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Abstract

This paper presents the first experiments perforatethe LAERTE facility (ONERA — Palaiseau
Center) with a plasma/injection module flush-modnia the LAPCAT2 Dual Mode Scramijet
combustor. Experiments were performed with Machri@zle at plenum stagnation temperature of
dry air (Tp) of 270 K, plenum stagnation pressurg) @f 0.21 MPa, air mass flow rateny;,) of 405 g/s.

A multi-electrode quasi-DC discharge was gener&@anm upstream from the fuel injection ports.
The experiments were performed without and withrbgdn injection (hydrogen Hmass flow rate
my,=1.0 g/s, fuel-air equivalence ratio ER=0.114). Tehaviour of the discharge was strongly
modified at the presence of the hydrogen injecfemaller discharge area than in pure air, plasma
power of 1.5 kW instead of 7.4 kW). When plasmagé&nerated in the hydrogen/air mixture, a
significant pressure increase is observed alongctimbustor which is possibly due to supersonic
combustion. With the same combustor without thesipka assistance, a total air temperature around
1500 K is necessary to reach hydrogen self-ignitimmditions.

Nomenclature

DM Dual-mode

h specific enthalpy (MJ-Kkg

HV High Voltage

M Mach number

m mass flow rate

Py Total pressure (stagnation conditions)

Ps Static pressure

Quasi-DC Quasi-Direct Current

PAC Plasma Assisted Combustion

To Total temperature (stagnation conditions)
Ts Static temperature

YSzZ Yttria-Stabilized Zirconia (thermal barrieratng)

1. Introduction

Dual-mode (DM) ramjet/scramjet is the most prongsiair-breathing engine to propel future high-speed
aircrafts/vehicles [1,2]. Typical ramjet range skus 3 flight Mach number M5-5.5 with a flight level between 15
and 30 km. Ramjet and scramjet propulsion is stu@die ONERA since the early 1950’ s [1-3]. In 2010e
LAERTE facility at ONERA—Palaiseau Center has begunipped with a DM ramjet/scramjet combustor, whicts
developed, manufactured and used within the LAPCAfi#ect (EU ¥ Framework Programme, 2008-2016)3].
This project aimed at investigating hypersonic pitsijpn concepts for long haul passenger transglghi{ Mach
number M 6-8; altitude 18000 m).
In the supersonic combustion regime, several isateeencountered:

- difficulties of fuel-air mixing in supersonic flows

e short residence time in the combustor combined lith slow kinetics of ignition at low/moderate

temperature (at flight Mach number M=5-6);

* combustion instabilities.
These issues are responsible for the limitatioflight altitude. As plasma discharges enable torowap/stabilize
combustion by their chemical, thermal and gas dycalneffects [9-14], they can enlarge the flightntn,
especially at high altitude, as shown in Figure 1.
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Figure 1: Flight domain for high speed propulsion

Recently, ONERA designed a module coupling plasoesidirect current (quasi-DC) discharge and fogddtion
based on the concept proposed by Leonov et all§l5The current work focuses on the first experitaén plasma-
assisted supersonic combustion using the LAPCATZbiMombustor equipped with this plasma/injectiaduaie.

2. Experimental set-up
2.1 The LAERTE facility

One of the test lines of the LAERTE facility is ds® feed the LAPCAT2 DM ramjet/scramjet combustath hot
vitiated-air (heating by Hair combustion and Deplenishment to maintain,®nolar fraction to 0.21). It is operated
in the connected pipe mode. Total temperatugg dMd pressure (Pcan reach up to 1800-1900K and 1.0-1.2MPa,
respectively. They are measured in a pipe withnaer diameter of 105 mm at 220 mm upstream fronttiaat of
the de Laval nozzle delivering the air mass flote i@ the entrance of the combustor. Even if pressumeasured at
the wall, it is assumed to equal total pressuth@socal Mach number is 0.054 (#P.998).

Embedded instrumentation also includes the measmeof static pressure along the combustor, uspgoul28
wall pressure transducers scanned at 10Hz. Theorsemse calibrated before each test campaign, dicgpito
ONERA'’s quality procedures (ISO 9001 certificatio®) computer-based system controls the reproditgitaind
stability of the operating conditions.

The outlet of the combustor is connected to a 460 diameter exhaust pipe where the pressure is drolinMPa
(ambient pressure). Figure 2 presents a schenfatie dacility.
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Figure 2: Schematic of the LAERTE facility
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2.2TheLAPCAT?2 combustor

The supersonic flow is generated by Mach M 2.0 deal) nozzle, where the reference position (x=0)mm
corresponds to the throat. The combustor (Figureo8%ists of four sections: the first one (55 80 mm) has
a constant cross-section, the following sectioB9 (B1Im<;<598 mmxz<952 mm<,<1257 mm) have respectively
1°, 3° and 1° of diverging half angles to preventis thermal choking. The combustor width is cons{@0 mm)
and inlet height is 35.4 mm. Due to the 0.1MPa haelssure in the exhaust pipe, the combustor is-@ganded
for total pressure below 0.9MPa: a boundary laygachment occurs in the combustor at a positiorem#ipg on
the total pressure.

