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Temperature Measurements in a
Heavy Duty Gas Turbine Using
Radiation Thermometry
Technique: Error Evaluation

This paper describes a technique for the analysis of temperature measurement data ob-
tained by using a radiation thermometer in a heavy duty gas turbine (PGT2 from Nuovo
Pignone GE). The main sources of error are shown and analyzed and their influence on
measurements and lechniques used to correct data read. Success in significant error
elimination in acquisition results in a more realistic and correct description of target
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Introduction

Infrared temperature measurem'é‘?ixgiﬂfﬁ_, njques are used when
contact with a hot target is not advisabldif’&"’i? evén impossible, This
is the case, for example, with moving ﬁbgiqgﬁf rgets not achiev-
able by traditional instruments, surfaces b&ﬁﬂfqgﬁﬁ;pd by such a
high temperature as to risk damaging contaci@é‘ﬁ:gofg or when the
same contact with the measuring instrument can modify the target
temperature. The advantages in using a radiometri 'riﬁ‘é’f‘ég‘ometer

instead of the traditional contact sensor in gas turbie monitoring
are as follows: . iy
A

* a high level of working frequency (both for the fal _,‘@ﬁﬁ

sensor and for the electronic conditioning system); s

.JL.L% 5
* a high sensitivity and accuracy of measuring temperatu‘fe“;%)gg,

* the characteristic of not being an intrusive scanning system
(to avoid thermal and fluidynamic interference in turboma-

keeping all the electronic instruments far away from the
working area.

On the other hand, there are some drawbacks:

» the need to work with very high optic efficiency;

* the limitation of using the radiation thermometer only in the
temperature range for which it was designed;

* a more complex management of the system (the need, for an
excellent spatial and temporal resolution, use of uncertainty pa-
rameters, limitation and/or control of optic contamination);

* higher cost of this system as compared with traditional ones;

) * frequent need for a technmician for obtaining efficient
measurements.

Measurement Errors. Ermors occurring in turbomachinery
radiometric scanning are mainly due to the hostile environment in
which the instrument must work and this causes the optic con-
tamination of the signal reaching the infrared sensor. The main
€rror sources are:

(a) signal dumping due to the inclination between target sur-
face and radiation thermometer axis;

(b) emitted and reflected radiation coming from hot combus-
tion gas constituting the turbine stage environment;
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(c) interference due to transient events;

(d) emitted and reflected radiation coming from the mirror sys-
tem used for optic signal deviation; ‘

{e) in a GT environment, radiation reaching a sensor is due not
only to that emitted by the target, due to its temperature,
but also to that reflecting from the surrounding hot areas,

Influence of Target Inclination Angle. Working in perfect
environmental conditions, a radiation thermometer can measure
the target temperature correctly when its surface is exactly per-
pendicular to the instrument axis. A target angular inclination
causes a signal reduction that, at a certain stage, becomes unac-

pggf%ﬁz ceptable for realistic scanning. So, it is important to determine the

exact calibration curve, for each particular radiation thermometer
ysed in measurements, like the one shown in Fig, 1,

&7 As Fig. 1 shows, errors in measuring can be neglected only

3 . . TR sy s
chinery flows); “/"When working with an inclination lower than 30 deg. Then, it is

+ the possibility, provided by a flexible optic fiber cable, of

re
abjgto determine this angle and make an automatic correction of
mégeiﬁi@,,&signal.

R Re

Emitted :;Batiﬁlleﬂected Radiation Coming From Envyiron-
ment Ga’psfm"(éféh}gusﬁcn gas present in the first stages of turbo
engines coﬁ?ﬁsts égﬁ-ﬁ?‘team, CO,, CO, and SO,, unburned particles
and dust. TheseX onstityents cause a considerable number of emis-
sion, reflection, asfd s u‘ ering phenomena that can be sources of
serious temperaturesiteagrement errors,

The emission due ﬁ%onammic gas concerns the UV wave-
length and only a sm ar;dié’ e infrared region (the one nearest
to the visible band). i &

Symmetrically biatomi ﬁﬁﬁuﬁfh@ (0, Ny, etc.) are transpar-
ent to infrared rays at low and ,migﬁ'rfiﬁemperatures. and the same
happens to the asymmetric oné%’h(c ;;535.50, etc.) whose emission
can be neglected in the radiation mgﬁleter working field.

