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This paper reports the simultaneous measurements of multiple flow parameters in a scramjet facility
operating at a nominal Mach number of 2.5 using a sensing system based on tunable diode-laser absorp-
tion spectroscopy (TDLAS). The TDLAS system measures velocity, temperature, and water vapor partial
pressure at three different locations of the scramjet: the inlet, the combustion region near the flame sta-
bilization cavity, and the exit of the combustor. These measurements enable the determination of the
variation of the Mach number and the combustion mode in the scramjet engine, which are critical
for evaluating the combustion efficiency and optimizing engine performance. The results obtained in this
work clearly demonstrated the applicability of TDLAS sensors in harsh and high-speed environments.
The TDLAS system, due to its unique virtues, is expected to play an important role in the development of

scramjet engines.
OCIS codes:

1. Introduction

Over the past 50 years, the scramjet has attracted
considerable research interest due to its potential
as an air-breathing propulsion device for future hy-
personic vehicles [1,2]. Past studies have identified
several key challenges in optimizing scramjet com-
bustors, which include achieving well-controlled
dual-mode operation and high combustion efficiency
[3-7]. The ability to measure the Mach number in the
combustor is highly desirable to address these
challenges. Therefore, researchers have developed
various diagnostics for such measurements. Diagnos-
tics based on tunable diode-laser absorption spectro-
scopy (TDLAS) have emerged as an attractive
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technique, due to its robustness, relatively simple
implementation, and capability to simultaneously
measure multiple flow parameters in high-speed
flows (including velocity, temperature, pressure, spe-
cies concentration, and mass flow rate) [8-10].
Consequently, many variations of the TDLAS diag-
nostic have been successfully demonstrated for in
situ measurements of various flow parameters in
scramjet test facilities [11-17]. For instance, Up-
schultep et al. [11] measured velocity, static tempera-
ture, and water vapor concentration at the inlet of
the combustor in a direct-connected test facility. Grif-
fiths and Houwing [13] measured temperature and
water vapor concentration in the expanding exit re-
gion of the combustor in a shock tunnel at a 20 kHz
repetition rate. Liu et al. [14] measured the tempera-
ture and water partial pressure at eight fixed verti-
cal positions at the exit section using both direct
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absorption and a wavelength modulation strategy.
Preliminary estimation was made for the nonuni-
form temperature distribution along the laser path
using three water absorption lines. Gruber et al.
[15] used two water absorption lines to measure
water vapor concentration and static temperature
at nine fixed vertical positions near the combustor
exit. Lindstrom et al. [16] studied the shock train
structure in a rectangular isolator using multiple
line-of-sight absorption measurements. Rieker
et al. [17] demonstrated a three-wavelength tunable
diode-laser temperature sensor to study combustion
instabilities.

These past efforts have demonstrated the applic-
ability of a TDLAS diagnostic in scramjet engines.
However, these past measurements focused mostly
on one location in the engine, the exit, while mea-
surements at multiple locations (the inlet, the com-
bustion region, and the exit, as shown in Fig. 1) are
needed to quantify the performance of the engine.
Specifically, these measurements include the (1) velo-
city measurements in the combustion region and the
exit, and (2) temperature measurements in the com-
bustion region. These measurements combined will
yield the local Mach number, which is critical in dis-
tinguishing the combustion mode. Furthermore, it is
highly desirable to make these measurements at
each location with spatial resolution along the height
(i.e., the y direction shown in Fig. 1), because prior
TDLAS measurements have shown nonuniform
profiles of both temperature and water concentration
[15] in the combustion region. Such spatially
resolved measurements can be used to infer the
enthalpy flux at each location, and, consequently,
the combustion efficiency can be calculated with
the enthalpy fluxes at the inlet and the exit of the
combustor.

Based on the above considerations, a multichannel
TDLAS system was developed in this work to ad-
dress the diagnostic needs mentioned above. The
TDLAS system uses the absorption spectroscopy of
water vapor and the Doppler shift to measure tem-
perature, water vapor concentration, and velocity.
These parameters were simultaneously measured
at three different locations (at the inlet, in the com-

@ Ma=2.5
C2H4 Cavnty 1 H: Cav1ty 2
1 o [7x

—_

Wmdow 2 Wmdow 3 Wmdow 4

Wmdow 1

Heate‘r Nozzle Isolator
T T |

)

Combustor . Exit

=
‘Al

» | y <
Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6
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bustor, and at the exit) by splitting the TDLAS sys-
tem into multiple channels using fiber optics. The
distributions of these parameters along the height
at each measurement location were obtained by
scanning the TDLAS system. The measurement
technique is described in more detail in Section 2.
Section 3 describes the implementation of the
TDLAS system and the scramjet test facility, fol-
lowed by results and analysis in Section 4. Section 5
discusses the calculation of combustion efficiency
and measurement uncertainty, and, finally, Section 6
summarizes the paper.

