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Effective Spectral Emissivity
of Gas Turbine Blades for
Optical Pyrometry
Turbine blade temperature measurements are important for monitoring the turbine
engine performance to protect the hot components from damage due to excess tempera-
tures. However, the reflected radiation from the blades and the surrounding environment
complicate the blade temperature measurements by optical pyrometers. This study char-
acterizes the effect of the reflected radiation on the effective spectral emissivity of a
three-dimensional turbine blade in a confined turbine space for optical pyrometry tem-
perature measurements. The effective spectral emissivity distribution on a three-
dimensional blade was numerically determined for various wavelengths (0.8–15.0 lm)
and actual blade surface emissivities for a specified turbine blade model. When the actual
spectral emissivity of the blade surface is assumed to be 0.5, the effective spectral emis-
sivity varies from 0.5 to 0.538 at the longer wavelength of 10.0 lm and further increases
from 0.5 to 1.396 at the shorter wavelength of 0.9 lm. The results show that the effective
emissivity distributions at shorter wavelengths differ greatly from those at longer wave-
lengths. There are also obvious differences between the effective spectral emissivity and
the actual surface emissivity at shorter wavelengths. The effect of the effective emissivity
on the temperature measurement accuracy, when using the optical pyrometry, was also
investigated for various wavelengths (0.8–15.0 lm). The results show that the radiation
reflected from the blades has less effect on the temperature measurements than on the
effective emissivity, especially at the shorter wavelengths of 0.8–3.0 lm. However, the
temperature measurements still need to be corrected using the effective spectral emissiv-
ity to improve the temperature calculation accuracy. This analysis provides guidelines
for choosing the optimum measurement wavelengths for optical pyrometry in turbine
engines. [DOI: 10.1115/1.4035732]
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1 Introduction

Advanced aircraft and gas turbine engines operate at very high
temperatures and pressures to increase the power, improve the
fuel consumption, and lower emissions [1–5]. The hot compo-
nents in the engines, such as the blades and nozzles, are exposed
to high temperature and high pressure gas environments with tem-
peratures near their melting points. Surface temperature measure-
ments of hot engine components in these harsh thermal
environments are necessary to ensure the turbine engine integrity
and to protect the hot components from excessive temperatures
that may damage the components.

Optical pyrometry is widely used for measuring surface temper-
atures or flame temperatures in industrial applications and scien-
tific research [6–19]. The optical pyrometry has been used by
Siemens, GE, Advanced Fuel Research, and other companies for
temperature monitoring of turbine engines for many years since
the technique is noncontactable with fast response, a wide temper-
ature range, and long working times [20–34]. Various temperature
measurement techniques have been developed based on the ther-
mal spectral radiation intensities of the hot components in turbine
engines, such as single/dual/multicolor measurements, short/long
wavelength measurements, and point/field target measurements.
For example, Eggert et al. [26] described a versatile high-
resolution pyrometer with a spectral wavelength range of
0.4–1.2 lm and a response frequency of 1 MHz for radial turbine
rotor temperature mapping at the Technical University of Berlin

in conjunction with Siemens. Markham et al. [27] reported simul-
taneous measurements with a Siemens short wavelength infrared
pyrometer and an AFR long wavelength infrared pyrometer of the
temperatures in the first stage of the turbine in a Siemens V84.3 A
60 Hz 180 MW engine at the Berlin Gas Turbine Development
and Manufacturing Center. Rooth and Hiemstra [28] used a dual-
wavelength pyrometer to monitor the temperatures of Alstom
13E2 turbine blades with thermal barrier coatings. The tempera-
tures obtained from short and long wavelength pyrometers (1 lm
and 10 lm) differed when the blade was covered with a thermal
barrier coating. Taniguchi et al. [29,30] measured the tempera-
tures of high speed rotating turbine blades using optical pyro-
meters based on a PIN diode and InGaAs detectors with a 1 MHz
sampling rate. The blades were the first stage turbine blades of a
Kawasaki M7A-01 gas turbine and a L30A industrial gas turbine
at real engine conditions. Estevadeordal and coworkers [31–34]
used an NIR multicolor pyrometry system developed for DARPA
to study hot particulate bursts from the combustor at various
engine conditions.