Triatomic molecules (H,0, CO,, S65 N,0, etc.) are, on the
other hand, characterized by a strong emission in the infrared
region so that their influence must be carefully assessed. This
problem could be solved by considering radiative behavior of
combustion gases, their composition and temperature but, in the
modern GT, concentration of these components can change
strongly and rapidly from one area to another, So the best solution
is to overcome this problem by using filters able to restrict the
working wavelength range to the field in which the influence of
hot gas is minimized (A\=1-1.2 um).

all){S mportant to guarantee this condition or predispose a system

Interference due to Transient Events. The main transient
events in radiometric scanning of a gas turbine are due to the sight
of the flame coming from the combustion chamber and to carbon
particles in exhaust gas. The effect of complex transient events is
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Fig. 1 Slgnal reduction due to Inclination

generally not such a big problem in heavy duty gas turbines.
There is a problem, however, with particles that have not com-
pleted their combustion an%éaf'pudragged from the flow in the first
turbine stages. Generally ‘ ﬁgre particles with a high volume-
surface ratio that, while ﬁniéﬁf»_ fiheir oxidation, are like small
and strong moving radiation ngﬁfg’e@? hose influence on measure-
ment is significant since they calji temperature over-evaluation
(shown by unreasonable and nd“ﬁ”ﬁgg‘@ﬁf&; aks in the output sig-
nal). This problem can be totally éinmn by simple data post-
processing (i.e., filtering of nonpex%di’é; Spikes)

it

Radiation Emitted and Reflected by Mirsbr. The optic sig-
nal arriving from the target to the radiatidi’y eﬁ‘:"ggmewt photo-
sensor can be direct or diverted by using or Fhore mirrors.
This technique is used when it is necessary to increase the instru-
ment view area to obtain a complete blade radiomeg‘-iii”iﬁganning.
Of course, their presence causes some problems in ,ﬁrms of radia-
tion emission and reflection due to the mirrors meﬂ‘%‘seiv%s%%

The mirror must be cooled in order to reduce radiatioggfmis
as far as possible. Experimental results show that it is su i) 7 toy
cool the mirror at temperature at least 100°C less than thé’a_ 4 "*%r;
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Fig. 3 Temperature measurement at 2.5 MHz 2MW-GT)

repeated using different sampling rate values to evaluate the in-
fluence of a different spatial resolution, In Figs. 3 and 4 test re-
sults obtained on the first rotor stage with a sampling rate of 2.5
Mhz (the highest) and 0.1 Mhz (the lowest) are shown. '

As can be seen, the use of a higher sampling rate allows a better
description of temperature distribution due to the possibility of
acquiring the smallest variation in time intervals, On the other
hand, it also allows to get more details on the coming radiation.
The temperature distribution obtained in this way cannot be con-
sidered as representative of the real situation, In fact:

* a wrbine stage is a nonisothermal environment so that in
target radiative temperature measurement it is necessary to
consider the influence of the surroundings;

* the radiation thermometer works using a finite resolution that
causes the loss of some information with the consequent sig-
nal reduction during scanning.

Radiation Reaching, In a nonisothermal environment, radia-
tion measured by a radiation thermometer is due not only to that

one, to avoid all sensitive influence on measurements. Thilie Fygs Stually emitted by the target, due to its temperature, but also to

also the problem of the constancy of optic mirror characteristics,

The experiment, analyzed in following sections, was carried outéﬁsﬁ

without using the mirror system.

