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1. SCOPE

This SAE Aerospace Information Report (AIR) provides a review of real-time modeling methodologies for gas turbine engine
performance. The application of real-time models and modeling methodologies are discussed. The modeling methodologies
addressed in this AIR concentrate on the aerothermal portion of the gas turbine propulsion system. Characteristics of the
models, the various algorithms used in them, and system integration issues are also reviewed. In addition, example cases
of digital models in source code are provided for several methodologies.

1.1 Purpose

The purpose of this document is to provide a source of information on current practices and procedures for developing
real-time turbine engine models, not models of controls or other installation subsystems. This document is intended to be a

basis for communication between supplier and customer.

1.2 Overview

Current applications of
for control systems, flig
the constraints of cost, ¢
new information. Comn
function. The real-time
algorithms, and data hat
lubrication system, engi

2. REFERENCES

2.1 APPLICABLE DO
The following publicatio
shall apply. The applica
event of conflict betweel
Nothing in this docume
obtained.

2.1.1  SAE Publication

Available from SAE Inte]
and Canada) or +1 724+

real-time engine models include development and testing of control syste
ht simulators, and engine/airframe integration. The implementation. ofithes
xecution time, consistency with the system being modeled and the,capabil
non engine model types are: aerothermodynamic (aerothermo); piece-w

dlers. A real-time model of a turbine engine powerplant ofteh-requires mods
ne starting system, ignition system, and others.

CUMENTS
s form a part of this document to the extent specified herein. The latest is
ble issue of other publications shall bg\the issue in effect on the date of th
h the text of this document and references cited herein, the text of this docu
ht, however, supersedes applicable laws and regulations unless a speci

S

rnational, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 87
776-4970 (outside”USA), www.sae.org.

'bine Engine‘Real Time Performance Model Presentation for Digital Comp

bine_Engine Steady-State and Transient Performance Presentation for Dig

ns, embedded software
e models must balance
ty to be scaled to match
ise linear, and transfer

models require supporting mathematical utilities such as integrators, optimizers, transfer function

bls of the control system,

sue of SAE publications
e purchase order. In the
ment takes precedence.
fic exemption has been

7-606-7323 (inside USA

Lters

ital Computer Programs

ARP4148 Gas Tu
AS681 Gas Tu
AS755 Gas Tu

It = H Dot oYY 1ol 4L et N [y
UITIC LTIy TTTTulTiialive olativult [dTTiioatiurt alrtud INUTTIicTiciaturc

2.2 Definition of Symbols

Nomenclature and symbols used in this document are consistent with AS755.

0

A

CP specific

partial differential operator
matrix of partial derivatives relating state derivatives to states
matrix of partial derivatives relating state derivatives to input variables

matrix of partial derivatives relating output variables to states

heat at constant pressure

differential operator
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D matrix of partial derivatives relating output variables to inputs
h convection coefficient

H specific enthalpy

P total pressure

Qu heat transfer rate

S Laplace operator

T total temperature

t time

] model input vector

w mass flpw rate

WF fuel flow rate

X unit of length

X engine state vector

X engine state derivative vector

xXJ polar mpment of inertia

XL length

XN_ rotationpl speed (where "_" designates’a specific shaft)
XN_C corrected rotational speed (where " " designates a specific shaft)
XNU rotationpl acceleration

Y model qutput vectof,

A difference operator

Y ratio of ppecific heats

T pi, 3.14159

T time constant

0 referred temperature

® arbitrary variable

1,2, 3... engine station designation

AMB ambient

b base operating point

film film coefficient
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gas gas property

HeatSoak thermal capacitance of engine parts
H high pressure rotor

in entering control volume

lag lag transfer function

lead lead transfer function

L low pressure rotor

mb main burner

metal metal pfoperty

out exiting ¢ontrol volume

SS steady-state

™ temperature of metal

2.3 Definitions

A/D or ADC (ANALOG-]
on a high-impedance in
signal pin.

ACTUATOR: Typically
variable nozzle.

ADAPTIVE ALGORITHI
AEROTHERMO: Abbre
BACKGROUND (Backg
processor time is "left-

algorithms, system data

BITE (BUILT-IN-TEST-}

[O-DIGITAL CONVERTER): An integrated gircuit that resides on a digital b
put signal pin and generates a number in_an on-board register proportior

nydraulic devices which cause mechanical movement of engine hardwar

MS: Algorithms which change based on the past history of inputs and outp
iation for aerothermodynamic.

round Task Processing): In multirate real-time digital machines, nontime cri
logging,.etc.

FQUIPMENT): New generation aircraft have systems and avionics that, v

internal automated test

us, monitors the voltage
al to the voltage on the

b such as stators and a

its.

tical tasks run whenever

pver" betweeh-frames. This includes any output monitor port updates, ¢ngine trend monitoring

hen prompted, perform

brecedures and store or provide systems status and test results.

BLADE ELEMENT THEORY: Analysis of fluid-blade interaction based on one or more streamtubes passing through the

blade row.

BLOCK DIAGRAM: Simplified representation of an algorithm or piece of an algorithm as a series of transfer functions.

BREADBOARD: Nonproduction engine or system control which can be easily modified.

CAA: Civil Aviation Auth

ority

CMC: Central maintenance computer

CONTROL BENCH: Facility for testing of an engine control using a model or other artificial input in lieu of a hardware

engine.
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COUNTS: The units associated with the digital numbers that go into or out of D/A and A/D converters. A digital-to-analog
converter with "12 bit resolution" can represent voltages as varying from 0 counts (0 volts) to 4095 counts (10 volts) since
4095 =2"12-1.

CURVE DATA: Data in tabular, spline, or polynomial form.

CYCLE MODEL: A computer simulation of an engine cycle normally consisting of a specific set of component and process
representations. Typical components are compressors, combustors, turbines, and nozzles. Processes include friction
losses, heat transfer, and mixing.

D/A or DAC (DIGITAL-TO-ANALOG CONVERTER): An integrated circuit that resides on a digital bus, receives digital data
off of the bus, and produces an analog voltage signal proportional to the magnitude of the data. Typical D/A's produce 0 to
10 VDC at a small output current (<500 mA).

DERIVATIVE MATRIX: A vector of analytical or fixed coefficients (C’s) which are used to minimize cycle balance errors
(Y’s) by updating the cyfle balance guesses (G's), I.€., Gi = Gi * (1FT2Cy,Yj). The analytical coefficients are usually needed
when variable areas or high Mach numbers exist between the error and guess locations of the-engine.

DISTRIBUTED PROCERSING: Processing on a group of networked computers as opposed-to a mpainframe computer.
EEC: Electronic engine control

EGT: Exhaust gas temperature

EMBEDDED MODEL: An engine model included as part of a larger digital.control application.
EPR: Engine pressure rptio

EXPERT SYSTEM ALGORITHMS: List processing or decision tree algorithm as opposed to a conventional computational
algorithm.

FAA: Federal Aviation Agency

FADEC: Full-Authority Digital Engine Control
FAR: Fuel-air ratio
FAST CURVE READ RDUTINES: Curve read routines (for unequally spaced tables) in which the pointer location used for
interpolation is remembegred from the-previous evaluation and can be moved only one location pgr time step. Also: Curve

read routines designed fo take advantage of the use of equally spaced tables.

FMC: Flight Management Cemputer

FOM: Figure of Merit

FOREGROUND: Foreground task processing. In multirate digital controllers or simulators, the time-critical control tasks are
known as foreground tasks while all other tasks are called background tasks.

FRAME RATE: The base rate at which a digital simulator or control updates the output values.
HEAT SOAK: The transfer of energy between the gas path and the engine hardware.

HMU: Hydromechanical Control Unit

Hz, Mhz: Hertz, mega-Hertz

IATA: International Air Transport Association

ICD: Interface Control Document
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INTEGRATED FLIGHT PROPULSION CONTROL: Control which is designed to manage both the engine and aircraft to the
benefit of both as opposed to conventional controls where the aircraft and engine controls are designed separately.

IRON BIRD MODEL: Model used in developing the aircraft control system where higher fidelity and nonstandard conditions

are expected.

IVMS: Integrated Vehicle Management System

kB, MB: Kilo-bytes(s) and mega-byte(s)

LRU: Line Replaceable Unit. Any aircraft component that can be removed and replaced on the flight line.

mA: milliamps

MICRO/MINI-COMPUTER: Computer class between a mainframe computer and a personal computer.

ms: milliseconds

MULTIBYPASS ENGIN
collectively) at two or mg
with each other and/or t

MULTIRATE: A real-tim
optimize the system per

OBJECT-ORIENTED: {

attributes which facilitat¢ reuse.

PARALLEL COMPUTA
multiple processors in li

PIECE-WISE LINEAR M
point, also referred to as

RTD: Resistive tempera

SENSOR: Electrical or
rotor speed.

STATE VARIABLES: V4

STATE-SPACE MODEL

[E CYCLES: Cycles in which bypass flows may be separated from’the @

re stations in the compression process. These flows may subsequently mix
ne core flow to provide turbine and afterburner cooling.

e digital computer's program may have several distinet tasks to perform in
formance for a given processor, some tasks may rundess than once every,

boftware design approach in which software pieces have clearly defing
MON DEVICE: Computer configured, toallow pieces of a program to be
bu of serial execution of the program-gn one processor.

ODEL: Model based on a set of matrix equations that describe the variation
state-space model and statezvariable model.

ture detector

bther processed signal of an environmental or engine condition such as te

: Medel'based on a set of matrix equations that describe the variations abo

ore flow (individually or
(partially or completely)

a real-time manner. To
frame.
ed inputs, outputs, and

executed in parallel on

5 about a base operating

mperature, pressure, or

riables that)represent energy storage, such as rotor speeds and metal temperatures.

It a base operating point

(same as piece-wise lin

barmodel).

STATE-VARIABLE MODEL: Model based on a set of matrix equations that describe the variations about a base operating
point (same as piece-wise linear model).

THROUGHPUT: Digital

information transfer rate.

TRANSFER FUNCTION MODEL: Simplified dynamic model which approximates the system based on a ratio of LaPlace

polynomials.

UPDATE TIME: Time between updates of the model with sensor data, environmental or other information; interval within
which model execution typically must be completed.

VDC: Volts, direct current

VOLUME DYNAMICS: The time-dependent response of the thermodynamic properties within a confined volume. Simulation
of volume dynamics is usually associated with high frequency phenomena (such as surge) or long pipes and ducts.
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3. REAL-TIME MODEL APPLICATIONS

A wide variety of specific real-time model applications result from the categories of current uses (see 1.2). The overall
objectives that each application is intended to address is discussed in the following sections. In addition, the specific

requirements that each application must meet are also discussed in terms of four attributes:

Consistency: Refers to the accuracy of the model output as compared to the reference data base.

Versatility: Refers to the adaptability of the model to match new data, to simulate performance over a wide range of

normal and abnormal events, and to the adaptability of the model to new or upgraded applications.

a.
b.
c.
d.
stable results.
3.1 Control Developm

Mechanical systems afe expensive to develop; a real-time engine digital simulation \driving

actuation equipment all
strictly hardware-based
will not be final. Early ir
bench component simy
component simulations
early support of engine
available.

3.1.1  Objectives for ¢

The principal objectives

Reduction of Developmént Cost and Cycle Time: The main benefit to be had from the use of a com

system bench facility is
and corrected off-engin
Separate component-le
but can never reveal t
components on the eng

Principal motivations for
the cost and complexit

comparison to that of buildingsand maintaining development engines. Further, the complexity

typically hold down eng
assets to control devel

ent Benches

bws on-line design modification during development at a relatively low cos
cycle incurs large delays early in the program waiting for hardware modif
development, simulations of components can be used.uniil prototype hg
lations can themselves be used to develop the contrel components' fin
can be designed to interface not only to a control bénch, but also to the re
testing with pre-prototype "proof-of-concept" component operation before

ontrol Benches

of control benches include the following:
hat irregular behavior of both.the complete system and its individual comp
b, often before an engine isJjavailable for control system development tes
el facilities provide the.same level of functionality as the system bench co
he behavior of the-Components once they are interacting as a systen

ne.

a control bench simulation center around the gathering of real hardware p
y of enginé)testing. While a full-system control bench can look expensi

ne testtime for controls work during early development testing. The devo

Bandwidth: Refers to the range of frequencies for which the model accurately represents engine transient performance.

Execution Rate: Refers to the rate at which the model software must execute to produce accurate and numerically

peneric, nonflightworthy
5t. Development using a
cations that themselves
rdware is available; the
al configuration. Digital
bal engine. This enables
flightworthy hardware is

plete, integrated, control
onents can be identified
ting in engine test cells.
mponent by component,
with the other control

erformance data without
ve, the cost is small in
bf modern gas turbines
tion of engine hardware

ppment tasks not only increases the control system development costs

5, but also reduces the

availability of engine tim

thaor H N N niral
eforothertesting-early-na-developmentprogram—Jse-ofacentrol-benreh-€¢an reduce development

cycle time by focusing effort on the control system without the distraction of engine development problems.

Development Using the Complete System: The control bench concept is more than just a digital simulator. It is a system of
all the devices making up the control system and/or external lubrication system components (oil tank, etc.) on an engine
plus all the hardware needed to produce mechanical loads, attitudes, temperatures and pressures an engine would exert
on the components. The system can be more accurately tested by interfacing the engine model with actual hardware. On a
control bench, these devices are actual, working engine control subsystems connected to mechanical loads, pressures, and
temperatures, etc., that not only give the control an accurate "feel" for what will happen on the target system, but also
facilitate development of those components.

Using these devices on the bench allows the control logic and parameters to be modified almost continuously until the
desired performance is achieved; all before risking engine hardware with the control. It also opens up the possibility of
real-time operability optimization using real components without the danger of damaging long-lead time engine parts.
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a.

connected "in the loop". Interfaces consist of:

1.

combustion detectors

ch as cooling flow, pressurized hydraulic fluid, lubrication circuits

Loads such as pressurized fuel and mechanical actuation or reaction forces and heat

2. Supply fluids su

3.

4. Electrical power supply
5.

Hardware in the Loop on Control Benches: A simulated engine interface is required for each piece of hardware

Pertinent sensed parameters such as rotor speed, pressure, temperature, and flame or flame simulation for

Any other physical conditions which must be included to achieve the necessary system fidelity

A desirable feature of a control bench is configuration flexibility. A modular design approach to control benches allows any

desired mixture of simu
tool that solves many pr
1. Intended Use Defin
built reduces reworK

Minimum Required
available as part of
the HMU is to be s
components and beg
simulator + thermod

Optional Hardware
accomplished, simy
others; for example,
also further enhanc
subsystems.

Electrical Interfaces
work must be inclu
software simulation

Reconfiguration of the
Simulation of componer|
create a useful simulati
completed mechanical |
device's configuration d
simulation.

Aated and real components on the bench. This strategy enables the bench
bblems common to all types of turbine engines. Topics to consider when-de

tion: Visualization and definition of a control bench's features and.capabi
from undersizing and avoids extra costs due to oversizing or redesigning

Hardware and Dependencies: Some hardware is more_efficiently include
a larger assembly, such as a pump + Hydromechanig¢al, eontrol (HMU) as
mulated, it may be best to simulate the pump as well.”Further, the relatid
nch driver hardware define bench modules (e.g., pumpdriver + fuel supply
ouple harness connectors, air supply + supply centrol + pressure transduc

Components: Optional hardware must be grouped into dependent

lations can be defined for each compenent module. Many components
an inlet pressure transducer is independent from the oil pump. Grouping m
s the utility of the bench: differentytests can conceivably be run simulta

The necessary electrical'interface simulations (voltage, current, source/s
ed as part of a bench module; this can take the form of an electrical s
using D/A and A/D eonverters.

control bench may be expedited by simulating a component when a rea
ts is criticaliinnkeeping control work schedules in parallel with hardware ¢
bn of a piece of hardware for use in development, the sub-system must
pyout., This intricate mechanical layout is then implemented in a digital si
an them be rapidly changed, if desired, by the addition of model config

0 be a general purpose
signing a bench include:

ities before hardware is
A bench design.

d in a bench only if it is
sembly. For example, if
nships between control
+ pump, thermocouple
er, etc.).

modules. Once this is
are independent of the
bdules by dependencies
heously on independent

nk) for system electrical
burce/sink network or a

| piece is not available.
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3.1.2

Requirements for Control Benches

Requirements for real-time engine models used for control development benches are discussed below.

a.

Consistency: The primary consideration for the control bench is its engine model, or how closely the bench approximates

the target system. If the model is too complex for the processing capability of the bench, the bench will take too long to
complete its loop and will feed the control inaccurate or "old" information, resulting in low dynamic bandwidth, low fidelity
and ultimately, low utility. On the other hand, if the model runs rapidly but is lacking in sufficient complexity, bench test
results can lead to unnecessary hardware modifications due to a false picture of component effectiveness.

Versatility: As both engine and control systems evolve during the design, the real-time model must be capable of parallel

growth. In particular, the model must be capable of being readily modified to interface with new control software and
hardware added to the control loop.

actual control is capable of sensing and controlling.

Bandwidth: The real-time engine model must be capable of simulating all transient behavior of the real engine that the
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d. Execution Rate: With modern equipment, the model is usually able to run to the full accuracy required on every
foreground pass of the control; that way the controller and components will have the best information available. Since
this model is an approximation of an analog system (the real engine), there is a certain amount of inherent inaccuracy
in using a discretized model. With the faster updates, this inaccuracy will be minimized. The problem of update time
versus accuracy is one that cannot be determined on an external basis. It must be decided after careful
frequency-domain analysis and consideration for the different systems that are to be implemented.

3.2 Integrated Flight/Propulsion Control Evaluation Tools

Some aircraft systems integrate the flight and propulsion controls. An engine model is required to properly design and
evaluate this control system. In a global approach, the engine model becomes part of the aircraft model and the aircraft
model is used to design an aircraft/engine controller. Another approach is to use the engine and aircraft models to define
generalized transfer functions and the flight and propulsion controller is designed using the individual models.

There are three principal categories of integrated flight/propulsion control evaluation tools:

a. Digital Simulation: The entire system is simulated on a digital computer. This type of simulation is generally used for
preliminary design work, particularly for control law development.

b. Electronic Bench: Gheckout of the actual engine control system software with thessimulation of the engine, aircraft,
actuators, etc. Interfacing avionics will either be incorporated in the bench or simulated.

c. Iron Bird: Checkout|testing of the system hardware and software. This is sometimes referred t¢ as a "wet" bench.

3.2.1  Objectives for Engine Models in Flight/Propulsion Control Evaluatien
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example where these ¢
control law design.

3.2.2 Requirements fi

Requirements for real-ti
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per design. The ac
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Versatility: When ug
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valuation tools are utilized involves autoflight control development, and
br Engine Models in Flight/Propulsion Control Evaluation

me models used for flight/propulsion control evaluation are discussed belo
erface of the engine-control and indication system with the other aircraft sys

Curacy requirements-for steady-state and transient performance vary with
b whether secondary effects such as bleed air extraction and horsepowe

ing these tools in flight control design, problems typically are found duri

system simulation. The
ircraft control laws. One
particularly autothrottle

v:
tems must be simulated

the application. These
r extraction need to be

hg flight testing that will

require improvement to thé simulation to assist in the control development. The model will havg to evolve with the flight
control system as more,and more tests are conducted, test data becomes available, and the cT;:ntroI laws are modified
(autothrottle is a cornmenexampte):

Bandwidth: The requirements for bandwidth vary with the application. These requirements are dictated by overall
system considerations.

