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Highlights

e Pyrolysis experiments to study formation of Hz to Cz during gas carburizing

conditions.

e CFD simulations characterizing the hydrodynamics of a continuous stirred tank

reactor.
e Comparison of experimental light hydrocarbon formation and that predicted by a

Kinetic model.
Abstract
Low-pressure gas carburizing is used to harden steel, it has been shown to be a source of
considerable PAH (Polycyclic Aromatic Hydrocarbon) pollution. Some PAH, like benzo[a]pyrene,
are carcinogenic, and activities such as furnace maintenance and cleaning operations may thus
represent a risk to workers. Occupational exposure during these operations should therefore be
reduced. Benzene is a specific chemical marker of PAH, and the aim of the study was to understand
its formation. Acetylene pyrolysis was experimentally performed in a jet-stirred-reactor in the
laboratory, in conditions close to those encountered in industrial processes (1173 K and 8 kPa).
Products of pyrolysis were analyzed by gas chromatography (TCD, FID) at the outlet from the
reaction zone. The influence of residence time in the reactor was studied. A detailed Kinetic model
assuming an ideal continuous stirred tank reactor was used to describe the formation of chemical

compounds and validate experimental data. CFD simulations were performed to characterize the
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reactor’s hydrodynamics by applying the theory of the free jet. They allowed putting forward one

explanation to understand the deviation between experiments and the kinetic model.
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1. Introduction

Low-pressure carburizing is performed in a vacuum furnace using hydrocarbon gases at high
temperatures. This heat treatment is used to increase the surface hardness of steel by incorporating
carbon atoms. Chemical reactions at the surface occur between some hydrocarbons, such as
acetylene (Yan et al., 2012; Dai et al., 1999), or free radicals. Atomic carbon is formed and diffuses
within the steel raising the superficial content to between 0.7 and 0.9%wt (Hiep and Kaliaguine,
1973; Iwata, 2005; Dulcy and Gantois, 2007). Hydrogen (or hydrogen radicals) remains blocked in
the pores or is released in the gas phase. Simultaneously, gas phase pyrolysis occurs. As a result, the
by-products to this process include Polycyclic Aromatic Hydrocarbons (PAH), many of which are
carcinogenic substances, such as benzo[a]pyrene (BaP) (IARC, 2012). These by-products condense
as soot or tar mainly in exhaust pipes or cold zones in the reactor (Champmartin et al., 2017).
During maintenance and cleaning operations, workers can be exposed to these substances by

inhalation and skin contact.
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The aim of this study was to understand the pathways through which chemical compounds form to
identify operating conditions improving occupational risk prevention when using the low-pressure
gas carburizing process. This work showed how residence time affects the formation of
hydrocarbon species like benzene, which is a carcinogenic chemical indicator of PAH generation, at

1173 K and 8 kPa (pyrolysis conditions encountered during the carburizing processes).

To study gas pyrolysis, laboratories perform experiments in gas-jet stirred-reactors, JSRs (Matras
and Villermaux, 1973; Rota et al., 1994; Herbinet et al., 2015; Hognona et al., 2018). The main
advantage of this set-up is probably the homogenous interior make-up, thanks to its spherical shape
and its four nozzles, which allows it to be considered to be a perfectly stirred reactor. This
assumption considerably facilitates modeling of JSR. Kinetic models have been developed, and
their results can be compared to experimental data. Our experiments were carried out with the JSR
and results obtained with the detailed kinetic model published elsewhere were finally compared to

our experimental results (Bensabath et al., 2016).

However, the ideal flow pattern within the continuous JSR may only be valid for a certain range of
process conditions. If operating conditions — such as temperature, pressure or compounds used — are
changed, the hydrodynamic conditions may be modified (Herbinet and Dayma, 2013; Ayass et al.,
2016). Thus, discrepancies between experimental and model results can be observed due to an

invalid assumption.

