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This paper presents an analysis of the uncertainties in the determination of gas tu
health, which arise by using a method of gas path analysis. This method uses
measurements to estimate, through a mathematical model of the gas turbine ther
namic cycle, the characteristic geometric and performance parameters, which are in
of gas turbine health. The investigated sources of uncertainties are the influence of
surement accuracy and the a priori selection of the characteristic parameters that ha
be considered constant during the calculation. This fact implies that variations occur
on these parameters in the actual gas turbine cause an estimation error on the ch
teristic parameters used as problem variables. The analysis leads to the selection
appropriate measurements to be used in the gas turbine health determination and
identification of both the most critical measurements and parameters.
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Introduction
Gas turbines often have a critical task in industrial applicatio

Therefore, any unscheduled maintenance or outages can in
great additional costs and lost revenues. These costs are not
caused by maintenance or repairs but also by the standsti
industrial production. For this reason, in many critical applic
tions, standby gas turbines are installed but used only du
emergency; thus, a more considerable investment is needed.

The maximization of machine availability, optimizing its ma
agement and maintenance, can substantially reduce money
due to gas turbine stops.

To achieve an increase of gas turbine availability, up-to-d
knowledge of the gas turbine operating state is required to d
nose the causes of performance degradation~@1#!. So, it is possible
to plan in advance maintenance stops and, in some case
change the gas turbine control logic to adapt it to the actual
chine operating state.

Among the various techniques that can be used for the de
mination of the gas turbine operating state, the gas path ana
often permits the achievement of good results. This method u
field measurements to estimate, through a mathematical mod
the gas turbine thermodynamic cycle, the characteristic geom
and performance parameters~i.e., characteristic flow passage a
eas and efficiencies of the compressor and turbine, combu
efficiency, pressure drops in the gas path, etc!. The calculation of
the characteristic parameters is performed by solving in inve
mode linear or nonlinear models of the gas turbine thermo
namic cycle~@2–8#!.

Bettocchi and Spina@8# developed a method based on gas p
analysis that make use of the program for gas turbine cycle
culation and of the measurements taken from the standard
chine instrumentation. The gas turbine operating condition an
sis is performed adapting the characteristic geometric
performance parameters, used as inputs by the cycle prog
until the real measurements are reproduced. The method can
for the gas turbine cycle calculation, either an in-house prog
or a cycle deck developed by the manufacturer.
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The determination of the operating state with this method co
be uncertain because of some factors, such as

• measurement accuracy
• a priori selection of the geometric and performance char

teristic parameters that have to be investigated.

This a priori selection is necessary because the partic
method used permits the evaluation of a number of character
parameters equal to the number of available gas path mea
ments. So, some characteristic parameters have to be consi
constant during the calculation. The second source of uncerta
becomes now evident if it is considered that the characteri
parameters kept constant may be changing in the actual mac
due to deterioration or faults.

It has been shown~@2,7,9#! that when using techniques for th
determination of gas turbine operating state, the uncertain
listed above play a significant role. In fact, these uncertainties m
alter the estimated parameter as much as the alteration due
actual loss in gas turbine performance.

In this paper, an analysis of the influence of measurement
curacy and a priori fixed parameter variations on the estima
parameters for gas turbine health determination is presented.
analysis can lead to~i! the selection of the appropriate measur
ments to be used in the operating state determination, and~ii ! the
identification of both the most critical measurements and par
eters.

Evaluation of the Influence of Uncertainties
The gas turbine health determination requires the evaluatio

the actual values of characteristic geometric and performance
rameters, which are indices of the machine operating state.
comparison between the actual parameter values and the on
the ‘‘new and clean’’ conditions allows the evaluation of the shi
between the actual gas turbine operating state and the expe
one.

