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The art of engine simulation has come into existence with the advent of analog and digital computers and
has become an integral part of any engine development program. It has attracted considerable attention from
researchers because of the tremendous benefits it offers not only in terms of cost reduction, but also because of the
confidence it induces into the behavior of gas turbine being designed. A substantial number of works have been
carried out in the field of engine simulation and its design applications during the past 50 years. The present paper
intends to give a comprehensive overview of the attempts that have been made by the earlier researchers, and the
considerable amount of knowledge, database, and the expertise that has been made available.

Nomenclature
A = area
H = enthalpy
M = Mach number
N = spool rotational speed
P = total pressure
p = static pressure
R = gas constant
T = total temperature
t = time
w = mass flow rate
Wr = fuel flow rate
¥ = ratio of specific heats
A = change/error in a quantity
N = spool mechanical efficiency
c = total pressure loss coefficient
Subscripts
ACC = engine accessories
BP = bypass duct
H, HP = high-pressurespool
HPC = high-pressurecompressor
HPT = high-pressureturbine
L,LP = low-pressure spool
LPC = low-pressure compressor
LPT = low-pressure turbine
nz = nozzle
a = ambient conditions
1, 2, 3, = engine stations
4,5,6,.

Introduction

ITH increasing levels of aircraft performance and resulting
complexity of propulsionsystem caused by the stringentde-
mands placed on it, the development cost and time of a modern
gas-turbinehardware have increased considerably. Thus, prior to de-
veloping the hardware, it is necessary to have sufficient confidence
in its reliability, handling,and performancein the early design stage
itself.
It is equally necessary to design a control system that governs
engine response to throttle inputs, defines the safe operational lim-
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its, and provides a trouble free automated engine operation during
the entire mission, while simultaneously meeting the aircraft per-
formance.

An accurate understandingand prediction of engine dynamic and
steady-stateperformanceis a very importantinput for the definition,
development, and refinement of an engine control system, prior to
making the control system hardware. It reduces the cost, time, and
theriskinvolved.Deriving inputs for control systemdesignby actual
engine testing will not only be very expensive and time consuming,
butit will also pose a high level of operationaland accidenthazards
associated with developmental engines.

With the advent of computers, computer simulation techniques
have been very useful for predicting engine response. Simulation is
the process of studying system behavior by observing the behavior
of its representative model. It permits an in-depth understanding of
engine dynamic and steady-statebehaviorin the early design phase,
without simplification of complicated logic flow and can be carried
out at a low cost, without endangering the engine.

A large number of computer simulations have been reported, in
a quest to predict engine dynamic and steady-state behavior with
high accuracy and greater reliability. The present paper attempts
to recognize the contributions that have played a prominent role
in advancing the state of the art. Prior to that, the paper outlines
the sequence of developments in a simulation program, simulation
requirements,engine thermodynamic modeling, and computer con-
siderations.

Aerospace Abstracts Database was a major source of the relevant
literature. The referencesmarked with ISSN and a numericalcodein
the bracketare in Chinese, the English version of which is available
from AIAA Technical Library.

Simulation Sequence

An engine simulation program begins with the development of
a nonlinear detailed thermodynamic mathematical model for pre-
dictingits dynamic and steady-state performance. Because of large-
scale computations,itusually works in a non-real-timeenvironment.
For testing and evaluation of control system hardware, the model is
required to develop a real-time engine simulation. It is a transient
performancecomputer program whose engine outputsare generated
at a rate commensurate with the response of the physical system it
represents.

Subsequent to the development of control system software, its
functional feasibility is evaluated by studying its interactions with
engine, by integratingit with engine system software, i.e., the close-
loop simulation.

Until this stage, both the engine and control system are in the
software form and need to be translated into a hardware. The de-
velopment of engine hardware takes much longer than the control
system hardware. The real-time simulation is of utmost importance
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Table1 Errors description for engine balancing using MDNR scheme

Error Description Station description

1 (UWp1 — Wa)/ W, * 21: high-pressure compressor entry
2 (UWyo — Wyo)/ Wy, 42: high-pressure turbine throat
3 (UWsp — Wsp)/ W, 52: low-pressure turbine throat
4 (Wzﬁb + We1 — We2)/ W, © 26: cold-stream main-mixer entry
5 (M 1o WRKLpT — WRKPC)/ WRKLPC —_—

6 (M. 1p WRKnpr — (WRKppc + WRKAce))/ (WRKhpe + WRKaCC) —

7 (W, Hag + W, "He1 — W, Hep )/ (W," He) —

8 (TMy¢ + TMg; — TMg2)/ TMg2 61: hot-stream main-mixer entry
9 (UWe, — We1)/ Wm“l 62: main-mixer exit upon mixing

Wi, Wy, Wy, and Ws, are computed from maps, using corrected speed and pressure ratio. Wy, i.e., fan entry mass flow, defines the basis for all
upstream mass flow estimations by appropriately deleting or adding bypass, bleed, and fuel flows at various stations to Wj.

W) is computed from pas = pe1 (state variable), Tag( = T2), Pas (Ps: state variable* ogp), and Ang.

€ Wes is computed using downstream Ay, and nozzle pressure ratio characteristics.

4We is computed from upstream Pe;, Ts1, pe1 (state variable), and Ag.

ENGINE MAIN FUEL REHEAT FUEL NOZZLE
CONTROL CONTROL CONTROL VG CONTROL
SOFTWARE
HARDWARE HARDWARE HARDWARE HARDWARE
DECU
SOFTWARE
HARDWARE

Fig. 1 Hardware-in-loop simulation.

to bridge this time lag. It enables testing of the dynamic response of
control system hardware in conjunctionwith the engine model. This
methodology is termed as the hardware-in-loop simulation (HILS).

During HILS, the plant is represented by real-time software, to
which the control system is integrated in the hardware form. Thus
testing and evaluation of control system hardware need not wait
until full-scale development of actual engine hardware. The typical
schematic of HILS is shown in Fig. 1, where DECU stands for
digital electronic control unit, and VG denotes variable geometry in
compressor stators.

Thermodynamic Simulation

Requirements

The engine simulation must accurately represent the engine be-
havior over its complete running range and over the entire flight
envelope. It should be readily understandableto nonsimulation spe-
cialists, should be brought into use rapidly without lengthy setup
time, should have high degree of reliability and repeatability, and
should readily incorporate design modifications.

