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A novel wavelength modulation spectroscopy sensor for studying gas properties near 1.4 um is developed, vali-
dated and used in a direct-connect supersonic combustion test facility. In this sensor there are two H,O transitions near
7185.60 cm ™! and 7454.45 cm ™! that are used to enable the measurements along the line-of-sight. According to an iterative
algorithm, the gas pressure, temperature and species mole fraction can be measured simultaneously. The new sensor is used
in the isolator and extender of the supersonic combustion test facility. In the isolator, the sensor resolves the transient and
measured pressure, temperature and H,O mole fraction with accuracies of 2.5%, 8.2%, and 7.2%, respectively. Due to the
non-uniform characteristic in the extender, the measured results cannot precisely characterize gas properties, but they can
qualitatively describe the distinctions of different zones or the changes or fluctuations of the gas parameters.
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1. Introduction

Combustion is a major source of energy,thus, it is of great
significance for improving combustion efficiency and reducing
combustion-generated pollutants. Understanding and optimiz-
ing the performances and processes of the combustion devices
are the premise of improving the combustion performance and
require a lot of diagnoses. Due to the significant advantages of
non-intrusion, good temporal resolution, species selection, in
situ measurement and robustness, tunable diode laser absorp-
tion spectroscopy (TDLAS) technology has played an increas-
ing role in combustion research in recent decades.!!=3]

The TDLAS is an ideal tool for field testing because
the technologies based on TDLAS are rugged, versatile and
portable. These sensors operate by detecting species-specific
absorption of narrow-band light, which is related to gas prop-
erties and can be used to measure field parameters.[*!

Wavelength modulation spectroscopy (WMS) is a rep-
resentative TDLAS technique with good noise-rejection
characteristics.[>) For WMS, the laser wavelength (i.e., fre-
quency) is modulated with a high-frequency (kHz to MHz)
sinusoidal signal across the absorption transition. After de-
modulating the detected signals, the harmonic signals can be
extracted and used to infer gas parameters. Because the low-
frequency is restrained after demodulation, the signal-to-noise
ratio (SNR) of WMS is much more advantageous, especially
for applications with small absorbance or in a high pressure
environment. Also the WMS can increase the detection sensi-
tivity and remove the effects of laser emission, fluctuation and
vibration produced by the environment.®’] Due to these con-
spicuous advantages, the WMS has been widely used in many
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fields in the last few decades. In 1993, Philippe and Hanson
developed the typical WMS which was realized by sinusoidal
modulation on the injection current of a diode laser.®! Then
Li et al.°! found that using the Fourier expansion and numeric
integration in WMS simulation, all of the harmonic signals can
be simulated. In 2007, Rieker ez al.!'%!11 realized that all the
harmonics signals have the same incident intensity and detec-
tor gain. The common terms in harmonics can be eliminated
by using the first-harmonics (1 f)-normalized method which is
called “calibration-free” measurement. With the maturation of
the calibration-free WMS method, TDLAS sensors have been
used extensively in an engine ground test facility,!'>13! coal-

17.181 However, when

fired power plant,['% and coal gasifiers.!
the “calibration-free” method is performed, the pressure must
be known because the pressure could affect the line shape and
WMS model in simulation. So the pressure deviation between
simulation and experiment will induce errors in the inferred
gas parameters, especially for the practical applications where
the pressure may be uncertain, difficult to measure or change
along the laser line-of-sight.[!"]

In this paper, a new two-color WMS sensor is proposed
to remove the effect of pressure and realize the measurements
of gas temperature, pressure and species mole fraction in the
combustion field. Also some complex phenomena in the pro-
cess of supersonic combustion are revealed based on the WMS
sensors. The rest of this paper is organized as follows. In
Section 2, the basic theory of wavelength modulation spec-
troscopy is introduced and an iterative algorithm is put for-
ward. In Section 3, we describe the experimental setup and
discuss the measured results in the direct-connect supersonic
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combustion test facility. Finally, in Section 4, we summarize
the analyses and draw some conclusions.