Execution Rate: The configuration of the lab, and the type of tests to be conducted, will determine the type of real time
engine model to be used. Note that if the engine control system is simulated then the engine control system model must
operate at the update rate of the simulation. As a minimum requirement, critical interfaces between the control and
actual engine model software must operate in this manner, although it is possible to run different portions of the model
at different rates.

3.3 Embedded Software for Flight Systems

The engine is a sub-system of the overall aircraft system. As such, embedded engine models can be used to improve the
performance and controllability of the aircraft through the use of predicted engine performance and response characteristics.
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3.3.1 Objectives for Embedded Engine Models

Embedded engine models provide engine performance characteristics in the flight management system for use in optimizing

aircraft flight profile. In addition, embedded engine models provide engine response characteristics in the flight control

system (i.e., autothrottle and flight control computer) for use in aircraft control logic.

3.3.2 Requirements for Embedded Engine Models

Requirements for embedded real-time engine models for flight systems are discussed below.

a. Consistency: The accuracy requirements for steady-state and transient performance vary with the application. These
requirements dictate whether secondary effects such as bleed air extraction and horsepower extraction need to be

modeled.

b. Versatility: The structure of the model should be such that upgrades, due to engine modifications that affect performance
or dynamics, can bgTeadily accomplished.

c. Bandwidth: The requirements for bandwidth vary with the application. These requirements|are dictated by overall
system consideratigns, for example when the real-time engine model is being used closed loop with an autothrottle the
model must be able|to respond to the frequency content of the autothrottle input orflight management system.

d. Execution Rate: Thé requirements for size, memory, and update rate determine’the type of rgal time engine model to
be used, i.e., transf«ir function, piece-wise linear, or aerothermo. For example, a model used in optimizing flight profile
might only require steady-state relationships whereas an integrated flight’and propulsion control system would require
a dynamic real-time|engine model. The dynamic model could be as simple as a transfer functipn model or as complex
as an aerothermo model, depending on the system requirements.

3.4 System Model Within Engine Control

The rapidly expanding grea of system models within an engine-control is limited by processor speg¢ds. Recent applications
of embedded models within engine controls include:

a. Fault Detection: Engine parameters are modeled-as’a function of other sensor values to determjne if a sensor is reading
an "unreasonable" yalue. If test criteria are exceeded, the control will switch to other sensors|or use the model value
with a possible reduction in control response or functionality.

b. Sensor and Paramegter Synthesis: Sensers are often too expensive or impractical to install op an engine, so sensors
measuring other pafameters are used-in conjunction with a model to produce a "synthesized" value. That synthesized
value is sometimes| more accurate*than a real sensor due to noisy environment, poor installation options, etc. This
reduces the instancges of multiple sensors used for redundancy in fault accommodation.

c. Performance Tuning: Using a sufficiently detailed engine model in conjunction with airframg data (angle of attack,
sideslip, etc.), a control can achieve stability or surge margins which can selectively enhancq performance or engine
life.

d. Trend Monitoring/Maintenance Aid: Self-diagnosis and maintenance scheduling can be achieved if a reference cycle is
compared against actual engine data in real-time using expert-system algorithms. Deviations are not only noted, but
control set points are re-optimized on-the-fly to maintain the engine at peak performance for its own current state of
wear and adjustment. These algorithms can also allow maintenance departments to schedule major maintenance
accurately and correct bad trends before they result in premature part replacement.

e. Adaptive Model: Engine model with adaptive algorithms can be used for all the above applications under real time
environments.

3.4.1 Obijectives for System Models Within Controls
The reason a system model would be included in a control must come from a need for increased performance or improved

availability and cost-of-ownership. If it is too costly or impractical to change a design or an existing fleet in the field to achieve
these objectives, a system model should be considered to improve some performance or reliability situations.
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The different models can be of different designs; each one optimized for the amount of detail needed by the customers
algorithms: a Trend Monitoring system that tracks long-term performance changes can use a simpler engine model that
runs as a background task, while a real-time cycle performance optimization controller may need a highly accurate and
detailed model to deliver the desired improvements to engine operation.

Using an embedded model as a data reference can result in the need to simultaneously run two or more system models in
real time. This situation can come about when one model, used for performance optimization and fault accommodation,
tracks the real engine's health and performance with adaptive algorithms that determine performance modifiers. Since the
model is now "adapted" to the real engine, that model can no longer provide data on the reference engine cycle's
performance. Another model must run concurrently using nominal component performance to provide the reference
standard for built-In-test and trend monitoring functions.

Wide variations in computer capabilities require tradeoff decisions to be made between computer cost, computer speed,
and acceptable performance levels. If a selected design delivers inadequate throughput, the control designer may have to

use a quicker-running (and less precise) model so that the selected controller hardware can be used.

3.4.2 Requirements f
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As a rule of thumb, the update rate should be 10 to 20 times higher than the highest frequency being modeled in the
system (e.g., 2 Hz => 20 updates/s or 50 ms/update). The rigorously calculated update rate is sized to provide a model
of the system that responds to the desired frequency range with a given level of distortion (this problem is similar to
home audio performance specifications, only using digital circuits). The minimum update rate can be calculated from
the allowable distortion in the model and the integration algorithm being used.

The update rate calculation combined multiplicatively with the size of the model is used to determine the computational
performance requirements for the simulation computer's processor. It is likely that initial estimates of model size will be
too small, so a processor with 2 to 3 times execution margin should be selected to avoid re-development of the processor

module.
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3.5

Engine/Control Models in Flight Simulators

Current flight simulator applications fall into three general categories which include engineering development, crew training,
and maintenance training simulation devices.

Engineering Development Simulators: These simulators are usually used for "man in the loop" studies, which include

overall aircraft handling qualities, cabin design studies, and procedural studies for simulated emergency scenarios. In
particular, during accident studies, the scenario is replayed in the simulator to assess the crew's performance and the
subsequent aircraft behavior. Also, studies can be made regarding changes to the aircraft's configuration, including the
integration of avionics and display systems.

Crew Training Simulators: These simulators are used to train crew members in the proper use and control of aircraft

systems, including normal and emergency procedures. Further, these devices are also used for instruction in the theory
and operation of specific aircraft systems and their components. In these devices a multitude of system failures
(including propulsion systems) can be caused, resulting in realistic cockpit indications and cues. The added versatility
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The propulsion system indications need to be modeled sufficiently to provide realistic pilot cues. An example of this is the
modeling of data generated by the engine electronic control (EEC), where displayed indications may not reflect actual
parameter values. Often, processed data is lower-limited, which provides totally different indications during start transients.
Also, time lags associated with sensors such as thermocouples and pressure sensors need to be considered. Many aircraft
are equipped with engine vibration monitor systems, requiring accurate models for the appropriate vibration amplitudes.
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In the case of engineering development simulators, propulsion simulation often only requires a performance model for
support of aircraft handling properties studies. The basic interface with the flight dynamics simulation is the primary focus
for the propulsion model. This model can be a very basic transfer function model with base parameters expressed as
functions of power setting demand. It is possible that the thrust setting parameter (i.e., engine pressure ratio, EPR or low
rotor speed, XNL) and net thrust are the only outputs of this simulation. Aircraft response and crew action analysis can be
quantified, even during accident studies, with very basic performance models. However, if the engineering simulator is
utilized for studies of aircraft systems integration, then a combined performance and ancillary systems simulation is required.
Even in the case of aircraft handling studies, this more comprehensive modeling approach may be required. For example,
the loss of an engine impacts other aircraft systems such as electrical, hydraulics, and pneumatics. The effect of the engine
failure on these systems often will result in further degradation in aircraft control which must be considered. Therefore,
further interfaces must be modeled which increase the scope of the propulsion simulation model. This more detailed
simulation must often support studies of the integration of cockpit displays, controls, and associated avionics. For the
situation of an accident investigation, it must be determined whether or not the displays and avionics were providing
pertinent data to the crew, both to identify and respond to the initiating failure. In general, propulsion models for engineering
development simulators need to address critical interfaces between the propulsion and other aircraft systems for evaluation
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Further, the use of simulators in maintenance crew training increases the scope of propulsion systems simulation. Other
interfaces not normally observable by the flight crew are now needed as part of the model. In particular, BITE testing of
specific avionics LRUs, including engine FADECs, will require the simulation of propulsion parameters to provide the
indications and annunciations that may be accessed either in the cockpit or in some other region of the aircraft. These
panels are simulated by displays at a remote instructor's station. Further, systems schematics are displayed at the
instructor's station that illustrate the lay-out and components of specific systems. These displays will change in real-time in
response to actions taken inside the simulator cockpit environment. The propulsion model must contain models of propulsion
systems down to the wire and relay level of detail for subsystems such as the ignition harness, the starter system, the
reverser system, and the fuel control system. In this manner, the instructor can very readily explain the consequence of very
specific failures (or malfunctions) related to the actual system or component, and also explain the ramifications of crew
action or inaction. To correctly simulate the BITE, additional FADEC functions such as input data selection logic, fault
management logic, pilot initiated tests, and continuous BITE must be included in the model.
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In summary, the objective for a propulsion model in a flight simulator environment is to provide a representation of the
simulated engine that supports the simulator's application. This involves modeling of all pertinent interfaces to other aircraft
systems and avionics, and also to all pertinent displays. Further, the model must be presented in such a way that malfunction
modeling does not require additional complex algorithms to provide appropriate system and performance responses.
Therefore, to some degree, the propulsion model best suited to the simulator application needs to develop from an
object-oriented approach that provides simulation of both propulsion performance and systems components.

3.5.2 Requirements for Propulsion Models in Simulators

Despite the variability of the applications and objectives of flight simulators and their embedded propulsion models, there
are some basic requirements for models used on these devices. Details for each of the basic requirements for these models

are provided below.

a.
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Bandwidth: In general, the flight simulator engine model needs bandwidth performance that allows all engine transient

Execution Rate: In the flight simulator environment, there is very limited available processing power due to the number

of real-time simulations that must coexist with the engine model. Update rates typically range from 7 Hz for a turbofan
model to 250 Hz for a detailed turboshaft/helicopter simulation utilizing blade element theory. Often, there may be only
5 to 10 ms of computing time available for the total engine simulation, including the controls. It should also be noted
here that these constraints are for the complete propulsion system, which includes ALL engines on a particular aircraft.

Four-engine aircraft

are not uncommon.
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4. REAL-TIME ENGINE MODELING METHODOLOGIES

4.1 General Model Characteristics

The design, development, implementation, and use of a real-time gas-turbine engine model is accomplished through a
complex series of tasks which draw upon a variety of engineering, mathematical and programming disciplines. This section
will discuss issues arising from this process that bear upon the success of a given real-time modeling project. While several
of these issues are perceived to be highly critical in nature, real-time modeling, due to the functional interdependence of
actual hardware and its human operators, is characterized by the need for consistently high quality. There is little in this
document that can be safely ignored if the model is to successfully serve its ultimate purpose.

At the crux of the problem is the need to obtain a convergence among three competing aspects of the process: cost,
accuracy, and speed. A balanced plan that optimizes the return on investment and, hence, the profitability, of a real-time
engine modeling project requires a complete understanding of the interaction among cost, accuracy and speed. It should
be recognized that these three factors cannot be specified independently; that fixing any two of them is tantamount to setting
the third.
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Design documents that address procurement documents' requirements for adaptability will spell out the scope of work
required for adaptation to new configurations. It is the responsibility of the procurement document's author to specify design
methods and/or hardware that ensures a design's adaptability. Examples of methods and hardware requirements include
standard interfaces, buses, links, programming languages, connector types (as well as bolt patterns, case sizes, etc.), and
power inputs (like 28 VDC for aircraft applications) commonly found in the target environment.

4.1.2 Computational Requirements

The most uncertain aspect of the real-time model planning process is the choice of a computing platform. Without knowledge
of the execution time and size requirements fostered by a specified level of accuracy, the customer cannot make an objective
decision.
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Obviously, the answer to this dilemma is to confer with the engine supplier prior to the issuance of a specification. In this
way, the important characteristics of the model can be ascertained. Experience with similar applications will also play an
important role in defining the computational requirements. A useful concept is to assume that unforeseen requirements will
increase the computational load. This leads to the specification of a computing system that will, at least, comfortably meet
the requirements of the provisional modeling methodology.

The amount of excess capacity requirement assumed must depend on the applicable experience available. First-of-a-kind
applications have been known to exceed estimated computational requirements by a factor of two.

Validation is the process by which the real-time program that implements the model is shown to meet the specified
requirements. This is generally expressed in terms of a test plan that defines the expected execution rates, stability and
accuracy for the particular operating modes required by the applications. In addition, the operation of any special features
is demonstrated by the successful execution of the test plan.

In many applications, it is necessary to adjust the data used in a real-time engine model so as to match improved
representations of the agtuatemngimeperformance T e ease withrwhichthistarmbeaccomptistredtan be an important factor
in selecting the most effective method.

The adjustment of a rea
which model parameter
results. Generally, as g
become available. As t
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required.

4.1.3 Input/Output
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the programs which dej
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e program designer with
e case, however. When

ed, it wilkhave the same impact as the more typical timing requirement in that it is absolute. A large

5ts substantially.

4.2 Tradeoff Betwee

421 Speed

Sheaad Aceuracy and
oPeetEeUacysaha

Real-time models must execute fast enough to provide data at rates consistent with the characteristics of the real systems
to which they are connected. This is an absolute requirement; if the program does not execute rapidly enough, the system
cannot operate properly. The speed of the program is determined by the number and complexity of calculations required by
the model, the execution rate characteristics of the computer processor, and the compiler.

In some instances, the speed of a model proposed for a real-time application on a processor other than the one where it is
implemented must be estimated. This is generally accomplished with simple benchmark programs that can be easily coded
and executed on each processor. Timing test data can then be used to estimate the execution rate for the real-time engine
model.

Timing estimates can also be used to specify the execution rate of a processor required to support a given implementation.
In this way, the computational requirements for differing methodologies can be compared and used to support design
decisions.
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4.2.2 Consistency and Bandwidth

The accuracy of a real-time engine model is characterized by its subjective nature. While the term accuracy implies an
objective numerical measurement of the differences between the model and the system it is intended to represent, it is
impossible to relate accuracy measurements directly to the real issue: How consistent with reality must the model be in
order to successfully meet its operational requirements? In the face of this dilemma, an attempt will be made to define the
manner in which model consistency is determined and how accuracy measurements are used in the design and
development of real-time engine models.

Accuracy measurements should reflect the requirements of the system in which the model will function. Therefore, the
design of an accuracy algorithm, like the model itself, should depend on as much knowledge as is available concerning the
application. This information should be used to assign priorities to the several different aspects of the model's accuracy.
The algorithm should produce a single value, usually termed a "figure of merit" (FOM), that can then be used to assess

alternative model design approaches.

For all of this analysis, it
by subjective means, i.€
desired results is the firs
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cy of specified output variables is most important in applications where the
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B in comparison with the
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n that higher bandwidths generally result from the use of smaller time step
firmed by testing the model.

5 often differ for different parts_of the engine model. Engine variables use
ond at much different rates than those of another portion. These requiremsg
one time step. Generally, a small part of the overall engine model is execu
hd the control samplés-the variables computed in that portion at a higher r

ected. It is a function of
5. It can be estimated by

d for one portion of the
nts can lead to a design
ed at a much faster rate
hte.

hlso be measured by directly comparing the model's response with the desirled results. A root-mean-

the differences*between the actual and desired model response is often |

sed in the evaluation of

candidate methods.

423 Cost

The cost of a real-time érgire-modelingprojectismadeupprimarily—ofthelaberand-materialexpended in its production
and the acquisition of computing hardware. The challenge to the project planner is to balance these two factors. For
example, lower-performance hardware, which is typically available at lower cost, will probably require greater effort in the
preparation of the model. At the same time, computing architecture matched to a particular modeling methodology may
require a greater programming effort than is necessary for conventional processors.

Experience has shown that real-time engine model development efforts are often underestimated. This may be due to a
perceived need to select a methodology too early in the process. Overall project costs can be reduced by spending more
time on the evaluation of alternative methods within the context of well-established requirements.

4.2.4 Accuracy Versus Cost

Real-time engine models are characterized by their reduced accuracy in comparison with other, more sophisticated, models.
This is necessitated by the computational speed requirements of real-time operation. These simplified models are often
defined heuristically. The process is iterative in nature in which both the model structure and the data arrangement are
improved in response to the results obtained from previous versions.
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Given typical execution rate requirements, then, greater accuracy involves greater cost. It is critical that both the real-time
engine model supplier and customer be aware of the close relationship between the effort allocated to model development
and validation and the accuracy of the resulting model.

4.2.5 Accuracy Versus Speed

This tradeoff lies in the fact that model accuracy can be improved by adopting more detailed approaches which require
faster processors. Once again, accuracy costs.

Assuming a given project cost, accuracy and speed compete for the limited resource. The speed requirement is generally
more rigid than accuracy. Since accuracy is often a function of the model's complexity, it is clear that the timing requirement
directly limits the level of accuracy possible. For this reason, conservative assumptions in sizing the computational
requirement are indicated.

4.2.6 Cost Versus Speed

model can yield speed
vill be more effective in

Although to a lesser ¢
improvements. It is like
achieving a balance bet

xtent than is true for accuracy, additional effort in the design of the
ly, however, that the purchase of more capable computing equipment v
ween cost and speed while maintaining accuracy at the specified levels.

4.2.7 Risk Factors

Several factors in the degsign of a real-time engine model present high levels of risk. These are:

a. Ability to achieve regl-time execution rates with the chosen modeling methodology

b. Reliability (convergence) of the numerical integration algorithm at'the required update rate

c. Subijective evaluatign of responses inconsistent with the results of the validation process

4.3  Aerothermodynamic Models

model which has been

The aerothermodynami
modified for transient s
modifications which are
engine cycles with com
model constraints. Ironig
The applications and prf
models for the same cy
fast the model can exec

The model may also be
force in the developme

C (aerothermo) real-time engine model can best be defined as a cycle
imulations with constraints)on consistency, size and computational sp
required will depend upon the cycle, the application and the processor.
pressible flow mixing planes are complex, which increases the difficulty

ally, the potentialvalde of an aerothermo real-time model increases with the
pcessors whichnimpose constraints upon the engine simulation may resul
Cle. The application dictates how fast the model must execute and the prg
ute. The size of the model is processor dependent.

bplit.into’pieces which can run in parallel on two or more different processors
ntCoflaerothermo real-time models was the need for a control embedded

eed. The extent of the
Models for multibypass
bf meeting the real-time
e complexity of the cycle.
[ in a series of real-time
cessor determines how

. The original motivating
engine simulation. This

application imposes themost-severe—constraints—on—consistency,—size—and—computationat—spee

d. The simplification of

bivariate curves in the component representations can substantially reduce the size of the model with very small effects on
consistency. Cycle simplifications may be required for aerothermo real-time models of complex engines.

4.3.1 Mathematical Model Approach

4311 Theory

The transient aerothermo model normally uses essentially the same representation as would a steady-state cycle model.
The time dependent aerodynamic equations of motion (see 4.3.1.5) have been used for engine transients where the
assumption of airflow continuity does not apply. The time step which is used with these equations must be consistent with
the dimensions of the volume. Stall simulations use a time step on the order of 1 ms.
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The transient model is the same as a steady-state model running to fuel flow and variable geometry with two primary
exceptions. Component torques acting upon the shaft are assumed to be unbalanced and together with moments of inertia
define acceleration/deceleration (accel/decel) rates which are integrated in time to determine the transient characteristics
of the engine. Also the transient model requires that appropriate heat soak representations be added in order to simulate
the effect of heat transfer between the gas path and metal on the engine performance. Volume dynamics are included in
transient models only for special cases, e.g., long ducts, large volumes, high frequency events such as stall and stall
recovery.