Experimental Setup. In order to acquire rotor blade tempera-
ture distribution, the radiation thermometer was positioned as
shown in Fig. 2(A). Turbine rotation makes the target move along
the blade from TIP to HUB till a point at which the sight radiation
thermometer is-covered by the next blade passage. By changing
instrument inclination, it is possible to move this point as near to
or as far away from the HUB as necessary. The instrumentation
used was:

(a) radiation thermometer; model R7QB from Land Infrared

customized;

(b) spot dimension: 4 mm circular with focal length of 100
mm;

(¢) blade area inspected: 16 mm from the TIP {c. 60 percent of
the blade).

Experiments were carried out trying to limit the optic contamina-
tion reaching the radiation thermometer sensor. These tests were

Flg. 2 Comparation between views without and with mirrors
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fHat reflecting from the surrounding hot areas onto the target add-
“ngfto that measured by radiation thermometer [1--5], Scientific
literature suggests considering the influence of reflected radiation
by ugiifga correction coefficient, named apparent emissivity (£,),
m%ﬁﬁ% found, on each occasion, experimentally [6,7]:
=
il LaWT) _ LW D)+LAT)
% L LD

So as not i@)’icom"bkbaw the analysis, a value equal to one is often

suggested. Ho@'ﬁi’?'er oin this way what is measured is an altered

blade temperatur ﬁﬁafs tibution, which is often over-valued. For

this reason, the r%;l&aﬁ e;model suggested by De Lucia and Lan-

franchi in 1992 [8], "and.gitbsequently upgraded by De Lucia and

Masotti in 1994 [9], %45 preferred. This model uses the calcula-

tion of view factbrs.bctv{%:’?l% different surfaces in which the

geometric problem. is réso wg}i}‘md%gg‘lows exact calculation of the

value of apparent emissiviy fqrm blade point. In this way, "
it is possible to process the gfitg

Qi)(é(;&)&{&a:gct radiation, the one’
racte
it

measured by the sensor, in order %& x;gxine the radiation that a
e .Q\:Y
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Fig. 4 Temperature measurement at 0.1 MHz (2MW-GT)
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Flg. 5 Apparent emisslvity band (rotor blade)

black body would emit at the same target temperature, By invert-
ing Planck’s law [10,11], it is then possible to evaluate the real
target temperature.

In the following, Fxg.“"ﬁ, f:arem emissivity distribution is
shown, with regard to the pre side of a first turbine stage
rotor blade, and the consequqnf‘@xm&nsmnless temperature distri-
bution against the target posxuoyh’%blade (seen as a percent-
age of the axial chord).

It can be seen that the apparem: ;£1Mis is vxty distribution is ap-
proximately opposed to the tcmperlé)fﬁfg:a;f“imbuuon so that the
higher the temperature the lower the gpparegp emissivity deter-
mined at the same point. U 2t

Apparent emissivity values, for first rotog$tageisrange from a
minimum of 0.87, on the suction side, to a maxinitim of 1.2 on the
pressure sidé (from 0.8 to 2 for the stator blade). %g,z;,he usual
hypothesis of considering a value of 1 becomesd‘gm adeeptable
apptoxu:nanon only when a high level of precxsmmfar \egsure-
ments is unnecessary since errors on €, evaluation can ;é’a‘ hy zal-
ues of 20 percent (even 100 percent for the stator bladef}

We also need to consider that apparent emissivity is a ﬁmcu
of temperature distribution but also of geometric (hsposmon'a
the target surfaces, To consider the influence of geometry, the
calculation was repeated in ten different positions between rotor

and stator. This continuous changing of the geometry due to me*ﬁ*'

turbine rotation causes a periodic variation of apparent emissivity
calculated, So, this is a function of time as well as of spatial
position, However, looking at the narrow band (see Fig. 5) in
which the apparent emissivity values are positioned, it is possible
to realized there is not a big error in considering a mean value of
the ten positions,

In terms of temperature, the exact calculation of apparent emis-
sivity, instead of using a value of one, allows avoidance of over-
evaluation of temperature distribution (15°C-45°C) far too high
to be accepted.

