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a b s t r a c t

A flow reactor with the reactants heated by continuous CO2laser radiation is proposed for studying the gas
phase homogeneous reactions. Ethane pyrolysis yielding ethylene is considered as an example of such
chemical process. For this process, a mode of ‘energetic catalysis’ is feasible, where increasing energy
absorption in the volume is related with the increased content of target product. The mode of ‘energetic
catalysis’ was implemented at transformation of laser energy into thermal power using the sensitiza-
tion properties of ethylene. In the pyrolysis reaction zone, temperature measurements were made for
a gas mixture in the laser radiation field with a power density up to 102 W/cm2. The walls and win-
dows were isolated from the high-temperature zone by argon feeding and configuration of the reactor.
Three-dimensional calculation of the gas-dynamic reactants flows and their mixing made with the FLU-
Radiation
ENT software package showed the presence of the modes where reaction zone with a high content of C2

hydrocarbons is localized in the center of reactor, which was confirmed by experiments. High values of
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. Introduction

Endothermic chemical processes are carried out in the reac-
ors with energy input to the reaction zone. Such reactors are
istinguished by the energy source, which can be represented by
lectric arc [1–4], heat from combustion of a part of feedstock with
xygen in reactor [5], cyclic heating of catalyst [6], inert gas at
high-temperature [7], or reactor tubes [8,9]. A wide variety of

he heating methods and endothermic chemical processes implies
pecial-purpose designs of chemical reactors: turbulent flow reac-
ors, reactors with shock waves in a tube, and plasma reactors
10–14].

The above-listed reactors are used to run the endothermic chem-
cal processes like cracking and pyrolysis of hydrocarbons. However,
he efficient use of delivered energy still remains a topical problem.
or instance, when acetylene is obtained from methane by elec-
ric arc heating, only 30% of supplied energy can be put into the

nergy of bond cleavage and formation of new chemicals bond. In
his process, high rates of energy input provide fast heating of the
eactants, which leads to a temperature gradient in the reaction
one up to 100–200 K/mm. However, in this case, spatial hetero-
eneity of the medium is observed, which decreases the selectivity
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for target products due to a pronounced temperature dependence
of chemical reaction constants.

Another problem is related with optimization of reactants resi-
dence time in the reaction zone to prevent the involvement of target
products in secondary reactions. Thus, thermal dehydrogenation of
C2–C4hydrocarbons yielding ethylene and propylene is character-
ized by high reactivity of these products at the temperatures of
pyrolysis. This imposes specific constraints on the reactor design.

The use of laser radiation for heating the reaction medium makes
possible the direct input of energy to the gas with the power den-
sity of 102 W/cm2, which exceeds by one and a half—two orders
of magnitude the values attained in reactors with metal walls.
This circumstance allows decreasing the time of reactants’ pyrol-
ysis to milliseconds. Possibility of using laser energy as a powerful
energy source for the chemical reactors gives impact to the scien-
tists for studying endothermal chemical processing. There are many
different trends initiated in gas-core reactions studying [15–30],
preparation of catalysts [20], polymer films synthesis [22], heat-
and-mass transfer, interaction between laser radiation and gas
medium, effect of laser radiation energy on chemical reactions equi-
librium [24–28] during 70–80 years of twenties century. At the
power density below 105 to 106 W/cm2, energy absorption and
reaction occurrence at atmospheric and higher pressures follow

the thermal mechanism [29]. A necessary condition for application
of laser radiation is that the reaction medium comprises a com-
ponent which absorption spectrum contains the bands coinciding
with the region of laser generation. In this case, the absorbed energy
of laser radiation is transmitted at collisional relaxation to the reac-
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ig. 1. Schematic diagram of the wall-less reactor for ethane pyrolysis. 1. CO2 laser un
eter LM-2 unit. 6. Diffusing window (NaCl). 7. InfraLUM FT-801 Fourier transform sp
ixture input. 8-6, 8—Closed plugs. 9. Radiation power meter TI-3 unit. 10. Chrom
anometers. 13. Forevacuum pump unit. 14. CO2 laser energy absorber. 15. Al mirro

ion medium, thus heating it. When studying the process kinetics,
t is important to provide the gas-phase occurrence of the reac-
ions. A necessary thermal insulation of the reaction zone can be
rovided by buffer gas supercharging at the sites of laser radiation

nput and by a relatively cold mixture of reactants in the rest near-
all region of convectively cooled reactor. For cylindrical geometry,

uch mode can be implemented via a smaller section of laser beam
s compared to reactor section.