4.3.1.2 Form of Equations (Aerothermo)

The basic parameters of the engine model are mass flow (W), pressure (P), enthalpy (H), and fuel-air ratio (FAR). Equation 1
allows the components to alter the thermodynamic conditions of the air.

Mass: W, = W,_ +AW
Momentum : P_, = P_+AP
Energy : Hout = H\n +AHss + AHHeatSoak (Eq 1)
FaR . = (WF, +AWF)
(W -WF,)

Component processes which alter the thermodynamic properties include:
a. Compression
b. Expansion in turbings and jet nozzles
c. Heat addition or exghange

d. Frictional pressure Ipss

e. Mixing
4.3.1.3 Form of Equations (Rotor Dynamics)
The states of the trangient engine which are‘universally utilized are the rotor speeds. These $tates are computed by

integrating time dependent equations which relate rotor acceleration rates, unsteady horsepower,|rotor inertia, and speed
(see Equation 2).

d(XN) _ (60)2 ~ZPower (Eq.2)

dt 2n)  XJ-XN

4.3.1.4  Form of Equations (Metal Heat Soak)

The metal temperatures of the components in the gas path of the engine are transient states which are dealt with directly
by some, and indirectly by others. Lags on the outlet temperatures of some engine components (usually those in the hot
section) have been applied for decades. More modern modeling methods relate the outlet temperature lags directly to
changes in metal temperatures and to heat transfer rates (see Equation 3).

QU = hﬁlm : Area : (Tgas - Tmetal )

daT,, = _-Qu (Eq. 3)
W - (CP),,

dTmelaI QU

dt Mass - (CP)

metal


https://saenorm.com/api/?name=01a6533e5516d266b7a7aa32fd553be0

SAE INTERNATIONAL

AlIR4548™B

Page 22 of 79

4.3.1.5 Form of Equa

tions (Volume Dynamics)

A simplified form of the equations of motion which assumes low Mach number airflow can be used to define the dynamics
of the thermodynamic properties (see Equation 4).

4.3.1.6 Equation Seq
The equations for the e
path. It is most conven
components to the rear

After executing the aero
accel/decel rates and m
4.3.2 Usage
The aerothermo real-tin
used for a variety of en
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components of an engin
Aerothermo models may
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overspeed or failure mo
complex the engine and
advantage of aerothern
model is developed for 3
constraints associated

aerothermo real-time m
Models embedded in a ¢

Flight simulators usually
bleed systems.

9!!. = Awea.fgi

dt AX

dP AW -H

aO _ (y_1).¥

dt Volume

AW -H) - HAW)

i B Y
ot e Volume

uence

(Eq. 4)
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ms, parasitic loads, and

4.3.3 Characteristics

The aerothermo real-time engine model has been defined as a cycle model which has been modified for transient
simulations with constraints on consistency, size and computational speed. Other model characteristics include input
/output, scalability, modes of calculation and range of operation. The capabilities which characterize these models cannot
be standardized when the requirements and constraints are not.

4331 Size

A real-time model for a complex cycle with sub-idle and overspeed capability can be reduced to a size of approximately 10
to 20 MB for combined engine model and control, with a similar requirement for data statements. For most applications size
is not the critical constraint, and real-time models developed with object-oriented programming languages can be several

times larger. The size can most effectively be reduced by limiting the range of operation, which minimizes the data required
without affecting consistency.
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4.3.3.2 Consistency

As with size, the application requirements dictate the consistency of the aerothermo real-time model with the steady-state
cycle model. The size and execution time can be reduced by one or two orders of magnitude without compromising
steady-state consistency by eliminating unnecessary calculations, replacing complex thermodynamic calculations with
simplified curves, and utilizing fast curve-read routines. For complex cycles in applications with stringent size and execution
time constraints, further simplification of the cycle and components may be required. In such cases the steady-state
consistency goal is often quoted as +2% on thrust, speeds, and control sensor parameters. Consistency of an aerothermo
real-time model with a transient version of a steady-state cycle model is readily achieved if the model was developed to be
consistent with the steady-state cycle. This is accomplished by using the same moments of inertia and heat soak
characteristics.

Achieving transient consistency with engine test data can best be accomplished by executing the engine simulation using
transient test data files as the source for engine input of fuel and variable areas and stators. If the data is from a test cell
which does not maintain constant inlet/exit conditions, this data must also be available. Inconsistencies in the transient
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is still a combination of methods development and the application expense. In such cases it is tempting to compromise
accuracy in an effort to increase speed and reduce cost, especially when the stated accuracy requirement of the initial
application is not severe. In the development of real-time models it is difficult to save time and money by looking for
shortcuts. Only if the fundamental components and elements of the model are complete and correct does the model have
the potential to meet the accuracy requirements of future applications such as condition monitoring, power management,
or performance-seeking controls.

In recent years, new modeling approaches have made it possible to have a single, high-fidelity simulation capable of being
executed in the “conventional,” as well as in real-time mode, without any loss of accuracy and without the extra maintenance
efforts associated with having a separate real-time model. Given that computer processing speed has increased
dramatically over the years, it may appear that this would be trivial. In practice, however, the desire/need to model system
performance at higher levels of detail outstrip the increase in computing power. Furthermore, modern object-oriented
simulation systems used to simulate gas turbine systems, such as NPSS (Numerical Propulsion System Simulation), provide
increased flexibility and capability compared to legacy systems, but are inherently slower than procedural systems.
Execution of high fidelity real-time simulations continue to present a challenge even now.
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4334

Versatility

There are two possible approaches which can be taken in the process of developing and calibrating an aerothermo real-time
engine simulation. A combination of both is preferable to either one individually.

a. Tothe extent that the steady-state cycle model and its transient equivalent are accepted as representative of the engine,
they should be used as the data base for calibrating the real-time model and its components.

b. Evaluation and calibration of the real-time model using engine test data is a valuable supplement and may be the
primary data base for the calibration. This is accomplished by executing the real-time model with engine data input and
altering components to match engine data outputs.

4.3.3.5 Modes of Operation

a. Steady-State: In some applrcatrons the normal procedures for mrtralrzatron of the real-time model would be used to
generate steady-sta gtion rates are treated as
error terms in a simylltaneous engrne/control |terat|ve cycle balance procedure Thrs couId bethe same procedure used
in balancing a norm

b. Transient: In real-ti y be achieved using a

guate convergence can
normally be achieved with careful choice of the independent and dependent variables and an appropriate derivative
matrix. Where processor speed allows, a fixed-pass iterative scheme may- be used. The derivative matrix can be
determined on the [steady-state initialization point and updating formQlag can be determirled on the steady-state
initialization point and updating formulae can be employed to refine the matrix during the transient. Adequate
convergence of thege aerothermal models can be verified by checking results against a full iterative scheme or by
executing with a reduced time step and examining the effect of the_change.

Transient executior| of real time models generally requiressithe model to converge on a s¢lution to the governing
equations at each time step. This is typically accomplishedin two ways: 1) optimize the simulation to execute as fast
as possible for a singgle solver pass, and 2) control the number of passes the solver executes. Tlhe aero-thermodynamic
real-time model exdcution speed is optimized by either eliminating or simplifying particular features of the component
representation, followed by recalibration of the real:time simulation against the base simulatiop. There are a variety of

time. The NR methad is iterative in nature’ with multiple solver passes needed to compute the s{ate variables at the next

time step. First there are perturbatien passes, which are used to generate the Jacobian matrix (
of each single independent perturbation on all dependent errors in the simulation). Jacobian m
n perturbation passes — wheren‘is the number of solver balances (independent/dependent vari
Then, the solver rups a series of iteration passes to find the solution where all dependent
tolerance. The numper ofdteration passes tends to stay constant and small as long as iteratf

which are the influences
atrix generation requires
able pairs) in the model.
errors are within some
on guesses are carried

over from the previdus:time solution and Jacobian matrix is consistently calculated every point

For a gas turbine model with a given level of fidelity, a specific transient time step (or control update rate) and a given
computing processor speed, there is a limit to the number of passes than can be executed while sustaining real-time
execution speed. To remain below this limit, it is necessary to keep the number of balances (and thus the number of
perturbation passes) small, or to eliminate Jacobian generation altogether. Elimination of matrix generation can be
achieved by using the Broyden method (see section 6.1.4) to scale the original Jacobian matrix as the simulation
proceeds, and use only iteration passes to achieve a converged solution. In this approach, it is typical to limit the number
of iteration passes to ensure operation with the real-time constraint, even if the model has not converged within the
solver tolerance. If update rates are small, and the quality of the Jacobian remains good, this approach can yield
acceptable results. A second approach is to use pre-calculated Jacobian matrices as a function of certain cycle
variables. As the simulation proceeds, the appropriate matrices are loaded into the simulation and used for the iteration
passes. Note that the accuracy of this approach is dependent on the “coverage” of the Jacobians during the transient.

In general, the accuracy of the simulation is improved by generating a Jacobian at each time step. However, even with
a small number of iterations passes, this requires that the number of balances in the model is relatively small. In the
past this was accomplished by reformulating the model to minimize the number of balances, which unfortunately leads
to separate “conventional” and real time models.


https://saenorm.com/api/?name=01a6533e5516d266b7a7aa32fd553be0

SAE INTERNATIONAL

AlIR4548™B Page 25 of 79

An alternative method which focuses on the optimization of the balance structure to make the number of perturbation
passes more manageable and still allow enough margin for at least several iteration passes was developed.

Balance structure of a typical turbofan engine simulation consists of 3 types of balances — continuity, power, and
use-before-calculated (UBC). Continuity balances ensure the flow calculated by each component (using turbomachinery
maps or based on flow parameter calculations) match the flow initially guessed and iterated upon. Power balances
ensure the integrated speed value, which is calculated from overall moment of inertia of components connected to the
shaft, matches the shaft speed. In steady state mode, this reduces to an iteration on shaft speed to ensure power
supplied by the turbine to the shaft matches the power demand of compressors, parasitic losses and other power
extractions from that shaft. Finally, “used-before-calculated” balances are defined in a simulation because certain
calculations require knowledge of parameters that can only be calculated after it is used. For example, the calculation
of the turbine clearance may be a function of turbine exit temperature, which is itself influenced by result of the turbine
clearance calculation. The solution for the “used-before-calculated” situation is to define a balance which iterates on a
guessed value of turbine exit temperature in the clearance calculation until the guessed and actual turbine exit
temperature agree within some tolerance. Often, used-before-calculated balances make up the majority of overall
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orated into~these models if failure modes are to be analyzed. A customer-activated switch must be

isions are common, but

dwidth

Dynamic Ban

Dynamic bandwidth of the engine is generally in excess of 10 Hz. For a complete propulsion model, dynamic bandwidth
comparisons are not made since the engine bandwidth is greater than the control bandwidth.

4.3.3.7  Input/Output

In general, the input/output requirements can be consistent with those of the detailed model. Basic input requirements
include environmental conditions (e.g., P2, T2, PAMB), engine control variables (e.g., fuel flow, stator position, variable
areas, and cooling flow valve positions), and external power requirements (e.g., compressor bleed air, power extraction,
starter power input). Most of the cycle values available from the detailed model are computed in the real-time model and

are available as output.

Those which are required but not available can be added.

NOTE: The essence of achieving real-time capability is to compute only what is required as efficiently as possible.
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4.3.3.8 Data Origin

Aerothermo real-time models are normally derived from a detailed aerothermo model. The recommended approach is to
construct and verify each component individually. In most cases this is accomplished simply by modifying an existing
component of the same type with a new set of map curves. The translation of the curves used by the detailed aerothermo
model into the desired range, density, and format can be automated to include the preprocessing of adders and scalers. If
a real-time version of a component is not available, one is constructed by optimizing the logic of the detailed model's
component.

4.3.4 Example Case
An aerothermo real-time model of a turbojet engine has been developed for demonstration and educational purposes. It

has been combined with a simple control so that it might be exercised. The FORTRAN code of the engine simulation and
sample input and output are provided in Appendix A.

4.4 Piece-Wise Linearvodets

Piece-wise linear models, also referred to as state-space models, represent the majority of the engine's aerothermodynamic
processes with a set of matrix equations that describe the variations about a set of base chafacteristics. The engine
processes are charactelized as a whole rather than modeling individual components such:as compfessors, combustors and
turbines. This type of model is generally derived from a nonlinear aerothermodynamic model, althqugh tuning of the model
with engine data may also occur for certain applications. When engine control functions are included as part of an engine
system model, these ar¢ simulated outside the aerothermodynamic piece-wisetinear engine modg|.

441 Mathematical Model Approach
4411 Theory

The piece-wise linear modeling techniques extend classical linearized dynamic theory, which enploys partial derivatives
about a single operating|point, by including multiple model points: Interpolation between these model points is used to define
a base point which moves as engine power changes. Adjustments for flight condition and augmeptation provide accurate
steady-state and transient characteristics of an engine_operating between minimum and maximpim power settings. The
engine is modeled using three types of variables: states, inputs, and outputs. States represent engrgy storage parameters
such as speed and mefal temperature. Inputs are yvariables which perturb the systems, such as fuel flow and jet area.
Outputs are additional|parameters of interest ‘other than the state and input variables, such as airflow and thrust.
Dynamically, the enging is characterized by-differential equations relating the time rate of change|of the state variables to
the state variables themselves and the input-parameters. States are obtained transiently by calculating the derivatives and
numerically integrating forward in time.

44.1.2 Form of Equations (Engine Model)

The linearized time rate [of change of a state is formed as the sum of partial derivatives with respecl to pertinent parameters
using the Chain Rule. Uginglow pressure spool rotor speed (XNL) as an example (see Equation 5):

OXNL _ OXNL s = XL, )+ ZNE o= xNH, )+ XNE (WFE - WFE, ) + .. (Eq. 5)
dt  OXNL OXNH OWFE

where:
XNL = low pressure spool rotor speed
XNH = high pressure spool rotor speed
WEFE = main burner fuel flow
b = denotes a base operating point

For convenience, the equation is broken into two parts, one dealing with the partials with respect to states, the other dealing
with partials with respect to inputs. The full set of differential equations can then be written in matrix notation as in Equation 6:
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where:
X = vector of state d
A = matrix of partial

B = matrix of partial

X = A(AX) + B(AU)

erivatives
derivatives relating state derivatives to states

derivatives relating state derivatives to inputs

(Eq. 6)

AX = vector of differences between the actual and base point values of the states. The base points are values of the

states about which t

he partial derivatives are defined.

AU = difference between the actual and base point values of the input parameters

Likewise, outputs are cg

where:

AY = vector of differ
outputs about which

C = matrix of partial
D = matrix of partial
AXand AU are as d
The partial derivatives (|
aerodynamic/thermodyr
transient performance.
4413
While the engine mode
controls cannot be treat

describable by different
control), the control mod

Form of Equations (Control Model)

Iculated as functions of the states and input parameters. In matrix notatien

AY = C(AX) + D(AU)

ences between the actual and base point values of the outputs. The base
the partial derivatives were defined.

derivatives relating outputs to states
derivatives relating outputs to inputs
efined in Equation 6.

A, B, C, and D matrices) that are used in the piece-wise linear model are
amic simulation of the enginé;.consisting of detailed component representa

represents aetothermodynamic processes and can be linearized about 3
bd in the same manner. The control is itself a computer program and is not
al equations: In general, when a complete propulsion system model is rg
el will. be~a separate entity.

(see Equation 7):

(Eq.7)

points are values of the

usually derived from an
tions which characterize

point, electronic digital
subject to physical laws
quired (i.e., engine with

442 Usage

There are basically two types of piece- wise linear state-space models: Predictor models and Observer models. Each has
unique applications and can be characterized in terms of model inputs and model outputs. Predictor models are the most
common piece-wise linear models. They take as inputs, in addition to engine boundary conditions (i.e., engine face pressure,
temperature, and ambient conditions), a set of control effectors and output a set of engine parameters. Predictor models
may have extended inputs. Extended inputs are generally "tuning" parameters such as efficiency and flow shifts.

Predictor models can stand alone or be combined with an engine control system to form an overall propulsion system model.
Stand alone predictor models are used for control design, control benches and as embedded models for flight systems. In
addition, since piece-wise linear representation of the engine's aerothermodynamic process is the basis of these models,
they are easily adapted to control design and development where a piece-wise linear model of the controlled process is
required. When combined with a control, the overall propulsion system models are used for flight control design, flight
system evaluation, and flight simulators.
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Observer models are generally used as embedded models. They are derived from the corresponding predictor model (with
extended inputs) by rearranging the calculations, and often incorporating Kalman filtering techniques, to accept as inputs
measurable engine parameters and output the extended outputs as well as other engine parameters. They can be used as
part of performance optimization, synthesizing unobservable engine parameters, and detecting failures.

Piece-wise linear models offer several advantages over other real-time engine models. The primary advantage is that with
the state-space matrices, the model can be used for a wide range of applications and there are many numerical techniques
available for analysis and design. Some of the applications have already been mentioned. In addition, the models are readily
generated from nonlinear aerothermodynamic simulations at relatively low cost and can be scaled to represent specific
engines by modifying the base point data.

The maijor limitation of piece-wise linear models is that they function well only for normal engine operation and are not
adaptable to extremely nonlinear processes. Generally, separate calculations are incorporated to represent severe
abnormal engine behavior such as engine stall or nonnormal operating regions such as engine starting.

4.4.3 Characteristics
4431 Size

Typically the engine mofel code size is on the order of 1 MB without data. The amount.ef engine data is highly dependent

on accuracy requiremen
approximately 10 MB o
increase. If a combined
considered.

Normally the control mg
time of the engine mod¢
loss of control model fid
4.4.3.2 Consistency

Generally, the piece-wi
reference aerothermody
additional base points ¢
time.

4.4.3.3 Tradeoff Betw
Execution time varies w
processor, and number

the number of states, in
Thus, execution time is

ts and the intended applications. A typical model would use 12 t0 14 base
storage. However, if special requirements are necessary ‘both the mode

del size is considerably larger than the engine model and may require up
I. It is possible to reduce the control model complexity to meet size and ru
blity.

se linear models will generate, steady-state gross thrust and airflow whi
namic model from which the piece-wise linear model is derived. When h
an be used to attain almost any accuracy but at the expense of added stg

een Accuracy, Speed, and Cost

of inputs/outputs. Since the model is basically a set of matrices, the exeq
puts and-outputs according to the number of multiplications to evaluate the
roughly proportional to Equation 8:

boints and would require
| size and data size will

propulsion system model is required, the size and complexity of the control simulation must be

o 5 times the execution
n time constraints at the

th are within 6% of the
gher fidelity is required,
rage and computational

dely depending on the accuracy requirements, programming language, compiler efficiency, target

ution time will vary with
derivatives and outputs.

LDt

(ExecutiomrTime j=(Numberof States+outputs)~(Numberof states+inputs) (Eq. 8)
As an example, a model with three states, six inputs, and 20 outputs will require approximately twice the execution time of
a model three states, five inputs, and 10 outputs. A secondary effect on computer time is the number of base points.
4434 Versatility

The piece-wise linear models can be scaled to represent specific test engines simply by modifying the base point data.
Scaling to different thrust/airflow sizes is possible provided the basic engine design (i.e., bypass ratio, fan pressure ratio,
compressor pressure ratio) is constant. This involves modifying the base point data and analytically modifying the state
derivative partials to account for polar moment of inertia and thermal time constants.
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4.4.3.5 Modes of Operation

Generally the piece-wise linear models allow time-varying (transient) operation or steady-state initialization at any flight
condition for engine operation between idle and maximum augmentation. When combined with an engine control, the
steady-state initialization mode initializes the engine model and control to specified power lever angle (PLA). In special
cases, an additional iteration loop on PLA to initialize at a specified thrust can be incorporated.

