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Abstract

®

CrossMark

Internal temperature monitoring of high-speed propulsion systems is highly important for
engine performance evaluation and lifetime prediction. As a passive optical measurement
method without the need for an external light source and without flow field interference, the
emission spectrum measurement technique has good application prospects for harsh
measurement environments. As the main combustion product, high-temperature water vapor
shows a strong emission intensity that is highly suitable for temperature measurement
applications. We propose use of the band integral ratio to remove the high resolution
measurement requirements for the spectrum acquisition system. In addition, the temperatures of
methane-oxygen flames with different equivalent ratios are measured successfully under the
condition that the influence of self-absorption on the measurements is considered.

Keywords: water vapor spectrum, high temperature measurement, self-absorption, intensity ratio

(Some figures may appear in colour only in the online journal)

1. Introduction

Rapid developments in the aerospace industry are leading to
higher requirements for high-temperature gas measurements.
Generally, measurement methods for high-temperature gases
can be divided into two types: intrusive and non-intrusive. The
intrusive measurement method represented by use of a ther-
mocouple can easily induce changes in the flow field, and the
upper temperature measurement limit is low, which means that
it is unsuitable for use in complex measurement environments.
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BY of the Creative Commons Attribution 4.0 licence. Any fur-
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1361-6501/23/054001+10$33.00  Printed in the UK

The non-intrusive optical measurement methods used in the
combustion field can be divided into active and passive meas-
urements, depending on whether or not external signals are
applied to the combustion. Active measurement methods are
represented by absorption spectroscopy, laser-induced fluor-
escence, and laser scattering techniques [1, 2]. Tunable diode
laser absorption spectroscopy (TDLAS) can scan the gas char-
acteristic absorption line pattern accurately by controlling the
laser to obtain the relevant flow field parameters. The contri-
bution of Hanson and colleagues to this technology is quite
outstanding. They proposed a 2f/1f calibration-free method
based on residual amplitude modulation that improved the
applicability of TDLAS technology greatly [3, 4]. However,
because of the complexity of the experimental environment, it
is difficult to obtain effective experimental data from engines
using TDLAS. Laser scattering technology is represented
by methods including Rayleigh scattering [5], spontaneous

© 2023 The Author(s). Published by IOP Publishing Ltd
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Raman scattering [6], and coherent anti-Stokes Raman scatter-
ing (CARS) [7]. Although these methods offer high measure-
ment accuracy, the experimental equipment required is quite
complex and expensive, and this makes it difficult to apply
these techniques outside a laboratory environment.

As a passive optical measurement method, optical emission
spectroscopy does not require use of external light sources.
This remarkable characteristic is highly advantageous in com-
plex measurement environments and when performing long
distance measurements. Over the past few decades, there
have been numerous reports of flow field information meas-
urements using emission spectra. In terms of atomic spec-
tra, the intensity ratio or the slope ratio of the spectral line
[8-10] and the Boltzmann diagram method [11-13] are com-
monly used. Unfortunately, because of the limited numbers
of atomic spectral lines, non-thermodynamic equilibrium, and
other factors, it is difficult to apply these methods at high tem-
peratures and in unsteady flows. Professor Gerhard Herzberg,
who won the Nobel Prize for Chemistry in 1971, performed
in-depth research in the fields of electronic structures and
molecular geometry that laid the foundation for the measure-
ment technique of emission spectroscopy [14-19]. In addi-
tion, with the continuous development of spectral databases
such as high resolution ransmission olecular bsorption data-
base (HITRAN) [20] and high temperature molecular spectro-
scopic database (HITEMP) [21], molecular spectroscopy ther-
mometry has also gradually become a research hotspot.

