Appl. Phys. B (2014) 116:717-727
DOI 10.1007/s00340-013-5755-0

Applied Physics B

Lasers and Optics

Scanned-wavelength-modulation spectroscopy near 2.5 pm
for H,O and temperature in a hydrocarbon-fueled scramjet

combustor

Goldenstein - I. A. Schultz - R. M. Spearrin -

C.S.
J. B. Jeffries - R. K. Hanson

Received: 8 October 2013/ Accepted: 18 December 2013/ Published online: 21 January 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract The design and demonstration of a two-color
tunable diode laser sensor for measurements of temperature
and H,O in an ethylene-fueled model scramjet combustor
are presented. This sensor probes multiple H,O transitions
in the fundamental vibration bands near 2.5 pum that are up
to 20 times stronger than those used by previous near-
infrared H,O sensors. In addition, two design measures
enabled high-fidelity measurements in the nonuniform flow
field. (1) A recently developed calibration-free scanned-
wavelength-modulation spectroscopy spectral-fitting strat-
egy was used to infer the integrated absorbance of each
transition without a priori knowledge of the absorption
lineshape and (2) transitions with strengths that scale near-
linearly with temperature were used to accurately deter-
mine the H,O column density and the H,O-weighted path-
averaged temperature from the integrated absorbance of
two transitions.

1 Introduction

Over the past two decades, tunable diode laser absorption
spectroscopy (TDLAS) has matured into a robust technique
for providing time-resolved, species-specific measurements
of gas temperature, composition, pressure, and velocity in a
wide range of practical applications [1-3]. More specifi-
cally, TDLAS sensors have been used in internal com-
bustion engines [4—6], pulsed detonation combustors [7—
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11], scramjets [12—17], gas turbines [18, 19], and to pro-
vide 2D temperature and H,O measurements [20]. Here,
temperature and HO measurements were acquired in the
University of Virginia’s dual-mode scramjet combustor as
part of the National Center for Hypersonic Combined
Cycle Propulsion’s (NCHCCP) effort to characterize and
model several scramjet combustor configurations.
Although the basic principles of a scramjet engine are
simple, a number of complex phenomena (e.g., shock-
boundary-layer interactions, turbulence, and chemical
kinetics) continue to hinder scramjet development.
Hydrocarbon-fueled systems pose even greater challenges
due to their complex and comparatively slow chemistry. As
a result, tunable diode laser (TDL) sensors continue to play
a vital role in providing critical information regarding the
combustion and flow physics governing these devices.

While considerable sensing of H,O has been conducted in
scramjets [12-14, 16, 17], all of that work was conducted
using the weaker near-infrared (NIR) overtone and combi-
nation bands (2v; and v + v;). By using the H,O funda-
mental vibration bands, the sensor reported here realizes
three primary benefits: (1) access to lines that are up to
20 times stronger than overtone and combination band lines,
(2) access to strong lines with larger lower-state energy for
increased temperature sensitivity and improved measure-
ment fidelity in high-temperature nonuniform flows [21], and
(3) reduced Doppler broadening due to the longer wave-
lengths used which leads to larger peak absorbance and
WMS signals. These three benefits improve the accuracy,
precision, and sensitivity of TDLAS sensors, and therefore,
enable study of a greater range of applications.

We present the design and demonstration of a two-color
TDLAS sensor for highly sensitive measurements of tem-
perature and H,O near 2.5 um. The sensor was designed
and validated at Stanford University and then deployed at

@ Springer



718

C. S. Goldenstein et al.

the University of Virginia’s Supersonic Combustion
Facility (UVaSCF). Measurements were acquired along
more than 35 lines-of-sight (LOS) within the combustor to
characterize the combustion process. This sensor used two
frequency-multiplexed fiber-coupled TDLs near 2,551 and
2,482 nm to probe three H,O transitions with lower-state
energies of 704, 2,660, and 4,889 cm™!. Two design
measures enabled high-fidelity measurements in the non-
uniform reaction zone: (1) a recently developed first-har-
monic-normalized scanned-wavelength-modulation
spectroscopy with second-harmonic-detection (scanned-
WMS-2f71f) spectral-fitting strategy was used to infer the
integrated absorbance of each transition without prior
knowledge of the transition linewidths and (2) transitions
with strengths that scale near-linearly with temperature
were used to accurately determine the H,O column density
and the H,O-weighted path-averaged temperature from the
integrated absorbance of two transitions [21].

