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a b s t r a c t

The laboratory-scale behaviour of a methane–air mixture injected at atmospheric pressure and ambient
temperature into a non-thermal plasma (NTP) reactor is investigated experimentally and numerically
as a function of CH4 concentration and mass flow rate. Numerical simulations of the NTP reactor gas
phase are performed with a chemical kinetic model used initially for CH4 oxidation in a perfectly stirred
ccepted 25 September 2008
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reactor (PSR). The computed H2, CO, CO2 and remaining CH4 mole fractions are in good agreement with
experimental data. Syngas (H2 and CO) production from CH4–air mixture is demonstrated over a large
range of fuel flow rates and methane amounts in air. The lowest energy cost of H2 production is about
45 kWh/kg(H2) for the highest mass flow rate. Numerical simulation has confirmed that the optimum use
of electrical power by the NTP reactor is achieved for high mass flow rates and low inlet CH4 concentration
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. Introduction

To meet the increasingly stringent environmental regulations
n pollution-related problems (nitrogen oxides, greenhouse gases,
ne particle matter), several scientific studies have developed
lternative and renewable technologies for energy and electricity
roduction. An extensively studied way of improving combustion
rocesses and drastically decreasing noxious emissions is fuel–air
onversion into synthetic gas (H2 + CO), also known as syngas.

Traditionally, syngas production has been achieved by using cat-
lytic reformers [1–6]. However, in addition to its high economic
nvestment cost [7–11], this conventional technology presents sev-
ral drawbacks. The catalyst device can be poisoned by sulfur or
alogen-containing compounds [11–15] and catalyst surface per-

ormances can be reduced by solid carbon adsorption or deposition
8–12,16–18]. The treatment or maintenance required to remove
he contaminated catalytic equipment can represent a major draw-
ack with respect to current environmental regulations [7–11].
oreover, catalytic sites need to be activated by heating at high

emperature [7–10,12,13,15,16,18,19]. Another problem reported in

he literature is the low flow rate of inlet gas injected into catalyst
evices [15].

To overcome all these catalyst difficulties, fuel reforming by
on-conventional technology such as plasma (both thermal and
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on-thermal) technology is being increasingly investigated. Ther-
al plasma, in which the electron temperature (>10,000 K) is equal

o the gas temperature, has been successfully used in fuel–air mix-
ure conversion into syngas to increase internal combustion engine
fficiency and to reduce NOx emissions [20–22]. While a previous
tudy [22] has shown that comparable H2 yields can be obtained
ith thermal and non-thermal plasmas, energy consumption is sig-
ificantly lower in the case of non-thermal plasma (NTP), in which
he electron temperature (>10,000 K) is higher than the gas temper-
ture (300–3000 K) [10,11,19,23–26]. The main role of such a plasma
s to provide energy for the production of reactive species (radicals,
lectron and ions) and to enhance fuel reforming reactions [7–30].
hus, for approximately thirty years, NTP technologies have been
uccessfully applied to combustion processes to produce H2 and CO
rom the reforming of methane or natural gas [7–9,12,16–19,27–30],
thanol [23], propane [9,30], pentane [9], hexane [10] or gasoline
11,13,14,20,21].

The purpose of this work is to evaluate experimentally and
umerically the conversion of methane–air mixture into syngas
y using a laboratory-scale non-thermal plasma reactor. In the
ollowing section, the experimental devices, with parametrical con-
itions and chemical analyzers are briefly presented. Section 3
escribes and discusses the experimental results of the CH4/air

ixture partial oxidation conditions. In this part, the energy cost

f hydrogen production is systematically given as a function of
he methane composition in air and mass flow rate. The numer-
cal assumptions chosen to model the species behaviour in NTP
eactor are briefly described in Section 4. Numerical mole fractions

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jean-marie.cormier@univ-orleans.fr
dx.doi.org/10.1016/j.cej.2008.09.045
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Nomenclature

