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Abstract: The turbine blade is a key component in an aeroengine. Currently, measuring the turbine
blade radiation temperature always requires obtaining the emissivity of the target surface in advance.
However, changes in the emissivity and the reflected ambient radiation cause large errors in mea-
surement results. In this paper, a three-wavelength radiation temperature measurement method
was developed, without known emissivity, for reflection correction. Firstly, a three-dimensional
dynamic reflection model of the turbine blade was established to describe the ambient radiation of the
target blade based on the real surface of the engine turbine blade. Secondly, based on the reflection
correction model, a three-wavelength radiation temperature measurement algorithm, independent
of surface emissivity, was proposed to improve the measurement accuracy of the turbine blade
radiation temperature in the engine. Finally, an experimental platform was built to verify the temper-
ature measurement method. Compared with three conventional colorimetric methods, this method
achieved an improved performance on blade temperature measurement, demonstrating a decline in
the maximum error from 6.09% to 2.13% and in the average error from 2.82% to 1.20%. The proposed
method would benefit the accuracy in the high-temperature measurement of turbine blades.

Keywords: turbine blade; radiation temperature measurement; reflection error correction

1. Introduction

Turbine blades are key components of aeroengines. In order to improve engine per-
formance and reduce fuel consumption, turbine blades are usually required to work at
the highest possible temperature. However, the blades could be damaged if the operation
temperature exceeds its limit, greatly reducing their service life. Accurate temperature mea-
surement of turbine blades prevents them from operating at excessively high temperatures
and can be helpful in blade diagnosis as well [1,2]. Therefore, temperature measurement
of turbine blades is of great significance to the safe operation of aeroengines. The high-
temperature and high-pressure working environment of turbine blades, combined with
the high-speed rotation, limit the application of contact-type temperature measurement.
Therefore, radiation temperature measurement has been widely used in the field of the
temperature measurement of engine turbine blades [3-7]. However, this type of measure-
ment faces significant challenges. As the target blade reflects ambient radiation, and the
reflection is mainly from the adjacent blades, this results in a significant error in radiation
temperature measurement. Additionally, the emissivity of the target blade is challenging to
be accurately obtained because it varies with blade oxidation and temperature; this leads
to difficulties in radiation temperature measurement.
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Researchers have adopted a variety of methods to reduce the effects of reflected ra-
diation during radiation temperature measurement. Suarez-Gonzalez and Oqlukian [8]
proposed an iterative calculation of triple spectral area thermometry to correct for the reflec-
tion effect of turbine blades. Shu et al. [9] established a rotary kiln temperature field model
to compensate for the effects of target surface reflection and atmospheric absorption during
radiation temperature measurement. Fu et al. [10] obtained the reflected ambient radiation
energy by placing a cooled standard plate on the measurement sample, eliminating reflected
radiation. Lii et al. [11] eliminated the effects of reflected radiation on the target surface
by calibrating the thermometer at different ambient temperatures. Hernandez et al. [12]
used the solar blind method to estimate the influence of solar radiation on the atmospheric
absorption band, which then reduced the temperature measurement error caused by the
reflection of solar radiation from the target. Lucia and Lanfranchi [13] proposed a calcu-
lation method for the radiation angle factor of a fixed-position turbine blade based on a
simplified two-dimensional shape. Gao et al. [14] improved this method by replacing the
rotation with the translation of a simplified two-dimensional shape blade, calculating the
radiation angle factor of the turbine blade at different positions, and correcting for the
reflection effect using the actual temperature of the adjacent blade.

For the problem of unknown emissivity of the target surface, the current mainstream
solution is to use a multi-wavelength temperature measurement algorithm to obtain the
true temperature of the target surface with unknown emissivity using a specific emissivity
model. Sun et al. [15] proposed a six-wavelength radiation pyrometer to measure the tem-
perature of molten metals. Khatami and Levendis [16] proposed two three-wavelength radi-
ation thermometry methods to measure the surface temperature of burning carbon particles.
Madura et al. [17] proposed an emissivity compensation algorithm for three-wavelength
temperature measurement. Fu et al. [18] proposed a fast fiber-optic multi-wavelength
pyrometer, which used a preset emissivity model to measure the target temperature. Sade
and Katzir [19] proposed a passive measurement method of infrared spectral emissivity
and temperature of materials, measuring the emissivity and temperature of two differ-
ent objects.

