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Abstract

During the last few years, the control of motor vehicles pollution has generated considerable research oriented towards the efficiency and
yield of the combustion techniques. A relatively new technology based on the plasma treatment of inlet gases appears to improve the operz
conditions of internal combustion engines. The primary focus of this technique is the transformation of methane—air mixture into hydrogen-ri
gas before the admission in the cylinder of the vehicle engine.

This work describes an experimental investigation insEir mixture using a 20 kHz sliding discharge plasma reactor at atmospheric pressure.
After plasma treatment, the major gaseous; €H,, CO, CQ and HO were analyzed and quantified using a micro-gas chromatogpa®€)
and Fourier transform infrared absorption spectrometer (FTIR). Plasma treatment results,saieiinent in the range of 4-10% of the inlet
gas mixture.

The next step of this preliminary laboratory study will be the engine test bench.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction production of k-rich mixture. A broad range of hydrocarbons
can be treated by this way. Plasma treatment may favor partial
Among the existing pollution sources, motor vehicles areoxidation by reducing the production of soot. The on-board pro-
seen as a major contributor to air pollution by nitrogen oxidesduction of hydrogen could thus favor the ignition of combustion
(NO,), carbon oxides (CO and G§ unburned hydrocarbons inlean burn engineld—4]. Hydrogen significantly increases the
(UHC) and fine particles matter (PM). The more and more conflame propagation rate flame and enlarges the possibilities of
straining environmental regulations have motivated investigadsing lean-burn mixtures by avoiding misfiring. This approach
tions for decreasing the fuel consumption and reduce drasticallyeems particularly attractive for gasoline and natural gas engines
pollutant emissions. These objectives require the improvemersince a small quantity of hydrogen could enable correct opera-
of the combustion processes and a better understanding of igrtion in the case of lean-burn mixtures.
tion and combustion chemistry. The objective of the present work is to evaluate the plasma
Thermal plasmas have been applied to combustion over thigeatment of air—fuel mixture applied to internal combustion
past three decades with success, particularly in the conversion efigines. Preliminary results obtained in a laboratory scale reac-
fuel—air mixtures into K1 and CO in efforts to increase internal tor operating at conditions close to those of thermal engines
combustion engine efficiency and to reduce@ission$l,2].  are presented. These results show the possibilities to obtain an
Non-equilibrium plasmas created by electrical discharge arélp-rich mixture from CH—air mixture.
potentially useful for promoting combustion. In such plasma, the
formation of reactive species eventually accelerates the chem: Experimental setup
ical conversions and the reforming reactions. The result is the
Asliding discharge reactor operates according to the principle
of “Glidarc” discharge previously studied in GREMI laboratory

* Corresponding author. Tel.: +33 2 38 49 46 00; fax: +33 238 4171 54. for several types of applicatior{5-10] The construction of
E-mail address: elise.el-ahmar@univ-orleans.fr (E. El Ahmar). the reactor was simplified in order to rapidly assess the reactor
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Fig. 1. Experimental reactor. (a) Schematic of sliding discharge, (b) photography of sliding discharge and (c) motor bench reactor.

possibilities for the planned application. The reactor consists \Voltages and currents were measured with an ST500 probe
of a quartz tube (length, 300 mm; inner diameter, 22 mm) inconnected to avoltage divider (ratio, 0.01) and a Hall effect probe
which two parallel electrodes are laid out. The electrode gap i§ektronix TCP 202, respectively. The signals from the probes
about 1 mm near the gas mixture injector (ignitiétig. 1a) in  were recorded on a Tektronix TDS 460A digital oscilloscope
order to ignite the discharge. The plasma column thus created &nd processed in a PC.
carried along the electrodes and is elongated at their extremities On Fig. 2, typical voltage and current are plotted with a
before being extinguished, giving rise to a new discharge in thphase angle of 180in order to clarify the presentation (real
ignition space[11-14] The phenomenon is periodic and the phase angle is9). The voltage and current oscillations over
lifetime of a discharge decreases with increasing the gas flothe mean waveform are typical of backbreakdown phenomenon
rate. [15]. Backbreakdown number is a function of the gas velocity

Fig. 1a and b shows the schematic of the sliding dischargand it is about 13 per cycle in our experiments. The electrical
device and photography of the reactor in operation, respectivelypower is calculated from voltage—current recordings and deter-
Fig. 1c presents a schematic of the test motor bench reactor.

