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ABSTRACT

Accurate flow field measurements are essential to probe the phenomena involved in aeronautical engines undergoing
high temperature and high turbulences. Indeed, reliable experimental datasets are needed to compare and validate
numerical models. Among other laser diagnostics, Coherent Anti-stokes Raman Scattering (CARS) [1,2] is a well-
established non-linear spectroscopic technique used to probe harsh environments, since it provides non-intrusive local
point measurements of chemical composition and temperature.

We report here hybrid fs / ps Coherent Anti-Stokes Raman Scattering (fs/ ps-CARS) thermometry campaign performed
on N in a supersonic H,/air combustion. We used a mobile and compact laser architecture that shapes, synchronize
and generates the laser beams necessary for CARS spectroscopy. The instrument was moved to a large-scale facility
representative of a scramjet combustor (ONERA LAERTE/LAPCAT-II bench). H,/air was injected during several
burst at 0,12 and 0,15 equivalent ratios. Using kHz single-shot measurements combined with motorized translation
stages, spatial and temporal resolution were obtained to probe the flow and the combustion at various positions
upstream and downstream the hydrogen injectors. At these positions, horizontal and vertical temperature profiles
were retrieved and compared with a numerical unsteady fluid dynamic simulation using delayed detached eddy
simulations (DDES) developed at ONERA (CEDRE). The position of the combustion inside the combustion chamber
could be identified through several horizontal and vertical profile temperature measurements. The signal-to-noise
ratio of the detection was optimized by empirically adjusting the number of averaged laser shots based on the level
of flow turbulence. For instance, far downstream the H, injection, averaging over 10 to 100 pulses was possible as the
heated air flow was steady. This was confirmed by the good agreement with numerical simulations although some
distortion could still be observed and will be used to adjust the numerical simulation algorithm. However, averaging
was no longer possible close to the injectors, where a highly turbulent H,/air combustion was observed. Nevertheless,
taking advantages of the high rate single-shot capacity of the spectroscopic technique, temperature could still be
retrieved inside this area. These measurements provided a valuable experimental database for comparing and refining

computational fluid dynamics modeling.
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1. Introduction

Precise and robust measurement methods are needed to probe the complex and reactive media
met in aeronautical engines. Indeed, experimental data acquired in representative test benches
provide a necessary database to improve and validate the numerical models describing the
thermo-fluid dynamics inside the combustion chamber. However, probing these complex reactive
flows can be challenging as high temperature, due to high spatial gradients and temporal
fluctuations present in these turbulent flows. Therefore, a noninvasive high rate single-shot
measurement in a relatively small probe volume seems necessary.

Coherent anti-Stokes Raman Scattering (CARS) [2] spectroscopy allows to probe the ro-vibrational
molecular transition levels which provides accurate information of the local probed medium such
as the relative concentration or temperature. It has been particularly used to measure temperature
of major species of complex molecular media in harsh environments [5-7-8-10]. CARS
measurements indeed provide a strong signal level, unmatched temporal resolution, and good
precision in single-shot and at high repetition rate [1,8].

In this paper we present the results of an experimental CARS thermometry campaign on a H,/air
supersonic combustor (ONERA combustion LAERTE/LAPCAT-II bench) representative of a
scramjet. The temperatures were obtained from the fitting of a Boltzmann law on the N, Q-branch
ro-vibrational lines. These temperature measurements were performed at a repetition rate between

10 Hz and 1 kHz depending on the camera integration time.
2. Experimental laser system

CARS spectroscopy is a non-linear four-wave mixing process where two beams, named “pump”
and “Stokes”, are used to excite the macroscopic molecular ro-vibrational coherences. These
coherences ( are excited when the two excitation frequencies wp and ws match a Raman active
vibration such as w, — ws = Q. A third laser beam wp,, the “probe”, interrogates the coherences
which results in the generation of a collimated blue-shifted anti-Stokes signal that satisfies the
energy conservation wys = wp, + Q and the phase matching rule. The detection becomes therefore
immune to fluorescence emission. The anti-Stokes spectrum provides information on the
thermodynamic properties of the medium such as temperature, pressure and relative

concentrations of the major species.
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In the hybrid fs/ps regime, the femtosecond pump and Stokes pulses provide high peak power
and a broadband excitation while the picosecond probe pulse offers highly resolved CARS spectra.
This combination is well-suited for single-shot measurements at a high repetition rate [4].