2. Theory
2.1. Wavelength modulation spectroscopy

The absorption of a monochromatic light beam at fre-
quency v through a uniform gas medium can be described by
Beer-Lambert law

T, = (1‘) =exp(—a), €))
L/,

where 7, is the transmission coefficient; I; and I are the trans-
mitted and incident beam intensity, respectively; @, represents
the spectral absorbance at optical frequency v and is related to
specific gas property

a=PXS(T) /L, )

where P (in unit atm, 1 atm=1.01325x 103 Pa) is the total gas
pressure, X is the mole fraction of absorbing species, S(T')
(in units cm~2-atm™!) is the line-strength, ¢, (in unit cm) is
the line-shape function, and L (in unit cm) is the optical path
length. The temperature-dependent line-strength is given by

s = s S8 (oo [E° (7]

—1
X {1—exp<_2;vo)] {l—exp(_:;voﬂ , (3)
0

where T is the reference temperature (typically 296 K), S(T)

is the line-strength at Ty, Q(T') is the partition function of the
absorbing molecule, & (in units J-K~!) is the Boltzmann’s con-
stant, / (in units J-s) is the Planck’s constant, E” (in unitcm™!)
is the lower-state energy, ¢ (in units cm-s~!) is light speed, and
Vo (in unit cm™!) is the line-center frequency of the transition.
In most of the applications, line-shape function ¢, is
modeled by the Voigt profile which is the convolution of the
Gaussian and Lorentzian profiles. The ¢, can be written as

de, 4

 Vin2 Ay, Fexp | —In2-(1—v0)’ /v
00 =5 s | A2+ (1)

—oo

where Av. and Avp are the line widths of Lorentzian and Gaus-
sian profiles and can be expressed as

/8kT In2 [T
Avp =1y W =3.581 x 10771/0 M’
TH\"
s (sn-(2)')
J

where M (in units g-mol~!) is the molecular weight of the ab-

®)

sorbing molecule, ¥;(7p) (in units cm~!-atm~!) is the broad-
ening coefficient at reference temperature, and #; is the tem-
perature exponent.

Avp is a function of temperature and Av, depends on gas
composition and collisional coefficient. In the combustion di-
agnosis, it is common to only consider the self-broadening
(collisions take place between absorbing species and absorb-
ing species) and air-species broadening (collisions take place
between absorbing species and air). Then the Ay, can be ex-

pressed as
T Ngelf
Ave = P-X Yt (To) - (;)
TO Nair
e @ (27 ©

where ¥eit(Tp) (in units cm™!-atm™!) and 7,;(Tp) (in units
ecm~l.atm™!) are the self-broadening coefficient and air-
broadening coefficient of the transition of absorbing species,
ngelr and ny;; are the corresponding temperature exponents.

The line-center frequency vy, line-strength S(7), lower-
state energy E”, broadening coefficient y;(7y) and temperature
exponent n; are the spectroscopic parameters of the transition
and can be found in the HITRAN database!*’! or measured. !}

Since the line-shape function ¢, is normalized in the fre-
quency domain, so the integrated absorbance A of transition
can be given by

A= /w o,dv = PXS(T)L. 7

Wavelength modulation spectroscopy (WMS) is a rela-
tively complex technique. For WMS, the laser injection cur-
rent is sinusoidally modulated rapidly, producing modulations
in laser wavelength or frequency and intensity. The laser fre-
quency v(t) can be expressed as

v(t) =v+acos(2mft), 8)

where ¥ is the center laser frequency, a (in unit cm™!) is the
modulation depth, and f (in unit Hz) is the modulation fre-
quency. The corresponding intensity modulation Io(z) is rep-
resented by

Ip(t) =1y (t) [1 +ipcos 2mft+ y1) + ircos (2T f1 + yn)], (9)

where Iy (1) is the center laser intensity, ip and i, are the lin-
ear and nonlinear intensity modulation amplitude with corre-
sponding phase shifts y| and y; between intensity and fre-
quency modulation. The laser frequency v(¢) and intensity
modulation I(¢) are related to the laser source and must be
measured in the laboratory. After obtaining the laser frequency
v(¢) and intensity modulation Iy(¢), the transmitted laser inten-
sity can be simulated from the Beer—Lambert law

1) = (1) T =T (1) -exp(~t)
=1Iy(t)-exp(—A-9y). (10)