Molecular emission spectrometry thermometry mainly uses
spectra produced by diatomic molecules such as C,*, OH*,
and CH* from excited state to low energy level transitions to
determine the temperature. In 1950, however, Gaydon found
a difference with respect to the thermodynamic temperature
when using the spectrum of OH* to measure the temperature
of a hydrocarbon flame [22]. Additionally, in 2011, Passaro
et al observed the high rotation temperature phenomenon
when measuring the combustion temperature of liquefied gas
based on the C,* emission spectrum [23]. The main reason
for the observed differences in these cases is that the num-
ber distribution of the excited state particles has not reached
its equilibrium state, and the rotational energy level is thus
over-distributed. Fortunately, thermally excited water vapor
molecules reach their equilibrium population when they are
formed, and the temperature for each degree of freedom (DF)
of the excited state is approximately equal to the thermody-
namic temperature. In addition, Water vapor is the most com-
mon component of combustion products, And the research
of water vapor spectra goes back about 100 years. In 1940,
Darling and Dennison revealed the vibrational spectral struc-
ture of water vapor molecules through the semi-rigid molecu-
lar theory [24] Benedict et al and Gaydon obtained strong
water vapor emission spectrum through the analysis of flame
spectrum [25, 26]. In recent years, the radiation spectrum
of water vapor has gradually shown the value of industrial
application. In 2016, Ellis et al divided the spectrum within
the same electron band system and preliminarily obtained
the one-dimensional flame temperature under the assump-
tion of uniform flame absorption rate and without consider-
ing self-absorption by combining the integral ratio of spectral

intensity. At the same time, the source of measurement error
is analyzed [27].

Regardless of whether atomic or molecular spectra are
considered, the self-absorption phenomenon in these spec-
tra is noteworthy. In 2003, Laux ef al used OH* to meas-
ure the atmospheric plasma temperature and found that
self-absorption led to measurement errors. In addition, they
estimated that when the self-absorption reached 4%, the tem-
perature would then be offset by 100 K [8]. Previous work has
usually defaulted to the optical thinness and ignored the self-
absorption phenomenon, which is feasible for measurement
of small-scale flames in the laboratory. However, in temperat-
ure measurement of larger flames, such as those encountered
in aero-engine ground experiments, the presence of the self-
absorption phenomenon is unavoidable.

In this paper, a method of temperature measurement based
on the integral ratio of spectral intensity of water vapor emis-
sion spectrum is introduced, and the effect of self-absorption
is taken into account, which provides a measurement idea
for large-scale flame temperature measurement in industrial
applications. We believe that this method can avoid the
unavoidable problem of interference flow field in contact tem-
perature measurement, and will obtain a wider temperature
measurement range than TDLAS technology. In addition, the
cost and technical difficulty of the measurement system will
be much lower than CARS. These obvious advantages will
make the method very suitable for the temperature detection
of engine combustion chamber, and also lay a foundation for
the extension of the method to multi-dimension.

2. Water vapor emission spectra at high
temperature

As shown in figure 1, H,O and CO, are two common com-
ponents of the combustion products of hydrocarbon fuels. In
addition, figure 1 shows that water vapor has a higher radiation
intensity than CO, at the same temperature and pressure con-
centration above 5500 cm™!, which makes it relatively easy
to collect the water vapor spectrum experimentally because it
will not be disturbed by the radiation from other components.

H,O is a triatomic asymmetric top molecule and its
rotational-vibrational spectrum is more complex than that
of most other triatomic molecules. In 1933, Mecke et al
provided the basic structure of water molecules and ana-
lyzed 16 vibration-rotational water vapor radiation belts in
the 5650 A—6 pm region [28]. The angle and the distance
between the O—H bonds in the molecular structure of H,O
are 104° 36’ and 0.9558 A, respectively, and like all nonlin-
ear triatomic molecules, they have six internal degrees of free-
dom (three rotations and three vibrations). With regard to their
vibrational modes, water molecules have three basic vibra-
tional frequencies: V1 = 3650 cm~!, V2 = 1595 cm~!, and
V3 =3755cm™! [24].