Computer Considerations

Engine simulation can be implemented on a digital, analog, or
a hybrid (analog + digital) computer. The fundamental difference
between an analog and a digital computer is that analog is parallel
in operation, whereas digital is serial. Being a parallel computing
machine,an analog computer permits simulationin realtime, despite
its inability to representnonlinear algebra and storing a program for
future use.

But with the availability of very highcomputingspeed and storage
capacity at low cost, digital computers too can effectively handle the
real-time simulation and have gradually replaced the analog and hy-
brid computers. The real-time simulationis furtheraided by parallel
processing on a digital platform. Besides, digital computers guar-
antee reliability and repeatability, once the program is debugged. It
is quite simple to change components’ characteristics as develop-
ment phase progressesby merely changing the data sets. The digital
simulation is highly portable, can easily be extended to any engine
configuration with suitable modifications, and an engine company
can supply its aircraft customers with a copy of simulation model.

Modeling

The developmentof an engine mathematical model is central to a
simulation study and is approachedfrom the viewpoint of engineer-
ing thermodynamics. It uses compressor and turbine characteristics
and is founded on the techniques of componentmatching. The ther-
modynamic behavior of every component is represented by a set
of theoretical or empirical equations. The relationship between the
components is fixed by the physical layout of engine and by the
thermodynamic behavior of each component. Thus, for a given en-
gine if all the component characteristics and the engine layout are
known, then the engine is precisely defined, and its dynamics can
be expressed mathematically.

The identification of various components and stations and perfor-
mance presentation is very important in an engine simulation. The
aerospacerecommended practices and aerospacestandards, = pub-
lished and revised periodically by the Society of Automotive Engi-
neers (SAE), mustbe followed for this purpose, to make the program
confirm to international standards. Also a uniform notation makes
the programeasy to understandand enables the modificationseasily.

The inputs to the model are flight conditions and control param-
eters, i.e., fuel flow in the main and reheat combustion chambers,
compressor VG setting, and A,,. A set of engine parameters called
state variables are chosen, which define the operating point of each
component, for prescribed inputs. A typical state vector for a twin-
spool, mixed-flow turbofan includes P,, P;, Ps, Pg, pe1, Pea, Tso,
Ny, and Ng. The station designation can be inferred from Fig. 2
and Table 1.

Figure 2 shows a typical model for a mixed-flow twin-spool tur-
bofan engine. LPC and HPC denote low-pressure (LP) and high-
pressure (HP) compressors, respectively. Similarly, LPT and HPT
stand for the LP and HP turbines.

Dynamic or Transient Analysis

It determines the time history of engine state and path followed
by the engine from its existing steady-state to the new steady-state
conditionbecause of a disturbancein the flightand/or control inputs.
Alternatively, pseudotransientscan be simulated to identify engine
steady state at given flight condition and control system inputs.
At the prescribed flight condition components’ operation is found,
using the control inputs and initial guess of engine state vector.
As a general case, there will be a work imbalance (or a net torque
on compressor-turbine assembly), and a flow mismatch (or mass
accumulation) at various engine stations.

The torque differencebetween a compressor and a turbine is used
to generate the time derivative of rotational speed, from which rotor
acceleration or decelerationis found.

The flow imbalance may be treated on one of the two ways:

1) The iterative method works on the basic assumption that flow
continuity is maintained at all times. The engine parameters are
iteratively adjusted to satisfy the flow compatibility without any
change in the rotor speed.

2) With the inter-componentvolumes method the individual com-
ponents are inter-connectedby control (mixing) volumes. The mass
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Fig. 2 Flow logic for a mixed-flow turbofan.

flow accumulationin control volumes is assumed, which is used to
calculate the rate of pressures change with time (d P/dt) at various
engine stations, as given by Eq. (1).

dP  yRT
T2 Aw M)
ar Vol

where Vol is control volume and AW is the mass flow error in
control volume.

The next engine state is computed by integrating the state vari-
ablesderivatives,and steady state isreached when these time deriva-
tives diminish.

Steady-State Analysis

For determining steady-state operation of a mixed-flow turbo-
fan engine at the prescribed flight condition and control inputs,
the necessary and sufficient conditions are mass flow continuity
at various engine stations and rotational speed and power balance
between the compressor and turbine on the same rotor. There are
added constraints of static pressures, enthalpy, and momentum bal-
ance between the cold and hot streams during mixing. Using these
constraints and an initial guess of state vector, a total of nine errors
containedin Table 1 are generated for a mixed-flow, twin-spool tur-
bofan. The prefix U represents upstream, WRK is component work,
TM is total momentum, and MDNR denotes multidimensional New-
ton Rapson.

The initial guess of state variables is continuously updated using
the MDNR scheme until the errors come within a prescribed toler-
ance band. McKinney® and Koeing and Fishbach’ give a FORTRAN
source code listing to calculate the design and off-design steady-
state performance of the turbojetand turbofanengines, based on the
MDNR method. An alternate nested-loop approach for steady-state
performance estimation is stated in Sanghi et al.®

Literature Review

Fundamentals

To understandgas turbineas a systembefore attemptingits model-
ing and simulationis extremelyimportant. Cohenetal.,” Qates, 12
Mattingly,' and Walsh and Fletcher'* are some of the outstand-
ing textbooks that provide a comprehensive understanding of the
key concepts governing the gas turbines. They give an excellent
description of engine cycle selection, components’ design features,

componentmatching, operating characteristicsand performanceen-
gineering, and form the basis of modern gas-turbine theory. Flack'?
also gives a good and an easily understandabledescription of com-
ponent models and their matching procedure.

Detailed Engine Simulation

The analytical and experimental investigation of gas-turbine dy-
namic behavior began around the early 1950s, when the twin-spool
engine was just appearing on the scene. Otto and Taylor'® were
probably the first to show that a single-spool engine could be ap-
proximated by a first-order system to determine the rotor speed
response to a step change in fuel flow.

Fawke and Saravanamuttoo'’ review the initial developmentsin
the field of engine simulation. They briefly describe the early ana-
log and digital simulation studies that were centered on calculating
rotor-speed time constant of a single- and a twin-spool (turbojet
and turbofan with mixed and unmixed exhausts) engine, by treat-
ing them as a simple linear or a nonlinear system together with the
application of necessary matching conditions and a knowledge of
component characteristics.

