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IGNITION OF A LIQUID FUEL BY FOCUSED MICROWAVES

This paper describes the ignition of an ethanol droplet stream via a plasma created in ambient air. For this experiment we use a moderate microwave power of a few hundred watts, applied to a resonant cavity dedicated to this purpose. The first results are presented. The goal is to determine the ignition limits in terms of power and application time, once the plasma is created. This information is the basis for future works including time reversal. The experiments show that with our cavity we are capable of creating a plasma and ignite ethanol droplets. A first estimation of the minimal power necessary to maintain ethanol ignition at an optimal gap of 1.1 mm in the cavity is around 7.3 W. This paper presents an extract of the works that will be published in the European Physics Journal -Applied Physics under the title 'A versatile set-up to study plasma / microwave sources for liquid fuel ignition'.

I.

INTRODUCTION

In order to reach the goal of lower emissions and fuel consumption, there are new, stricter restrictions on the certification of new combustion chambers for aerobic motors, which are difficult to match with the current ignition system, the spark plug [START_REF] Aggarwal | A review of spray ignition phenomena: present status and future research[END_REF]. Besides these restrictions, there are other difficulties with the spark plug: the unknown power introduced into the mixture, energy losses at the wall and most important, the difficulties of ignition at high altitude (low pressure and temperature). These are the main reasons for the demand of a new ignition system and the research activity in this field. This work presents the study of a new ignition system based on microwaves [START_REF] Stockman | Measurements of combustion properties in a microwave enhanced flame[END_REF][START_REF] Ikeda | Microwave enhanced ignition process for fuel mixture at elevated pressure of 1MPa[END_REF] while using time reversal. As shown by Mazières et al. [START_REF] Mazières | Plasma generation using time reversal of microwaves[END_REF], the creation and control of a plasma via time reversal is possible. In section II, we present the preliminary set-up and the tools used for the first experiments. We describe the results obtained so far in section III, before we end with the conclusion and perspectives in section IV.

II. PRELIMINARY WORKS

First of all, the objective for this preliminary work is to design a device that allows to concentrate the electrical field as much as possible. This optimises the chances to create a plasma in air at ambient pressure with only a few hundred watts and to ignite the droplets. To reach this objective, we decided to combine, on one hand, the effect of over-tension in a resonant cavity and, on the other hand, the effect created by initiators placed in the cavity. The initiators are a simple tool to focus the electrical field in between them and to amplify the electric field density in their gap.

The cavity has been designed to resonate around the frequency of f0 = 2.45 GHz. The microwaves are injected with a precision of 100 kHz on a frequency band going from 2.43 GHz to 2.47 GHz. The maximal power of our solidstate Sairem microwave generator Model GMS200W is 200 W. The resonant frequency and the quality factor Q have been determined for each type of initiator with a Vector-Network-Analyser (VNA).

A. Electromagnetic Simulations

We used the program HFSS from ANSYS to design the cavity. This program solves the Maxwell equations with the finite element method. The mesh and its refinement are done automatically until they match the convergence criteria and the Driven Modal solver was used. We simulate the cavity as a box filled with air, including the coaxial connector and the initiators as solid material inside the cavity. The microwaves are injected via a wave port at the connector.

B. The cavity

The cavity has been designed with several degrees of freedom for an easy matching for the different initiators. Firstly, it is possible to change the length of the cavity due to the moveable side plates at its extremities. Secondly, it is possible to regulate the length of penetration of the coaxial connector into the cavity, with which we inject the microwaves. And lastly, the flanges are interchangeable, which allows us to inject the droplet stream along the z-axis, parallel to the initiators or along the y-axis, perpendicular to the initiators (see fig. 1). During the experiments, four types of initiators have been tested: cylinders with a flat head and a spherical head, truncated cones and tips (see fig. 2). The first three are made of aluminium and the tips are made of stainless steel. The gap between the cones and the tips is adjustable between 0 and 5 mm for the aluminium cones and between 0 and ~5.8 mm for the stainless steel tips, respectively. The cylindrical initiators permit a fuel injection along their axis of symmetry as well, conversely to the other two injectors. Table I. shows the possible directions of injection and the cases tested for each initiator, as well as the plasma(s) formed. The empty cavity has been analysed with the VNA at the beginning of the experiments. We measured the resonance frequency f0 and calculated the quality factor Q from the resonance diagram as follows:

