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In this work, we numerically investigate the impact of flowrate, sparger and reactor geometry on methane
conversion in lab-scale cylindrical pyrolysis reactors embedding molten salts or metals. A multiscale approach
is enforced, where a diffusion-reaction model yielding the conversion vs time within a single rising bubble is
combined with the average residence time of gas bubbles obtained through the two-phase turbulent bubbly
flow model. We find that the relative size of the sparger and the height-to-diameter ratio of the molten medium
are key parameters for controlling the average residence time of the bubbles, which always results lower than
that predicted by the terminal velocity of a single bubble rising in an overall static melt. The highest relative
discrepancy (order 300%) between the single-bubble estimate and the CFD-based residence time is found in the
case of molten salts in low-aspect ratio reactors fed by small spargers. The physical mechanism underpinning
the influence of geometric parameters on the overall conversion is addressed in detail, together with the impact

of two-phase flow effects on the estimation of bubble size in laboratory scale bubble reactors.

1. Introduction

Hydrocarbon pyrolysis offers the most direct route to CO,-free
hydrogen production, yielding what is today termed “turquoise hy-
drogen”. However, hydrocarbon pyrolysis can potentially be used to
produce green hydrogen, if the process is fed with renewable feedstocks
and energy sources, e.g., biomethane and heat from concentrating solar
thermal plants [1-5].

For the simplest hydrocarbon, namely methane, the pyrolysis reac-
tion

CHy =Ci +2Hy,  (AHyeg = 74.9 kJ/mol) ¢3)

is moderately endothermic and determines an overall increment in the
number of moles in the gas phase. From a thermodynamic standpoint
methane pyrolysis is therefore favored at high temperatures and low
pressures. Appreciable values of the equilibrium conversion (of order
few percentage points) can be predicted at atmospheric pressure at
temperatures above 300 °C. At 1000 °C, the equilibrium conversion
is above 85% at 10 atm, and above 90% for pressure values below
5 atm [6]. Nevertheless, kinetic issues do not allow to obtain near-
equilibrium conversions below 1100-1200 °C at appreciable rates,
unless transition or noble metals (Ni, Fe, Cu, Co, Pd, Pt to name
but few examples) are used as catalysts [7-10]. A massive effort in

* Corresponding author.
E-mail address: mariaanna.murmura@uniromal.it (M.A. Murmura).

https://doi.org/10.1016/j.ijhydene.2024.10.362

the search for solid catalysts for hydrocarbon pyrolysis has been put
forward in the last decades in order to single out the best combination
of porous ceramic support and embedded metal providing highest and
durable activity in assigned temperature ranges [11]. Notwithstanding
some encouraging results, a major shortcoming against the use of
solid catalysts in cracking reactions is their rapid deactivation due to
significant deposition of the solid carbon product, which makes the
continuous implementation of the hydrogen production process imprac-
tical [12-15]. For this reason, alternative scenarios for the reaction
environment have been scrutinized. Hinging on the observation that
the auto-catalytic activity of the solid carbon product depends sensi-
tively on the hydrocarbon undergoing cracking, a strategy to extend
the catalyst activity has been co-feeding methane and/or natural gas
with aromatics and unsaturated hydrocarbons (e.g. benzene, ethylene,
acetylene), which naturally yield a solid carbon product with high
catalytic activity [16]. Yet, the high cost of the co-feeding makes the
process economically unattractive. An altogether different approach
was first devised in a pioneering US patent nearly a century ago by
Tyrer [17], who first proposed to carry out the pyrolysis reaction in
molten iron. To use his own words, the molten medium “has the prop-
erty of dissolving and thus ‘fixing’ the carbon”. Because most molten
metal are characterized by a density significantly higher than that of
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solid carbon, the latter floats at the liquid-gas interface at the top of
the bath, making it possible to use mechanical separation methods to
skim the solid product [18-20]. One more advantage of using molten
metals is related to their high thermal conductivity, which ensures
a homogeneously distributed temperature field for the reaction and
efficient heat transport from the bulk liquid to the gas-liquid interface.
Molten salts have also been considered and tested as a liquid bath for
pyrolysis in view of their negligible vapor pressure at the high operating
temperatures of the process. Compared to molten metals, molten salts
are easier to separate from the solid product collected in the reactor
although their density difference with solid carbon is much lower. In
any case, even in molten salts, the separation of the solid carbon can be
achieved by flotation, thus avoiding the deposition of carbon particles
onto the reactor walls. [21-23]. Notwithstanding the intense research
effort put forward in the past three decades for characterizing pyrolysis
in molten media, most of the key issues about the process are far from
being fully understood. These issues can be grouped into three separate
if interacting processes as follows:

» Bubble formation and release at the sparger. The crucial informa-
tion here is the size distribution of the released bubbles. Owing
to possible break-up and coalescence of neighboring newborn
bubbles while they are being formed, the type of the sparger
(i.e. whether a disordered microporous material or an ordered ar-
ray of microcapillaries) plays a crucial role. Specifically, because
the average distance of micropores of disordered materials can
hardly be controlled in the manufacturing process of microporous
spargers, significant coalescence of the bubbles before detach-
ment can be expected for this type of sparger [24-26]. This makes
the final size of the bubbles at detachment very weakly correlated
with the average pore size of the material. When combined with
the difficulty of a direct experimental determination of the bubble
size by optical methods (due to the lack of optical transparency of
the melt), this uncertainty forces to consider the size distribution
of the bubbles entering the reaction environment essentially as an
unknown variable to be correlated with integral measures charac-
terizing the process, such as overall gas hold-up and conversion.

Two-phase reacting flow. Owing to the increasing number of
moles in the gas phase caused by the pyrolysis reaction, a full
coupling between reaction within the single bubbles and two-
phase flow due to the collective momentum transfer of the rising
bubbles to the liquid should be considered. Also, the possible
break-up and coalescence of bubbles within the reaction bath
would require to solve a population balance model coupled with
the two-phase flow [27].

Heat transport. Notwithstanding the high thermal conductivity of
molten metals [28], some temperature gradients within the melt
could be expected, especially at the industrial scale implemen-
tation of the process. Clearly, energy transport is yet one more
equation that must be solved simultaneously with the two-phase
reacting flow model.

From all of these observations, it follows that the accurate modeling of
all the physico-chemical processes taking place in the molten medium
is a formidable task, unapprochable at any practical rate in view of the
fact that most of the thermodynamic, transport and kinetic parameters
entering the local balance equations are neither directly accessible
to experimental determination nor accurately predicted by theoretical
models. The situation is further complicated by the fact that the flow
regimes may change significantly depending on the gas hold up within
the reactor, which in turn depends on the geometric characteristics of
the reactor and sparger and the gas flow rate. For this reason, giving
up on the idea of constructing a fully predictive theoretical model,
we rather seek for some computationally affordable approach capable
of grasping the essential interplay between transport and kinetics in
the homogeneous flow regime, therefore allowing to correlate the
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different variables involved in the process on some firm if simplified
physical grounds. To this end, we use a multiscale approach, obtained
by combining the description of species transport and reaction within
a single bubble with the macroscopic two-phase fluid dynamics that
takes into account the velocity patterns of the liquid set in motion by
the rising gas. As regards the small scale, the conversion vs. time of the
single bubble is described by an analytical model recently proposed by
some of these authors [29,30] . This model was validated against the
solution of the complete set of momentum, energy and species local
balance equations enforced on a moving boundary domain to account
for the bubble expansion due to the reaction advancement, and was
proven to provide a consistent interpretation of experimental data of
methane pyrolysis in Ni-Bi melts [7]. The conversion-vs.-time model of
the single bubble is then combined with information on the average
residence time of the gas bubbles estimated through the solution of
a two-phase turbulent bubbly flow model. In this model, the relative
velocity of the gas with respect to the liquid depends on bubble size,
consistently with the expression assumed for the drag coefficient. In a
static medium (i.e. for a single bubble rising in an infinitely extended
quiescent fluid), this velocity is equal to the terminal rising velocity of
the bubble, whereas for higher gas flow rates the collective buoyancy
action of the bubbles sets the liquid phase in a recirculating motion.
We show how, depending on the spatial distribution of the gas, due
to liquid recirculation, the absolute gas velocity in the reactor departs
from the terminal rising velocity of the single bubble. As a consequence,
the average residence time of the gas phase and methane conversion
deviate from those estimated from the terminal rising velocity of the
single bubble for any given height of the melt.

The article is organized as follows. Section 2 introduces the multi-
scale approach, starting with the concise description of the analytical
model for the conversion within the single bubble and a detailed
description of the bubbly flow approach. Section 3 reports the results
for the two-phase flow in different reactor geometries and operating
conditions and its consequences on the overall conversion of the py-
rolysis reaction. Concluding remarks and possible directions of future
work are discussed in Section 4.

2. Materials and methods

The approach followed here consists in combining a 0D model,
in which methane conversion is related only to time, and which was
developed in previous studies [29], with a 2D analysis of turbulent
gas-liquid flow. The aim has been to obtain a realistic prediction
of methane conversion in lab scale reactors, achieved by removing
the commonly employed assumption of gas bubbles rising at their
slip velocity, while maintaining a low computational cost because the
kinetic model is essentially superimposed on the flow model rather than
solved simultaneously. The details of this procedure are reported in the
following paragraphs.