The accuracies of turbine blade temperatures measured by opti-
cal pyrometers are strongly affected by various factors including:
(1) the different surface emissivities at different temperatures, sur-
face morphologies, and compositions, (2) the thermal radiation
interference from the combustion gas, (3) contamination from
combustion soot deposits, (4) high blade velocities and (5)
reflected radiation from the other blades and the environment. For
turbine blades with complex geometries in the confined spaces of
turbine engines, the effect of the reflected radiation reaching the
optical sensor often has the most significant effect on the tempera-
ture measurement accuracy. Lucia and Lanfranchi [35] developed
an environment reflection model for optical pyrometry by calcu-
lating the view factors for every element on the blade and
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environmental surfaces after discretization. Their model used sim-
plified two-dimensional shapes for the turbine blades and fixed
positions. Gao et al. [36,37] proposed an improved reflection
model that considered the effects of the angle changes as the blade
rotated. Their model was based on the blade rotational angles and
positions for a simplified two-dimensional blade shape.

However, the complex three-dimensional geometries of the
blades and the other hot components of the turbine combustor
should be considered when analyzing the radiative transfer for
optical pyrometry. The purpose of this paper is to analyze the
effective spectral emissivity of a blade with consideration of the
three-dimensional geometries of the turbine blades inside turbines.
The effective spectral emissivity distribution is given for a three-
dimensional blade at various wavelengths in a turbine combustor.
Then, the effect of the effective spectral emissivity on temperature
measurements using optical pyrometry is discussed. This analysis
provides guidelines for accurate measurements of blade tempera-
tures based on an effective emissivity correction for optical
pyrometer measurements in turbines.

2 Turbine Blade Model

Turbine blades are subjected to very harsh environments inside
turbine engines. They face high temperatures, high stresses, and
vibrations which can lead to blade failures, potentially destroying
the entire engine. The blade operating temperatures need to be
accurately measured to avoid catastrophic damage to the turbine
engine. Some temperature measurement methods have been
developed using optical pyrometers for monitoring the blade tem-
peratures. However, turbine blades are designed to optimize the
aerodynamics and mass center location with complex shapes that
complicate temperature measurements.

The confined space inside a turbine engine with complex blade
geometries and other structures has multiple reflections between
the target blade surface and other surfaces when the temperatures
are measured using an optical pyrometer because the surface is
not an ideal blackbody or does not have a highly absorbing coat-
ing. Therefore, the thermal radiation exclusively emitted by the
blade surface, which can be directly used to determine the true
blade temperatures by optical pyrometry, is difficult to measure
due to the effect of the complex reflections. These multiple reflec-
tions from three-dimensional structures must be considered when
optical pyrometry is used for temperature measurements.

This study used a three-dimensional turbine blade model to
illustrate the issue. The object of this study was the first stage tur-
bine blades, including 90 stator vanes and 40 rotor blades with dif-
fuse surfaces. Due to the periodic characteristics of the structures,
the model was represented by four rotor blades and two stator
vanes to simplify the computations with the serial numbers of the
blades and vanes as shown in Fig. 1. The turbine blades were
simulated with their actual geometries. Therefore, the three-

dimensional structural characteristics of the simulated blades are
the same as the real blades.

To investigate the effect of the reflected radiation on the optical
pyrometry, the temperature distributions on the turbine blades
need to be known for the analysis. Therefore, the theoretical tem-
perature distributions on the stator vanes and the rotor blades in
Fig. 1 were calculated at the desired experimental conditions by
CFD simulations. The blade material was assumed to be a nickel-
based high-temperature alloy with known thermal properties. The
blades shown in Fig. 1 were meshed with triangular elements by
ANSYS ICEM [38–40], including 46096 nodes and 84026 elements
on each stator vane and 35348 nodes and 66869 elements on each
rotor blade. The boundary conditions on the turbine blades were
the total inlet temperature of the combustion gas T0¼ 1420 �C, the
total inlet pressure P0¼ 1650 kPa, the inlet flow angle a¼ 0 �, and
the outlet average static pressure P1¼ 1000 kPa. The film cooling
effect due to the flow from the cooling holes shown in Fig. 1 was
considered in the temperature calculations of the blade surface.

The predicted temperature distributions on the stator vanes and
the rotor blades are shown in Figs. 2 and 3. The model provided
the temperatures on the pressure surface and on the suction sur-
face. The pressure surface is concave, while the suction surface is
convex. For the stator vane, the highest temperature is near the
blade leading edge on the pressure surface and near the blade trail-
ing edge on the suction surface due to the direction of the combus-
tion gas flow. In addition, the temperature distribution on the
stator vane was significantly affected by the film cooling with
lower temperatures around the cooling holes. The temperature dis-
tribution on the rotor blade is different from that on the stator
vane. The predicted temperatures on the stator vane ranged from
449 �C to 1052 �C, while the temperatures on the rotor blade
ranged from 602 �C to 1206 �C.