Therefore computational fluid dynamics (CFD) simulations were conducted to explain the deviation
between experiments and the kinetic model. The aim was to characterize the reactor’s
hydrodynamics by applying the theory of the free jet (Commenge, et al., 2006; Gavi et al., 2007;

Adeosun and Lawal, 2009; Kanaris and Mouza , 2011; Woldemariam et al., 2016).
2. Materials and methods

2.1. Jet-stirred-reactor characteristics
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The JSR used for the experimental study was composed of a sphere and two pipes (Figure 1). The
sphere is the reactor, which is assumed to be perfectly stirred. The pipes transport acetylene to the
sphere and are used to remove products as quickly as possible to prevent chemical reactions
occurring in the pipes. To reduce the residence time of chemical compounds in the pipes and to
increase their velocity, acetylene and products are displaced through annular spaces. The high
surface/volume ratio is the annular zone allows also the preheating of the reactants up to the reactor
temperature to avoid temperature inhomogeneity (Azay and Come, 1979). Chemical reactions occur
in the sphere where gas is injected from four different directions through nozzles placed as shown in
Figure 2. Hilgers and Boersma (2001) have used numerical simulation to enhance mixing in the jet.
They have combined direct numerical simulation of an incompressible jet flow with stochastic
optimization procedures. They found that a combined axial and helical actuation is much more
efficient with respect to jet mixing than a helical actuation alone. This work confirms the particular

shape of the four nozzles separated by a 90° angle.

The body of the JSR is made of quartz to allow its use at 1173 K. To study the carburizing process,
a quartz support was made to place a piece of iron inside the reactor. Carburizing of this piece will
not be discussed in this article, but the presence of the support can affect the reactor’s

hydrodynamics.

support

A
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furnace
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Figure 1: Picture of JSR in a furnace with its four nozzles, a support to place a piece of iron and two
pipes with an annular space for inlet and outlet gas— quartz parts made by VERAL, Colombes,

France (Matras and Villermaux, 1973)

58

10

1200

Figure 2: Diagram of a JSR fitted with a support for placement of an iron piece to be carburized -
Four nozzles separated by a 90° angle — outlet nozzle diameter is close to dnozze=300um,

Vspherex100 ML, Snozz1e=0.07 mm? (Matras and Villermaux, 1973)

The hydrodynamics of the JSR have been studied at room temperature, atmospheric pressure and
with air or argon (Herbinet and Dayma, 2013; Ayass et al., 2016). Three hydrodynamic conditions
must be considered to allow it to be considered like a perfectly stirred reactor (David and Matras,

1975; Hinze and Van der Hegge Zijnen, 1949).

(1) The jet at the nozzle exit must be turbulent. As a result, there is a lower limit for the Reynolds
number (Eqg. 1, Figure 3):

4pAR®

Re e = 6.d7tan B @)
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which will satisfy the following inequality:

AR®p
dzu

> 230 ()

(2) The four jets from the nozzles must mix all the fluid within the sphere. This requirement is

expressed as a condition relating to the recycling rate, and produces the following inequality:

? >19 (3)

(3) The gas velocity at the outlet of nozzles must remain below the speed of sound, which depends

onTandP.

EE = Csound(T’ P) (4)

The A parameter is a dimensionless constant influenced by T and P, it can be experimentally
determined by applying the theory of the free jet (Hinze and Van der Hegge Zijnen, 1949). This
parameter characterizes the distribution of gas velocity along the axis of the jet exiting a nozzle as a
function of the distance to the nozzle outlet and the nozzle diameter required for good recirculation

(Figure 3). The jet is assumed to be free if the criterion in (Eq. 5) is satisfied:

4
2—”’OR2 >7107" (5)
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Figure 3: Diagram of the gas cone at the nozzle outlet representing the hypothesis of the free jet

(Hinze and Van der Hegge Zijnen, 1949)
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Hinze and Van der Hegge Zijnen (1949) experimentally determined Eqg. 6 at 293 K, 101.3 kPa

under air:
Ux _ 6.39( d ] ©6)
Ug x+0.6d

This condition can be simplified if the opening angle of the jet is 22° and x>10d (Eq. 7) (Bush,

1969).
Ux _ 6.39(9j @)
UO X

Integration of the gas velocity over the section gives the volume flow rate and produces the

following equation (Eq.8) (Matras and Villermaux, 1973):