2 Experimental setup

2.1 University of Virginia Supersonic Combustion
Facility (UVaSCF)

The UVaSCF, shown in Fig. 1, is an electrically heated,
continuous-flow wind tunnel designed to produce flow
conditions encountered by hypersonic aircraft. In the cur-
rent study, the total temperature, total pressure, and Mach
number at the combustor inlet were 1,200 K, 330 kPa, and
2, respectively. This configuration consists of four main
sections: (1) isolator, (2) combustor, (3) constant area
section, and (4) extender. The isolator is 3.81 cm deep
(z-direction) and 2.54 cm wide (y-direction). The com-
bustor flow path is 3.81 cm deep and diverges at 2.9° along
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Fig. 1 Photo of UVaSCF (left) and cartoon of combustor with
labeled measurement planes (right). Line-of-sight measurements were
acquired in the z-direction through the large windows shown in the
photo
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the cavity flameholder wall. The cavity is 0.9 cm wide and
4.73 cm long. Ethylene was injected 2.46 cm upstream of
the cavity at five coplanar injection sites that span the depth
of the combustor. Downstream of the combustor, the flow
path consisted of a 14.9-cm-long constant area section and
a 18-cm-long extender which was open to the atmosphere.

2.2 TDLAS sensor hardware

A schematic of the optical setup used for temperature and
H,O measurements in the UVaSCF is shown in Fig. 2. Two
frequency-multiplexed TDLs (Nanoplus GmbH) near 2,551
and 2,482 nm were used to probe H,O transitions near 3,920,
4,029.5, and 4,030.7 cm~ L. During a given experiment, the
transition near 3,920 cm™' was probed simultaneously with
either the transition near 4,029.5 cm ™! or the transition near
4,030.7 cm ™. Each laser produced a nominal power output
of 1-5 mW and a linewidth less than 3 MHz [22]. The lasers
were injection-current tuned with a scanning sinusoid at
250 Hz (giving a measurement repetition rate of 500 Hz) and
a modulation sinusoid at 75 or 100 kHz. A modulation depth
0f0.16-0.20 and 0.031-0.038 cm ™' was used for the lasers at
2,551 and 2,482 nm, respectively. For both lasers, the mod-
ulation index, defined as the ratio of the modulation depth and
transition half-width at half-maximum (HWHM), was
between 3 and 3.5 to reduce sensitivity to potential lineshape
modeling errors as recommended in [23].

A 4-mm focal length anti-reflection-coated aspheric lens
(Thorlabs CO36TME-D) was used to collimate the output
beam of each laser. The two lasers were oriented orthog-
onal to one another, and a 50/50 beam splitter (Thorlabs
BSW23) was used to combine the laser beams. One of the
combined beam paths was directed into a 400-pm ZBLAN
multi-mode fiber (Fiber-Labs) using a 6-mm focal length
lens (Innovation Photonics). The fiber-coupled light was
directed to the flow facility, collimated with a 20-mm focal
length zinc-selenide lens, and pitched across the combustor
with a near-Gaussian full-width at half-maximum (FWHM)
of approximately 3 mm.

A single set of fused silica windows, shown in Fig. 1,
enabled optical access throughout the combustor. Three
optical filters were used to reduce detected emission. A
broad band-pass filter (Spectrogon BBP-2200-2600c nm)
and a long-pass filter (Spectrogon LP-2440 nm) were used
to create a band-pass filter from 2,440 to 2,600 nm. In
addition, a neutral density filter was used to further reduce
power levels by 80 %. A 12.5-mm-diameter, 20-mm focal
length calcium fluoride lens (Thorlabs LA5315-D) was
used to focus the collected light onto a mercury cadmium
telluride (MCT) detector (Vigo Systems PVI-2TE-4) with a
2-mm-diameter active area and 10 MHz bandwidth. The
pitch and catch optics were mounted to a set of computer-
controlled translation stages to traverse the measurement
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Fig. 2 Schematic of optical
setup used in measurements
conducted at the UVaSCF