2. Measurement Technique

This section provides a brief review of the theory of
TDLAS and its application for measuring velocity,
temperature, and species concentration. More de-
tailed discussion can be found in [10,18,19]. Accord-
ing to the Beer-Lambert law of absorption, the
absorbance at a specific transition/wavelength de-
pends on temperature, the concentration of the ab-
sorbing species, and the pressure. Measurement of
absorbance at two carefully selected wavelengths
can be used to simultaneously infer the temperature
and concentration of the absorbing species if pres-
sure is known. More specifically, temperature is in-
ferred from the ratio of the measured integrated
absorbance of the transitions, and partial pressure
of the absorbing species (H,O vapor in this work)
is inferred from the integrated absorbance at either
transition after temperature is determined. Flow ve-
locity is inferred by measuring the Doppler frequency
shift of the absorption peak [8,10,20] according to the
following equation:

\%4
Avpoppler = - Vo cos 0, 1)

where Avpgpler represents the Doppler frequency
shift of the absorption peak, V is the velocity of flow,
c is the speed of light, v is the line-center frequency
of the transition, and 0 is the angle between laser
propagation and flow direction.

A key aspect of implementing this so-called two-
wavelength TDLAS involves the selection of the op-
timal transitions, and the transitions used in this
work are shown in Table 1. They were selected based
on the spectroscopic parameters provided in the HI-
TRAN 2008 database [21], with the parameters of
some transitions replaced by the measured values re-
ported in [14,22]. These transitions were selected
considering the criteria discussed in [23]. First, they

Table 1. Spectroscopic Line Parameters Used in the Current Study

Low-State
Frequency Line Strength Energy

Transition v (cm™) S (atmtem2) E’ (em™)
1 7185.597 1.96 x 102 1045.058
2 7444.35 + 744437 1.10x 1073 1774.751
(combined) 1806.670




provide sufficient absorption strength to ensure high
signal-to-noise ratio (SNR) [24]. Second, they provide
suitable low-state energy to ensure high sensitivity
in the temperature range of interest in this work.

The TDLAS measurement is path integrated in
nature. Therefore, if nonuniformity (in terms of
temperature and/or concentration) exists along the
measurement path, the TDLAS technique yields
line-of-sight-integrated results, which represent
complicated averages of the temperature and concen-
tration along the path. In our test facility, the non-
uniformity exists mostly along the height (i.e., the
y direction as shown in Fig. 1) because of the qua-
si-two-dimensional cavity and multihole injectors
used. Along the measurement path (i.e., the z direc-
tion shown in Fig. 1), the temperature and concentra-
tion of water vapor were assumed to be uniform in
this work. For the wavelengths chosen here, this as-
sumption results in a path-integrated temperature
that is slightly lower than the spatial average of
the temperature along the path, because of the in-
creased sensitivity at the cooler regions of the flow
[15]. The undergoing research is to quantify the uni-
formity along the z direction by using an absorption-
based tomography technique as described in [25-27].

On the other hand, the flow is highly nonuniform
along the y direction, and such nonuniformity needs
to be resolved to calculate the enthalpy flux and com-
bustion efficiency. In this work, the sensor is scanned
along the y direction under each measurement con-
dition to resolve the nonuniformity. Obviously, such
scanning requires the flow to be steady, which was
an acceptable assumption because the temperature
fluctuated within ~6% in these tests and, further-
more, the averaged measurements were of interest
in this work.

Finally, note that, in this work, we preferred to use
the direct absorption strategy among the variations
of the TDLAS technique. For instance, a well-
established variation (WMS-2f) involves imposing
a high-frequency modulation on top of the wave-
length tuning, measuring the second harmonic detec-
tion of the absorption signal, and using the change in
the absorption signal (instead of the absorption sig-
nal itself, as in the direct absorption strategy) to infer
temperature and concentration [14,28]. This WMS-
2f variation of TDLAS has been demonstrated to
enhance the SNR of the measurements under weak
absorbance [29]. However, in this work, we preferred
the direct absorption strategy for several reasons.
First, the absorption signal is already sufficiently
strong in this work due to the relatively strong
absorption transitions shown in Table 1 and the
relatively long path length in our scramjet facil-
ity (8.5 cm). Therefore, satisfactory SNR can be
obtained with the direct absorption strategy (see
Subsection 5.B for more details). Second, the direct
absorption strategy enjoys simplicity of implementa-
tion and signal interpretation [30]. The direct ab-
sorption technique does not need calibration, while
the WMS-2f technique usually needs to be calibrated

against several parameters, including the modula-
tion depth, detector gain, and average incident laser
intensity [14,31]. Finally, the direct absorption tech-
nique requires a lower sampling rate than the WMS-
2f variation; it facilitates the analysis and storage of
the data. This work involves a considerable amount
of data analysis and storage, because measurements
need to be simultaneously digitized at six channels,
with a bandwidth of 5 MHz at each channel, and
scanned along the heights. Therefore, the lower sam-
pling rate required by the direct absorption techni-
que is not trivial.