The piece-wise linear state-space models generally do not simulate severe abnormal engine operation such as stalls,
augmentor blow-outs, or engine flame outs. They can be used to simulate certain control failures and/or sensor failures so
long as the failures do not result in rapid, widely varying model inputs. If necessary, special nonlinear computations can be
added to account for abnormal operation, but at the expense of model complexity, size, and execution time.

If special modes, such as start and/or shutdown are required, these calculations are generally incorporated as nonlinear

representations which a

dd to the model complexity, size, and execution time.

44.3.6 Dynamic Ban
Dynamic bandwidth of t
model) for rotor speeds
comparisons are not ma
4.4.3.7 Input/Output

In general a predictor-
application, other inputs

efficiency and flow shift
control model would suq

Normal outputs include
number of outputs to inc
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4.4.3.8 Data Origin
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4439 Time Step M4
Generally, the time-dom

transients. However, w
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nd engine pressures to a sinusoidal fuel flow. For a complete propulsion model, dynamic bandwidth

de since the engine bandwidth is greater than the control bandwidth.
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would normally include fuel flow, jet area, variablerxgeometry, and in the ¢
5. If the engine model is coupled with a control’model, then PLA would n¢
ply inputs to the engine model.
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Fease execution speed, but it is difficult o increase the number of outputs as
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ce-wise linear state-space model consists of base point values and the st
s are usually definedvat multiple engine power conditions. The data is n
bmic simulation. However, base point information can be obtained directly

rgins

ain response of the piece-wise linear models are relatively insensitive to tim
hen.combined with an engine control model, actual closed-loop stabilit

nce aerothermodynamic

IB). Depending on the
ase of extended inputs,
rmally be input and the

bly simple to reduce the
this requires generation

hte-space matrices. The
brmally obtained from a
from engine test data.

e step for normal throttle
y margin is affected by

Generally the engine alone can operate with time steps of 100 ms, and a

ombined engine/control

model can operate at 50-ms-with-sometossin-transientfidetity-

444 Example Case

Included in Appendix B is a sample model using the piece-wise linear approach. The simplified aerothermo model (see 4.3)
was linearized at multiple points to produce the piece-wise linear model. Note that the volume dynamics are not part of the
linear model but are the same as in the simplified aerothermo simulation. In general, high frequency dynamics or extremely
nonlinear representations are handled as separate calculations instead of being part of the state-space model.

4.5 Transfer Function Models
Like piece-wise linear state-space models, the engine processes are not represented on a component level, but rather, are

represented in terms of overall engine response. They are derived from nonlinear aerothermo models and are normally
driven by engine control functions simulated separately from the engine model.
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In contrast, Transfer Function models represent the engine's aerothermo processes at steady-state with a set of base
characteristics, and transiently with simple “leads” and “lags” applied to the base characteristics as they respond to control
inputs. This architecture allows a reasonable amount of tunability to the steady-state performance levels and shapes, but is
somewhat difficult to tune to specific transient events.

4.51 Mathematical Model Approach

4511 Theory
The gas generator model is segregated into three parts, the steady-state baselines, the subsystem offsets, and the transient
characteristics.

The steady-state baselines are represented by nonlinear functions which are the steady-state operating lines of the engine.
These are usually curves of corrected output parameters versus corrected fuel flow and flight Mach number. These curves
would typically be generated using a detailed aerothermo model along a nominal flight path with nominal or fixed subsystem

inputs. Additionally, the

Subsystems (i.e., surgq
steady-state baselines.

speed) and flight Mach
parameters. The amoun
nominal or fixed subsys

The transient characteri
input variable and trans
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space representation t
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em input assumed in the steady-state baselines.
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bsystem on the output
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heir dynamic response characteristics are similar.

are obtained from the partial derivative matrices of a state space model
b an equivalent transfer function representation. The equivalent transfer f
e set of coefficients.which best approximate the frequency response of g
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r function representation, however, a parameter’s response to all state a
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Form of Equaﬂ;inne (annr!y_anfn)

Representation of corrected output parameters as a function of fuel flow and flight Mach number provide definition of

steady-state baselines.

4513 Formof Equa

tions (Subsystem Operation Effects)

Representation of output parameter offsets as a function of fuel flow and flight Mach number provide definition of subsystem

operation effects.

4514 Formof Equa

tions (Transient)

The transient characteristics are represented by applying lead/lag transfer functions to the offset-adjusted steady-state
baselines (see Equation 9).
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Transfer Function:

Y 1.S5+1

X t.S+1 (Ea. 9)

Numerical Algorithm:

lag

At

_ Tlead Tiag

T

lead

Y, =x{f

T

J+(1 J thm + (Xt _thm )[1_3[ ]]

where:
Tlead = lead time constant
Tlag = lag time constant

At = time increment

Y = output

X = input

s = laplace operator
Since the denominator g

represent the individual
then be accompanied by

For a system with two rq
general case can often
452 Usage

Transfer function mode

are used to predict real {
advantages to other ty

f the transfer function represents the charagcteristic function of the system,
contributions of a systems’ state variablestindividually in the denominator. B
its associated lead. Equation 9 (Transfer Function) would then be expand

i — (’clead,XNLS & 1)(Tlead,XNHS + 1)(Tlead,TMS + 1)
X (‘l:lag,)(NLS + 1)(T\ag,XNHS + 1)(‘l:l'ag,TMS + 1)

tor speeds and a metal'temperature as state variables. Since certain lead/|
pe simplified.

s have_applications similar to those described for piece-wise linear mode
ime péerfermance of engines when accompanied by a control or control sim
pes\of models, particularly in the ease of updating the model perfort

characteristics are simp

it is often the practice to
ach first order lag would
ed to (see Equation 10):

(Eq. 10)

ag pairs will cancel, this

s (see 4.4), in that they

Llation. They have some
nance. Since the base

y Steady-state operating lines, they can be easily updated to match perform

ance levels for a specific

engine (for example, demonstrated flight test performance versus pre-test prediction). Additionally, since the subsystem
characteristics are in the form of deltas rather than partial derivatives, they are easier to calibrate to data. Also, transfer
function models are easy to initialize to any flight condition and input condition because the steady-state performance is

explicitly defined.

Relative to piece-wise linear models, transfer function models tend to be smaller in size and in the number of calculations
required. As such, they can be implemented on smaller and more economical computers. However, this type of design
makes the models difficult to tune dynamically, since the dynamic response of an engine parameter to all input and state
variables is lumped into its time constants, rather than broken out into single-input to single-output relationships as in partial
derivatives. This tends to force reliance on tuning the reference aerothermo model to the desired events and regenerating
the coefficients. For many applications, this would not be a problem, but should be considered before choosing this type of

model.
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4.5.3 Characteristics

4531 Size

Transfer function models are perceived to be smaller in size, in terms of the amount of data and number of calculations
required, compared to piece-wise linear models. In fact, a rigorously defined transfer function model will be similar in size.
For example, a piece-wise linear model that has four states, four inputs, and six additional outputs would require
14 steady-state baselines, one each for the states, inputs and outputs, 16 “A” matrices, 16 “B” matrices, 24 “C” matrices
and 24 “D” matrices. This amounts to a total of 94 data elements to represent the engine’s response. A comparable transfer
function model would also require 14 steady-state baselines. In addition, the model would require 40 subsystem offsets
(10 states and outputs times four inputs), four lag time constants, and 40 lead time constants for a total of 98 data elements.
In this example the two models would be similar in size.

In practice, however, the transfer function model is simplified because the methods used to generate the model are less
automated and more time consuming than for a state space model. For example, the piece-wise linear model tends to rely

on automated calculatigmofthepartiatderivative coefficients—andthereforeeachcoefficientisin
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modifications of the time constants is very difficult. For these types of changes, the time constants are typically regenerated
using a re-calibrated aerothermo dynamic simulation. For this reason, coordination with the customer regarding intended
use and fidelity requirements is extremely important.

45.3.5 Modes of Operation

The transfer function model can operate as a transient model or a steady-state model, with or without a closed loop control
simulation. Many special operational modes and failure modes can be modeled using the basic transfer function
methodology (including startup, shutdown, etc.), although many times nonlinear methods (i.e., torque integration for starting)

are used for expediency. The addition of special modes of operation, particularly those requiring nonlinear methods,
increase the complexity, size, and execution time of the model.
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The transfer function models generally do not simulate severe abnormal engine operation such as stalls, augmentor
blow-outs, or engine flame outs. The transfer function models can be used to simulate certain control failures and/or sensor
failures so long as the failures do not result in rapid, widely varying model inputs. If necessary, special nonlinear
computations can be added to account for abnormal operation, but at the expense of model complexity, size, and execution
time.
45.3.6 Dynamic Bandwidth

Dynamic bandwidth of the transfer function model is generally up to 5 Hz (i.e., 3 dB deviation from the reference aerothermo
model) for rotor speeds and pressures in response to a sinusoidal fuel flow input. For a complete propulsion system model,
dynamic bandwidth comparisons are not made since the engine bandwidth is greater than control bandwidth.

4.5.3.7 Input/Output

Inputs required for the transfer function model include environmental conditions (e.g., P2, T2, PAMB), engine control

variables (e.g., fuel flowmmmmmeg” compressor bleed
air, power extraction, starter power input).

The transfer function model has the same output capability and limitations as a Piece:Wise llinear model. As in the

Piece-Wise Linear modsd
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ess trading off modeling

performance characteristics against the application requirements. This trade must take place - one cannot have the highest
fidelity representation and at the same time have the fastest and most compact model. Simplifications that result in a
reduction in execution time normally degrade the fidelity of the model. Flight simulators are classic examples of the trade
between speed and accuracy - they typically use either transfer function or piece-wise linear models to meet execution rate
and versatility requirements. By placing a higher priority on update rate, Flight Simulators accept reduced accuracy and
consistency; this is considered an acceptable trade. The trades that are made when choosing the best model usually come
down to a balance between model fidelity and update rate requirements; models with higher levels of fidelity, in general,
require more computer resources to run real-time.
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4.6.1 Performance M

easurements Used to Select Modeling Methodology

The following four performance measurements can be used to help select the best modeling methodology for a specific

application:
a.
b.

as shaft failures or |
c. Bandwidth: Defines
d.
4.6.2 Real-Time Mode

To choose the correct m

in requirements for spec|
control applications). So
models), whereas other

Consistency: Refers to the simulation's ability to match data

ocked rotors

the range of frequencies for which the simulation is accurate

| Application Requirements

Versatility: Refers to the ease of adjusting the simulation to match data, and its ability to simulate abnormal events such

Execution Rate (speed): Dictates how much computer resources are required for the simulation

odeling method, the application requirements must be understood. Tahle\
fic applications. Sometimes it is difficult to characterize a requirement (e.g.,
me embedded controls require the simulation to be continuously updated to
embedded control applications require little, if any, versatility.

Table 1 - Real-time model performance requirements

shows the general trend
versatility for embedded
match data (e.g., sensor

Application Consistency | Versatility\y Bandwidth | Speeq
Gontrol Bench medium medjum medium low
Hmbedded Flight System medium low low medium
Hlight Simulator medium high low high
Hlight Propulsion Control high medium high high
Hmbedded Control high-mediuny|" high-low medium high

The application requiren
For example, a high bar
engine and a medium
example of this is flight
up some accuracy to aq
requirement - shortfalls
traded to get better perf

4.6.3 Modeling Methd
The following is an over|

The model performance

hents are described as high, medium, and low. High requirements should b
dwidth requirement means thatithe model must accurately simulate the fre
rating means that less emphasis is placed on frequency response than
simulators that have accuracy as a medium requirement, thus they typica
hieve fast execution_times. A low requirement rating means that little em
in simulation performance with a low requirement rating are normally a
brmance in another,Category.

dology Performance Characteristics

view of the performance characteristics of each model type.

characteristics are rated as high, medium, and low and are listed in Tablg

e thought of as stringent.
quency response of the
other requirements. An
Ily use models that give
phasis is placed on this
cceptable or have been

2. These ratings reflect

how well the model meets requirements in a particular area. For example, aerothermo mode
consistency so they receive a high rating in the consistency category. Exceptions to the ratings listed in Table 2 may exist;
for example, in general, a piece-wise linear model executes faster than an aerothermo model, however, a simplified

aerothermo model may

execute faster than a complex piece-wise linear model.

Table 2 - Modeling methodology performance characteristics

s are relatively high in

Model Type Consistency | Versatility | Bandwidth Speed
Aerothermo high low high low
Aerothermo — Reduced high high high low/medium
Balance Structure
Transfer Function low low low medium
Piece-Wise Linear medium medium medium medium
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4.6.4 Selecting Specific Modeling Methodology for a Specific Application

Selecting between the three types of models for a specific application requires a clear understanding of the intended use of
the model. Several issues should be considered:

Is the engine in an early design phase?

What is the degree of modeling complexity?

to be calibrated to flight test results?

Will the model be used in an embedded control or flight propulsion control?

Will the model be used in an embedded flight system?

a.
b.

c. Will the model need
d.

e.

f.  Will the model be us
g. Will the model be us
h. How many models \
i. What computer equ
j- Is there an automat
k. Will the model be ug

Itis essential to have dis
In general, however, apj

many thermodynamic variables are best served by aerothermo*models. Less complicated systems

be calibrated to flight te
there is no automated {
very quickly and accura

5. INTEGRATION OF

A wide range of real-tinpe engine model (Usage and capabilities is evident within this document.

between customer and
specific requirements fo|

Preliminary coordination
and integration requiren

ed for Tight simulation?

ed for control bench work?

vill be produced in a year?

pment will host the model?

bd system available to produce dynamics?

ed for more than one purpose?

cussions between the supplier and the customer to establish the best selec
st results (including self-calibrating’systems) are best served by piece-wi
ystem available to generate system dynamics, transfer function models ¢
ely, using minimal computer.resources

REAL-TIME ENGINE MODELS WITH OTHER SYSTEMS

model supplier is essential in producing and maintaining a real-time engine
I each application.

is esséntial between customer and supplier to establish a mutual understar
ents. In"addition, the initial coordination also serves to establish common e

tion for each application.

lications with high modeling complexity; frequent changes in engine desigm and a need to compute

or systems that need to
se linear models. When
an be created manually

Fffective communication

model that satisfies the

ding of the model usage
pectations for emerging

integration requirementy

and model limitations. Follow-up coordination is essential to identify a m

atch between the model

application and the m

oeling metnoaology and 1o Turther refine requirements das ney relate

to model consistency,

bandwidth, speed, versatility, and computing platform. A continuing and constant exchange between customer and supplier
ensures that changing and emerging requirements are addressed.

Among the integration requirements for the real-time engine model is the ability to interface with other real or simulated
sub-systems as part of an overall system. The interfaces must be defined and the functionality of the engine model as it
relates to the other sub-systems must be identified. Typical examples include interfaces with the airframe (applied forces
and moments), with electrical and mechanical loads served by the engine, with sensor simulations, and with control systems.
The interfaces should be identified during preliminary coordination between customer and supplier.

Requirements for special engine model capabilities must also be coordinated during preliminary coordination between
customer and supplier. Special capabilities include engine abnormal operation and failure mode simulation.

Effective communication and coordination between customer and supplier is essential in satisfactorily matching model

capabilities and limitatio

ns with firm and emerging model requirements.
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6. UTILITIES

6.1 Iteration Methods (Iterative Solvers)

Iterations in real-time models should be avoided whenever possible. The reason is that iterations require more execution
time and a poorly designed iteration can fail to converge or even make the model unstable. However, there are cases where
a well-designed iteration is acceptable.

If iterations cannot be avoided entirely, then it is best to attempt to design the program flow such that only one parameter
requires closure. This is a single variable iteration. When two or more parameters are interrelated and require closure a
multivariable iteration is necessary. Single variable iteration schemes can be designed which are robust and suitable for
real-time applications. The classes are: bisection, successive substitutions, and Newton-type methods. Multivariable
iterations are typically Newton-type methods.

6.1.1 Bisection

If the problem can be fg
bisection iteration can b

rmulated such that lower and upper bounds can be established for theyun
b applied. The functional form is shown in Equation 11:

nown parameter then a

~ (Kger *X

2

lower upper )

X (Eq. 11)

where a new estimate o bounds. The function is

evaluated with the new

f the unknown is calculated as the mid point betweensthe upper and lower
bstimate and the bounds reset depending on the signtof the function.

Bisection iteration has advantages over other methods. One is, assuming that an initial bracket [can be established, the

method will always find

number of passes to ac
passes that cannot fail g
6.1.2 Successive Sul

If the problem can be fo

h solution. Another desirable property is that'since the range will be divided
hieve the required accuracy can be calculated in advance. Thus, an iteratio
an be designed. This is the recommended method for real-time applicatior
stitutions

mulated such that the unknown parameter can be calculated as a function

in half at each pass, the
n with a fixed number of
S.

of itself then successive

substitutions may be applied. The functional form is“shown in Equation 12:

X = F(X) (Eq. 12)

oblems associated with
gnitude of the derivative

where a new estimate q
successive substitutiong
of F(X) with respect to 4

f the unknowntis calculated from the previous estimate. There are two p
which theprogram developer must consider. First, for convergence, the mg
must beiless than unity. Functionally (see Equation 13):

[dF(X)| _,
| ax |

(Eq. 13)

If this criteria is violated, a relaxation constant can be applied. A second problem is that the rate of convergence is not
generally known and the number of passes required must be established by trial and error. However, there are many
examples of successive substitution which provide fast, reliable convergence.

6.1.3 Newton Methods

Newton methods involve calculating the function derivative (or estimating the derivative from function evaluations). They
have the advantage of rapid convergence when performing correctly. However, there is no guarantee of convergence.
Newton methods are not normally recommended for real-time applications and should be considered as a special
circumstance method where the rate of convergence and failure rate has been established empirically.
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6.1.4 Multivariable Iterations

Multivariable iteration schemes are generally a multidimensional extension of the Newton methods described. Many
methods have been devised to reduce failure rates including the use of pre-determined or analytically-derived partial
derivatives.

The single-pass cycle balance avoids the iterative nature of typical Newton methods. The single-pass cycle balance is a
procedure which makes a single attempt to improve the cycle guess parameters (e.g., bypass ratio, component operating
lines) as a function of the continuity errors after each time step. Since tolerances cannot be imposed, it should be
demonstrated that the single-pass procedure does not produce unacceptable differences from a multipass procedure (with
error tolerances) prior to selecting the single-pass procedure. Computations of errors and guesses should occur between
the actuator update and the cycle calculation so that flow-area changes which affect errors will affect the cycle in the current
time-step as they would in a multipass procedure.

A variation of the single-pass cycle balance is a fixed-number-pass cycle balance. The number of iteration passes per time
step is pre-selected to i forTtinTe: i ; irrgjon the processor speed
and engine response rate. This approach is often called “Truncated Newton.” The truncation does| not normally cause any
loss in the basic numeritcal stability of the iterative method. Obviously this approach requiresihighgr processor speed for a

given execution time, |
performance cycle prog
number of passes per ti
the calculation of a few
Jacobian matrix. This ig
handling bleed valve mg
formula. The Broyden fd

where:
J = Jacobian matrix
b = damping factor
y = vector of changg
s = vector of changg
6.2

Integration Metho

6.2.1 Explicit Integrat

ut it has the advantage of requiring less work to create the realtime
ram and it usually confers greater accuracy than the single-pass cycle b
me step there is no opportunity to recalculate the Jacobian matrix of parti
passes at each time step does provide data, which can ‘be used to adj
done using the Broyden Secant formula. When there.are rapid change
vement, it may be necessary to apply a damping factor’to the changes c3
rmula is:

— . T
J=J Ry=s s
S'S

s in the error function between consecutive passes through the iteration Ig
s in the variables between the same consecutive passes
s

on

model from the normal
alance. With the limited
al derivatives. However,
ust the elements of the
5 in the model, such as
Iculated by the Broyden

(Eq. 14)

op

Explicit numerical integration gives the value of the parameter 6 at the next time step (t+At) based on the derivative of 6 at
time =t and the size of the time step (see Equation 15):

do

®t+At = ®t +
&

o

(Eq. 15)

Equation 15 gives the simple Euler integration method. Various more complex integration schemes (e.g., Runge-Kutta) may

also be used.