More emphasis has been placed on digital simulation in recent
years, for the reasons discussed earlier. Fawke and Saravanamuttoo
give further details of currently used digital methods of simulating
gas-turbine transientbehavior, as described earlier. It also discusses
a variety of issues such as the comparison of the linear and compo-
nent models, choice of computers, comparison of the iterative and
intercomponent volume approaches to digital simulation, and the
methods of incorporating and accessing component characteristics
in a digital simulation.

The linear system assumption is the simplest representationof a
gas-turbinesystem. The dynamicsis describedby simple mathemat-
ical expressionsinvolving time constants and partial derivatives, the
values of which can be obtained from the analysis or engine tests.
But the assumption of linearity limits the validity of the simula-
tion model to small perturbationsabout a single operating point and
hence the scope of simulation. Any alteration to the engine means
new values must be obtained for time constants and partial deriva-
tives, which necessitates further engine analysis or tests. Thus, the
component model approach s preferred because it is more flexible,
versatile, and permits a greater insight into engine dynamics.

In comparison to the iterative method, use of intercomponent
volumes enables us to track accurately the pressure dynamics and
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gives a better physical representationof the gas-turbine system. The
computing time may not differ significantly because of the conflict-
ing requirements. The intercomponent volume approach requires
marching with small integration time step because pressure dynam-
ics has a small time constant.In the iterative approach, thoughlarger
time steps can be taken because the approach considers only the ro-
tor dynamics (which has a higher time constant than the pressure
dynamics), each time step will involve iterations to satisfy the flow
compatibility.

Except for a mixed-flow turbofan, values of intercomponentvol-
umes were notobservedto be critical. Choosing a larger volume than
the actual physical volume permits the use of larger integrationtime
steps and hence a reduction in overall computing time. However,
in a mixed-flow turbofan bypass duct volume is critical because the
pressure levels in the bypass duct determine the flow splitat fan exit.
Thus the volumes used are the actual physical volumes.

The results are presented for a variety of engines such as the
single- and twin-spool turbojets, a twin-spool turbofan with mixed
exhausts, and a three-spool turbofan with separate exhausts. Using
the intercomponentvolume approach, a good agreement was shown
between the engine tests and the simulation studies.

Prior to Ref. 17, Saravanamuttoo and Fawke!® discussed the ap-
plicationof both analogand digital computer methods for simulating
dynamics of a twin-spool turbojet with variable nozzle, compared
the relative merits of analog and digital simulation, and highlighted
the simulation requirements. Fawke and Saravanamuttoo'® veri-
fied that results from digital simulation!”-!* are in good agreement
with the engine test bed running, indicating that the proposed sim-
ulation technique is an invaluable tool in the development of new
engines.

Subsequent to Ref. 17, Fawke and Saravanamuttoo®® provided a
comprehensive methodology for digital simulation of the dynamics
of a twin-spool turbofan engine with mixed exhausts. It utilizes the
conceptof state variablesand makesuse of intercomponentvolumes.
The method was validated by comparing predicted results with ac-
tual engine running. A brief discussion of heat-transfer effects on
engine dynamics is also included. References 17 and 20 can be
viewed as the major contributionsto the field of engine simulation,
as they propose a simulation model that predicts engine dynamics
with high accuracy, and which has found widespread applicationin
following years.

Extending the description of Refs. 6 and 7, Seller and Daniele?!
reporteda FORTRAN source code, which included the predictionof
transient performanceas well, in addition to the steady-state perfor-
mance. Daniele et al.?* present a dynamic simulation approach that
incorporates temperature dynamics also besides rotor and pressure
dynamics.

Reference 23 contains a dynamic engine analysis FORTRAN
code (DEAN), which follows a similar methodology as in Ref. 21
but illustrates an approach that is highly modular and flexible. It
allows the user to simulate engine subsystems as well as the full
engine with relative ease. The differential equations that define the
enginedynamicsmay be solvedby oneof fourintegrationschemes: a
second-orderRunge-Kautta, a fourth-orderRunge-Kutta, an Adam’s
Predictor-Corrector,or Gear’s method. DEAN has been written for
two-spool, two-stream turbofan engines, and can easily be modified
for application with a variety of other gas-turbine configurations. It
also supports an extensive graphics capability for displaying simu-
lation results.

Merrill** describesHYTESS 11, whichis representativeof a hypo-
thetical, low-bypass turbofan engine with an advanced control and
failure detection logic. It includes a description of engine dynam-
ics, control algorithm, and sensor failure detection logic. Details of
the simulation block diagrams, variables and subroutines descrip-
tions, common block definitions, and input requirements are given.
Example simulation results are also presented.

References 25-31 are a few of numerous published works on the
simulation of gas-turbine steady-state and dynamic performance.

The design document’? uses the experience of existing works
and has made available a comprehensive in-house expertise to Gas
Turbine Research Establishment (G.T.R.E.) at Bangalore, India, to

estimate dynamic and steady-state response of a variety of gas-
turbine configurations with high accuracy.

Steenken*? describes a method that is an extension of the capa-
bilities of engine transientcycle deck and can be used to predict the
poststability operation of a turbofan engine. Typical predictions are
presented and compared with the results obtained from the testing
of a modern augmented turbofan. The potential manners in which
the digital simulation tool may be used are also discussed.

Khalid and Hearne** present a mathematical model to incorpo-
rate the additional levels of details that may be included in the en-
gine simulation model to improve its accuracy. These include time-
varying fluid properties, heat transfer between gas and metal, varia-
tionsin turbinecoolingair, and turbomachineryclearance variations.

The work of Zhu and Liao*® is another publication in which the
engine working processes during acceleration and deceleration are
modeled to estimate heat transfer between the gas and engine com-
ponents. By simulating a two-spool mixed-flow turbofanengine, the
effects of a variety of heat-transferprocesseson thrustresponse were
calculated and compared for cool and hot accelerations under the
same fuel schedule. The results indicate that because of heat transfer
the difference between cool and hot accelerationsis significant.

Tang and Cai*® have investigated the effects of hot gas inges-
tion and recirculation of exhaust gas from a vertical/short takeoff
and landing aircraft. It brings the engine into an unstable region
and may cause trouble for flight. A pulse-monitored fueler is rec-
ommended for improving engine stability. A digital model for this
purposeis presented, which consists of a first-order fuel-feed model,
a component volume model, and a rotor-dynamic model. The en-
gine dynamic and steady-state response are predicted based on this
model. The resultsindicate that simulation effects of this model are
satisfactory.