3. Sensor Implementation and Scramjet Facility

A. Sensor Implementation

Figure 2 illustrates the implementation of the
TDLAS system discussed in Section 2. The system
consisted of two distributed feedback diode lasers
(NLK1B5EAAA, NEL), each controlled (both the in-
jection current and temperature) independently by a
diode-laser controller (ITC502, Thorlabs). The line-
width of these lasers is 10 MHz as provided by the
vendor. The injection current of both controllers
was modulated by a ramp signal from a signal gen-
erator (AFG3022, Tektronix) so that the lasing wave-
length scanned a spectral range of 2 cm™! to probe
the HyO absorption transitions shown in Table 1.
The wavelength of each laser was modulated at a re-
petition rate of 8 kHz.

The laser beams from the two lasers were com-
bined by a 2x8 single-mode fiber coupler. The
separation of the absorption signals was then
achieved via a time division multiplexing (TDM)
scheme, and a typical measurement of the absorption
signals is shown in Fig. 3. In the TDM scheme, each
laser was scanned at a rate of 8 kHz (i.e., 0.125 ms
per scan). During each scan, the laser current was
set below the threshold for 0.025 ms, yielding a
background signal level to correct for combustion
emission. Each determination of temperature and
water partial pressure required scanning both tran-
sitions, as shown in Fig. 3, resulting in a temporal
response of 4 kHz (i.e., 0.25 ms per measurement)
if no averaging was performed.

The 2 x 8 fiber coupler then split the combined
beam into eight channels. The first channel was de-
livered into a Fabry—Perot interferometer to monitor
the frequency during the wavelength scanning. The
second channel was registered by a detector without
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Fig. 2. (Color online) Optical layout of the TDLAS system.
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Fig. 3. Transmission signals obtained by the TDM scheme.

going through the scramjet, providing a reference of
the laser intensity during scanning. Nitrogen pur-
ging was used (on all beams) to eliminate interfer-
ence absorption from the water vapor in ambient air.
The other six beams were the probing beams, and
they were separated into three pairs and delivered to
the measurement locations, as shown in Fig. 1(b).
The first pair (beams 1 and 2) crossed at an angle of
a; = 60° to measure the target parameters at the in-
let of the combustor; the second pair (beams 3 and
beam 4) crossed at an angle of ay = 30° for measure-
ment at cavity 2 within the combustor; and the third
pair (beams 5 and 6) crossed at an angle of a3 = 60°
for measurements at the exit of the combustor. These
angles were designed based on two considerations.
First, they were designed to accommodate the size
and geometry of the windows. Second, a larger angle
was preferred at locations (windows 1 and 4) where
the pressure distribution is uniform and hence pres-
ents no interference to the Doppler shift, while a
smaller angle was preferred at the location (window
3) where significant nonuniformity in pressure was
expected to minimize the interference caused by
pressure shift. To prevent the etalon effects, quartz
window 3 was wedged with 3° on the outer surface.

On the catch side, six collimators with relatively
large numerical aperture (NA = 0.49) captured the
transmitted beams into multimode fibers. Six lenses
then focused the beams out of the fibers onto six
InGaAs detectors with 2 mm diameter sensitive
areas. The parameters of these collection optics were
designed to minimize the effects of beam steering
caused by the turbulence along the measurement
path and the mechanical vibration of the scramjet
engine. The relatively large numerical aperture of
the collimators and the large active area of the detec-
tors minimizes the effects of beam steering. The path
length of transmitted beams in free space was mini-
mized to reduce the effects of mechanical vibration,
and the relatively high scan rate also reduces the ef-
fects of mechanical vibration. Finally, two high dy-
namic oscillationscopes (DP0O4034, Tektronix) were
employed for recording the data from the detectors
at a sample rate of 5 MHz.

For overall combustion efficiency diagnostic, distri-
butions of flow parameters along the height need to
be obtained. A motorized precision translation stage
was used to translate beam pair 5 and 6 across the
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entire height at the exit of the combustor (i.e., win-
dow 4 as shown in Fig. 1). To distinguish the combus-
tion mode, another motorized precision translation
stage translated beam pair 3 and 4 across the com-
busting region under cavity 2 (i.e., window 3 as
shown in Fig. 1). These translation stages were
moved at a speed of 80 and 40 mm/s at windows
4 and 3 (due to the different height of these windows),
respectively, so that the entire height could be
scanned in a single run.