𝑄 = ∆ 𝑓(-3 𝑑𝐵) 𝑓 0 (1)
It quantifies the ratio between the energy stored in the cavity and the energy lost through the cavity walls. When designing a cavity, we strive for a high Q to make sure that most of the energy entering the cavity is stored in it and not lost. In table II one can see the highest quality factors possible for each initiator. Our quality factors are 3 times to 6 times higher than for comparable cavities for microwave ignition found in the literature [START_REF] Linkenheil | A novel spark-plug for improved ignition in engines with gasoline direct injection (GDI)[END_REF][START_REF] Pertl | Electromagnetic design of a novel microwave internal combustion engine ignition source, the quarter wave coaxial cavity igniter[END_REF] 

C. The monodisperse Injector

The fuel is injected into the cavity by a monodisperse droplet generator (MDG) that creates a monodisperse droplet stream [START_REF] Berglund | Generation of monodisperse aerosol standards[END_REF] in the upward direction. By changing the size of the hole D of the diaphragm at the exit of the injector and playing with the frequency fpiezo that excites the piezoelectric ceramic, we can vary the size of the droplets from 100 m to 300 m. We can determine the droplet diameter according to these parameters with the following equation [START_REF] Berglund | Generation of monodisperse aerosol standards[END_REF]:

𝐷 𝑑 = ( 3𝑣𝐷 2 2𝑓 𝑝𝑖𝑒𝑧𝑜 ) 1 3 (2)
with v the velocity of the droplets. During our experiments, the excitation frequency is held constant at fpiezo = 16 kHz and the velocity is estimated as v = 10 m/s.

Measurements have shown that the calculated value of the droplet diameter is around 5 % lower than the measured one. For the results presented here we used a diaphragm with a hole of D = 150 m and we measured a droplet diameter of Dd = 289 m. These measurements have been conducted with a shadowgraphy set-up and a telecentric lens.

The created droplet stream consists of droplets of a quasiconstant size and regularly spaced from one another, see Fig 3 . The shape and regularity of the droplet stream is controlled via a simple shadowgraphy set-up. The experiments presented here have been done with ethanol. Kerosene will be tested subsequently. 

III. RESULTS

The experiments show the possibility of creating a plasma in the cavity filled with air at atmospheric ambient conditions with three out of the four initiators tested, the initiators with a flat head do not work.

However, the creation of plasma is not systematic for a power starting at 100 W. For the cylindrical initiators with a spherical head, the plasma is created on the sharp edge of the hole in the middle and only at one initiator at a time. The plasma is slightly off centre.

Using the stainless steel tips, we can create a plasma arc between the tips.

With the aluminium cones we can create a plasma on one cone, on both cones separately and even an arc between the two cones, depending on the injected power and the gap between the initiators. If we take a look at the reflected power through a coupler and an oscilloscope, we can capture the signature of an instantaneous plasma creation. Figure 3 shows the envelope of the reflected signal with time at 2.45 GHz.

At the moment t1, we start to inject the power, which increases up to its maximum of 200 W at t2. The energy entering the cavity is heating up the walls and causes a dilatation which leads to a decrease of the reflected power. It decreases until the moment t3, where, in one instant, the cavity is matching very well, the reflected power is very low, and most of the energy send by the generator is entering the cavity: a plasma is created. The existence of the plasma leads to a mismatching of the cavity and therefore an increase of the reflected power which remains constant while the plasma is sustained (from the moment t3 on). a. When we inject the droplet stream first and afterwards the microwaves we can observe an immediate plasma creation on both tips/cones without a connexion in between and no combustion. The plasma is deforming until an explosive ignition takes place due to the accumulation of ethanol vapours in the cavity. The flame exits the cavity and propagates to the liquid collector above the cavity.

b. When doing the experiment the other way round, injecting the microwaves first, we create an arc between the tips/cones. When we inject the droplet stream, the ethanol starts burning as soon as it reaches the plasma zone.

Protocol b has been proven to be more secure and more repeatable, and has been used for the following results.

Figure 5 shows the plasma arc between the aluminium cones (a) and the stainless steel tips (d) and the ignition, once ethanol has been injected (b), (e), respectively. We can observe an envelope flame around the droplet stream. The vapour is burning, but the liquid is not completely evaporated since droplets exit the cavity. During the experiments with the aluminium cones, while the microwaves and the droplet stream coexist, we can observe two luminous spheres, one on each cone. As soon as we stop the ethanol stream, the plasma arc between the cones reappears.

