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Introduction The determination of the operating state with this method could

Gas turbines often have a critical task in industrial applicationts)f"1 uncertain because of some factors, such as

Therefore, any unscheduled maintenance or outages can induce measurement accuracy

great additional costs and lost revenues. These costs are not only a priori selection of the geometric and performance charac-
caused by maintenance or repairs but also by the standstill of teristic parameters that have to be investigated.

industrial production. For this reason, in many critical applica-

tions, standby gas turbines are installed but used only dunprgethod used permits the evaluation of a number of characteristic

emergency, thus,_ amore con5|deraple investment is ne_eded. parameters equal to the number of available gas path measure-
The maximization of machine availability, optimizing its man-

agement and maintenance. can substantially reduce mone |ments. So, some characteristic parameters have to be considered
9 ' y Y Ofistant during the calculation. The second source of uncertainty

due to gas turbme_ stops. . S becomes now evident if it is considered that the characteristic
To achieve an increase of gas turbine availability, up-to-dajfs, - neters kept constant may be changing in the actual machine

knowledge of the gas turbine operating state is required to digg;e 1o deterioration or faults.

nose the_causes of perfo_rmance degraddfibj. Sq, it is possible It has been showf{2,7,9) that when using techniques for the

to plan in advance maintenance stops and, in some caseSydfurmination of gas turbine operating state, the uncertainties

change the gas turbine control logic to adapt it to the actual Msieq above play a significant role. In fact, these uncertainties may

chine operating state. ) alter the estimated parameter as much as the alteration due to an
Among the various techniques that can be used for the detggy,al loss in gas turbine performance.

mination of the gas turbine operating state, the gas path analysig, this paper, an analysis of the influence of measurement ac-

often permits the achievement of good results. This method Usgfacy and a priori fixed parameter variations on the estimated

field measurements to estimate, through a mathematical modepgfameters for gas turbine health determination is presented. This

the gas turbine thermodynamic cycle, the characteristic geometgﬁmysis can lead t6) the selection of the appropriate measure-

and performance parameteis., characteristic flow passage arments to be used in the operating state determination(igntthe

eas and efficiencies of the compressor and turbine, combusintification of both the most critical measurements and param-

efficiency, pressure drops in the gas path).€fbe calculation of eters.

the characteristic parameters is performed by solving in inverse

mode linear or nonlinear models of the gas turbine thermody- ) o
namic cycle([2—8]). Evaluation of the Influence of Uncertainties

Bettocchi and Sping8] developed a method based on gas path The gas turbine health determination requires the evaluation of
analysis that make use of the program for gas turbine cycle cgde actual values of characteristic geometric and performance pa-
culation and of the measurements taken from the standard rigmeters, which are indices of the machine operating state. The
chine instrumentation. The gas turbine operating condition anabomparison between the actual parameter values and the ones in
sis is performed adapting the characteristic geometric afige “new and clean” conditions allows the evaluation of the shifts
performance parameters, used as inputs by the cycle prograssiween the actual gas turbine operating state and the expected
until the real measurements are reproduced. The method can gsg.
for the gas turbine cycle calculation, either an in-house programThe evaluation of the characteristic parameters is performed
or a cycle deck developed by the manufacturer. utilizing the method developed by Bettocchi and Sy which
uses the program for gas turbine cycle calculation and the mea-
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measured on the gas turbine. The analysis of the variations be- XE=172Quiy + - Qi -+ - Quuns Qu X1). (6)

tween computed and expected values of the characteristic param-

eters allows the localization of inefficient operations due to dete- Finally, the sensitivity of thgth parameter to théh measure-

rioration and faults. ment can be obtained:
The measurable paramet&s, computed by the cycle program SX. = X* —X 7

are a function of the nondimensional machine characteristic pa- 17 i @)

rameters(X) and of the parameters that unequivocally determine |n the case in which the measurement accuracy does not coin-

the actual point at which the gas turbine is operatiQgyf): cide with &, the sensitivity can be obtained multiplying the real
—f(X ) 1 accuracy,AQp,, by the ratiodX;/éQn,; that represents the nu-
Qm=1(X.Qwp @ merical partial derivative of thigh parameter on thgh measure-

wheref is a nonlinear function that represents the mathematicRent.
model of the system. Inverting E@l), it is possible to calculate

the characteristic parameters starting from the measurements, that AX; :AQmi(%)- (8)
IS mi
X=F"1(Q,,,Qup) @) This is possible under the hypothesis that the partial derivative
m» .