B. Data Processing

To obtain temperature and partial pressure of water
vapor, the data processing involved three steps.
First, for each measured absorbance signal as shown
in Fig. 3, the nonabsorbing wings were extracted and
fitted into a third-order polynomial, which was used
as the baseline for calculating the absorption spectra.
Second, Voigt profiles were used to fit the absorption
spectra obtained in the first step. The bottom panel of
Fig. 4 shows an example of the Voigt fit of the absorp-
tion spectra, and the top portion shows the fitting re-
sidual, which is less than 1% of the peak absorption
throughout the line profiles. Such low fitting residual
illustrates the high SNR achieved in this research.
Third, based on the Voigt fit obtained in the second
step, the integrated absorbance was calculated, and
then used to calculate the water vapor partial pres-
sure and temperature. All these steps were auto-
mated using a computer code described in [24].

To obtain velocity measurement, the spectral posi-
tion of the absorption peaks need to be accurately
captured. In this work, we found that the Voigt fit-
ting described above was not suitable for accurately
determining the position of the absorption peaks.
The fitting criterion of the Voigt profile was to mini-
mize the overall residual between the fit and the
measurements (thereby providing accurate determi-
nation of the integrated absorbance), and the posi-
tions of the absorption peak were not a fitting
criterion. Hence, an alternative fitting algorithm
was sought to determine the peak positions. In this
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work, we found that a further fitting of the region
near the peak wusing fourth-order polynomials
resulted in accurate positions of absorption peaks.
Therefore, for the velocity measurement, an addi-
tional fitting process was added into the computer
code to perform a further fit of the peak region using
fourth-order polynomials. Once the peak positions
were determined, they were combined with the mea-
surement from the Fabry—Perot interferometer to de-
termine the frequency shift, which was then used in
Eq. (1) to calculate velocity.

Note that, in the presence of pressure nonunifor-
mity, the pressure-induced line shift may interfere
with the Doppler shift for velocity measurement.
However, for beam pair 5 and 6, the two beams ex-
perienced the same pressure drop and the pressure
shift was canceled during the calculation of velocity.
Therefore, the interference caused by pressure-
induced shift was neglected for the measurements
by beam pair 5 and 6. As to the beam pair 3 and
4, the pressure transducers indicated a slight un-
equal drop of static pressure across beams 3 and 4,
and our analysis showed that such slight unequal
pressure drop only led to minor effect on the velocity
measurement.

C. Scramijet Facility

The TDLAS system described above was applied in a
direct-connected scramjet test facility operated on
ethylene (CoH,), as shown in Fig. 1. The operation
parameters of the flow entering the combustor are
summarized in Table 2.

Compressed dry air was heated in the heater, as
shown in Fig. 1(a), by hydrogen combustion to obtain
the desired temperature and pressure. The burned
gas was then replenished with oxygen also in the
heater [32]. The resulting high-enthalpy flow was ac-
celerated to supersonic speed through a Mach 2.5
nozzle. The flow then passed though a 200 mm long
isolator, entering the combustor with a cross-section
area of 40 mm x 85 mm. The bottom wall of the com-
bustor was horizontal, while the top wall had a 2° di-
vergence angle. The combustor housed two cavities
(labeled cavity 1 and cavity 2 in Fig. 1) located in
the top wall, both with igniters in the middle. The
igniter at cavity 2 was used to ignite a hydrogen
flame, which acted as a pilot flame to ignite and sta-
bilize the CoH, fuel, injected through seven injectors
with a diameter of 0.8 mm. The CoH, fuel was
injected into the flow through seven injectors with
a diameter of 1.2 mm located 60 mm upstream
cavity 1.

The test facility was outfitted with four pair of
quartz windows on the sidewalls for the optical mea-

Table 2. Operation Parameters of the Scramjet Facility in this Study

Mach Flow
Number [—] Rate [kg/s]

2.5 1650 1.0 1.2

Total Total
Temperature [K] Pressure [MPa]

surements, as shown in Fig. 1. Window 1 was located
at the end of the isolator for the measurement of the
combustor inlet condition. Windows 2 and 3 were lo-
cated at cavities 1 and 2, respectively. These first
three windows had the same size (46 mm height by
120 mm width). Window 2 was intended for schlieren
photography and CH* chemiluminescence imaging
and was not used in this work. Window 3 was used
for the TDLAS measurement near cavity 2 in the
combustor. Window 4 had a different size (100 mm
height by 50 mm width), and was located 600 mm
downstream the CyH, injectors at the exit of the com-
bustor. Window 4 provided optical access to the
entire height of the exit of the combustor. Besides
the optical sensors, the isolator and combustor were
also equipped with 30 static pressure transducers
along the flow direction. These pressure transducers
provided the static pressure for processing the
TDLAS measurements.