With MARCONI power-meters, we continuously measured the incoming and reflected powers Pinc, real and Prefl, respectively, and compared these measurements to the video recorded at the same time. The resulting signature from measurements (see fig. 6) shows the important steps of the experiment, which can be illustrated by the recorded images in fig. 7. The diagram shows the reflection coefficient S11 versus time. The reflection coefficient can be deduced from the power measurements and is defined as follows:

𝑆11 = 10 * log ( 𝑃 𝑟𝑒𝑓𝑙 𝑃 𝑖𝑛𝑐,𝑟𝑒𝑎𝑙 ) (3) 
The behaviour of the S11 shows us, how the cavity reacts to changes in the medium inside the cavity. The presence of the ethanol stream modifies the adaptation of the cavity, and in consequence, the reflected power and the S11.

The curve starts with the arc discharge between the tips created, see fig. 7 step 0. We can identify the injection of ethanol by the rapid decrease of the S11, step 1 figures 6 and 7. Once the ignition phase is over, the S11 stays on a quasiconstant level from step 2 on, see figures 6 and 7. Step 0

Step 1

Step 2

Step 3

Step 4 see ethanol burning from time to time, but there is no envelop flame around the droplet train anymore, see figures 6 and 7 step 4. At step 5 (see fig. 6) we can see another decrease in S11, which is due to the liquid jet that is now too weak to cross the cavity and falls back into it. When the jet finally stops and all ethanol is evacuated from the cavity, the S11 increases back on the same level as before, with only the plasma, see step 6 (fig. 6).

We conducted a study to find the minimum power for ethanol ignition depending on gap size and initiator type. For these tests, we created a plasma at 200 W. Afterwards the power was reduced and then the droplet stream injected. If we take into account the losses in the cables, we can determine the power Pinc,real, which arrives at the cavity input. This power is lower than the power Pincoming displayed by the generator.

Table III shows some examples of the experimental conditions and power-meter measurements. The ignition of ethanol with the stainless steel tips at the optimal gap of ~1.1 mm was possible down to Pincoming = 16 W, or a power of Pcavity = 7.3 W that enters the cavity, according to: Pcavity = Pinc, real -Prefl [START_REF] Mazières | Plasma generation using time reversal of microwaves[END_REF] with Prefl the reflected power at the cavity entry. Figure 8 shows the dependence of the minimum power Pcavity on the gap size between the different initiators. It also shows the influence of the initiator material.

If we take the data set of the stainless steel initiators in fig. 8, we can see the tendency of an optimal gap size (minimum ignition energy) around the gap = 1.1 mm. It has been shown by other researchers (e.g. [START_REF] Ballal | Ignition and flame quenching of flowing heterogeneous fuel-air mixtures[END_REF]) that the optimal gap size is called quenching distance dq. At the gap size dq, the heat delivered to the kernel volume for ignition just exceeds the heat losses to the surrounding medium. For gaps smaller than dq the heat losses increase and to overcome them for successful ignition we need more energy, ergo the minimum ignition energy increases. For gaps larger than dq, the kernel volume increases and therefore more energy is needed to heat up the whole volume to ignition temperature. However, if we look at the data for the aluminium cones, we do not observe this tendency. The values of the minimum ignition energy for smaller gaps (≤1.3mm) are all around Pcavity ≈ 10 W. This observation can be due to the geometry of the aluminium cones. As we can see in fig. 9, the initiators are not perfectly truncated cones. As they are screwed into the construction more or less far to get the different gap sizes, it cannot be guaranteed that they face each other in the exact same way for all of the experiments. This little change in geometry can have an important influence on the focused field and as a consequence, on the minimum ignition energy. If we compare now the two data sets, we observe the large difference between the minimum ignition energies at larger gaps. With the stainless steel tips, we need almost two times more energy to ignite the ethanol droplets than with the aluminium cones. This difference can be due to the difference in material and shape of the initiators. On one hand, we have a higher electric conductivity and a larger amount of energy stored in the cavity (higher Q) for the aluminium cones. On the other hand, the presence of sharp edges plays an important role for the intensity of the electric field. Even if the stainless steel tips are sharpened, the edges of the truncated aluminum cones also lead to an increase in electric field density and therefore allow the lower Pcavity needed for ignition.

To determine in which way and to what extend these properties play their role in the presented results, a more exhaustive study is necessary, which is not part of this work.