The evaluation of the characteristic parameters is perform
utilizing the method developed by Bettocchi and Spina@8#, which
uses the program for gas turbine cycle calculation and the m
surements taken by means of the standard machine instrum
tion. The gas turbine operating condition analysis is perform
‘‘adapting’’ the characteristic geometric and performance para
eters used as inputs by the cycle program, until the compu
estimates of the measurable parameters agree with the va
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measured on the gas turbine. The analysis of the variations
tween computed and expected values of the characteristic pa
eters allows the localization of inefficient operations due to de
rioration and faults.

The measurable parametersQm computed by the cycle program
are a function of the nondimensional machine characteristic
rameters~X! and of the parameters that unequivocally determ
the actual point at which the gas turbine is operating (QWP):

Qm5f~X,QWP! (1)

where f is a nonlinear function that represents the mathemat
model of the system. Inverting Eq.~1!, it is possible to calculate
the characteristic parameters starting from the measurements
is

X5f21~Qm ,QWP!. (2)

This calculation is performed by solving the system of eq
tions obtained by equating to zero the residual between the va
measured on the machine and computed by the cycle prog
The solution algorithm repeatedly calls the cycle program a
modifies the characteristic parametersX until the system of equa
tions is satisfied~@8#!.

It is possible to notice that the measurement accuracy aff
the solution of Eq.~2!, resulting in an uncertain determination o
parametersX. Moreover, there could be another source of unc
tainty. It has been seen in a previous paper~@8#! that the number
and type of gas turbine characteristic parameters which can
determined, depend on the number and type of the available m
surements. In particular, the number of characteristic parame
which can be determined is generally equal to the numbe
available measurements, without considering theQWP measure-
ments, which are used for defining the machine working po
Excluding the latter, the standard instrumentation of a gas turb
permits few gas path measurements~maximum six to eight!. So, if
the number of the characteristic parameters to be estimate
greater than the available measurements, some of them have
kept constant. If we split the vectorX representing the paramete
into two parts, a constant one (X f) and a variable one (Xv), Eq.
~2! can be written

Xv5f21~Qm ,QWP ,X f !. (3)

As can be seen from Eq.~3!, a variation due to aging or dete
rioration that occurs on a characteristic parameter which was
sidered as a fixed parameter, causes an estimation error o
characteristic parameters that have to be estimated.

Finally, two sources of uncertainty are recognized: the first
riving from measurement uncertainty due to the bias and preci
errors of the sensors and the second caused by the reduced
ber of available measurements that force some parameters, w
otherwise may vary, to be kept constant.

The calculation procedures of the influence of the two sour
of uncertainty on the estimated parameters are dealt with s
rately.

Measurement Accuracy. The procedure for determining th
influence of theith measurement accuracy on thejth parameter is
presented.

Let Xj be the parameter for which we want to calculate t
influence of a given measurementQmi . If this measurement is
altered by a small percentage amount«

Qmi* 5Qmi1« (4)

it is possible to evaluate the variationdQmi of the ith measure-
ment as

dQmi5Qmi* 2Qmi . (5)

Applying Eq.~3! for the parameter considered, the following
obtained:
156 Õ Vol. 124, JANUARY 2002
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Xj* 5 f j
21~Qml , . . . ,Qmi* , . . . ,Qmn ,QWP ,X f !. (6)

Finally, the sensitivity of thejth parameter to theith measure-
ment can be obtained:

dXj5Xj* 2Xj . (7)

In the case in which the measurement accuracy does not c
cide with «, the sensitivity can be obtained multiplying the re
accuracy,DQmi , by the ratiodXj /dQmi that represents the nu
merical partial derivative of thejth parameter on theith measure-
ment:

DXji 5DQmiS dXj

dQmi
D . (8)

This is possible under the hypothesis that the partial deriva
can be considered constant in the range defined byDQmi ~i.e., the
mathematical model of the system can be linearized in the ra
defined byDQmi!.