Then using the lock-in amplifier, the harmonics signals (nf)
can be simulated. The detailed procedure for simulation is
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shown in Fig. 1. The main simulation process is 1) measure
the laser frequency v(¢) and incident laser intensity Iy(¢) which
is in the absence of the absorbing species simultaneously; 2)
calculate the integrated absorbance A, line widths Av. and Avp
of the transition by using the spectroscopic parameters and gas
parameters (i.e., gas temperature, pressure, and mole fraction);
3) simulate the absorbance spectrum a(v) near the transition;

4) convert the absorbance spectrum from the frequency do-
main to the time domain by using the laser frequency v(¢) and
obtain the absorbance spectrum time-history a(¢); 5) simulate
the time-history of laser transmitted intensity % (¢) by using
the intensity modulation Iy(z) and Beer-Lambert law; 6) ex-
tract the WMS-nf signals from the simulated /;(¢) by using
the lock-in amplifier.

gas parameters (P, T, X)

v

spectroscopic
parameters

| simulated absorbance spectrum «(v)

v

laser

laser frequency v(t) |—P

simulated absorbance spectrum
time-history a(t)

' N2

cmad

v

A 4

laser intensity Io(t) |‘>

Beer—Lambert law

v

simulated transmitted intensity I;(t)

lock-inJat (n fum)

| low-pass filter |

simulated WMS-n f signals

Fig. 1. (color online) Detailed procedure for simulation of harmonic signals.

The harmonic signals are related to gas temperature, pres-
sure, and mole fraction. Using the simulated and measured
harmonic signals, the quantitative relationship between har-
monic signal and gas property can be established. Then
the quantitative measurements of gas parameters in the un-
known condition can be realized and the calibration-free can
be achieved.

2.2. Measurement methods of gas parameters

In the method presented here it is assumed that the
gas pressure and temperature, and absorbing species mole

o
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Py L =50 cm
S 0.1

600 900 1200 1500
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Fig. 2. Simulated 2f/1f peak ratio (7454.45 cm~! and 7185.60 cm~!)
as a function of temperature.

fraction are unknown, which is typical of the case of practi-
cal application. In this method, the harmonic signals from two
transitions can be used to infer unknown gas parameters. The
harmonic signals each are a function of temperature, pressure,
and mole fraction. However, the different harmonic signals
are the sensitivity functions of different gas parameters. From
the numerical simulation and experimental measurement, it is
found that the 2f/1f peak ratio of two transitions approxi-
mates a function of temperature which is shown in Fig. 2.

The 2f/1f peak of one transition asa function of mole
fraction is shown in Fig. 3(a), and the ratio between 4 f peak
and 2f peak (4 fpeak /2 fpeak) of one transition versus pressure
is shown in Fig. 3(b). The trend shows that the 2f/1f peak of
one transition is a monotonically increasing function of mole
fraction. However, the 4 fyeak/2fpeak 1S @ monotonically de-
creasing function of pressure.

So in order to realize the measurements of gas temper-
ature, pressure and mole fraction simultaneously, the 2f/1f,
2f, and 4f signals of two transitions need to be used. Here an
iterative algorithm is put forward to measure the gas parame-
ters by using the 2f/1f, 2f, and 4 f signals of two transitions.

The flow chart of the iterative process is shown in Fig. 4.
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Fig. 3. (color online) (a) Simulated 2f/1f peak of one transition (7185.60 cm’l) as a function of mole fraction; (b) simulated
4 fpeak /2 fpeak Of one transition (7185.60 cm’l) as a function of pressure.
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Fig. 4. (color online) Flow chart of iterative process based on wavelength modulation spectroscopy.

The basic steps are listed as follows.

(i) Extract the measured harmonic signals (2f/1f, 2f,
4f) of two transitions from the measured detector signals by
using the lock-in amplifier.

(ii) Estimate measured field and guess the initial pressure
(P;) and mole fraction (X;).

(iii) Simulate the relation curves of 2f/1f peak ratio of
two transitions and 2f/1f peak of one transition as a function
of temperature at the same time.

(iv) Get the temperature (T;) after comparing the mea-
sured 2f/1 f peak ratio with the simulated curve.

(v) Get the 2f/1f peak of one transition at 7; and calcu-
late the new mole fraction (X;1) by using the equation

(Cap/1f)meas.