The turbine blade temperature calculations are not the research
focus of this paper. The given blade temperature information is
only given as the basis for predicting the effective emissivity and
the effect of the reflected radiation. As a result, no further work
was undertaken to improve the blade temperature simulation accu-
racy, since the conclusions of the present work are not affected by
the blade temperature accuracy.

Fig. 1 Simplified model of the rotor blades and stator vanes

Fig. 2 Temperature distribution on the turbine stator vane with
temperatures of 449–1052 �C

Fig. 3 Temperature distribution on the turbine rotor blade with
temperatures of 602–1206 �C
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3 Effective Emissivity

For the turbine blade temperature measurements by an optical
pyrometer, the irradiation received by the optical pyrometer sen-
sor, defined as the effective radiation from the target surface, con-
tains not only the radiation emitted by the target surface, but also
the radiation reflected by the target surface that originated from
the curved blade surface itself, adjacent blades, and other sur-
rounding structures. Therefore, the effective emissivity, which is
the ratio of the effective radiation to the blackbody radiation at
the same temperature, is an important quantity to determine the
temperature from optical pyrometer measurements and will be
investigated in this section.

The installation and the working conditions of the blades were
such that only the reflected radiation from the same stage rotor
blades and the same stage stator vanes was considered because the
other reflected radiation is quite small. Due to the periodic design,
the temperature distributions on each blade are approximately the
same. Thus, the rotor blade #4 (Fig. 1) was chosen as the represen-
tative target for the analysis. The sketch of the measurement
arrangement for rotor blade #4 is shown in Fig. 4. The three-
dimensional surface of rotor blade #4 was divided into n surface
units with the measured effective spectral intensity, Ieff;iðkÞ, of
each surface unit, i, seen by the optical pyrometer being given by
[35–37,41]

Ieff;iðkÞ ¼ Iemit;iðkÞ þ Iref;iðkÞ ¼ eiIbðk; TiÞ þ Iref;iðkÞ (1)

where Iemit;iðkÞ is the emitted spectral intensity of surface unit i,
Iref;iðkÞ is the reflected spectral intensity of surface unit i from the
investigated blade originating from the curved blade itself and
the adjacent blades, Ibðk; TiÞ is the blackbody spectral intensity at
the same surface unit temperature Ti, and eiðkÞ is the actual emis-
sivity of surface unit i.

The reflected radiation is generally quite complex due to the
complex blade geometry and the confined space. Then, consider-
ing the reflected radiation from the blade itself, the adjacent blade
and the stator vane at the same stage, the reflection spectral inten-
sity of surface unit i on rotor blade #4 can be described as [35,36]

Iref;iðkÞ ¼ ð1� eiÞ
Xn

j¼1

Ieff;jðkÞFj;i þ
Xn

k¼1

Ieff;kðkÞFk;i

 

þ
Xm

l¼1

Ieff;lðkÞFl;i

!
(2)

where m is the number of surface units on the stator vane, and n is
the number of the surface units on the rotor blade for the same
stage. Fj;i is the view factor from the surface unit j on blade #4 to
surface unit i on blade #4, Fk;i is the view factor from the surface

unit k on blade #4 to surface unit i on blade #3, Fl;i is the view fac-
tor from the surface unit l on blade #4 to surface unit i on vane #1,
and Ieff;j; Ieff;k and Ieff;l are the effective spectral intensities of sur-
face units j; k, and l.

Combining Eqs. (1) and (2) gives

Ieff;iðkÞ ¼ eiIbðk;TiÞ þ ð1� eiÞ
Xn

j¼1

Ieff;jðkÞFj;i þ
Xn

k¼1

Ieff;kðkÞFk;i

 

þ
Xm

l¼1

Ieff;lðkÞFl;i

!
(3)

The surface temperature, Ti, cannot be directly determined
from the measured effective spectral intensity, Ieff;iðkÞ, using a tra-
ditional optical pyrometer due to the effects of the complex
reflected radiation. Therefore, the effect of the reflected radiation
on the temperature measurements is found by defining an effective
spectral emissivity, eeff;i, of surface unit i based on Eq. (3)

eeff;i kð Þ ¼ Ieff;i kð Þ
Ib k; Tið Þ ¼ ei þ

1� eið Þ
Ib k;Tið Þ

Xn

j¼1

Ieff;j kð ÞFj;i

 