can be considered constant in the range defined@y;; (i.e., the
This calculation is performed by solving the system of equamathematical model of the system can be linearized in the range
tions obtained by equating to zero the residual between the valukgined byAQ,,;).
measured on the machine and computed by the cycle programit could be useful to define also a quantity that can represent the
The solution algorithm repeatedly calls the cycle program amdeighting factor of théth measurement on thjeh parameter:
modifies the characteristic paramet&rsintil the system of equa- X

tions is satisfied[8]). Waime
Qi (5Qmi/Qmi) '

It is possible to notice that the measurement accuracy affects
the solution of Eq(2), resulting in an uncertain determination of . . . o L .
parametersK. Moreover, there could be another source of uncey- This quantity can give qualltatlvely and quantitatively |nf_orma-
tainty. It has been seen in a previous paf8t) that the number lon onr tr:‘]e nrtelart-]lgnslhlp bit\eltwter;en thth igﬁ‘i;am?erv almdti:whm\:vhi h
and type of gas turbine characteristic parameters which can [pgasurement and aiso give thé possibility of évaluating whic
determined, depend on the number and type of the available mulgasurements exert the strong influence on each parameter, inde-
surements. In particular, the number of characteristic parametB dent_ of Sensor accuracy. . .

which can be determined is generally equal to the number of pplying this procedure it is also possible to evaluate the influ-
available measurements, without considering @ygp measure- ence of the accuracy of measurements defining th? yvorklng point.
ments, which are used for defining the machine working point. The total error on the variable parameters deriving from the
Excluding the latter, the standard instrumentation of a gas turbihgctertamtles orn fal:rgh%nswgastlﬁr?megtz a\;lerittesrtllmated using the
permits few gas path measuremefmgmximum six to eight So, if oot-sum-square formu » that can be e

9)

the number of the characteristic parameters to be estimated is n sx 12 sX. |2
greater than the available measurements, some of them have to bey y — ) i i
. . AX] AQm| + AQWPI ’
kept constant. If we split the vectdf representing the parameters =1 SQmi i=1 SQwpi
into two parts, a constant on&{) and a variable oneX,), Eq. .
(2) can be written =1...s (10)
X, =f"1(Qy,Qup, X1)- ©) Error Due to Fixed Parameters. In this case the procedure

is slightly different from the previous. In fact, having split the
As can be seen from E@3), a variation due to aging or dete-vector into two parts, from EqJl) results
rioration that occurs on a characteristic parameter which was con-
sidered as a fixed parameter, causes an estimation error on the Qm=1(X,,X¢,Qwp)- (11)

characteristic parameters that have to be estimated. ) Now, altering of a small amount one of the fixed paramter

_ Finally, two sources of uncertainty are recognized: the first dg-set of calculated measurements corresponding to the variation of
riving from measurement uncertainty due to the bias and precisig{t considered parameter is obtained from @d). Then, using
errors of the sensors and the second caused by the reduced ngg1(3), it is possible to evaluate how the algorithm interprets the
ber of available measurements that force some parameters, Whighnge of the fixed parameter in terms of the estimated ones. Also
otherwise may vary, to be kept constant. in this case it is possible to define the weighting factor ofithe

The calculation procedures of the influence of the two sourcggeq parameter on thigh variable parameter through the relation
of uncertainty on the estimated parameters are dealt with sepa-

rately. (0X,);
= TR 1K (12)
i .
Measurement Accuracy. The procedure for determining the (X IXp);i
influence of theth measurement accuracy on ftie parameter is  The variation of thgth parameter is then
presented.
Let X; be the parameter for which we want to calculate the AX;
influence of a given measureme@ty,;. If this measurement is AX;ji=Wy;i sak (13)
I

altered by a small percentage amoant

Q*=Qmite (4) Application of the Method

The analysis of error propagation due to the uncertainties de-
scribed above was applied to a model of a 10 MW two shaft
heavy-duty industrial gas turbine with variable power turbine

—A* _ O . nozzle.
OQmi=Qmi~ Qmi- ®) For this machine configuration, three independent operating pa-

Applying Eqg.(3) for the parameter considered, the following igameters, in addition to the boundary conditigns T, andRH,
obtained: are needed to unequivocally determine the actual point at which

it is possible to evaluate the variatiafQ,,,; of the ith measure-
ment as
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2314. As estimated parameters, the six most important indices for
the gas turbine health determination were chosen; they are the
efficiency and the mass flow function of the compressgy, uc),

the efficiency and the mass flow function of the gas generator
] turbine (n4q4:, 440 and the efficiency and the mass flow function
of the power turbine f,, 1) ([8,9]). The influence on the esti-
mated parameters of a one percent variation of the remaining pa-
rametersy.., Ap.. and of the cooling mass flow rate having the

N P highest influence on the thermodynamic cycM (,) was then
| 88}~ pt evaluated.