It could be useful to define also a quantity that can represent
weighting factor of theith measurement on thejth parameter:

WQ ji5
dXj

~dQmi /Qmi!
. (9)

This quantity can give qualitatively and quantitatively inform
tion on the relationship between thejth parameter and theith
measurement and also give the possibility of evaluating wh
measurements exert the strong influence on each parameter,
pendent of sensor accuracy.

Applying this procedure it is also possible to evaluate the infl
ence of the accuracy of measurements defining the working po

The total error on the variable parameters deriving from
uncertainties on all the measurements are estimated using
root-sum-square formula~RSS!, that can be written

DXj5A(
i 51

n S DQmi

dXj

dQmi
D 2

1(
i 51

t S DQWPi

dXj

dQWPi
D 2

,

j 51, . . . ,s. (10)

Error Due to Fixed Parameters. In this case the procedur
is slightly different from the previous. In fact, having split theX
vector into two parts, from Eq.~1! results

Qm5f~Xv ,X f ,QWP!. (11)

Now, altering of a small amount one of the fixed parameterX f ,
a set of calculated measurements corresponding to the variatio
the considered parameter is obtained from Eq.~11!. Then, using
Eq. ~3!, it is possible to evaluate how the algorithm interprets t
change of the fixed parameter in terms of the estimated ones.
in this case it is possible to define the weighting factor of theith
fixed parameter on thejth variable parameter through the relatio

WX ji5
~dXv! j

~dXf /Xf ! i
. (12)

The variation of thejth parameter is then

DXji 5WX ji S DXf

Xf
D

i

. (13)

Application of the Method
The analysis of error propagation due to the uncertainties

scribed above was applied to a model of a 10 MW two sh
heavy-duty industrial gas turbine with variable power turbi
nozzle.

For this machine configuration, three independent operating
rameters, in addition to the boundary conditionspa , Ta andRH,
are needed to unequivocally determine the actual point at wh
Transactions of the ASME



o

a

s

a

for
the

tor
n

pa-
e

rator
t is
ore
on-
ely
r-
or
one

ea-

t
ents

s a
con-

rror

ea-
SS

hile
ng
the
es.
s. 3

Here
tion

le 1,

es-
hile
and
the gas turbine is operating: in the analysis performed below,
measured values of the gas generator (Ngg) and power turbine
(Npt) rotational speeds and of the shaft power (Ppt) were used.
All these measurements (QWP) define the working point of the
machine.

The standard instrumentation of a gas turbine generally all
five or six measurements, in addition to the ones already used
defining the working point. These measurements (Qm) are used to
calculate the characteristic parameters which define the oper
state of the gas turbine. The measurements which were consid
to be available for calculating the characteristic parameters
the pressure and temperature at the compressor outlet (poc ,Toc),
the fuel mass flow rate (M f), the turbine outlet temperature (Tot),
the variable turbine nozzle angular position (VN), and the pres-
sure (pogg) at the gas generator outlet. Figure 1 shows the lay
of the gas turbine with the measurements considered.

The characteristic parameters, which were considered as ind
of gas turbine health, are the compressor and turbines mass
functions and efficiencies, the combustor efficiency and pres
drop and the leaking and cooling mass flow rates.

Two sets of calculations were performed:

1 First, the case in which six measurements are available
the determination of gas turbine operating state was conside
The influence on the estimated parameters of the accuracy o
measurements was calculated. The assumed values of mea
ment errors are listed in Table 1. These values were chosen
respect to the ISO 2314 International Standard@10# and consider-
ing that the measurements were taken on the field with the s
dard instrumentation of the machine during normal operation
not when conducting an acceptance test~@11#!. For this reason
some errors were considered higher than that reported in the

Fig. 1 Layout of the gas turbine with the measurements
considered

Table 1 Typical measurement errors in percent of the refer-
ence value and reference values

Measured
Quantities

Measurement Errors
~percent of reference value! Reference Values

pa 0.10 101.3~kPa!
Ta

1 0.35 288~K!
RH 3.00 60 %
poc 0.40 1439.9~kPa!