Xip1 =
T (Copsip)sim.

Xi, 1D
where  (Caf/1f)meas. is the measured 2f/1f peak and
(Cyf /lf)s,'m_ is the simulated 2f /1 f peak.

(vi) Update the X; and repeat Steps 2—6 until the condition
(|X,‘+1 —Xi|/X,' <€) is met.

(vii) Simulate the relation curve of 4 fpeak /2 fpeak Of One
transition as a function of pressure by using the calculated tem-
perature and mole fraction.

(viii) Get the pressure (P;) after comparing the measured
4 foeak /2 fpeak With simulated curve.

(ix) Update the P; and repeat Steps 2—8 until the condition
(|Pit1 — Pi|/P: < €) is met.

(x) Obtain the pressure, temperature and mole fraction.

3. Experimental method and sensor validation
3.1. Selection of transitions

Selecting an appropriate target molecule and transitions
was critical to the success in all laser absorption sensors. H,O
vapor was an especially attractive target molecule for the cur-
rent sensor due to its presence in the most combustion-driven
flows. In the near-infrared spectrum range, there were several
thousands of H,O vapor transitions and it was easy to choose
appropriate pairs of H,O transitions which have moderate line-
strength and good temperature sensitivity. Using the wave-
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length modulation spectroscopy sensor, two H>O transitions
near 7185.60 cm ™! and 7454.45 cm~! were selected to mea-
sure the field parameters. It should be noted that although the
selected H>O vapor transitions may not be the optimal choices,
the two transitions were widely used and accessed by the dis-
tributed feedback diode (DFB) lasers available in our group.
The characteristics of the selected H,O transitions are listed in

Table 1.

Figure 5 plots the line-strength of two H;O transitions
and their ratio each as a function of temperature. As shown in
Fig. 5, the trend that the line-strength of two H,O transitions
varying as a function of temperature shows an obvious discrep-
ancy. However, the line-strength ratio of two H,O transitions
is a monotonic function of temperature.

Table 1. Characteristics of the selected H,O vapor transitions.

V()/Cm71 E"/cm™! S(TO)/(Cm72 -atm™! ) Yair/(cm71 -atm™! ) Nair Yself/(cn'r1 -atm™! ) Ngelf
7185.60 1045.06 1.88x1072 0.041 0.65 0.205 0.59
7454.45 1962.51 1.73x10™* 0.0323 0.37 0.198 0.56
o007 7185.60 cm ! L 04 of isolator was 314 mm and there were two slot windows on
5 006177 7454.45 em ™ the wall which were 137 mm and 177 mm from the top of the
= ——7454.45 cm~1/7185. . ) .
2 0051 - 0.3 isolator, respectively. As shown in Fig. 6, four separate sets
| . . .
E 0041, 9 of windows on the extender which could offer optical access
3 -
= 0031 r02 3 were 230 cm away from the top of the combustor.
+. a
%D 002 During the several seconds of facility operation, combus-
g T 01 tion tests were conducted with CoHy fuel at a fuel-air equiva-
oo+ -~ el . .. . .
05) ________ S lence ratio of 0.3580. Ethylene was injected into the mixture
= L
0 : : : : . . . . .
600 900 1200 1500 1800 from instream injectors centered in the holes located in a baf-
Temperature/K fle plate of the combustor section. Ignition of the gas mixture
Fig. 5. (color online) Line-strengths of line 7454.45 cm™! and was achieved using an electric-spark-active torch ignitor.

7185.60 cm~! and their ratio versus temperature.

3.2. Facility description of supersonic combustion

Tests were performed in the direct-connect supersonic
combustion test facility, shown in Fig. 6. The facility was
oriented vertically, with the isolator, combustor and extender
above floor level. The combustion heater was below ground
and the method of producing high enthalpy flows was by
combustion-heating the H,-air, then expanding through a su-
personic nozzle with oxygen replenishment. During testing, a
Mach 2.5 nozzle was used to simulate hypersonic flight condi-
tion where the total pressure was 10atm and total temperature
was 1252K. The nozzle was directly attached to the isolator
whose section was 70 mmx51 mm. The isolator was fol-
lowed by the fuel injection block and combustor where there
is approximately 8-cm upstream of fuel injection and its flow
path diverged along the injector-side wall at an angle of 1.3°.
Heated ethylene was injected through five ports of the com-
bustor with a 20-cm-long upstream of the leading edge of a
cavity flame holder. The divergence continued all the way to
the extender whose inset section was 70 mmx82.6 mm and
outset section was 70 mmx 107 mm in size. The test facility
was outfitted with some pressure transducers in order that the
system can be monitored.

