagation to determine the system
initial states. Inputs to STATIC are the input control vector and the model parameter vector.
MEAS, the third required SCIDNT module, takes the current state, state derivatives (XDOT),
the control input vector, and the vector of model parameters as inputs. The measurement vector
(Y) is the MEAS output. Note that any parameter in the P vector can be identified, and SCIDNT
is capable of identifying up to 50 parameters simultaneously.

TABLE 4.
INPUTS AND OUTPUTS OF THE REQUIRED SCIDNT SUBROUTINES

Subroutine Input Output
STATE X, P U XDOT
STATIC U P XINITIAL
MEAS _X, XDOT, U, P Y
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A sample of the STATE, STATIC, and MEAS subroutines from the combustor simulation
can be found in Appendix B of this report. These subroutines demonstrate the organizational
complexity resulting from dividing the highly modular and flexible code across its many designed
boundaries.

The Generic Poststall Combustor model was created expressly for use in the SCIDNT
identification code. The model was written with the STATE, STATIC, and MEAS routines in
the code. This greatly simplified the installation of the combustor model in SCIDNT. There
were, however, a number of changes which were required to ensure proper operation of
simulation within the parameter estimation code.

The modifications made to the combustor simulation are conceptually simple but required a
good deal of effort to implement and test. The simplest change was to convert all real variables
and FORTRAN functions to double precision. This is done as a matter of course in parameter
estimation work at SCT to allow maximum numerical accuracy.

The major area of modification of the combustor simulation was to eliminate all reliance of
the code on memory between subroutine calls. That is, any code which assumes that on the next
pass through that piece of code the variables will still have the values they had on the previous
pass. This is characteristic of first order lag approximations and flags which control discrete
mode changes. The reason that this is required is that SCIDNT calls the simulation NO times at
each time step. Once for each perturbed model corresponding to each perturbed parameter to be
identified. SCIDNT was written in this way to conserve memory usage. The SCIDNT code
computes the NO X NX state derivatives at each time step and integrates NO models together.
Thus, the code must have all dependence on “memory” in variables (that values will not change
between time steps) replaced by vector variables which are indexed by the perturbed model
number.

As an example, the combustor ignition condition is stored in the flag MBLITE. If MBLITE
equals 0, the combustor is blown out. If MBLITE equals 1, the combustor was ignited by a spark,
and if equal to 2, the combustor was ignited by autoignition. SCIDNT will call the simulation
with the nominal parameter values and then call it repeatedly using the parameter set with one
value perturbed at a time. Then one time step will be integrated over. If on a given call the
perturbed parameter value makes the combustor blow out, then MBLITE equals 0. If there isn’t
a separate MBLITE for each model, on the next call the combustor will be out by virtue of the
previous call, which is not correct for the next model.

The combustor mods]l was carefully examined to determine all occurrences of this type of
assumed “memory” and, where found, scalar variables were replaced by vectors indexed by the
propagation number. The total number of such terms was 18. The SCIDNT code was modified to
pass a flag (IPROP), corresponding to the current propagation number, to the STATE, STATIC,
and MEAS routines. This flag is used to index the vectors of memory variables.

A related change was required to assure that the correct outputs would be produced for each
perturbed model. The simulation was written so that outputs were not computed at the end of a
time step, but rather the subroutines were called just to pass the output values to the output
routine. This is equivalent to saying that all outputs of the simulation require memory. Model
states were already stored for each propagation by SCIDNT, but all non-state outputs were made
vectors indexed by propagation number.

In addition to modifying the combustor simulation to account for “memory” variables, the
SCIDNT code was modified to use the fourth order Runge-Kutta integration routine which came
in the simulation. This was done because the simulation was written so that first order lag
approximation would not be updated during intermediate integration time steps based on flags
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from this integration routine. By using the simulation integration routine, this work was not
repeated and debugged for the SCIDNT integration routine. Also, the performance of the
simulation using this type of integration and the corresponding integration step site were known
to be good.

The operation of the combustor simulation was verified against the stand-alone simulation
which was mounted and tested on SCT's VAX 11/785. The outputs of the stand-alone and
SCIDNT simulations were found to correspond exactly. SCIDNT simulation response to a
20 Hz, 250 Ib/in.2 amplitude sinusoid in inlet total pressure, with inlet total temperature and
fuel flow fixed at 1000°R and 2.78 Ibm/sec respectively is shown in Figure 15. Comparison of
exit total temperature, Tr,, between the stand-alone and SCIDNT simulations is presented in
Figure 16. The outputs overplot each other exactly.

3. MODEL PARAMETERIZATION

In order to be able to perform identification, the model of interest must be described in a set
of constant parameters which can be identified from test data. The combustor simulation was
written so that most combustor dynamic characteristics are computed as a function of constant
parameters which are usable in parameter estimation.

The choice of which model terms to make the candidates for parameter estimation is made
at the highest level based on the purpose of the model and a knowledge of the physics of the
system. In this program, the initial choice of parameters was made by Pratt & Whitney after
consultation with SCT. This is a large set of all likely parameters of interest.

The process of choosing which model parameters to make the identified parameters in the
estimation effort is discussed in Section VII.4a of this report.

Many parameters which comprise a dynamic engine simulation, especially one formed from
test data, are scheduled or stored for data table lookup. (An example in the poststall combustor
model is the fuel to air ratio for a given operating condition.) These characteristics must be
described by a fitted equation in constant parameters to be identifiable through parameter
estimation. Characteristics of this type would probably be generated from combustor rig testing
and would require this type of formulation to allow identification.

4. COMBUSTOR MODES

Based on experience with identification of poststall compressor models and from observed
poststall test data, the discrete modes of combustor operation have been separated for analysis.
The model parameter identifiabilities have been evaluated in each mode of operation separately,
assuming that the combustor could be tested in this manner. The discrete modes of operation
are: blown out, ignited by spark, and ignited by autoignition.

The change of operating mode in the combustor, e.g., blowout, has very dramatic effects on
virtually all outputs. This is very similar to the effect of stall occurring in the compressor. SCT
has found that a parameter which describes a discrete and dramatic event such as combustor
blowout or compressor stall must be identified after the parameters which describe the
continuous, nominal system operation are identified. This is because a small error in a parameter
which controls the discrete change can create very large output errors. If the outputs are very
much in error, the partial derivatives used for parameter estimation will be in error and the
parameter estimation algorithm will be unable to converge to the correct parameter values. In
addition, if there is any significant model structure error in the equations which control the
discrete mode change, the true parameter values for each mode change will be different. The

39




parameter estimation algorithm will be unable to hit this “moving target,” and each incorrect
mode change will disrupt the estimation process of the parameters.
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Figure 16. — Overplot of SCIDNT and Stand-Alone Combustor Simulation Ty, Output

The poststall combustor model parameters which affect only off mode change equations are
few. These are CSTAB, a constant bias term in th. test for combustor stability, and CIG, CIGE,
and CIGC constants in the spark ignition criteria equation.