% - A[gj with A=0.3 at 293K, 101.3 kPa under air )
0

Thus, depending on T and P, the A and c_, 4 parameters vary, and consequently change the three

operating conditions (Herbinet and Dayma, 2013; Ayass et al., 2016). Because pyrolysis reactions
occur at high temperature, at low-pressure and in the absence of air it appears important to
investigate how these parameters influence the three criteria described above. In addition,
experimental hydrodynamic measurements are very difficult to perform in these conditions.
Therefore, CFD simulations were performed to characterize the hydrodynamics of the reactor to

confirm the hypothesis of perfect mixing at high temperature and under vacuum pressure.
2.2. Experimental set-up

Acetylene pyrolysis experiments were performed in the experimental set-up shown in figure 4. This
set-up consists of a gas inlet, a reaction chamber, an on-line gas analysis system. Low-pressure (8

kPa) was attained using a rotary vane pump (Edwards E1M18 Atex 3), and controlled thanks to a
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solenoid control valve (MKS 0248A) and absolute pressure transducers (MKS Baratron® 622B).
Gases (acetylene and nitrogen) were contained in gas cylinders (Air Liquide and Air Products®) and
flow rates were adjusted by mass flow controllers (Brooks® SLA 5850S). Nitrogen, as an inert gas,
was used to exclude air, in particular oxygen, from the experimental set-up. A single controller was
sufficient to produce acetylene flow at between 64 NmL.mint and 225 NmL.min* to allow the
study of the influence of the residence time (between 1.75 s and 0.5 s, respectively) for the gas. The
reactor was positioned horizontally, with the sphere centered, in a tubular three-area furnace
(Carbolite® HZS 12/600). Rigid Inox® pipes were connected to quartz parts using flexible

connectors from Swagelok®, Neyco® and Oerlikon Leybold Vacuum.

Vacuum

@ @ “‘ pumps

C,H, ﬁ)ﬁ)
ol [ T g

Furnace

Figure 4: Experimental set-up (--------- heating flex; 77777 insulation; T: temperature sensor; P:
pressure sensor; FRC: mass flow controller) - Products were analyzed on-line by gas
chromatography thanks to a vacuum pump, two sampling loops and five column (see supplementary

data)

Products were analyzed on-line by gas chromatography (PerkinElmer, Clarus 580 GC, adapted by
Antelia; described in supplementary information). The GC was fitted with two sampling loops
(Bensabath, 2017). The two loops fill simultaneously during gas sampling which was performed
under vacuum by means of a pump located downstream of the GC. The first loop and column are
connected to a thermal conductivity detector (TCD) to quantified hydrogen. The second circuit

leads to a flame ionization detector (FID) to quantified hydrocarbons up to toluene. Before analysis,
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a nitrogen plug-flow compression system was used to adjust the pressure in the sampling loops to
1.1 bar. The aim of this operation was to ensure that the amount of material in the loops was the
same for all analyses, whatever the operating conditions applied. The volume and temperature of
the loops were maintained constant. At the beginning of analysis, the gas was simultaneously sent
into two parallel circuits. Hydrogen is quantified by the TCD whereas the FID allows the speciation
of methane, ethylene, acetylene, 1,3-butadiene, propyne, vinylacetylene, benzene and toluene. The

accuracy of analyzes is evaluated at 10% for the reactant and at 15% for minor species.

2.3. Degree of thermal homogeneity of the reactor.

To perform CFD simulation and to avoid using the energy equation, the degree of thermal
homogeneity of the reactor was studied to assess the isothermal assumption. In order to ensure that
these temperature measurements have been carried out to determine the gap between the set point
temperature of the furnace (three temperatures) and the reactor (and the two pipes) temperature,
figures 5 and 6 respectively. The K type thermocouple technology is used because it accuracy at
high temperatures close to 1173 K is better than a Pt100. The sensor is connected to the
ALHBORN® precision measuring instrument. The gap between the set point temperature around
1173 K and the reactor (sphere and two pipes) is below 1% thanks to two other electrical resistances
placed on both ends of the furnace to prevent heat losses. Therefore calculations and experiments
supposed that on the one hand the JSR is isotherm and the other it temperature is equal to the set

point temperature of the furnace.
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Figure 5: Longitudinal temperature furnace profile at different set point temperature - The gap is
below 1%.
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Figure 6: Several temperatures into the JSR (in the middle of four nozzles) according to set point
temperature furnace — The gap is below 0.9%.

