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ABSTRACT

A method is presented allowing the simulation of Gas

Turbine performance with the possibility of adapting

to engine particularities. Measurements along the gas

path are used, in order to adapt a given performance

model by appropriate modification of the component

maps. The proposed method can provide accurate simula-

tion for engines of the same type, differing due to

manufacturing or assembly tolerances. It doesn't re-

quire accurate component maps, as they are derived

during the adaptation process. It can also he used

for health monitoring purposes, introducing thus a

novel approach for component condition assessment.

The effectiveness of the proposed method is demon-

strated by application to an industrial Gas Turbine.

NOMENCLATURE

BPD Burner pressure drop coef.

f Fuel/air ratio

h Specific Enthalpy

H f Fuel calorific value

M Mach Number

N Rotational Speed

p Pressure

P Power

PF Power Function
PR Pressure ratio

Q Mass flow parameter m ✓T/p
R Gas Constant

T Temperature
W Mass flow rate

N Engine external load
ext

WF Fuel flow rate

y Isentropic exponent

b ref

pis
IsentropicIsentropic efficiency

n Polytropic efficiency
P

©
T/Tref

SUBSCRIPTS

1,...,12	Axial stations (Fig.3)

ct compressor turbine

b burner

c compressor

f fuel property

pt power turbine

s Static property

1.	INTRODUCTION

Condition Monitoring of Gas Turbines has received

much attention in recent years. A significant number

of the techniques employed in this area deals with the

assessment of the aerothermodynamic performance of com-

ponents. The main task consists in estimating the con-

dition (intact or degraded) of the gas path components

as well as in diagnosing of faults occuring in them.

The possibility of estimating performance parame-

ters and cycle details for any operating conditions

encountered in field operation, is of fundamental im-

portance to any technique of performance monitoring.

Engine performance computer models are used for this

purpose. Such models are based on "a conceptual divi-

sion of the engine into its components, according to

the kind of thermodynamic process occuring in each one

of them (the major ones being the compressor, the com-

bustor, the turbine). Determination of performance pa-

rameters and cycle details is achieved by solving a

system of equations, expressing the state changes of

the working substance and the compatibility conditions

between the components.

A common feature of all available component-based

computer simulation techniques is the requirement of

component maps. The reliability of the predictions is

highly dependent on the accuracy of these maps. Such

maps are not easily obtained by the users, as they are

proprietary to the manufacturers. A number of techni-

ques have been proposed by various authors for over-

coming this problem. They are mainly based on simila-

rity considerations (1,2,3). Recently, methods of pro-

ducing the maps by using generalized stage data for

compressors or turbines have been proposed (4).
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There is one aspect, however, which cannot be

covered by these methods. It is a well known fact

that, due to assembly or manufacturing tolerances,

different engines of one particular series exhibit

small differences in their performance. Such diffe-

rences can be of importance during the condition mo-

nitoring procedure, since deviations from baseline

constitute the fundamental point of the procedure.

Engine models as they have appeared up to now, are

calibrated in order to reproduce the performance of

a typical engine of the series and cannot track such

small deviations. A second fact known by experience

and recently documented in (5), is that disassembly

and rebuilt of an engine can cause small shifts in

its performance. Nor can such shifts be tracked by

existing performance models.

This problem is tackled by the method proposed

in the present paper. The novel feature of the te-

chnique, which will be described, is the possibili-

ty it offers for adaptation of a computer model to a

particular engine. Advantages over previously exist-

ing techniques with respect to applications are:

a) it can ensure the follows up of every indi-

vidual engine, giving the possibility of a very ac-

curate simulation of its performance

b) if the component maps of the engine are only

approximately known, the exact ones can be reconsti-

tuted by employing only engine Gas Path parameter

measurements.

The structure of the method makes it especially

suitable for introducing it into "Expert Systems" mo-

nitoring the performance of Gas Turbines. The engine

model can be adapted to particular engines during the

"learning phase" of setting the system up, and be ex-

ploited afterwards, during engine supervision. Final-

ly, the method allows, besides accurate prediction

of performance, direct component condition assessment

and fault detection.