Our unique fs/ps-CARS laser source [9] is able to generate, synchronize and shape the laser pulses
in a compact and mobile structure. A picture of the laser system and the mobile detection system

are presented in Figure 1-(a) and a schematic of the CARS system is showed in Figure 1-(b).
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Figure. 1 (a) CARS laser and detection system placed in an optical room beside the co(rEl))ustion chamber room. The
laser and detection benches systems are both independent and transportable. (b) Schematic of the generation and
synchronization of the three laser beams and detection system, see Ref [9].

The laser system is composed of a Yb:KGW laser source (Pharos Lightconversion) emitting a 1
kHz train of 1 mJ pulses at 1030 nm (175 fs) pulses that pumps an optical parametric amplifier
(OPA, Orpheus, Lightconversion) . The Stokes beam is generated from the second harmonic of the
idler radiation emitted by the OPA. The Stokes wavelength can be tuned to excite a specific
molecular transition (ds; = 580 nm for N, Q-branch). The 515 nm Pump beam is obtained from the
residual of a second harmonic beam used in the OPA module. The residual of the 1030 radiation
is spectrally filtered amplified and frequency doubled to generate the probe beam. The probe
spectrum is indeed first filtered and shaped to obtain a narrowband emission using a volume
Bragg grating combined with a Fabry-Perot etalon. As this process is energy costly, it is then
needed to amplify the laser beam to obtain sufficient energy to perform single-shot measurements.
A diode pumped commercial amplification module (Taranis, Fibercryst) then increases the pulse
energy before second harmonic generation. This provides 58 ps duration pulse train at 515 nm
with 100 uJ per pulse.

The temporal synchronization is performed using two motorized translation stages set on the

probe and pump beam. The three laser beams are then recombined using dichroic mirror and
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focused into a BOXCARS arrangement [3] using an achromatic spherical lens. The measurement
volume, corresponding to the superposition of the three laser beams, has a cylindrical-like shape,
of approximatively 0.1 mm in diameter and 1.5 mm long. The anti-Stokes beam is isolated with a
filter before being analyzed using a grating spectrometer (ACTON, Teledyne) coupled with an
EMCCD camera (ProEM, Teledyne).

Temperature was estimated by fitting a Boltzmann law on the experimental N, Q-branch CARS
spectra [1,4]. The spectral excitation profile was obtained by recording pure non-resonant
responses in the chamber filled with Argon gas. Typical 100-shot averaged anti-stokes spectra
obtained in heated air and in the burning gases during the combustion inside the LAPCAT
chamber are showed in Figure 2. In heated air (Figure 2 (a)) the first vibrational band is the only

one populated while in the flame (Figure 2 (b)) three vibrational bands can be clearly observed
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Figure 2 Typical experimental CARS spectrum obtained at (a) in heated air at 587 K and (b) in the burned gases at

2089 K. Simulated N,-CARS spectrum fitted (orange line) on experimental data (blue line) and residual (green line).

One of the challenges is to maintain a high enough CARS signal-to-noise ratio (SNR) at high
temperature. As the temperature increases, the gas density decreases and the spectral ro-
vibrational transition level distribution spreads over a broader spectral range leading to a global
diminution of the signal. This results in lower precision in the measured temperature. A solution
to increase the SNR at high temperature is to average the temperature over several pulses. This
approach was used in this campaign in zones where the temperature was observed to be enough
steady, like in the burnt gases far downstream from the combustors. This strategy could not be
used in locations exhibiting turbulent behavior, like at the vicinity of the injectors, where single

shot measurements were performed even if SNR was significantly reduced.
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3. LAPCAT-II supersonic H,/air combustor