[CH4]0 initial concentration of methane in air (%),
ECH2 energy cost per kg of H2 produced (kWh/kg(H2)),
hk mass enthalpy of the kth species (J g−1),
h∗

k
mass enthalpy of the kth species at inlet conditions
(J g−1),

ṁ mass flow rate (g s−1),
Pch chemical reaction power exchange (W),
Pel electrical power corresponding to Joule heating of

plasma column (W),
Pfr power exchange due to enthalpy and mass flow rate

variations (W),
Ptc heat power losses or thermal conduction exchanges

(W),
|Q| power taking into account heat loss or heat inlet

through reactor wall (W),
�k molecular weight of the kth species (g mol−1),
V reaction volume (cm3),
Wk molar rate of production of the kth species per unit

of volume (mol cm−3 s−1),
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discharge is measured by a K-type thermocouple. The maximum
deviation on the measured temperature is about ±20 K. Fig. 2 shows
the variation in this temperature as a function of total mass flow
rate. When the mass flow rate increases from 0.004 to 0.175 g s−1,
Yk mass fraction of the kth species,
Y∗

k
mass fraction of the kth species at inlet conditions.

nd power results are computed by using a chemical kinetic model
sually dedicated to methane oxidation in combustion studies. Sec-
ion 5 presents comparisons between numerical modeling results
nd experimental measurements considering H2, CO, CO2 and the
emaining CH4 mole fractions. The energy efficiency of the NTP sys-
em is also discussed by comparing numerical and experimental
esults.

. Experimental devices

Laboratory-scale experiments were carried out with a CH4/air
ixture injected at atmospheric pressure and room temperature

T ∼ 295 K) into a non-thermal plasma reactor (Fig. 1). The NTP
eactor includes a quartz tube (400 mm length and 30 mm inner
iameter) containing two electrodes made of graphite. The conical
xtremities of the two electrodes are placed opposite each other
n the central axis of the reactor and with a 10 mm gap. The dis-
harge column resembles a plasma string with a diameter of 2 mm
iameter and length of 10 mm (Fig. 1).

Experiments are carried out with initial methane concentra-
ions in air [CH4]0, ranging from 18 to 40% (volume). The chosen
CH4]0 are higher than the upper explosive limit (16% CH4 in air).
he upper value of 40% methane in air was chosen in order to avoid
ignificant soot deposition on the reactor wall and to prevent the
ormation of a soot-bridge between the electrodes, leading to the
lectrical short-circuit of the system. Moreover, in our experimental
onditions, small amounts of solid carbon particles or soot deposits
re systematically observed on electrodes, quartz tube and sam-
le pipes. These solid carbon deposits, which do not disrupt the
xperimental process, explain the deficit in total carbon amounts
etween the results of exhaust gas and initial methane/air mixture
ole fractions.
The CH4/air mixture is introduced into the reactor through the
ottom electrode at a total mass flow rate ranging from 0.004 to
.175 g s−1. Exhaust gas is sampled through holes in the upper part
f the reactor and is cooled down in order to eliminate water before
hemical analysis. Dry output gas is analyzed and H2, O2, N2, CO,
O2, CH4, C2H2, C2H4 and C2H6 species are quantified using a gas

F
(

ig. 1. Schematic representation of the plasma reactor with a photography of the
lectrical discharge.

hase chromatography analyzer (GC-Varian CP 3800). Two columns
5 Å Molecular Sielve and Hayesep A) are included in the GC ana-
yzer equipped with a thermal conductivity detector (TCD) and
ame ionization detector (FID), respectively. These detectors were
alibrated with standards of known composition. The maximum
elative deviations on mole fractions measured during calibrations
re ±5%.

The mean temperature of the CH4/air mixture before the plasma
ig. 2. Gas temperature at the inlet of reactive zone vs. CH4/air mass flow rate
[CH4]0 = 25%).
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At high mass flow rate, the plasma discharge moves away from the
axis of the reactor towards the quartz tube wall where the gap is
much higher than 10 mm. In that case, only part of the CH4/air mix-
ture is treated by the discharge, leading to the low production of
H2 by POX reaction.
ig. 3. Pel and ECH2 vs. initial CH4 concentration in air (mass flow rate = 0.004 g s−1).

he temperature at the inlet of reactive volume decreases from 630
o 480 K, respectively.