In the radiation temperature measurement of a turbine blade, due to its complex
shape, inevitable measurement errors can be induced by a two-dimensional model to
analyze the ambient radiation shielded by other blades. Therefore, when correcting for the
reflection effect of the target blade and analyzing its reflected radiation, it is necessary to
consider its actual shape and to establish a three-dimensional rotating dynamic reflection
model of the blade. As the main source of reflection, adjacent blades receive radiation from
other adjacent blades and the target blade. Therefore, in the calculation and correction of
adjacent blade radiation, the reflected energy on the surface of adjacent blades should be
considered. To solve the above problems, this paper proposes a three-wavelength radiation
temperature measurement method for turbine blades based on reflected radiation error
correction. Firstly, a three-dimensional rotating dynamic reflection model of turbine blades
based on discrete surface elements is established. Secondly, a reflection correction method
based on measuring the total radiant exitance of adjacent blades is proposed. Thirdly, this
paper also proposes a three-wavelength radiation temperature measurement algorithm
based on reflection error correction. This algorithm does not require an emissivity model.
Combined with the reflection correction method, it can eliminate the influence of reflection
and retrieve the true temperature of the target blade without obtaining the emissivity of
the adjacent blade and the target blade. Finally, an experiment is designed to verify the
method proposed in this paper. The analysis in this paper provides a reference for radiation
temperature measurement of turbine blades with unknown emissivity.

2. Theoretical Analysis of Reflection Error Correction for Ambient Radiation of
Turbine Blade

2.1. Ambient Radiation Analysis of Turbine Blades

Figure 1 shows a schematic cross-sectional view of an arrangement of turbine engine
blades. When the engine is started, the high-pressure gas generated in the combustion
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chamber passes backwards through the various guide vanes and rotor blades in turn. The
guide vanes are fixed, and the rotor blades rotate at high speed around the axis of the
engine driven by the gas. Among them, the first-stage rotor blades are most likely to be
damaged because of the high temperature and high-speed rotation. This paper studies the
reflection and temperature inversion of the trailing edge of the suction surface of the rotor
blade measured by the radiation pyrometer probe in Figure 1. The main reflection sources
are the adjacent guide vanes and the upper rotor blade. Radiation from these adjacent
blades to the target blade was calculated. The low radiation from the casing wall was
ignored due to the low temperature.

Blade
Vane / Vane

A/Section of probe

Combustion gas flo

L]

Blade rotation

Figure 1. Schematic diagram of engine turbine blade distribution and infrared pyrometer probe
temperature measurement.

According to Planck’s law, the radiant emittance of an object whose temperature is
higher than 0 K to the surrounding space is expressed as

-1
Mp(A,T) = 1A ~° (ecz/” - 1) )

where Mp(A, T) is the radiant emittance of a blackbody with temperature T at wavelength
A, c1 =3.7418 x 108 W um*/m? is the first radiation constant, and ¢, = 1.4388 x 10* um K
is the second radiation constant.

Under the influence of reflection, the total radiant emittance of a point on the surface
of the target blade, M;,,;, should include the heat radiation of the target point itself and
the reflection of ambient radiation and is expressed by

Miorar = epMp(T) + (1 — &) Ee )

where E, is the irradiance of the target point radiated by the surrounding environment and
gp is the emissivity of the target blade. For opaque surfaces, the sum of the emissivity and
the reflectivity is 1.

A reflection model was established to analyze the radiation propagating from the
adjacent blades to the target blade. Figure 2 shows the principle of the reflection model
of a discretized blade. The adjacent blade is divided into many small panels, and the
radiation angle factor of each panel is calculated. When considering the effect of reflection
(or ambient radiation), My, can also be expressed as [20]

™=

Myorar = epMp(T) + (1 — &) ) Mi(x;,yi,2i) Fi 3)

i=1
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Figure 2. Schematic diagram of the reflection relationship of discretized blade panel.

In Equation (3), M; is the total radiant exitance of the i-th panel on the adjacent blade,
and F; is the radiation angle factor between panel i and the target point. Combined with
the total radiant emittance of the adjacent blade surface, the radiation illuminance of the
adjacent blade to the target blade can be calculated to correct for the reflection error of the
target blade. To accurately calculate the radiation angle factor, it is necessary to establish a
geometric model of the turbine blade in a three-dimensional space according to the actual
shape of the turbine blade.

2.2. Three-Dimensional Dynamic Reflection Model of Turbine Blades

By establishing a coordinate transformation relationship of the turbine blade surface at
different positions, the coordinates of each point on the blade surface at different positions
can be described. Using the actual shape of an engine blade, a three-dimensional geometric
model of a turbine blade was established. As shown in Figure 3, the x-axis is the engine
axis, the rotor blades rotate around this axis, and the y-axis is parallel to the initial state
rotor blade axis line r. The z-axis direction is determined by the right-hand rule. When the
rotor blade rotates, line r rotates onto line 7/, and the angle ¢ between the two straight lines
represents the position angle of the rotor blade. A three-dimensional model of the rotor
blade at ¢ = 0 was established, and the transformation relationship between the coordinates
of each point on the rotor blade and ¢ was analyzed. First, we intercepted the blades with
a set of planes parallel to the plane formed by the x-z axis with a certain step length and fit
these intercept lines to obtain a set of equations:

z0=fi(x) j=123...N 4)

Figure 3. Position changes of rotor blades at different angles.
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Then, we analyzed the coordinate change of any point on the rotor blade section line
zo = fj(x) in Figure 3 when it rotates. When the rotor blade rotates to the position angle
@ = ¢y, the y-axis coordinate of the point becomes

Yy = ycos @o + fj(x) singo 5)
j=1,23 ..., N

The x-axis coordinate of the point will not change during the rotation, and the z-axis
coordinate will become
o — [f](x) + v/ sin ¢g] / cos @g ©)
j=123...N

By obtaining the position coordinates of each point on the cross-section of the rotor
blade, a geometric model of the rotor blade at any position angle ¢ can be established. The
method of modeling the guide vane is the same as that of the rotor blade.