For this program, it was assumed that the combustor could be tested separately in
blownout, ignited by spark, and ignited by autoignition modes, or, alternately, that mode could be
detected through use of an UV probe and then fixed in the model to match test data during
estimation. All parameters but those listed above could be identified in the appropriate modes,
and then the “pre-tuned” model could be used to estimate the mode change parameters
separately. This is justifiable because no error in the mode change variables will bias the
remaining parameter estimates. This is evident if no mode change occurs during the test, but,
even if a mode change does occur, it will be forced in the model at the same time. This requires a
measurement of the time of mode change. An accuracy requirement for this measurement is
discussed in Section VIL. It is important to realize, however, that this is really unnecessary since
estimation of all but the mode controling parameters can be done without a mode change
occurring during testing.

5. PARAMETER CLASSIFICATION

One further subdivision is made in parameter types for this program. This is to divide the
non-mode controlling parameters into the physical combustor parameters such as volumes,
areas, and reaction times and into sensor model parameters such as sensor bias, scale factor, and
time constant. This is done for clarity since these three divisions of parameters are treated
differently in the test evaluation process. A summary of the poststall combustor model candidate
parameter set division is presented in Table 3.

A comment should be made regarding the importance of modeling the sensors used in
testing. Sensors are subject to a variety of errors that degrade both state and parameter
estimation accuracies. Reference 35 presents an analytical technique to determine the effect of
sensor errors on estimation accuracies. Both random (e.g., additive uncorrelated noise in
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measurements) and systematic (e.g., instrument bias or scale factor) errors are treated. One
important conclusion is that systematic errors of relatively small magnitude in comparisen with
random errors can cause significant parameter estimation bias. If such systematic errors are
unavoidable, then parameters modeling them can be added to the set of total parameters to be
estimated. This technique can reduce overall parameter estimation uncertainty. For this reason,
detailed sensor models have been included in the poststall combustor model.

Sensor lags, particularly in temperature probes, are an inevitable nuisance in parameter
identification. Unless sensor dynamics are explicitly modeled, the error between estimated and
measured combustor response will hamper identification efforts. The type of sensor model used
depends on the measurement dynamics in question. First-order lags, scale, and bias errors are
modeled for all of the sensors in the combustor model used in this program.

6. SUMMARY

This program required several procedural extensions to accommodate the combustor model
in the system identification process. The topics discussed exemplify those procedures required to
apply SCIDNT and the overall system identification process to highly complicated nonlinear
system models. These modifications also require a very good understanding of the parameter
estimation process and the physics and model structure of the poststall combustor — and
therefore close teamwork between the engine modeling, parameter estimation, and testing
personnel.
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SECTION Vi

TEST EVALUATION

1. INTRODUCTION

In this chapter the method of test evaluation procedure used in this program is presented.
The final result of the procedure is a specification of the inputs, sensor accuracy, and
nonidentified model parameter value accuracy required in order to identify a model with a given
accuracy of combustor output response prediction. In summary,this testing is of value with
current instrumentation and can be very useful if modest improvements can be made in the state
‘ of the art of combustor instrumentation.

2. TEST EVALUATION PROCEDURE

Given a model of a physical system and the purpose for which the model is intended, the
test evaluation procedure is used to analyze possible testing methods and to evaluate achievable
model output accuracy. Used in an iterative fashion, the procedure can specify the a priori model
parameter accuracy and sensor calibration required to achieve desired model fidelity. The test
evaluation procedure is a many step process which requires a good deal of insight into the physics
of the system and the practical considerations of the testing procedure.

2

In this program, the poststall combustor rig under consideration does not actually exist at
this time. Because of this fact, a large number of assumptions have been required as to possible
inputs, sensors, sensor quality, etc., in order to perform this test evaluation. Obviously, all
combinations of sensors, inputs, and other test variables could not be analyzed in this effort. A
select set of most probable test configurations have been evaluated. If a poststall combustor rig
became available and facility capabilities and instrumentation were more definite, additional
analysis would provide more specific and definite prediction of testing quality.

The test evaluation procedure applied in this program is shown in Figure 17. The evaluation
is begun by selecting the important model outputs. Usually a parameter identification study is
undertaken with a goal of increasing model fidelity for certain model outputs of interest so these
outputs are predefined. In this program, the goal is to model combustor outputs which affect
poststall engine operation, so the outputs of interest are those which drive the upstream and
downstream engine components.

=

The next step was to define the discrete modes of operation of the combustor. This
was done as an initial step in selecting the set of model parameters to identify. The reasoning
behind this mode distinction and the selection of the candidate model parameters is discussed in
Section V1.4 of this report. The result was a set of candidate model parameters from which a
specific subset will be chosen for parameter estimation. A distinction is made between the
parameters in this set which control change of combustor operating mode and those that do not.
This distinction is made because the groups of parameters will be identified separately.

Step four in the procedure is to evaiuate the inputs to the combustor. In this program,
inputs which are characteristic of engine poststall operation and realizable in rig test were
provided by Pratt & Whitney. SCT evaluated these inputs and selected those best suited for
parameter estimation.
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The next stage in the procedure enters an iterative evaluation process. The a priori values
of the model parameter values and sensor characteristics were estimated. Using this information,
the candidate estimation set was systematically evaluated to determine the optimum set of
parameters to identify.

The assumed sensor and parameter accuracies were then used to determine how accurately
the optimum set of parameters could be estimated. This accuracy was then used to evaluate how
accurately the identified model could predict the desired outputs. Iteration was then performed, if
necessary, to determine how much better the sensor set and knowledge of the nonestimated
parameter values needed to be to achieve acceptable model output accuracy.

If acceptable model fidelity could not be achieved with reasonable sensor and model
narameter knowledge, additional sensors were added to the sensor set. When this was neceasary
or if an alternate sensor set was to be investigated, the procedure was reentered at the stage of
defining the sensor accuracy and reoptimizing the split between identified and nonidentified
parameters.

3. PARAMETER AND SENSOR BIAS DETERMINATION

In order to perform test evaluation, a priori estimates of model parameter accuracy and
sensor quality must be made. These estimates are used to select the parameters to identify and to
begin the estimation accuracy iteration which produces the final specification of required sensor
quality and parameter bias levels. Pratt & Whitney and SCT worked together to identify a
reasonable set of these values, representative of realizable instrumentation and reflecting current
modeling technique. The development of these values is discussed in this section.

a. Physical Parameters

Through discussion with Pratt & Whitney, allowable bias levels were estimated for the
candidate model parameters. The bias levels are the probable errors in the model parameters. For
example, the resistive exit area is 18 in.2, and its bias is estimated to be + 1.8 in.2. Parameters for
which good bias estimates were not available were assumed to be accurate to 10 percent. For
example, CTAU, a direct bias on the heat release time constant was assumed to be correct to
within * 10 percent of the nominal time constant value, or 0.0006 second. A list of the a priori
bias level estimates for the model physical parameters is presented in Table 5.

b. Sensor Model Parameter Blases

The overall sensor accuracies were estimated by Pratt & Whitney test engineers. The
sensor inaccuracy was then divided evenly among the sources of sensor error. The sources of
sensor error were modeled as shown in Equation 1.

where PT:, is the measured output, Py, is the model variable after a first order lag and AP3 and
BPsmacalenndbm factors. The three sources of sensor error are then the scale, bias, and lag

time constant errors.