6.2.2 Implicit Integrati

on

Implicit numerical integration gives the value of the parameter 6 at the next time step (t+At) based on the derivative of 0 at

time = t+At and the size

of the time step (see Equation 16):
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0., =0, +(d—®j At (Eq. 16)
dt t+At

et+At

6.2.3 Trapezoidal Integration

Trapezoidal integration is an implicit numerical integration which gives the value of the parameter 6 at the next time step
(t+At) based on the average of the derivative at both time step "t" and "t+At" along with the size of the time step (see
Equation 17):

(M:@tw — “A‘J-At (Eq. 17)

For most systems, it is necessary to guess a parameter at t+At and iterate until Equation 17 is solved.
6.3 Lead

A first order lead transfgr function in the time domain is represented by Equation 18:

Xn_Xn1[61’“J_Yn1|:’read(1_esz_etm:|
At
Yn = —At (Eq 18)
1— Tesd [ 4 _ g7
At

where:
Tlead = lead time congtant
Xn = input to the trapsfer function
Xn-1 = past value of {he input

Yn = output

Yn-1 = past value of the-output

At = time step
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6.4 Lag

A first order lag transfer

where:

function in the time domain is represented by Equation 19:

il

—At

Y, =Y e™ +X

—At

1-e™

Tlag = lag time constant

Xn = input to the transfer function

Xn-1 = past value of the input

(Eq. 19)

Yn = output
Yn-1 = past value of {
At = time step

6.5 Curve Data

6.5.1 Table Lookup

Table lookups are the n
selected can have a sig

The most commonly us
is executed. The advan
type of table is typically

Binary searching is anof
same for the table interr

Direct lookup tables are
searching, but an exact

Linear interpolation is n
sacrifice in speed. High
more points should be 4

he output

host commonly used and flexible means of. entering data into real-time m
hificant effect on the speed and accuracyaf the model.

bd table method is a simple sequential search. The table index is saved d
age to this type of table is the speed as the table pointer is usually near t
used for time dependent tables:

her table method often used. The advantage of binary search is that the tin
pgation which is impertant attribute in real-time models.

inherently the fastest method. Opposed to other techniques, direct lookup r|
relationship betwéen the input and table position is required.

brmally_used for all tables but higher degrees of interpolation can be useg
er degrees of interpolation is not recommended unless table size is a mé
dded o the table for greater accuracy rather than using higher degrees of

pdels. The type of table

ynamically as the model
he correct position. This

e required is always the

bquires no trial and error

for more accuracy at a
jor constraint. Normally
interpolation.

6.5.2 Polynomials

Polynomials can provide an accurate, high speed method of providing data to models. The problem with polynomials is their
lack of flexibility. When the data needs to be modified, the polynomials have to be regenerated. Sometimes the polynomial
requires high degrees and multiple sections to “fit” the data. Polynomials are recommended for univariate functions that are

unlikely to change (e.g.,

6.5.3 Splines

gas properties), but should be avoided for model-dependent data.

Splines are a useful compromise between the flexibility of table lookup and the accuracy of polynomials. Splines are
particularly useful for bivariate functions that require more accuracy than table lookups and where table size is a

consideration.
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7. NOTES
7.1 Revision Indicator

A change bar (I) located in the left margin is for the convenience of the user in locating areas where technical revisions, not
editorial changes, have been made to the previous issue of this document. An (R) symbol to the left of the document title
indicates a complete revision of the document, including technical revisions. Change bars and (R) are not used in original
publications, nor in documents that contain editorial changes only.

PREPARED BY SAE COMMITTEE S-15, GAS TURBINE PERFORMANCE SIMULATION NOMENCLATURE AND
INTERFACES
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APPENDIX A - EXAMPLE OF AEROTHERMODYNAMIC REAL-TIME MODEL
FOREWORD

An example of an aerothermo real-time model is contained in this section. A FORTRAN listing of the model, and sample
input and output from the model are included.

A.1 OPERATING INSTRUCTIONS AND GENERAL DESCRIPTION

A.1.1 Introduction

The GEXX program is an adaptation of a more detailed transient component level engine model currently in use within GE
Aircraft Engines. The GEXX program is being released for evaluation and review to illustrate the form, speed and capability

of real time cycle models. This paper gives a brief description of the engine model and provides instructions for running the
GEXX program.

A.1.2 Model Descriptipn (See Figure A1)

The GEXX program is g transient computer model which simulates the core of a single.spool honafterburning turbojet
engine. In addition to modeling the basic performance of this engine, the program also,demonstrates the use of heat soak,
bleed, volume dynamics, variable stators and variable area. The model contains“both chargegble and nonchargeable
cooling flows. The program does not model the engine inlet, nor does it perform thrust or stall margin calculations.

Figure A1 - Sketch of single-spool turbojet
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In its present form, the program consists of a main driver program, a block data routine and approximately eight subroutines.
The subroutines loosely correspond to the Figure A2. The main program calls the zero time balance, manages the time
steps, invokes the model and prints program output. The CLM subroutine performs the engine simulation, calling the various
component routines or performing the sections of applicable code. The CNTRL subroutine is a generic control model which
provides fuel flow and nozzle area values.

;“"‘ e e e e o e e e e e s e e e o el S B
' Main Program )
H

¢ i
f Data :
j Initialization Pttt N ;

rd N
: y N ;
| Zero Ti - 4 1 |
| ero Timd : olume :
E Balance @ Compressor @ Burner @ Turbine @ Dynamics @ :
| |
| [
{ w !
f i
Control

: CLM i
i 1

Figure A2 - Diagram of GEXX‘program

Both the compressor and turbine routines utilize maps to model, component performance. Burngr calculations are done
within the body of the CLLM routine. Volume dynamics for each time'step are performed by a separate routine which is called
near the end of the model.

A.1.3 Running the Mqgdel

The GEXX program is Written in FORTRAN and utilizes the NAMELIST function for program inpuf. The available program
inputs are as follows.

TIME Start Time of Study

FTIME End Time| of Study

PLA Power Leyer Angle

ZP2 Input Total Pressure~at Compressor Inlet
ZT12 Input Total Temperature at Compressor Inlet
ZPAMB Input Ambient Rfessure

ZWB3 Input Customer Bleed

Power lever angle (PLA) can be varied from 70 to 100 in the model. PLA controls the core speed and acts as a user specified
speed demand. Customer bleed (ZWB3) is input in percent of core flow and can vary from 0. to 0.1. The input values of
ZP2,ZT2 and ZPAMB are also limited as follows.

ZP2 1.0 to 36.0 psia
ZT2 390to 710 °R
ZPAMB 1.0 to 15.0 psia

The program uses a time step of 0.02 seconds. Program execution is terminated by entering an FTIME value less than the
current time value (i.e., FTIME = -1.)
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A.2 AEROTHERMO MODEL LISTING (SEE TABLE A1)

Table A1

PROGRAM MAIN
CHESHRFHEH B HFRERBRE SRR HR R SRR FRR AR AR RIS R R R R Y
c
C  DESCRIPTICN
[ THLIS IS THE MAIN PROGRAM FOR THE REAL TIME MODEL
C
C SECURITY UNCLASSIFIED
c
C  RESTRICTICNS GE CLASS 1
c
¢ COPYRIGHT (C) 1991 BY GE AIRCRAFT ENGINES
C
CHESHESSHAERSELRBERA SR HERBRBEFBHER B IR A FRFEAREHARAER AR E AR R ERF R ERHHE
c
LOGICAL FADCIC
COMMON /CLM1/GHHG, TIME, DT, PLA, ZPAMB, 2P2, TT2, ZVSVE, ZWFM,
& ZAB,TSUW2,Z2SUL2Z, ZSUW41, ZSUL4L, ZWB3, XNH, P5QG, XNHDOT,
- T - bm(‘\f"ﬁ‘:‘t’u’vDD'UT ﬂ‘|Df"ﬂ7\ﬁ!"Tf"
& W2R,HRM41, XNRM41
c
COMMON /AIR/ W2,W3,W4,W5,P3,P4,P5,73,14,T5
c
¢ ESTABLISH INPUT NAMELIST AND SET DEFAULT VALUES
c
NAMELIST /INPUT/ TIME, FTIME, PLA,ZPZ,2TZ, ZPAMB, ZWB3
c
DATA FTIME / 1.0 /
c
5 PRINT INPUT
READ INPUT
c
¢ CHECK FOR VALID INPUTS AND CORRECT AS NECESSARY
<
IF(PLA.GT.100.}) THEN
WRITE(6,10} PLA
PLA=100.
END IF
C
IF{PLA.LT.70.) THEN
WRITE(6,20) PLA
PLA=70.
END IF
c
IF{ZP2.GT.36.) THEN
WRITE (&,30) Zp2
ZP2=36.
END IF
C
IF{ZP2.1L7T.1.) THEN
WRITE(6,40) ZP2
Zp2=1.
END I¥
c
IF(272.67.7X0.) THEN
WRITE (6550} ZT2
ZT2=110.
ENDALFE
c
IF (ZT2.LT.390.) THEN
WRITE{6,60} ZT2
ZT2=390.
END IF
&
IF(ZPAMB.GT.15.) THEN
WRITE(6,70} ZPAMRB
ZPAMB=10G .
END I¥
o :
IF(ZPAMB.LT.1.) THEN
WRITE{6,80}) ZPAMB
ZPAMB=1.
END IF
C

IF(ZWB3.GT.0.1) THEN
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WRITE{6,90) ZwWB3
ZWB3=0.1
END IF

IF(2wB3.LT.0.) THEN
WRITE{6,100) ZwB3
ZWB3=0.

END IF

IF(FTIME.LT.TIME) STCP
IF(TIME.EQ.(0.) CALL TIMEQ

WRITE(6,190)
190 FORMAT{6X, 'TIME',3X,'PLA',4X, 'PNRM', 4X, 'P3Q2°, 4%, 'ZWFM',
& 4%, '2A8*,4X, 'TVSVE', 4X, 'XNH', 4%, 'XNHDOT',5X, 'P3',5X, '"W2"')

WRITE{6,300)TIME, PLA, PNRM2, P3Q2, ZWFM, ZAB, ZVSVZ, XNH,
& XNHDOT, P3,W2

ITER=0

200 CALL CLM

, DT, ; ; DOT, 73, P3040,
& ZWFM, ZA8,ZVEV2)

IF (MOD{ITER,10).5Q.0) THEN
WRITE{6,300) TIME, PLA, PNRM2, P3Q2, ZWFM, 2A8, ZVSV2, XNH,
& XNHDOT,P3, W2
ENDIF

ITER=ITER+1

TIME=TIME+DT

IF (TIME.LT.®TIME) GOTC 200
GOTO 5

10 FORMAT{1X,'NST 0301 - INPUT PLA VALUE OF *,F7.2,' EXCEEDS MAX',
&% ' ALLOWABLE VALUE OF 100.',/,12X,‘PLA HAS\BEEN SET TO 100.'}
20 FORMAT{1X,'NSI 0302 - INPUT PLA VALUE OF (A F7.2,' IS LESS THAN',
& ' MIN ALLOWABLE VALUE OF 7C¢.°*,/,12X, ‘PLA HAS BEEN SET TO 70.'}
30 FORMAT{1X, 'NSI 0501 - INPUT ZPZ VALUE,QF ',¥7.2,' EXCEEDS MAX',
& ' ALLOWABLE VALUE OF 36.',/,12X,'ZP2\HAS BEEN SET TC 36.')
40 FORMAT{1X, 'NSI 0502 - INPUT %P2 VALUE OF ',F7.2,' IS LESS THAN',
&% ' MIN ALLOWABLE VALUE OF 1.',/,12X,'ZP2 HAS BEEN SET TO 1.')
50 FORMAT{1X, 'NST 0503 - INPUT 2TZ2.VALUE OF ',F7.2,' EXCEEDS MAX',
& ' ALLOWABLE VALUE OF 710.',/,12X,'2T2 HAS BEEN SET TO 710.')
60 FORMAT{1X,'NSI 0504 - INPUT (ZT2 VALUE CF ',F7.2,' IS LESS THAN',
& ' MIN ALLOWABLE VALUE OF 390.°,/,12X,'ZT2 HAS BEEN SET TC 390.°')
70 FORMAT(1X,'NSI (0505 - INBUYT ZPAMEB VALUE OF *,F7.2,' EXCEEDS MAX',
& ' ALLOWABLE VALUE OF 15.%,/,12X, 'ZPAMB HAS BEEN SET TO 15.°')

80 FORMAT(1X,'NSI 0506 ~ INPUT ZPAMB VALUE OF ',F7.2,' IS LESS THAN',
&% ' MIN ALLOWABLE VALUE OF 1.',/,12X,'ZPAMB HAS BEEN SET TC 1.°)
90 FORMAT(1X, 'NSI 0401 - INPUT ZWB3 VALUE OF ',F7.2,' EXCEEDS MAX',
& ' ALLOWASLE VALUE OF .10.',/,12X,'ZWB3 HAS BEEN SET TO .10.")
100 FORMAT (1%, 'NSI~0402 - INPUT ZWB3 VALUE OF ',F7.2,' IS LESS THAN',
& ' MIN ALLOWABLE VALUE OF 0,',/,12X,‘ZWB3 HAS BEEN SET TO 0.')

309 FORMAT({3X\2F7.1,5F8.2,2F8.1,2F8.2)}

END
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BLOCKDATA BDCLM1
CHESHEBABEERPABRE RS RERHBR DL BA RS BB GRS AR RHHH B BR R R R E R R AR H R R R R R
C

&
C
c
o
C
c
C
c
c
C
C
C
C

DESCRIPTION
ESTABLISH DATA FOR COMMON BLOCKS

SECURITY UNCLASSIFIED
RESTRICTIONS GE CLASS 1
COPYRIGHT (C) 1991 BY GE AIRCRAFT ENGINES
BHREEREREEEHER BB EF RS RS H S H B SRR H R R RHE R R R AR S R R

LOGICAL FADCIC

COMMON /CLML/GHHG, TIME, DT, PLA, ZPAMB, ZP2, ZT2, 2VSV2, ZWFHM,
& ZAS,25UW2,ZSUL2,ZSUW4L, Z5UL4L, ZWB3, XNH, P5QG, XNHDOT,

& PNRM2,P3Q2,TMHPC, TMPC, TMHPT, YTFFH, YP8, HL41RG, FADCIC,
& W2R,HRM41, XNRM41

COMMON /AIR/WZ,W3,Ww4,W5,P3,P4,P5,1T3,T4,T5

DATA
DATA

DATA
DATA
DATA
DATA
DATA
DATA

DATA

END

PLA, 2P2,%T2,ZPAMB, ZWB3 /100.,14.696,518.67,14.696,0./
TIME, DT, ZSUW2, 28UL2, Z5UW41, 25UL41/0.,0.020000,4%1./

GHHG, ZVSV2, ZWFM, ZAS f4*0.
XNH, P5QG, XNHDOT /3*0.
PNRMZ , P3Q2, TMHPC, TMPC /4*0.
TMHPT, YTFFH, YP8, HL41RG /4%0.,
FADCIC /. TRUE.
W2R, HRM41 , XNRM41 /3%0,

R

W2,W3,W4,WS,P3,24,P5,T3,T4,75 / 10%0. /
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SUBROUTINE CLM
CHESEHFABEFH RS BHBRERF R HH R IR H A BB R AR EH B S PR F B R H AR RR R A R R R A Y

DESCRIPTION
THIS ROUTINE CONTROLS THE EXECUTION ORDER OF THE INDIVIDUAL
ROUTINES

SECURITY UNCLASSIFIED

RESTRICTIONS GE CLASS 1

COPYRIGHT (C} 1991 BY GE ATRCRAFT ENGINES

FUREBEH SR B AE LRI RBR BB RE AR B HARR A H R RR R R R R AR R R R R R A R

[eEeReReNeRe N RoRe N Ao R Ee

SAVE
LOGICAL FADCIC

COMMON /CLML1/GHEG, TIME,DT, PLA, ZPAMB, ZP2, 2T2, EVSV2, ZWFM,
& ZAS8,Z8UW2,2ZSUL2, Z5UW41l, ZSUL4L, ZWB3, XNH, P5QG, XNHDOT,
&% PNRM2,P3Q2, TMHPC, TMPC, TMHPT, YTFFH, YP8, HLA1RG, FADCIC,
% W2R,HRM41l,XNRM41

COMMON /AIR/W2,W3,W4,W5,P3,P4,P5,T3,74,75

DATA WRBH4),XJHP,CF8 / 18.578, 1.87, .963/
DATA WCL41Q,WCL5Q / .G95, .0523 /

RTZ2=8QRT(27T2)

PNRM2=XNH* , 155454 /RT2
H2={{2T2*7,42102E~9-7,94082E~6) *2T2+ . 241948} *2T2-.451
RNIZ2=ZP2* (ZT2+198.72)/{0.0392*2T2%2T2}

COMPRESSOR MAP

GO0 0

CALL CMP2X (GHHG, PNRM?, ZVSV2, ZDVSVH, RNIZ, 28UW2, Z5UL2, P3Q2,
& W2RM, HRM2, SM2)

o

W2R=.37002*W2RM

H3D2=HRM2* 272

H3=H2+H3D2

W2=WZR*ZP2/RT2*1. 5437

PS2=ZP2~2.BlE-T*W2*W2*ZT2/ %P2
T3=((~H3*1.046058-6-5.272718-5)*H344.23409) *H3-3.01028

COMPRESSOR POWER CONSUMPTION

Qnn

W3=W2
PW2=W3I*H3D2Z

P3=P3Q2*ZP2
PS3=P3-6.5406E~4*W3 XW3¥T3/P3

CDP BLEED

[sReRe]

WCIEP=WCL5Q*W2
WC3040=WIL4TQ*W2
W3E=W3 - (WEISP+WC3040) ~ZWB3

MATN BURNER

[sReRe]

WFC=ZWFM* . 000277778

FAR4EWFC /W36

T3D4=76202.*FAR4* (1.0-8,12*FARL}
B4=P3-5.4853E-4*W36*W3E*T3/P3
Wi=W36+WPC

BURNER HEAT SOAR

izl e

T4A=T3+T3D4
TPC=0.5* (T3+T4A)
DMPC=TPC~TMPC
QPC=W36*DMPC*(0.0146
T4=T4A-DMPC* . 04794

C RECALCULATE ENTHALPY AFTER EHEAT SOAXK
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naon o0

aon

HATF=({(-T4*1.42037E-9+1.91495E-5} *T4+.216687) *T4+6.342
SHIFT=1.+.000285* (T4+2000.) *FAR4
H4=SHIFT*H4J

PS=P5QG*ZP2*WIRN
HIGH PRESSURE TURBINE

Pdl=p4

WAL=W4+WC3040

H4l= (WA4*H4+WC3040*H3 ) /WL
FAR41=WFC/ (WAL~WFC)
STFHI=1.-.000795*% (H41+900.) *FAR4L
HA1J=STEFHI*H41

m41=( ({HA13*%3.33344E-7~1.057431E~3) *H41T+4.44213} *H41T
&-14.62035

RT41=SQRT (141}

TEFF41=W41*RT41 /P41

P4Q5=P4/P5

TURBINE MAP

CALL TRBA1X (P4QS%, XNH,T41l,HL41RG, FADCIC, WRB41, HRM41,

aoaon

oo

[eXo Ry

& HLZIRP, XNRFEL;