2.4. CFD simulations

CFD has emerged as an effective tool for predicting flow behavior in various applications such as
chemical reactors for combustion or pyrolysis. Here, only the reactor’s hydrodynamic behavior was
investigated. The reactor was designed. The temperature and absolute pressure applied were those
measured during pyrolysis experiments and used to produce the kinetic model (Bensabath et al.,
2016). A 3D model of the JSR was simulated using a commercial CFD code. All theoretical

simulations were performed using the Workbench® software package; Design Modeler, Meshing
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and Fluent® were used to perform calculations based on the finite-volume method (Patankar, 1980).
The RNG-k-¢ turbulence model was used in the computational model to take the turbulent flow into
account (Yakhot et al., 1992).

The RNG-k-¢ turbulence model was used in the computational model to take both laminar and
turbulent flow into account (Gil and Mocek, 2012; Patankar, 1980). The choice of RNG-k-¢
turbulence model depends on considerations such as the computational effort (the calculation time)
and the physics in the flow. Indeed RNG-k-¢ model tends to take 10-15% more calculation time
than the standard k-¢ model but it allows taking into account the turbulent viscosity while k-& model
is known to be used mostly to treat diffusivity phenomenal (Ansys, 2017). The RSM model is more
appropriate because it uses a coupling between the Reynolds stresses and the mean flow. However
it requires more calculation time than RNG-k-g¢ model (40%). Therefore RNG-k-¢ model was
chosen. Furthermore the “Enhanced Wall Treatment” was employed with the RNG-k-& model with

the intention of increasing the accurate results near nozzles and near-wall region.

A design of the gas volume considered for the calculations is presented in Figure 7.

Figure 7: Design and mesh of the JSR produced using Design Modeler and Meshing software
(ANSYS®) - total elements: 107 - pipes were composed of 10° hexahedral mesh elements - the
sphere structured grid was made-up of 10° tetrahedral mesh elements - ~100 mesh units for the

outlet of nozzles’s section - small mesh size of the four nozzles structure
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Simulations were performed at steady state regime to investigate Hinze and Van der Hegge Zijnen’s
hydrodynamic conditions (1949). As the computational time was sometimes very long, and for
convenience, the inlet and outlet pipe were shortened. In addition to reducing computation times,
these modifications to the geometry allow the hydrodynamics to be studied in the sphere alone.
Simulations were performed for gas nitrogen of constant density (incompressible fluid assumption),
under isothermal conditions and with negligible gravity. The influence of P and T on the dynamic
viscosity and density of the fluid was considered when operating conditions were changed.
Equations of continuity and momentum conservation balance were used and are listed below (Bird
et al., 1960).

The equation of continuity is given by:

2L ——p(va) (©)

The Navier-Stokes’s simplified equation was used:

p% =—VP—pla-V)i+ v (10)

To solve these equations, the boundary conditions assume no slip and no heat transfer through the
walls between the inside and the outside of the reactor. The temperature was kept constant on the
wall of the jet nozzles inside the sphere. The gas velocity was specified at the entrance to the reactor
and the outlet pressure was set at the process pressure. The mesh of the reactor volume was
composed of 107 elements. Three connected regions were created: the inlet tube, the sphere with the
four jet nozzles and the outlet tube. These regions corresponded to a combination of tetrahedral and
hexahedral meshes. The grids for the inlet and outlet tubes were composed of 10° hexahedral mesh
elements. In the sphere, the structured grid was made-up of 10° tetrahedral mesh elements. A very
small mesh size must be used close to the jet nozzle to obtain accurate results, but cells must be
large enough to limit their number near the wall of the sphere. Therefore, a gradient of mesh size

was used.
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To examine the grid independency, the mean gas velocity was determined in different regions in the
reactor at steady state for a number of grid resolutions. CFD results obtained with the use of fine
and medium grids were almost identical. Therefore, the calculation time was reduced by using the
medium grid. However, a fine mesh was still used close to jet nozzles, with 105 mesh units for the

nozzle section (0.07 mm?).