To confirm these results, the same analysis was carried out for
a new generation turbine characterized by a geometry and a cool-
ing system very different from the previously seen GT. Even in
this case (see Fig. 6), the apparent emissivity distribution is oppo-
site to the temperature distribution:
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Fig. 6 Apparent emissivity (rotor blade)
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Fig. 7 Apparent emissivity for fictitious GT

And here the temperature error due to considering the mean
value of &, instead of its temporal one is minute (less than 0.3
percent versus 0.2 percent of the previous case).

Influence of Geometry and Temperatore Distribution
on Determining of ¢,

To understand better the importance of temperature distribution
and system geometry with regard to apparent emissivity calcula-
tion, the same process shown before was repeated for a fictitious
turbine characterized by the same geometry of that of a latest
generation machine (5 MW-GT) and the temperature distribution
of the first one examined in this paper (2 MW-GT). The results
obtained (see Fig, 7) are only indicative and cannot demonstrate
anything but are of considerable interest.

They show that apparent emissivity distribution is similar to the
one just found for the rotor blade of the first turbomachine ana-
lyzed (see Fig. 5). This means that theoretical temperature distri-
bution is the main parameter influencing apparent emissivity value
while much less remarkable is the effect of view factors (and then
the influence of geometry).

%Problem of Finite Resolution
e

During data aquisition, the radiation thermometer can read tem-
pera yalues along the blade side due to its rotation movement.
Thé¥ied is only possible up to the moment at which the TIP of
théusiio \ﬁhé blade covers the previous one (see Fig. 8).

At ‘,ﬁ'eapaSs e between a blade and the following one, when the
radiatiol the eter sees two very different temperature distri-
bution (H; ﬁ% erature for the blade TIP and low temperature
for HUB), 1 %" major error in aquisition, The radiation ther-
mometer spotz area, seen by instrument focal system) has a
finite dimension %izf:’is gfﬁ really a poim as theory supposes) and a
particular shape, aeon uence is that the temperature acquired

is not the real one rel to the point seen by the instrument but
an average value of of all the blade points in the
radiation thermometer sp t@;e@. 0, during blade passage, the
measured temperature is arvgﬁ‘ie is not representative of any
real situation, ¥ 3‘%
)
To understand the influence’ spgtjﬁpape. it is possible to see

the variation of temperature mcasgmggnﬁ > obtained by a radiation

Fig. 8 Scanning blade measurement (along blade helght)
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Fig. 9 Influence of spot shape

thermometer that scans an,/js’g%i‘gnnal surface, against the percent-
age of area seen by the in§triméit when a rectangular or a circular
spot is used. Results are mpon@gj’ ‘“gi‘imensionless terms in Fig, 9,

As can be seen, rectangulag ﬁnggghavior is linear while that of
the circular spot is different, andmore;complex (the latter is the
most common). Apart from spot s fipe, ipre are two other really
important parameters: the spot dime s;,g)ﬁf’énd the signal rate sam-
pling that cause an alteration of mé‘?i\s“,"ﬁ ’nqé" during blade pas-
sage, The problem of correction of misuﬁégld aferror was faced by
considering a sawtooth signal and simufé'ﬁ'r’x”f)', $h
diation thermometer. The main parameters.gircith&svalue of LR
(the ratio between the blade visible length 1 and the radius R o Of

the circular spot) considering the geometric dime Bﬁﬁl of the
o

ltgfkcanning by ra-

problem and the value of BW (ratio between thej; Fate ggmpling
and the machinary rotation frequency) consideriné‘%ma Curacy
by which the signal is scanned. Naming the abscissa dfg‘: iritng
the spot position on blade z, the dimensionless equatio t.che A
terizing instrument behavior (circular spot) in the regions mrf\)/'kz

there are the three different temperature distributions Zfe
follows:

spot
Toax(Z z\ 1 [ z z
_ea_xf_lz(lﬁ-)%.(_._). 1_(L)
Tm 1 w Rgpog Rspoz
+1 |z 1 1
n_arcsm Rspol 7 [¢))]
T eas(2) z
REPOISZSI_Rspuh n:;-:“ =]- 7; )