YTFFH= {WRB41-TFF41l) /WRBHLL
¥L4IR=HL41RP~HLALRG

WEP=W4l

H%D41=HRM41*T41

HAP=H41~H5D4L

WE=W5P+WC35P
H5={WSP*HSP+WC3EP*HI ) /WD
FARS=WFC/ (W5~WFC)
STFRI=1.~.000795* (H5+300. ) *FARS
H%JI=STFHJ*H5

T5={ {H5J*3.33342E-7~1.0574318-3) *H5J+4. 42213 ¥ HEJ
&~14.62035

SHAFT POWER BALANCE

PW41=W41*H5D41

PWACCH=XNH*XNH* (1.0569E-7+XNH*5, 5456E-12}
PWACCH=§ . 3*PWACCH

YSHPE=PW41-PW2 - PWACCH
ANHDOT=70960 ., *YSHPH/ (XJHP*XNH)

CALL VOLUME DYNAMICS FOR STATION'7 PROPERTIES

DO 100 K=1,10
P7DE=-4.343BE-6*WS*WE*T5/P5

CALL VD7 (#5,P5,B7D57WT,H7,P7,W5)

FPART=WFC/ {(W7-WFC}

STFHI=1.-.000795* (H7+300.) *FAR7

H7J=8TFHI¥HI

T7={ {B78*333342E-7~1,057431E-3) *H7J+4.42213)*R7J-14.62035

NOZZLE

P7QAM=P7/ZPAMB

CF8=.02251*% (PTOAM-1.}+.50

AB=CF8*ZA8

FPBC=.5342-.000006*%7

FPQFPC=W7*SQRT{T7) /AB/P7/FP8C

FPS=PTQAM*FPOFPC

FPSH=1.895~1.625E-5%T7

PTAREQ=FPS

IR(FPS _TLE FPSH) PTAREQ=1.0-0 0227138%FPS+. 26*FPS*FPS

o0 o

YP8=(P7TQAM-PTAREQ) / PTAREQ
Wi=W7*{1l.+.8*YP8)

100 CONTINUE

ITERATION EQUATIONS


https://saenorm.com/api/?name=01a6533e5516d266b7a7aa32fd553be0

SAE INTERNATIONAL AlIR4548™B Page 48 of 79

GHHG=GHHG-1.9*YTFFH
HL41RG=HL41RG+.8*YL41R
PSQG=PS5/ (ZP2*W2RM)
SPEED UPDATED
ANH=XNH+XNHDOT*DT
METAL TEMPERATURE UPDATED

TMPC=TMPC+QPC*DT*(,069

a0 a0 ann

RETURN
END
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SUBROUTINE CNTRL{PLA,DT,P2,T2,XNH, XNHDOT, P3, PQD, WFM, AB, VSV)
CHEFHFHESEHEARRHERF AR RSB R GRS A B HHH R AR R R R R 2

C
C DESCRIPTION
o GE16 HPC VSV SCHEDULE EFFECTS AND (NOMINAL} VSV SCHEDULE
C
C SECURITY UNCLASSIFIED
e
C RESTRICTIONS GE CLASS 1
c
C  COPYRIGHT (C) 18%1 BY GE AIRCRAFT ENGINES
c
CHESBSHHSHBSAFASSHREHHSFSHARARRBRF GRS S SR LR AN F SRR SRR E S F RS FH RS SRR
C
SAVE
DIMENSTON TAB(3),APQD{-2:11)
c
DATA CV83,CVS4,CVS6/75.,100.,20./
DATA TAB / 52.5, 2.5,-21.5/
DATA APQD/O.,10.,11.,1.,1.105,1.211,1.316,1.422,1.527,1.91¢6,
& 2.53,3.44,4.74,6.22/
c

PNRM=XNH*.195454/SQRT(T2)

USE MAP NOMINAL VSV ANGLE FOR CONTROL

ANRU=AMAX] (CVS3, PNRM)

XNRU=AMIN] {XNRUG,CVS4)

DEL= (XNRU-CVS3) /CVS6

IX=DEL

BOTT=TAB (IX+1)})
VSVNOM=BOTT+ (DEL~IX) * (TAB {IX+2)~BOTT)
VSV=VSVNOM

¢ SPEED DEMAND

PNRMD=PLA
PNRME=MIN{.2 ,MAX(-.2, (PNRMD-PNRM)} *.01))
PNRME=PNRME~ . 01 *PNRM* XNHDOT/ XNH
PNRME=MIN{.2,MAX (~.2, PNRME}}

PRESSURE RATIO DEMAND

PQ=P3 /P2
PQD=FCT (PNRM, APQD)
PQE= (FPQD-PQ} /6. 22

¢ FUEL FEED RATE

EWFED= (PNRME+PQE) *116524
RMV=AMAX1 (-0.75, AMINI(0.)75, .004*EWFED) )
DWFED=WEFM* T* RMV

WFM=MIN(3500. MAX(2Q0., WFM+DWFED} }

¢ A8 FEED RATE

EASFED= (PNRME:PQE) ¥*11652.
RAS=AMAX1%- .75, AMIN1 (.75, .003*EABFED) )
DAB=ABXDT*RAS
AB=MIN[T50.,MAX(60.,AB+DAB}}

RETURN
END
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SUBROUTPINE CMPIX({GH, PNRM,ZVSV, DVEV, RNI, ZSUW, ZSUL, POB,
&WRE , HRM, SMM}
CHEREHABHFH SRR RS RERARVEH SIS HFHA N B S B FH B R BB QA BRE RS R R AR B R FR RIS B

DESCRIFPTION
PARAMETRIC COMPRESSOR,
DESIGN POINT CONDITIONS ARE:
PQBD=6, 0, PNRMD=100.0, GHLLD=3,394, WQMD=37 . {0, UTRBD=1136. G,
WREBD=40,0, SMD=25.0%

TO MCDIFY FOR OTHER DESIGN CONDITIONS:
1. MACH NO AND LOSS SLOPES ARE INDEPENDENT OF PRESSURE
RATIO. HOWHEVER,GHLLD MUST BE REPLACED.
2. MACH NO INTERCEPT CAN BE MULTIPLIED BY (PQBD/6.0)**1/6
(APPROXIMATION ONLY)
3. BACKBONE CURVES INCLUDING AVQUQD MUST BE REPLACED
SECURITY UNCLASSIFIED
RESTRICTIONS GE CLASS 1
COPYRIGHT {C) 1991 BY GE AIRCRAFT ENGINES

BESERAERA B R BB RS BSER R SRS R B S B R B R R R R R R R R R A

oonoaoanonoannaonoanoonNnoaa

SAVE
DIMENSTON AWON(15),AXMLL (15}, AXMSL{15),AVQUQD {15}
DIMENSION ASSP1{13)
DIMENSION ASSP2(13)
DIMENSION AGHLL{15},AGLSL(15),AXLSSL{13),APRS(13)
DIMENSION TAB(3}
[&
DATA RDPNRM, PNRML, PNRMH/0.1,0.0,140.0/
DATA GHLLD,WRBD, SWR/3.3940,40.0,1.0/
C
DATA AWQN/.213,.213,.213,.225,.230,.240,.250,.2714¢.3075,
& .3555,.4000,.3882,.3694, ,3492, .3320/
DATA AXMLL/0.,.11,.22,.33,.44,.55,.66,.745,.820, /B750,
&% .9150,.%400,.9800,1.0,31.0/
DATA AXMSL/O.,.310,.20,.30,.40,.50,.60,.730,,910,1.08,
& 1.00,.500,.200,.160,.100/
DATA AVQUQD/.47,.47,.47,.4825,.4950,.5180,.5520,.6120,
& .70GBG,.8450,1.0,.9833,.9500,.9167, (B833/
DATA AGHLL/2.05,2.07,2.102,2.162,2.2%0,2.3614,2.591,
& 2.905,3.0724,3.2392,3.3940,3.2494,3.1051,2.9569,2.8087/
DATA AGLSL/1.230,.776,.6756,.62305.5926, .5738,.5522,.5178,
% .4332,.4147,.4819,.6450,.7969,(8B817, .9665/
DATA AXLSSL/0.,.06,.125,.202,+310,.40%,.830,1.460,1.750,
& 1.880,1.90,1.90,1.90/
DATA APBS/1.0,1.121,1.436,1.984,2.654,3.380,4.174,4.989,
& 5.824,6.654,7.%00,8.402,9.319/
DATA ASSP1/.00%7,.0057,.0057,.0057,.,0057,.00587,.0057,
& .0057,.0057,.0087,.060849,.0045,.0045/
DATA ASSP2/0.,0.,0.,0),0.,0.,0.,.003,.004,.0057,.0078,
& ,0091,.0091/
c
DATA CR1,CR2/.32,.1488/
c
¢ GELE HPC V8V ([SCHEDULE EFFECTS AND {NOMINAL)} VSV SCHEDULE
c
DATA CYSh,€VS82/-3.5,52.5/
DATA AVEI, CV54,CVS6/75.,100.,20./
DATANCVST/1 ./
DATA )CVSS, CVS9/75.,100./
DATA CVS10,CVS11,¢Vve12/.0121662,~3.71251,248.7/
DATA CVS13,CVsi4/-.6758-4,-.0054/
PATA CVS15,CVS16,CVs116/57.,100.,75./
DATA CVS17,CVE18,CVS19,CVE20/0.,0.,.8,-35./
DATA CVS119,CVs8120/-1.47,135.25/
DATA _CS2Y L 001 S
<
€ THIS NOMINAL VSV SCHEDULE IS FOR REFERENCE ONLY
¢ s
DATA TAB / 52.5, 2.5,-21.5/
(a4
¢ COMPUTE SCALARS WHICH MODEL THE EFFECTS OF
C OFF-SCHEDULE VSV OPERATION
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FIRST LIMIT THE {(INPUT) VSV ANGLE TO WITHIN
THE PROPER RANGE

anNan

VSV=AMAX! (CVSl, ZVEV}
VEV=AMINL (VSV,CVS2)

COMPUTE THE NOMINAL VSV ANGLE FOR THIS SPEED

[pEe N

RKNRU=AMAX1 (CVS3, PNRM)
XNRU=AMINL (XNRU, CVS4)

DEL= (XNRU~CVE3) /CVSE

IX=DEL

BOTT=TAB (IX+1)
VSVNOM=BOTT+ (DEL~IX) * (TABE (IX+2) -BOTT)

COMPUTE THE AMOUNT THAT THE INLET GUIDE
VANES ARE OFF THE SCHEDULE (USING THE VSV
ANGLE)

[sXeNeXe Kp!

DVPI=VSV-VSVNOM
DVSV=DVPI

[oRe!

COMPUTE THE FRACTIONAL CHANGE IN WQON AND GHR

PNRU=AMAX1 {CV58, PNRM)

PNRU=AMINL { PNRU, CVS%)

OFFSET= (CVS10*PNRU+CVS11) *PNRU+CVS12
DUM=DVPI+OFFSET

SVEVW={ {CVS13*DUM+CVS14) *DUM+1. )} / { {CVS13*OFFSET+
&CVS14) *OFFSET+1.}

COMPUTE THE FRACTIONAL CHANGE IN CGLSL

[2X2Xe]

PNRU=AMAX1 {CVS13, PNRM)
1F (PNRU.GT.CVS116)G0 TO 30
OFFSETD= { {CVSL7*PNRU+CVS18) * PNRU+CVS19) *PNRUACVS20
GO TO 40
30 CONTINUE
PNRU=AMINL {PNRU, CVS16)
OFFSET=CVS119*PNRU+CVE120
40 CONTINUE
DUM=DVPI+QOFF3ET
SLOSS= (CVS21*DUM*DUM+1 .} / (CVSRI*OFFSET*OFFSET+1 . )
SVSVEL=SLOSS*SVEVW

END OF VSV SCALAR CALCULATION

FLOW CALCULATION STARTS HERE

OO000n

DEL= ( PNRM-PNRML) *RDPNRM
1%=DEL

IX=MAXO (IX,0)

IX=MINO (IX,13)

IXP1=TX+1

IXP2=IX+2Z

BOTT=AWON{¥XP1)

FSOD=DEL-TX
WON=BOTT+FSQD* (AWQN { IXP2) -BOTT)
WRLL=WON* PNRM

BOTT=AXMLL {I1XP1)
XMLL=BOTT+FSQD* (AXMLL (IXP2) -BOTT}
BOTT=AXMSL {IXP1}
EMSL=BOTT+FSQD* (AXMSL (IXP2) ~BOTT)
AMSL=XMSL/GHLLD

XMIT=XMLL-XMSL*GH
KMT=AMINL {1.0, X047}

WRB= (L. 0+ . 2*XMJT*XMJT)

WRB= (1.0+.2*XMLL*XMLL) /WRB
WERRIWETT *WT/M I

WRB=SWR*WRE

CALCULATION OF REYNOLDS NUMBER SCALARS ON FLOW AND LOSS

[sXe X NS

DRN=CR1*({1.-1./RNI}/WRB
DRN=AMAX1 {DRN, ~.3}
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SRWB=1.+DRN
SRGLSL=1.~DRN/CR2
SRWB=AMINI (1., SRWE}
SRGLSL=AMAXE (1., SRGLSL)

END OF REYNOLDS NUMBER SCALAR CALCULATION
WRB=ZSUW* SVSVW* SRWB*WRE

FLOW CALCULATION ENDS

LOSS CALCULATION STARTS HERE

aoQana aoan

BOTT=AGHLL {IXP1)
GHLL=BOTT+FSQD* (AGHLL {IXP2) -BOTT)
BOTT=AGLSL(IXP1)
GLSL=BOTT+FSQD* (AGLSL { IXP2) -BOTT}
GLSL=ZSUL*SVSVL*SRGLSL*GLSL
BOTT=AVQUQD (IXP1)
VQUOD=BOTT+FSQD* {AVQUQD (IXP2) -BOTT)
DEL= (VQUQD-0.0) *10.

IX=DEL

IX=MAXO{IX, 0}

XTI TID
IXPl=TX+1
IXP2=1X+2
BOTT=AXLSSL(IXP1)
FSOQD=DEL-IX
XLSSL=BOTT+FSOD* (AXLSSL (IXP2) ~BOTT)
IF(GH.GT.0.0)XLSSL=XLS5L/GHLLD
GLSD=XLSSL*GH*GH
GHR=SVSVW* (GHLL+GH}
GHRI=GHR~-GLSL-GLSD
c
¢ PRESSURE RATIC AND WORK CALCULATION START\HERE
C
GUTR=0.000022956* PNRM* PNRM
TQ=GUTR*GHR+1.0
TQI=GUTR*GHRI+1.0
TQIRT=_45*TQI+.55
TQIRTL=TQI/TQIRT
TQIRT=0.5* (TQIRT+TQIRTL)
TQIRTL=TQI/TQIRT
TQIRT=0. 5% (PQIRT+TQIRTL)
POB=TRI*TQI*TQI*TQIRT
HRM=GHR*GUTR* . 239953

RETURN
END
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SUBROUTINE TIMEOQ
CHE#SEEHHHS R H BB BN G H R L HERAHHHHHHH R R A RRER H SRR R R R TR R R R0

DESCRIPTION
THIS ROUTINE PERFORMS A ZERO TIME BALANCE OF THE MODEL

SECURITY UNCLASSIFIED

RESTRICTLIONS GE CLASS 1

COPYRIGHT (C)} 1891 BY GE ATRCRAFT ENGINES
BHESHEBEHFERREFRRRBH R RS EHIF R RRFF SRR RIS RS LR R R R R R

aooannoooononnn

SAVE
LOGICAL FADCIC

COMMON /CLM1/GHHG, TIME, DT, PLA, ZPAME, 2P2, 272, BVSVZ, ZWFM,
& 7AB,ZSUW2,ZS5UL2,28UW41,2Z2SUL41, ZWRB3, XNH, PSQG, XNHDOT,

& PNRMZ,P3Q2Z, TMHPC,IMPC, TMHPT, YTFFH, YPB, HL41RG, FADCIC,
& W2R,HRM41, XNRM41

COMMON /AIR/ W2,W3,W4,WS5,P3,P4,P5,T3,74,T5

C
DIMENGSION TAB 3], AWFQP (~2:0) AAB{-2:6] ;AGHHG (210, APITG{-2167,
& ATMPC{-2:6),AHLRG{-2:6)
¢
DATA CVS3,CV84,CVS6/75.,100.,20.7
DATA TAB / 52.5, 2.5,-21.%/
DATA AWFQP/50.,10.,6.,17.0,26.2,40.3,61.4,90.9,119./
DATA AAB/S0.,10.,6.,128.,86.,79.,80.,87.6,102./
DATA AGHHG/50.,10., . .491,.472,.346, .280,.210,.079L/
DATA APS5QG/50.,10.,.6.,.0948,.0814,.0715,.0649,.0589, 0510/
DATA AHLRG/50.,10.,.6.,.00269,.00362,.00453,.00519,.005%72,.00691/
DATA ATMPC/50.,10..6.,946,,1040.,1129.,1218.,1329.41423./

PNRM2=FLA
XNHD=PNRMZ * SQRT {ZT2}/.195454
XNH=XNHD

ZAB=FCT (PLA, AASB)
ZWFM=ZP2*FCT (PLA, AWFQP)
GHHG=FCT { PLA, AGHHG)
P5QG=FCT (PLA, APSQG)
TMPC=FCT {PLA, ATMPC)
HLA1RG=FCT (PLA, AHLRG)

USE MAP NOMINAL VSV ANGLE FOR CONTROD

ann

ANRU=MIN (CVS4,MAX (CVS3, PNRMZ9,}

DEL= {XNRU~CVS3) /CVS6

IX=DEL

BOTT=TAR (IX+1)
VSVNCOM=BOTT+ {DEL~IX )} *(TAB (IX+2) -BOTT}
ZVEV2=VSVNCM

10 CONTINUE
ENDOT1=XNHDOT

CALL CLM
ZINH=XNED

CALL\CRTRL (PLA, DT, ZP2, 272, XNH, XNHDOT, P3, PQD, ZWFM, ZAB,
& INSV2)

IF (ABS (XNHDOT-XNDOT1) .LT.1.)GOTC 20
ICNT=TCNT+1
TF{ICNT.EQ.100) THEN
WRITE(06,100) ICNT
! E BALANCE NOT ACHIEVED AFTER *,I3,

& ' ITERATIONS')
STOP
ENDIF
GOTO 10
20 CONTINUE
FADCIC= . FALSE,

RETURN
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SUBRQUTINE TRE4L1YX (PAQ42, XN41,T41, HL41RG, FADCIC, WRB41, H41R,

& HLALRP, XNRMAL)