In order to realize the optical measurement in the facility,
six slot windows on the isolator and extender were designed
which can allow optical access across the flow. The length

extender

combustor =

fuel single mode
injection | fiber multimode
fiber
isolator pressure
fitransducer
nozzle

Fig. 6. (color online) Photos of direct-connect supersonic combustion
test facility with six TDLAS measurement locations.

3.3. TDLAS sensor

A diagram view of the optical setup and TDLAS hard-
ware used in the sensor is shown in Fig. 7. The com-
puter with data acquisition cards (National Instruments, PCI-
6115), DFB Lasers (NEL, NLK1B5EAAA), laser controller
(ILX Lightwave, LDC-3900), fiber combiner/splitters (OZ
Optics), InGaAs (EOS IGA-030-E5/4 MHz) detectors were
all located in the control room. Two fiber-coupled lasers
near 1391.7 nm and 1343.3 nm were used to probe H,O

vapor transitions (7185.60 cm~! and 7454.45 cm™!). Both
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lasers were independently controlled by adjusting injection
current and temperature via an ILX LDC power source. Two
lasers were both set with a constant bias injection current of
about 70 mA. After tuning the laser temperature (22.8° and
26.8°), the wavelengths near the selected absorption features
(7185.60 cm~'and 7454.45 cm™!) were obtained.

The light beams from the two lasers were combined into
a 9-um core single-mode fiber, and the combined signal was
split into six separate single-mode fibers. The fibers were
routed through the blast wall into the test cell and were con-
nected to six pitch lenses (Thorlabs, F240APC-C) on the test

facility. As shown in Fig. 7, the measurement LOSs in the iso-

control room

single-mode

DFB

laser controller

fs
Jm1

lator were numbered “LOS 1” and “LOS 2”. In the extender,
four separate sets of windows which could offer optical access
were numbered “LOS 3, “LOS 47, “LOS 57, and “LOS 6”.
The beam was transmitted across the test region and the larger
collimator (Oz Optics, HPUCO-25-1300-M-10BQ) was used
to focus the free space beam into the 400-pm core multi-mode
fiber. The multi-mode fiber routes the collected signal across
the wall into the detector. Through long BNC cables, the de-
tector signal was back to the computer for a data acquisition
system. The regions behind the window and the slots were
purged with Ny to remove interfering absorption by H,O va-
por in the air.

gas direction

extender

fuel injection

and combustor

connecto

blocks

isolator

DAQ

computer BNC cables
/

multi-mode fiber!

nozzle

Fig. 7. (color online) Schematic diagram of optical setup and TDLAS sensor hardware in measurements conducted at the test facility.

3.4. Results and discussion

For WMS measurements, frequency division multiplex-
ing technology is adopted to realize the measurement. Each
laser is injection current modulated with a scanning sawtooth
at 1 kHz. The laser near 1391.7 nm was modulated at 280 kHz
with the modulation depth a = 0.07 cm™
1343.3 nm was modulated at 240 kHz with the modulation
depth @ = 0.10 cm™!. It should be noted that the incident laser
intensity should be measured in the absence of the absorbing

! and the laser near

species. Therefore, the incident laser intensity is measured
before the test when the laser path is purified with nitrogen,
which can eliminate the interference absorption by H,O vapor.
The incident laser intensity and etalon signal are acquired syn-
chronously. Because the intensity and wavelength response to
injection current are close to linearity for DFB laser, the sum of
polynomial and sinusoid is employed to fit frequency signals

v(¢). Having the intensity and frequency signals, the WMS-nf

signals could be simulated as shown in Fig. 1.

—_10S1
4 —LOS 2
——10S3

3 ——LOS 4
LOS 5

——

Y

Signal/V

|
,umum,,{.‘,.t,t,’*I "

0.4 0.6
Time/ms

1.0

Fig. 8. (color online) Measured transmitted laser intensities during the
test.