I=Rgysz=<sl

Tmeas(z)_(l__z_) l__l_( i _ Z)
l 2 w Rspot Rspol

1 ( Iz ) 1 ( Iz )
- - - — «aresm| ———— .
Rspot Rspot m Rspot Rspnt

3
Since the measurement of z abscissa cannot be carried out con-
tinuously but in an interrupted manner, it is possible to write the
discrete space covered at instant j as z;=z;; +dz, dz=1/BW be-
ing the incremental spatial step made by the blade (and measured
in a direction perpendicular to that of the radiation thermometer
axis) between two following readings. Now it is possible to write
the following ratios:

Tmux

| _ip I_bdz_o 1
Row 0 1777 ~UBW
z d-dz idz 1
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Fig. 11 Signal reduction for circular spot varying LR

In this way, all the previous expressions can be written as a func-
tion only of LR and BW. Then, changing the value of these two
ratios, two curve families were generated to show their real influ-
ence in data aquisition,

As can be seen in Fig. 10, for a fixed value of LR, the greater

ther, hand, the lower the sampling rate the greater the loss of

$*information so that the accuracy in describing temperature distri-

10ggerceht; see Fig, 10 BW=1).

Tng6r 163gs, sampling rate changed from 0.1 Mhz to 2.5 Mhz
while’s‘,,giaggfétion speed was 22,500 rpm. So, BW changes from
266 to B667 h a consequent negligible signal reduction,

The LK ‘d?'{, our case, has a value of 10 so that, considering
the worst Vilues, (¥ BW, it is even possible to have a reduction
greater than lcgiﬁl‘ergen, as is shown in Fig. 11.

2

B

butiﬁ%(pzﬁlower (it is possible to have a reduction even greater than

Data Analyzing*Modg}p

Temperature measufe f;ngj,g?ighe result of an integration on spot
area of the radiation reallemitfad by the target. Information loss
concerning temperature ¢ 4 i igy in spaces smaller than the
spot diameter causes the impdssibj ;tg?.»,.of rebuilding the real signal
on the basis of acquired data. '\gé?”?bve? e this problem we built
up a theoretical model of temperamz’,@ ytribution, simulating re-
alistically its scanning (same vali& fa&ER and BW) to obtain a
corrupted signal and compare it with the signal acquired by using
a radiation thermometer on the turbomachinery. The greater or
lesser coincidence between the corrupted theoretical signal and
the real measurement gives some information about the goodness
of the initial theoretical model. Since incorrect behavior of the
cooling system of a blade, superficial irregularity, or local oxida-

tion of some part of another blade can justify a different tempera-

Sae

. ture distribution between blades, obtaining any signal periodicity,

i.e., an identical distribution on every blade, cannot be contem-
plated. In this way, the theoretical model must be built up starting
from the signal measured and using an iterative model to search
for the best congruence between the corrupted and measured ones.

Many theoretical models were built up. Those the authors con-
sider the best for analysis are presented here:

Transactions of the ASME
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(a) simple sawtooth model (see Fig. 12); sy
(b) trapezoidal model (see Fig. 13); d %
(c) modified trapezoidal model (see Fig. 14). Dt gy

In Fig. 15, the application can be seen of each of these
the same temperature data series. In the following g
experimental measured signal (7)., the theoretical
adopted (Tyey i), and the corrupted one (7, obtained in
ing the theoretical signal on the spot area) are shown,

o
n
&0
&0
o

The first model seems to fit well the acquired signal; the corre-g

spondent RMS value, that is the evaluation parameter adopted to
find the best theoretical model is 0.085. The second case seems to
be the worst; here is an increase of RMS that reaches a value of

10 Tmeas Toomr Teealp. }
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so0 |
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Fig. 14 Modified trapezoldal model
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Fig. 15 2MW GT temperature measurement
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0.104. The last model is closest to the signal measured; RMS
value is 0.06, the lowest, so that this is the model used for data
analysis.