The established blade model was divided into panels, and the radiation angle factor of
each panel was calculated. In order to ensure calculation accuracy, we divided the suction
surface and pressure surface of all blades for analysis. Considering the calculation accuracy
and speed comprehensively, we divided the suction surface and pressure surface of each
blade into 9720 panels. The three-dimensional geometric model of the turbine blades is
shown in Figure 4. According to the relative position of the turbine blades, the suction
surface of the target blade, and the suction surface and pressure surface of the upper rotor
blade, three adjacent guide vanes were modeled and discretized.

-0.22

J)\C'OO -0.24 »
o - <00 Q)
Doy 026 o o

6?2) 02 7 002
¥

Figure 4. The three-dimensional geometric model of the turbine blades.

A guide vane near the target blade was selected to analyze the radiation angle factor
between each panel on the guide vane and the center point Py of the panel on the target
blade. When the segmentation is sufficiently fine, each panel can be approximated as a
rectangle, and the three-dimensional coordinates of all panel endpoints on the guide vane
obtained by the geometric model can be expressed as matrices X, Y1,Z;. As shown in
Figure 5, the position vector Py, and the length vector ay, , and width vector by, , of the end
point (for the k, I element in the matrix) of a panel on the guide vane can be expressed as

1/2(X1(k—1,1) + Xy (k, 1 + 1))
pr, = | 1/2Xa(k—1,1) + Xy (k1 +1)) @)
’ 1/2(Xy (k= 1,1) + Xy (k, 1 + 1))
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X1(k—1,1) — X1 (k1) T
ulk,l = Yl(k—l,l) —Yl(k,l) (8)
Zi(k—1,1) — Zy(k,1) |

k=1,2,3,...,61 1=1,23,...,171

[ Xq(k,1+1) — Xq(k, 1) ]
bi, = | Yalk1+1) - Ya(k1) ©)
| Zy(k,1+1) — Z4(k,1) |

k=1,23,...,61 1=1,2,3,...,171

(a) (b)
Figure 5. Schematic diagram of face element vector of: (a) guide vane; (b) target blade.

The unit normal vector ny, ; of the panel should be perpendicular to the vector a1, ;, by, ,
and satisfy the right-hand rule, and the normal vector of the panel should point to the
outside of the blade to calculate the angle factor. The unit normal vector ny, , is expressed as

<a1k,l x blk,l)

(10)
)alk,l X by, ‘

My, =

The area of the panel is

51, = )alk,l x blk,l (11)

The cosine of the angle between the direction vector dyg, , from the panel to the target
point and the normal vector ny, , of the panel is expressed as

1oy, 11y,

cos 610“ = (12)

‘dlok,,

The cosine of the angle between the direction vector dgy, , from the target point to the
panel and the normal vector ng of the target point P is

do,, 1o

cos 901“ = (13)

‘dm,d

where dlok,l =Py, —Por dOIk,l =Po—P1p dlﬂk,z and dolk'l are the direction vectors between
the panel and the target point Py, and the two vectors are in opposite directions. The angle
factor between a panel on the guide vane and the target point Py can be expressed as

cosbqg, ,cosbpr, ,

5 Slk,l (14)

Fo,, =

7T ‘d()lk,l
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Vane 3

Blade 2

Then, the angle factor of the entire guide vane to the target point Py is

k=61 =171 €08 b0, , cosOp1,,

Fotipa = 2 km1 2u1—1 2 51y (15)

7T ’dmk,l

Equation (15) was used to calculate the radiation angle factor between all the adjacent
blades and a certain point on the target blade to obtain the radiation angle factor distribution
of the whole target blade. Combined with the measured total radiation emittance of the
adjacent blades, the reflected energy of the target blade surface can be calculated.