Orkisz’? derives an implicit equation for the acceleration time
of a turbojet, in which expansion into power series contains first-
order partial derivatives. These derivatives represent the sensitivity
of acceleration time caused by the variation of 1) design parame-
ters of compressor (stability margin, moment of inertia, efficiency,
compression ratio), 2) technical conditions (deformation of blade
profiles, caused by erosion, turbine blade clearance), and 3) service
conditions (flight speed and altitude).

Lambert®® presents a simulation model that incorporates a mea-
sure to estimate the effect of deteriorationin componentson engine
performance. The fixed engine control schedules may not be opti-
mal for the deterioratedengine. The engine deterioration parameters
cannot be measured directly, but can be estimated. A Kalman-filter
technique is presented to estimate deterioration in engine perfor-
mance parameters.

Zaitaet al.* alsoillustratean approach to model the performance
deterioration of an aircraft gas-turbine engine caused by fouling,
erosion, and wear as it accumulates operating time in the field. The
performancedeteriorationmodel interfaces with the manufacturer’s
baseline simulation model. The effects of deterioration are deter-
mined in terms of reduced pressure ratio, flow capacity, and effi-
ciency for the compressors, and reduced efficiency and increased
flow capacity for the turbines. The initial values of the affected pa-
rameters are then modified in the engine cycle deck.

O’brien* discusses the dynamic simulation models with empha-
sis on fundamental principles and methods used to represent the
components and stage flow characteristics.Results from several dy-
namic simulations of multistage compressors are shown as are their
comparisons with the experimental data. Possibilities for advanced
computationaltechniques for near real-time simulation of compres-
sors and gas turbines are reviewed.

Reference 41 contains the notes of a lecture series delivered at the
Von Karman Institute for Fluid Mechanics at Belgium. Itincludes an
overview of the fundamental behavior of gas-turbine engines, tran-
sient behaviorand its effects on engine operability and controllabil-
ity, the nature of models used to simulate engine transient behavior,
utilization of gas-turbine simulation systems, and computer pro-
grams, nonlinear solvers, and algorithms used in engine simulation.

Chappell and McLaughlin*? have dealt with the approach to
model continuous gas-turbine operation from startup to shutdown
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(ATEST-V3). This approach is capable of simulating engine oper-
ation continuously from near static condition to maximum engine
power, including windmill starting, spooldown, and starter-assisted
starting.

Torella*® details the main steps of a work carried out for de-
veloping expert systems for turbofan engine simulation. The first
part of the paper deals with the selection of computer language.
Successively, a large numerical database about the behavior and
performance of the engine is obtained from the application of the
simulation. The use of numerical data for developingsets of logical
rules for a high flexibility knowledge base is shown. Finally exam-
ples of an expert system for differentaspects of turbofan simulation
are presented and discussed.

Drummond* presents an object-oriented approach for gas-
turbine simulation. It offers a generalized framework for the steady-
state and transientsimulation and proposes that simulation will ben-
efit significantly in terms of code reliability, maintainability, and
manageability using the object-oriented programming language.

NASA* hasalsodevelopeda object-orientedapproach forengine
simulation. The program is a prototype for a more complete, com-
mercial grade engine performance program now being proposed
as part of the Numerical Propulsion System Simulator (NPSS).
NPSS was initiated at NASA/Lewis in cooperation with industry,
academia, and other government agencies in the United States to
develop the technologies necessary to enable numerical simulation
of a complete airbreathing engine*® It consists of there main el-
ements: engineering models for multidisciplinary analysis of large
subsystems and systems at various levels of details, a simulationen-
vironment, and a cost-effective, high-performance computing plat-
form.

Schobeiri et al.*”*® describe a novel computational method for
accuratesimulation of the nonlineardynamicbehaviorof single-and
multispool core engines, turbofan engines, and power-generation
gas turbines. Row-by-row calculation procedures that account for
specific turbine and compressor cascades and blade geometry and
characteristics are implemented. The nonlinear, dynamic behavior
of the subjectengineis calculatedby solving a number of systems of
partial differential equations, which describe the unsteady behavior
of each component individually.

Ivanov® discusses the perspective problems in the simulation of
the gas turbines, right from design stage to production, and its entire
life on aircraft.

Reference 50 is an outcome of a lecture series on mathematical
models of gas turbines and their components. It identifies some pe-
culiarities of complex multicomponent and multidisciplinary mod-
els for the whole flow passage of bypass engines, core, multistage
compressors and turbines, and other engine components. Solutions
of the steady and unsteady problems are given using the high ef-
ficiency monotone numerical methods, and the theoretical basis of
these methods are presented.

Hideaki’! incorporatesthe combustor transient performance into
the base simulation model. The combustion efficiency is impaired
significantly during snap acceleration, and it has been quantified
and modeled as the function of fuel-to-airratio over-richnessin the
primary combustionzone. The verification of the resultingimproved
model has been carried out with engine test results.

The nonlinear simulation methods have become highly complex,
and it may be extremely difficult for a nonspecialistto use them. The
user’s interface is an extremely useful facility for easy execution of
such simulation codes.

Reed and Afjen®?~>° describe the Turbofan Engine System Sim-
ulation (TESS) software, which is an interactive graphical simula-
tion environment for gas-turbine engine analysis. TESS combines a
lumped-parametergas-turbinesimulation code and Application Vi-
sualization System (AVS) interactive programming environment to
provide a graphical user interface (GUI) and an operating environ-
ment that allows the user to easily create and simulate gas-turbine
systems. This integrated system provides the ability to graphically
construct arbitrary gas-turbine configurations, select and control
steady-state and transient operation of the system, and view results
in graphical form as the simulation is executing.

Overthelastseveral years, TESS has servedas aresearchplatform
for investigating the feasibility of integrating high-fidelity (more
detailed) componentanalysis modelsinto low-fidelity (less detailed)
engine models. This concept, which is called component zooming,
provides a method for selectively investigating the physical process
occurringin jetengines withouthavingto model the completeengine
atahighlevel of detail. The TESS has been adopted as the prototype
simulation executive in NPSS project’%37

Davis® and Hale and Davis*® describe the modeling technique,
theory, and capabilities of a dynamic turbine engine compression
code (DYNTECC). DYNTECC is a stage-by-stage simulation of
axial compression system to analyze a generic compression system
for single- and dual-spool systems. Davis® further shows imple-
mentation of an interactive user interface to aid in the analysis of
complex dynamic phenomenain a gas-turbine engine compression
system.