Collimating == (1 )

Lens

LOS in the x- and y-direction. More information regarding
the arrangement of the translation stages can be found in
[16]. Measurements were acquired at two axial planes
(shown in Fig. 1) spaced 7.6 cm apart. The upstream-most
plane was located 4.62 cm downstream of fuel injection.
At each axial plane, 250 measurements (i.e., 0.5 s of data)
were acquired at up to 26 different locations spaced
1.5 mm apart in the y-direction. During all experiments,
the raw detector signal was anti-aliased to 1 MHz with a
low-pass filter (Kronhite) and sampled at 5 MHz (National
Instruments PXI-6115). The WMS signals of each laser
were frequency demultiplexed during post-processing with
5-kHz Butterworth filters.

3 LOS absorption and scanned-WMS-2f/1f
fundamentals

3.1 LOS absorption

Line-of-sight absorption in a nonuniform flow field is
discussed in detail in [21]. As a result, only the essential
fundamentals are shown here to guide the reader through
the sensor design presented in Sect. 4. When the gas con-
ditions vary along the LOS, the absorption of monochro-
matic light is described by the Beer—Lambert relation in
path-integral form (1).
L

1= epl-a)] = exp| =3 [ ST, 0.7.2.7)
o ,] o

(1)
Here, a(v) is the spectral absorbance at optical frequency v
(cm_l), Si(T) (cm_l/molecule—cm_z) is the temperature-
dependent linestrength of transition j, given by (2), n;
(molecule/cm?) is the number density of absorbing species
i, ¢; (cm) is the lineshape function of transition j, T (K) is
the gas temperature, P (atm) is the gas pressure, y is the gas
composition vector, and L (cm) is the optical path length.
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Here, T, (K) is the reference temperature (296 K), Q is the
partition function of the absorbing molecule, taken from
[24], h (J s) is Planck’s constant, ¢ (cm/s) is the speed of
light, E” (cm™") is the lower-state energy of the quantum
transition, k (J/K) is the Boltzmann constant, and v, (cm™ ')
is the linecenter frequency of the transition.

The integrated absorbance of a single transition is given
by (3).

A= /oooc(v)dv:/LSj(T)nidl (3)
~o0 0

If two transitions with strengths that scale linearly with
temperature are used, the absorbing-species number-
density-weighted path-average temperature, T, given by
(4) can be inferred by comparing the measured two-color
ratio of integrated absorbances with the simulated two-
color ratio of transition linestrengths [21].

L
L f(—2> @)
fO I’l,dl Al

With T, measured, the absorbing-species column density
given by (5) can be calculated using (6) if the transition
linestrength scales linearly with temperature [21].

L
N; = /nidl (5)
0

A
N; = S—(Tm) (6)

More details regarding the determination of 7, and N; are
given in [21].
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3.2 Scanned-WMS-2f/1f

WMS is a well-established TDLAS technique for mea-
suring gas temperature and composition [25-32]. In par-
ticular, WMS-2f/1f has been widely used in a number of
harsh environments [4, 10, 12, 32, 33] due to its emission-
and noise-rejection benefits [29, 31, 34]. In scanned-WMS-
2f/1f, one or more TDLs are each injection-current tuned
with two sinusoidal signals. A slow (250 Hz here) sinu-
soidal scan is used to tune the nominal laser wavelength
across an absorption feature, and a fast (75 or 100 kHz
here) sinusoidal modulation is used to generate the WMS
harmonic signals. The WMS harmonics result from the
interaction between the rapidly modulated laser wave-
length and the absorption lineshape. During an experiment,
only the raw detector signal is acquired and the WMS
harmonic signals are extracted with digital lock-in filters
during post-processing [14, 15, 23, 29, 35].