TABLE 5.

A PRIORI PARAMETER BIAS ESTIMATES

Parameter Name* Bias Level (+)
FPHPT 1.8
ADIFF 70
ALINR 10.0
VOL 38 250.0
VOL ¢ 260.0
CPROP 0.1
CIGDLY 0.1
CSTABE 0.1
CSTABC 0.1
CTAU 0.0008
CTAUM 0.1
CEFFA 4 x 10
CEFFB 4 x 104
DELEFF 20
BOTIME 0.001

*Parameters Are Described in Table 3
81C

As an example, Pratt & Whitney estimates that PT43, the diffuser total pressure, can be
measured to within + 1.5 psia. Dividing this accuracy between three error sources means that
each can contribute + 0.5 psia error. This then is the estimated error for the bias factor BP3.
The scale factor can contribute + 0.5 psia also, so if Py, is nominally 250 psia, AP3 is found to be
0.002. If P, is a 50 Hz signal, a 50 msec lag time constant error will produce + 0.5 psia error in
P . This type of analysis was done for all of the sensor models. The biases generated are shown
in Table 6.

4. ANALYSIS TOOLS

a. Choosing the Parameters to identify

The poststall combustor model used in this program is far more complicated than a
standard eombustor component model. The combustor simulation contains a very large number
of physical parameters which could be identified. Selection of the set of parameters to identify is
performed on two levels in the test evaluation procedure as shown in Figure 17. A number of
analysis methods drawn from the theory described in Section IV.3 and a knowledge of combustor
physics allow a useful set of identification parameters to be chosen. This section describes these
methods and their application to the combustor simulation.




TABLE 6.
A PRIORI SENSOR MODEL BIAS ESTIMATES

Parameter Nome*® Bias Level (+)

AP3 2 x 1073
BP3 5 x 107!
TAUP3 5 x 10°8
AP35 2 x 1073
BP35 5 x 107!
TAUP35 5 X 1078
AP4 2 x 103
BP4 5 x 107!
TAUP4 5 x 1078
AT3 3 x 1073
BT3 30
TAUT3 5 x 1078
AT3S 3 x 103
BT3S 3.0
TAU3S § x 1078
AT¢ 3 x 1073
BT4 3.0
TAUT4 5 x 1078
AWF 2.5 x 102
BWF 7 %X 102

*Parameters Are Described in Table 3
Bac

The first stage at which parameters are selected is in choosing a set of candidate parameters
to subject to the quantitative analysis tools. This is done by applying available knowledge of the
physical system. Parameters which are known to a high degree of certainty are not included in
the list of candidate parameters (e.g., accurately measured geometry, gas density). Additionally,
knowledge of the phenomena of interest can be used to select all parameters known to be
important. This step is aided by a simple sensitivity analysis where parameters are perturbed and
the model propagated so that a qualitative measure of the parameters’ influence is found (e.g.,
which parameters directly affect combustor blowout). The goal of this process is to choose a large
set of candidate parameters including all parameters which may be of importance.

In this program, Pratt & Whitney and SCT worked together to select the set of candidate
model parameters shown on Table 5.

The purpose of the combustor model in this program is to correctly model performance in
poststall engine operation. Because the phenomena of interest are outputs of the simulation, an
output sensitivity study is used to choose the optimal parameter set to be identified. Parameter
selection through output sensitivity is described in the following section.

b. Output Sensitivity

SCIDNT identifies selected model parameters to minimize the model output error. The
model parameters to be identified are chosen so as to maximize the fidelity of the model outputs
of interest in a given study. This section describes the process of selecting the optimum set of
parameters to be identified. A computer code has been written at SCT which automates the
parameter-selection process.
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When a parameter identification study is undertaken, there is usually a primary goal of
increasing model fidelity for certain model outputs of interest (e.g., output flow, component
efficiency). Therefore, the parameters to be identified are chosen to minimize error in a weighted
sum of these outputs. Specifically, the output error to be minimized can be expressed as

AV = H00 - 3L 40 (42)

where 0 is a vector of identified parameters and ¢ is a vector of nonidentified parameters, also
known as nuisance parameters. If too many parameters are identified, the overall parameter
identifiability decreases, and AY pred Decomes large due to the AO term. Conversely, if too few
parameters are selected for u‘hnuﬁcat:on. AY |4 increases due to the biasing effects of the Ag
(errors in important parameters which are not ldentxﬁed) An optimal choice of parameters to be
identified (set of O0s and @s) will minimize the output error due to the parameter estimate errors
and the errors in the nonestimated parameter values.

Selection of the correct parameter set is a very difficult step in the identification process
and one which is very difficult to perform by intuition. For instance, parameters which have
relatively certain values and do not directly affect the outputs of interest appear to be likely
candidates for nuisance parameters (¢s) but may in fact bias the parameter estimates and so
require identification. Since,

Ao - M" + M Mle¢ (43)

as discussed in Section V.3a, a nuisance parameter error may indirectly affect the output of
interest by biasing the parameter values estimated.

The computer code developed by SCT to select the identified parameters requires the user
to define a priori estimates of the uncertainty in all parameters (A values). The code then works
through all combinations of 0s and s, evaluating for each set the weighted sum of model output
errors defined by the user as the performance parameter (AY,,4). The code then returns the
optimal choice of 0 parameters to minimize uncertainty for the outputs selected (subject to the
weighting and Ag values chosen).

¢. Prediction of Estimation Accuracy

Once the set of parameters to be identified has been chosen, the task is to determine how
accurately those parameters’ values can be estimated. Alternately, the task is to determine
through iteration how good the sensors and knowledge of the plant must be in order for the
model to adequately predict combustor response. This is done using a combination of
identifiability and sensitivity analyses. The theoretical basis for, and generic application of, these
analysis methods are described in Sections V.3a and V.3b of this report.

As described in Section V, the error in estimated parameters comes from two sources. The
first is estimation inaccuracy due to sensor noise; the second is estimation bins due to incorrect
nuisance parameter values. Given an estimate of the sensor quality and the accuracy of model
parameter values, estimation accuracy, can be predicted prior to test. Working backwards in an
iterative fashion, the needed sensor set and nuisance bias levels can be found for a desired level of
estimation accuracy.

In this program, a desired model output accuracy has been chosen (i.e., 5 percent combined
output error in exit total temperature and flow, Ty, and W,). From the output sensitivity matrix,
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the estimated parameter accuracies required to achieve this are determined. Working backward
from these values in the identifiability/sensitivity analysis, a possible sensor quality and
nuisance bias level mix is found to meet these requirements.
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SECTION Vil
TEST EVALUATION RESULTS

1. INTRODUCTION

This section reports on the results of the 63 test evaluations performed in this program.
The result of each evaluation is a specification of sensor quality and model parameter knowledge
required in order for a certain fidelity of model to be produced through testing and identification.
Each result is dependent upon the sensor set evaluated, the input used, and the set of parameters
chosen for identification. In addition, there are an infinite number of tradeoffs possible between
model parameter uncertainty and sensor quality. In other words, for a given input, parameter,
and sensor set, if the model is known better the sensors can be worse. Because a huge volume of
output has been generated in this program, this section will describe in detail the evaluation of
one input, sensor, parameter set, and then summarize the results of the other evaluations.