Ganji and Khadem®' present an integrated general-purpose sim-
ulation package for steady-state and transient simulation of gas-
turbine propulsionsystems. The standard techniques of steady-state
and transient matching have been used. The program is capable of
simulating an open-loop engine, as well as an engine and its con-
trol system as one dynamic unit. The program is equipped with a
graphic user interface for configuring the engine as well as its con-
trol system, accepting inputs, commanding the run-time routines,
and providing the outputs in graph forms.

Xie et al.*®? report an adaptive engine simulation model by means
of modification factors. According to the parameter measurements
oftheengineon atestrig and in flight, the enginecomponentcharac-
teristics are rectified, and as a result, outputs of the simulationmodel
are in accordance with the measurements. The application of this
method is demonstrated to rectify the parameters in the simulation
model of a twin-spool reheated turbojet.

Real-Time Engine Simulation

The design, development, and implementation of a gas-turbine
engine real-time model is accomplished through a complex series
of tasks that draw upon a variety of engineering, mathematical, and
programming skills, choice of an appropriate computing platform,
and interactionof real-time model with simulationenvironment(i.e.,
its input/output connections with other systems). The implementa-
tion of real-time models must also balance the constraints of cost,
execution time, consistency with the system being modeled, and
capability to be scaled to match the new design information.

The common engine model types for real-time simulation are
aerothermodynamic, and piecewise linear state-space, and transfer
function.

Reference 63 contains a comprehensive review of modeling
methodologies for real-time simulation of gas-turbine engine per-
formance and applications of real-time models. Characteristics of
the models, algorithms used, and system integrationissues are also
reviewed. In addition, example FORTRAN source codes of digital
models are also provided. Reference 63 is intended to be a source of
informationon currentpracticesand proceduresfor developingreal-
time turbine engine models and a basis for communication between
the supplier and the customer.

Szuch® has reviewed many of the approaches that have been
used to develop real-time simulations. He discusses the digital as
well as the hybrid techniques with specific examples, mainly from
the standpointof their usefulness for full authority digital electronic
control unit (FADEC) development. The work of Ref. 64 has been
revised here briefly for the sake of continuity, and the developments
that have taken place subsequentlyhave been incorporated for com-
pleteness.

Reference 64 indicates that computation time is a major draw-
back while implementing a detailed thermodynamic simulation on
a digital computer. This problem is further aggravated by use of a
simple Euler explicit integration scheme because small time steps
are required to update pressure dynamics because of its small time
constant. Thus either the calculation time needs to be decreased
and/or the size of time steps should be increased for real-time sim-
ulation.
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One of the possible ways to develop a real-time simulation model
is to linearize the nonlinear model about the selected operating
points. The coefficients of the linear model can then be functionally
related to the engine state and the inputs. The resulting piece-wise
linear model can be implemented as transfer function model using
recursion formulas, as in Hurt.®

Litt et al.%® have also developed a linear real-time simulator
(where cycle time is 12 ms) of a Pratt and Whitney F100 engine
for real-time code verification and for actuator diagnosis during
full-scale engine testing. This self-contained unit can operate in an
open-loop stand-alone mode or as part of closed-loop control sys-
tem. It can also be used for control system design and development.
In its present form it is a small perturbation model that can evolve
into a full-envelope, full-enginereal-time simulation with advances
in microprocessorhardware.

Mihaloew®’ describes a dynamic digital real-time model of an
advanced propulsion system for use in piloted simulators, based on
a piece-wise linear state variables methodology %

Here, the engine model uses the state variables and matrix for-
mulations of partial derivatives to represent the engine process at
specific operating points. The engine is modeled using three types
of variables, i.e., states, inputs, and outputs. States represent tem-
perature, pressure, and speed. Inputs are variables that perturb the
system, such as fuel flows and nozzle areas. Outputs are additional
parametersof interestotherthan the state and inputvariables,like en-
gine airflows, thrust, specific fuel consumption, and surge margins.
Dynamically,an engineis characterizedby differentialequationsre-
lating the time rate of change of state variables to the state variables
themselves and the input parameters. States are obtained transiently
by calculating the derivatives and numerically integrating them in
time.

The state variables model was derived using a comprehensive
aerothermodynamicsimulation of a Rolls-Royce Pegasus I engine
and has a cycle time of 8.9 ms on a Xerox Sigma 9 computer.

But linear models have a limited scope, for the reasons described
in an earlier section, and may not be suitable over the entire flight
envelope. Increasing the time-step size offers another possibility for
real-time simulation.

McLaughlin® has evolved an implicit formulation of engine
equations and an iterative solution of these equations in order to in-
corporatean increased time-step size. By using backward-difference
integration, a stable solution could be obtained even for time steps
largerthan the smallesttime constantin the engine model. To prevent
computing time from exceeding the prescribed time-step size, the
Broyden technique™ was used to eliminate the need to calculate new
Jacobean matrices during transients. Stable, real-time simulations
were obtained on a Digital Equipment Corporation PDP-11/55 with
a time step of 27 ms. It does demonstrate that the implicit method
can produce real-time simulations of stiff systems (i.e., the systems
with widely varying time constants) on low-cost microcomputers,
but this time step may be too large for some control applications.

The most desirable approach to achieve real-time simulation is
perhaps to speed up the calculations. Though expensive, a faster
hardware would permit the solution of detailed nonlinear models in
real time, without simplifications.

The parallel processing using a hybrid computeris one such pos-
sibility. Szuch and Bruton’' and Szuch et al.”> have successfully
used a hybrid computer for real-time simulation. But real-time hy-
brid simulation is difficult to program, time consuming, expensive,
and nonportable. Carlin and Tjonneland’® at Boeing airplane com-
pany have made use of special-purpose,hard-wired hybrid comput-
ers (SPHYC) to achieve a low cost, real-time simulator for a F100
engine, that is portable, but lacks reprogrammability.

The aforesaid shortcomings of hybrid simulation have led to all-
digital microcomputer-basedapproach to parallel processing in or-
derto achievea more general-purpose,cost-effective,real-time sim-
ulation capability.