Here, gas properties were calculated using the calibra-
tion-free scanned-WMS-2f/1f spectral-fitting technique
developed by Goldenstein et al. [23] for two primary rea-
sons: (1) This method does not require prior knowledge of
transition linewidths and (2) this method infers the inte-
grated absorbance of each transition which facilitates the
determination of Tnl and N;. These attributes enable accu-
rate WMS-based measurements along a line-of-sight with
nonuniform composition and temperature where the tran-
sition linewidths and, therefore, lineshapes cannot be
determined a priori [16, 21]. In this technique, a simulated
scanned-WMS-2f/1f spectrum is least-squares fit to a
measured scanned-WMS-2f/1f spectrum with the transition
linecenter (v,), integrated absorbance (A), and collisional
width (Av,) as free parameters. The best-fit parameters are
then used to calculate gas properties. Here, the Voigt
profile was used to model the transition near 3,920 cm_l,
and the Galatry profile was used to model the transitions
near 4,029.5 and 4,030.7 cm™! due to their small colli-
sional-broadening-to-narrowing ratio [36]. In all cases, the
Doppler width (Avp) was fixed at the temperature-specified
value. When using the Galatry profile, the collisional nar-
rowing parameter was fixed at a temperature-specified
value given by the database presented in [36]. As a result,
the fitting routine was performed iteratively for each tran-
sition with an updated Doppler width, and narrowing
parameter if applicable, corresponding to the temperature
given by the two-color ratio of integrated absorbances.
After two iterations, the temperature converged within
2 %. This approach was validated in controlled static cell
experiments discussed in Sect. 5. Once the fitting routine
converged, T, and N; were calculated from the integrated
absorbances returned by the fitting routine, as discussed in
Sect. 3.1. It is worth noting that when the gas conditions
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Fig. 3 Simulated detector signal (fop) and corresponding WMS-2f/
1f signal (bottom) for a single TDL scanned over an H,O absorption
feature at 500 Hz

are nonuniform along the LOS, the lineshape parameters
inferred from the best-fit WMS-2f/1f spectrum are simply
numerical artifacts that enable the lineshape function of
choice to match the actual lineshape and recover the inte-
grated absorbance.

In the spectral-fitting routine, WMS signals were sim-
ulated according to the methodology put forth by Sun
et al. [35] that properly accounts for all forms of intensity
tuning and is valid for all optical depths, modulation
depths, and scan amplitudes. In this method, the time-
varying incident laser intensity, I,(f), is measured or
simulated for each laser and the time-varying optical
frequency, v(f), is simulated after characterization with an
etalon. The time-varying transmitted laser intensity, I(f)
given by (7), is then simulated using Beer’s law with the
measured or simulated I,(¢), the simulated v(f), and an
absorption spectrum model. After simulating /(¢), simu-
lated WMS signals are then extracted from the simulated
I(f) using a digital lock-in filter. Figure 3 shows an
example simulated detector signal [/ (f) and [I(f)] and
corresponding scanned-WMS-2f/1f signals for a single
laser scanned over an H,O transition.

$(1) = Io(t) exp[—a(v(1))]

= Io(1) exp [— > _Aid(v(1), T, P.y) (7)

4 Line selection and evaluation
4.1 Line selection

To provide high signal-to-noise ratio (SNR) over the
measurement domain, three water vapor transitions in the
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Table 1 Relevant spectroscopic parameters for the H,O transitions used

Line Ve (cm™h) E" (cm™ 5(296 K) (cm™~!/molecule-cm2)

Measured/(uncertainty) HITEMP’ 10/(uncertainty)
A 3,920.089 704.214 2.56 x 1072%/(2.1 %) 2.58 x 1072%/(5-10 %)
B 4,029.524° 2,660.945 444 x 1072%(2.3 %) [36] 427 x 1072%(5-10 %)
C 4,030.729° 4,889.488 1.08 x 1072%/(2.5 %) 1.16 x 1072%/(10-20 %)

Linestrengths quoted for doublet transitions are quoted as the sum of the doublet