This work presents results of the study of a flow reactor with
aser input of energy for endothermic reactions exemplified by
thane pyrolysis. The reactions were conducted under homoge-
eous conditions at atmospheric pressure in the reactor with the
eaction mixture components heated by the laser energy flux deliv-
red directly into the gas. Ethylene, being among the main reaction
roducts, served as the laser energy absorber. This created the mode
f ‘energetic catalysis’. Here, increasing energy absorption in the
olume is related with the increased content of the reaction prod-
ct.

Pilot prototype of the reactor was tested with using of FLUENT
oftware package. There was different tests with geometry modifi-
ations and different mass flow rates of reactants.

. Experimental

.1. Experimental procedure

Fig. 1 shows a general scheme of experimental setup for the
tudy of pyrolysis of C2–C3 hydrocarbons with temperature mea-
urements. A continuous CO2 laser with the maximum power W0 =
30 W (1) was used as the energy source. The radiating power was
ontrolled using a clarified ZnSe plate (4) and an LM-2 power meter
5) with the time resolution 2.5 s. A part of radiation was tapped by
GaAs plate (4) and through a diffusing NaCl plate (6) was directed

o the inlet of InfraLUM FT-801 Fourier transform spectrometer (7)

hat allows recording the lasing spectrum with 0.5 cm−1 resolution
t characteristic time of nearby 10 s. Diameter of the wave beam at
he reactor inlet was 12 mm.

Using a system of copper mirrors (2), laser radiation was deliv-
red into reactor (3) at a small angle to longitudinal axis through the
irrors of the optical route. 3. Reactor. 4. Optical windows (ZnSe). 5. Radiation power
meter unit. 8-1, 4, 5, 9—Ar inputs. 8-2, 3—Gas mixture output. 8-7—Ethane–ethylene
phs Crystal 2000M and LHM-80MD units. 11. UFGP-4 gas flow former. 12. Vacuum
e reactor. 16. Diaphragms.

clarified ZnSe plate. At the second face of the reactor, an Al mirror
(9) was mounted to direct the transmitted radiation back into reac-
tor. The part of radiation unabsorbed in reactor was sent through a
dividing KCl plate to a TI-3 power meter (9) with the time resolu-
tion of 10 s and recording range of 0.1–100 W. Chemical analysis of
the initial mixture of gases and reaction products for the content of
C1–C4 hydrocarbons and H2 was made chromatographically. Sam-
pling was performed with a syringe at the reactor outlet and, in the
absence of radiation, through the reactor channels (8-1/9) at any
point of the chamber volume.

A four-channel UFGP-4 flow former (11) was used to mix the
initial gases and specify their flow rate through the reactor. Gas
pressure at the reactor inlet and outlet was controlled by indicating
vacuum manometers (12). Reaction products were removed by a
2NVR-0.1D vacuum pump (13), with the outlet pressure maintained
at 0.95 atm. Pressure of the gas mixture at the reactor inlet was
1 atm.

2.2. Reactor design and temperature diagnostics

A schematic diagram of reactor indicating the temperature
gauges layout is displayed in Fig. 1. Reactor is made of a quartz
tube with the inner diameter 20 mm and length 70 mm. Four inlets
(8-1, 4, 5, 9) were used for Ar feeding into reactor to protect opti-
cal parts and decrease the effective length of the reaction zone. For
the same purpose, stainless steel diaphragms (16) with straight-
through diameter 12.5 mm were mounted in the chamber. The
ethane–ethylene mixture was fed into reactor via inlet (8-7) in the
central section. Four inlets (8-2, 3, 6, 8) symmetric about the central
axis were used to remove a mixture of reaction products with argon.
In the same section, with a 90 ◦shift, temperature gauges (17) were
placed: a heat-insulated Mo plate 50 �m in thickness and 2.5 mm
in diameter—for pyrometric measurements, or a spiral thermistor
made of copper wire 70 �m thick, with coil diameter 3 mm and

0.4 �impedance. The axis of six-turn copper spiral and the plane of
molybdenum gauge are oriented along the laser beam axis. In the
same section with the gauges, a thermocouple is mounted in the
chamber to measure the gas temperature at a distance of 0.5–1 mm
from the lateral wall of reactor.
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To measure the brightness temperature and calculate the abso-
ute temperature, we used an EOP-66 optical pyrometer with
ffective wavelength 0.655 �m. The operating temperature range of
yrometer was 800–10,000 ◦C. The total rated measurement error
or the luminance temperature in sub-range 800–1400 ◦ C did not
xceed ±8 ◦C. A correction for determination of the absolute (true)
emperature related with the value of spectral radiative ability
f Mo in the temperature range 800–1000 ◦C, ε ≈ 0.4, was equal
o +(45–60) ◦C. Irradiation of the pyrometric gauge was recorded
hrough the quartz wall of reactor using a rotary mirror at a distance
f nearby 2 m.