The plasma reactor is powered by a 50 Hz high voltage (15 kV)
tep-up transformer with leakage flux which produces a sinu-
oidal current waveform with a constant root mean square value of
55 mA. The non-equilibrium (non-thermal) nature of the plasma
reated in these conditions has been demonstrated previously
23,30,31]. This plasma is characterized by: (i) a substantial dif-
erence between the electron temperature (>10,000 K) and gas
emperature (300–3000 K), (ii) a high electrode voltage drop
>100 V), and (iii) a low current (<200 mA). The current and volt-
ge were measured using a TCP202 Tektronix Hall effect probe and
ST500 high voltage differential probe, respectively. Signals from

hese probes are recorded on a Tektronix TDS 460A digital oscillo-
cope and processed on a PC. The mean electrical discharge power
s computed from voltage–current waveforms (Pel = 1

T

∫
u(t) · i(t) ·

t) and averaged over a large number of discharges. Results are
hown as a function of methane concentration and mass flow rate in
he next section (Figs. 3 and 6, respectively). The mean power values
re in the range 100–160 W depending on experimental conditions.

. Experimental results and discussion

Dry outlet species analyses were carried out for the following
xperimental conditions:

(i) Inlet CH4 concentration ranged from 18 to 40% (volume) in air
for a total mass flow rate kept constant at about 0.004 g s−1,

ii) 25% CH4 in air for a mass flow rate ranged from 0.004 to
0.175 g s−1.

.1. CH4 concentration effect on outlet gas concentrations

Exhaust gas mole fractions (symbols) are shown in Fig. 4 as
function of the initial concentration of CH4 in Air. As [CH4]0

ncreases from 18 to 40%, the H2 mole fraction increases from 0.19 to
.39 and the CH4 mole fraction from 0.01 to 0.06, respectively. The

O mole fraction increases slightly from 0.13 to 0.15 while the CO2
ole fraction decreases from 0.03 to 0.00. In these experiments,

3 and C4 hydrocarbon concentrations measured on a GC analyzer
re below 20 ppm and can be considered as negligible compared
o C2H2, C2H4 and C2H6 concentrations. Indeed, C2 species mole

F
f
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ractions increase with increasing [CH4]0 and always stay below
.02. These results suggest that initial CH4 is mainly consumed
o produce syngas (H2 + CO) by partial oxidation (POX) reaction
CH4 + 1/2O2 → CO + 2H2).

Fig. 3 gives electrical power (Pel) and energy cost of H2 produc-
ion (ECH2 ) as a function of initial CH4 concentration in air. ECH2 is
omputed from the following expression: ECH2 = Pel/(3600 · DH2 ),
here DH2 is the mass flow rate of dry H2 produced and Pel the

eactor discharge power. In the experimental device, the mass flow
ate of exhaust gas is 1.13 (±0.03) times the initial mass flow
ate. Pel increases from 105 to 135 W and ECH2 decreases from
80 to 240 kWh/kg(H2) for an increase of [CH4]0 from 18 to 40%,
espectively. These results show that for the highest CH4 amount
n air, H2 mole fraction and Pel are maximum (0.4 and 130 W, respec-
ively) corresponding to the lowest ECH2 value (∼ 240 kWh/kg(H2)).

.2. CH4/air mixture flow rate effect on outlet gas concentrations

Fig. 5 shows outlet gas mole fractions (symbols) as a function
f CH4/air mass flow rate. It can be seen that the H2 mole fraction
ecreases from 0.29 to 0.05 and the CO mole fraction from 0.17
o 0.03. Furthermore, the remaining CH4 mole fraction increases
rom 0.02 to 0.20, while the CO2 and C2 mole fractions stay in all
ases below 0.01. No significant amount of species heavier than
2-hydrocarbons was observed in these experiments.

Results suggest that CH4 conversion by POX reaction into syngas
s enhanced by a low CH4/air mass flow rate. In these experimen-
al conditions, the residence time in the plasma reactor increases,
romoting the production of active species and thus enhancing the
ethane partial oxidation into syngas. The discharge occurs as a

olumn between the conical extremities of the two electrodes in
he axis of the plasma reactor (Fig. 1). When the mass flow rate
ncreases, the velocity of the CH4/air mixture exiting the bottom
lectrode increases, causing an increase in plasma discharge length.
ig. 4. Experimental (symbols) and numerical (lines) H2, CO, CO2 and CH4 mole
ractions vs. initial CH4 concentration in air (mass flow rate = 0.004 g s−1).
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ig. 5. Experimental (symbols) and numerical (lines) H2, CO, CO2 and remaining
H4 mole fractions vs. CH4/air mass flow rate ([CH4]0 = 25%).