We shall start describing the method, by review-

ing the basic principles used for computer simulation

of Gas Turbine performance. The outline of these

principles provides the background for explaining

the contribution brought in by our method.

BASIC PRINCIPLES OF PERFORMANCE SIMULATION

In order to build a performance model, a Gas

Turbine is viewed as an assembly of different compo-

nents (modules). Each component is identified accord-

ing to the kind of thermodynamic process it accompli-

shes, as is known from engine operation theory. The

engine cycle at any operating point is defined by the

values of the thermodynamic properties of the working

fluid at stations at the inlet and exit of the compo-

nents. Every station is characterized by a number of

thermodynamic parameters of the fluid, namely: Total

and static pressures and temperatures, mass flow rate

W, Mach number M, fuel/air ratio f, specific enthalpy

h. A performance model must be able to provide all

these quantities at any station in the engine.

For engine performance predictions, it is suf-

ficient to assume flow uniformity radially and cir-

cumferentially at any station along the engine (one-

dimensional model). The working fluid is assumed to

be a perfect gas, with properties depending on tempe-

rature. The above parameters are interrelated through

the well known compressible flow relations, which show

that only three of them are independent. Determina-

tion of the independent ones is sufficient for calcu-

lating the rest.

If Y IN is the vector of independent variables

at inlet and 
POUT

 the corresponding vector at the exit,

for each module there exists a relation of the form:

f( YIN'YOUT )= 0	
(1)

Y
IN' POUT do not necessarily include the same variab-

lee. This relation is usually derived through conser-

vation laws (mass, energy, momentum), as well as from

existing experience in component operation. It can be

an analytic relation, possibly including empirical

constants (e.g. duct pressure loss), or a set of cur-

ves (e.g. compressor map).

Compatibility of component functioning imposes

"matching" conditions, as for example power balance

between turbines and compressors. A set of simultane-

ous equations which have to be satisfied by the fluid

parameters is thus formed. Solution of this system,

for one operating point gives the full cycle details.

We shall not give any details for such a procedure,

as they can be found in a number of publications (see,

for example, refs (1,2,3,4)). We shall refer, however,

to two aspects, which are related to the present work.

The solution to the system of equations is done nume-

rically, since they are highly non-linear. The appro-

ach usually followed is the following: First the va-

lues of some suitably chosen variables v l are guessed,

and the equations are explicitly solved, giving the

full set of parameters. Error terms are then formed,

from the differences of quantities calculated from

different equations:

e l = IPi I -Pi 2 ^	 (2)

where P1 1 , P1 2 are the values of a parameter Pi calcu-

lated by two different equations. (Take as an example

the turbine power. One value can be calculated from

balance with the compressor power and an other one

from turbine flow, pressure ratio, efficiency). These

values should be the same for steady operation. The

guesses are then repeated, until the error terms are

zeroed. For the purpose of the present method, it is

most suitable to formulate this procedure as a mini-

mization problem, following a least squares logic.

The advantage of such a procedure will be understood

later in the paper.

A model built in this way needs as an input the

component data, usually provided in the form of per-

formance maps. When these are specified, selection of

a suitable set of independent parameters will define

one steady state operating point. All cycle details

and performance parameters are then uniquely defined.

This means that, once the component data are specified,

for each operating point we have a unique set of cal-

culated parameters. Whether these are the same with

the actual ones for a particular engine, is a question

discussed in the following section. For the subsequent

discussion, an Engine Model operating according to the

above described logic will be termed a straight model,

in contrast to the adaptive model, introduced in the

present paper.

3.	REQUIREMENTS FROM PERFORMANCE MODELS AND COMPO-

NENT DATA

An Engine model supporting a Condition Monitoring

system has to meet the following requirements:

a) Increased prediction accuracy, even for indi-

vidual engines b) Quick calculation time, in view

of potential on-line applications c) Possibility of
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incorporating extra measurement data, when such data

are available.

The effectiveness of a thermodynamic model in this

respect, is linked with three elements used in building

it: The input data, the modeling equations and the nu-

merical method of solution.