There are several reasons for choosing the copper thermistor
or temperature measurements. First, the temperatures under con-
ideration range from 300 to 1000 ◦C. Second, thermistor should
ot affect the processes in reactor. Third, the thermistor material
hould be resistant to CO2 laser radiation with power density up to
00 W/cm2 and have a low level of radiation absorption. It is nec-
ssary also to provide time resolution of ca. 1 s and the possibility
f operation with standard measuring equipment.

.3. The mathematical model

The mixing of gas flows in the 3D reactor geometry was calcu-
ated with the FLUENT program package [30]. For all flows, FLUENT
olves conservation equations for mass and momentum. The equa-
ion for conservation of mass, or continuity equation, can be written
s follows:

∂�

∂t
+ ∇ · (�−→v ) = Sm (1)

q. (1) is the general form of the mass conservation equation and is
alid for incompressible as well as compressible flows. The source
m is the mass added to the continuous phase from the dispersed
econd phase and any user-defined sources.

Conservation of momentum in an inertial (non-accelerating)
eference frame is described by [31]:

∂

∂t
(�−→v ) + ∇ · (�−→v −→v ) = −∇p + ∇ · (�) + �−→g + −→

F (2)

here p is static pressure, � is is the stress tensor (described below),
nd �−→g and −→

F are the gravitational body force and external body
orces (e.g., that arise from interaction with the dispersed phase),
espectively. −→F also contains other model-dependent source terms
uch as porous-media and user-defined sources. The stress tensor
is given by

= �[(∇−→v + ∇−→v T ) − 2
3

∇ · −→v I]

here � is the molecular viscosity, I is the unit tensor, and the
econd term on the right hand side is the effect of volume dila-
ion. When you choose to solve conservation equations for chemical
pecies, FLUENT predicts the local mass fraction of each species,
i, through the solution of a convection–diffusion equation for the

th species. This conservation equation takes the following general
orm:

∂

∂t
(�Yi) + ∇ · (�−→v Yi) = −∇ · −→

J i + Ri + Si (3)

here Ri is the net rate of production of species i by chemical reac-
ion and Si is the rate of creation by addition from the dispersed
hase plus any user-defined sources. An equation of this form will
e solved for N − 1 species where N is the total number of fluid

hase chemical species present in the system. Since the mass frac-
ion of the species must sum to unity, the N th mass fraction is
etermined as one minus the sum of the N − 1 solved mass frac-
ions. More detailed information about FLUENT solver available in
LUENT documentation at [30]. In our computational experiments
Fig. 2. Distribution of hydrocarbons over the length of reactor in the experiments.
O1 and O2—reactor faces, D—diaphragm boundaries in the reaction zone. Dark
points—experimental data. Hollow points—calculated data obtained with the FLU-
ENT software.

we use laminar flow model because Re number in our calculations
is very small. In flow calculations, we used the ideal gas approxi-
mation and took into account energy transfer, full multicomponent
diffusion of the gas mixture, temperature, viscosity of the mixture
components, and its temperature dependence. Mass flow rates of
gases at the inlets were specified as boundary conditions, with pres-
sure in the reactor volume taken equal to 1 atm. In the numerical
model, geometrical dimensions of reactor corresponded to those of
the pilot sample. There was approx. 20 numerical experiments for
the purpose of finding optimal reactants flow in reactor. The range
of mass flow rate of ethane–ethylene mixture is from 1.05 to 2.2 L/h
with mass fraction of C2H4from 30% to 40%. The range of mass flow
rate of Ar is from 0.6 to 4.75 L/h.

3. Results

3.1. Formation of gas flows in the reactor—measurement and
calculation

In the experiments, total flow rate of argon was set at 3 L/h, and
that of the ethane–ethylene mixture—at 1.7 L/h, with the 30% con-
tent of ethylene. Mixing of the gas flows was studied at 20 ◦ C and
atmospheric pressure. For the reactor with diaphragms, the fraction
of hydrocarbons near the reactor faces was found to be 17%. The
axial distribution of hydrocarbons in reactor in the Ar–C2H6–C2H4
mixture is shown in Fig. 2. Dark points correspond to experimen-
tal measurements. One may see that in the central part of reactor
the fraction of hydrocarbons makes up 60% and far exceeds their
amount near the face walls.