2.3. Simulation Results and Analysis of Dynamic Reflection Model

Based on the geometric models of the suction surface of the target blade, the suction
surface and the pressure surface of the upper rotor blade, and the adjacent three guide
vanes in Figure 4, the ambient radiation reflected by the trailing edge of the suction surface
of the target blade is analyzed. First, the radiation angle factors between the three guide
vanes and point Py shown in Figure 6 are calculated. Equation (15) is used to calculate
the radiation angle factor of the adjacent blades to the target blade at different angles ¢.
In order to judge whether radiation can reach the target blade, the radiation angle of the
panel and whether other blades block the panel radiation are considered in the calculation.
Figure 6 illustrates the change in radiation propagating from the adjacent blades to point
Py on the target blade when the target blade rotates and uses different colored shadows
to distinguish the radiation propagating from different adjacent blades to P on the target
blade. The guide vanes are distributed periodically; therefore, we take the process of
rotating the blade from the position to another position as a cycle, as shown in Figure 6a—c,
and use the reflection model for analysis. The target blade rotates 6 degrees in one cycle.
Figure 7 shows the simulation results of the reflection model; that is, the angle factor
distribution between the target blade and guide vanes 1, 2, and 3 at different angles (¢ = 0°,
2°,4°, and 6°). In Figure 7, the x-axis is close to the trailing edge of the blade, and its
positive direction is from the tip to the root of the blade. The y-axis is close to the tip, and
its positive direction is from the trailing edge to the leading edge.

Figure 7 shows that during rotation of the target blade, the position where the most
intense radiation from the three guide vanes is received is the trailing edge of the target
blade suction surface. This is because the distance between the guide vanes and the trailing
edge is the smallest compared with other parts of the target blade suction surface. However,
due to the shape of the target blade and the shielding of the upper rotor blade, the radiation
of the three guide vanes cannot reach the leading edge of the suction surface of the target
blade, so the radiation angle factor is almost zero.

Blade 2

Blade 2

Vane 3

Vane 2

Vane 1

(b) (©

Figure 6. Changes in radiation propagating from adjacent blades to point Py when the target blade moves at (a) ¢ = 0°, (b)

¢ =3°and (c) ¢ =6°.
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(d)

As shown in Figure 6, the relative position, between blade 2 and the target blade, does
not change with the rotation of the target blade. Therefore, the angle factor distribution
between the target blade and blade 2 is only related to the blade shape. The calculation
result of the radiation angle factor of blade 2 is shown in Figure 8.

1.0
0.8
0.6

0.4

Relative width of blade (y/w)

0.2

0.0

Radiation angle factors

0.7240
/ \ 0.6372
0.5505
0.4638
0.3770
0.2903
0.2035
0.1167
0.03000
0.0 0.2 0.4 0.6 0.8 1.0

Relative length of blade (x/L)

Figure 8. Angular factor distribution between the target blade and blade 2.
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The peak of the radiation angle factor between rotor blade 2 and the target blade is
located near the protrusion of the blade surface. As rotor blades 1 and 2 are arranged at a
certain angle in the engine, the peak position of the radiation angle factor deviates to the
root side of the target blade at the protrusion of the suction surface.

According to the above simulation results, the reflected radiation and temperature
measurement error of the target blade are simulated and calculated. The relative position
coordinates of point Py are (0.5, 0.66), the target blade temperature is 1100 K, the guide
vane temperature is 1000 K, the upper rotor blade temperature is the same as the target
blade temperature, the target blade emissivity is 0.58, and the wavelength of radiation
temperature measurement is 1550 nm. The ratio of the reflected energy on the surface of the
target blade to the total energy received by the radiation pyrometer and the temperature
measurement error caused by reflection are calculated. The relationship between them and
the angle of the target blade is shown in Figure 9a. The energy reflected from the target
blade to the adjacent blades account for more than 25% of the actual energy received by
the radiation pyrometer, so the temperature measurement error exceeds 40 K. Moreover,
the proportion of reflected radiation and the reflected temperature measurement error
do not change significantly with the angle. This is because the temperature of the guide
vanes is lower than that of the upper rotor blade in the adjacent blade, and the radiation
propagating from the upper rotor blade to the target blade accounts for the main proportion
of ambient radiation; the relative position between the rotor blades does not change with
the rotation of the blades.

1 1 1
I Il Measurement error

D
o

——Proportion of reflected radiation

w
o

w
(5]

I I I I 70 T 1 1 I I I I

I I Measurement error
60 - Proportion of reflected radiation

1
w
o
1

w
o

Measurement error (K)
n w B (%)
o o o o
— T

=
o

o

1
N
o

N
(&3]

50 |- ///’ .
a0 -

30 -

=
o

=

[$]

=
o

20 -

5 3
Proportion of reflected radiation (%)

Measurement error (K)

=

o
T
1

o

o 8
Proportion of reflected radiation (%)

o

o

0 1 2 3 4 5 6 850 900 950 1000 1050 1100 1150
Rotation angle of target blade (9 Target blade temperature (K)
(a) (b)

Figure 9. Simulation analysis of the reflection error of turbine blade radiation temperature measurement: (a) angular factor

distribution between the target blade and blade 2; (b) target point reflection ratio and temperature measurement error at

different temperatures.