R \ ™~ Npt 2 Secondly, the case in which the pressure at the gas generator
Pa R ic outlet (py4g) is not available was considered. This measurement is
T @ not usually present in a practical situation. In this case, one more

Poc

a parameter must be fixed. Two different situations were then con-
sidered, in which the additional fixed parameter was alternatively
Fig. 1 Layout of the gas turbine with the measurements the efficiency ¢7,;) and the mass flow function of the power tur-
considered bine (up). So, in addition to the same calculation performed for
the first case, the influence on the estimated parameters of a one

the gas turbine is operating: in the analysis performed below, tRercent variation of these two parameters was considered.

measured values of the gas generafdg ) and power turbine

(Npy) rotational speeds and of the shaft powe,§ were used. . .

All these measurement€(,) define the working point of the Results and Discussion

machine. The results of the calculations related to different sets of mea-
The standard instrumentation of a gas turbine generally allowarements are described below.

five or six measurements, in addition to the ones already used for ) )

defining the working point. These measuremeQgs,) are used to Case 1—Six .Measure.ments. The mf!qence of measurement

calculate the characteristic parameters which define the operatfifguracy was first considered. In addition to the measurements

state of the gas turbine. The measurements which were conside}gaessary to define the working pointNgy,Npi,Ppi,Pa,

to be available for calculating the characteristic parameters afe:RH), the whole set ofQ,, measurementspic, Toc,Pogg:

the pressure and temperature at the compressor opiletT,.), Tot,VN,My) repprted abov_e was consud_ert_ad to be available. As a

the fuel mass flow rateM ), the turbine outlet temperatur@{), ~Cconsequence, six of the nine characteristic parameters were con-

the variable turbine nozzle angular positioiN), and the pres- Sidered as problem variableg, 7qgt, 7pt, ic » ggt: ipt) @Nd the

sure (po4o) at the gas generator outlet. Figure 1 shows the layo@ther three as fixedrfcc,Apce,Mcoo) -

of the gas turbine with the measurements considered. In Fig. 2, the error on the estimated _parameters due to the error
The characteristic parameters, which were considered as indi€8sthe 12 measurement®,, and Quwp) is presented. As can be

of gas turbine health, are the compressor and turbines mass fRFEN: the flow functions are the parameters most sensitive to mea-

functions and efficiencies, the combustor efficiency and pressfi@ement accuracy. The maximum error calculated with the RSS
drop and the leaking and cooling mass flow rates. formula is of about three percent. It can be noticed also that, while

Two sets of calculations were performed: the flow functions exhibit a comparable amount of error among
them, the power turbine efficiency error is much higher than the
1 First, the case in which six measurements are available f@frors on the compressor and gas generator turbine efficiencies.
the determination of gas turbine operating state was consideredThe reason for this can be deduced from the analysis of Figs. 3
The influence on the estimated parameters of the accuracy ofaild 4, where the absolute values of the weight®gfand Qyp
measurements was calculated. The assumed values of measwkgasurements on the six estimated parameters are reported. Here
ment errors are listed in Table 1. These values were chosen wits possible to see how each measurement affects the estimation
respect to the ISO 2314 International Standdr@ and consider- of each parameter. Analyzing these figures and observing Table 1,
ing that the measurements were taken on the field with the statis possible to notice that
dard instrumentation of the machine during normal operation and
not when conducting an acceptance té4t]). For this reason _ ° the outlet compressor temperature affects remarkably the es-

some errors were considered higher than that reported in the 18@ation of the compressor and the gas generator efficiency, while
the ambient temperature affects all the estimated parameters and