4. Results and Data Analysis

This section reports the data obtained using the
TDLAS system in our scramjet facility. Measure-
ments were conducted under different operation con-
ditions, and here we report the example results
obtained under a stable operation Mach number of
2.5. Results obtained under other operation condi-
tions were reported elsewhere [24,33]. Here, we
specifically report the results obtained at three loca-
tions: the inlet of the combustor (Subsection 4.A),
near cavity 2 in the combustor (Subsection 4.B),
and at the exit of the combustor (Subsection 4.C).
These results are of special importance to the devel-
opment of scramjet engines for several reasons. First,
the measurements at the inlet and exit can be used
to infer combustion efficiency, a critical parameter.
Second, the measurements in the combustor (near
cavity 2) can be used to resolve the combustion mode.
And last, in this work, the measurements at the com-
bustor inlet can be compared to the design para-
meters of the hydrogen heater, thusly providing a
verification of the TDLAS results.

A. Measurements at Combustor Inlet

Figure 5 shows a set of the static temperature, water
vapor partial pressure, and velocity measured at
combustor inlet. The data shown here recorded 2 s
of measurements. The results show an average tem-
perature of 798 K, an average partial pressure of
water vapor of 0.139 atm, and an average velocity
of 1335 m/s. The pressure transducers fixed on the
bottom wall measured a static pressure of 0.61 atm.
The mole fraction of water vapor in the flow can be
inferred to be 23% by combining the partial pressure
and the static pressure measurement. As mentioned
above, these measurements performed at the com-
bustor inlet can be compared with the designed
operating parameters of the heater. For the case
shown in Fig. 5, the difference between the designed
and measured values was 21 K for temperature
(2.7%), 2.9x1073 atm for H,O partial pressure
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(2.2%), and 32 m/s for velocity (2.4%). Such good
agreement provides a validation of the application
of the TDLAS system in scramjet facilities.
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As mentioned at the beginning of section, these
results were to be combined with the measurements
at the combustor exit to infer the overall combustion
efficiency of the scramjet engine.

B. Measurements Near Cavity 2

Figures 6(a)-6(d), respectively, show a set of example
measurements of temperature, partial pressure of
water vapor, velocity, and Mach number near cavity
2 in the combustor. The temperature and water
vapor partial pressure were measured using beam 4,
and the velocity was measured using beams 3 and 4.
Then the Mach number was inferred from the tem-
perature and velocity. All these measurements were
scanned along the height direction so that repre-
sented spatially resolved measurements. The y =0
position corresponds to the position of the top wall.
These measurements are important for determining
the combustion mode in a scramjet engine. Note that,
to our knowledge, it is the first time that the distri-
bution of velocity measurement by the TDLAS
technique in a scramjet combustor has been
reported, although [34] has reported similar distribu-
tion measurements of velocity using hydroxyl-
tagging velocimetry.

As shown in Fig. 6, the measurement results
have shown spatial variation (i.e., variation in the
y direction). Such variation was caused partially
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Fig. 6. Distribution of (a) static temperature, (b) partial pressure of water vapor, (c) velocity, and (d) Mach number along the vertical
location near the cavity. Measured at 4 kHz bandwidth and filtered to 1 kHz in this plot.
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by temporal fluctuation (due to the limited temporal
resolution of the sensor) and partially by spatial fluc-
tuation (due to the actual variation of the measured
quantities). Take temperature, the key parameter for
the calculation of efficiency, as an example. The con-
tribution from temporal variation was estimated to
be 150 K at the scan rate used here, based on our pre-
vious experiments [33] taken by the TDLAS sensor
at a fixed location. Each data point shown in Fig. 6
was taken in a duration of 1 ms (the sensor was
scanned at 4000 Hz and each point in Fig. 6 is the
average of four scans). Therefore, the probing beam
translated for 0.04 mm during the measurement of
each data point, which was much smaller than the
1 mm diameter of the probing beam. Furthermore,
in this work, the calculation of the overall efficiency
requires integrating the measurements (detailed in
Section 5), so the effects of both the spatial and tem-
poral fluctuation were expected to be averaged out.