During the test, the time-resolved absorption data of six
InGaAs photodiodes are simultaneously collected by the data

acquisition cards with 5 MS/s. As shown in Fig. 8, although
the detector signals have the different laser intensities due
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to the emission, non-absorbing transmission or detector gain.
However, it should be noted that all harmonic components are
proportional to laser intensity while the transmission only de-
pends on gas absorption property. Taking the ratio between
two harmonic signals would eliminate the effects of laser in-
tensity.

3.4.1. Measurement in the isolator

The detector signals are input to a digital lock-in amplifier
which can isolate the harmonics at the frequencies of interest,
namely 1f, 2f, and 4f. The harmonic signal could be ex-
pressed in the complex form as S = X + iY. Using the phase-
insensitive lock-in, the X component (transmitted signal in-
tensity x cos(n-27ft)) and Y component (transmitted signal
intensity X sin(n-27mft)) are produced. Then a 20-kHz But-
terworth filter is used to separate the X component from the Y
component of harmonic signals. The magnitude of WMS-nf
signal can be written as

Sup = \/Xos + Yo (12)

Figure 9 shows the measured WMS-nf signals for
a single-scan measurement of the H,O transitions near
7185.60 cm~! and 7454.45 cm~!. Having obtained the sim-
ulated and measured harmonic signals (1f, 2f, and 4f),
calibration-free WMS could be used to infer gas temperature,
H,0O mole fraction and pressure.

0.4
——2f/1f signal
—— 2 f signal
®© 0.34 — 4f signal
E}
)
@
“~ 02
£
0
=
= 01
0 A&(\ i
7185.30 7185.45 7185.60 7185.75 7185.90
Frequency/cm~!
0.081 ——2f/1f signal
— 2f signal
——4f signal
Tg 0,061 f signa
g
R
w
[y i
S 0.04
n
=
2 0.021
0 b /W\ -
7454.2 7454.4 7454.6 7454.8

Frequency/cm~!

Fig. 9. (color online) Measured harmonic signals of the H,O transitions
near 7185.60 cm ! and 7454.45 cm™! within a scanning period.

During the testing of the TDLAS sensor, the Mach 2.5
nozzle is used to produce the nominal test condition. The gas
properties in the isolator could be computed using the facility-
supplied one-dimensional (1D) thermodynamic equilibrium.

The predicted values of static temperature, static pressure, and
water mole fraction are 647 K, 0.569 atm, and 0.148, respec-

tively.
0.8+ —— measured pressure data
smoothed pressure data
% 0.6 1
~~
g
3
7
g
- 0.4
0 1 2 3 4 5

Time/s

Fig. 10. (color online) Plot of pressure versus time, measured by pres-
sure transducer.

107 — LOS1
0.8 — LOS 2
z
=
E 0.6/ ,a -
2 0.4 predicted pressure = 0.569 atm
g
A 0.2+
0+ T T T T
0 1 2 3 4 5
Time/s
1200
—LOS 1
v —LOS 2
= 900
s
b=t
g 600 predicted temperature =647 K—R
=
E 300
0+ T T T T
0 1 2 3 4 5
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o 0.251 —— LOS1
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S 0.20 1
]
& A
o 0151 F il
g 0.10 predicted H,O mole fraction = 0.1480
Q
e 0.051
(U T T T T
0 1 2 3 4 5
Time/s

Fig. 11. (color online) Plots of measured pressure, temperature, and
H,0 mole fraction versus time in the isolator.

In order to monitor the stability of the field, a pressure
transducer is mounted at the wall surface of the isolator. Fig-
ure 10 shows the plot of pressure versus time of 5 s obtained
from the test. As shown in Fig. 10, the time-dependent pres-
sure shows very small deviation from that under the stable con-
dition. The red curve shows the data after it has been smoothed
to help display the imperceptible changes of the data.
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Using the iterative algorithm (Subsection 2.2), the mea-
sured gas temperature, H,O mole fraction and pressure for
LOS 1 and LOS 2 are shown in Fig. 11. From Fig. 11, it fol-
lows that the difference in measured result between LOS 1 and
LOS 2 is negligibly small because the flow in the isolator has
a good uniformity. Compared with the predicted values, the
most relative errors of pressure, temperature and H,O mole
fraction are less than 2.5%, 8.2%, and 7.2%. So it is proved
that the TDLAS sensor can be suitable for the uniform envi-
ronment.