The CARS laser system was implemented at the ONERA LAERTE/LAPCAT-II bench test
representative of a scramjet combustor (Figure 3.a). CARS measurements were performed in
supersonic H,/air combustion at equivalence ratios of 0.12 and 0.15. In this facility, the air flow
is first preheated using two hydrogen preheater stages allowing to increase the temperature to
1700 K. This hot flow is then accelerated up to Mach 2 speed through a Laval nozzle. Hydrogen
is then injected through two sonic opposite jet-in cross flow injectors, located at the top and
bottom walls of the test section. This operating strategy allows an effective combustion
sequence of 5 seconds. CARS signal was recorded while a motorized stage was translated in
order to scan the measurement volume inside the chamber. Horizontal and vertical scans were

performed during the combustion sequence at various positions downstream the injectors.
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Figure. 3 CARS diagnostics performed in the combustion chamber of the LAERTE facility with optics mounted on
motorized translation stages to scan the measurement volume. b) Typical measurement sequences showed in time.
First two stages of preheating are started, two scans are performed: one without combustion and one with H,
combustion.

A typical experimental sequence is presented in Figure 3 (b). The experiment starts with two steps
of preheating (t~5s and t~12s) before the injection of hydrogen starts (t~19s). Two 5 s-duration
spatial scan are performed using x-y motorized translation platform synchronized with the burst:
the first one when the non-reacting heated air flow is stabilized, and the second one after the

hydrogen injection when the combustion reach stable conditions. Typical horizontal and vertical

30
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positions of the profiles scanned during the burst are shown in Figure 4 and labelled from SO to
S6. The EMCCD camera is triggered at kHz rate with the laser pulses emission and starts acquiring

at the beginning of the test sequence.

— Y &
~__ =

Figure. 4 Representation of the combustion chamber from a sideview, where in black dashed lines are represented
typical vertical and horizontal scans of the measurement volume inside the chamber (SO to S6).

4. Results

N, CARS spectra were acquired at 10 Hz (100-shot averaging), 100 Hz (10-shot averaging) and 1
kHz (single shot) rate based on the flow turbulence to optimize, when possible, the detection SNR.
Experimental data were compared to 3D numerical unsteady fluid dynamic simulations using
delayed detached eddy simulations (DDES) using the inhouse CFD 3D-algorithme CEDRE [6].

Vertical scans performed on half of the window's height, due to the symmetry of the flow, were
acquired far downstream from the H, injection at 200 mm (vertical scan S3) and 250 mm (vertical
scan S4) from the injectors (Figure 5). At this location, the temperature appears rather steady as
most of the flow is composed of burnt gases. Therefore, laser pulses could be integrated over 10 to
100 shots on the CCD camera to increase the SNR of the CARS spectra. As showed in Figure 5, the
experimental CARS temperature measurements show similar profiles to the numerical
simulations, with a cold flow in the middle of the chamber and hot gases on the high edge of the
combustor. Atlow equivalence ratio (¢=0.12, Figure 5 (a)) a good agreement is observed between
the mean experimental temperature values and the simulation, whereas at higher equivalence
ratio (¢=0.15, Figure 5 (b)), the position and size of the combustion zones appears to be slightly
misestimated by the simulation as well as the burnt gases temperature. Still, these set of data

provide good information to improve or calibrate the simulations with the current experience.
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Figure. 5 Experimental temé)ae)rature measurements (stars) versus height (y, vertical sca(rt:)) at two horizontal positions
(scan S3 in green at 200 mm downstream the injector, and scan 54 in blue at 250 mm) compared with numerical
model (dots) at (a) 0.12 and (b) 0.15 H./air equivalence ratio.