There are two extremes of possible test evaluation results: 1) If the plant model parameters
are completely unknown, then testing will require many sensors of extreme accuracy, and 2) If
the plant model is completely known, then testing is practically unnecessary, and evaluations
will show the sensor set can be small and of low quality. Reality lies somewhere between the two
extremes. The test evaluation results follow this general trend but provide a quantitative
measure of just how good the model knowledge and sensor quality must be to achieve required
model identification accuracy.

The sensor and parameter bias levels which were used to begin the evaluation process were
chosen to be reasonable combustor rig instrumentation and model parameter uncertainties. As
iteration toward a final uncertainty specification progresses, there are an immense number of
possible combinations of bias levels. In this program, a very large number of these possible
combinations have been evaluated. While details vary, valuable generalizations about the results
can be made. These results are summarized at the end of this section.

2. PARAMETER SEARCH STRATEGY

The variable terms in a test evaluation include combustor operating mode, sensor set,
parameter set, sensor noise level, and sensor and nuisance parameter bias levels. In order to
produce meaningful results, a logical strategy for selecting sets of these variables is required. The
strategy used to select a search path through this variable space is described in this section.

As described in Section V1.4, the combustor operation has been divided into three modes:
blowri-out, lit by ignitor, and lit by autoignition. The normal mode of operation is the latter, and
effort has been concentrated on this mode in this program. In the blown-out mode the combustor
is simply flow resistance and volume and, as such, is a subset of normal operation. The lit by
ignition case is important because it allows the three parameters which determine if the
combustor will light from spark to be identified. However, once lit, this mode is identical to the
autoignition mode in terms of model parameter identifiability. Analysis of all modes has been
performed; however, effort has concentrated on the autoignition mode of operation.

The strategy us<2d to chousc both sensor sets, sensor quality, and bias levels for evaluation
has been to define the best of a realizable, probable system description and to make small
excursions from this system. For example, the sensor set defined by P&W for a combustor rig
test included the first four sensors listed in Table 7. This was the nominal sensor set from which
SCT began. Because W; may not be measurable in the reverse direction, the set of sensors 2
through 4 was evaluated. Also, if turbine flow were measurable and a choked turbine is assumed,
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a measurement of W, could be created. Therefore, a sensor set including all of the sensors in
Table 7 was evaluated.

TABLE 7.
SENSED COMBUSTOR OUTPUTS/INPUTS

Ouitput Description

1. W, Mass Flowrate Into Outside Liner

2. Py Total Pressure at Burner Shroud

3. Pp, Combustor Total Pressure

4. T, Combustor Total Temperature
W, Combustor Exit Mass Flowrate

Input

1. Py Diffuser Total Pressure

2. Ty Diffuser Total Temperature

3. Wna Fuel Mass Flowrste

3. EXAMPLE TEST EVALUATION

This section presents the detailed result and interpretation of one test evaluation analysis.
The sensor set used includes sensors 1 through 5 on Table 7. The input is a 250 psia amplitude,
20 Hz sinusoid in diffuser total pressure with diffuser total temperature and fuel mass flowrate
constant at 1000°R and 2.78 lbm/sec respectively. (Sample poststall combustor model responses
to this input were presented in Figure 16.) This input forces the combustor to blowout and relight
repeatedly. Figure 18 is a plot of Py and burner condition through one cycle of the P, input
sinusoid. A burner state of 2 indicates ignition by autoignition; 0 indicates blowout. Only the
output data where burner state equals 2 is used for this evaluation.

20
1.5
Bumer State
and Input
1.0
05

1 I N |

0
0 0.005 0010 0015 0.020 0025 0030 0.035 0.040 0.045 0.050
Time - sec

FOA 331087

Figure 18. — Burner Ignition State and Input Prq for Example Case
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The sensor bias and parameter bias levels used for this evaluation are those on Tables 5 and
6. Note that a number of these bias terms need not be considered for this input. TAUTS is not of
interest since the T, input is a constant value. AT35, BT35, and TAUT35 are not needed
because Ty, is not a measurement. CPROP and CIGDLY are used only if the burner ignites
from an ignitor spark, which it does not for this input.

The important outputs of this model were selected based on the goal of predicting poststall
combustor performance as it influences poststall engine operation. Because a combustor is
normally modeled as a gas temperature rise and flow resistance, the outputs selected as measures
of model performance were T, and W,, the combustor exit temperature and flow. Figure 19
contains the output sensitivity matrix for all outputs with respect to the model physical
parameters. The matrix is not normalized, 3o interpretation requires some care. Initial
evaluation of Figure 19 indicates that the parameters FPHPT, CTAU, DELEFF, and BOTIME
have the largest influence on the outputs Ty, and W,. This does not mean that these are the best
parameters to identify, however. As discussed in Section VII.4, the influences of the sensor noise
and nuisance parameter bias must be considered also.

OUTPUT SENSITIVITY MATRIX =

Starting at row 1 columns 1 thru 6

FPHPT ADIFF ALINR VOL35 vOL4 CSTABE
W3 1.41700+00 -3.06080-02 -3.85940-02 -2.22290-01 -2.5015D-01 -2.57560-02
PT35S -3.04650-02 1.45280-02 6.74060-04 3.90300-03 4.52610-03 4.0468D0-04
PT4 -5.30280-02 1.48030-02 1.41700-02 3.8229D-03 8.61480-03 8.7194D-04
TT4 -8.18550-01 -9.78810-03 1.62750-02 -3.36080-03 1.24560-01 9.92950-03
W4 1.23980+00 1.93980-02 7.13230-03 5.33410-03 -4.62830-02 -3.50530-03

Starting at row 1 columns 7 thru 12

CSTABC CTAU CTAUM CEFFA CEFFB DELEFF

- W3 -4.5316D-04 -3.55430+00 -3.14770-02 -7.6162D-05 8.76800-03 -3.52060-01

PT35S 7.8893D-06 4.56680-02 4.87500-04 3.12430-06 -1.63490-04 8.04000-03
PT4 1.79710-05 1.0441D-01 1.06280-03 5.10080-06 -2.95980-04 1.35890-02
TT4 1.73970-04 1.35650+00 1.11590-02 1.04080-04 -1.84980-02 9.09440-01
W4 -5.88300-05 -4.59800-01 -3.85870-03 -4.1477D-05 ©8.10620-03 -3.99160-01

Starting at row 1 columns 13 thru 13

TIM ’

W3 -2.32760-01
PT35 3.93230-03
PT4 7.66980-03
TT4 1.71020-0V
W4 -6.66540-02 £ 331058

Figure 19. — Output Sensitivity Matrix

Estimation parameters are selected by use of the SCT developed code PARSEL. This code
evaluates output error for all combinations of 6s and ¢s to determine the optimal set of
parameters to identify. This is a very large task which is well suited to computer automation. In
general, if very few parameters are estimated, error will be high due to the bias effects.
Conversely, if too many parameters are estimated, insufficient information will be available from
the sensors and errors will again be large. A typical plot of the output performance index versus
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the number of parameters estimated as determined by the PARSEL code for this program is
shown in Figure 20.