We then set the relative position coordinates of point Py to (0.5, 0.66), the target blade
temperature range to 950-1250 K, at ¢ = 0 degrees, the guide vane temperature to 100 K
lower than the target blade temperature, and the upper rotor blade temperature to the
target blade temperature. The emissivity of the target blade is 0.58, and the wavelength
of radiation temperature measurement is 1550 nm. The ratio of the reflected energy on
the surface of the target blade to the total energy received by the radiation pyrometer and
the temperature measurement error caused by reflection are calculated. The relationship
between them and the temperature of the target blade is shown in Figure 9b. The propor-
tion of reflected radiation and the reflected temperature measurement error increase as the
target blade temperature increases. For aircraft turbine engines with a higher operating
temperature, the temperature measurement error caused by reflection will be larger. There-
fore, when performing radiation temperature measurement on turbine blades, target blade
reflection must be corrected to reduce the resulting temperature measurement error.
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2.4. Correction Method of Reflected Enerqy Based on Total Radiation Exitance of Adjacent Surface

This paper proposes a method of collecting radiation signals of the adjacent surface
to correct for the reflection error in the process of radiation temperature measurement.
Equation (3) shows that when ambient radiation is considered, the total radiant exitance of
the target surface can be expressed as

Miotar = esMp(T) + (1 — &) Y o Mi(x;,y1,2i)F; (16)

In the narrow working wavelength range of the radiation pyrometer, the emissivity
and radiation emission are considered, to a high approximation, not to change with the
wavelength. Therefore, the actual signal S;,;,; output by the radiation pyrometer can be
expressed as

Stotal = Miota ApQg(A)AA/ 27T (17)

where A is the area of the object surface of the radiation pyrometer; (), is the solid
angle of the entrance pupil of the optical system of the radiation pyrometer to a point
on the object surface; g(A) is the product of the optical system’s transmittance, detector
response coefficient, and other functions related to the wavelength; and AA is the operating
bandwidth of the radiation pyrometer. Then, from the perspective of ambient radiation,
according to Equations (16) and (17), the actual output signal of the radiation pyrometer
can be expressed as

Stota = esMp(T) Ay (A)AA/27t + (1 — ) x Y| Mi(x;, i, i) Ay (A)AA /27 F; (18)

For the surface of the adjacent blades, Me,-/ is the total radiant exitance on the i-th
panel of the adjacent blade surface, which includes heat radiation and reflection. As the
target surface interrogated by the probe is very small (r = 1 mm), the temperatures of
several surface elements contained on the probe target surface are considered equal. The
total number of panels of the adjacent blades becomes 7', and the actual output signal of
the detector can be expressed as follows:

——
Stotal = Sp+ (1 - eb) Z;/:;l SE,-/ F/z" (19)

Siotar is the actual voltage signal output of the detector, S, is the voltage signal of
thermal radiation on the target surface, and S, is the voltage signal obtained using the
same pyrometer to measure the /’-th panel of the adjacent blades’ surface; the last item
includes the signal caused by the thermal radiation of adjacent blades themselves and
reflection of other radiation sources on the blades’ surface. F'; is the sum of the angle
factors of several panels contained in the object plane of the radiation pyrometer. The
radius of the object plane of a radiation pyrometer is generally on the order of millimeters,
so it can be considered that the angular factors of the adjacent blade radiation at each
point in the object plane are equal. The second term at the right end of Equation (19) is the
signal response to the reflected energy, which can be calculated by the angle factor and the
actual measured radiation signal without referring to the actual temperature and emissivity
of the adjacent blade surface. The temperature measurement error can thus be reduced
accordingly. As a versatile correction method, it benefits the temperature measurement
performance of both single-wavelength and multi-wavelength frames.

3. Three-Wavelength Radiation Temperature Measurement Based on
Reflection Correction

It is difficult to measure the emissivity of running turbine blades. For targets with
unknown emissivity, the colorimetric temperature measurement algorithm is practical to
measure the radiation temperature. However, suffering from both the ambient radiation
and the emissivity difference with the wavelength, the relative temperature measurement
error using the colorimetric algorithm could be higher than 15% [21]. Based on the above
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analysis of reflection error correction, the proposed algorithm has proven feasible in the
radiation temperature measurement of a surface with unknown surface emissivity.

To eliminate the influence of blade surface emissivity, it is necessary to select multiple
wavelengths for radiation measurement. When performing radiation temperature mea-
surement of turbine blades, according to Equation (2), the response of the detector at a
certain wavelength can be expressed as

S ZSbSB(T)—i-(l—Sh)SE—i-SD (20)

where S is the detector’s voltage signal output, ¢, is the surface emissivity, Sg(T) is
the voltage signal of a blackbody measured by a radiation pyrometer with the same
temperature as the target surface, S, is the voltage signal of the ambient radiation (obtained
by combining the simulation results and measurement results of the reflection model), and
Sp is the detector noise. By deriving Equation (20), we obtain

S—Sp—Se=¢,(Sp(T) = Se) (21)
Substituting wavelength 1 and wavelength 2 into Equation (21), we can obtain
51— S — Sp1 = e (Sp1(T) — Se1) (22)
52— Se2 — Sp2 = €2(Sp2(T) — Se2) (23)
We can divide Equation (22) and Equation (23) to obtain

