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STUDY OF THE NO SYNTHESIS IN A MICROWAVE
PLASMA AT ATMOSPHERIC PRESSURE"

P. TARAS?, V. DUSEK?®, J. VYSKOCIL?, Praha

This contribution shows that the microwave plasma (f =1.25 GHz) generated in air at
atmospheric pressure is basically in equilibrium, its temperature being only slightly
dependent on the power absorbed (0.6—8 kW) and upon the air flow through the reactor
(53—132 I/min).

M3YYEHHE CUHTE3A OKHCH A30TA B MHKPOBOJIHOBOMW IIITA3ME
IIPU ATMOC®EPHOM JABJIEHHH

B paBoTe moxa3a#o, 4TO MHKPOBOJNHOBaA AnasMa (f=1,25 I'Tu), renepupoBaHHas
B BO3JyXe NpH aTMOCGEPHOM HaBJEHAW, HAXOXHTCH B OCHOBHOM B COCTOSHHM pan-
nosecus. [Ipy 3TOM ee TeMmepaTypa TOMLKO CNabo 3aBUCHT OT NOTNOMEEMOH SHEPTHH
(0,6 — 8 xBT) M OT nOTOXa BO3AYX2, IPOXOASILErO Yepe3 peakTop (58— 132 n/mun.).

I. EXPERIMENTAL

The plasma used in this plasma chemical synthesis study was generated by
absorbing microwaves of the frequency 1.25 GHz in air at atmospheric pressure,
the power absorbed being up to 8 kW CW. The quartz discharge tube of 18 mm i.d.
passed through the centre of the wider wall of the rectangular waveguide
228 x 40 mm. The parameters of microwave radiation transmitted by the
waveguide line were computed from data obtained by the four-probe and
calorimetric measurements. The product analysis was performed by means of the
quadrupole mass spectrometer QMG 511 (Balzers), data evaluation and comput-
ing of the theoretical models was performed on a PDP-11 computer.
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1I. RESULTS AND DISCUSSION

The degree of non-equilibrium of a plasma which may be defined as’ the
electronic (T.) and gas (T,) temperature difference, may be estimated theoretically
[1]. Unfortunately, the derived value is valid only for the volume in which the
microwave voim» is absorbed (roughly equal to the skin layer), which is very small
compared to the whole volume of the plasma column. Moreover, the skin layer is
very thin (for T=5000 K less than 0.5 mm) and thus the assumption of neglect of
diffusion apparently is not fulfilled. Thus, the temperature difference estimated
with the aid of the formula found in literature [1] T=2000 K was not confirmed
experimentally (neither by other authors [2] nor in this work).
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Fig. 1. Theoretical curves for plasma temperature (T) and gas-plasma throughput (+i7) in dependence on ’
power absorbed.

An experimentally derived fact that the product concentration is the parabolic
function of molar fractions of both components,

Cno = Fﬁﬂu&ue A_.v
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shows for the exponent values of ae(0.64+0.01) and be(0.6+0.1) that the
principal steps of the synthesis are in equilibrium [3]. A slight deviation of both
_exponents from the theoretical value of 0.5 may apparently be caused by the
prompt, basically non-equilibrium, product quenching. .

As it has been stated, the plasma is near the thermodynamic equilibrium and all
its parameters may be assumed to be the functions of its temperature T.

A theoretical value of plasma temperature may be derived from incident power,
plasma dimensions, type and flow of gas, using the analogy between the microwave
discharge and the slow-burning process {4). .
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Fig. 2. NO concentration as the function of gas mean enthalpy for various experimental conditions.

Solving a simple stationary problem with the assumption that the skin depth is

much smaller than the plasma dimensions, we get the relation for plasma
temperature and the absorbed microwave power. The temperature vs. power
dependence for a tube of 18mm i.d. is presented in Fig. 1. It can be seen that
plasma temperature is only slightly affected by the power alterations.

The plasma temperature derived in this way agrees with that from a dynamic
model (which takes into account gas flow as well) with an accuracy of the order of
T/I (approx. 0.03), where I is the ionizing potential of air [4].

In a series of experimentally observed relations between NO concentrations and
the absorbed power (at constant flows) nearly linear of the type ,.

Cno = kP, 4 As )
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were found, whilst the slopes k,; were indirectly proportional to the corresponding
values of gas flows through the reactor

k;=K/F, (3)
where F denotes the gas flow, K is a constant.

By combining the Eqs. (2) and (3) we get
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Fig. 3. Experimentally obtained efficiencies for different mean enthalpies.

This relation demonstrates that the concentration of the produced nitrogen oxides
depends in the first approximation upon the ratio P,/F (mean gas enthalpy) only.
This is illustrated by Fig. 2.

By comparison of Eq. (4) with the definition of the energetic efficiency of the
synthesis

2.2 )

we can see that, when accepting the aforementioned approximations, we can take
the efficiency of the synthesis within the studied conditions as constant.

Deviations from the average value of 7 =1.75% are apparently a function of
AH = P./F (see Fig. 3) and may be caused by resonance effects in the discharge
zone. It is to be noted here that AH is the mean value for the whole reaction zone,
including both the plasma column and the surrounding cold gas.
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If we compare the mentioned statement with the theoretical efficiency vs. gas
enthalpy dependence (see Fig. 4) based on data from literature [5], we can judge
that the temperature of the plasma under study did not alter when changing both
the absorbed power and/or the total gas flow. Thus, the most markedly affected
parameter by the absorbed power changes is the amount of gas passing through the
plasma region ri.

Fig. 4. A theoretical dependence of the equilib-
rium synthesis efficiency upon air enthalpy at
atmospheric pressure.

° ? * ¢ ® AR[)/mi]

Taking into account the supposition of plasma symmetry, neglect of diffusion,
radiation and energy loss on the discharge tube wall in addition to foregoing
assumptions, the theoretical dependence of the ri1 value upon the absorbed power
was derived. This dependence (nearly linear) is given in Fig. 1. The value of m,
under these suppositions, does not depend on the total gas flow F.

The facts found during this study indicate a possibility of generating plasma with
constant temperature. From the point of view of the NO synthesis, however, this
temperature is too high (5000—5500 K). The maximum efficiency in an equilib-
rium system is achieved at a temperature of some 3000 K, which corresponds to an
enthalpy increase of approx. 3.6 J/ml (see Fig. 4).

Ifl. CONCLUSIONS

The experimental results show that the microwave plasma under study was in
fact in equilibrium. The dependence of the product concentration upon the mean
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-gas enthalpy indicates that the efficiency keeps constant, which is apparently

a consequence of the invariability of plasma temperature. .
The theoretical analysis of the problem fully confirms and explains the experi-
mentally observed facts.
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