The data which are given as input to a model can

be divided into two categories: (1) Data related to

the particular operating condition (for example am-

bient conditions, fuel calorific value, speed, load),

which define the engine operating point.(ii) Data re-

lated to the performance of the engine components,

corresponding to equation (1), as for example, the

compressor and turbine performance maps. If these

maps do not represent exactly the compressor and tur-

bine operation of a particular engine, then the pre-

dictions will differ from actual measured values. Data

from this second category are usually not available

to the user. But even when the engine manufacturer is

concerned, the available data usually represent an a-

verage engine or come from a specific prototype tested.

Therefore, they do not correspond exactly to each spe-

cific engine produced.

A way to achieve accurate predictions by a compu-

ter model, is to provide it with the possibility of

modifying the inaccurate maps, so that they correspond

to a particular engine of interest. This is exactly

achieved by the adaptive model introduced here. Before

explaining the methodology employed, it is useful to

understand why an available set of maps, may not lead

to accurate predictions for a particular engine. The

maps may differ from the ones of a specific engine de-

pending on their origin:

a. Maps measured on isolated components. Such maps

may differ from actual "on engine" maps, due to inter-

actions with other components or different operating

environment (e.g. heat transfer effects).

b. maps predicted by computer programs. Such maps may

differ from actual ones due to insufficient modelling

capabilities or lack of the necessary physical data.

c. Maps measured on a different engine. They can be

different because of engine-to-engine dissimilarities.

Such maps are sometimes difficult to measure, due to

practical difficulties, as for example high tempera-

tures of the hot components.

Finally, it should he noted that installation ef-

fects may also cause some performance variations in-

troducing, for instance, non-uniform pressure and

temperature at the inlet, constrain that a ter exit

diffuser performance, etc.

We present now the method used for modification

of the component maps and building up the adaptive

model.

MODEL ADAPTATION

The performance maps of each engine component are

expressed by functional relations between performance

parameters characteristic of each component, of the

form of equation (1). These relations can he in an

analytic form or in the form of a chart. If a parti-

cular parameter has a value Xref on the reference map

and a value Xact on the actual "on engine" map, then

the correspondence between the two can be expressed

by means of a modification factor MF defined as fol-

lows:

MF = X
act	(3)

ref

Knowledge of the reference performance map and the

values of MF gives the possibility of reproducing the

actual maps. Care must be taken however in the way

these factors are introduced they must be consistent

with existing representation of the maps and the set

of equations used. For example, in the case of the

compressor we can employ the following definitions:

For given values of rotational speed and pressure

ratio, we define:

MF = Q	MF = npc	(4)

1 Qref	2 ( nPc ) ref

These coefficients are defined for each point

of a speed line of the map, as shown in Fig.l.

The value given to any component parameter used

by the model is thus introduced as a product:

Pact- 
MF P

ref	 (5)

We see that a value of a component parameter is

now defined by means of two numbers: its reference

value and the value of the corresponding modification

factor. When the reference values are available, let's

see how the values of the modification factors can be

determined.

Having chosen a set of modification factors va-

lues MFi, it is possible to define an optimization

problem, which allows the determination of their va-

lues, needed for adapting the maps.

In a straight engine model the solution of the

equations for a particular operating point, discussed

in Section 2, proceeds by guessing values for some

variables vi and calculating error terms ei , equation

2. Besides the parameters necessary to form the error

terms, values of all cycle details are calculated.

They include the values of the quantities measured

along the gas path during experiments. For any measur-

ed quantity Q m there is a corresponding calculated Q.

We, then, form a cost function FC as follows:

2FC = F a. e, 2 + F bi (Q
ci

 - Qm i )	(5)

i=1	LL	in

where M is the number of error terms of the model, N

is the total number of measurements and ai and b; are

weight coefficients depending on both measurement and

desired model accuracy. If modified maps are introdu-

ced into the model, by means of a particular set of

values for MFi's, the value of FC obtained, will be

a function of the original guess for vi's and MFi's:

FC z FC(v 1 ,v2 ,..., vM ; MF 1 ,MF 2 ..... MEN )	(7)

The set of independent variables which minimizes the

value of this function to zero, satisfies the match-

ing conditions for the engine, while it ensures that

the measured and predicted quantities are the same.

