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EFFECT OF ENERGETIC PARAMETERS OF THE
REACTION CHAMBER ON THE PYROLYSIS OF
METHANE IN A DC HYDROGEN PLASMA JET

PART 1

OPALINSKA, T.," Warsaw

The process of methane-to-acetylene pyrolysis in a low temperature hydrogen
plasma jet was studied. The specific energies of methane and hydrogen were selected
as parameters characterizing the chemical process in the reaction chamber. These
parameters were applied in a2 model description of the process. Test experiments were
performed in order to verify the reliability of theoretical considerations. The efficiency
of the process, found on the basis of the model, is in agreement with the experimental
data within the limits of 10%.

I. INTRODUCTION

Studies on plasma pyrolysis of gaseous aliphatic hydrocarbons show that the
final effect of the process depends on numerous parameters, e.g. reaction and
quenching temperature, molar ratio of gaseous reagents, residence time in the
reaction chamber, quenching rate and technique applied. Hence the difficulties
in a general process description, particularly regarding its effectiveness predic-
tion [1-—3].

The present studies were undertaken to determine the optimal values of
energetic parameters characterizing the reaction chamber in the synthesis of
acetylene from methane (reactant) in hydrogen plasma Jet. Specific energy of the
plasma gas and the reagent, defined and interpreted differently than by other
authors [4—7), were selected as the essential parameters.

II. MODEL CONSIDERATIONS

The energy carried to the plasma torch (E,) is imparted to the plasma gas by
an electric discharge. One part of the energy is lost for cooling the elements of
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the plasma torch (£) and the reaction chamber (£)) itself. Hence, the energy
which is available in the reaction chamber (E,) is:

E,=E,—(E +E). M

The ratio of the E, to E, defines the energetic efficiency of the chemical plasma
reactor (1,):

energy of the reagent (£) was defined as the ratio of the E, value to the volume
of the reagent introduced into the reactor (V):

E=E,/V. (3)
The specific energy of the plasma gas (E,), e.g., was defined analogically:
E =E\V, “

where ¥, is the volume of the plasma gas.

The present reasoning was supported by the results of experiments involving
different efficiences of the chemical plasma reactor {8]. For the same values of
the initia] temperature and molar ratio of the plasma 8as to the reagent k),
different Emﬂrmao-ﬂo-mooﬂw_go conversion degrees have been obtained; this was

Therefore, in this case the specific energy of the reagent seems to be a dominant
parameter in the process description.

Acetylene, formed in the reaction 2CH, = CH, + 3H, is the main product
of methane pyrolysis. :

One should mention that a part of the reacting methane yielded, except C,H,,
other by-products as well (e.g. soot). Thus, in order to describe the process, the
total methane conversion degree (1) and the So%msm-ﬂo-momﬂionm conversion
degree (4,) were introduced.

The total methane conversion degree is defined as the ratio of the methane
amount, which undergoes pyrolysis, to that of the methane introduced into the
reactor.

The methane-to-acetylene conversion degree is defined as the ratio of the
methane amout, which is converted to G,H,, to that of the methane introduced
into the reactor.

The two conversion degrees are expressed in per cent.

The amount of acetylene formed in the process, taking into account these
definitions, can be described by the formula:

n=05U,1,. (5
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The utilization of E, in a synthesis of C,H, is characterized by the unit energy
consumption (Z):

Z=E,/n= 2E[U, W)
=2E,/U,. (6)

On the basis of a general model of the process taking place in the reactor [9]
three equations balancing E, can be formulated.

The equation balancing the usable energy before the mixing of the plasma gas
with the reagent s Tepresgnted by:

T
E, = m% csdT )

R

Where ¢ s the specific heat of the plasma gas,
L, T is the standard temperature and the plasma gas temperature,
Smﬁmoméqéw :
Because of the elimination of heat losses through the reaction chamber walls,
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where T, is the mean reaction temperature (the mass-mean temperature of the
gas mixture),
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where AH, is the enthalpy of the reaction 2CH,=CH, + 3 H, at standard
temperature,
is the specific heat of acetylene,
[, 1s the quenching temperature.