Toc
1 0.50 669.1~K!

pogg 0.40 306.0~kPa!
Tot

1 0.60 712.6~K!
M f 2.00 0.645~kg/s!
VN 1.00 1.127 area ratio
Pot 0.50 10000~kW!
Ngg 0.25 10800~rpm!
Npt 0.25 7900~rpm!

1Percent values of temperature measurements correspond to an error of61K, 63K,
and64K on Ta, Toc, andTot, respectively.
Journal of Engineering for Gas Turbines and Power
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2314. As estimated parameters, the six most important indices
the gas turbine health determination were chosen; they are
efficiency and the mass flow function of the compressor (hc ,mc),
the efficiency and the mass flow function of the gas genera
turbine (hggt ,mggt) and the efficiency and the mass flow functio
of the power turbine (hpt ,mpt) ~@8,9#!. The influence on the esti-
mated parameters of a one percent variation of the remaining
rametershcc , Dpcc and of the cooling mass flow rate having th
highest influence on the thermodynamic cycle (M cool) was then
evaluated.

2 Secondly, the case in which the pressure at the gas gene
outlet (pogg) is not available was considered. This measuremen
not usually present in a practical situation. In this case, one m
parameter must be fixed. Two different situations were then c
sidered, in which the additional fixed parameter was alternativ
the efficiency (hpt) and the mass flow function of the power tu
bine (mpt). So, in addition to the same calculation performed f
the first case, the influence on the estimated parameters of a
percent variation of these two parameters was considered.

Results and Discussion
The results of the calculations related to different sets of m

surements are described below.

Case 1—Six Measurements. The influence of measuremen
accuracy was first considered. In addition to the measurem
necessary to define the working point (Ngg ,Npt ,Ppt ,pa ,
Ta ,RH), the whole set ofQm measurements (poc ,Toc ,pogg ,
Tot ,VN,M f) reported above was considered to be available. A
consequence, six of the nine characteristic parameters were
sidered as problem variables (hc ,hggt ,hpt ,mc ,mggt ,mpt) and the
other three as fixed (hcc ,Dpcc ,M cool).

In Fig. 2, the error on the estimated parameters due to the e
on the 12 measurements~Qm and QWP! is presented. As can be
seen, the flow functions are the parameters most sensitive to m
surement accuracy. The maximum error calculated with the R
formula is of about three percent. It can be noticed also that, w
the flow functions exhibit a comparable amount of error amo
them, the power turbine efficiency error is much higher than
errors on the compressor and gas generator turbine efficienci

The reason for this can be deduced from the analysis of Fig
and 4, where the absolute values of the weights ofQm andQWP
measurements on the six estimated parameters are reported.
it is possible to see how each measurement affects the estima
of each parameter. Analyzing these figures and observing Tab
it is possible to notice that

• the outlet compressor temperature affects remarkably the
timation of the compressor and the gas generator efficiency, w
the ambient temperature affects all the estimated parameters

Fig. 2 Error on the estimated parameters due to the error on
the measurements Qm and QWP „Case 1a…
JANUARY 2002, Vol. 124 Õ 157
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particularly the compressor flow function. These two measu
ments, however, present a good accuracy: Their contribu
to the error evaluated with the RSS formula is only of limite
relevance.

• the exhaust gas temperature and the fuel mass flow rate
fluence the estimation of all the parameters, excluding the co
pressor efficiency. But, while the first contributes only a little
the parameter total errors thanks to the good accuracyDQm of its
measuring sensor~see Table 1!, the second affects remarkably th
total errors, since the accuracy of its measuring sensor is very
In particular, focusing on gas generator and power turbine e
ciencies, it can be noticed from Fig 3 thathggt is less influenced
than hpt by the fuel flow measurement. This can be regarded
the main reason of the remarkable difference between the est
tion errors on these two parameters~Fig. 2!.