The linestrength of Lines A and C was measured as done by Goldenstein et al. [36]

v, and E” were taken from [38]
# Denotes a doublet transition
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Fig. 4 Simulated absorbance spectra (left) for Lines A, B, and C at 0.8 bar, 1,500 K, and 10 % H,O with a path length of 3.8 cm. Temperature
sensitivity (right) for line pairs 1 and 2 as a function of temperature. Line Pair 1 = Lines A and B, Line Pair 2 = Lines A and C

stronger fundamental vibration bands near 2.5 pm were
used to measure the gas temperature and H,O column
density throughout the scramjet combustor. The pertinent
spectroscopic parameters for these lines, labeled A, B,
and C, are given in Table 1. In addition, Fig. 4 (left)
shows simulated absorbance spectra for these lines at
0.8 bar, 1,500 K, and 10 % H,O by mole with a path
length of 3.81 cm. Lines A and B (line pair 1) were used
to characterize the free stream, and Lines A and C (line
pair 2) were used to characterize the nonuniform reaction
zone (shown in Fig. 1). Line B was chosen according to
conventional line selection techniques [37], since the gas
in the free stream is expected to be near uniform along
the LOS. However, Lines A and C were chosen according
to the methodology put forth in [21] since the temperature
and composition of the gas in the reaction zone are
expected to be nonuniform along the LOS. In addition to
incorporating conventional line selection rules [37], this
method uses two transitions with strengths that scale near-
linearly with temperature over the domain of the

temperature nonuniformity to enable accurate determina-
tion of Ty,and N; from the integrated absorbance of two
transitions.

4.2 Evaluation of chosen lines
4.2.1 Signal strength

To achieve sufficient SNR in harsh environments, strong
absorption transitions must be used. The fundamental-
vibration-band transitions used here are 1.5-20 times
stronger, depending on temperature, than the combination-
and overtone-band transitions used in other scramjet sen-
sors [12, 13, 16, 17]. In addition, the reduction in Doppler
width associated with using lines near 2.5 pm (as opposed
to 1.4 um) leads to an increase in peak absorbance on the
order of 20 % for typical atmospheric pressure flame
conditions. As a result, using lines in the fundamental H,O
bands near 2.5 um provides large gains in signal strength,
and thereby, sensor accuracy and precision.
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4.2.2 Temperature sensitivity

Large temperature sensitivity is critical to the success of all
thermometry techniques. Since the temperature is inferred
from the two-color ratio of integrated absorbance, R, tem-
perature sensitivity is defined here as the unit change in
R per unit change in temperature. Figure 4 (right) shows the
temperature sensitivity of line pairs 1 and 2 as a function of
temperature. It is well known that the temperature sensi-
tivity scales with the difference in lower-state energies, AE”
[39]. As a result, the temperature sensitivity of line pair 2
(AE" = 4,185 cm™") is always greater than that of line pair
1 (4E" = 1,956 cm™"). Furthermore, from 1,000 to
2,500 K, the temperature sensitivity of line pairs 1 and 2
decreases from 2.8 to 1.1 and 6 to 2.4, respectively. The
temperature sensitivity decreases with increasing tempera-
ture due to Boltzmann statistics. In general, a temperature
sensitivity greater than one is recommended [37]. That said,
both line pairs used here are expected to yield excellent
thermometry performance over the experimental domain.

4.2.3 Linearity of linestrength

Using lines with strengths that scale linearly with temper-
ature enables the determination of 7, and N; in a non-
uniform gas [21]. However, in reality, the transition
linestrength is a nonlinear function of temperature as
shown in (2). As a result, it is important to evaluate the
accuracy of the linear-linestrength approximation of the
chosen transitions for the expected range of temperatures.
This was done by least-squares fitting a line to temperature-
specified regions of the linestrength curves given by (2). To
remove the influence of the value of S(7,), all linestrength
profiles were normalized to a maximum of 1. Figure 5
shows the maximum error in the linear-linestrength
approximation, quantified in terms of percent of the line-
strength at the mean temperature, for Lines A and C as a
function of the mean temperature. For mean temperatures
between 1,300 and 2,000 and a 500 K wide temperature
range, the linear-linestrength approximation is accurate to
within 1.2-2.6 % of the mean linestrength for Lines A and
C. While this error cannot be directly translated to errors in
Ty, and N; without knowing how the gas conditions vary
along the LOS, the results shown in Fig. 5 suggest that the
linear-linestrength approximation is accurate for Lines A
and C in the nonuniform reaction zone.