3.4.2. Measurement in the extender

The TDLAS technology is the line-of-sight measure-
ment and can describe the gas properties in the uniform
environment. However, when the facility is operated with

combustion, flow through the extender becomes non-uniform.

——LOS 3
——LOS 4

20001

Temperature/K

Pressure/atm

H>0 mole fraction

Time/s

Fig. 12. (color online) Plots of measured temperature, pressure, and
H>O mole fraction versus time from LOS 3, LOS 4, LOS 5, and LOS 6.

If we suppose the flow in the extender is uniform, we can also
obtain the temperature, pressure, and HoO mole fraction by
using the iterative algorithm. Due to the non-uniform char-
acteristics of LOS in the extender, the measured temperature,
pressure, and H>O mole fraction in the extender by using this
method cannot be used to quantitatively describe the flow.
Howeyver, the measured results based on TDLAS in the non-
uniform field can qualitatively describe the change of field.
Figure 12 shows the measured results from LOS 3, LOS 4,
LOS 5, and LOS 6. As shown in Fig. 12, after 0.5 s from
ignition time using an electric-spark-active torch ignitor, the
measured results tend towards stability but the fluctuations ex-
ceed the results in the isolator.

Also what can be seen is that the temperature of LOS 6 is
the highest and the result of LOS 5 is lowest. This is because
the LOS 6 is close to the wall along the fuel-injector while the
LOS 5 is near the wall opposite to the fuel-injector.

It should also be noted that the multi-beam results based
on TDLAS could be used to distinguish the differences in field
characteristic. The sectional views from LOS 3, LOS 4, LOS
5, and LOS 6 are shown in Fig. 13. The right half is the high
temperature zone and the left half is the low temperature zone
from the measured temperature of LOS 5 and LOS 6. This
is because the fuel-injector is mounted on the right wall. It is
not hard to understand that the measured values of LOS 3 and
LOS 4 lie in the middle between LOS 5 and LOS 6.

Fig. 13. (color online) Sectional views from LOS 3, LOS 4, LOS 5, and
LOS 6.

It is worth pointing out that during the run of the test, the
sensor is used in harsh environments such as high temperature,
high velocity and strong vibration, and the sensor has a good
adaptability.

4. Conclusions

The design and use of a sensor based on TDLs determin-
ing pressure, temperature and H,O mole fraction are presented
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in a direct-connect scramjet fueled by ethylene. Based on sim-
ulation and experiment, an iterative algorithm is built to infer
gas parameters from 2f/1f and 4 fpeak /2 fpeak signals of two
H, O transitions. The gas flow in the isolator of direct-connect
supersonic combustion test facility has a good uniformity, the
results measured by using the iterative algorithm are in good
agreement with the predicted values. The most relative errors
of pressure, temperature and HO mole fraction are less than
2.5%, 8.2%, and 7.2%, respectively. After the combustion test,
the flow in the extender is non-uniform, the results measured
by using the sensor cannot quantitatively characterize gas pa-
rameters. However, the results can qualitatively describe the
distinctions of different zones or the changes and fluctuations
of the gas parameters.

References

[1] Hodgkinson J and Ralph P T 2013 Meas. Sci. Technol. 24 012004

[2] Bolshov M A, Kuritsyn Y A and Romanovskii 2015 Spectrochimica
Acta B 106 45

[3] Krishna Y and O’Byme Sean 2016 J. Indian I Sci. 96 18

[4] Hanson R K 2011 Proc. Combust. Inst. 33 1

[5] Goldenstein C S, Jeffries J B and Hanson R K 2013 J. Quantum Spec-
trosc. Radiat. Transfer 130 100

[6]
[7]

[8]
[9]

[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]

[21]

064207-9

Sun K, Sur R, Chao X, Jeffries J B, Hanson R K, Pummill R J and
Whitty K J 2013 Proc. Combust. Inst. 34 3593