Fig. 6 shows electrical power and energy cost of H2 production
s a function of mass flow rate. Pel increases from 110 to 155 W
nd ECH2 decreases from 275 to 50 kWh/kg(H2) for a mass flow rate
ncreasing from 0.004 to 0.175 g s−1, respectively.

For the highest total mass flow rate (0.175 g s−1) studied, the
2 mole fraction is minimum and Pel is maximum (0.05 and
55 W, respectively) corresponding to the lowest ECH2 value (∼
5 kWh/kg(H2)). From these results, it appears that the best energy
osts are achieved for the highest mass flow rate studied and are in
uite good agreement with those reported in the literature: around
kWh/kg(H2) for plasma technology assisted by catalysis [32],

rom 1 to 139 kWh/kg(H2) for gliding arc technology [29,30,33],
p to 30 kWh/kg for corona discharge technology [34], from
(H2)
00 to 4000 kWh/kg(H2) for dielectric barrier discharge technology
35], and from 17 to 1000 kWh/kg(H2) for conventional technology
autothermal, O2/air-fired or steam reformer) or electrolytic pro-
esses [36–39].

Fig. 6. Pel and ECH2 vs. mass flow rate ([CH4]0 = 25%).

-
-
-
-

-

4

c

Q

e
(
r

P

g Journal 149 (2009) 35–41

. Simulation

.1. Reactor model

Kinetic modeling is a useful tool to study gas phase processes
nd to gain insight into the chemical mechanisms inside an exper-
mental bulk gas phase. Non-thermal plasma provides energy for
ctive species generation: electrons, ions and free radicals which
re involved in the chemical reactions induced. However, model-
ng with plasma mechanisms describing in detail both chemical
inetics and fluid dynamics is not easily available today. To simulate
he experimental methane reforming process by NTP, numerical
omputations were performed with the following assumptions
15,24,40,41]:

Thermal decomposition is assumed to be negligible at the
inlet of the plasma reactor for initial experimental conditions
(295–630 K).
The discharge effect is considered as an additional energy source
to the chemical processes inside the reactor.
The methane reforming by NTP is described only by the rad-
ical behaviour and takes place mainly in the reactive volume
(V ≈ 7.1 cm3). Modeling is performed only with a kinetic scheme
of the methane oxidation chemistry process in gas phase with-
out the inclusion of specific plasma processes (post-discharge
kinetics).
Radical production is proportional to the related bulk gas com-
position.
Radicals and reactants are well mixed and uniformly distributed
(i.e. 0-D model) within the reactive volume which is assumed to
be equivalent to a perfectly stirred reactor (PSR).

Chemical transformation computations, performed with the
SR code [42] from the CHEMKIN-II package [43] and methane
eforming chemical kinetics by a non-thermal plasma, are con-
ucted by using the Konnov methane oxidation mechanism [44,45].

nput parameters of the model are:

constant flow rate (0.004 g s−1) for [CH4]0 ranged from 18 to 40%,
[CH4]0 = 25% at flow rate in the range 0.004–0.175 g/s,
atmospheric pressure,
gas temperature at the inlet of the plasma discharge as a function
of mass flow rate (480–630 K, see Fig. 2),
each experimental mole fraction is simulated by numerical fit-
ting of an adjusted negative value of Q (heat inlet through reactor
walls corresponds to Q < 0) taking into account discharge electri-
cal power, mass flow rate and initial CH4 concentration.