Blech and Arpasi’ present the development of microcomputer-
based, parallel processor systems for real-time engine simulation.
The basic structure of the simulator is a transfer controller that
synchronizes N (up to 10) 16-bit processing elements (PE) on a

high-speed data transfer bus. All but two (N-2) of the PE perform
simulation calculations. One of the remaining PE is dedicated to
input and output functions. The last PE is a special purpose pro-
cessor that links low-speed, operator commands to the high-speed
simulator. This PE is termed as the real-time extension of the front
end processor. It provides the operator’s interface to the simulator
and handles peripheral communications, program loading, etc.

The simulatorcycle is separated into two basic periods, namely, a
compute period and a transfer period. The transfer periodis initiated
when all of the PE have completed their computations. During the
transfer period, data are exchanged between the simulation PE as
dictated by the transfer controller. The real-time operation of the
simulator depends on the calculations being distributed among PE
by the user in such a way that the sum of the largest computing time
and the transfer time does not exceed the specified step size (frame
time).

The development of real-time engine simulations for the simu-
lator will depend upon the selection and implementation of a suit-
able numerical integration algorithm. Miranker and Liniger’> have
proposed use of a parallel, predictor-corrector algorithms for the
solution of ordinary differentialequationson parallel processorsys-
tems. The most obvious advantage of these algorithms is they do
not require the partitioning of a simulation model for parallel solu-
tion.

Krosel and Milner’® have applied fourth-order Miranker and
Liniger algorithms to the engine simulation problem and have con-
cludedthatin engine applicationsa practicallimit of four processors
exists because of algorithm complexity. Furtherincreasein the num-
ber of processors requires smaller time steps to maintain accuracy,
or else it leads to numerical instability.

Roth and Celiberti’’ describe an experimental multiprocessor
real-time engine simulation system to verify FADEC. The high-
fidelity engine model was functionally partitioned into dynamically
logical blocks of codes, and real-time requirements were met by al-
lowing these blocks to execute simultaneouslyin parallel on several
Microprocessors.

Zeng et al.’® introduce a real-time simulator of a twin-spool tur-
bojet, implemented on a parallel processor/microcomputer system.
A PC 286 microcomputer is used as the host computer, and four
TM32020 digital signal processors are chosen as processing units
of the parallel system. The A/D and D/A boards serve as the in-
terfaces for HILS of the control system. The aerothermodynamic
engine model was partitioned for parallel processing. The elements
of the Jacobeanmatrix in the Newton-Raphson iterative method are
computed in parallel in the four processingunits. This real-time en-
gine simulation (with simulation frame cycle time of 29.6 ms) was
used for HILS to evaluate control system performance.

The use of dedicated, high-speed computers and use of real-time
programming techniquesis anotheroption to producereal-time sim-
ulations.

Mihaloew and Hart”® and Mihaloew®® have proposed a real-
time digital simulation technique that can produce faster than real-
time simulation when run on a dedicated, general-purpose main-
frame (Xerox Sigma 8). In this case the computer was part of a
moving-base flight simulator facility, and the engine model had to
be integrated with the simulation of an airplane. The proposed tech-
nique involves multirate scheduling (updating) of various parts of
the model, eliminationof control volume dynamics, use of high-gain
integrators to converge resulting algebraic loops, and curve fitting
of component performance maps with segmented polynomial and
geometric functions.

The resulting simulation was stable with time steps as large as
50 ms and exhibited satisfactory low-frequency (rotor) dynamics.
Although this technique has been successfully demonstrated in a
powered-lift application at low-altitude low-speed condition, more
work is needed to determineif the simplifications can be generalized
and applied to other engine systems over a wide range of operating
conditions.

Sugiyama®! has used a special purpose AD-10 digital computerto
implement a generalized engine model, and real-time response was
demonstrated with a frame time of 1.1 ms for a twin-spool turbofan
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engine. But the major drawback is that an AD-10 digital simulation
is not a cost-effective and portable solution.

Drummond®? explores and compares two approaches for model-
ing turbofancomponentvolume dynamics with a view toward appli-
cation to real-time simulation of short takeoff and vertical landing
(STOVL) aircraft. The first approach considers only the heat and
mass balances, whereas the second one includes a momentum bal-
ance and substitutes the heat equation with a complete energy bal-
ance. Results for a practical test case are presented and discussed.

Ouzts and Drummond®*8 report the development of a real-time
propulsion system dynamic model for a STOVL aircraft under the
AD-100 simulation environment. The dynamic model was adapted
from a FORTRAN-based simulation using the dynamic program-
ming capabilities of the AD-100 ADSIM simulation language. The
dynamic model includes an aerothermal representation of a turbo-
fan jet engine, actuator and sensor models, and a multivariable con-
trol system. The AD-100 model was tested for agreement with the
FORTRAN model real-time execution performance. The propul-
sion system model was also linked to an airframe dynamic model
to provide an overall STOVL aircraft simulation for the purpose of
integrated flight and propulsion control studies.

Instead of using the highly expensive state-of-the-art hardware,
an alternate cost-effective solution is to use a simplified aerother-
modynamic mathematical model.

French® presents a novel mathematical formulation to derive
a Simplified Cycle Response Analysis Model (SCRAM). Though
simplified, it is a fairly accurate mathematical model to estimate
engine dynamics and is based on the correlations drawn from the
experience of a detailed simulation techniques. Reddy et al.,’¢ by
utilizing the description of Ref. 85 and the experience of detailed
simulation model of Ref. 32, have developed a personal computer-
basedreal-time engine simulation, which was used for HILS studies
of amilitary turbofanat the G.T.R.E., Bangalore,India. Reference 86
also confirms the confidence with which it can be used, by validating
the real-time simulation results with respect to that obtained from
Ref. 32.

Blech et al.¥” also show the development of a real-time, portable,
microcomputer-based jet engine simulator, which forms the part
of a piloted flight simulator. The component model approach was
used, in which the component performance maps were represented
as curve fits, and high frequency volume dynamics were omitted.
The engine model was coded in floating-point FORTRAN. The mi-
crocomputer board was based on an Intel 8086 microprocessor and
8087 floating-point coprocessor. The availability of a FORTRAN
compiler for 8086-8087 microcomputer greatly assisted the porta-
bility of the code from the program development computer to the
simulator. The application was demonstrated for a small turboshaft
helicopter engine, which meets the requirement of a 30-ms frame
time.