Jatana G S, Magee M, Fain D, Naik SV, Shaver G M and Lucht R P
2015 Appl. Opt. 54 1220

Philippe L C and Hanson R K 1993 Appl. Opt. 32 6090

Li H J, Rieker G B, Liu X, Jeffries J B and Hanson R K 2006 Appl.
Opt. 45 1052

Rieker G B, Jeffries J B and Hanson R K 2009 Appl. Opt. 48 5546
Rieker G B, Jeffries J B, Hanson R K, Mathur T, Gruber M R and Carter
C D 2009 Proc. Combust. Inst. 32 831

Goldenstein C S, Spearrin R M, Jeffries J B and Hanson R K 2015
Proc. Combust. Inst. 35 3739

Schultz I A, Goldenstein C S, Spearrin R M, Jeffries J B and Hanson R
K 2014 J. Propul. Power 30 1595

Goldenstein C S, Schultz I A, Spearrin R M, Jeffries J B and Hanson R
K 2014 Appl. Phys. B116 717

Goldenstein C S, Almdovar C A, Jeffries J B, Hanson R K and Brophy
C M 2014 Meas. Sci. Technol. 25 105104

Chao X, Jeffries J B and Hanson R K 2013 Proc. Combust. Inst. 34
3583

Sur R, Sun K, Jeffries J B, Socha J G and Hanson R K 2015 Fuel 150
102

Sur R, Sun K, Jeffries J B and Hanson R K 2014 Appl. Phys. B1159
Che L, Ding Y J, Peng Z M and Li X H 2012 Chin. Phys. Lett. 29
067801

Rothmana L S, Gordon I E, Babikov Y, et al. 2013 J. Quantum Spec-
trosc. Radiat. Transfer 130 4

Goldenstein C S, Jeffries J] B and Hanson R K 2013 J. Quantum Spec-
trosc. Radiat. Transfer 130 100


http://dx.doi.org/10.1088/0957-0233/24/1/012004
http://dx.doi.org/10.1016/j.sab.2015.01.010
http://dx.doi.org/10.1016/j.sab.2015.01.010
http://dx.doi.org/10.1016/j.proci.2010.09.007
http://dx.doi.org/10.1016/j.jqsrt.2013.06.008
http://dx.doi.org/10.1016/j.jqsrt.2013.06.008
http://dx.doi.org/10.1016/j.proci.2012.05.018
http://dx.doi.org/10.1364/AO.54.001220
http://dx.doi.org/10.1364/AO.32.006090
http://dx.doi.org/10.1364/AO.45.001052
http://dx.doi.org/10.1364/AO.45.001052
http://dx.doi.org/10.1364/AO.48.005546
http://dx.doi.org/10.1016/j.proci.2008.06.114
http://dx.doi.org/10.1016/j.proci.2014.05.027
http://dx.doi.org/10.1016/j.proci.2014.05.027
http://dx.doi.org/10.2514/1.B35261
http://dx.doi.org/10.1007/s00340-013-5755-0
http://dx.doi.org/10.1088/0957-0233/25/10/105104
http://dx.doi.org/10.1016/j.proci.2012.05.024
http://dx.doi.org/10.1016/j.proci.2012.05.024
http://dx.doi.org/10.1016/j.fuel.2015.02.003
http://dx.doi.org/10.1016/j.fuel.2015.02.003
http://dx.doi.org/10.1007/s00340-013-5567-2
http://dx.doi.org/10.1088/0256-307X/29/6/067801
http://dx.doi.org/10.1088/0256-307X/29/6/067801
http://dx.doi.org/10.1016/j.jqsrt.2013.07.002
http://dx.doi.org/10.1016/j.jqsrt.2013.07.002
http://dx.doi.org/10.1016/j.jqsrt.2013.06.008
http://dx.doi.org/10.1016/j.jqsrt.2013.06.008

	1. Introduction
	2. Theory
	2.1. Wavelength modulation spectroscopy
	2.2. Measurement methods of gas parameters

	3. Experimental method and sensor validation
	3.1. Selection of transitions
	3.2. Facility description of supersonic combustion
	3.3. TDLAS sensor
	3.4. Results and discussion
	3.4.1. Measurement in the isolator
	3.4.2. Measurement in the extender


	4. Conclusions
	References