4.2.4 Projected performance in nonuniform reaction zone
A scanned-WMS-2f/1f measurement was simulated for a

nonuniform LOS to estimate the accuracy of this sensor in a
nonuniform combustor. Figure 6 (left) shows an example
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Fig. 5 Maximum error in linear-linestrength approximation for Lines
A and C as a function of mean temperature for a temperature range of
500 K (i.e., 250 K). The linear-linestrength approximation for Lines
A and C is accurate to within 1.2 and 2.6 % of S(Tyean) for mean
temperatures between 1,300 and 2,000 K

distribution of temperature and H,O along a simulated
optical path. The temperature and H,O mole fraction vary
from 1,100 to 1,625 K and O to 0.13, respectively, and
TnHzoequals 1,450 K. These distribution functions were
designed to simulate a case where the measurement LOS
passes through two distinct zones of combustion. Figure 6
(right) shows simulated path-integrated WMS-2f/1f spectra
and corresponding best fit for Lines A and C. The path-
integrated WMS-2f/1f spectra represent a simulated mea-
surement for the LOS shown in Fig. 6 (left) with a uniform
pressure of 0.8 bar. In this example, the best-fit spectra
match the path-integrated spectra to within less than 0.5 % of
the peak signal. The temperature and H>O column density
inferred from the best-fit integrated absorbance of Lines A
and C agree within 1.5 % of Tnﬂqoand 0.3 % of Nu,o0,
respectively. To quantify how the accuracy of this sensor
varies with mean temperature, these simulations were repe-
ated with THHZOranging from 1,200 to 1,900 K in increments
of 100 K. The corresponding error in temperature and H,O
column density varied from 0.3 to 3.3 % and 0.1 to 2.6 %,
respectively. As a result, these simulations indicate that the
sensor and data processing methods used are accurate in
nonuniform combustion environments with the range of
temperatures expected. More details describing how these
measurements were simulated can be found in [21].

5 Sensor validation

Scanned-WMS-2f/1f measurements were conducted in
air—-H,O mixtures within a heated static cell to validate
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Fig. 7 Scanned-WMS-2f/1f spectrum and corresponding best fit (left)
for Line B in a static cell experiment conducted at 1 bar and 1,000 K
with ~7 % H,0 by mole. Accuracy of scanned-WMS-2f/1f temper-
ature sensor (right) using line pairs 1 and 2 as a function of

the accuracy of the temperature and H,O sensor. An
experimental setup similar to that shown in Fig. 2 was
used in static cell experiments, and more information
regarding the furnace and the static cell can be found in
[36]. Measurements were conducted with line pair 1 from
600 to 1,325 K and with line pair 2 from 1,050 to
1,325 K. The gas pressure was 1 bar and the water mole
fraction ranged from 1 to 7 % depending on the experi-
ment. The temperature was calculated from the two-color
ratio of integrated absorbances inferred from fitting sim-
ulated WMS-2f/1f spectra to measured WMS-2f/1f spec-
tra. Figure 7 (left) shows an example of a measured
WMS-2f/1f spectrum and corresponding best fit for Line
B. The best-fit spectrum recovered the measured WMS-2f/
1f spectrum to within 2 % of the peak signal for all lines.

Known Temperature (K)

temperature for static cell experiments. Line pairs 1 and 2 recover the
known temperature to within 2 and 1.25 %, respectively. Error bars
are too small to be seen. The known temperature was determined
from thermocouple measurements

In addition, the 95 % confidence interval (obtained from
the fitting routine) in the integrated absorbance was less
than £0.5 % of its best-fit value. Figure 7 (right) shows
the temperature-sensing performance of both line pairs.
Line pairs 1 and 2 recovered the known temperature,
measured with thermocouples, to within 2 and 1.25 %,
respectively. In addition, the H,O mole fraction calculated
from the integrated absorbance of Line A inferred from
scanned-WMS-2f/1f spectral fitting agrees within 2.8 % of
that determined from scanned-wavelength direct-absorp-
tion measurements. These small differences could result
from optical distortion (e.g., etalon reflections) or from
differences in the models (e.g., Voigt profile fitting vs.
scanned-WMS-2f/1f model) used to convert measured
signals to gas properties.