Table 1 Typical measurement errors in percent of the refer-

ence value and reference values 6.0%
AX:
Measured Measurement Errors )
Quantities (percent of reference valpe Reference Values  5.0% -
Pa 0.10 101.3kPa
T,! 0.35 288(K) 4.0% 1
RH 3.00 60 % :
Poc 0.40 1439.9kP3 3.0% - : B R —
Toct 0.50 669.1(K) i ,
Pogg 0.40 306.0(kPa : :
207 o e e " ;.
To ! 0.60 712.6(K) o ;
M; 2.00 0.645(kg/s) : ; :
VN 1.00 1.127 area ratio 1.0% 1 o
Pot 0.50 10000(kW) :
Ngg 0.25 10800(rpm) 0.0% _. : : : :
g o
Nt 0.25 7900(rpm) ne Ngse T He Hr Hon

Percent values of temperature measurements correspond to an etrdKpf=3K,  Fig. 2 Error on the estimated parameters due to the error on
and 4K onT,, Ty andTy,, respectively. the measurements Q,, and Q, (Case 1la)
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Fig. 3 Absolute value of the weighting factors of the 0,, mea- Fig. 5 Contribution AXj due to a one percent variation on the

surements on the estimated parameters  (Case 1) fixed parameters  7;;, ApPcc, and Meoo (Case 1)

particularly the compressor flow function. These two measurgressure at the gas generator turbine ouigt) was not avail-
ments, however, present a good accuracy: Their contributi@hle. As a consequence, only five of the nine characteristic param-
to the error evaluated with the RSS formula is only of limiteg@ters can be used as problem variables. The choice of the addi-
relevance. tional parameter to be fixed is determined by

 the exhaust gas temperature and the fuel mass flow rate in-
fluence the estimation of all the parameters, excluding the com-1 the necessity of having univocally determinate the system of
pressor efficiency. But, while the first contributes only a little t@quations that relate the variable parameters to the available mea-
the parameter total errors thanks to the good accutd@y, of its ~ surements; this defines the set of parameters that can be addition-
measuring sensdsee Table ), the second affects remarkably theally fixed;
total errors, since the accuracy of its measuring sensor is very low2 the field experience, that determines the parameters having
In particular, focusing on gas generator and power turbine effess probability to be subjected to variation due to aging or dete-
ciencies, it can be noticed from Fig 3 thayg, is less influenced rioration. In this way, fixing a parameter that does not vary fre-
than 7, by the fuel flow measurement. This can be regarded gsently, it is possible to considerably reduce the probable error
the main reason of the remarkable difference between the estirdae to variations on fixed parameters.
tion errors on these two parametérsg. 2).

. . . ._For the two-shaft industrial gas turbine considered, among the

_ The influence on the estimated variable parameters of a Varﬁﬁa'rameters determined by the first conditiofy§;. 7¢,p), the
tion that may occur on one of the three fixed parametgls efficiency and the mass flow function of the power turbine are the
APcc, and Mo, was considered. Figure 5 shows the influench, ameters that are less susceptible to variations.
AX;; on the six variable parameters due to a one percent variationy, s first case, the power turbine efficiency was considered as
As can be seen, the combustor efficiency |s_the _only fixed paragﬂé additional fixed parameter.
eter that has a relevant influence on the estimation of _the varial l.q:igure 6 shows the error on the estimated parameters due to the
parameters. On the contrary, the |nfll_Je_nce on the estlmatgd Valizor on the 11 measuremeri@,, andQ,,p). Comparing with the
able parameters of one percent variation &p.c and Mool IS regyits shown in Fig. Zcase of sixQ,, measurementsit can be
negligible. In particular, the cooling mass flow rate begins 10 ifjaticed that the lack 0P,y measurement determines a remark-
fluence the estimated parameters for variations higher than Q0. increment of the error on the power turbine mass flow func-
percent. tion, while the other parameters remains almost the same as in

Case 2a—Five Measurement§»n,=consp. In this case, a Fig. 2. This is mainly due to an increment of the weight of
reduced set of),,, measurements was considered. In particular, ife fuel flow measurement only on the power turbine mass flow
was taken into account the case in which the measurement of tHaction.