The problem of gas flow mixing was solved numerically using
the FLUENT software package for different modes of gas delivery
and discharge. Flow rates of argon, ethane and ethylene were set
similar to the experiments. For the reactor with diaphragms (16)
and shut-off outlet channels 8-6 and 8, calculation gave the 7% frac-
tion of ethane–ethylene mixture near the reactor faces (Fig. 3). The
gas flow distribution is shown in the steady-state mode 300 s after

the onset of gas feeding. A region with elevated content of hydro-
carbons is located in the center of reactor, the C2H6–C2H4amount
in the region attaining 60% according to this calculation. In Fig. 2,
experimental points of C2hydrocarbons distribution in the reactor
volume are supplemented with the calculated values, which are
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Fig. 3. Distribution of weight fractions of argon in the mixture at 20 ◦ C and atmo-
spheric pressure for the reactor with diaphragms. Calculation was made using the
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Fig. 5. Temperature dependence of ethane conversion. Initial mixture: C2H6—70
vol.%, C2H4—30 vol.%. TR—thermistor measurements. PD—optical pyrometer mea-
surements.
LUENT program. Ethane–ethylene mixture with a 30% content of ethylene was fed
ia the central channel with the total flow rate 1.7 L/h, and argon—via four side inlets
ith flow rate 3 L/h. The distributions corresponds to the steady-state flow obtained

n 300 s.

ndicated by hollow points. As follows from this plot, there is a good
greement between the experiment and numerical modeling data.

Flow behavior was studied numerically at high temperatures,
ith the ethane–ethylene mixture fed at 1050 K and argon at 298
. At that, chemical reactions and heat abstraction to the reac-

or walls were not taken into account. The calculation shows that
eactor faces are insulated by buffer gas from the reaction zone
Fig. 4). Argon, virtually without hydrocarbon mixture, occupies
he region right up to the diaphragm boundaries. For initial mix-
ure in the central zone of reactor, no more than 10% dilution with
rgon was noted. Presumably, such calculation results are caused
y more than a three-fold drop in the density of ethane–ethylene
ixture in the central zone at T = 1050 K, which is necessary to sat-

sfy the P ≈1 atm condition in the reactor volume. In this case, to
etain the mass flow rate of the mixture, flow rate should increase
ccordingly. Note also that at 1050 K viscosity of the reaction mix-
ure approaches the viscosity of cold argon. In real experiments, gas
as heated by radiation in the near-axial region of reactor. As shown

y temperature measurements in the experiments with radiation,
ear-wall temperature of gas in the central zone of reactor did not
xceed 380 K, which excludes the occurrence of reactions on the
urface.

.2. Ethane pyrolysis at atmospheric pressure and temperatures
elow 1000 ◦C

Dehydrogenation of ethane yielding ethylene was performed
ith the initial ethane–ethylene mixture at a 30% content of ethy-

ene. Main products of pyrolysis were C2H4, CH4 and H2. C3H6 and
2H2 accounted for no more than 1 and 4 vol.%, respectively. Power
f continuous CO2 laser was varied over the range of 50–75 W.

Fig. 5 shows the temperature dependence of ethane conversion.
ere, the data obtained with thermistor are denoted as TR, and

◦
ata of pyrometer—as PD. In the region of 600 C, ethane conversion
akes up only several percents and gradually increases to 80% as

he temperature is raised to 850 ◦C.
Changes in the composition of ethane–ethylene mixture with

emperature are presented in Fig. 6, which shows the contents

ig. 4. Distribution of weight fractions of argon in the mixture for the reactor with
iaphragms at atmospheric pressure; temperature of argon 298 K, temperature of
ydrocarbons mixture 1050 K.
Fig. 6. Changes in the reaction mixture composition with temperature.

of ethane, ethylene, methane and hydrogen in the reaction prod-
ucts. Hydrogen and methane appeared at 650 ◦C. In the range of
650–900 ◦C, the H2amount attained 40–45% at temperatures above
830 ◦C. Minute amounts of methane were recorded to the point of
750 ◦C. As the temperature was raised, the fraction of methane in
the reaction products increased, and at 840 ◦ C its content attained
13 vol.%. The ethylene content passes a maximum with the value of
ca. 50 vol.% at 750–780 ◦C.