.2. Energy balance: experimental and modeling

In the steady state case at constant temperature, the energy
onservation equation for a PSR can be written:

= ṁ ·
N∑

k=1

Y∗
k · (h∗

k − hk) − V ·
N∑

k=1

hk · Wk · �k (1)

The first and second terms of Eq. (1) represent the power
xchange due to mass enthalpy variations and mass flow rate (Eq.
2)) and the power exchange due to chemical reactions (Eq. (3)),

espectively.

fr = −ṁ ·
N∑

k=1

Y∗
k · (h∗

k − hk) (2)
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significant variation in |Pch| which increases from 5 to 100 W,
- beyond 0.08 g s−1, with a better use of electrical power due to an

effect on Ptc value decreasing from 120 to 20 W, corresponding to
a slight variation in |Pch| which increases less significantly (from
100 to 120 W) than previously.
ig. 7. Ptc, Pel, |Q|, |Pfr|, |Pch| values vs. CH4 amount (mass flow rate = 0.004 g s−1).

ch = −V ·
N∑

k=1

hk · Wk · �k (3)

The energy balance is the sum of various contributions:

electrical power corresponding to Joule heating of the plasma
column (Pel),
heat power losses or thermal conduction exchanges at high flow
rates (Ptc),
power exchange due to flow rate with enthalpy variations per unit
of mass (Pfr),
power exchange due to chemical reactions (Pch).

By neglecting radiation losses in the case of electrical discharge,
he energy balance can be written by the following expression:

el − Ptc − Pfr + Pch = 0 (4)

From Eqs. (1)–(4), Q can be written as follows:

= Ptc − Pel (5)

. Numerical results and discussion

.1. CH4 concentration effect on exhaust gas concentration

The calculated outlet species mole fractions obtained by using
he above PSR model and the heat exchange power (Q) as fitting
arameter are compared to experimental data. Taking into account
he calculated species’ concentrations and Q value, both Pch and
fr can also be calculated. Experimental (symbols) and numerical
line) species mole fractions are shown as a function of initial CH4
oncentration in air in Fig. 4. For [CH4]0 in the range 18–40%, good
greement (within 5–10%) is observed between the computed H2,
O, CO2 and CH4 mole fractions and experiments.

In Fig. 7, the computed values of |Q|, |Pch|, |Pfr| and Ptc and the
xperimental values of Pel are plotted as a function of CH4 amount.
hen [CH4]0 increases from 18 to 40%, the values of heat exchanges
Q| increase from 1 to 12 W. This increase in |Q| value (linked to
he initial increase in CH4 amount) leads to an increase in power
xchange values (Ptc from 105 to 125 W, or |Pfr| from 8 to 9 W). |Pch|
ecreases from 8 to 1 W and Pel increases from 105 to 135 W. From
ig. 7, it can be seen that |Pch| represents only 1–8% of Pel. Thus,
g Journal 149 (2009) 35–41 39

nly a small part of the electrical energy supplied is involved in
artial oxidation of methane. So, when the CH4 amount increases,
major part of the discharge energy, corresponding to Pel, is lost

y heat transfer and thermal conduction exchanges, Ptc and |Pfr|,
espectively. These results show that the highest power efficiency
o convert methane (higher |Pch| and lower Ptc or |Pfr| values) into
yngas is observed for low [CH4]0.

In the whole range of CH4 amount, the assumptions chosen (|Q|
n the range 1–12 W and PSR configuration) to simulate CH4/air
reatment by a non-thermal plasma are fully satisfactory. The CH4
xidation kinetic model of Konnov can describe H2, CO, CO2 and
H4 species mole fractions with a relatively good precision (within
–10%). Thus, only a small part of the electrical energy supplied con-
ributes to the chemical reaction and most of this electrical energy
s involved in thermal losses.

.2. Mass flow rate effect at outlet gas concentration

Comparison between experimental (symbols) and numerical
line) data as a function of CH4/air mass flow rate is shown in Fig. 5
t a given [CH4]0 (25%). Numerical mole fractions are in good agree-
ent (±5%) with experimental data for a mass flow rate below

.08 g s−1 and a relative difference in the range 5–20% is observed
or a mass flow rate equal to or higher than 0.08 g s−1.