The diagram in fig. 8 shows the error bars regarding the power measurements as well. We can see that the uncertainties are very low. With our power-meters we can measure the incident and reflected power with a very good precision.

IV. CONCLUSION/PERSPECTIVES

The experiments conducted have shown that we are capable of creating a plasma in air at ambient conditions (~20 °C and 1 bar) with focused microwaves at a reasonable power input and that this plasma is energetic enough to ignite ethanol.

We showed that with the stainless steel tips we could reproduce the relation between the minimum ignition energy and the gap size as seen in the literature, regardless the fact that we use initiators and not electrodes as in the cited studies.

We found the optimum gap for ethanol droplets of 289 m in diameter at a gap ≈ 1.1 mm and a minimum power entering the cavity of Pcavity = 7.3 W.

The next step will be the repetition of these experiments with a droplet stream of kerosene before applying time reversal, coupled with microwaves to the ignition of an aeronautical fuel.
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Fig. 1 .

 1 Fig. 1. The open cavity with the initiators with spherical head.

Fig. 2 .

 2 Fig. 2. Tested initiators. From left to right : cylindrical with flat head (1), with spherical head (2), truncated aluminium cones (3L, 3R), stainless steel tips (4).

Fig. 3 .

 3 Fig. 3. Example of a droplet stream visualized with shadowgraphy.

Fig. 4 .

 4 Fig. 4. Example of the variation of the reflected power during the creation of plasma We have tested two different protocols during the experiments: a. First the droplet stream, then the microwaves; b. First the microwaves, then the droplet stream.a. When we inject the droplet stream first and afterwards the microwaves we can observe an immediate plasma creation on both tips/cones without a connexion in between and no combustion. The plasma is deforming until an explosive ignition takes place due to the accumulation of ethanol vapours in the cavity. The flame exits the cavity and propagates to the liquid collector above the cavity.b. When doing the experiment the other way round, injecting the microwaves first, we create an arc between the tips/cones. When we inject the droplet stream, the ethanol starts burning as soon as it reaches the plasma zone.Protocol b has been proven to be more secure and more repeatable, and has been used for the following results.Figure5shows the plasma arc between the aluminium cones (a) and the stainless steel tips (d) and the ignition, once ethanol has been injected (b), (e), respectively. We can observe an envelope flame around the droplet stream. The vapour is burning, but the liquid is not completely evaporated since droplets exit the cavity.

Fig. 5 .

 5 Fig. 5. Images of the zone between the tips during ignition tests: Tests with the arc discharge between the aluminium cones at first (a) and the injection/ignition of the droplet stream afterwards (b); arc discharge between the stainless steel tips at first (d) and injection/ignition of the droplet stream afterwards (e).

Fig. 6 .

 6 Fig. 6. Example of the variation of S11 during an ignition test of ethanol.

Fig. 7 .

 7 Fig. 7. Visualization of different steps during ignition tests.

Fig. 8 .

 8 Fig. 8. Minimum ignition power for different initiators for ethanol.

Fig. 9 .

 9 Fig. 9. Aluminium cones in experiment.

TABLE I .

 I POSSIBLE INJECTION DIRECTIONS AND PLASMAS FORMED.

	Initiator	Injection z-axis	Injection y-axis	Plasma
	1	Yes, tested	Yes, not tested	No Plasma
	2	Yes, tested	Yes, tested	1 Sphere
	3	No	Yes, tested	1 sphere, 2 spheres and arc
	4	No	Yes, tested	arc

TABLE II .

 II QUALITY FACTORS FOR DIFFERENT INITIATORS.

		Flat head	Spherical	Aluminium	Stainless
			head	cones	steel tips
	Q	2042	2085	1930	1537

TABLE III .

 III EXAMPLE OF EXPERIMENTAL CONDITIONS WITH PLASMA BETWEEN THE INITIATORS FOR SUCCESSFUL FUEL IGNITION TESTS.

	Initiator	f0	Gap	T	Pinc,real	Prefl
		[GHz]	[mm]	[°C]	[W]	[W]
	Aluminium (3)	2.4570 0.8	19.0 14.1	5.1
	Aluminium (3)	2.4594 1.1	19.3 16.4	6.3
	Aluminium (3)	2.4628 1.8	20.1 20.8	7.2
	Stainless Steel (4)	2.4336 0.7	28.6 59.3	30.8
	Stainless Steel (4)	2.4356 1.1	29.3 11.9	4.6
	Stainless Steel (4)	2.4424 1.8	24.8 65.2	30.3
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