CHEAFEEREBRERAEEREFLAS FRRRERRHB A BHS BB ERL BB RRA B AR R R RR RN FR R LR

c
C DESCRIPTION

C THIS ROUTINE PERFORMS THE TURBINE MAP EVALUATION
C
C SECURITY UNCLASSIFIED
C
¢ RESTRICTIONS GE CLASS 1
c
¢ COPYRIGHT (C} 1991 BY GE AIRCRAFT ENGINES
[
C############################ﬂ############################Q#############
C
SAVE
LOGICAL FADCIC
c
DIMENSION NX{5),IX(5)
DIMENSION AWRE41 (D: 38),AGNL41(0: 32} ,AGRLA1(0: 32},
& AGSP4A1{0: 32),AGSN41(0: 32)
o]
C  TRBALX CONSTANTS
C
DATA RADPZL,DCENAI, DGMEZL7 TR TG OE=067 S—80434F 2
& 2902.97100000/
<
¢ TRB41X CURVES
o4
DATA {(AWRH41 (I),I= 0, 30}/ 15.00000000,
& 26.40000000, 52.80000000, 79.20000000, 105.60000000,
& 132.00000000, 158,40000000, 184.80000000, 211.,20000000,
& 237.60000000, 264.00000060, 290.40000000, 316 .80000000,
& 343.20000000, 369.60000000, 396.0006G0000, 19\ 69800000,
& 1%. 63800000, 19.6%800000, 19.602000600, 19.31500000,
& 19.05700068, 18.85600000, 1%.71200000, 18.62100000,
& 18.%7800000, 18.5%7600000C, 18.61400000, 18.67400000,
& 18.76200000, 18.86900000/
DATA (AGNL41 (I),I= O, 32)/ 16.,000580000,
& 0.00000000, 0.00100000, 0.01000060, G.02000000,
& 0.03000000, 0.04000000, 0.05000000, 0.065400000,
& 0.06000000, 0.07000000, 0..08000000, 0.09000000,
& 0.10000000, 0.15%000000, 0420000000, 0.24000000,
& 0.40740000, 0.4089C000, 0. 42360000, 0.,44430000,
& 0.472100G0, 0.5127¢000, 0.58390000, 0.63060000,
& 0.70070000, 0.81750000, 0.93420000, 1.05100000,
& 1.186780000, 1.751700004 2.33560000, 2.80270000/
DATA (AGRL41 (I),I= 0, 32)/ 16.00000000,
& 0.060000000, 0.60100000, 0.01000000, 0.02000000,
& 0.03000000, 0.04000000, 0.05000000, 0.0%5400000,
& §.06000000, 0., 07000000, 0.08000000, 0.90%000000,
& {4.10000000, 0~ 15600000, 0.20000000, 0.24000000,
& 0.00000000, L6 7600000, 15.49200000, 29.31300000,
& 41.548060000, 53.25%200000, 65.66700000, 70.53300000,
[ 100.59200000, Y80.57560000, 272.83900000, 390.43100000,
& £38.0500000Q, -2008.80000000, 6877.75200000, 27036.08000000/
DATA (AGSPAL €I)nI= 0O, 32)/ 16.00600000,
& 0.000¢0000, 0.001006000, 0.010600000, 0.02000000,
& 0. 036000860, 4.04000000, 0.05000000, 0.05400000,
& 0.06000000, 0.07000000, ¢.08000000, 0.0%0040000,
& 0546000000, 0.15000000, G,20000000, 0.24000000,
& 1331175200, 1.31289%00, 1.31993800, 1.31842800,
& 1+,30205800, 1.26031400, 1.16515400, 1.,10061000,
& 1.03193500, 0.96089570, 0.92548600, 0.92691050,
& 0.97274430, 0.97274430, (.897274430, 0.97274430/
DATA (AGSN4ALl (I},I= O, 32)/ 16.00000000,
& 0.00000000, 0.001000400, 0.,01000000, ¢.02000000,
& 0.03000000, 0.04000000, 0.045000000, 0.05400000,
& 0.06000000, ¢.97060000, 0.08000000, 0.03000000,
& £.10000800, 0.15000000, ¢.20000000, 0.24000000,
& 1.31175200, 1.312899400, T.31093800, TTITeg et
& . 1.30205800, 1.26031400, 1.16515400, 1.10061000,
& 1.03193500, 0.56089570, 0.92548600, 0.92691050,
& 0.97274430, 0.97274438, 0.97274430, 0.97274430/

[
¢ CALCULATE IDEAL AND ACTUAL WORK

C
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DPQP=P4Q42-1.

HIRB=({{-.0011005*DPQP+.0086553) *DPQP~,028989) *DPQP+
&,.065426) *DPQP

FOTR=({,3427115-5*T41~.0091286) *{1.22222+DPQP)+1.0039
H41IR=HIRB*FCTR

H41R=MAX (0.0,H41IR-EL41RG)

MAP INDEPENDENT VARIABLES

XN41R=XN41/SQRT(T41)
HRM41=H41R
XNEM41=XN41iR
XNRS41=XNRM41*¥XNRM41

CALCULATE MAP FLOW

GMNH41=0.9258201 *XNRM41
GMN41=DGMN41*XNRS41+DGMHE41*HRM41

CALL CRVX1 (XNRM41,AWRH41 ,NX{1),FADCIC,IX(1),WRMHA1)
GMN41=AMINI (GMN41, GMNH41)

XMJI41=CMN41/XNRM41

TSQTP=6 . —XMJ41*IMT41
WRB41=.00794072*TSQTP*TSQTP*TSQTP*XMI41 *WRMH4E1

[eXeRp]

oo o0

CALCULATE MAP LOSS

CALL CRVX]1 (HRMA1, AGNL41,NX{(2},FADCIC,IX{2),GHNL4]1)
CALL CRVX1{HRM41,AGRLA41,NA(3},FADCIC,IX(3),GHRL41)
UPRS41=RADP41*XNRS41

GHN41=HRM41/ {UPRS41}

DGN41=GHN41-GHNL41

DUM=DGN41*DEN4L

IF (DCN41.GE. Q) THEN

CALL CRVX1 {HRM41l,AGSP41,NX{4),FADCIC,IX(4) ,GL541)
ELSE

CALL CRVX1 {HRM41l,AGSN41,NX{5),FADCIC,IX(5),CL541)
ENDIF

GLS41=DGN41*DGN41*GLS41
HRL41=(GLS41*UPRS41* (0.27423152-HRM43-GHRL41*7,98B93239E-5}
& +GHRL41*7.9893239E-5)
ACTUAL LOSS
HL41RP=H41IR* (1.~ (H41R/ (HALR+HRL41) }}

RETURN
END
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SUBROUTINE CRVX1 ({XN,A,NX,LSWICH, IX, ZN)
CHEAFSHERBABBH R R R A SRR EH SRR RS H HH R R R R AR H B ER R F B R R R R R

[
C DESCRIPTION
C ONE DIMENSIONAL UNEQUALLY SPACED CURVE EVALUATION WITHOUT
[of EXTRAPOLATION.
C
¢ SECURITY UNCLASSIFIED
C
C RESTRICTIONS GBE CLASS 1
[of
C  COPYRIGHT (C) 1991 BY GE ATRCRAFT ENGINES
[
CHEFSEESFERBHSRBS LSS EBAS VS E RS FHHH AR B ARH S R RS R E AR R AR R AR
¢
LOGICAL LSWTCH
DIMENSION A {G:*}
fod
IF (LSWICH) THEN
NX = A (0}
X = AMAX1 (AMINL (XN, A (NX}), A (1})
IL = 1
IH = NX
Ip = 1
iU ia = (ibh v in) /o4
IF (IX .NE, IP)} THEN
IP = IX
IF (A (IX) .LT. X} THEN
IL = IP
ELSE
IH = IP
END IF
GO TO 10
END IF
IX1 = IX + NX
ZN = A (IX) - A {IX + 1)
N = A (IX1) + (X - A (IX)) * (A (IX1) - A _(IX1 + 1)} / ZN
RETURN
ELSE
X = AMAX1 {AMINL (XN, A (NX)}), A (1)}
IF (A {IX + 1) .LT. X) THEN
IX = X + 1
ELSE
IF (A (IX}) .GT. X) IX = I¥ -0
END IF
IX1 = IX + NX
ZIN = A (IX) - A (IX + 1)
ZN = A (IX1) + (X - A (IX)J\* (A {IX1l} - A {(IXl1 + 1)) / 2N
RETURN
END IF
c

END
REAL FUNCTION FCT(X.A)
CHERRFHERFBERBRHBE BSR4 S EH R F B BHHR R R EF R R R R B R R R R R B
DESCRIPTION
ONE DIMENSIONALGEQUALLY SPACED CURVE EVALUATION WITHOUT
EXTRAPCOLATTON/
SECURITY UNCLASSIFIED
RESTRICTIONS  GE CLASS 1
COPYRIGHT (C} 1991 BY GE AIRCRAFT ENGINES

ERSSERF TR S5 R EHH SO H EAE AR S B R R R H SR SR SRR R R R R R

aaononaonnnoooaoan

REAL A(-2:%),DEL,X

INTEGER IX

IF{X.GT.A(-2))THEN
DEL=(X-A{~2))/A(-1}+1.
IF(DEL.LT.A{D) ) THEN

"LX=DEL
FOT=A(1X)+ (DEL-AINT (DEL) ) * (A{IX+1}-A(IX))
BELSE
FCT=A{IFIX(A(0}})
ENDIF ELSE
FCT=A (1)
ENDIF
RETURN

END
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SUBROUTINE VD7 (H#1,PLX,DP1X,W3 H2,6 P2 ,W2)
C##############%####################################################ﬂ###

DESCRIPTION
VOLUME DYNAMICS SUBROUTINE THAT CALCULATES THE PRESSURE AND
ENTHALPY OF THE VOLUME CENTER (P7,H7) AND THE INLET PRESSURE (P5)
REQUIRED TC MATCH THE INLET MASS FLOWRATE THAT I8 SET BY THE TURBINE
SINCE THE TIME STEP {DT) IS APPROXIMATELY AN ORDER OF MAGNITUDE
LARGER THAN USUAL FOR THIS VOLUME DYNAMICS LOGIC THE VOLUME SIZE (VZ)
REQUIRED FOR STABILITY IS LARGE.

SECURITY UNCLASSTFIED
RESTRICTIONS GE CLASS 1
COPYRIGHT (C} 1991 BY GE AIRCRAFT ENGINES

FHE# R RS R H A R R B R SRR R R R R R R R R R

aooQoaoonnaoannaonnn

SAVE
LOGICAL LTIMES

DIMENSION GAMMA(-2:7)

TDETE GANMPA /U, o0 T I 20 i 360 o 0T asatay
& 1.328095,1.315496,1.305037/

DATA CMOM,CCONT/386.04,9337,92/

DATA DT,AQL,V2 / 0.002, 7.5, 3000./

DATA LTIME(/.TRUE./

Pl=Pl¥+DPLX

FIRST PASS THROUGH INITIALIZE PROPERTIES AT VOLUME CENTER(AND EXIT

aaa 0

IF{LTIMEQ)}THEN
LTIMEO=.FALSE.
P2=P1
H2=H1
Wi=w2
CM=0.5*CMOM*DT*AQL
CCE=DT*CCONT/V2

ENDIF

GM=FCT (H1, GAMMA}
QGM=1./GM

CE= (GM~1.}*CCE
DCM=CM*CE

WHN3 =W3 *H2

DP1=P1~-P2
DPIACT=CE* (W2 *H1-WHN3)
P1X=P1X+DPlACT-DPL

CALL VDPHXX{DPL1ACT, H1) W3 WHN3 K W2, H2,P2,CM, CE, DCM, QGM)

nn

RETURN
END
SUBROUTINE VDPHNX (DP, H1,WN3,WHN3,W2, H2, P2, CH,CE, DCM, QGM)
CHESES FRESEEE4 S RPN AR BB H R R R EHHF R S R H R RS R R R R R 4

DESCRIPTION
BASIC VOLUME DYNAMICS SUBROUTINE

SECURETY UNCLASSIFIED
RESTRICTIONS GE CLASS 1
COPYRIGHT (C) 1981 BY GE AIRCRAFT ENGINES

#############ﬂ#“““""#ﬁ#ﬂ###*######“###############*ﬂ###################

SAVE

7 Gpanocooaana

WN2=W2+DCM*WHN3 +CM*DP
IF(WN2310,20,30
10 WN2=WNZ/{l.+DCM*H2)
20 WHN2=WN2*H2

GO TO 40
30 WN2=WN2/(1.+DCM*H1)
WHNZ=WN2*H1
40 H2=H2+CE*H2* {WHN2-WHN3-QGM*H2* {WN2-WN3)) /P2
PZ=P2+CE* (WHEN2-WHN3)
WZ=WNZ2+WN2-W2

[a X o1

RETURN
END
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A3 SAMPLE INPUT

The program was compiled using the Lahey F77L Version 4.10 FORTRAN compiler and the OPTILINK linker. The
executable is called RTM.EXE. The program is run by entering the following command:

A3.1 RTM

The format of the input data is slightly different than standard file based NAMELIST input since the program is expecting
input from the screen. To run the program using the sample data file, type the following command:

A3.2 RTM <INPUT.DAT (See Table A2)

Table A2 - Listing of Input.Dat

PLA=100. &END

FEEME=T 0 PEA=T0—&END
FTIME=20., PLA=100. &END
FTIiME=-1 &END
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A4 SAMPLE OUTPUT

Table A3

&INPUT TIME=0,000000,FTIME=1.00000,PLA=100.000,%P2=14.6960,2T2=518,670,
ZPAMB=14,6960,ZWB3=0.000000 &LEND

TIME PLA PNRM P3Q2 ZWFM ZA8 ZVsv2 XNH XNHDOT 3
0.0 100.0 100.00 6.22 1748.55 102.01 -3.50 11652.0 -0.1 91.43
0.0 106.0 100.00 6.22 1758.36 102.47 ~3,49 11650.6 -70.9 51.40
0.2 100.0 99.99 6.22 1749.83 102.62 ~3.49 11651.2 4.9 91.39
0.4 100.0 99.99 6.22 1749.64 102.61 ~3.49 11651.3 6.7 91.40
0.6 100.0 100.00 6.22 1749.73 102.61 ~3.49 11651.5 0.5 91.40
0.8 100.0 100.00 6.22 1749.75 102.61 ~3.50 11651.6 G.4 91.40
1.0 100.0 100.0Q0 6.22 1749.77 102.61 ~-3.50 116531.6 .4 21.40

&INPUT TIME=1.02000,FTIME=1.00000,PLA=100.000,2P2=14.6960,2T2=518.670,
ZPAMB=14,6960, ZWB3=0.000000 &END

TIME PLA PNRM P3Q2 ZWFM ZAB ZVSV2 XNH KNHDOT P3
1.0 70.0  100.00 6.22 1749.77 102.61 ~3.50 11651.6 0.4 51.40
1.0 70.0 100.00 6.22 1723.52 101.07 ~3.50 11651.6 0.4 91.40
1.2 70.0 98.77 5.80 1481.76 86,90 ~-1.70 11477.2 -1580.5 86.64
1.4 70.0 95.32 5.43 1438.70 75.89 2.70 11060.3 ~-229%.1 79.87
1.6 70.0 91.52 4,995 1267.15 71.62 12.312 30621.1 -2160.6 73.68
1.8 70.0 87.91 4.44 1108.45 68.87 21.08 10203.6 -1957.0C 65.32
2.0 70.0 84.81 4.06 1007.67 67.48 28.67 9849.5 -1619.1 59,60
2.2 70.0 82.26 3.74 905.44 66.94 34.92 9558.5 ~1329.4 54 196
2.4 70.0 80.16 3.48 808.33 67.11 40.06 89318.8 -1100.7 51 1%
2.6 70.0 78.40 3.29 764.34 67.03 44.41 9116.3 -940.3 48.35
2.8 70.0 765.91 3.16 746.16 67.18 48.05% 8946.2 -779.6 46.38
3.0 70.0 75.68 3.05 730.02 67.58 51.07 8805.8 ~642.0¢ 44.7%
3.2 70.0 T4.67 2.96 713.63 68.22 52.50 8690.3 -5283 43.49
3.4 70.0 73.84 2.89 697.42 62.00 52.50 8595.3 -434.% 42 .41
3.6 70.0 73.16 2.82 682.01 69.87 52.50 8517.1 43%7.7 41.51
3.8 70.0 72.59 2.77 667.79 70.78 52.50 B8452.7 , -294.4 40.77
4.0 70.0 72.13 2.73 654,97 71.69 52.50 8399=7% -242.3 40,15
4.2 70.0 71.75 2.70 843.61 72.58 52.50 8386.1 -1959.3 39.63
4.4 70.0 71.43 2.67 633.67 73.42 52.50 8320.3 -163.% 3%9.21
4.6 70.0 73.18 2.64 625.07 74.20 52.50 8290.8 -134.8 38.8%
4.8 0.0 70.96 2.62 617.68 74.91 82,50 \B266.5 ~310.7 38.56
5.0 70.0 70.79 2.61 611.37 75.56 52.5¢8246.6 -90.9 38.32
5.2 76¢.0 70.65 2.59% 606.03 76.12 S50 8230.3 ~74.6 38.11
5.4 76.0 70.53 2.58 601.52 76.62 52+5¢ 8216.9 -61.2 37.95
5.6 76.0 70.43 2.57 587.73 77.0% 52.50 8205.9 ~50.2 37.81
5.8 70.0 70.35 2.57 594.56 77.42 52.3G 8196.9 ~41.1 37.70
6.0 70.0 70.29 2.%6 591.9] 77,74 52.5¢ 8185.5 -33.7 37.61
6.2 70.0 70.24 2.55 589.72 7B.01 52.50 8183.5 -27.6 37.53
6.4 7G.0 70.19 2.55 587.91 78.23 52.50G B178.5 ~22.5 37.47
6.6 7G.0 70.16 2.55 586.41 78.42 52.50 8l174.5 -18.4 37.41
6.8 7¢.0 70.13 2.54 585.18 78.58 52.50 817L.2 ~15.1 37.37
7.0 7¢.0 70.11 2.54 58417 78.71 52.5%0 Bl68.4 -12.3 37.34
7.2 70.0 70.09 2.54 58534 78.82 52.50 8166.2 ~10.1 37.31
7.4 70.0 70.07 2.54 582767 78.91 52.50 Bi64.4 -8.2 37.28
7.6 70.0 70.06 2.54( 582,13 78.9% 52.50 B163.0 -6.7 37.27
7.8 70.0 70.05 2,53 “581.68 78.05 52.50 8161.7 -5.5 37.25
8.0 70.0 70.04 253+ 581.33 79.10 52.50 8i60.8 -4.5 37.24
8.2 70.0 70.03 2,53 581.05 79.14 52.50 81606.0 ~-3.7 37.23
8.4 70.¢ 70.03 2.53 580.82 79.17 52.%0 8153.3 ~3.0 37.22
B.6 70.¢ 70.02 2.53 580.64 79.20 82.50 81i58.8 -2.4 37.21
g.8 70.0 70.0% 2.53 580.50 79.23 52.50 8158.3 -2.0 37.21
9.0 70.0 70001 2.53 580,40 79.24 52.50 8158.0 -1.6 37.20
5.2 70.8 70501 2.53 580,32 79.26 52.50 8157.7 ~1.3 37.20
9.4 70.0 F9.01 2.53 580.26 79%.27 52.50 8157.4 -1.1 37.19
9.6 70.8 70,01 2.53 580.21 79.28 52.50 B157.2 -G.9 37.19
5.8 TON 70.01 2.53 580.19 79.29 52.50 8157.1 ~G.7 37.19