The computed values of |Q|, |Pch|, |Pfr| and Ptc and the experimen-
al values of Pel as a function of CH4/air mass flow rate are plotted
n Fig. 8. A linear variation of Pfr (10–270 W) is observed in the full
ange of mass flow rate. Fig. 8 shows two domains for |Q| variations:
first one with a constant variation of |Q| (value around 10 W) and
second one with a linear increase in |Q| from 10 to 130 W. These
tted values of |Q| are linked to two experimental device domains
f mass flow rate:

up to 0.08 g s−1, with significant thermal conduction effects or
power losses (Ptc) ranging from 100 to 120 W, corresponding to a
Fig. 8. Ptc, Pel, |Q|, |Pfr|, |Pch| values vs. CH4/Air mass flow rate ([CH4]0 = 25%).
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For low mass flow rates, the mean plasma discharge power, Pel,
ncreases from 100 to 150 W. For a high flow rate, Pel is of the same
rder of magnitude as the chemical power, and losses by thermal
onduction are reduced in comparison with data obtained at low
ow rates.

At a low mass flow rate, the assumptions chosen (|Q| in the range
–20 W and a perfectly stirred reactor configuration) to simulate
H4/air treatment by NTP are fully satisfactory. Indeed, the agree-
ent between experimental and numerical data is within 5–10%. As

een previously, only a small part of the electrical energy supplied
s involved in chemical reaction (low |Pch| value) due to high heat
ransfer and thermal conduction exchanges, Ptc and |Pfr|, respec-
ively. Conversely, for a high mass flow rate (with |Q| in the range
0–130 W), the results are less satisfactory, though still acceptable
agreement within 5–20% between experimental and numerical
esults). This slight difference could be explained by a non-uniform
pecies distribution within the reaction zone volume due to plasma
nstabilities and by a small CH4 conversion rate due to a low resi-
ence time. The relative depletion of thermal losses in comparison
ith the electrical energy supplied to the plasma leads to a better

nergy efficiency of the device to reform the initial mixture (higher
Pch| value than previously).

. Conclusion

Experimental investigations of a methane–air mixture injected
t atmospheric pressure and ambient temperature in a laboratory-
cale non-thermal plasma reactor, as well as the chemical analysis
f the main gas products (H2, CO, CO2 and unburned CH4) have been
arried out. Maximum H2 and CO mole fractions in exhaust gas
re obtained at a high methane concentration in air (i.e. 40%) and
ow CH4/air mixture flow rate (i.e. 0.004 g s−1). The experimental

ean power supplied to the electrical discharge is measured in the
ange 100–160 W as a function of mass flow rate and CH4 amount in
ir. Furthermore, the energy cost can be computed from the mean
lectrical power and the hydrogen mass flow rate. The best energy
ost of H2 production (∼ 45 kWh/kg(H2)) is observed for the highest
H4/air mixture mass flow rate.

A kinetic approach to CH4 reforming by a non-thermal plasma
as also been performed using Konnov’s oxidation model, initially
eveloped for combustion studies, with assumptions about ini-
ial conditions: well-stirred species, gas phase reaction (without
pecific plasma processes), 0-D model and plasma energy input.
umerical results obtained without any adjustments of the kinetic

eactions fit the experimental data rather well, as in all cases,
he agreement is within 5–10%. Simulation and experimental data
how two main results:

High CH4 conversion and maximum H2 production are obtained
at low flow rate and high initial concentration of methane in air. In
these cases, most of the electrical energy supplied to the plasma
is lost by thermal effect and not involved in the chemical reaction,
entailing a high energy cost to produce H2.
A low energy cost of H2 production can be obtained at high
flow rates and low initial concentration of methane in air, which
decreases losses and enables a better use of electrical power by
the chemical reactions.

This study has demonstrated that PSR is a powerful tool for the

imulation of gas phase behaviour in methane reforming by a NTP
eactor. However, further studies are needed in applying PSR in
ther experimental conditions, initial fuel or plasma reactors. The
echnical improvement of such a laboratory-scale reactor needs to
e performed with a view to industrial applications: this can be

[

[

g Journal 149 (2009) 35–41

one by considering previous experimental results obtained with
liding discharges [14,15]. Further experiments (e.g. in situ spec-
roscopic diagnostics) can be performed with this NTP reactor to
mprove the chemical understanding of active species behaviour in
he discharge.
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