Therefore, the unit plasma energy which can be utilized in the chemical
process (according to equation (4) is determined by the specific energy of the
plasma gas, which is represented by

C

R

>

T
mwuh ¢f dT. (10)

(]

The specific energy of methane, according to equations (5) and (6) can be
expressed by
NA\! Q-ﬁ!
E = .‘ ¢, dT + k % g
. + . ctdT (11
s

E, =0.5ud4H° + o.w:%

L

s s
¢, dT + (1 l:v‘h QMQNJ.TQ.MIT\&,‘, cEdT. (12)
b )

plasma torch and the chemical plasma Teactor, as well as of the inijtial pa-
Tameters of the process, e.g. the arc discharge energy and the reagent and the
plasma gas volumes Introduced into the reactor. Therefore, the specific energy

temperature corresponds to Z;, and the equilibrium conversion degree (u,)
corresponds to the methane-to-acetylene conversion degree (1,). It means that
U=y =y
r e
The equilibrium conversion degree and the temperature related to it are, on
the one hand, expressed by equation (9), and on the other hand, by the formula

.moH the reaction equilibrium constant (X,). The plasma is considered to be an
inert diluting gas

K, = 27u*/(16 (1 — wp(1 + u + k)?). (13)
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The values of u and T; for a priori selected specific energies of methane and
hydrogen are calculated on the basis of multinominals describing the value of
the equilibrium constant as a function of temperature (AG/RT = In K,) and on
the basis of equation (9). The unit energy consumption is calculated from

100 = 100
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Fig. 1. Relationship between the methane-to-acetylene conversion degree and: a) the specific energy
of methane for fixed values of the specific energy of plasma gas: 1 — 3.6;2—144;3—136.0 MJ/m3,
b) the specific energy of plasma gas for fixed values of the specific energy of methane: 4 — 7.2;
5— 10876 —12.6;7— 144;8 — 21.6 MI/m’,
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Fig. 2. Relationship between the concentration of acetylene and: a) the specific energy of methane
for fixed values of the specific energy of plasma gas: 1 — 3.6; 2 — 14.4; 3 — 360 MJ/m3, b) the
specific energy of plasma gas for fixed values of the specific energy of methane: 4— 7.2; 5§ — 10.8;
6 —126;7 —14.4; 8 — 21.6 MJ/m’.
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Fig, 3. Relationship between the unit energy
consumption and: ———— the specific energy of
methane for fixed values of the specific energy of
plasma gas: 1 —3.6;2-— 14.4;3 —36.0 MJ/m?.
the specific energy of plasma gas for fixed
values of the specific energy of methane: 5 —
10.8;6 —12.6; 7 — 144;8 — 21.6 M)/’

UNIT ENERGY CONSUMPTION

10 20 3
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The methane-to-acetylene conversion is complete for the specific energy of
methane exceeding 16.0 MJm~3 and the specific energy of hydrogen exceeding
144MJIm™—. The concentration of C,H, in off-gases attains a maximum for
E, =144MJm™ A rise of the specific energy of hydrogen from 14.4 to
28.8 MJm ™3 results in the C,H, concentration increase by nearly 4%. A further
rise of E, virtually no more changes the C,H, concentration. The unit energy
consumption is the lowest for E =10.8—14.4MJm-3 (for the specific energy of
hydrogen 14.4 MJ m™>). The reaction temperatures of 2800—3200K and the
quenching temperatures of 1600—1800 K correspond to these conditions. Cal-
culations performed by other authors 41, including reaction kinetics, have
shown that the results are best for k = 0.5 ; a decrease of this ratio results in a
decomposition of C,H,. According to the present calculations, k = 0.5 corres-
ponds to E, = 252 MJm~>. This value can be considered to be the upper limit
of the specific energy of plasma gas.

H1. EXPERIMENTAL

Experiments were performed in a chemical plasma reactor composed of a
plasma torch with stabilization of the hydrogen plasma Jet by the magnetic field,
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a cylindrical copper reaction chamber with the ratio of length to diameter equal
to 6.75, and a quenching chamber consisting of a system of diaphragm coolers.