The high-speed collisions that occur between particles in
high temperature environments cause the translational, rota-
tional, vibrational, and electronic degrees of freedom of the
molecules to be excited completely. A transition between two
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Figure 1. Comparison of calculated spectra at 2500 K, 1 atm, an
optical depth of 50 mm, a H,O concentration of 66%, and a CO,
concentration of 33%.

electronic states results in an electron band. However, an
electron band usually consists of multiple vibrational bands
formed by transitions between these vibrational bands. In
addition, each vibrational band includes multiple rotating
branches, and this ultimately forms the basic structure of the
molecular emission spectrum—the band spectrum. Regardless
of whether an absorption line or an emission line is considered,
the line width is not infinitely narrow, but has a specific width.
These lines are subject to different broadening mechanisms,
which can be divided into uniform broadening and nonuni-
form broadening types [29-32]. In addition to the two broad-
ening mechanisms above, the experimental spectrum collected
by the spectrometer is actually the convolution of the real spec-
trum and the spectrometer instrument function @(v), and it is
also affected by the optical path arrangement, the responses of
the optical components, and self-absorption [33, 34].

We demonstrate the correlation between spectral intens-
ity and temperature using a simplified formula for calculating
spectral intensity. Under the assumption of optical thinness,
self-absorption is ignored, then the emission coefficient can
be calculated using equation (1):

hCl/V/,./]/// vy’
) =Y | LAY N b0 W) ) (D

Here, c is the speed of light, & is Planck’s constant, v/}, o J//,
is the wave number of the energy level transition, A,’j:{}/, is
the probability of a spontaneous emission Einstein transition,
N, s is the number of excited state particles, and ¢, ;- is a
linear function. The number of excited particles N, +;- can be
calculated using equation (2):
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where Ny is the total number of molecules, k is the Boltzmann
constant, E,, E,, and E, are the energies of the rotational,
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Figure 2. Comparison of calculated water vapor spectra at different
temperatures (over the 4000-13 000 em™! range), where the
ordinate radiation power is the logarithmic value.

vibrational, and electronic states, respectively. 7}, T,, and T,
are the rotational, vibrational, and electronic temperatures,
respectively. Q,, O,, and Q, are the partition functions of the
rotation, vibration, and electronic states, respectively, g, is the
degeneracy of the electronic state, and J is the quantum num-
ber of the high energy level. When equations (1) and (2) are
combined, it is shown that the spectral line intensity has a
strong temperature dependence.

Previous experimental studies have confirmed that the
intensities of the radiation spectra of gaseous combustion
products, including water vapor, show a strong correlation
with temperature. For example, in 1964, Breeze et al veri-
fied the variation in the integral intensity of the molecular
vibration-rotation band with temperature in a rocket tail flame
and in shock tube experiments, and also confirmed the tem-
perature dependence of the molecular emission spectrum [35].
Figure 2 shows the emission spectra of theoretical water vapor
spectral data (HITEMP2010) over the range from 4000 to
13000 cm~! at different temperatures (the optical depth was
set at 50 mm, the concentration was 66%, the air pressure was
1 atm, and the spectral resolution was 0.01 cm™ ). It is thus
obvious that temperature has a major influence on the spectral
intensity and structure of the water vapor radiation. From the
viewpoint of statistical thermodynamics, the concept of tem-
perature should be associated with each DF of the particle,
in addition to the temperature of advection, there are rota-
tion temperature, vibration temperature and electron temper-
ature, and only when the thermodynamic system is in equilib-
rium, the temperature of each DF is equal. Water vapor, as a
molecule with a short relaxation time, can reach the equilib-
rium state by a smaller number of collisions in a chemical reac-
tion, so the temperature obtained from the vibrational rotation
spectrum of water vapor is the flame temperature [36].

3. Temperature measurement method based on the
integral ratio of spectral intensity of two bands

As a passive optical measurement method, the emission
spectroscopy measurement technique does not require external
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Figure 3. Flow chart for flow field temperature measurement by the

band integral ratio method.

light sources to be provided and does not interfere with the
flow field structure, and thus offers considerable advantages in
both simplifying the experimental system required and main-
taining the integrity of the flow field to be measured [37-39].
Use of emission spectroscopy for temperature measurements
has been reported in many previous studies. The most com-
monly used method involves the use of high-resolution experi-
mental spectroscopy and theoretical calculation of the spectral
line structure to measure the flow field information. However,
this method places extremely high requirements on the meas-
urement resolution and the signal-to-noise ratio of the spec-
trum acquisition system, which is not conducive to practical
applications in the aviation industry.