Large fused silica windows (seen in Figure 3) plaet the locations shown in Figure 4 allow visuaiian and
optical diagnostics. The combustion chamber is ntdde copper alloy. Inner walls are coated with.z im thick
YSZ (Yttria-Stabilized Zirconia) thermal barrier.

As the combustor is not water cooled, the overathtion of a test run is limited to around 1 minbte the useful
duration, i.e. at required temperature, lasts betwis and 15s, depending on test conditions.

The fuel used in the current study was pure gaskypdiogen.
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Figure 3: Side view of the combustor (without plasmodule)
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Figure 4: Geometry of the LAPCAT-II combustor showithe position of pressure ports and side windows
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2.3 The plasma/injection module

The first tests on the Plasma-Assisted CombusticheaLAERTE facility were started in 2016. The ideson the
plasma/injection module and some results are predévelow. The plasma/injection module was manufact and
assembled by Microcertec [17]. It is made of a moitk glass ceramic (Corning 9606). It includes:

» aset of high voltage (HV) electrodes XxafLt80 mmx=226 mm and/ox=286 mm),

» fuel injectors (ak=200 mm and/ork=251 mm),

» two ground electrodes surrounding HV electrodesfaatinjectors.
The Figure 5 depicts the arrangement of the eldetr@nd fuel injection holes of this module. Mish-mounted at
the wall of the LAPCAT2 combustor, replacing thdeswindow. The module was fed with hydrogen whicisw
injected with a sonic velocity through two 2 mmmdeter cylindrical ports located 200 mm (side wall) whereas
electrical power was only applied to the upstreavhdiectrode (ak=180 mm). The shortest gap between HV and
ground electrodes is 4 mm.

Fuel injectors Ground electrodes
(x =200 mm and/or X = 251 mm)

A N

——— .
(_.\"'4'

O d

HV electrodes
(x =180 mm ; x = 226 mm and/or x = 286 mm)

Figure 5: Schematic of the plasma/injection module

Figure 6: Plasmal/injection module connected tostipersonic combustor

2.4 Power supply and electrical measurements methodology

The plasma discharge was produced using a 5 kKVADL power supply in the current regulation mode3@0 Q
ballast resistor was used to stabilize the disahatchigh voltage probe Tektronix P6015A (1000 terdation) was
used to measure the voltage applied to the HV reldet(U1 in Figure 7). A second HV probe, a LecRBE20kV
(U2 in Figure 7), was used to estimate the potkdtiap at the resistor, thus allowing to calculite current(t). A
fast digital oscilloscope LeCroy 6050 (band widtls#z, 4 channels, 12.5 Msamples/channel) acquiotil \mltage
signals. Digitized electrical signals were storetl grocessed to estimate instantaneous and avesdgetical
power. The high voltage was applied to the plasaergetator during about 1 second.

In static air at ambient conditions (T=300 K, P#0Ha, density~ 2.4-18° cm?), and according to Paschen’s law
[18,19] (discharge generated in the gas betweenpavallel-plate electrodes), the breakdown voltisgaround 16
kV DC for a gap of 4 mm. In the present study,lesglasma module generates surface dischargesdn-aniform
electric fields due to the electrodes geometry, ineakdown voltage should be slightly lower but aéms
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unattainable with a 5kV DC generator. With a Madh upersonic air flow at,P0.21MPa, the static pressure drops
to Ps<0.037MPa in the combustor (et200mm) thus reducing the breakdown voltage dowardaind 5 kV, making
it possible to reach breakdown conditions.

Plasma

DC 5 kV <>
34A U2

i

Figure 7: Principal layout of electrical circuit

3. Results and discussion

As shown in a previous study [7], with the same bostor without plasma assistance, air should b¢etie#p to
To=1500K (Ts=960K) to initiate supersonic combustiony£B.40 MPa) and produce a significant heat reldasthe

current study, tests of plasma-assisted combusiime been carried out in cold supersonic dry aww f(M=2.0;

To=270K, P,=0.21MPa,1,,=405¢g-8). The combustor is then over-expanded and the daryrlayer detachment
occurs arouna=450-500mm (recovery of the outlet pressure leea)indicated in Figure 8.