S2=52—Sp2 _ e Sp(T) — Se2

= 24
S1—S1—5Sp1  €&n  Spi(T)—Sa @)

Ignoring the difference in emissivity between the two wavelengths, we define the
error function e1 (T):

_ 5 —=S2-Sp2 Spa(T) = Se2

e1(T) =
(D) S1—=Sa—Sp1 Spi(T) = Sa

(25)

Then, the solution when e;(T) = 0 is the true temperature of the target point. Com-
bined with the mathematical properties of the Planck function, function e; (T') satisfies the
following conditions:

(1) The values of 1 (0) and the limit Tlgi;lo e1(T) exist and are finite real numbers;

(2) In the domain [O, S1 1(Se1) ) , the function e (T) has a discontinuity point only at
T = S~ !(Se1), and this point is the infinite discontinuity point of the function e;(T). The
left limit and the right limit of the function e; (T') at this point have opposite signs.

In the defined intervals [0, Sg1 ~1(S1)) and (Sp1~1(Se1), ), the function e; (T) is con-
tinuous. According to the zero-point theorem, if the function e (T) satisfies the following
two conditions at the same time:

e1(0) x lim e1(T) <0 (26)
T—Sp1~1(Se1)”
lim e1(T) x lime1(T) <0 (27)
T—Sp11(Se1) " T—o0

Function e (T) will have two zeros in the domain. Therefore, using only two wave-
lengths will result in two temperature solutions for temperature inversion.

When the target blade temperature is 1150 K, the guide vane temperature is 100 K
lower, the upper rotor blade temperature is the same as the target blade temperature, the
target blade emissivity is 0.58, detector noise is ignored, and two adjacent wavelengths
of 1600 nm and 1500 nm are selected. We obtain a relationship between the error func-
tion e1(T) and the temperature T at the measured point Py of the target blade, which is



Appl. Sci. 2021, 11,3913

12 of 17

represented by the green curve in Figure 10. The function e; (T) has two zero points: one
at the real temperature Ty = 1150 K, and the other at T; = 930.6 K. Both temperatures
are within the working range of the turbine blade and are easily confused with its actual
surface temperature.

010 T T T T T T T T T

0.08

T,=930.64K I
0.06 T,=920.03K I
0.04 - T3=925.55K I
0.02 |
0.00 | ey (T) Il
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L e (T e3(T)

-0.06 o
-0.08

_010 L " 1 " 1 " 1 " 1 " 1] - 1 " " ]
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T(K)
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T
T

T

T

Error function

T T

I
I
I
I
I
1

Figure 10. Variation in the error function e(T) with temperature T (green: 1600 nm and 1500 nm; red:
1700 nm and 1600 nm; blue: 1500 nm and 1700 nm).

Then, three wavelengths, 1, 2, and 3, are selected. According to the error function
e1(T), we can obtain two more error functions ep(T), and e3(T):

_ S53—Ss3—5p3 _ Sp3(T) — Se3
S —Seo—Sp2 Spa(T) — Se2
( ) _ Sel

ex(T) (28)

_51—=5a—5p1 _ Sp(T
S3—Ses—5Sps Sp3(T) — Ses

We define the error function of three-wavelength radiation thermometry algorithm:

e3(T) (29)

Yo em(T)? = er(T)? + ea(T)* + e5(T)? (30)

We choose the center wavelengths of the three narrow bands beyond the strong
absorption band of the engine gas as 1500 nm, 1600 nm, and 1700 nm and further analyze
the relationship between the error functions e; (T) (wavelengths 1600 nm and 1500 nm),
e2(T) (wavelengths 1700 nm and 1600 nm), and e3(T) (wavelengths 1500 nm and 1700 nm)
and the temperature T at the measured point Py of the target blade at a specific temperature.

The green curve in Figure 10 shows the relationship between e1 (T) and temperature T;
the red curve shows the relationship between e, (T') and temperature T; and the blue curve
shows the relationship between e3(T) and temperature T. The three curves have the same
zero point at T = 1150 K, and the other zero points appear at T1 = 930.6 K, T, = 920.03 K,
and T3 = 925.55 K. The positions of these three zero points are not the same. Therefore,
when Equation (30) is used as the three-wavelength error function, only the minimum
function value 0 is obtained when T = 950 K, and the function values at other positions are
all greater than 0, which ensures the uniqueness of the solution.

The temperature of the target surface can be reversed by the three-wavelength radia-
tion temperature measurement algorithm, which only requires the radiation signal (51, S,
and S3) of the target surface and the ambient radiation signals (S,1, S.2, and S,3 are obtained
from the simulation results of the reflection model combined with the measurement).

4. Experiment and Result Analysis

In order to verify the results of the three-wavelength radiation temperature measure-
ment method based on reflection correction, an experiment was designed in a laboratory
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environment: a three-wavelength optical radiation pyrometer was used to measure the
temperature of turbine blades in a heating furnace, and the three-wavelength radiation
temperature measurement method based on reflection correction proposed in this pa-
per and colorimetric temperature measurement methods were used to demodulate the
blade temperature. The inversion results and the temperature errors of these methods are
compared with those of thermocouples.