A set of values for the modification factors is pro-

duced for the particular operating point. We get thus

a set leading to an optimal reproduction of measured

quantities, through the simulation model. The flow

chart of the procedure is depicted in Figure 2. Cover-

ing the entire operating range of the engine, will

give the full set of MFi's needed. The computational

technique employed for solving the nonlinear minimiza-

tion problem is the Nonlinear Generalized Minimum Re-
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sidual Method, proposed in (10). This is a very fast

method, while it has a satisfactory behaviour with

respect to convergence history.

The method described above has the advantage that

it can incorporate a variable number of measured quan-

tities. The number of modification factors which can

be determined changes accordingly. The way described

above can be characterized as "internal" to the model.

The adaptation can also be done "externally", by re-

quiring the minimization of the two sums of equation

5 separately. In this case the minimization of the

first sum is actually achieved by the straight model.

Such a procedure has the disadvantage of requiring

larger calculation time. It has the advantage, how-

ever, that since it is external to the straight model,
it can be coupled very easily to straight models,

which the user already possesses.

APPLICATION TO AN INDUSTRIAL GAS TURBINE

The method has been applied to the case of the

single shaft version of the TORNADO Gas Turbine, ma-

nufactured by Ruston Gas Turbines (6,7,8). This ap-

plication is interesting in that it demonstrates that

the adaptive model can actually track deviations from

the "average" engine, by using test bed data. A

straight engine model had already been developed for

this engine (9).

Test data was taken from one of the prototype

Tornado engines, which, after 13,000 hours operation

and use for some years as a development test core,

has large tip clearances that are well outside manu-

facturing tolerances and significantly larger than

the normal values observed on engines in service.

This results in a significantly lower standard of

performance than the "average" Tornado.

The elements used are the following:

a) Component data. Maps have been provided by ROT.

A compressor map typical to the TORNADO has been used

It is known that such a map differs slightly from the

actual compressor "on the engine" map. For the com-

pressor turbine a map calculated by RGT using the

Ainlay-Mathieson correlation has been used. For the

power turbine, finally, since no component map was

provided, a map similar to the one of the compressor

turbine was used, scaled to the design point data.

b) Test Data. They are acquired from operating

conditions covering a wide range of compressor ope-

rating conditions, by means of an engine data logging

system (8).

5.1 Formulation of the Problem

The division of the engine into components and

the stations considered is shown in Fig.3. It must

be noticed that in this particular application the

turbine is divided in two parts: the core turbine and

the power turbine. The two are separate in the actual

engine, since this engine can he converted into a

twin shaft version by simply decoupling the core from

the power turbine. Each operating condition of the

engine is set by defining the rotational speed and

a particular output demand (load). For each equili-

brium operating point we have chosen the following

modification factors for the different components

Compressor

P

	

MF =	2	MF 2 z	"pc	(8)
1

 ( w/T2 \

	 2 (np
c)ref

P2	ref

Combustion Chamber
------------------

nb H f = MF3 
(nbHf)ref
	(9)

Core Turbine

	W6 ✓T6	
N = MF ( W6 IT

 6	N

 )

,ef
'_0)

	P 6	✓T6P6	✓T6

	n is	= MF 5(P)

	

ct	'act ref

Power Turbine

	W9/T9
	N	̂

WqVT

MF	
9 N

 )

= 

	

9	✓T9	
6 P9
	✓T9 ref	

(11)

	

pt
	MF	)7 (n ispt ref

The measurements incorporated in the adaptive model,

namely the quantities Qi of equation 5, are: Wf , Wa ,
T, P59, T 9 , P 59 , T 12 .

5.2 Results

First we demonstrate that predictions using a

straight engine model (9) and the component maps des-

cribed above (approximate maps), differ from actually

measured values, for different operating points. In

Figures 4,5,6,7 comparisons between measured and pre-

dicted quantities for two rotational speeds and dif-

ferent loads, are shown. It should be remembered that

the operating points are defined in the same way in

both the test bed and the computer model: by specify-

ing rotational speed and external load. We observe in

these Figures that predicted values deviate from mea-

sured ones in various degrees, depending on speed and

load. These Figures demonstrate that the straight

performance model, cannot guarantee accurate predicti-

ons.
Introducing now the measured values into the a-

daptive model, we produced a set of modification fac-

tors, for adapting the component maps. A sample result

of these calculations is shown in Fig.8,9,lO. The mo-

dification factors calculated for the range of operat-

ing points we tested, are shown in these Figures. It

must he noticed that the mass flow corrections result-

ing from this figure are of the order of 31 to 5%.