Reference 88 contains another digital real-time simulation on
a single microcomputer for a two-spool afterburning turbojet en-
gine. To overcome the contradiction between the computation pre-
cision and the speed necessary for real-time simulation, the compo-
nent characteristicshave been simplified. A 80286 macroassembly,
80287 float arithmetic parallel processing method, and a few suit-
able programming techniques have been adopted. The comparison
of the simulationresult with measured datashows thatits calculation
accuracy and speed are suitable for real-time simulation.

Liu et al.¥ also establish a simplified mathematical model for
real-time simulation of a twin-spool turbojet engine. It comprises
a linearized compressor characteristics model, simplified turbine
characteristics,and a dimension-reducingmethod of nonlinearequa-
tions set. Under the identical flight conditions, the simulationresults
from real-time model, non-real-time model and test data compare
well, thereby justifying the fundamentalhypothesisof the study. The
model makes a good compromise between computationalspeed and
accuracy and has good convergence.

MacInnis® illustrates the development of a simplified cycle-
matching transient simulation (SCTS) code, derived from the more
detailed computational model of AE3007 turbofan. Although it is
not fast enough to be considered real-time on current computer

systems, it is valuableas a fast and accurate transientcycle deck that
also provides for heat storage effects, customer bleed, and horse-
power demand during transient simulation.

Sieros et al.’! present a method for analytical representation of
compressor and turbine performance maps, obtained from the ex-
perimental or computational methods. It enables a reduction in the
running time of a digital simulation, a desirable feature for real-time
simulation. The method has been validated with engine test running.

A recent paper by Magill et al.” is based on the advanced pre-
cision analog computing techniques for real-time simulation of fast
nonlinear dynamics, with particular attention to stall and surge.
Though analog simulation is not as readily configured as a dig-
ital simulator, high execution speeds can be achieved with small
circuits. The paper describes the building blocks for constructing
analog simulation. Using simulation of a simple compressionas the
design example, results are presented to show that resulting sim-
ulation is up to 10 times faster than real time, and accuracy also
matches with that of a digital simulation.

Typical Design Applications

The primary applicationsof detailed engine simulation have been
for understanding engine behavior in early design phase and for
control system development. Besides, it can also be used for gas-
flowpath design, engine performance and health monitoring, cycle
selection, and estimation of start, restart, and wind-milling charac-
teristics.

Reference 93 is an excellentreference describing the advantages
of dynamic simulation in control system development. Case stud-
ies pertaining to RM12 turbofan engine (used on JAS-39 Gripen)
have been discussed to illustrate the importance of simulation as
a development tool. It further discusses various simulation-related
aspects like type of mathematical models (such as continuous and
discrete, distributed and lumped parameter, and linear and nonlin-
ear), engineeringapplicationsof simulation, model representations,
simulation tools and software, numerical solution of ordinary dif-
ferential equations, real and non-real-time simulations, and HILS.
Reference 93 can be viewed as a comprehensive publicationon the
art and role of engine simulation.

Reference 94 is one of the early papers that describes dynamic
simulation as a tool for component design. Khalid,”® besides high-
lighting the importance of accurate dynamic simulation in engine
design and development, shows the application of a representative
engine model to the flowpath design and controls optimization in a
fast-response, two-spool, mixed-flow afterburning turbofan.

O’brien’ presents the control applications of detailed dynamic
engine simulation. It gives a general overview of the need and ne-
cessity to have a reliable dynamic simulation for control system
development.

Pierre et al.”” highlight the contributionof dynamic simulation to
military turbofan control system design. Some of the applications
presented are the determination of in situ compressor surge line,
engineresponseanalysisduring flighttesting, effect of the dynamics
of a given element on engine response, and design of control laws.

Adams et al.’® indicate that improved definition of dynamic re-
sponse provides valuableinformationand insightleading to reduced
maintenance and overhaul costs on existing engine configurations.
It also provides a considerablecost reduction in the developmentof
new engine by eliminating some of the trial and error procedures
done with the engine hardware development.

Macisaac® discusses the role of modeling and computer simula-
tion in the design, development, and validation of an engine perfor-
mance and health monitoring system.

Lambiris et al.!% present a method of performance simulation of
jetengines, with the possibility of adapting to engine particularities.
Itemploys an adaptationprocedurecoupledto a performance model
solving the component matching problem. The proposed method
provides an accurate simulation for engines of same type, with dif-
ferences that are caused by manufacturing or assembly tolerances.
It does not require accurate component maps because they are de-
rived using the adaptation procedure. It can also be used for health
monitoring, for component fault identification, and for condition
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assessment. The effectiveness of this method is demonstrated by
application to two commercial jet engines.

Hamed et al.!®! presentthe results of a numerical study of the dy-
namic response of a turbojet engine to planar-wave inlet distortion.
The one-dimensionalnumerical simulation was used to evaluate the
sensitivity of an eight-stage axial-flow compressor in a complete
J-85-13 turbojet. Engine dynamic response accompanying planar-
wave-induced compressor surge is also characterized over a maxi-
mum anticipated range of simulated compressor deterioration.

Sun and Hu'® show the applicationof a dynamic model of a dual-
spool turbojet engine with poststall capability. This dynamic model
was adopted to simulate surge operationinduced by opening nozzle,
and the mechanism of surge control of fuel pulse cutoff (FPCO) is
also investigated by computer simulation. The effect of the param-
eters of FPCO on surge control was analyzed, and some guidelines
of the surge control design for a dual-spool turbojet engine were
brought forward.

Disturbances in air intake flow at the engine face of a jet air-
craft, in the form of ramps and transients in inlet total pressure or
total temperature, can produce adverse effects on the performance
and stability of an aircraft’s propulsion system. Abdel-Fattah!®* has
adopted DYNTECC to perform a parametric study of the effect of
inlet flow distortion on the stability of a Pratt and Whitney TF30
engine. The primary purpose was to predictthe onsetof systeminsta-
bility caused by simulated full-scale rapid inlet temperature ramps
during armament firing. The code was also run with sinusoidal to-
tal pressure oscillations of varying amplitudes and frequencies at
the inlet. The code predictions were compared with available data
whenever possible and were found to be consistent with observed
experimental trends.