þ
Xn

k¼1

Ieff;k kð ÞFk;i þ
Xm

l¼1

Ieff;l kð ÞFl;i

!
(4)

If the effective spectral emissivity, eeff;i, is known, the surface
temperature related to Ibðk; TiÞ can be determined from the effec-
tive spectral intensity, Ieff;iðkÞ. The effective spectral emissivity of
surface unit i is a function of the actual surface emissivity, the
blade temperature distribution, and the view factors between
the surface units. Therefore, the effective spectral emissivity of
the blade surface, eeff;i, and the effective spectral intensities
ðIeff;j; Ieff;k; Ieff;lÞ can be found using the theoretical temperature
distribution, the known actual surface emissivity and the view fac-
tors between surfaces based on Eqs. (1)–(4).

The view factor is an important parameter determining the
effective spectral emissivity, that is, a function of the surface
geometry. The finite-element method was used here to calculate
the view factors between every surface element on the blades.
Only the stator vanes and the rotor blades in the simplified three-
dimensional model were considered in the view factor calcula-
tions. The blades were meshed with triangular elements by ANSYS

ICEM [38–40] with 279 nodes and 437 elements on the stator
vane and 196 nodes and 337 elements on the rotor blade, as shown
in Fig. 4. The mesh data including the node coordinates, node
numbers, surface element numbers, and the numbers of the three
nodes on each triangular element were exported to TECPLOT for
the calculations.

Figure 5 shows the geometric relationship between any two tri-
angular elements for the view factor calculations. Then, the view
factor between the two triangular elements is given by

Fig. 4 Sketch of the radiation temperature measurement of
blade #4 by an optical pyrometer Fig. 5 View factors between two triangular elements
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FD1!D2
¼ cos h1 cos h2dA2

pr2
(5)

where h1 and h2 are the included angles between the normal vec-
tor and the direction vectors of triangular elements #1 and #2. A2

is the area of element #2, and r is the length of the line connecting
the centroids of triangular elements #1 and #2.

The algorithm for calculating the view factors for discrete sur-
face elements is described here. The first step was to calculate the
area and the centroid location of each triangular element using the
mesh data. The surface element normals and the vectors between
the centroids of each pair of triangular elements were then deter-
mined. The second step was to determine whether the triangular
surface elements were visible to each other or whether a third sur-
face lay between the two surface elements. If two triangular sur-
face elements did not see each other, the view factor was zero.
Otherwise, the view factor was calculated using Eq. (5). The third
step was to verify the view factor results. The view factor calcula-
tional method used here was a general method used for radiative
transfer analyses [34–36]. Once the view factors between the
surfaces were determined, the effective spectral emissivity eeff;i,
of surface unit i on the blade surface was calculated using
Eqs. (1)–(4), the known theoretical temperature distribution and
the actual surface emissivity.

The characteristics of the effective spectral emissivity are
described based on rotor blade #4 in Fig. 1. Due to the periodic
structures, all the blades in each stage are similar, so that the blade
choice does not affect the conclusions. The adjacent blades (#3
and #5) and vanes (#1 and #2) in the same stage are the major
reflection interference sources. In the numerical analysis, the
actual spectral emissivity of each blade surface was assumed to be
0.5. Then, the reflected radiation distribution and the temperatures
were used to determine the effective spectral emissivity distribu-
tions on blade # 4 at various wavelengths (10.0 lm and 0.9 lm)
that are shown in Figs. 6 and 7. The wavelengths 0.9 lm and
10.0 lm are generally used in commercial optical pyrometers.

The results show that the effective spectral emissivity distribu-
tion is not uniform over the blade surface even though the actual
spectral emissivity is uniform. For the longer wavelength of
10.0 lm shown in Fig. 6, the effective spectral emissivity varies
from 0.5 to 0.538. The maximum difference at 10.0 lm is 7.6%.
Figures 3 and 6 show that the low temperature regions on the
blade generally correspond to the high effective spectral emissiv-
ities since the reflected radiation more easily affects the radiation
intensity measurements of the low temperature surface regions.
The temperature end emissivity contours shown in Figs. 3 and 6
are not absolute since they are strongly affected by the geometry.
In the middle concave region with the highest temperatures on the
pressure surface, the effective spectral emissivity is 0.52. The
maximum effective spectral emissivities on the pressure side are
mainly near the leading edge. However, on the suction side, the

maximum effective spectral emissivities are in the lower part of
the middle blade region.