The experimental device designed and built by our group is shown in Figure 11. Three
vanes and a target blade were placed in a heating furnace with a uniform temperature
distribution according to their actual position in the engine. The probe was installed on the
guide rail, and radiation from different positions of the target blade and the adjacent blades
was collected through the shift and rotation of the probe. The radiation from the target
blade was reflected to the lens group by the mirror in front of the probe, then converged into
the optical fiber by the lens group, and finally entered the three-wavelength optical system
through an optical fiber. In the optical system, radiation collimated by a collimator lens
was divided into three beams by two dichroic mirrors. The radiation at each wavelength is
focused on the detector of the corresponding channel after passing through its own filter.
The temperature is demodulated based on the voltage output by the detector. The center
wavelengths of the three narrow bands of radiation are 1500 nm, 1600 nm, and 1700 nm,
and their bandwidths are all 50 nm.

Data acquisition
and display

Optical System

g - 'w
I I
Heating Furnace Optical fiber : : Detection at
! | ‘ 1600 nm
Probe | [ | g
| L s Y
/ 7.4 T A
— / ot | o N |
ane 11— - o 1 A e it
Vane 2—— i { | Detection at
Vane 3— "~ Target blade | ; 1700 nm
| | Detection at
“Thermocouple (&89 | 1500 nm

T

A

Figure 11. Radiation temperature measurement experiment of turbine blade.

During the experiment, the temperature of the heating furnace was increased to 650 °C,
700 °C, 750 °C, 800 °C, 850 °C, 900 °C, and 950 °C. After the temperature in the furnace was
stabilized, the probe was inserted for measurement. Radiation from the target blade, three
guide vanes, and the upper surface of the heating furnace was collected by the probe. The
center of the trailing edge of the suction surface of the target blade (point Py in Figure 6)
was selected for temperature measurement. We collected the radiation from three points on
the leading edge of the guide vane’s pressure surface (the quarter point of the guide vane)
and from the 2 x 2 points on the upper surface of the heating furnace and took the average
voltage signal of all points of each component to calculate the ambient radiation. In order
to prevent overheating of the probe tip, which would allow thermal radiation from the
reflector to interfere with measurement, the probe was withdrawn from the heating furnace
after each measurement to be cooled with cold air. Although the distance from the probe
to each blade is different, the temperature calibration results of a blackbody at different
distances from the probe to the blackbody show that, as long as the temperature fluctuation
of the surface to be measured is small and the object field of view of the radiation pyrometer
is always full, changes in the temperature measurement distance hardly affect the output
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signal. Then, the measured radiation signals of the pressure surface of the guide vane and
the upper surface of the heating furnace were substituted into Equation (20) to correct the
reflected radiation of the target point. The radiation angle factors of the three guide vanes to
the target point calculated using the three-dimensional dynamic reflection model of turbine
blades proposed in this paper are shown in Table 1. The temperature of the measured point
on the target blade, measured by a thermocouple, was used as the true temperature of the
point. The voltage signals at seven temperature points on the target blade measured by the
pyrometer in three channels (channel 1: 1500 nm; channel 2: 1600 nm; channel 3: 1700 nm)
are shown in Figure 12a—c.

Table 1. The angular factor between each part in the furnace and the target point on target blade.

Vane 1 Vane 2 Vane 3 Furnace Wall
Angular factor 0.2304 0.2246 0.1122 0.3018
T T T T T T L L L T T T
5k Target blade i 7 —— Target blade .
—Vanel 6k Vane 1 A
Sat Vane 2 . S —— Vane 2
= Vane 3 = Sr Vane 3 T
53 Heating furnace - S 4 | —— Heating furnace i
o | 5
ot i g3r ]
E . I § oL / . 4
i i 1r / .
0 N 1 N 1 N 1 N 1 N 1 N 1 N 0 N 1 N 1 N 1 N 1 N 1 N 1 N
900 950 1000 1050 1100 1150 1200 1250 900 950 1000 1050 1100 1150 1200 1250
Target blade temperature (K) Target blade temperature (K)
(a) (b)
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Target blade temperature (K)

(c)

Figure 12. Measurement results at different temperatures of: (a) channel 1: 1500 nm; (b) channel 2: 1600 nm; (c) channel 3:

1700 nm.

The measurement results show that the radiation signals collected at the three guide
vanes (the temperature distribution of a guide vane is uniform, so the radiation average
of three points on a vane is used to represent the radiation of the entire vane) are almost
equal to the radiation signals collected at the target blade for different temperatures due
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to the uniform heating of the heater. The inner wall of the furnace is the main source of
heat, so its radiation is higher than that of the blades in the furnace. With reference to the
measurement and calculation results in Table 2, a three-wavelength radiation temperature
measurement method, based on reflection error correction, and three colorimetric tempera-
ture measurement methods are used to demodulate the temperature. The four radiation
temperature measurement methods are listed in Table 3, and the inversion results and
relative errors are shown in Figures 13 and 14.