4. Discussion

The main method of ethylene production is a pyrolysis of oil
distillates or pyrolysis of low paraffin hydrocarbons with water
vapors in pipe furnace at 750–900 ◦ C [32–34]. For example, ethy-
lene yield is 15–25% for the pyrolysis of gas-oil, ethylene production
is going up to 50% for the pyrolysis of light alkanes (ethane, propane,
butane). There are different ways of processing of hydrocarbons
with different organization of catalysts bed [35]. There are many
researches of direct conversion of methane to C2hydrocarbons by
oxidative coupling of methane in progress [36–44]. The ethylene
yield for this mechanism is 25% with methane conversion less
than 20%. The most clean ethylene is made by catalytic dehydra-
tion of ethanol at 400–450 ◦ C [45]. The main description of these
methods is a presence of heterogeneous processes on heated sur-
faces that brings the synthesis of waste products, carburization
of pipes and catalysts surfaces with deactivation of catalysts. Our
method provides process of ethylene production in homogeneous

gas-phase conditions at atmosphere pressure without any dilu-
ents. Products variety was limited by CH3, C2H4, C2H2, C3H6, H2.
There are no heavy organic products were detected on the reactor
walls.
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Experimentally founded that thermal dehydrogenation of
thane under laser radiation can be initiated if the minimum frac-
ion of ethylene in the reaction mixture exceeds 6 vol.%. A lower
ontent of C2H4is insufficient for heating the reactants to pyroly-
is temperatures at radiating power up to 90 W. No provision was
ade in the reactor for thermal insulation of the walls, so the con-

ective heat removal through the walls was essential. Reactants’
onsumption corresponds to the laser radiation power delivered
o reactor and to the contact time [46], which characterizes the
well of reactant in the laser beam field. Experimental measure-
ents and results of numerical modeling demonstrated that near

he reactor faces the content of C2hydrocarbons was 17% and 12%,
espectively. Taking into account the 30% content of ethylene in
he initial ethane–ethylene mixture, C2H4concentration below 6%
s insufficient for heating the mixture near the windows to the tem-
erature of pyrolysis. Thus, in the near-wall region of reactor faces,
onditions at which chemical reactions can proceed are absent. The
emperatures of external surface of reactor faces measured in the
xperiments did not exceed 120 ◦C.

In the central part of reactor, there formed a region of argon–C2
ydrocarbon mixture with predominant content of C2H6–C2H4, its
mount ranging from 45 to 70 vol.%. The highest concentration of C2
ydrocarbons, 70 vol.%, was observed near the inlet of C2H6–C2H4
ixture. As the distance to the inlet channel increased, the frac-

ion of C2 hydrocarbons decreased, its value making up 45 vol.% at
he diaphragm boundaries. This is clearly seen from the calculated

odel (Fig. 3).
The experimental data obtained give a large spread in the con-

ent of C2H6–C2H4 in the Ar–hydrocarbon mixture upon variation
f the sampling depth. For example, a sample taken via channel 7 at
distance of 4 mm in the reactor volume contained more than 70%
f C2 hydrocarbons. When the distance was increased to 15 mm,
he content of C2 hydrocarbons decreased to 45 vol.%. Thus, in the
entral part of reactor, C2H4 content ranged from 15 to 23 vol.%. This
mount of ethylene in the reaction mixture provided heating of the
eactants to 1000 K and higher.

. Conclusion

A flow reactor with laser input of energy providing the homoge-
eous conditions for chemical process occurrence has been devised

or the study of gas-phase reactions. Three-dimensional modeling
f the gas flow mixing was made using the FLUENT program pack-
ge for the reactor with geometrical dimensions corresponding to
he pilot sample. A qualitative agreement between the calculated
nd experimental data was obtained. This confirmed applicabil-
ty of FLUENT for designing of this type reactors. Formation of the
eaction zone in the center of reactor insulated from the chamber
ace walls with the buffer gas was demonstrated experimentally
nd supported by numerical modeling. A decreased temperature
f the near-wall gas mixture indicates that the reaction zone is
nsulated also from other reactor walls. Ethylene was shown to
e an efficient converter of laser energy to heat power at ethane
yrolysis.

Thus, ethane pyrolysis was performed in the mode of ‘ener-
etic catalysis’, where energy absorption for endothermic reaction
ncreased with increasing content of the reaction products. In the
rocess, ethane conversion attained 80% at ethylene yield of 43%.
s ethane conversion decreased to 70%, ethylene yield increased to
6%. Effective laser energy absorption in reaction zone was from
0% to 70% of total laser energy.
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