We propose a new method to determine the temperature
by using the integral ratio of the spectral intensities of two
bands, which can not only remove the dependence on the high-
resolution spectrometer, but also can eliminate the influence
of the concentration on the temperature measurements when
the technique is applied to a uniform flow field. As shown in
figure 3, the radiation spectra of water vapor at different tem-
peratures are first calculated using the HITEMP database. On
this basis, and by considering the temperature sensitivities of
the different transition bands and the signal-to-noise ratio of
the experimental spectra, the band that is most suitable for a
constant temperature is selected. The curve of the integral ratio
of the corresponding band of the theoretical spectrum is then
solidified into a database to be queried. The integrated ratio
value of the processed experimental spectral data in the cor-
responding band is then calculated, and the temperature of the
flow field to be measured is subsequently retrieved from the
database.

The two emission spectral bands used to perform the tem-
perature measurements must follow three principles: (a) their

Ratio(a.u.)

0 . S . S S . . o 4

T
3000 3500

Temperature(k)

L] L]
1500 2000 2500 4000

Figure 4. Variation curves of the integral ratios of four groups
(A-D) with respect to temperature.

water vapor radiation is strong when compared with their other
components; (b) the spectral band is easy to measure in the
experiment, and its signal-to-noise ratio is high; and (c) the
slope of the band integral ratio is high enough to obtain high
temperature sensitivity. To enable comparison of the differ-
ences between the different bands, four groups of theoretically
calculated spectral data from experiments A to D are listed in
table 1. In figure 4, the band ratio for each group is plotted as
a curve that varies with temperature.

Although two different bands can be selected arbitrarily,
the integral ratio in practical applications should have a lar-
ger slope with respect to temperature to ensure temperature
sensitivity. At the same time, it is also necessary to take the
signal-to-noise ratio of the experimental spectrum into account
to ensure the accuracy of the constant temperature. Previous
research has shown that the water molecules in the ranges
of 6400-7600 cm~! (V1 + V3, V1 + V2 + V3 — V2) and
9500-11500 cm™! (4V2 + V3,2V +2V2, V1 + 2V2 + V3,
2V2 +2V3,3V1,2V1 + V3, V1 4 2V3) [40-42] have strong
vibration bands; therefore, we selected Group A from table 1
to measure the temperature of the hot gas after methane and
oxygen combustion.

4. Introduction to the experimental system

The experimental system can be divided into three mod-
ules: the burner, the flow control module, and the spec-
trum acquisition module. The experiment used a self-created
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Figure 5. Burner cross-section (left side) and schematic diagram of the experimental system (right side).

laminar flow burner, which was fabricated using 3D printing
technology [43, 44]. As shown in figure 5, the burner diameter
is D = 30 mm, the burner thickness is H = 2 mm, and the
airflow outlet is designed to contain a large number of small
holes with the same diameter of ¢1 = 0.1 mm that are formed
by laser drilling, where the edge distance between the small
holes is 0.3 mm. In addition, water-cooling pipes with a dia-
meter of 2 = 2.5 mm are distributed on the side wall of the
burner, and when it is combined with a small suction pump, the
burner can operate for long periods. The flow control module
consists of three mass flow controllers that control the flows
of methane, oxygen, and nitrogen.

The spectrum acquisition module consists of two spectro-
meters (with wavelength ranges of 250-1100 nm and 950-
1700 nm) and a data collection terminal. It should be noted that
the two spectrometers are connected via a Y-shaped optical
fiber. This Y-shaped fiber is characterized by having a single
incident end and two output ends, thus allowing the two spec-
trometers to be used together. In addition, we used two coaxial
apertures and a shading sleeve in series to ensure that the
solid angle remained small enough. To allow measurements
to be performed at different positions, a three-axis displace-
ment stage is used to move the fiber’s incident end, and the
two spectrometers are triggered synchronously using the out-
put pulse signal from the stepper motor.