The power supply operating conditions must be flexible in

order to allow a synchronization between the discharge and the 13001 _‘c’ﬁ.'-iiﬁ‘f ol
admission of gases in the engine combustion chamber. Accord- 10004 0.1
ing to the engine regime, the plasma treatment duration must be> g0 005 <
regulated. At a speed of 2000 rounds per minute, this duration g” 0 0 E
is approximately 15ms. This power supply consists of a sym- = o 4h 6o \i{)\/ 00 o 1401 160 Miso Bho 5
metric square waveform voltage with a step-up transformer. The ~ -5001 -0.05
discharge is directly connected to the secondary coil of the trans- 9004 01
former. Because of leakage fluxes, discharge current waveform .

-1500- Time (ps) -0.15

is determined by the primary voltage, reactance and resistance
of winding. Fig. 2. Current and voltage with GH19%)-air.



E. El Ahmar et al. / Chemical Engineering Journal 116 (2006) 13-18 15

E 3. Experimental results and discussion

Analyses of formed species were carried out for two series
of experimental conditions:

ECRV I |

Absorbance

() input electrical power varying from 35 to 75 W while GH
and air concentrations remain constant;
500 1000 1500 2000 2500 3000 3500 4000 (i) CH4 concentration varying from 16 to 35% while electrical
Wave number (cm™) power and air flow rate remain constant.

(= e R

Fig. 3. Typical IR spectrum (CiH(19%)-air, electrical power =50 W).
The major products observed by FTIR spectroscopy were
CO, CG and HO and the by-products were,B,, CoH4 and

mined by averaging the instantaneous power over two slidin§2He. A typical IR spectrum is shown iRig. 3
periods.
The experiments were conducted at atmospheric pressure afd. Electrical power effect on CHy conversion and H
room temperature. Air—methane experiments were carried ogtroduction
with methane concentrations higher than the upper explosive
limit (15%) [16], i.e. ranging from 16 to 35%. Mixtures with Since the device implanted in a thermal engine must be a
higher CH, concentration had been not studied because of catew energy consumer, we arbitrarily set the electrical power
bon deposition phenomena. used in these preliminary experiments at several tens of watts
After plasma treatment, the output gases were taken over ar{85—75W).
cooled down in order to eliminate water. Dry output gaseg (O  An example of the mole fractions variation for different
N2, Hy, CHg4, CO and CQ) were analyzed and quantified with species observed after the £H.9%)—air plasma processing as
Fourier transform infrared spectroscopy (FTIR, Nicolet Magnaa function of the electrical power are showrHig. 4 (symbols).
550, equipped with a heated 10 m multiple pass absorption celijor the maximal power (75 W), Ciconversion is about 58%
and micro gas chromatographyGC, Varian CP2003H16,17] and H production is about 9%. One can note that the changes
The H,O concentration was estimated by considering materiain CH4 conversion and biproduction are not linear since for a
balance. power of 35W, the Cll conversion rate is about 13% and H
The mean exhaust gas temperature was measured by thernpeduction is 2.5%. The Cjtonversion and the $production
couples (type K) placed at the outlet of the plasma reactor.  are increasing functions of power supplied to the plasma.
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Fig. 4. Experimental (symbols) and adjusted (dashed lines) exhaust gas composition as a function of electrical power (total flow rate = 4% |/MinCHo,
CO and CQ are expressed in dry basis;® is estimated).
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Fig. 5. Experimental (symbols) and adjusted (dashed lines) exhaust gas composition as a functipmbstCair flow rate = 33 1/min and electrical power =50 W)
(CHg, N2, Oz, Hz, CO and CQ are expressed in dry basisp® is estimated).
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3.2. Initial CH4 mole fraction effect on CH4 conversion 0.12

and H; production 0.1 -
0.08 -

The mole fractions variation for different species observed g 0.06 -
after CH—air plasma processing as a function of initial £H & 0.04 -

variable

mole fractions are shown iRig. 5 (symbols). In these experi- & 0.02
ments the air flow rate and the electrical power were maintained 0 . R ——
constant at 331/min and 50 W, respectivelya® Hp, CO and 15 20 25 30 35

CO, concentrations increase with decreasing the initialy CH CH,inlet (%)

concentration. bD .prOdUCt'on indicates that a combustion pro- Fig. 7. Progress variables as function of £Hlet (air flow rate = 33 1/min and
cess has been ignited. electrical power = 50 W).