11000

10500

10000

index

7500

7000

FDA 331059

Figure 20. — Typical Plot of Output Error Vs Number of Estimation Parameters

a. Parameter Selection Output

The parameter selection code was run for this case to determine the optimum mix of 8s and
¢s. The program output is included in Appendix C of this report. The first output page lists the a
priori uncertainty and bias levels used for all parameters. If any parameters are declared to
always be nuisance terms, they are listed with their bias levels, as are the measurements and
their assumed noise levels. For this run, CTAU and CTUAM are defined to be nuisance
parameters.

The second page describes the performance index to be evaluated and minimized. The
description lists J, the performance index, as a sum of terms, while in fact it is a root sum square
of the terms listed.

Page 3 is the start of the actual code output. The code examines all combinations of N
parameters where N goes from 1 to a user specified limit. For example, page three describes the
three best sets of 7 parameters to identify. The code has formed, evaluated, and ordered all
possible combinations and lists the p best sets, where p is specified by the user.

In this case, page 3 shows that, if only one parameter is identified, the best is parameter 1,
FPHPT. Only slightly worse, the second choice is 41, DELEFF. The root sum square of the
estimation and bias error terms for estimated FPHPT is 349.22 while for DELEFTF is 350.48. For
each, the nuisance parameter set is listed.

The PARSEL code output continues in this manner for the best three combinations of two

estimated parameters up to the best three sets of five parameters. The best set of parameters to
identify is that which minimizes the performance index overall. Figure 21 is a plot of the lowest
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The parameter estimation accuracy is evaluated through the use of an SCT developed
computer code called SENSIT. This code evaluates the parameter estimation error for a given set
of sensor noise levels and nuisance parameter biases. These two error sources are termed
parameter identifiability and sensitivity. The theory used to evaluate these is presented
separately in Sections V.3a and V.3b of this report.

The parameter estimation accuracy predicted by SENSIT will produce an error in the
model outputs. The output error is computed by multiplying the output sensitivity matrix with
the predicted parameter estimation errors. If the resulting output errors are within acceptable
limits, then the sensor quality and bias levels assumed will produce sufficiently good test and
estimation results, which in turn translate into the required quality of model.

(1) SENSIT Output Discussion

Appendix D contains the SENSIT output for the first estimation accuracy iteration in the
example test evaluation. This run evaluates the estimation accuracy which can be achieved with
the a priori sensor set and model knowledge. The first page lists all of the parameters for which
sensitivity data were generated and the nominal parameter values to be used in normalization.
Also, the measurements used when the sensitivity data were generated are listed.

The second page presents the estimation parameter set and corresponding a priori
uncertainty, the nuisance parameter set, and the measurement set to be evaluated with the
assumed measurement noise levels. In this output, pages 3 and 4 contain optional output of the
M;,, and M,, portions of the information matrix and the bias matrix. (A detailed description of
these matrices is presented in Section V.) Page 5 of the SENSIT output contains the
measurement contributions to the second derivative of the cost function. This matrix shows
which measurements are important in the identification of the various parameters. For example,
only Y04 and Y05 which are T'p, and W, provide information about AT4, BT4, and TAUTY, the
sensor model parameters for the Ty, measurement. This is quite logical since these parameters
directly scale the Ty, measurement which is in turn used to compute W,. Similarly, AP4 and -
BP4 are only reflected in the P, and W, measurements. The reasoning here is identical. From
these values, it can also be seen that the flow measurements are very important for the
estimation of all parameters. The next most critical measurement is the exit temperature,
followed by the pressures. Note that for estimation of the combustor efficiency bias, the
temperature measurement provides more information than the flow measurements.

The final page of the output contains the run summary information. Each parameter in the
estimation set is presented along with the computed standard estimation errors and estimation
bias errors. In this case, the estimation bias on the second and third parameters, ADIFF and
VOL 35, are exceedingly large. The two error values for each parameter are combined and
multiplied by the output sensitivity matrix described in Section VII1.3. This gives the output
error created by the estimation error, if too large iteration or sensor quality and bias levels are
required. For this run, it is evident from the bias errors in ADIFF and VOL 35 and the output
sensitivity matrix of Table 8 that iteration is required.

The nuisance bias values to use for the next iteration are a function of how the investigator
has chosen to search the sensor/bias space. In this case, the goal is to minimize excursions from
the a priori estimates which reflect current rig test capabilities and modeling confidence.
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TABLE 8.
SUMMARY OF PARAMETER SELECTION RUNS

Opti
Run Combustor Sensor Noise Bias Estimation
No. Mode Set Level Level Set
1 2 5 Nom Nom 1,4,41
2 2 5 Low Nom 1,2,4,41
3 2 5 Nom Low 4
4 2 5 Low Low 4
S 2 5 Nom High 1,4.41
8 2 5 Low High 1.2,4,41
7 2 4 Nom Nom 1,41
8 2 4 Low Nom 1,41
9 2 4 Nom Low 4
10 2 4 Low Low 4
11 2 4 Nom High 141
12 2 4 Low High 1,341
13 2 3 Nom Nom 41
14 2 3 Low Nom 1,41
15 2 3 Nom High 13
16 2 3 Low High 13
17 1 5 Nom Nom 1
18 1 4 Nom Nom 1
19 1 3 Nom Nom 1
20 0 5 Nom Nom 1
21 0 4 Nom Nom 1
22 0 3 Nom Nom 1
mc

From the bias matrix on pages 3 nd 4, the biases which have the largest effect on each
parameter estimation bias can be determined. Lowering each of these parameters’ bias levels
slightly forms a first iteration. The bias level assumed must be included in this process. If the
bias matrix has a large entry corresponding to a nuisance parameter but its bias level is small,
obviously this parameter is not a large contributor to the estimation bias.

The nuisance bias levels assumed for the run are listed on the final page of the SENSIT
output.

Iteration on the bias terms continues in the above manner until acceptable output error
levels are achieved. In Appendices D and E, an intermediate run and the final SENSIT run for
this evaluation are presented. The final run estimation errors result in errors of 3.62 percent in
Tr, and 1.39 percent in W,. These levels are considered to be good enough. (For this study, a
combined error of 5 percent was an arbitrarily assumed acceptable output error limit.)

The acceptable nuisance bias levels found for this case are small but achievable. The sensor
models must be known very well, particularly sensor time constants and any scale factors. This
result comes as no surprise, since these terms have a very large effect on the outputs. The
required model physical parameter biases range from 0.1 percent to 3 percent of the nominal
values. These levels can certainly be achieved for the physically measurable parameters such as
the combustor volumes.

The final bias (or uncertainty) levels found for the nuisance parameters in this example are
only one of many possible sets which will produce an acceptable level of output error. Many more
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performance function for each page of output (best sets of N parameters). The result for this case
is that the best set of 3 parameters is optimal; however; the best sets of 2 and 4 parameters are
not significantly worse.