Appropriate equivalence ratio control of the plane burner is
beneficial for adjustment of the flame temperature and stabil-
ity. Under ideal conditions, the burner can produce a laminar
flame with a thickness of 3 mm and a diameter of 30 mm, as
shown in figure 6. To verify the feasibility and the accuracy of
the high-temperature water vapor radiation spectral temper-
ature measurements, the equivalence ratio was varied in this
experiment by adjusting the flow ratio to obtain flames to be
measured at different temperatures.

Because the linear charge-coupled device array of the
optical fiber spectrometer provides different responses to dif-
ferent wavelength bands, and optical components such as the
optical fibers and lenses will also have different transmit-
tances at different light wavelengths, calibration experiments
must be performed in the quantitative experiments. The exper-
imental system, including the spectrometer, the optical fiber,

Figure 6. 3D printed-laser drilled plane furnace methane-oxygen
laminar flame.

the focusing lens, and the light shielding sleeve, is calibrated
and cured using a standard tungsten light source (ORIEL), Cal-
ibrated by National Institute of Standards and Technology, this
tungsten lamp can be calculated by adjusting the voltage and
current results to obtain the radiated power at a specific spatial
location [45]. As shown in figure 7, by comparing the theor-
etical radiation curve for the tungsten lamp with the spectro-
meter’s response curve, correction parameters are obtained for
the entire spectrum acquisition system, i.e. the conversion rela-
tionship between the spectrometer parameters and the absolute
radiation power is determined.

The experimental conditions are presented in table 2. We set
three equivalence ratios to verify the reliability and sensitivity
of the temperature measurements.

5. Measurement results for one-dimensional
temperature of methane flame

As shown in figure 8, the spectral data for cases 1-3 were
obtained by moving the lens along the furnace surface using
the displacement stage. In order to improve the signal-to-
noise ratio of the data, we used the integration time of up
to 2000 ms(visible band) and 50 ms (near infrared band).
In addition, affected by the resolution of the spectrometer
and the noise of the instrument, the original spectrum was
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Figure 7. (a), (b) Calibration data for two spectrometers with different wavelength bands, where the red line is the theoretical radiation
curve for the tungsten lamp, and the black line is the spectrometer’s response curve.

Table 2. Methane, oxygen, and nitrogen flows in cases 1-3.

Experiment

number Case 1 Case 2 Case 3
0O, (Imin~ ) 1.0 0.8 0.7
CH; (1min~ ") 0.5 0.5 0.5
N, (Imin~") 0 0.2 0.3

superimposed with a spectral baseline of certain intensity, and
the spectral baseline was removed by polynomial fitting.

According to the spectral data obtained, with the excep-
tion of the chemiluminescence caused by the transitions of
excited state groups such as OH* and CH*, the main struc-
ture of the spectrum is the water vapor spectrum. In addition,
because the burner was manufactured using 3D metal printing
technology, atomic radiation from Nat (16978 cm~!) and K™+
(13046 cm ™) also exists, but the effect of this radiation on the
spectral structure is small. In the third section, we proposed
that the selection of the spectral bands should follow three
principles. Based on the experimental spectrum obtained, we
can verify that group A represents the most reasonable choice.

It is difficult to achieve a uniform flow field in engine
applications. Usually, the self-absorption rate in the flow field
is dependent on multiple parameters, including the temperat-
ure and concentration. Even in high-temperature flames, large
numbers of ground-state particles are still present, and thus
when compared with the area close to the detector, photons
released by the radiation transition in the more distant flame
will be absorbed by the ground-state particles along the way.
As the flame increases in size, the optical path length of the
distant photons also increases, and the absorption that occurs
along this path also strengthens. Because the plane laminar
flow flame burner is used in the experiment and it is small in
size, it can be simplified as a uniform flow field when self-
absorption is considered, i.e. the absorption rate for the self-
absorption is the same everywhere in the flow field. We pro-
pose use of ray tracing to add the self-absorption effect of the
flame to the temperature measurement process [46, 47].