4. Results and discussion
4.1. Experimental results vs. kinetic model

Experimental results were compared to those obtained by applying a detailed kinetic model
(Bensabath et al., 2016). This model was developed to describe the formation of chemical
compounds such as benzene, toluene and PAH during pyrolysis of light hydrocarbons in gas
carburizing conditions, i.e., at low-pressure and high temperature. The model was validated against
experimental data from the literature (Norinaga et al., 2006).

Light species quantified during pyrolysis of pure acetylene and kinetic simulations are presented in
Figure 8. Graphs show how the molar fractions change as a function of the residence time in the
reactor for acetylene, hydrogen, methane, ethylene, propyne, vinylacetylene, 1,3-butadiene, benzene
and toluene. Acetylene predominated in all cases because it was never completely converted.
Hydrogen was produced in large amount because PAH formation leads to an increase of the C/H
ratio by producing heavy products with concomitant Hz release. Methane, ethylene, vinylacetylene
and benzene were also formed in important amounts. The decrease in acetylene and vinylacetylene
concentrations with residence time can be explained by their consumption due to the HACA
mechanism (Bensabath et al., 2016; Norinaga et al., 2006, 2009; Sanchez et al., 2012). A trend for
increasing molar fractions for hydrogen, methane, ethylene and benzene with residence time was
also observed. Nevertheless, it appears that species reach a maximum (except for hydrogen methane

and ethylene) at long residence times (above 1 s for some species).
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Good agreement was observed between these experimental results and the results produced by the
model. Particularly good agreement was obtained for acetylene, ethylene and benzene. In contrast,
although similar orders of magnitude were recorded for the molar fractions of hydrogen, methane
and vinylacetylene, a difference between experimental results and those produced by the model was
noted. Thus, although the models of the literature represent quite well the experimental data, they
require more investigations to explain, in particular, the evolution of the concentration of the

methane obtained from unsaturated hydrocarbons.
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Bensabath et al., 2016) — T=1173 K, P=8 kPa - A trend for increasing molar fractions was observed
when the molecular weight increases — the gap between experiments and kinetic model may be due

to the perfect stirred reactor assumption used in the model (84.2.).

4.2. The three criteria for perfect mixing

Conditions of ideal mixing in the reactor where the reactor is considered to display turbulent flow
near the nozzle outlet, with a sufficient recycling rate and a jet velocity lower than the speed of
sound were studied by CFD simulations. These studies showed the influence of temperature and
pressure on the reactor’s hydrodynamic behavior. Several residence times were tested. A
temperature of 273 K and pressure of 101.3 kPa were used to validate CFD simulations against
Hinze’s experimental data, whereas 1173 K and 8 kPa were used to simulate the conditions

prevailing during pyrolysis.
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Figure 9: Gas flow rate distribution along the axis of the jet — theoretical linear curve (Eq. 8)
corresponds uses a coefficient of 0.3 — good agreement with theory at 101.3 kPa and 273 K (Hinze,

and Van der Hegge Zijnen, 1949) but deviation observed at 8 kPa and 1 173 K

1(5) 0.6 0.8 1 [ 12|14 |16 | 18

A(-) at 273 K and 101.3 kPa | Unozzle>Csound | Unozzle>Csound | 0.39 | 0.39 | 0.38 | 0.37 | 0.38

A (-) at 1173 K and 8 kPa 0.17 0.18 0.1910.24 1 0.26 | 0.25 | 0.23

Table 1: Value of the A parameter calculated by CFD simulation in two operating conditions

according the residence time, t (s): (i)273 K and 101.3 kPa; (ii)1173 K and 8 kPa

The volume flow rate, Qx, was calculated through the section of the cone (Figure 3) at distance x for
all simulations. Figure 9 shows an example of the distribution of the volume flow rate for the gas

from the jet is shown as a function of distance from the nozzle. The theoretical linear curve
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corresponds to the resolution of equation 8 applying a coefficient of 0.3. Simulations corresponded
quite well with theoretical calculations at 101.3 kPa and 273 K, although slight deviation remains
visible, probably due to the accuracy of computation and the approximation applied during
linearization of equation 4. Indeed, at 273 K and 101.3 kPa, the mean for the A parameter is 0.38
(Table 1). The difference between this result and experimental data is 20%, but the standard
deviation calculated under various hydrodynamic conditions is less than 1% (Matras and
Villermaux, 1973; Hinze, and Van der Hegge Zijnen, 1949). Simulations performed at 273 K and
101.3 kPa thus adequately corroborate experiments for the residence times studied, and the

simulations are therefore validated.