The three-wavelength radiation temperature measurement method based on reflection
error correction proposed in this paper and the three colorimetric temperature measurement
methods are listed in Table 3. The measured temperature results and relative temperature
measurement errors of these radiation temperature measurement methods are compared,
as shown in Figures 13 and 14. The temperature measurement error of method 2 is the
smallest at 930.6 K, and the error is only 0.55%, but the temperature error is 6.09% at
1080.2 K of the target blade temperature. In method 3, when the target blade temperature
is 1129.7 K, the temperature measurement error is the smallest, only 0.996%, but when the
target blade temperature is 1031.3 K, it reaches 5.04%. The temperature measurement error
of method 4 is the smallest when the target blade temperature is 1129.7 K, only 0.19%, but
it is 6.00% when the target blade temperature is 1080.2 K. The demodulated temperature
results of the three colorimetric temperature measurement methods have considerable
uncertainty. Analysis shows that the temperature measurement error is mainly affected by
differences in emissivity of the blade at the three wavelengths, the reflection of ambient
radiation, and measurement noise. The maximum temperature error of the proposed
three-wavelength radiation temperature measurement method is 2.13% when the target
blade temperature is 1031.1 K. The average relative errors of the four methods are 1.20%,
2.69%, 2.82%, and 2.74%, respectively. The demodulated temperature of the proposed
method is close to the real temperature and is less affected by differences in emissivity and
by measurement noise. The proposed method realizes the reflection error correction of
the blade surface with unknown emissivity in a radiation environment and improves the
accuracy of temperature measurement.

Table 2. Target blade radiation signal and the ambient radiation signal calculated using the three-
dimensional dynamic reflection model.

Target Blade Voltage Signal (V) Reflected Radiation Signal (V)
Channel 1 Channel 2 Channel 3 Channel 1 Channel 3 Channel 3
0.362 0.562 0.111 0.356 0.556 0.103
0.585 0.919 0.169 0.580 0.875 0.159
0.968 1.435 0.265 0.925 1.328 0.242
1.463 2.179 0.375 1.398 1.992 0.349
2.234 3.118 0.525 2.037 2.851 0.495
3.242 4414 0.721 2.854 3.932 0.676
4.467 6.048 0.969 4.046 5.426 0.909

Table 3. Radiation temperature measurement methods used in the experiment.

Number Name

Three-wavelength radiation temperature measurement method based

Method 1 . .
on reflection correction
Colorimetric temperature measurement method
Method 2 (1600 nm and 1500 nm)
Colorimetric temperature measurement method
Method 3 (1700 nm and 1500 nm)
Method 4 Three-wavelength colorimetric temperature measurement method

(1700 nm, 1600 nm, and 1500 nm)




Appl. Sci. 2021, 11,3913

16 of 17

1300 T T T T T T T T T T T T
[ — Thermcouple ]
1250 L Method 1 )
<1200 - —— Method 2 ]
o 1150 F Method 3 i
g 1100 i Method 4 ]
(5] - 4
£1050 |- .
<5} 3 4
F 1000 - e
950 - e
[ ) 1 ]

900 - -
900 950 1000 1050 1100 1150 1200 1250
Target blade temperature (K)

Figure 13. Temperature measurement results of turbine blades.
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Figure 14. Comparison between the inversion errors of the three-wavelength temperature measure-
ment method and the colorimetric temperature measurement methods.

5. Conclusions

This paper proposed a three-wavelength radiation temperature measurement method for
turbine blades based on ambient radiation correction. The method was used to measure the
temperature of the surface of turbine blades with unknown emissivity subjected to ambient
radiation. The first-stage rotor blade of the aero-turbine engine was selected as the target
blade, and the adjacent guide vanes and the upper blades were selected as the adjacent blades.
A three-dimensional dynamic reflection model of the turbine blades was established, and
the target blades were analyzed under different rotation positions and different tempera-
tures. Moreover, a three-wavelength radiation temperature measurement algorithm based
on reflection error correction was proposed. Through theoretical deduction and analysis, the
uniqueness of the algorithm for solving the temperature was proved. Ultimately, an exper-
iment was designed to verify the method. The experimental results show that, compared
with colorimetric temperature measurement methods, the maximum measurement error
of the selected blade measurement points decreases from 6.09% to 2.13%, and the average
measurement error decreases from a maximum of 2.82% to 1.20%. This indicates that the
proposed method can eliminate the influence of reflected radiation and accurately obtain
the temperature of a blade surface with unknown emissivity. The method would lead to
a performance improvement in the radiation temperature measurement of aero-turbine en-
gines. It should be noted that our analysis does not take into account the deformation of
the turbine blade in the process of rotation. In future work, we will analyze the influence of
deformation on the rotating blade temperature measurement. Additionally, we will calibrate
the temperature error through modeling the deformed surface of turbine blades.
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