This agrees with RGT's experience, about differences

in flow capacity of different TORNADO's. The clusters

of points at the ends of the curves are calculated for

samples taken at one operating point, during a long

time interval. Their degree of dispersion ashows the

scatter one should expect for the modification factor

at one operating point.

Comparison between measurements of the total pres-

sure and temperature and corresponding predictions

coming from both the straight and the adaptive model,

are shown in Figures 11,12. The evolution of differen-
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ces between measured and predicted total pressure and

temperature along the engine, are shown in this Figu-

re. It is observed that significant deviations exist

between measurement and prediction for the straight

model. On the other hand the temperature is very well

predicted with the adapted model. The prediction of

the pressure is not as accurate but one may note

that prediction error has been reduced from 8% for

the straight model to 1.6% for the adaptive model.

APPLICATION TO FAULT DETECTION

The determination of the Modification Factors can

also be used for detecting faults either in the engine

components or in the sensors. If for example the ef-

ficiency of a component drops, this will show up in a

change of the value of the corresponding modification

factor and can, thus, be detected. If on the other

hand a sensor fails, its reading will influence the

calculated values of MF's. Such a case has been simu-

lated on the data of the test case presented above.

The reading of T 4 has been modified by 5%, simu-

lating thus a fault on that sensor. The rest of the

measurements has been kept the same. Recalculation

of the modification factors has been performed and

the new values obtained, in comparison to the ones of

operation without fault, are shown in Figure 13. It

is clearly seen that the cluster of values has under-

gone a discrete move. This fact hints that predictions

of the model can be used for detecting faults of this

kind. In fact, the model may be linked to a pattern-

recognition method,such as that of ref.(11). The mo-

dification factors can he treated as "features" and

an automatic diagnosis can be performed from the

clusters formed in a feature space, according to the

method of ref.(11).

In order to distinguish whether a fault is due to

a sensor failure or comes from an actual engine pro-

blem, the observation of shifts in the calculated MF

values has to be combined with runs in the direct mode,

using the obtained values. The details of such a proce-

dure are currently under elaboration.

Finally, besides jumps in calculated values indi-

cating the presence of a fault, continuous monitoring

can also be performed using the present procedure.

In this mode, the values of MF's must he calculated

at regular intervals during engine operation, their

trending indicating how each component's deteriora-

tion is occuring.

CONCLUSIONS

A procedure for developing computer performance

models capable of adapting to specific engines has

been presented. This is achieved by using an optimi-

zation procedure and measurements provided during en-

gine operation.

A demonstration of the procedure has been given,

applying it to a single shaft industrial Gas Turbine.

The obtained results have shown that:

-	average component maps are not sufficient for

accurate prediction of all engine parameters

- the adaptive engine performance model can pre-

dict rather accurately aerothermodynamic para-

meters along the gas path.

A particular feature of this procedure is that

it does not require accurate component performance

maps. The necessary accuracy of the maps may be ac-

quired in the course of its application.

Besides adapting to particular engines, the pro-

cedure seems to present an alternative for detecting

faults in engine components and/or sensors, as well as

indicating the condition of each component when conti-

nuous measurements are available for engine monitoring.
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Fig.3 Engine layout and components; B burner; C compressor;

CDI compressor diffuser; CTIR compressor turbine inlet remix;

CT compressor turbine; CTER compressor turbine exit remix;

EDI exhaust diffuser; EXS exhaust stack; IDI interduct diffuser;

PT power turbine; IDU inlet duct.
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Fig.8	Modification factor MF1 versus compressor

pressure ratio.

Fig.g Modification factor MF2 versus compressor

pressure ratio.
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Fig.10 Modification factor MF6 versus power func-	
Fig.11 Difference of predicted and measured tempe-

tion of compressor turbine.	
rature along the engine, for the straight

and the adaptive model.
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Fig.l3 Influence of sensor fault on calculated

values of MF. 5% error on T reading.
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