4. Three reactions model
tion 2) seems to be the predominant reaction. The coefficients
The above results show thap ldnrichment causes a signifi- «, g andy increase with increasing the electrical power. For the
cant CH; consumption, a part of which is totally oxidized. The lower power used in these experiments (34 W), values, ¢f
calorific capacity of the combustible mixture is thus consider-andy values reach their minima. The validity of the description
ably modified, explaining the necessity to present an energysing progress variables is shownHig. 4, where experimen-
balance study in order to discuss the efficiency of the method.tal results (symbols) are compared to fitting model (dashed
Taking into account the chemical results presented in pardines).
graph 3, a set of three chemical reactions is used to compare
the electrical power consumed in the system with the chemicad.2. Initial CH4 mole fraction effect
energy exchanged per unit of time.
Fig. 7shows the progress variables as a function of the initial
CHy+20, — CO+2H,0, AHy= —80234kJ¥mol (1)  cH, concentration. As mentioned in the previous paragraph, the
CH4+1/20,— CO + 2H,, AH,= —3572k¥mol (2) data ofFig. 7shows that Clipartial oxidation is the predominant
reaction. @ consumption increases considerably in the depleted
CH4+3/20; — CO+2H,0, AH3z= —51936kJmol (3)  mixtures since the MO, ratio increases from 4.2 to 5.5 for the

. . . most depleted mixture. Probably an @roportion reacts with
The change in the composition of the outlet gas mixture ca Ha to form Hy and CO.

be expressed in terms of progress variables, which represent the
proportion of limiting reagent (Ck) transformed in the reaction.
We definedy, 8 andy as the progress variables of reactions 1
2 and 3, respectively. Each chemical species concentration c
thus be expressed as a functionf3 andy.

Thea, p andy coefficients was calculated from the exper- The experimental mole fractions of outlet gases were com-

'Smﬁgil n(:g':ﬁo?jn?rrfz(iﬁ;i:ﬁuIg;etgergzlsec:ir a’[(i:(glr?r;slijr?ntghgi tlﬁfesgared to those calculated from the progress variables. Results
d ' y P 9 re given inFig. 5 (experimental results, symbol; fitting model,

coefficients (also called fitting model) is shown by the following dashed lines) and shows that the simplified three chemical reac-
results. tions correctly describe the process.

The« andy values approach zero when gEoncentration
reaches 30%. The decrease of coefficigis also significant.
'These three progress variables reach their maximal values for the
Minimal CH, composition. In that case, the Gldonsumption

is maximal.

4.1. Electrical power effect 5. Absorbed power and physical characterization

Fig. 6shows the progress variables as a function of the inp

ug
: . . N .1. Exhaust t t
electrical power. From this data, Ghpartial oxidation (reac- HHAUST gas femperatire

The discharge produces a heating of the system. The heating

N 03 is supplied from two main sources: (i) the electrical energy fur-

< 0251 nished to the plasma by Joule effect and (ii) the energy supplied

g 021 by exothermal reactions ignited by the plasma. The exhaust gas

? 0.15 1 temperature was measured using thermocouple placed at 6 cm

g 011 from the discharge.

0.0 Fig. 8shows the exhaust gas temperature as a function of the
0 T w . T initial CH4 mole fraction. The outlet gas temperature decreases

30 40 50 60 70 80 with increasing the initial Cli mole fraction. The maximum

Electrical power (W) gas temperature was observed for as@Hncentration of about
Fig. 6. Progress variables as function of electrical power (total flow rate =17%, _Wh!Ch corresponds to a strong regctl\_/lty of the system.
411/min). This rise in exhaust gas temperature, which increases when one
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Fig. 10. Net calorific value of Cl#-H, mixture as a function of electrical power

Fig. 8. Outlet reactor gas temperature as a function ofs Giir flow (total flow rate = 41 /min).

rate = 331/min and electrical power =50 W).