As the fluctuations increase closer to the reaction zone at 160 mm downstream the injector (vertical
scan S2) the acquisition rate was increased to 100 Hz (10 shots averaging). The combustion was
probed for ¢=0.12 and ¢=0.15 H,/air equivalent ratio as shown in Figure 6. The two combustion
zones, on the high and low edge of the chamber, can still be distinguished very clearly despite the
presence of high temperature variations in these zones. These high temperature variations are the
signature of a turbulent flow with high temperature temporal gradient and non-stable flame front
position. However relatively good agreement is observed with the numerical simulations
although a discrepancy can be observed in the flame height which is slightly overestimated for
=0,15. It can be noticed that at higher H,/air equivalent ratio, the temperature profile is shifted
towards the center of the chamber (lower values of Y position) with higher measured temperature.
Indeed, as the equivalent ratio increases, the flow rate and linear momentum between the main
flow and the injection also increases. This enhances jet penetration and stabilizes gas mixing closer

to the chamber's center, positioning the flame nearer to the center.
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Figure. 6 Experimental temperature measurements (dots) during first scan in preheated air (cyan color) and during
second scan (dark blue in a panel and green in b panel) versus height (y, vertical scan) at x= 160 mm compared with
numerical model (line) at (a) 0.12 and (b) 0.15 H./ air equivalence ratio injection.

Finally, closer to the injection, at 120 mm downstream the injector (vertical scan S1), high frequency
temperature was characterized. The measured fluctuations prevented us to perform laser shot
integration on the detector, as cold and hot spectra may accumulate, with the cold events being
several orders of magnitude more intense than the hot events. However, single shot measurements
were successfully performed at 1 kHz (Fig. 8 (a)) to reveal the very unsteady behavior of the flow.
They allowed to retrieve reliable local temperature distributions revealing multimodal features
typical of the intermittent mixing between hydrogen, air and burnt gases (Fig.9 (b)) while very
smooth distribution patterns were measured in heated air prior to H, injection (Fig.9 (a)),
providing a valuable input to refine the simulation of the incoming airflow structure. Two
symmetric flame zones at the top and bottom of the combustion chamber were still identified in
this plane, as observed in the other profile performed downstream. The last plane probed at 100
mm downstream the injector (vertical scan S0) showed no signature of combustion (Fig. 8 (b))

allowing to put a lower limit to the fluctuating flame front position.
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Figure. 8 (a) 1 kHz single shot CARS measurements during vertical translation in a preheated air flow (cyan dots) and
preheated air with H,/air injection (green dots) at (a) 120 mm and (b) 100 mm downstream the injectors. Continuous
green line represents the results of the DDES simulation during hydrogen injection and combustion.
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Figure 9 (a) Temperature distribution of preheated air flow and (b) preheated air with H/air injection reconstructed
at different vertical positions (from -12.5 mm to 17.5 mm) in the flow (vertical scan) during a single burst sequence.
Vertical origin is taken in the middle of the chamber.

Two horizontal scans were performed at 1 kHz for x<140 mm at y=12 mm, and at 100 Hz for x>140
mm at y=-12 mm (the flame structure is supposed symmetric between the top and the bottom
parts). Between 40 and 140 mm, the hydrogen stream was monitored, injected colder than the pre-
heated air, mixing with the flow and thermalizing. At positions higher than 140 mm, the
temperature starts to rise as a signature of the combustion, reaching a plateau whose mean value

agrees well with the simulations.
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Figure. 10 Experimental temperature measurements (dots) versus position (x, horizontal scan) at (a) y=-12 mm in
single shot between x=30 and x=140 mm and (b) y=+12 mm with 10 shot integration between x=120 and x=260 mm,
compared with numerical model (line) at 0.15 H,/ air equivalence ratio injection.

5. Conclusion

To conclude, we report kHz CARS thermometry measurements in a representative scramjet
combustor. In-situ diagnostics was performed using a compact and mobile CARS laser bench.
Experimental data were compared to numerical models developed at ONERA with good
agreement. In highly fluctuating zones, single shot measurements provided a good insight into
the turbulent behavior of the flow and provided reliable temperature distributions in various
points, while in stable zones, precise temperature profiles could be obtained, revealing significant
distortion with the simulation. These results are promising and provide a valuable dataset to

significantly improve the models describing the LAPCAT-II supersonic flow structure.
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