The reagent containing 95.5 vol. % of CH, was introduced into the hydrogen
plasma jet at the beginning of the reaction chamber. The various parts of the
reactor had their own cooling water circulation system in order to measure
energy losses in each of them. The energy balance of the reactor was calculated
from direct calorimetric measurements.

The contents of hydrogen, methane, acetylene and ethylene in off-gases were
determined by gas chromatography (catharometric detector, external stan-
dards). These components constituted more than 99 vol. %,

The mass and the thermal balance of the reactor were calculated according
to Szymanski [9].

A series of experiments was performed using constant arc discharge energy

equal to 101.2 + 1.4 MJ. The ratio between the plasma gas and methane re-
mained within the range of 0.93—5.24. Specific energy of hydrogen as high as
9.25 + 0.7MJ/m® was attained.
The specific energy of the reagent varied between 9.72—39.6 MJ /m’. The mean-
mass reaction temperature varied between 3050—3650 K, which corresponded
to the quenching temperatures 1450—2500 K, depending upon the process
conditions.

IV. COMPARISON BETWEEN THE EXPERIMENTAL AND THE
CALCULATED RESULTS

The process parameters, obtained experimentally and calculated according to
the above procedure (see part H), were compared. The experimental values of
the arc discharge energy, the flows of gases introduced into the reactor, the
energetic efficiency of the plasma torch and of the reactor were used as the
starting parameters for the calculations. In these calculations it was subsequent-
ly assumed that C,H, formed in the reactor chamber is decomposed only in the
quenching system, due to the imperfection of the system. When this assumption
is introduced, the experimental total conversion degree equals the equilibrium
conversion degree (u = u,). The degree of the methane-to-acetylene conversion
can be calculated if i is computed and the amount of energy lost in the freezing
system is measured experimentally.

The comparison of the calculated and the experimental results is presented
in Table 1. The values of the equilibrium and the total conversion degree are
nearly equal. This confirms the assumption that acetylene is decomposed only
at the quenching stage. On the other hand, considering the degree of conversion
to acetylene the differences are larger, because of the relatively higher error of
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Comparison of the experimental and the calculated data of the final parameters of the methane-to-
acetylene conversion process: (E, =929 4+ 0.70 Mi/m’)

. Total Methane-to-
Specific ethane-to .
am - methane -acetylene Quenching Unit energy*
£ conversion* conversion* temperature* Z ® n
r NI
MJ/m? .M , “N. ~A\ MJ/m?
1 2 3 1 2 3 1 2 3 1 2 3

///.j
10.0 61 61 102 55 48 114 1460 1456 1.00 364 33 1.09

4
12.0 73 74 0.99 65 60 1.09 1510 1510 1.00 37 324 114 4
16.7 91 9% 094 84 69 1.22 1750 1754 1.00 392 1342 1.14 4
1

3

3

225 97 99 098 9] 8 117 1830 2014 091 493 450 1.10
27.9 99 100 0.99 93 65 1.55 2400 2309 1.05 626 558 L.12

2. Regarding the process effectiveness, the lowest energy consumption can be
expected for the specific energy of the plasma gas from 11.0 to 14.5MJ/m? and
for the specific energy of methane from 14.5 to 25.0 MJ/m?,

3. The minimum value of the unit energy consumption is observed for the
specific energy of the reactant lower than the maximum of the methane conver-
sion and the maximum concentration of C,H, (see Figs. 1—3).

4. For the most interesting values of the specific energy of methane and the
specific energy of the plasma gas the model calculations are in agreement with
the experimental values of the process parameters.
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IHEPTETUYECKHUE IAPAMETPbI PEAKUMOHHOM KAMEPL]
B IIJIASMEHHOM TTHUPOJIN3E METAHA

SOO.:ODO&NE Iponecc nupoJau3a MeTaHa [0 aUeTUIIEHa B CTpye Ixumo.ﬂngnmbwﬁv\ﬁmom\m BOIOpoa-
HO# mniasmel. HH._.C— SHEPreTHYECKOH XapaKTEePHCTUKH XUMHYECKHUX MPOUECCOB B PEAKIHOHHOM
kKamMmepe wr—mﬁmmz ABa napamerpa — YACHbHBIE 3HEPIUM MeTaHa U BOJAoOpona. 3tu napameTpel