. s furnished to the systen®(). Taking into account a perfectener
approaches the high explosive limit, is probably related to th%alance, this pOV\)I/eP() n?ust corrgespond to the sBm of the he%—

starting of the combustion process. ing products powePp and the power loss in the reactd?;).
Then, the power loss in the reacté)is derived from the fol-

5.2. Energy balance lowing relation:

The energy balance of the system is presented by introducing = Pe + Pc — Pp (8)

the different power contributions: , i ,
Fig. 9shows that the power generated by the chemical reactions

(i) Pe, electrical power determined from current—voltage(PC) is higher than the electrical ongd) for CH4 concentration
waveforms: lower than 23.5%. Also, it is shown that the power lossg} (
(i) Pc, power generated by the chemical reactions (in stan@nd the one used for heating the produdts) have the same
dard conditions) calculated from 8 andy, as a function °rder of magnitude.
of standard enthalppH° (kJ/mol) and CH flow rate D

(mol/s); 5.3. Calorific value of the outlet mixture (CH4—H>)
Pc=AH°D 4) The mixture net calorific value((y) is calculated from the
where the standard enthalpy is given by: relation:

AH® = aAHy + BAHD + yAH3 5y Cm=>_(XC) 9)

(iii) Py, power lost by heating products, calculated framp whereX; andC are the mole f_raction and the net calorific value
andy, as a function of enthalppH (kJ/mol) and of the ~ Of €ach component, respectively.

methane flow-raté® (mol/s). The net calorific .values of § and Cl-h are 2.98 and
9.95 kWh/n¥, respectively. The net calorific value of the out-
AH = aCp1AT + BCpoAT + yCp3AT (6) let CH;—H2 mixture was calculated and results are presented

as a function of electrical poweFig. 10. Cr, is a decreasing
whereCp; and AT are the calorific capacity of each species andfunction of the electrical power provided to plasma. Indeed, as
temperature variation between initial and final states, respegreviously announced, the GHo H, conversion efficiency is
tively. as high as the electrical power provided to plasma is high. The
P — AHD % weakestCy, value (6.25 kWh/m) was obtained for the maxi-
P mum power (75 W in that study). This result shows that the H
Pc and Py are decreasing functions of the initial Githole ~ enrichment generates fuel mixtures releasing less en€fgy (
fraction Fig. 9). By addingP. andPe, we obtain the total power value) than methane’(value).
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Fig. 9. Various powers as function of Ghhlet (air flow rate =33 1/min and electrical power =50 W). (a) Total input power and (b) total output power.
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6. Conclusion [3] R. Breashers, H. Cotrill, J. Rupe, First Symposium on Low Pollution
Power Systems Development, Ann Arbor SEMI, 1973.

The treatment of methane—air mixture by plasma at atmo-[4] D.R. Cohn, A. Rabinovich, C.H. Titus, L. Bromberg, Int. J. Hydrogen
Energy 22 (1997) 715-723.

spheric pressure, as well as the Chem"?al analysis of the 9388 F. Richard, J.M. Cormier, S. Pellerin, J. Chapelle, J. Appl. Phys. 79
products, was carried out. Only, the major products; €O, (1996) 2245-2250.
CO, and HO were presented. The hydrogen mole fraction in [6] F. Richard, J.M. Cormier, S. Pellerin, J. Chapelle, J. High Temp. Mater.
outletgas is about 9% for an electric power supplied of 75W. The  Process. 2 (1997) 239-248. _ _
reduction of the net calorific value shows that the only interest[?] F- Richard, J.M. Cormier, S. Pellerin, V. Dalaine, J. Chapelle, Prog.
Id be to support the ignition of combustion and the emission Plasma Process. Mater. (1997) 343-351.

wou . pp 9 [8] V. Dalaine, J.M. Cormier, P. Lefaucheux, J. Appl. Phys. 83 (1998)
reduction. 2435-2441.

More work is needed in order to enhance thg ddncen- [9] I. Rusu, J.M. Cormier, Chem. Eng. J. 91 (2003) 23-31.
tration produced as well as the energy efficiency. Beside thB0] I. Rusu, J.M. Cormier, Int. J. Hydrogen Energy 28 (2003) 1039-

optimization of the discharge parameters, experiments on the 1043 _ . . .
motor bench are envisaged soon [11] E. Hnatiuc, V. Dalaine, J.M. Cormier, S. Pellerin, Proceedings of the 6th

International Conference on Optimisation of Electrical and Electronic
Equipments, OPTIM, 1998.
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