Experimenial Results

Analysis was carried out on different data series obtaining in
each case coherent and comparable results. Thus only one of them’
is shown here.

Difference between corrupted signal and acquired one is always
less than 1 percent.

After defining the model, the error due to the finite resolution
with which the radiation thermometer works can be estimated.

As shown in Fig. 16, errors become noticeable only during
blade passage. In terms of temperature, the maximum error is
about 2 percent (only in few cases is it more than 3 percent).

Error Evaluation

The overall error without any correction can be evaluated as
follows:

+ First correction seeks to avoid the effect of finite resolution in

%ggﬂ%timperame measurement. Naming T4, the temperature ob-

ned on the basis of this correction and eg, ., the percentage
ifference between Tgy, s, and the measured temperature, it is pos-
sible to write this expression:

Tmcns
( 1- eﬁn.rcs.) )
e — vty s b
* Thep thet@grection due to apparent emissivity must be intro-
g 7} N . . .
duced in 140 consider the not so ideal environment. Defining

the interméfiate mperature as radiance temperature T, obtained
when errors ,&1‘9 physics phenomena and imperfections

% Tonces—T
@iﬁ ,f fg\'cs.= MaTﬁnms.z

Tﬁn.res.

in radiation the 5 mejer working are eliminated (in this case
T2=Thnzes), We Ganietine a new error:
A Pt I\
o : 2-}‘“l
BV
so that we have v,mﬁ’ %%
. ﬁg& -3
4N '@d ofhens

T

S = T .

T l-en (1~ER— €nars)

Temperature distribution against the generic Ty, measured,
without considering any correction (T,.,5), considering the finite
resolution of radiation thermometer (Tg,,,) and in the case in
which we consider even the effect of apparent emissivity (T .y,
are all ploited in Fig, 17.

In terms of temperature, these errors correspond to AT of
30°C-50°C that means an error up to 6 percent.

As can be seen, these two corrections have opposite effect: the
first one causes a temperature distribution increase because of
the elimination of reduction due to finite resolution; on the
other hand, the second causes a decrease in temperature, owing
to the elimination of signal over-evaluation due to the contri-
bution of apparent emissivity (reflected radiation coming from
surroundings).

JANUARY 2001, Vol. 123 / &
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Fig. 17 Temperature correction v8 Tipo,,

working temperature up to 950°C is about 40°C with peaks of
65°C, in this way allowing better system monitoring and a more
realistic description of blade temperature distribution.

Future developments could regard the definition of a better the-
oretical model in order to improve fitting to obtain the best pos-
sible final result.
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Now it is possible to see, for data obtained by sampling with
the maximum rate (2.5 Mhz), which is the real error withouat con-
sidering any correction or considering only the effect of finite
resolution.

As can be seen in Fig. 18, not using any correction causes an
error whose peaks are even greater than 7 percent (during blade
passage) and whose average value is about 4 percent~5 percent.

The same operation can be repeated for the lower sampling rate
(0.1 Mhz); see Fig. 19.

Here, again, not using any temperature correction causes an
error whose peaks occur during blade passage while their average
value is about 4 percent—5 percent.

Conclusions

An extension of the data correction model would foresee the'
improvement of a tridimensional model to better determine view
factors (the model used is bidimensional) to consider the ever
more complex geometry of modern turbomachinery. This way of
working seems to be far better than that followed and proposed by
scientific literature.up to now (in which corrections are absent or
are extremely approximate, e.g., considering g,=1).

In this analysis, correction due to surface inclination is not con-
sidered. So there is another error whose value can reach about 3
percent—4 percent.

However, by using the proposed correction it is possible to
avoid errors, in temperature evaluation, whose average value for
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