However, when applying conditions combining a vacuum (8 kPa) and a high temperature (1173 K),
the difference between simulations and experimental data increased to 28%, and the deviation
increased to 4% (Table 1). As a result, pressure and temperature affect the A parameter; indeed,
several reports indicated that the value of the A parameter increases with temperature and decreases
with pressure (Matras and Villermaux, 1973; David and Matras, 1975). This influence explains the

disparities recorded here.

These A parameter values can be used to determine whether the geometric characteristics of our

JSR ensure accurate operation of the device.

Figure 10 shows how the nozzle diameter would need to change depending on the reactor’s radius
to achieve a residence time of 1.8s in order to fulfill criteria under different pressures and
temperatures. The straight lines indicate that the three criteria reach a uniform gas phase
composition corresponding to the free jet condition. Free jet theory can thus be used because the
condition (Eq. 5) is satisfied (Liepmann and Laufer, 1947). A JSR is ideal if its operating conditions
and its geometrical characteristics place it in the gray zone. This is the case for our reactor when
operating at 273 K and 101.3 kPa. A similar result was found for a range of residence times,

confirming that this JSR can be used in these operating conditions (David and Matras, 1975).
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Figure 10: Ideal reactor operating area (gray region) defined by the three criteria (Egs. 2-4) and the
free jet condition (Eg. 5) (Liepmann and Laufer, 1947) — results of CFD simulation with air for
t=1.8sat 1173 K, 8 kPa and 273 K, 101.3 kPa - X our reactor — no ideal reactor area found for
carburizing operations (vacuum pyrolysis) —validation of CFD calculation at 273 K, 101.3 kPa

thanks to the literature (Matras and Villermaux, 1973)

However, no ideal reactor operating could be found at 1173 K and 8 kPa. In these conditions,
despite good mixing of the gas phase (the cross characterizing our JSR falls below the curve
representing the recycling criterion) and a gas velocity at the nozzle outlet exceeding the speed of

sound is required, the calculation therefore indicated a turbulence criterion in the linear equation
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which is incompatible with a turbulent jet from the nozzle. The suggested value of the jet Reynolds
number (Eq.1) must be close to 800 (Matras and Villermaux, 1973). For a residence time of 1.8 s,
under pyrolysis conditions and at 101.3 kPa/273 K, it is equal to 18 and 3 358, respectively. At
8 kPa and 1 173 K, this value is close to 40 when the velocity reaches the speed of sound (t=0.6 s),

but remains well below the recommended Reynolds number.

The residence time decreases with increasing gas velocity at the outlet of the nozzle. The gas flow
tends increasingly toward turbulence, and the gas velocity nears the upper limit. In pyrolysis
conditions, the evolution of the three criteria with a residence time between 0.6s and 1.8s is
illustrated in Figure 11. Whatever the residence time used in our experiments, internal mixing was
never turbulent. Naturally, decreasing the residence time could allow turbulent mixing to be
achieved. Nevertheless, a substantial increase in gas velocity at the nozzle outlet would be required,

and consequently the speed of sound criterion would not be met.
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Figure 11: The three criteria (Eqgs. 2-4) defined by results of CFD simulation with air for different
residence times (Table 1) at 1 173 K, 8 kPa - X our reactor - whatever the residence time no ideal

area found for our JSR

However molecular diffusion is greatly enhanced at low pressure and, consequently, the axial
dispersion within nozzles (Bird et al., 1960; Levenspiel, 1962). Therefore the assumption that the

flow should necessarily be turbulent is not needed to achieve a Perfect Stirred Reactor condition.

4.3. The effects of the molecular diffusion and the diffusivity coefficient
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In one of the four nozzles supposed to be a pipe, the axial dispersion, D, can be written by the sum
of the two effects: dispersion by diffusion (<@) and dispersion by convection (u®d?/192<%)
(Taylor, 1953, 1954; Aris, 1953; Levenspiel, 1962) (Eq. 11).

ud?