Figure 7 shows the effective spectral emissivity distribution at
the shorter wavelength of 0.9 lm. The effective spectral emissiv-
ity increases from 0.5 to 1.396 with a maximum increase of
179.2% at 0.9 lm. The distribution characteristics at the shorter
wavelength are very different from those at the longer wave-
length. The high effective spectral emissivity region (0.8–1.4) at
0.9 lm is mainly near the leading edge on the pressure and suction
surfaces. The effective spectral emissivity range is (0.5, 0.7) on
most of the blade except near the leading edge.

Comparison of Figs. 6 and 7 shows that the measurement wave-
length used in the optical pyrometer strongly affects the effective
spectral emissivity for any given blade temperature and geometry.
These distribution maps of the effective spectral emissivity at var-
ious wavelengths are very useful for optical pyrometry measure-
ment systems.

The reflected radiation in the confined measurement space
strongly increases the effective spectral emissivity as shown in
Figs. 6 and 7. The difference between the effective emissivity,
eeff , and the actual emissivity, e, is defined as the absolute emissiv-
ity error with the relative emissivity error, de, expressed as

de ¼ ðeeff � eÞ=e (6)

To illustrate the characteristics of the effective spectral emissiv-
ity at various wavelengths, the maximum relative emissivity
errors for wavelengths of 0.8–15.0 lm are shown in Fig. 8. de dra-
matically decreases from 304.5% to 18.7% for increasing wave-
lengths of 0.8–2.0 lm; thus, the effective spectral emissivity is
very sensitive to the measurement wavelength range in the short
near-infrared region. de, then, gradually decreases from 18.7% to
7.5% for wavelengths of 2.0–5.0 lm and is then constant for the
long-infrared wavelengths of 5.0–15.0 lm. Thus, the effective

Fig. 6 Effective spectral emissivity distribution at 10.0 lm
(blade #4)

Fig. 7 Effective spectral emissivity distribution at 0.9 lm
(blade #4)

Fig. 8 Maximum relative emissivity error for wavelengths of
0.8–15 lm (rotor blade #4)
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spectral emissivity is not sensitive to the wavelength in the long-
infrared region.

The effect of the reflected radiation on the effective spectral
emissivity differs at various wavelengths, so further investigations
are needed to study the effect of the effective emissivity on the
temperature measurement accuracy. Figure 9 shows that maxi-
mum relative temperature error for wavelengths of 0.8–15.0 lm
obtained from the optical pyrometry measurements without the
reflected radiation correction (The effective spectral emissivity of
the blade surface was instead assumed to be equal to the actual
emissivity to calculate the blade temperature). The temperature
calculation error, defined as the difference between the
“calculated” temperature and the true temperature, does not
change linearly with the wavelength. The temperature error
increases to a maximum of 8.0% at 0.8 lm and then decreases to a
minimum of 2.0% with increasing wavelengths from 0.8 lm to
3.0 lm. Then, the temperature error increases from 2.0% to 5.0%
with increasing wavelengths from 3.0–15.0 lm.

Comparisons of Figs. 8 and 9 illustrate the positive correlation
between the temperature error and the emissivity error. The effect
of this positive correlation is larger at the shorter wavelengths of
0.8–3.0 lm than at the longer wavelengths of 3.0–15.0 lm. The
temperature error is much smaller than the emissivity error with
emissivity errors between 10.6% and 304.5% for wavelengths of
0.8–3.0 lm, but temperature errors of only 2.0–8.0%. Thus, the
reflected radiation from the blades has much less effect on the
temperature measurements than on the effective spectral emissiv-
ities. However, the temperature measurements still need to be cor-
rected using the effective spectral emissivity to improve the
temperature calculation accuracy. The data in Figs. 8 and 9 are
very useful for such applications. When the effective spectral
emissivity is accurately known, the temperature calculated using
the effective spectral emissivity correction will be significantly
more accurate and will avoid the errors shown in Fig. 9. However,
when the effective emissivity cannot be accurately estimated or
obtained, temperature errors will exist. In this case, the measure-
ment wavelengths should be chosen to have the smallest tempera-
ture errors with Fig. 9 as a reference to choose the optimum
measurement wavelengths for optical pyrometry applications. For
example, for a threshold temperature error of 3.0%, the optimum
optical pyrometer wavelength should be in the range of
1.5–6.2 lm.