3.1 Non-reacting case

When high voltage is applied to electrode in aithaut fuel injection, the plasma discharge induzasnall pressure
increase in the combustor. As the pressure measuteis) accurate enough to exclude measurement tamters

(30—40kPa+90Pa), this increase is presumably dtieetteat release by the discharge. Indeed, acgptdiLeonov
et al. [20,21], the power dissipated in the plagitament results in significant local temperatunerease (T=3000K
+500 K) in the case of a quasi-DC near-surfacehdigge in a supersonic air flow.
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Figure 8: Effect of the plasma discharge on theguree profile {e— air flow ;—e— air flow + discharge

The Figure 9 presents an image of the dischardgkeircold supersonic air flow without fuel injectidih has been
extracted from movies recorded with a full-HD camumr operating at 25 fps. It is consequently timegrated
which prevents the visualization of individual ptes filaments. The purple emission is a usual featdrdischarges
in air (second positive system of nitrogen). Nisible up to 130 mm downstream of the HV electrode

The filamentary discharge is initiated at the shstrinterelectrode distance (4 mm) and then blomewyaand cooled
down by the flow up to its extinction. Then a neigctharge is initiated. Based on electrical measards) the
average duration of the filament expansion/coneecis about 650 us. Breakdown occurs for a voltgend 4.7
kV whereas average current and voltage are 7.1dAlahkV respectively.
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20160412-R03 : M= 2.0 air flow ; m,, =405 g/s ; T, =273 K

Figure 9: Discharge in a cold Mach 2 air flow withhduel injection
3.2 Reacting case
When hydrogen is injected in the supersonic aissifftow (M=2.0; T=270K, R=0.21MPa ;=405 g-&, 1h,=1.0

g-s', ER=0.114) with the discharge off, a bow shocljdserated and the boundary layer detaches upsfreanthe
fuel jet [7,22,23] thus leading to a pressure iase(red line in Figure 10).
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Figure 10: Effect fuel injection and plasma disggaon the pressure profilee- air flow ;—e— air flow + H,
injection ;—e— air flow + H, injection + discharge)

As the momentum ratio between the hydrogen jets thedincoming air flow is low~6-10%, the induced
recirculation zones and separated regions presymailain small.
If the HV generator is switched on with the samitirsgs than for the non-reacting case, the disah@sgenerated
but its area is significantly smaller than in paire(40-50 mm long instead of 130 mm), as showRigure 11. The
electrical properties of the discharge in the aihydrogen mixture are strongly modified as welle thverage
duration of the filament expansion/convection caach several ms, breakdown occurs at a slighthelowltage
(around 4.3 kV) and the average current and voltaiges.4A and 0.3kV respectively. At the same tithe,pressure
profile in the combustor significantly increasese@n line in Figure 1<600mm). Different effects can contribute
to this pressure increase:

» the gas heating by the discharge,

» the gas heating due to the subsonic combustiorheffiel in a recirculation area or in the detached

boundary layer,

» the gas heating due to supersonic combustion,

< the reinforcement by the discharge of the fuelatiggm shock/boundary layer detachment.
As the plasma power (around 1.5kW) correspondses$s than 1% of the air flow enthalpy (specific atpl
h=0.27MJ-kd), the contribution of the heat release by thetdisge to the pressure increase is assumed to e sma
By comparison, the purple area in Figure 10 depluspressure increase due to the discharge in gungith a
significantly higher plasma power (7.4kW).
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The presence of a clearly visible pink emissiorth@ wake of the injection holes (Figure 11) is Ijkdue to the
combination of the Balmer emission lines of atomydrogen (H at 656.3 nm and jat 486.1 nm). These emission
lines have been identified by Firsov et al. [24]Qnasi-DC discharges. Atomic hydrogen is highlyctea specie
and an efficient promoter of combustion. Anywaymptementary measurements such as Schlieren anddor O
radical imaging, temperature and composition measant of the burnt gas in the combustor are mangato
guantitatively determine the contribution of eaffle& to the pressure increase.

20160412-R05 : M = 2.0 air flow ; rh,, = 405 g/s ; T,= 270 K ; rh,, = 1.0 g/s (E.R. = 0.114)

Figure 11: Discharge in a cold Mach 2 air flow wHB injection

4. Conclusions

A module coupling fuel injection and generationptdsma discharges has been designed and manuthttube
flush-mounted in the LAPCAT2 Dual Mode Scramjet tustor at ONERA Palaiseau Center. Quasi-DC disdsarg
were generated 20 mm upstream from the fuel imecgorts in a cold supersonic air flow (M=2.0;=270 K,
Py=0.21 MPam,;=405 g/s). When hydrogen is injecteil(=1.0 g/s, ER=0.114), significant pressure incresas
observed in the combustor, the average plasma posieg around 1.5 kW which corresponds to less flfarto the
air flow enthalpy. This pressure increase is pdgsibe to the heat release by the combustion ofdgeh, to the gas
heating by the discharges and/or to the modificabyg the discharges of the flow pattern arisingrfrsansverse
injection (reinforcement of the bow shock, the dbtaent area...).

These preliminary results validate the design efrtitodule and the relevance of the selected appradady will be
complemented in the oncoming months by the OH*aaldmaging to confirm combustion and the detagadly of
the electrical properties of the discharge. Alorithwhe plasma assisted combustion experimentsgyhamics of
the discharge filaments will be characterized usiigdn-speed visualization and spectroscopic measemes will be
used to determine their temperature.
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