2.5 - . 6.0%
|W@i|[ ot mp, M AX,
2.0 1 BERH @&P, 5.0%
N ONw 4.0%
1.5 4 :
3.0%
1.0 4
2.0% A
0.5 1 H Lo
00 18 N 0.0% |
e Ngg Myt He Ne Mg " Mg e

Fig. 4 Absolute value of the weighting factors of the Quwp mea- Fig. 6 Error on the estimated parameters due to the error on
surements on the estimated parameters  (Case 1) the measurements Q,, and Q, (Case 2a)
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1.0% 4 . SO SO _pt 1.0% - N S H . »P‘

0.0% : [ . f f : 0.0% L | I
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-2.0% A . ek . VS SN s e - 2.0% e

-3.0% -3.0%
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Fig. 7 Contribution A Xj; due to a one percent variation on the Fig. 9 Contribution AXj due to a one percent variation on the
fixed parameters .., APc., Meoo » and n,, (Case 2a) fixed parameters m.., APcc, Meoo » and m,, (Case 2b)

Figure 7 shows the influence on the estimated variable param~ the influence of the fixed paramete,. on the estimated
eters of a one percent variation on the three fixed parameters parameters is in Case 2a higher than in Case 2b.
considered aboverf..,Ap¢:;M¢o) and on the additional fixed
parameters; .

In this case, in addition to the combustor efficiency, also theonclusions

power turbine efficiency presents a relevant influence on the esti- ) o . .
mation of the variable parameters The analysis performed in this paper permitted the evaluation

of the influence of measurement accuracy and a priori fixed pa-

Case 2b—Five MeasurementS(u,=consh. This case is rameter variations on the estimated characteristic parameters. The
similar to the previous one but the power turbine mass flow funmeasurement accuracy was considered in the range of a typical
tion u, was considered as additional fixed parameter. industrial instrumentation.

Figure 8 shows the error on the estimated parameters due to th&his analysis shows that the error on the estimated parameters
error on the 11 measuremen(®,, and Qyp). Comparing these due to these uncertainties can hide a real variation of the charac-
results with the case of six measurements availéBlese }, it teristic parameter due to actual component deterioration or faults.
can be noticed that an increment on the total error is recog¢hen six measurements are available for the determination of the
nizable both on the power turbine and gas generator turbiges turbine operating state, the maximum total errors on the esti-
efficiencies. mated parameters due 1Q,, and Q,p Mmeasurement accuracy

Figure 9 shows the influence on the estimated variable parafevaluated with the RSS formulare close to three percent. Fur-
eters of a one percent variation on the three fixed paramgtgrs ther, the combustor efficiency is the only fixed parameter that has
Apcc, M¢oq and on the additional fixed parametef;. Also in  a relevant influence on the variable parameter estimation. Then,
this case, in addition to the combustor efficiency, the additiontile effect on the estimation error of a reduced set of available
fixed parameteg, is the one which exerts a more relevant influmeasurements was analyzed.

ence on the estimation of the variable parameters. The calculations performed put into light that the lackpgf,
Comparing the calculations in Cases 2a and 2b, it can be sereasurement results in an increase of the estimation error on the
that gas generator efficiency and on one between the power turbine

fficiency and the power turbine mass flow function, depending
the additional fixed parameter. Moreover, there is a significant
influence of the additional fixed parameter on the variable param-
eter estimation. Finally, in the case of five measurements avail-
able, with respect to the total errors, it seems more convenient to
fix the mass flow function instead of the efficiency of the power

« the maximum total error concerns a characteristic parame
of the power turbine, the mass flow functign,, in the first
case, and the efficiency,, in the second,

* the error onu, in Case 2a is higher than error ap; in 2b;

turbine.
6.0% : : : The present analysis shows the criticality of two measurements:
AX; ' ‘ ‘ the exhaust gas temperature and the fuel mass flow rate. But,
5.0% |- while the former does not affect remarkably the total error due to
' the good accuracy of the sensor, the latter has the highest influ-
ence on all the parameter estimations. The reason for this can be
4.0% seen in the high uncertainty of its determination.
A remarkable improvement in the diagnostic reliability can be
3.0% 1~ reached increasing the accuracy of a critical measurement such as
the fuel mass flow rate and augmenting the number of available
2.0% 1~ measurements. Further, improvements in the obtained results may
be reached considering that gas path analysis method for gas tur-
1.0% e o bine health determination is based on the evaluation of the shifts
between computed and reference values of characteristic param-
_. » eters. Therefore, the evaluation of the reference values on each
0.0% - e Ngg Mot He Mg particular gas turbine unitustom baselineallows the reduction,
or the elimination, of the bias error. In this manner, only the
Fig. 8 Error on the estimated parameters due to the error on precision error, remains to influence the estimation of desired
the measurements Q,, and Q,» (Case 2b) parameters.
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