These numerical results need to be validated in future experi-
ments. For a real turbine engine, the numerical results will be
affected by the actual blade geometry and the experimental condi-
tions. Although there are no available data to verify the results at
present, the analysis process is reasonable and the numerical
results for turbine experiments can be easily updated based on this
analysis in future applications.

4 Conclusions

This study predicts the effective spectral emissivity of three-
dimensional turbine blades in a confined turbine space for optical
pyrometry temperature measurements to analyze the effect of the
reflected radiation on the temperature measurements. The finite-
element method was used to calculate the view factors between
surfaces based on a discretization of the three-dimensional blade
model. The effective spectral emissivity distribution on the three-
dimensional blade was then determined for various wavelengths
and actual surface emissivities. The results showed that the effec-
tive spectral emissivity distribution is not uniform over the blade
surface even though the actual blade surface emissivity is uni-
form. When the actual emissivity was assumed to be 0.5, the cal-
culated effective spectral emissivity over the blade surface at
10.0 lm varied from 0.5 to 0.538 with a maximum difference of
7.6%, while the effective emissivity at 0.9 lm increased from 0.5
to 1.396 with a maximum difference of 179.2%. Thus, the effect
of the reflected radiation on the effective spectral emissivity dif-
fers at different wavelengths. The effective spectral emissivity is
more sensitive to reflections at the shorter wavelengths of
0.8–2.0 lm than at the longer infrared wavelengths of
5.0–15.0 lm. There are also obvious differences between the
effective spectral emissivity and the actual surface emissivity at
shorter wavelengths.

The effect of the effective spectral emissivity on the tempera-
ture measurement accuracy when using an optical pyrometer was
then further investigated for various wavelengths. The tempera-
ture error and the effective spectral emissivity error were larger at
shorter wavelengths. The emissivity errors were quite large with
errors of (10.6%, 304.5%) for wavelengths of 0.8–3.0 lm, while
the temperature errors were only (2.0%, 8.0%). Thus, the radiation
reflected from the blades has less effect on the temperature meas-
urements than on the effective emissivity. However, the tempera-
ture measurements still need to be corrected using the effective
spectral emissivity to improve the temperature calculation accu-
racy. This analysis provides a reference for choosing the optimum
wavelengths for optical pyrometry systems for turbine blade tem-
perature measurements.

5 Highlights

� Reflected radiation complicates blade temperature measure-
ments by optical pyrometers.

� Predictions of the effective spectral emissivity of three-
dimensional turbine blades.

� Effective emissivity distribution was numerically determined
for various wavelengths.

� The effect of the effective emissivity on the temperature
measurement accuracy was analyzed.

� The results provide reference data for optical pyrometry
measurements in turbines.
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Nomenclature

A2 ¼ area of element #2 (m2)
Fj;i ¼ view factor from surface unit j to surface unit i
Fk;i ¼ view factor from surface unit k to surface unit i
Fl;i ¼ view factor from surface unit l to surface unit i

FD1!D2
¼ view factor between two triangular elements

i, j, k, l ¼ number indices of each surface unit
Fig. 9 Temperature errors without the reflected radiation cor-
rection for wavelengths of 0.8–15.0lm
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Ib ¼ blackbody spectral intensity (W m�2 sr�1lm�1)
Ieff ¼ effective spectral intensity (W m�2 sr�1lm�1)

Iemit ¼ emitted spectral intensity (W m�2 sr�1lm�1)
Iref ¼ reflected spectral intensity (W m�2 sr�1lm�1)
m ¼ number of surface units on the stator vane
n ¼ number of surface units on the rotor blade

P0 ¼ total inlet pressure (kPa)
P1 ¼ outlet average static pressure (kPa)

r ¼ length of the line connecting the centroids of triangular
elements #1 and #2

T ¼ surface temperature (�C)
T0 ¼ total combustion gas inlet temperature (�C)
a ¼ inlet flow angle (deg)
de ¼ relative emissivity error between the effective emissiv-

ity and the actual emissivity
e ¼ emissivity
k ¼ wavelength

h1, h2 ¼ included angles between the normal and the direction
vector of triangular elements #1 and #2

Subscripts

b ¼ black body radiation
eff ¼ effective radiation

emit ¼ emitted radiation
i, j, k, l ¼ surface unit index

ref ¼ reflected radiation
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