11
1929 (1)

D=9+

The diffusivity coefficient, <2, at low pressure can be estimated thanks to the equation 12 (Bird et

al., 1960).
b
P T 12
c ¢ V3[+c ¢ PA2 1 1 \/chszT'\?z
(PCZHZPNz)L/ (TCZHZTNZT M + M
CyH, N,

in which P® and T °are the critical pressure (atm) and temperature (K), respectively. For non-polar
gas-pairs, the values of the constants a and b are following (Bird et al., 1960):

a=2.748 10*

b=1.823

Figure 12 shows the evolution of the diffusivity coefficient of acetylene in nitrogen as a function of
the pressure. It is equal to 0.23 cm%s and 35.53 cm?s at 101.3 kPa-273 K (#) and 8 kPa-1173K
(%) respectively. The ratio between two operating conditions is close to 157 and shows the

significant increase of the diffusivity when the pressure decreases.
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Figure 12: Estimation of acetylene diffusivity at low pressures in nitrogen thanks to the kinetic
theory (Bird et al., 1960) — T=293 K and 1173 K — Comparison between two operating conditions,

293 K - 101.3 kPa (%) and 1 173 K - 8kPa (%)
This relationship 12 can be written as following (Eqg. 13):

D_©, u
ud ud 1925

(13)

In our case, values of ud/<@ which is the product of the Reynolds and Schmidt numbers (Egs. 14,

15) are very low (Table 2).

Renozzle>< SC = pUd X% g (14)
“op
Sc= p% (15)
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This factor ranges between 14 and 43 (Table 2). It is due to on the one hand the low value of the
Reynolds number (in these operating conditions the gas flow is laminar) calculated in one of four

nozzles supposed to be a pipe and the other the high value of molecular diffusion.

7 (3) u (m/s) Renozzte (EQ. 14) Sc (Eq. 15) Re, o< SC
1.8 (max value) 173 23 0.61 14
0.6 (min value) 510 71 0.61 43

Table 2: Experimental values of Reynolds and Schmidt number for minimum et maximum
residence time — T=1 173 K and P=8 kPa - p, ;e =0.0213 kg/m® calculated thanks to the ideal gas
equation - u, the gas velocity (173<u (m/s)<510) — d, the nozzle diameter (300 zm) - u, the

acetylene dynamic viscosity equal to 4.63 10° Pa.s at 1 173 K and 8 kPa.

Figure 13 shows D/ud plotted againstRe, ,,..x SC, representing relation 303. The figure 302 can be

divided into two sections by the black line which corresponds to the minimum of the dispersion

number (D/ud) obtained for Re,_,,..xSc close to 15.

nozzle

1. Above Re,,,,.xSc =15, the axial dispersion is large and hence the flow is mixed thanks to
the convection.

2. Close to Re,,,xSc=15, The axial dispersion is negligible and the mixing is low (plug

flow regime).

3. Below Re,,,xSc=15, the axial dispersion can be large thanks to the high value of
molecular diffusion.

The figure 13 shows that our operating conditions (gray zone) are close to the minimum of

dispersion number. Indeed, despite the high value of the molecular diffusion which has a strongly

effect on the rate of axial dispersion in laminar flow, the convection is not sufficiently important to

neglect it (Levenspiel, 1962).
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Figure 13: Axial dispersion in a pipe (Levenspiel, 1962) — the vertical black line is the limit
between the dispersion by diffusion and by convection — the gray zone indicates the operating zone

of our JSR.

In spite of the high value of <@, which is inversely proportional to the pressure and increases with
increasing temperature it is not sufficient to offset the low value of Reynolds number mainly due to
the low gas density. Hence in the four nozzles the axial dispersion is negligible and the
hydrodynamic regime can be supposed to be plug flow. These calculations allow understanding
both the lack of turbulence in four nozzles and the too low value of diffusivity to reach a perfect

mixing in the sphere.
4. Conclusions
Acetylene pyrolysis was studied (experiments and modeling thanks to a detailed kinetic model) in

conditions close to those encountered in low-pressure gas carburizing furnaces, at 1173 K, 8 kPa
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and under pure acetylene. Experiments were performed in a spherical quartz continuous gas-jet
reactor, the hydrodynamics of which were investigated using CFD simulations. In particular,
variations in the hydrodynamic conditions depending on T and P were examined, assuming a
perfectly mixed. The aim was to discuss the flow model used in the Chemkin® software (perfectly

stirred reactor) to model the pyrolysis reaction was based on appropriate assumptions.