The influence on the estimated variable parameters of a va
tion that may occur on one of the three fixed parametershcc ,
Dpcc , and M cool was considered. Figure 5 shows the influen
DXji on the six variable parameters due to a one percent variat
As can be seen, the combustor efficiency is the only fixed par
eter that has a relevant influence on the estimation of the vari
parameters. On the contrary, the influence on the estimated
able parameters of one percent variation onDpcc and M cool is
negligible. In particular, the cooling mass flow rate begins to
fluence the estimated parameters for variations higher than
percent.

Case 2a—Five Measurements„hptÄconst…. In this case, a
reduced set ofQm measurements was considered. In particular
was taken into account the case in which the measurement o

Fig. 3 Absolute value of the weighting factors of the Qm mea-
surements on the estimated parameters „Case 1…

Fig. 4 Absolute value of the weighting factors of the QWP mea-
surements on the estimated parameters „Case 1…
158 Õ Vol. 124, JANUARY 2002
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pressure at the gas generator turbine outlet (pogg) was not avail-
able. As a consequence, only five of the nine characteristic par
eters can be used as problem variables. The choice of the a
tional parameter to be fixed is determined by

1 the necessity of having univocally determinate the system
equations that relate the variable parameters to the available m
surements; this defines the set of parameters that can be add
ally fixed;

2 the field experience, that determines the parameters ha
less probability to be subjected to variation due to aging or de
rioration. In this way, fixing a parameter that does not vary fr
quently, it is possible to considerably reduce the probable e
due to variations on fixed parameters.

For the two-shaft industrial gas turbine considered, among
parameters determined by the first condition (hggt ,hpt ,mpt), the
efficiency and the mass flow function of the power turbine are
parameters that are less susceptible to variations.

In this first case, the power turbine efficiency was considered
the additional fixed parameter.

Figure 6 shows the error on the estimated parameters due to
error on the 11 measurements~Qm andQWP!. Comparing with the
results shown in Fig. 2~case of sixQm measurements!, it can be
noticed that the lack ofpogg measurement determines a remar
able increment of the error on the power turbine mass flow fu
tion, while the other parameters remains almost the same a
Fig. 2. This is mainly due to an increment of the weight
the fuel flow measurement only on the power turbine mass fl
function.

Fig. 5 Contribution DXji due to a one percent variation on the
fixed parameters hcc , Dp cc , and Mcool „Case 1…

Fig. 6 Error on the estimated parameters due to the error on
the measurements Qm and QWP „Case 2a…
Transactions of the ASME
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Figure 7 shows the influence on the estimated variable par
eters of a one percent variation on the three fixed parame
considered above (hcc ,Dpcc ,M cool) and on the additional fixed
parameterhpt .

In this case, in addition to the combustor efficiency, also
power turbine efficiency presents a relevant influence on the
mation of the variable parameters.

Case 2b—Five Measurements„µptÄconst…. This case is
similar to the previous one but the power turbine mass flow fu
tion mpt was considered as additional fixed parameter.

Figure 8 shows the error on the estimated parameters due t
error on the 11 measurements~Qm and QWP!. Comparing these
results with the case of six measurements available~Case 1!, it
can be noticed that an increment on the total error is rec
nizable both on the power turbine and gas generator turb
efficiencies.

Figure 9 shows the influence on the estimated variable par
eters of a one percent variation on the three fixed parametershcc ,
Dpcc , M cool and on the additional fixed parametermpt . Also in
this case, in addition to the combustor efficiency, the additio
fixed parametermpt is the one which exerts a more relevant infl
ence on the estimation of the variable parameters.

Comparing the calculations in Cases 2a and 2b, it can be
that

• the maximum total error concerns a characteristic param
of the power turbine, the mass flow functionmpt in the first
case, and the efficiencyhpt in the second;

• the error onmpt in Case 2a is higher than error onhpt in 2b;

Fig. 7 Contribution DXji due to a one percent variation on the
fixed parameters hcc , Dp cc , Mcool , and hpt „Case 2a…

Fig. 8 Error on the estimated parameters due to the error on
the measurements Qm and QWP „Case 2b …
Journal of Engineering for Gas Turbines and Power
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• the influence of the fixed parameterhcc on the estimated
parameters is in Case 2a higher than in Case 2b.