@ Springer



724

C. S. Goldenstein et al.

6 Measurements in a model scramjet combustor

This section presents example temperature and H,O results
for Planes I and II (see Fig. 1) of the UVaSCF operating at
a global equivalence ratio of 0.15. A more complete dis-
cussion of these results and a comparison with LOS
absorption measurements of CO and CO, conducted in the
same facility are given in [40].

Figure 8 shows scanned-WMS-2f/1f time histories for
Lines A and C collected inside the cavity flameholder
(Plane I, y = 34.5 mm). The WMS-2f/1f signal differs (for
identical gas conditions) for the up-scan and down-scan
since the phase-shift between the laser intensity and optical

< 1.5 Up-scan 1

@ Downscan - Peak-SNR ~ 125 E" =704 cm”

£

= 1

=

Y 05

0

=

0 2 4 6 8 10
0.2 4

Peak-SNR ~ 30 E"=4889 cm

WMS-2f/1f Line C

Time (ms)

Fig. 8 Example scanned-WMS-2f/1f time histories for Lines A (top)
and C (bottom) acquired in the UVaSCF cavity flameholder
(y = 34.5 mm on Plane I). Each scanned-WMS-2f/1f spectrum yields
a measured temperature and H,O column density. A total of 500 ms
of data were collected at each measurement location

2r .
—Data Line A
«e+Fit
1.5

S

8

= 1

9

%)

=

=

0.5

0
3919.9

3920

3920.1 3920.2 3920.3
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frequency is greater than n. For each half-scan (up-scan or
down-scan), a simulated WMS-2f/1f spectrum was least-
squares fit to a measured WMS-2f/1f spectrum to determine
the integrated absorbance of each transition. Figure 9
shows examples of measured and corresponding best-fit
WMS-2f/1f spectra for Lines A and C. The WMS-2f/
1f spectrum for Line A is asymmetric due to its large
absorbance, and thus asymmetric 1f signal [35]. For both
lines, the best-fit spectra match the measured spectra to
within less than 2 % of the peak signal, which indicates
that the fitting routine produced an accurate representation
of the experiment. Furthermore, the 95 % confidence
interval (obtained from the fitting routine) in the integrated
absorbance was less than 2.5 % of the best-fit value.

Ty, was calculated by comparing the two-color ratio of
integrated absorbances with the two-color ratio of line-
strengths. Ny,0 was calculated according to (6) using the
integrated absorbance of Line A. Figure 10 shows a 0.5-s

time history (acquired uninterrupted) of T and Ny,0 X

NH,0

THHZO for y = 28.5 mm at Plane I. Ny,0 was scaled by

T, to highlight oscillations in composition. Figure 10
indicates that the gas conditions are nominally steady;
however, some low-frequency [O(100 Hz)] oscillations
exist, particularly between O and 0.3 s. These oscillations
in temperature and H,O are correlated which suggests that
the oscillations reflect fluctuations in either the combustion
progress or in the transport of combustion products to the
measurement location. Similar oscillations were observed
throughout the reaction zone.

Figure 11 shows the mean temperature and H,O column
density as a function of y for Planes I and II (see Fig. 1).
All measurements were acquired without shutting down the
UVaSCF. The bars indicate the temporal variation (1 SD).

Ar
0 Line C

0.075

0.05 |

WMS—2/1f (a.u.)