The results in Figs. 6(a) and (b) provided a wealth
of information for understanding the combustion
characteristic in the combustor. From the results
shown in Fig. 6(a), the average temperature across
the height can be calculated to be about 2200 K.
Figure 6(a) shows that the temperature was consis-
tently higher than this average in the region from 15
to 40 mm, which confirmed the intensive combustion
in this region caused by the high penetration depth of
the fuel injection. The measurements also showed
another region with temperature higher than the
average: the region from the 0—4 mm, i.e., in the
shear layer of cavity 2. The higher temperature in
this region was caused by the hydrogen pilot flame.
These results also illustrated that the temperature
inside the cavity (i.e., the region below 0 mm) was
not substantially higher than the region from 15 to
40 mm, indication that intensive combustion oc-
curred in the core/middle region of the combustor
chamber and only a small of fraction of the fuel en-
tered and burned inside cavity 2. The temperature
measured across the entire height was significantly
higher than the stagnation temperature of flow at
the combustor inlet, which was designed at 1650 K,
as shown in Table 2. Such a temperature rise across
the entire height suggested that the combustion
occurred across the whole engine cross section.
The results of temperature combined with the partial
pressure of water vapor can also provide insights
into the combustion zone. For example, in the results
shown in Figs. 6(a) and (b), there was increase in the
partial pressure of water vapor accompanying the in-
crease of temperature, suggesting that combustion
occurred upstream of the measurement location [24].

Figure 6(c) shows the velocity distribution along
the height of the section. From this figure, it can
be seen that velocity decreased slightly from the bot-
tom wall toward the upper wall, i.e., from 43.5 to
7 mm (note that y = 0 mm corresponds to the posi-
tion of the upper wall). Then velocity decreased ra-
pidly in the shear layer and in the cavity, i.e., from
7 to —2.5 mm. This variation of the velocity profile

indicated that the thickness of the shear layer was
~7 mm at this location. Note that a boundary layer
also exists near the bottom wall, where a similar
sharp velocity decrease is expected. However, this
set of measurements was not able to resolve the bot-
tom boundary layer, because the height of window 3
was smaller than height of the engine cross section,
resulting in a limited field of view at this location. By
combining the results shown in Figs. 6(a) and (c), the
distribution of the Mach number can be calculated
and is shown in Fig. 6(d). The results shown in
Fig. 6(d) indicate a subsonic combustion with a peak
Mach number of 0.7.

C. Measurements at Combustor Exit

Figures 7(a)-7(d), respectively, show a set of example
measurements of temperature, partial pressure of
water vapor, velocity, and Mach number at the com-
bustor exit. Similar to the results shown in Fig. 6,
these measurements were obtained by scanning
beams 5 and 6 in the height direction to resolve the
distribution of these parameters along the height di-
rection. The y = 0 position again corresponds to the
position of the top wall.

Compared to the results shown in Fig. 6, the over-
all distribution of temperature and water vapor at
the combustor exit was noticeably more uniform due
to convective heat and mass transfer, although the
results shown in Figs. 7(a) and (b) exhibited higher-
than-average temperature and water vapor partial
pressure in the same regions as those observed in
Figs. 6(a) and (b).

Figures 7(c) and (d) show the velocity and Mach
number distribution at the combustor exit. In con-
trast to the results shown in Fig. 6, the results shown
here provide complete information across the entire
height of the measurement cross section (88 mm), be-
cause the height of window 4 matched the height of
the cross section. As expected, the velocity varied
slightly in the main flow, and decreased sharply in
the boundary layer near the top and bottom walls.
Figure 7(d) shows the distribution of the Mach num-
ber, again calculated by combining the temperature
measurements shown in Fig. 7(a) and the velocity
measurement shown in Fig. 7(c). Figure 7(d) shows
a relatively uniform Mach number of 2 in the core
flow. Because the flow near cavity 2 was subsonic,
as shown in Fig. 6(d), the supersonic flow at the com-
bustor exit indicated that there was a thermal nozzle
between cavity 2 and the combustor exit as expected.

Finally, as mentioned at the beginning of this sec-
tion, the measurements obtained at the combustor
inlet and exit can be combined to calculate the over-
all combustion efficiency, which is discussed immedi-
ately below in Subsection 5.A.

5. Discussions

A. Calculation of Combustion Efficiency

The overall combustion efficiency (5¢) is a key param-
eter for the development and design of scramjet
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Fig. 7. Distribution of (a) static temperature, (b) partial pressure of water vapor, (c) velocity, and (d) Mach number along the vertical
location at the combustor exit. Measured at 4 kHz bandwidth and filtered to 1 kHz in this plot.

engines. Two common methods exist for determining
ne experimentally [5,35], and the TDLAS measure-
ments described above are valuable for both meth-
ods. Thus, this section discusses the application of
our TDLAS measurements for calculating n. Appli-
cations in both methods were demonstrated and the
results shown to agree reasonably.