350

Cost Function

. | | | |

1 2 3 4 5
Number of 0's

FDA 331060

Figure 21. — Output Cost Function Vs Number of Estimated Parameters

The PARSEL output shows that the optimal set contains parameters 1, 4, and 41. However,
the second and third best sets of three are nearly equal to the first choice. If the best three sets
for each number of parameters are examined, it can be seen that the difference between the three
best sets is always the exchange of one variable. For example, the difference between the first and
second best set of five parameters is whether parameter 4 or 5 is estimated. The cost function
vajues for these sets are nearly equal. This shows that parameters 4 and 5 have a significant
effect on the system. However, the two are not identifiable at the same time. This indicates that
parameters 4 and 5 probably have the same effect on the system. This is quite logical since these
parameters are the two volumes of the combustor.

The other parameters selected for estimation are the resistive area at the exit and
DELEFF, a bias on combustor efficiency. These are quite logical since the outputs in which error
is to be minimized are exit flow and exit total temperature. If a fourth parameter is added to the
estimation set,the PARSEL code indicates that it should be the inlet resistive area, ADIFF.

This output shows that for the assumed sensor set and bias levels there are a few sets of
estimate parameters which will yield approximately the same result in terms of model fidelity in
the selected outputs. For this example, we will examine the set containing parameter numbers 1,
2, 4, and 41.

b. Estimation Accuracy
Once the estimation set has been chosen, an estimate of the achievable identification

accuracy for this set is produced. More importantly, a specification of the sensor quality and
plant model knowledge required to achieve a desired fidelity of identified model can be produced.
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iterations must be made, studying tradeoffs between various parameter bias levels. This process
is performed repeatedly for various sensor sets, estimation sets, and combustor operating modes
to complete the test evaluation process.

4. SUMMARY OF EVALUATIONS

This section describes the test evaluations that were performed in this program. The
parameter selection analyses made are summarized in Table 9. The sensor set numbers
correspond to the number of sensors used in the analysis; the specific sensors are described in
Section VIII.2. Standard noise and bias levels were defined. These are described as High, Low, or
Nominal, where high is twice the nominal and low is one half of nominal bias levels defined in
Tables 5 and 6.

TABLE 9.
SUMMARY OF TEST EVALUATIONS

Approximate No.

of SENSIT
Evaluation Combustor Sensor Noise Estimation Estimation Accuracy
Set No. Mode Set Level Set Evaluations
1 2 5 Nom 1,4.41 4
2 2 5 Nom 1,2,4,41 11
3 2 4 Nom 1,2,4,41 4
4 2 4 Nom 1,41 5
5 2 4 Nom 1,41 4
6 2 4 Nom 13,41 6
7 2 3 Nom 1.2.4.41 1
8 2 3 Nom 1,41 5
9 2 3 Low 1.3 2
10 1 4 Nom 1 3
11 0 4 Nom 1 3
nac

Table 9 reflects the general trends which are expected in parameter selection: when sensor
noise is low, more parameters may be identified because more information is available about the
system. Similarly, when fewer sensors are available, fewer model parameters can be identified.
When bias levels are high (the model is less certain), more parameters are identified to minimize
bias errors.

The parameters which have been selected as the optimal estimation sets are consistent and
logical. When the five measurements: W,, Ppqs, Py, Ty, and W, are available, the largest
estimation set contains parameters 1, 2, 4, and 41, the exit resistive area, inlet resistive area,
outer case volume, and efficiency bias respectively. Physical intuition supports this set as those
most likely to minimize errors in exit flow and temperature. As was discussed in Section VIIL.3.a,
the volumes of the combustor are both important parameters; however, because they have the
same effects on the available measurements, they cannot be identified at the same time.

If exit flow is dropped from the measurement set, less information is available for
estimation. Table 9 indicates that, with nominal bias levels, the inlet resistive area and outer case
volume should be dropped from the estimation set. If model confidence is high (low bias), then
the volume is the only parameter to be identified.

If both of the flow measurements are dropped, no volumes are selected for estimation, and
parameter 3, the burner liner loss, appears in the estimation sets. This is physically
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understandable since the remaining sensors (the combustor pressure and temperature and the
pressure at the burner shroud) are in the center of the combustor, so parameters which can best
be identified are in this area, directly driving these measurements. For example, the inlet
resistive area a priori value is more accurate than the area can be identified with these
measurements, 30 to minimize model error, this area is not estimated. The parameters which are
estimated are the exit resistive area, delta efficiency, and liner loss.

From the results of the parameter selection analyses, test evaluation sets were formed. The
test evaluation sets are the sensors, noise levels, and estimation sets to be carefully analyzed in
the estimation accuracy analyses. The evaluation sets formed and processed in this program are
listed on Table 10, along with the approximate number of estimation accuracy iterations which
were performed for each.

TABLE 10.
ESTIMATION ERROR VARIATION WITH MEASUREMENT NOISE

Percent Increase in Estimation Error
Parameter FPHPT ADIFF VOL 35 DELEFF

10 Percent Noise Increase
in Measurement

W, and W, 8.39 712 898 493

Prys and Pr, 0.13 1.82 021 0.19

Tre 1.47 0.50 0.61 5.18
2:C

a. Generalization of Evaluation Resuits
In this section, selected results from the broad range of test evaluations are presented.

o Combustor identification must be performed in two stages. In the first stage
the combustor operating mode (e.g., blown out, lit) is fixed in the model and
parameters affecting gross transient behavior are identified. In the second
stage the mode change functions are identified. This program has addressed

Stage 1.

+ Parameters which affect the stability functions are very
important in that they drastically effect the combustor
transient, however their effect is limited to a very small
portion of the total transient time. From a practical point of
view the parameters are divided into those which control and
do not control mode change based on frequency separation.

* The important combustor model parameters which are only
identifiable during combustor mode transition are the time
constants in the stability equation and the coefficients in the
combustor efficiency correlation equation.

* Change of combustor operating mode (e.g., blowout) must be measurable in
order to perform accurate parameter estimation.
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o If identification must be performed using data from
mnnontdnnngwhchthcmhm: changes,
mode change must be forced in the model so that model
data are consistent.

£

o If operating mode is sensed and forced in the model, the time
of mode change must be sensed to within +0.001 sec.

+ Efficiency is a very importsnt term in combustor models. The delta
combustor efficiency used in this program is indistinguishable from the hest
value of fuel in steady state, but is separasble from transient dsta. The
imoportance of DELEFF identified simply means that efficiency must be
computed very accurately.

o Overall combustor efficiency was found to be very important while the
coefficients of the combustor efficiency correlation equation were not. This is
due to the very brief drop in efficiency prior to blowout. As shown in
Figure 22, the combustor efficiency is virtually constant until blowout. Since
the efficiency correlation coefficients contribute ailmost nothing to the overall
efficiency value until blowout (and then the terms are relatively small), the
coefficients were not of primary importance in predicting transient behavior
which has few or po mode changes.

¢ Estimation accuracy decreases rapidly if flow measurements are not available,
however acceptable results can still be obtained using only pressure and
temperature probes.