&INPUYT TIME=10.0000,FTIME=10.0000,PLA=T0.0000,2P2=14.6960,2725518.670,
ZPAMBY14.6960,2WB3=0,000000 &END

TIME PLA PNRM P3Q2 ZWFM ZA8 ZVsv2 XNH ANHDOT P3

1000-4100.0 70.00 2.53 580.17 79,30 52.50 8157.9 -0.6 37.19

40.07 100.0 70.00 2.53 588.88 80.49 52.50 B157.0 -0.6 37.19

10.2 100.0 70.39 2.58 683.41 93.41 52.50 8211.% 510.7 37.97

10.4 100.0 71.67 2.70 793.13 108.40 52.50 8371.1 1035.3 39.73

i6.6 100.0 73.88 2.92 920.456 125.81 52.50 8641.1 1618.86 42 .89

0.8 100.0 77.17 3.25 1038.41 144.57 46.13 9036.1 2239.4 47,82

11.0 100.0 81.08 3.60 1012.14 148.23 36.34 9482.3 z2226.8 52.96

11.2 ¢ 100.0¢ 84.63 3.98 1050.69 129.18 27.62 9898.6 1864.3 58.43

11.4 100.0 87.53 4.35 1162.37 111.19 20.55 10228.2 1461.2 63.90

11.6 100.0 89.77 4.69 1300.99 102.82 15.09 10482.6 1147.2 68.93

11.8 100.0 91.57 4.96 1411.02 9%.92 10.68 10688.0 §35.1 72.91

12.0 100.0 93.04 5.19 1497.05 28.78 7.07 10856.2 770.2 76.28
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18, 100.0 100.00 .22 1753.11 102.62 -3.60 11651.6 91.449 38.64
&INPUT [FIME=20.0003, FTIME=20.0000, PLA=100.000,2P2=14,6960,2T2=518.67

2PAMB=14| 6960, ZWB3=0.000000 XEND

12.2 100.0 94.25 5.38 15565.57 98.64 4.09 10885.1 636.2 79.00 33.75
i2.4 100.0 95.26 5.53 1597.27 98.87 2.08 11109.8 525.3 B1.20 34.58
12.6 100.0 96.08 5.65 1628.95 89.46 1.11 11204.1 435.8 B3.01 35.27
12.8 100C.0 96.77 5.75 1652.55 99.91 0.31 11282.3 358.0 84.47 35.85
13.0 1cC.0 97.33 5.83 1671.92 100.30 ~-0.36 11346.9 295.5 B5.60 36.33
13.2 100.0 97.80 5.90 1687.35 100.65 -0.91 11400.1 244.0 86.69 36.73
13.4 1cc.0 98.18 5.95 1699%.71 100.96 -1.36 11444.1 201.4 87.51 37.06
13.6 1¢0.0 98.50 6.00 1709.65 101.22 -1.73 11480.4 166.3 88.20 37.34
13.8 100.0 98.76 6.04 1717.69 101.45 ~2.04 11510.4 137.2 88.786 37.57
14.0 1060.0 98.98 5.07 1724.22 101.64 -2.30 11535.1 113.3 89.22 37.75
14.2 100.0 99.16 6.10 1729.53 101.81 ~-2.51 11555.5 93.5 89.60 37.%1
14.4 100.0 99.30 6.12 1733.86 101.94 ~-2.68 11572.4 7.2 89.92 38.04
14.6 100.0 99.43 6.14 1737.40 102.06 -2.82 11586.3 63.7 g0.18 38.14
14.8 100.0 99.53 £.15 1740.29 102.1% -2.94 11587.8 52.6 90.39 38.23
15.¢  100.90 99.61 6.16 1742.66 102.23 ~3.04 11607.3 43 .4 50.57 38.30
15.2 100.0 99.68 6.17 1744.60 102.30 ~3.12 11615.1 35.8 90.72 38.36
15.4 100.0 99.73 6,18 1746.20 102.36 ~3.19 11621.5 29.6 90.84 38.41
15.6 100.0 99.78 6.19 1747.50 102.40 -3.24 11626.9 24.4 $0.94 38.45
15.8 100.0 99.82 6.19 1748.57 102.44 -3.29 11e31.2 20.1 91.02 38.49
16.0 100.0 99.85 6.20 1749.44 102.47 -3.32 11634.9 16.6 91.09 38.51
16.2 100.0 99.88 6.20 1750.16 102.50 -3.35 11637.9 13.7 91.14 38.54
16.4 100.0 99.90 6.21 1750.75 102.%2 ~3.38 11640.3 11.3 91.19 38.55
16.6 100.0 99.92 6.21 1751.23 102.54 ~3.40 11642.4 9.3 91.23 38.57
16.F IUU.U g9, 93 B.21 L/0l.62 1027505 =3 TredTYE 77 oT2% 38.58
17.p 100.0 99.94 6.21 1751.383 102.56 -3.43 11645.5 6.4 G129 38.59
17.p 1060.0 99,95 6.21 1752.1% 102.57 -3.44 11646.6 5.3 9131 38.60
17.F 100.0 99.96 6.21 1752.40 102.58 -3.45 11647.5 4.3 9133 38.61
17.p 100C.0 99.97 6.22 1752.57 102.5%9 -3.46 11648.3 3.8 91.34 38.62
17.B 1060C.C 99.97 6.22 1752.70 102.59 -3.47 1164%.0 3.8 81.35 38.62
i8.p 1c¢e.o 99.98 6.22 1752.81 102.60 -3.47 11649.5 2.4 21.36 38.62
18.p 100.0 99.98 6.22 1752.80 102.60 -3.48 11649.9 2.0 91.37 38.63
18.4 106C.0 99,99 6.22 1752.96 102.61 -3.48 11650.3 .7 91.38 38.63
18.p 100.0 99.9% 6.22 1753.01 102.61 -3.49 11650.6 1.4 91.38 3B.63
18.p 100.0 99.99 6.22 1753.05 102.61 -3.49 1165049 1.1 91.39 38.63
19.p 106G6.0 99,99 6.22 1753.08 102.61 -3.49 1165Ihwb 0.9 21.39 38.64
19.p 1060C.0 99.9% 6.22 1753.10 102.61 -3.49 1l6b142 0.8 91.39 38.64
19k 100.0 99.9% 6.22 1753.10 102.62 ~3.49 11651.4 0.6 91.40 38.64
19.p 100.0 100.00 6.22 1753.11 102.62 ~3.4901651.5 0.5 91.40 38.64
i [ 0.4
9

:
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APPENDIX B - EXAMPLE OF PIECEWISE LINEAR REAL-TIME MODEL
FOREWORD

An example of a real-time model based on a piecewise-linear approach is contained in this section. A FORTRAN listing of
the model, sample input, and sample output from the model are included.

B.1 PIECEWISE LINEAR MODEL LISTING

Table B1 is a listing of the piecewise linear representation of the simplified aerothermo model. The piecewise linear model
consists of two subroutines to be used in conjunction with the simplified aerothermo model. Subroutine CLM has been
modified to remove the aerothermo calculations and to call SYM001 which contains the piecewise linear model. All input
and output formats are the same as the aerothermodynamic model.

Table B1

SUBROQUTINE CLM

CHEFHHR AR A RRER RV R E S I H R SR R RS R R R R R AR RF R R RGN
<

DESCRIPTION

MODIFIED SUBROUTINE CLM FROM PROCRAM GEXX FOR STATE VARIABLE, MODEL
HISTORY:

<
c
<
<
<
c
C FEB 1991, SUBRQUTINE CLM, GEX¥ VERSION 1, GENERAL ELECTRIC
< APRIL 1992, MODIFIED FOR SVM, PRATT & WHITNEY
<
CHEFHH SRS SRR B A B E SRR AR EF RS F R EH B RS BHHA RE DR R R AR RS
SAVE
LOGICAL FADCIC

COMMON /CLMI/GHHG, TIME, DT, PLA, EPAMB, 2P2, 2TA, BVSVZ, ZWFM,
& ZAB,Z8UW2,ZS5ULZ,ZSUW41, ZSUL4AL, 2WB3 , XNH, PLQG, XNHDOT,

& PNRMZ, P3Q2, TMHPC, TMPC, TMHPT, YTFFH, Y¥8, EL41RG, FADCIC,
& W2R,HRM41,XNRM41

COMMON /AIR/W2,W3,W4, WS, P3, P4, P5.T3, T4, T3

DATA WRBHAL,XJHP,CF8 / 18.5768,\1.87, .963/
DATA WCL4A1Q,WCL5Q / .095, .8323 /

RT2=SQRT{ZT2)
PNRMZ=XNHE® . 195454 /RT2

STATE VARIARLE MODEL CQF GAS TURBINE

noaoa

CALL SVMOOL (H5, W2RM, WEC, QPC)

CALL VOLUME DYNAMICS FOR STATION 7 PROPERTIES

[pReRe]

Do 100 K=1,10
PIDS =4, 443 8E-6*WE*WE* TS/ P5

8]

CALLSVDT (M5, PS5, P7D5, W7, B7, P7,WS)

TART=WEFC/ (W7 -WEC}

STFHI=1.-.000795*{H7+900.) *#ART

H7J=8TFHJI*H7

Tr=( (H7J*3.33342E-7-1.057431E-3) *E7T+4. 42213 *HIJ-14.62035

<,
€ NOZZLE
C

CF8=,02251* (P7QAM-1.)+.90
A8=CF8*ZAS
FP8C=,5342~.000006*T7
FPOFPC=W7*SQRT{T?} /AB/P7/FPBC
FPS=PTQAM*FPQFPC
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FPSH=1.895-1.625E~-5*T7
PTAREQ=FPS
IF{FPS.LE.FPSH) PPAREQ=1.0-0.0227138*FPS+.26*FPE*FPS
YPE= {P7OAM-PTAREQ) / PTAREQ
Wi=W7*{l.+.8*YP8}

Qoo oo 00

100 CONTINUE
PSQG=P5/ (ZP2*W2RM)
SPEED UPDATED
ANH=XNH+XNHDOT*DT

METAL TEMPERATURE UPDATED

TMPC=TMPC+QPC*DT*CG. 069

RETURN

END

SUBROUDINE SVMO0L (HS,W2RM,WFC, QPC)

Chrk bk kAR A h Rk h ok kA AR AR A A A AR AR AR AR A AR A RN AR AR AR AN AR RN A RN KR AR AR ®

C SUBROUTINE SVMOO01I -

PIECEWISE LINEAR STATE VARIABLE MODEL

2p2
2T2
PNRM2Z
LWEM
P50G
ZVSVE
ZWB3
™PC

XNHDOT
W2ZR
P3D2

w2
P3
T3
Ws
P
s

HS
W2ZRM
WFC
QPC

HISTORY:

COMMENTS:

HoHodonon o5 on

0o #

MODEL

INPUTS THROUTGH COMMON CLML

ENGINE FACE TCOTAL PRESSURE

ENGINE FACE TOTAL TEMPERATURE
PERCENT CORRECTED ROTOR SPEED
CORRECTED FUEL FLOW

THROTTLING PARAMETER = PS5/ (P2*W2R)
VARIABLE VANE ANGLE

PHRCENT COMPRESSOR DISCHARGE BLEED
METAL TEMPERATURE

OUTPUTS THROUGH COMMON CLML

ROTOR SPEED DERIVATIVE
CORRECTED COMPRESSOR AIRFLOW
COMPRESSOR PRESSURE RATION

QUTPUTS THROUGH COMMON AIR

PHYSICAL COMPRESSOR AIRFLOW
COMPRESSOR EXIT TOTAL PRESSURE
COMPRESSOR EXIT TOTAL TEMPERATURE
TURBINE EXIT FLOW

TURBINE EXIT TOTAL PRESSURE

TURBINE DISCHARGE, TOTAL TEMPERATURE

QUTPUTS THROUGH CALL LIET

TURBINE EXIT' ENTHALPY

MAP CORRECTED AIRFLOW

FUEL FLOW

HEAT  TRANSFER TO METAL

IeReRe N Re R Rrl o R NoNsRe R Re R RN RoRs RO RN Ro NP N NS RoRo RsNo R R NoRsRoRoRe ReRoNoR oo R o Ro R r R o R o NP RO RE RO RS )

REPRESENTATION.

STATES: ROTOR SPEED
METAL TEMPERATURE

(LR LERS A RS R A S AR LSSl st et h el R e b sl s s st ie s byheh i e ksl

{pPSIA }
(DEG. Ry.)
(PERCENT)
{LBM/HR}
(SEC/LBM)
[DEGREES)
{DEC. FRAC.)
(DEG. R}

{RPM/SEC)
{LBM/SEC)
{D'LESS }

{LBM/SEC)
{PSIA )
(DEG. R )
(LBM/SEC)
(PSIA )
{DEG, R )

{ 22 )
{LBM/SEC)
{LBM/SEC)

{ 72 3

APRIY 1994, PRATT & WHITNEY, DEVELOPED FOR SAE S15 COMMITTEE

Iv THIS SVM IS A PIECEWISE LINEAR REPRESENTATION OF THE CORE
ENGINE PORTION OF THE GEXX SIMPLIFIEDR ARROTHERMODYNAMIC
PHE VOLOME DYNMATOS ARE NOT TNCLYUIDED TN CPHE TLYNBAR

2.  THE MODEL USES 13 BASE POINTS SCHEDULED WITH PERCENT CORRECTED
SPEED. LINEAR MODEL VARIABLES ARE:
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¢
C INPUTS: CORRECTED FUEL FLOW
C THROTTLING PARAMETER { P5 / (PZ * W2R) )}
C VARABLE VANE ANGLE
c PERCENT DISCHARGE BLEED
C
C OUTPUTsS: CORRECTED COMPRESSCR FLOW
C COMPRESSOR EXIT PRESSURE
C COMPRESSOR EXIT TEMPERATURE
& TURBINE EXIT TEMPERATURE
c
R R e R R e e R S TR
LOGICAL FADCIC

C

COMMON /CLM1/GHHG, TIME, DT, PLA, 2PAMB, P2, 2T2, ZVSVZ, ZWFH,

& ZAB,2SUWZ2,25UL2,ZSUwW4l, 28UL4L, ZWB3 , XNH, PSQG, ENHDOT,

&% PNRM2, P3Q2, TMHPEC, TMPC, TMHPT, YTFFH, YP8,HL41RG, FADCIC,

& W2R,HRM41, XNRM41
C

COMMON /AIR/W2,W3,W4,WS5,P3,P4,P5,T3,T4,T5

CHNR R IR E A AR AR I AR R IR AR FR R R IR AR AR AR R R AT R A K bbbk kbbb db b dhdokok ko ke

BASE POINT AND MATRIX DATA

O d kR AR RN R AR AR AR R R R A AR IR E R A IR R E R R LR F LR R AN R RIS H R RN R TR kk ek x

DIMENSION X2ZBASE(13),

ULBASE{13)},

UZBASE (13},

U3BASE{13),

TABESETIS T, b Y. P A A S 8~ V3 T W e I R g B 72 Vo F L e
* Y4BASE (13}

DIMENSION A12MAT(13), A22MAT{13), BLIMAT(13}, B12MAT{13),
* B13MAT(13), Bl4MAT{13), B2IMAT(13}, B22MAT{13),
* B23MAT(13), B24MAT(13), Cl2MAT(13), C22MAT(13),
* C3I2MAT(13), C42MAT{13), DIIMAT(13)}, D2IMAT{13)},
* DIIMAT{13), D4IMAT(13), DIZMAT(L3), D2ZMAT{13},
* D3I2MAT{13), D42MAT{13), DL3MAT(13)}, D23MAT{13},
* D3I3MAT(13), D43MAT(13), DI4MATI(13), D24MAT{13}/
* DI4MAT(13), DA4MAT(13)

DATA X2BASE / 1.0301lE+03, 1.0608E+03, 1.0901E+03, “1,1179E+03,
* 1,.14428+03, 1.1630E+03, 1.1923E+03, 1.21418+403, 1.2344E+03,
*  1,.25318+03, 1.2703E+03, 1.2859E+03, 1.2999E+037

DATA UIBASE / 2.8318E+02, 3.1536BE+02, 3.5124E802, 3,9019E+02,
* 4 3153E+02, 4.7462E+02, 5.18B1B+02, 5.6344E+02, 6.0786E+02,
*  6,5141E+02, 6.9344E+02, 7.3331E+02, 7.J034E+02/

DATA U2BASE / 7.5864B-02, 7.4314E-02, @W2703E-02, 7.10278-02,
*  §.9285E-02, 6.7474E-02, 6.5581E-02, . 6v3633E-02, 6.1599E-02,
* 5 ,9485E-02, 5.7288E-02, 5.5006E-02,U5.2637E-02/

DATA U3BASE / 5.2500E+01, 5.2500B+4),° 5.2500E+01, 4.6250E+01,
*  4.0000E+01, 3.3750E+01, 2.7500B+0Y, 2.1250E+01, 1.500G08E+01,
* 8.7500E+00, 2.5000E+00, -5,C00C0E=01, -3.5000E:+00/

DATA U4BASE / 2.0000E-02, 2.6000E-02, 2.0000E-02, 2.0000E-02,
*  2.0000E~02, 2.0000E~02, 2.0000E-02, 2.0000H-02, 2.0000E-02,
*  2.0000E-02, 2.0000E~02, ,2.0000E-02, 2.00008-02/

DATA Y1BASE / 1.7062E+01,%\1.8219E+01, 1.95288+01, 2.0975E+01,
*  2.2549E+01, 2.4239E+QY, “2.6032E+01, 2.7916E+01, 2.3988LE+01,
* 3,1913E+01, 3.4002E+01,” 3.6135E+0l, 3.83018+01/

DATA Y2BASE / 2.5464E+00, 2.7406E+{0, 2.96218+00, 3,2089E+00,
*  3,.4788E+00, 3.7700E¥00, 4.0802E+00, 4.40758+00, 4.7498E+00,
*  5.1051B+00, 5.4714E+00, S.8466E+00, 6.22868+00/

DATA YIBASE /  1.3765E+00, 1.4073E+00, 1.4392B+00, 1.4722E+00,
*  1.5060E+00, «1\.5408E+00, 1.5762E+00, 1.6123E+00, 1.6490E+00,
*  1.6861E+00,\1.7236E+00, 1.7614B+00, 1.7994E+00/

DATA Y4BASE Y./ 2.4651E+00, 2.5308E+00, 2.5894E+00, 2.6408E+Q0,
*  Z2.6853E+00, 2.7228E+00, 2,7533E+00, 2.7770B+400, 2.793BE+Q0,
*  2.8039E+00, 2.8072E+00, 2.8039E+00, 2.79385E+400/

DATA ATZMAT / 7.3487E-02, 7.6874B-02, B8.21838-02, 8.9115E-02,
* 9 9363E-02, 1.06638-01, 1.1661E-0%, 1.27008-01, 1.3745E-01,
*  Z4780E-01, 1.5760E-01, 1.6661E-0%, 1.74518-01/

DATA/A22MAT / -6,9680E-03, -7.4410E-03, ~7.9752E-03, -8.3661E-03,
#.=9,2089E-03, -9,8990E-03, ~-1.0632E-02, ~-1.1403E-02, -1.2207E-02,
# ,21.30398-02, -1.3896E-02, -1.4772E~02, -1.5663E-02/

DATA BLIMAT / 3.8091E+00, 3.7500E+00, 3.7253E+00, 3.7281E+00,
* 3 7517E+00, 3,7892E+0C, 3.8339E+00, 3.8791E+00, 3.3178E+00,
*  3.9434E+00, 3.94931E+0C, 3.92B80E+00, 3.8735E+00/

DATA BLAMAT / -2.6554E+04, ~2.0024B+04, -3.29298+04, -3.0797E+04,
* «4,31157E+04, -4.6038E+04, ~5.1468E+04, -5.7476E+04, -6.4091E+04,
* -7 1340E+04, ~7.1340E+04, -7.1340E+04, -7.1340E+04/

DATA B13MAT / 4.81238+01, 4.5840E+01, 4.3773E+01, 4.1980E+01,
*  4.05178+01, 3.9442E+01, 3.8811E+01, 3.8680E+01, 3.910BE+01,
*  4,015CE+01, 4.1864E+01, 4.4307E+01, 4.7535E+01/

DATA B14MAT / -2.7172E+02, -2.72828+02, -2.7750E+02, -2.B461E+02,
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