0.025

0 )
4030.65 4030.7 4030.75 4030.8

Optical Frequency (cm_1)

Fig. 9 Examples of measured and best-fit scanned-WMS-2f/1f spectra for Lines A (left) and C (right) acquired in the UVaSCF. The best-fit

spectra match the measured spectra to within 2 % of the peak signals
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The measurement uncertainty, obtained from the 95 %
confidence interval in the integrated absorbance of each
transition, is typically 5 times smaller than the temporal
variation. While pressure measurements are not needed to
determine TnHzoor Nu,o, it is worth noting that the static
pressure at Planes I and II was approximately 0.73 and
0.83 bar. Figure 11 (left) shows results spanning the entire
flow path for Plane I. The temperature first rises away from
the cavity wall and then falls monotonically outside the
cavity before plateauing at the free-stream temperature
near 1,000 K. The H,O column density, however, falls near

Results Shown for Line Pair 2
2500
2000 MMW“’MM*\
1500

1000
500 L L L L J

Temperature (K)

2
NH20 X THzo (mole—K/m®)

Time (s)

Fig. 10 Example temperature and H,O column density time histories
acquired in UVaSCF at y = 28.5 mm on Plane I. H,O column density
is scaled by temperature to highlight oscillations due to composition
only (assuming constant pressure). Smoothed data highlight low-
frequency oscillations in temperature and H,O
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Fig. 11 Time-averaged temperature and H,O column density mea-
sured with line pairs 1 and 2 on Plane I (left) and for Planes I and II
(right). Results are shown for the UVaSCF operating with a global
ethylene—air equivalence ratio of 0.17. Outside of the reaction zone,

monotonically away from the cavity wall before reaching
the expected free-stream value corresponding to 0.8 %
H,O by mole. This immediate drop in column density
cannot be explained by the density decrease associated
with the rising temperature. As a result, these results sug-
gest that combustion is most complete near the cavity wall
and that the lower temperatures could result from three
potential sources: (1) heat transfer to the cooled walls (2)
increased dilution with cooler gases and (3) thermal strat-
ification in the unburnt gas entering the cavity.

Several interesting conclusions can be made by compar-
ing temperature and H,O results between Planes I and 1. (1)
Combustion products penetrate into the free stream a greater
distance as the flow moves downstream. Similar results were
observed in [16] for a different combustor configuration. (2)
Along the expansion wall, the temperature decreases in the
flow direction. This could result from heat transfer to the
combustor wall. (3) For y = 21-27 mm, the H,O column
density increases a large amount from Plane I to II; however,
the temperature exhibits a slight decrease. While larger
values of H,O column density suggest greater combustion
progress, the minor drop in temperature suggests that the
associated heat release is offset by thermal dilution with the
free stream. More discussion regarding these results and the
performance of the model scramjet combustor can be found
in [40].

7 Summary

The design and demonstration of a two-color TDL sensor
for temperature and H,O in an ethylene-fueled scramjet

Results Shown for Line Pair 2
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the WMS sensor recovers the expected H,O concentration. Inside the
reaction zone, the HO column density increases between Planes I
and /I, which indicates that combustion progresses in the flow
direction
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combustor were presented. This sensor used three H,O
transitions in the fundamental vibration bands near 2.5 pm
to enable high-SNR measurements in the non-reacting free
stream and the ethylene—air reaction zone. The use of
fundamental-band transitions enabled three primary
advancements over previously used near-infrared-based
sensors: (1) up to 20 times larger signals, (2) nearly a factor
of two increase in temperature sensitivity, and (3) use of
lines with higher lower-state energy for improved mea-
surement fidelity in high-temperature nonuniform flows. In
addition, this sensor used a recently developed scanned-
WMS-2f71f spectral-fitting strategy to infer the integrated
absorbance of each transition without needing to model the
transition linewidths beforehand. This technique enabled
accurate line-of-sight WMS absorption measurements of
temperature and H,O in the nonuniform reaction zone.

Temperature and H,O measurements were presented for
more than 35 locations within the UVaSCF combustor.
Outside of the reaction zone, the measured H,O agrees
with the expected free-stream value of 0.8 % by mole.
Within the reaction zone, low-frequency oscillations in
temperature and H,O were observed. These oscillations
indicate fluctuations in either combustion process or
transport of combustion products to the measurement
location. The measured temperatures were greatest in the
middle of the cavity [O(2,100 K)] and decreased away
from the cavity before plateauing in the free stream. At a
given y-coordinate, the temperature did not change sig-
nificantly between planes I and II; however, the H,O col-
umn density rose significantly at all locations. These results
suggest that the heat release associated with greater com-
bustion progress is offset by dilution with the cooler free
stream.
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