 [If sensors which measure W,, Py, Pr,, Tp,, and Weare
available and the RMS noise is on these sensors are 0.5,
1.5, 1.5, 10.0, and 0.5 respectively, then four model parame-
ters can be successfully identified. The optimal set of these to
minimize model error in outputs Ty, and W, is FPHPT,
ADIFF, VOL 35, and DELEFF. (Once this identification has
been performed, other important parameters such as VOL 4
can be substituted into the estimation set, based on the
knowledge that certain parameters such as VOL 4 and
VOL 35 cannot be identified at the same time.) To perform
this identification, the model nuisance parameters must be
known within an average of 6 percent of their true values.
Additionally, any sensor scale factors must be known to
within +4 X 1073 of their true values, on the average. Sensor
bias errors must be below +1/2 percent on the average, and
sensor time constants must be known with +1/4 percent of
their true values, on the average.

¢ If the sensor noise and bias levels reported in Appendix E

. (which meet the above requirements) are used to estimate
FPHPT, ADIFF, VOL 35, and DELEFF, the resulting output

accuracy is 3.62 percent error in Ty, and 1.39 percent in W,

e If the above noise and bias levels are used to identify the same
four parameters but only the W;, Pry, Pr,, and Ty,
measurements are available, the achievable output accuracy is
4.21 percent error in Ty, and 2.23 percent error in W,. This




error results from a 44.7 percent average increase in the
parameter estimation errors.

« If the above noise and bias levels are used to identify the same
four parameters but only the Ppy, Py, and T, measure-
ments are available, the achievable output accuracy is
5.97 percent error in Ty, and 4.16 percent error in W,. This
error results from a 76.5 percent average increase in the
parameter estimation errors.

e If a W, sensor is not available, with the nominal sensor and model .
uncertainties, the optimal set of three estimation parameters is FPHPT,
ALINR, and DELEFF. Similarly, if the W, sensor is not present in the
measurement set, only two parameters should be identified, the optimal set of
which is FPHPT and DELEFF.

¢ Measurement noise is not the major cause of estimation error. Systematic
measurement errors such as sensor biases re much more significant sources of
estimation error than is measurement noise.

« Estimation accuracy variation with sensor noise. Using the
‘ nominal sensor and parameter bias values, estimation accura-
e cy of parameters 1, 2, 4, and 41 has been evaluated for a

K 10 percent increase in sensor noises levels. Table 10 summa-
rizes these evaluations. It is evident that flow measurements
are very important, particularly in estimation of the volume.
The temperature measurement is the second most important
and is particularly valuable in the estimation of combustor
efficiency. The estimated combustor measurement noise
levels have been shown to be acceptable, and Table 10 I
indicates that eatimation accuracy is not overly sensitive to
random measurement noise. Obviously, measurement noise
should be minimized, particularly in the flow measurements;
N but, in comparison to systematic errors such as sensor bias
and scale, measurement noise is not a critical source of
estimation error for poststall combustor model identification.

* Inputs which represent poststall engine behavior and drive the combustor
into its operating modes are sufficient for initial parameter estimation efforts.
Specifically, inputs which are characteristic of engine surge sufficiently excite .
all modeled combustor dynamics. I

+ Estimation results are dependent upon the operating point where estimation .
is performed, and limited by the model structure used. For example, if a
combustor characteristic is strongly correlated with flow, however this
dependency is unmodeled, estimation results will vary significantly with
operating point, and cannot explicitly reflect the flow dependence.
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Figure 22. — Combustor Efficiency During Mode Change
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SECTION IX

TEST METHODOLOGY

The data reduction will consist primarily of processing and compiling data into tabular,
graphical, and video form for eventual comparison to model predictions. However, some
intermediate computations will be required to determine pressure losses and combustion
efficiency.

Combustion system percent pressure losses will be calculated in the usual manner for the
system (diffuser inlet to combustor exit), combustor dome, and combustor liner:

P, - Pom

A Pu. - x 100 (44)

w»

Upstream pressure (P,) and downstream pressure (P,,,,) will be defined according to the
normal flow direction.

A temperature-based combustion efficiency will be calculated from the data using the
following equation:

AT.., |
LS vy (45)

The actual temperature rise can be calculated from the diffuser inlet temperature and either
a measured or a calculated combustor exit temperature. The measured combustor exit
temperature will be determined using the combustor exit temperature instrumentation. The
calculated exit temperature will be based on the choked flow conditions at the simulated turbine
using the flow parameter (FP). Flow parameter is defined as:

W(T,\*
—Pa—

FP = = f(Mn,7) (46)

Since Mach number, flowrate, pressure, and flow area will be known at the choke plane,
this equation can be solved iteratively for temperature and gamma.
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SECTION X

SUMMARY AND FUTURE EFFORTS

1. SUMMARY

A lumped-parameter computer model for combustor transient behavior during compressor
stall events has been described. Recent improvements to the model include a characteristic time
approach to stability, the addition of spark ignition and flame propagation, droplet size
calculation, and the division of the combustor into primary and secondary zones. This model has
undergone a type of analysis called Systems ldentification, which has subjected the model to
various transient boundary conditions that highlight the input parameters which most affect the
model’s calculated results. Those parameters are: prediffuser exit area, combustor volume, liner
flow area, combustion efficiency, and turbine inlet flow parameter. Systems Identification also
specifies the accuracy of pressure and temperature data, from transient combustion experiments,
needed to improve the model’s accuracy. Finally, this report reviews a transient combustion
facility being built at United Technologies Research Center (UTRC) and scheduled to become
operational in early 1987.

2. FUTURE EFFORTS (NONCONTRACTUAL)

In the fourth quarter of 1987, testing of a four-nozzle combustor sector, currently under
construction, will begin at the new UTRC facility. Data from these transient combustion tests
will be used to validate and upgrade the computer model. Eventually, the model will be
incorporated into the design system, allowing combustors to be designed for stall recovery along
with the more traditional features of operability, pattern factor, and combustion efficiency. The
model will also be absorbed into the engine simulation computer program, complementing the
existing compressor stall model, and increasing the realism with which engine cycles are
calculated.
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APPENDIX B

SAMPLES OF STATE, STATIC, AND MEAS SUBROUTINES

SUBROUTINE STATIC(X,P,Y,U)

c..........................'.Q.t...'t............t.....................

C SUBPROGRAM STATIC -- STEADY STATE BALANCE FOR SIMPLE BURNER MODEL
C

C INPUTS: U « ARRAY OF INPUTS

c P « ARRAY OF TWIDDLE FACTORS

c

C OUTPUT: X = ARRAY OF STATES

c

C COMMENTS: NONE
c.t...'i..t............t.‘.l..t."i....t..ttttt..........'..t'..t......
implicit double precision (a-h)
implicit double precision (o-z)
DIMENSION X(1),U(1),P(1)
DIMENSION YSTATE(S),DYDX(S)
DOUBLE PRECISION NAME(S)
DIMENSION DELTAX(S), DXALOW(S), TOL(S)
EQUIVALENCE (YSTATE(1l), PT35),(YSTATE(2), TT3S),(YSTATE(3), PTY),
hd (YSTATE(4), TT4),(YSTATE(S), PAMB)
EQUIVALENCE ( DYDX(1l),0PT35),( DYDX(2),DTT3IS),( DYDX(3),DPT4),
4 ( DYDX(4), DTT4),{ DYDX(S),DPAMB)
DATA NAME /
1 'p735 ', 7738 r,'rTd ','TT4 ', 'PAMB 'y
c......'..t.tt..'t.........".i

C EXTRACT INPUTS FROM ARRAY .