It is obvious that the spectra collected in the experiment
are the real spectra coupled with the self-absorption, so the
influence of self-absorption must also be taken into account

when obtaining the temperature-intensity curve of the theor-
etical spectrum. As shown in figure 9, it is assumed that the
total length of the flame area is L, the selected micro-element
is dL, the incident light intensity on the left side of the micro-
element is Iyp(L, V), and the outgoing light intensity on the
right side is I(L, V). The variation dI generated by the incident
light passing through the flame element can then be calculated
using equation (3). By integrating equation (3) over the flame
area, the total radiant light intensity of the uniform flow field
when the self-absorption effect is considered can be obtained
as shown in equation (4) [48]

dI(L,v) =e(v)dL — Iy(L,v) - K(v) - dL 3)

(1 —exp(=K(v)-L)) )

where L is the length of the flame region, v is the wavelength,
and € and K are the emission coefficient and the absorption
coefficient, respectively. It is important to note that in the cal-
culation of theoretical spectra, all micro-elements are con-
sidered to be optically thin and self-absorption is only con-
sidered in the transmission between micro-elements. At this
time we get the corrected experimental spectrum and the theor-
etical spectrum temperature—intensity curve considering self-
absorption.

Theoretically, the adiabatic flame temperature for equival-
ent combustion of methane and oxygen with a laminar pre-
mix flame should be 3050 K. However, the flame temper-
ature is affected by heat convection loss to the surrounding
air and the heat conduction loss of the burner, which means
that the flame temperature is lower than the adiabatic flame
temperature. Figure 10 shows the measured temperature val-
ues for cases 1, 2, and 3 when self-absorption is considered
and the differences between these cases and the correspond-
ing cases without consideration of self-absorption. Even when
the furnace diameter is only 30 mm, a temperature difference
of nearly 3 K is observed under all three working conditions.
Therefore, if this method is applied to a large-size flame, it is
essential to consider the influence of the self-absorption effect
on the temperature measurements.
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The average temperatures for the three operating conditions
illustrate that the method can detect changes in the flame tem-
perature even when there is a small equivalence ratio change.

The equivalence ratio corresponding to case 1 is 1.0, which
means that the temperature in the middle position in the fur-
nace, i.e. the area in the horizontal position range of 12—
24 mm, is higher, and the temperature on either side is lower.
Case 2 and case 3 (rich fuel) show the opposite characteristics,
where the temperature in the middle area is low and the tem-
peratures on both sides are high, which occurs because of local
temperature increases caused by the reaction between the fuel
at the edge and the oxygen in the air in the rich combustion
case.

In this experiment, because of the small size of the flame,
the temperature measurement error caused by self-absorption
is much smaller than the error caused by the experimental
system. In this experiment, a tungsten lamp was used as
a standard light source with an uncertainty of 1.1%-2.1%
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Figure 10. (a), (c), (e) Temperature measurement results and average temperatures at different positions for the three working conditions.
(b), (d), (f) The temperature difference when self-absorption is considered is higher than that without self-absorption in each case.

(by two standard deviation estimates) at a calibration dis-
tance of 500 mm. Overall, the temperature measurement error
is within 50 K. It should be noted here that the proposed
temperature measurement method does not require complex
experimental equipment. Therefore, it is an ideal temperature
measurement method for use in engine combustion chamber
temperature detection and other high-temperature industrial
applications.

6. Conclusion

As the main component of many combustion products, the
thermal excitation spectra of water vapor can be collected eas-
ily in experiments. The spectral band integral ratio temperature
measurement method based on high-temperature water vapor
is a passive optical measurement method that does not interfere
with the flow field to be measured. In addition, the greatly sim-
plified experimental system makes it easy to perform experi-
mental measurements in various industrial environments.

On the basis of solving for the self-absorption effect of the
flame and the equipment error, the temperature of a methane
flame was measured successfully, thus laying a foundation for
performance of multi-dimensional temperature measurement
experiments.
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