In this work, 7¢ is defined as the fraction of fuel
that is completed burnt and converted into CO,. Fol-
lowing this definition, the following global reaction
describes the fuel consumption:

¢; - aCoHy + 3(a04 + fH0 + yNy)
= 17e * 2¢;0C09 + (1, * 2¢h; + 3$)Ho0
+ ¢a(1 = n.)CoHy + 3(a = n.¢;0)Og + 3yNy, (2)

where ¢; represents the equivalence ratio of CoHy,
and a, B, and y refer to the mole fractions of Oy,
H,0, and Ny entering the combustor, respectively.

Note that Eq. (2) assumes that (1) the hydrogen
from the heater and pilot flame is completely burnt
into HyO, and (2) CO9 and HyO are the only products
produced from the combustion of the fuel.

The first method for calculating 7¢ relies on the
amount of water vapor present at the combustor inlet
and exit. Based on the assumptions made in Eq. (2),
the increase in the amount of water from the inlet to
the exit is solely due to the combustion of the fuel,
resulting in the following equation:
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where H is the height of the cross section, Py, (y) is
the local water partial pressure at the exit, Py, 0 inlet
is the average water partial pressure at the inlet, P
and Pj,., respectively, are the wall static pressure
at the exit and the inlet, and Cy, is the correction
coefficient of water concentration caused by the com-
bustion of the hydrogen pilot flame.

On the left-hand side of Eq. (3), the first term re-
presents the amount of water vapor present at the
combustor exit, and the second term presents the
amount at the combustor inlet. The difference be-
tween the inlet and exit depends on the completeness
of the fuel [i.e., the first term on the right-hand side
of Eq. (3)] and the water vapor produced due to the
hydrogen pilot flame (i.e., Cy,). In Eq. (3), the distri-
bution of water vapor at the inlet is considered to be
uniform and, therefore, the calculation of the amount
of water present at the inlet is simplified. However,
the calculation of the amount of water vapor at the
exit involves an integration (first term on the left-
hand side) due to the significant nonuniformity
caused by the combustion.

In the second method, 7 is calculated by the fol-
lowing equation:



Ne = AQC/AQ(’/IC = 1)7 4)

where AQ, and AQ(nc = 1) are, respectively, the ac-
tual heat release and the heat release with complete
combustion (i.e., with no = 1). It is straightforward to
calculate the latter term because the amount of CoH,
fuel injected into the combustor was metered. The
former term can be determined from the following
equations:

_ E H Ve()/)2 - Vgo
AQc = [Ah +H[) B dy:|

V2 V2

+ |:hf,Tm - hfj + LUf . TL] + Qwv (5)
w (H [Ty

A= A [ ¢, @ary, ©6)

_0.0287p, V(b — )

(7
R, T* PriéRe

w

where AQ, is the heat release of combustion (i.e., the
heating value of the fuel at fixed temperature 7.,),
Ah is the static-enthalpy variation of the burnt gas,
w is the mass flow rate of the burnt gas, H is the
height of the cross section, V, is the local velocity
of the flow at the exit, V., is the flow velocity at
theinlet, 2, p_ and hy; are, respectively, the static en-
thalpy of fuel at temperature T, and at the fuel in-
jectors, wy is the mass flow rate of the injected fuel,
V. is the velocity of the fuel at the fuel injectors,
C,(T) is the specific heat capacity, and g,, is the heat
loss through the wall surface.

Equation (7) represents an estimation of the heat
loss through the wall surface following the Eckert re-
ference enthalpy method [36], where p, refers to the
static pressure at the inlet of the combustor, 4, re-
fers to the stagnation enthalpy of the flow, &, is the
static enthalpy of the flow at the wall temperature,
R,, is the universal gas constant, 7* is the reference
temperature, Pr* is the Prandt]l number at the refer-
ence temperature, and Re} is the Reynolds number
at the reference temperature.

Equation (5) essentially represents the conversa-
tion of energy of the flow through the combustor:
the heat release of combustion (at the fixed tem-
perature T,,) is equal to the summation of (1) the
stagnation-enthalpy increase of the burnt gas due
to the wvariation of temperature and velocity,
(2) the stagnation-enthalpy increase of the fuel dur-
ing the residence time (from injection to combustion),
and (3) the heat loss at wall surface.

The first method relies on the amount of water va-
por present at the combustor inlet and exit to calcu-
late 5¢. The amount of water vapor at both the inlet
and exit was calculated using the static pressure
(measured by pressure transducer) and the partial

pressure of water vapor (measured by the TDLAS
system). Under the operation conditions listed in
Table 2, at the inlet, the static pressure was mea-
sured to be 0.61 atm and the partial pressure of
water vapor 0.139 atm; at the exit, the static pres-
sure was measured to be 0.58 atm and the average
partial pressure of water vapor [i.e., the first term
on the left-hand-side of Eq. (3)] was determined to
be 0.141 atm using the results shown in Fig. 7(b).
Based on these, 5 was calculated to be 76.2%.