CORBRNTRANANANNNONOARRNONONNRENOS

PT3U =U(1)
TTIVU «U(2)
c WFMBU=U{3)
AP3 =pP(6)
BP3 =P(7) ]
AT3 eP(12)
BT3 =P(13)
AWP wP(21)
awr =pP(22)
(o

C SENSOR MODELS FOR INPUTS ARE MOVED HERE SO THAT THE ERROR EFFICTS
C DRIVE THE MODEL - AS THEY WILL IN TESTING.
c

PT3 = AP3 *» PT3U + BP3

TT3 = AT3 +* TT3U + BT3

c.....'...Q...........Q..t..

C MEZASURED PUEL PLON .
c.....'..........'.....Q....

WPMB = AWP*NPMBU+BWP
c

c..Q..t..'..Q"'.....'...'.'..t.......

C INITIALIZATION FOR STATE VARIABLES *
c........'.............'.........'Q...

PT3%«.97+PT3

TT3S=TT3

PTE =.94*PT3

TTE =TT3I+1500.

$€( p(39) .eq. 0.0) ttd = tt)

FANMDe .02
c'......'..............

C MISCELANIOUS PLAGS *

CONOOIPRBINSIRNNNRNARONRNRSN

TINE=0.




IWAY=0
NEQ=S
TOLE=.10
PCTDX=.001
XBOUND=. 1
MXPASS=100
ISSPNT=0
dt = p(38) .
c...t.ﬁiiﬁﬁﬁ..itt...ﬁ.t'iﬁi
C STEADY STATE BALANCE +
(A 22222222222 222222222 R 2222
10 CALL BRNMDL(O -1 , TIME, YSTATE, U, P,DYDX, Y, DT)
CALL SSBLOL(NEQ , ISSPNT, YSTATE, DYDX , IWAY , TOLE |,
. PCTDX , XBOUND, MXPASS, NAME , XBOUND, MXPASS,
. NAME , NPASS )
GO TO (10,10,15,11,13),IWAY
11  WRITE(6,12)
12 PORMAT(1X,’ STEADY STATE BALANCE FAILED —-- '/
» 1X,’ SINGULAR JACOBIAN’ )
sTOP
13 WRITE(6,14)
14 PORMAT(1X,’STEADY STATE BALANCE FAILED WITH MAX. PASSES’)
sTOP
15 CONTINUE

(4 2222222222 2222222222222 2 2]/

C PUT STATES INTO X ARRAY *
CHARRARRNARANNAARANRARNAARNANR
DO 20 I=1,NEQ
20 X(I)=YSTATE(I)
RETURN
END
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SUBROUTINE STATE(X,U,P,XDOT,TIME)
L R I R Y L S T )

C SUBPROGRAM STATE -~ CALCULATED DERIVITIVES OF STATE VARIABLES

INPUTS: IUPDAT = LAG/MODE UPDATE FLAG

-1 DURING STEADY STATE BALANCE OR ON FIRST CALL
0 DURING CONVERGENCE ATTEMPTS
1 APTER COMPLETED DT

E = TIME

X = ARRAY OF STATES

U = ARRAY OF INPUTS

P = ARRAY OF DIDDLE FACTORS

NOAOOAONON
:

C OUTPUTS: XDOT = ARRAY OF DERIVITIVES
ctQQ..Q'.Qttﬁiﬁﬁt.t.t......ﬁ.'*.....t.Q..itt'...ﬁ....tﬁi....Q.t‘tt.ttt.
implicit double precision (a-h)
implicit double precision (o-2)
COMMON /dLAG/ iupdat
COMMON /CLAG/ IPROP
DIMENSION X(1),U(1),P(1),XDOT(1)
IPRPL=0
dt =« p(38)
CALL BRNMDL(IPRPL,IUPDAT,TINME,X,U,P,XDOT,Y,DT)
RETURN
END
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SUBROUTINE MEAS(X,U,P,XDOT,Y)
3R I R R R R Y  ITTYYS

C SUBPROGRAM MEAS -~ LOADS OUTPUTS INTO Y ARRAY

TIME

ARRAY OF STATES

ARRAY OF INPUTS

ARRAY OF DIDDLE FACTORS

INPUTS: TIME
X
U
4

A es

OUTPUTS: Y = OUTPUT ARRAY

COMMENTS:
1. ANY AVAILIABLE PARAMETER CAN BE OUTPUT BE CALLING HEADLD
WITH THE PARAMETER.
2. ANY SYNTHESISED PARAMETER SHOULD BE CALCULATED IN THE
APPROPRIATE SUBROUTINE AND PASSED TO PRPL.
3. PARAMETERS ARE ARRANGED IN THE Y ARRAY IN THE SAME ORDER
AS THE CALLS TO HEADLD.
LA A 22 222 R 2R 222 2 22 X X 2 X R R R R X X R R X X X X X R Y R X XX 2 2323222 X% )
implicit double precision (a-h)
implicit double precision (o-3)
DOUBLE PRECISION HEADER
INCLUDR ‘DUA2:[UTPWA.SCIDNT.SPL]NLMCONM.INC’
COMMON/CLAG/ IPROP
COMMON/PRPLBS/HEADER(100) , VAROUT(100) ,NLOAD
DIMENSION X(1),XDOT(1),U(1),P(1),Y(1)
DATA IFIRST/0/

QOO0 N0ANN

LOAD NAMES OF OUTPUT VARIABLES
IP(IPIRST.EQ.1)GO TO 1
IFIRST=]

CALL HEADLD(’W3M
CALL HEADLD(’PT3SNM
CALL HEADLD(’PT4M
CALL HEADLD(’TT4M
CALL HEADLD('W4M

® % @ - .

c
C LOAD Y ARRAY
1 CONTINUE
CALL BRNMDL(1,0,TINE,X,U,P,XDOT,Y,DT)
CARRRR AR R AN R AR AR AR A R AR AR AN R AR AR R AR RO N A AN R A AN ARANA RO NN AR R ARRANARNRN AR AR

Creanansns REMOVE WRITE LOOP BEFPORE RUNNING TRANSIENTLY #etatasdnananas

(od 22X 2222222222222 222 X2 22222 2 R 2 2 22 222 2222 2222 2 222222222322 Y)

c WRITE(6,*)IPROP,Y(3)
C SEND SCT .
RETURN
END
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APPENDIX C

SAMPLE PARSEL OUTPUT

AGALE SINI NI €38R 3% TIIR IFS ARSNIUASYIN SRINGTION

. 10~3000°1 99-2000°9
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(19 114
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