Conclusions
The analysis performed in this paper permitted the evalua

of the influence of measurement accuracy and a priori fixed
rameter variations on the estimated characteristic parameters
measurement accuracy was considered in the range of a ty
industrial instrumentation.

This analysis shows that the error on the estimated parame
due to these uncertainties can hide a real variation of the cha
teristic parameter due to actual component deterioration or fa
When six measurements are available for the determination o
gas turbine operating state, the maximum total errors on the
mated parameters due toQm and QWP measurement accurac
~evaluated with the RSS formula! are close to three percent. Fu
ther, the combustor efficiency is the only fixed parameter that
a relevant influence on the variable parameter estimation. T
the effect on the estimation error of a reduced set of availa
measurements was analyzed.

The calculations performed put into light that the lack ofpogg
measurement results in an increase of the estimation error on
gas generator efficiency and on one between the power tur
efficiency and the power turbine mass flow function, depend
on the additional fixed parameter. Moreover, there is a signific
influence of the additional fixed parameter on the variable par
eter estimation. Finally, in the case of five measurements av
able, with respect to the total errors, it seems more convenien
fix the mass flow function instead of the efficiency of the pow
turbine.

The present analysis shows the criticality of two measureme
the exhaust gas temperature and the fuel mass flow rate.
while the former does not affect remarkably the total error due
the good accuracy of the sensor, the latter has the highest i
ence on all the parameter estimations. The reason for this ca
seen in the high uncertainty of its determination.

A remarkable improvement in the diagnostic reliability can
reached increasing the accuracy of a critical measurement su
the fuel mass flow rate and augmenting the number of availa
measurements. Further, improvements in the obtained results
be reached considering that gas path analysis method for gas
bine health determination is based on the evaluation of the s
between computed and reference values of characteristic pa
eters. Therefore, the evaluation of the reference values on
particular gas turbine unit~custom baseline! allows the reduction,
or the elimination, of the bias error. In this manner, only t
precision error, remains to influence the estimation of desi
parameters.

Fig. 9 Contribution DXji due to a one percent variation on the
fixed parameters hcc , Dp cc , Mcool , and mpt „Case 2b …
JANUARY 2002, Vol. 124 Õ 159
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Nomenclature

cp 5 specific heat at constant pressure
cv 5 specific heat at constant volume
k 5 cp /cv

M 5 mass flow rate
N 5 rotational speed
n 5 number of gas path measurements
P 5 power
p 5 pressure

Qm 5 vector of measured parameters
QWP 5 vector of measurements necessary to define the wo

ing point
R 5 gas constant

RH 5 relative humidity
s 5 number of characteristic parameters
t 5 number of working point measurements

T 5 temperature
VN 5 variable nozzle angular position

WQ ji 5 weight of theith measure on thejth parameter
WX ji 5 weight of theith fixed parameter on thejth variable

parameter
X 5 vector of nondimensional characteristic parameters
« 5 small measurement perturbation
h 5 efficiency
m 5 MAkRT/p mass flow function

Subscripts and Superscripts

* 5 altered measurement/parameter
a 5 ambient
c 5 compressor

cc 5 combustor
cool 5 cooling

f 5 fuel, fixed parameter
160 Õ Vol. 124, JANUARY 2002
T.
-

for

rk-

gg 5 gas generator
i 5 inlet section
o 5 outlet section

ot 5 power turbine outlet section
pt 5 power turbine

t 5 turbine
v 5 variable parameter

Acronyms

C 5 compressor
CC 5 combustor

GGT 5 gas generator turbine
PT 5 power turbine
U 5 user
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