In the second method, the required inputs included
the equivalence ratio (¢; = 0.54), the temperature
and velocity distribution along the vertical location
at the combustor exit [as shown in Figs. 7(a) and (c)],
and the wall temperature (800 K, for evaluation of
static enthalpy 4,). Based on these inputs, 5, was
determined as 81.5%, which was in reasonable agree-
ment with the results obtained from the first method.
Also, these calculations also indicated that the heat
loss through the wall counted for 15% of the total
combustion heat release, justifying the consideration
of the heat release in the calculation. Further dis-
cussion on the calculation of the combustion effi-
ciency and the heat loss through wall surface
based on the TDLAS measurements will be reported
elsewhere.

B. Measurement Uncertainty

The high signal strength obtained in this study
yielded measurements with relatively high SNR,
as indicated by the small fitting residual shown in
Fig. 4. If the SNR is defined as the ratio between
the maximum absorbance at the line center and
the maximum fluctuation at the nonabsorption
wings, then the SNR for our measurements ranged
from 20 inside the combustor (beam pair 3 and 4)
to ~30 at the combustor inlet (beam pair 1 and 2).
Under such conditions, the error in the integrated
absorbance was dominated by the fitting error of
the base line [37]. The standard error, defined as
the standard deviation divided by the square root
of the sampling number, was found to be about 1.2 x
10~* in the nonabsorbing wings when the baseline
was fitted to a third-order polynomial. Such a stan-
dard error translated into an error of ~1% in the in-
tegrated absorbance and an error of ~2% in the ratio
of the integrated absorbance between two transi-
tions. The 2% error in the ratio can be further trans-
lated into the error in temperature and partial
pressure of water vapor. At the inlet, where the aver-
age temperature was about 800 K, the measurement
error was determined to be 12 K (i.e., 1.5%) for tem-
perature and about 0.3% for water vapor partial
pressure. At the exit section, where the average
temperature was about 1500 K, the measurement er-
ror was about 40 K (2.7%) for temperature and 4.7%
for water vapor partial pressure. In the combustor,
where the average temperature was about 2200 K,
the measurement error was about 84 K (3.8%)
for temperature and 9.8% for water vapor partial
pressure.
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Using the particular absorption line pair chosen
for this work, the measurement of water partial pres-
sure has a higher error than that of temperature at
temperatures higher than ~1300 K. Another line
pair with different lower state energy can be used
to increase the accuracy of water partial pressure
in the combustion zone if desired.

The error in velocity measurement depends both
on the accuracy of locating the absorption peaks
and the angle at which the probe beams are crossed.
The uncertainty in locating the absorption peaks was
found to be ~3 x 104 em™!. Considering the different
crossing angles of the beam pairs at different mea-
surement locations, the error in velocity measure-
ment were calculated to be ~28 m/s (2.1%) at the
inlet, ~34 m/s (2.4%) at the exit, and ~48 m/s
(8.7%) in the combustor.

6. Summary and Outlook

A TDLAS system was constructed and demonstrated
for scramjet combustor diagnostics. This system
utilized multiple measurement channels to simulta-
neously measure several important flow parameters
(including temperature, water vapor partial pres-
sure, and velocity) at three different locations (at the
inlet and exit of the combustor, and also inside the
combustor). The TDLAS system was also scanned
along the height direction to resolve the nonunifor-
mity of the flow and to obtain the distribution of
the flow parameters at the combustor exit and near
the combustion cavity.

These measurements are of special importance for
the development and optimization of scramjet en-
gines. First, the simultaneous measurements of mul-
tiple flow parameters near the combustor cavity
provide a wealth of information to resolve the com-
bustion mode and flame zone characteristics, a criti-
cal aspect of the development of scramjet engines.
Second, the distribution measurements at the com-
bustor inlet and exit provide valuable information
for characterizing the overall combustion efficiency.
Last, small discrepancy between the measurements
at the combustor inlet and the design parameters of
the hydrogen heater provides a verification of the
TDLAS results presented in this paper.

Finally, as demonstrated in this work, the rela-
tively high SNR of the raw signals and the high scan
rate of the TDLAS system show promise to overcome
the measurement challenges encountered in scram-
jet engines. Because of these unique virtues, we ex-
pect the TDLAS system to play an important role in
the development of scramjet engines. Our ongoing
work includes the expansion into multiple spectral
features and a multibeam system to obtain tomo-
graphic imaging to resolve nonuniformity along the
line of sight.
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