At the outlet from the reaction zone, light pyrolysis products (<C7) were analyzed on-line by gas
chromatography (thermal conductivity detector (TCD) and flame ionization detector (FID)).
Influence of residence time (between 0.5 and 1.75 s) on the amounts of various chemical
compounds was studied, and the model agreed well with experimental data for the reactant and the
main products. However, some differences are observed for heavier products. These differences
depend on several parameters such as analysis method or the difference between ideal
hydrodynamic conditions and the experimental conditions in the JSR used. The assumptions made

on the hydrodynamics of the reactor partly explain the discrepancies recorded.

Indeed the hydrodynamic CFD simulations appeared to indicate a lack of turbulence within the
reactor; turbulence is essential for the perfectly stirred reactor assumption. This finding may be due
to the recommended value of the Reynolds number, which is not suitable for low pressure
conditions. Otherwise in spite of the high value of acetylene molecular diffusion, which is inversely
proportional to the pressure and increases with increasing temperature it is not sufficient to offset

the low value of Reynolds number.

The reactor may then be not really a perfectly stirred reactor. Despite these limitations, this
assumption was used to simulate experimental results. The shift of the reactor from ideality may
change results slightly but trends and orders of magnitude remain comparable. Further investigation
will allow in the future to characterize the actual reactor and to simulate the flow more accurately.
The presence of dead zones or short circuits which must be studied by determining Residence Time

Distribution. In parallel, the influence of temperature and pressure on the A parameter will be
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investigated. The nature of the gas used, such as acetylene, will have little impact on the value of

the A parameter as its density, viscosity and molar mass are very similar to those of air.

The model must be improved: some reaction pathways are still missing or wrongly evaluated, and
hydrodynamic conditions need to be taken into account. To decrease occupational risk for workers
exposed to by-products of carburization, further experiments are planned, with an iron piece placed
in the reactor. These experiments will allow us to investigate the influence of surface reactions on

the generation of gaseous compounds like benzene.

In the future, the kinetic model developed by Bensabath et al., 2016 and implemented in Chemkin®
Software for PAH formation during acetylene pyrolysis will be included in the Ansys® Fluent® CFD
code. Other aspects will also be studied with CFD, such as the influence of geometric furnace

parameters on the generation of benzene, PAHs or soot (Violi et al., 1999; Kuwana et al., 2006).
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Nomenclature

a, b constants for Eg. 12 (Bird et al., 1960) )
A adimensionnal parameter )
Csound speed of sound m/s
d diameter of a nozzle in the JSR m

D diffusivity coefficient m?/s
Q) molecular diffusion m?/s
Kk Kinetic energy J

P pressure Pa
pe critical pressure Pa
Q volume flow rate from the outlet of a nozzle m3/s
R radius of the sphere (JSR) m
Re Reynolds number )
Shozzle outlet of nozzle’s section m?
Sc Schmidt number )

t time (s)
T temperature K
T® critical temperature K
Uo velocity of the gas at the outlet of a nozzle in the JSR m/s
Ux axial velocity of the gas at x-distance from the outlet of nozzle in the JSRm/s
u velocity vector m/s
\Y; volume of the JSR m3
X axial distance from a nozzle in the JSR m

Greek letters
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B angle of the cone formed by the jet )

€ dissipation energy J

u dynamic viscosity of the gas Pa.s
) density of the gas kg/m?®
T residence time of the gas in the JSR S
Acronyms

CFD computational fluid dynamics

BaP benzo[a]pyrene

FID flame ionization detector

FRC flow rate controller

GC gas chromatograph

IARC International Agency for Research on Cancer

JSR Jet-Stirred-Reactor

PAH Polycyclic Aromatic Hydrocarbon

RNG Re-Normalization Group methods developed by Yakhot et al., 1992
TCD thermal conductivity detector
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