Huang and Sun'® propose the development of a multivariable
adaptive controller that extensively makes use of an engine simu-
lation model. Using this multivariable controller, it was possible to
reduce engine acceleration time by about 19% in comparison with
the conventional controller.

Kotsiopoulos'® uses the simulation code of a twin-spool turbo-
fan engine to make quantitative assessment of the reductionin life
caused by the requirements of a faster transientresponse. The phe-
nomenon investigated here is thermal fatigue, and the main focus is
in the hotsections,specifically the turbine blades. The presentinves-
tigation suggests a thermal life reduction of approximately25-35%
when comparing a fast acceleration of 2-3 s with a slower one of
8-10s.

Agrawal and Yunis'® describe a simulation model to estimate
engine starting characteristics,based on the generalizedcompressor
and turbine characteristics and component matching technique. It
can be used to define aircraft starter system specifications, or to
determine the time taken from startup to light-upand to idling speed.

If the low-speed compressor and turbine characteristicsare avail-
able, the method of Shou!'?” can be used for simulating wind-milling
characteristics of a turbojet engine. It gives a complete description
of the mathematical model, component matching, component char-
acteristicsrepresentation,and two approximate methods that can be
used if component characteristics are not available. Wind-milling
characteristics are necessary for combustor design to determine the
reliable relighting under wind-milling.

Similarly, Moritaet al.!% describe a mathematical model to simu-
late the restart characteristicsof a turbofanengine. It is based on the
experimentaldata, which canbe obtained from engine starttests, and
gets rid of low-speed component characteristics, which are usually
not available readily.

The engine simulations are also an integral part for optimum
cycle(s) selection and preliminary aircraft sizing over a prescribed
mission. The description of procedures and typical case studies are
contained in Sanghi and Sane'® and Sanghi et al.!!

The currentapplicationsof real-time engine models aim at the de-
velopment and testing of control systems, integrated flight/propul-
sion control evaluation, embedded software for control systems
for failures detection and accommodation, and flight simulators.
Reference 63 gives a complete overview of the requirements, role,
and utility of real-time simulation for each of these applications.

Szuch,'!"! Vizzini et al.,''? and Scoles!' highlight that FADEC is
an essential complement to the hydromechanicalhardware to satisfy
the demanding requirements placed on the propulsion system. The
developmentof FADEC is greatly facilitated by the use of real-time
engine simulations. Szuch!!* further gives a qualitative description
of the application of real-time simulation to the development of
propulsion controls.

Lin and Lee!'>!'® show the design of a multivariable control
system for a J-85 turbojet engine. A nonlinear engine model was
first developed and linearized around 50 selected operating points
throughout the flight envelope of a J-85 turbojet. The Edmund’s
method was used to design a linear controller for each operating
point. Finally, for full flight envelope operation the controller gains
were assumed to be power functions of engine altitude, Mach num-
ber, and compressor rotor speed with unknown power parameters.
The extended Kalman-filter technique was used to identify these un-
known parameters. The objective was to design a simple controller
that achieves the desired performance criteria.

Delaatand Merill'!” state that the objectiveof advanceddetection,
isolation, and accommodation is to improve the overall reliability
of the digital electronic control system. The engine can continue to
be controlled accurately, even during transients, with one or more
sensors giving false readings. For this purpose an algorithm was
developed. The performance of this algorithm was evaluated using
areal-time engine simulation®® and was demonstratedon a full-scale
F100 turbofan engine.

According to Throndson, *° the purpose of a survivability based
engine control (SuBEC) is to provide realistic engine response to
tactical aircraft damage. Normal control algorithms are predicted
on healthy engine behavior and have limited ability to control ade-
quately an engine whose performancehas been degradedby ballistic
projectilesor by warhead fragments. SuBEC addsspecial algorithms
to the fuel control so that the system detects damage and then pro-
vides tolerant and appropriate control. Turbofan engine computer
simulationand testshave been used to investigate SuBEC control for
various damage conditions and have also been successfully demon-
strated on a General Electric 404 engine.

The real-time models are also used as embedded objects in the
engine control system for sensor in-range fault accommodation,
real-time detection, estimation and control accommodation of gas-
turbine gas-flowpath damage caused by normal wear, mechanical
failures, foreign objectingestion, estimation of in-flight engine per-
formance variations, and synthesizingunobservable engine param-
eters. References 119-121 contain such typical applications.

McGlone'?? states that during developmentof multifunctiondig-
ital electronic control systems there exists a possibility of software/
logic escapes that could cause an engine to operate inappropriately.
Some logics may operate as intended when tested with the engine,
but may operate differently when combined with pilot and aircraft
interactions. It is therefore highly desirable to test the entire vehicle
management system electronic architecture with simulations of the
aircraft and the engine and to operate the total system before the
first flight. Pratt and Whitney has established a facility for testing
of FADEC and its logic before delivery of the logic to produc-
tion or a large-scale simulation facility. Innovations in engine and
aircraft simulation capability have made it possible to affordably
implement a facility where the engine electronics and software are
integrated with the aircraft simulation. The integrated system can
be operated manually with pilot-in-loop, which permits important
customer feedback early in engine program that normally proceeds
an aircraft program by several years.

118

Conclusions

A comprehensive survey of the work pursued in the field of en-
gine simulation has been presented, right from its initiation in the
1950s to the state-of-the-art practice. It gives a complete overview
of detailed thermodynamic modeling and simulation technology,
real-time simulations, and simulation applicationsto the design and
developmentof gas turbines and its controls and diagnosticsystems.

With the availability of low-cost, high-speed computers, an all-
digital simulation has gradually replaced the analog and hybrid
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simulation to incorporate the ease of simulation with high reliabil-
ity and repeatability. The engine simulation complexity has evolved
from simple linear representationto a full-envelope,fully nonlinear
models, with secondary effects like effects of gas-metal heat trans-
fer and operating tip clearances included to improve the fidelity
of simulation models. The emergence of microprocessorshas made
possible the developmentof simulation-oriented,parallel-processor
systems that allow a cost-effective and portable implementation of
a high-fidelity, real-time engine simulation.

The recent advancements have primarily taken place in the form
of computational platforms and programming and implementation
techniques to speed up the execution time and strong graphic user
interfaces to enable a nonsimulation specialist also to make use of
engine simulations. There has been no radical change in mathemat-
ical modeling and component representation.
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