2.1. System geometry

The scheme of the system geometry is depicted in Fig. 1, together
with the relevant parameters and the reference frame. Cylindrical
symmetry about the z-axis is assumed throughout. By fixing the reactor
diameter, D,,, as reference length (where the subscript “m” stands for
“melt”), the system geometry is uniquely specified by the sparger-to-
reactor diameter, d, = D,/D,,, and the aspect ratio h = H/D,,. Methane
is assumed to be fed through a sparger placed in the middle of the
reactor, at z = 0, forming bubbles that rise through the melt whilst
reacting to form hydrogen and carbon. The gaseous product is collected
from the top of the reactor, along with unreacted methane. Solid carbon
is assumed to float on the top of the liquid melt.
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Fig. 1. Geometry and relevant parameters of the system investigated.

2.2. CFD analysis of the turbulent gas-liquid flow

The bubbly flow model provides a relatively simple means to ap-
proach two-phase gas-liquid flows, both in laminar and turbulent
regime, able to capture most of the relevant physics in a wide variety of
settings [31]. Preliminary tests (not discussed for brevity) showed that
for the system investigated here, the onset of hydrodynamic instabilities
of the laminar bubbly flow model occurs at very low gas flowrates,
which are uninteresting from the application standpoint. At values of
gas velocities typically used in experimental setups, the flow is in a
fully developed turbulent regime. For this reason, we used the steady-
state turbulent bubbly flow model to approach the gas-liquid flow in
the bubble reactor. In this model, the two phases are assumed to co-
exist at any point of the domain (interpenetrating media), the volume
fractions occupied by the two phases being ¢,(r, z), and ¢, = 1 - ¢, for
the gas and the liquid, respectively. The other unknowns solved for in
the model are the liquid velocity, u,(r, z), the pressure P(r, z) (supposed
equal for both phases), the turbulent kinetic energy, k(r,z), and the
energy dissipation rate, £(r,z). These unknowns are computed from
the system of Partial Differential Equations (PDE) enforcing -(i) the
momentum balance for the liquid phase, (ii) the continuity of the two-
phase mixture, (iii) the (purely convective) transport equation for the
volume fraction of the gas, and (iv)-(v) the advection-diffusion trans-
port equations for the turbulent kinetic energy and the dissipation rate
(the explicit set of equations and boundary conditions of the model are
reported in the Appendix). The model was solved using the commercial
software COMSOL Multiphysics. Three different finite element meshes,
characterized by 1.8x10%, 7.5x10%, and 2.2x10° elements, have been
tested to investigate mesh convergence. The results of convergence tests
are reported in Fig. 12 in Appendix.

In the bubbly flow approach, the relative velocity (henceforth re-
ferred to as slip velocity, u; = u, —u,) of the gas with respect to the
liquid is computed through the friction factor C, by assuming a pre-
scribed bubble size and enforcing the local balance between buoyancy
and viscous drag forces. Thus, by definition this velocity is equal to
the terminal velocity of a single bubble raising through an infinitely
extended molten medium, where u;, = 0. Therefore, the departure of
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the gas velocity from the terminal velocity value associated with the
motion of a single bubble is a collective effect of the bubbles, which set
the liquid in motion because of their buoyancy, and find themselves
entrained in a moving continuum.

2.3. Average gas velocity and average residence time of the bubbles

The solution of the turbulent bubbly flow model provides a detailed
knowledge of the local gas velocity, u,(r, z) = u,(r, z) + ,(r, z), as well
as of the local turbulent diffusion coefficient, D,(r, z), governing the
dispersion of individual bubbles about the local streamline of the mean
gas flow, and therefore the local volume fraction, ¢, of the gas phase.
From these variable fields, the average gas velocity of the gas phase is
computed as

[y @ +u)g, dv
()=
[y e dv
Finally, the average residence time of the gas is obtained as (7,) =
H/ ‘(vg) , H being the melt height.

(2)

2.4. Conversion of a single methane bubble

As pointed out in the Introduction, in recent articles by some of
these authors [29,30], a hierarchy of models with decreasing complex-
ity was developed to evaluate the conversion due to pyrolysis reaction
of a single bubble of pure methane entering the reaction melt. In
all of these models, it is assumed that temperature and pressure are
uniform both in the reaction bath and inside the bubble. We observe
that the assumption of constant pressure is well justified both for
lab-scale equipment and the industrial scale reactor. In the case of
lab-scale reactors, which typically operate at atmospheric pressure,
this is because the hydrostatic pressure head is order 10 cm, which
corresponds to less than a 10% variation between the top and the
bottom of the bath even for high density metals. The same relative
variation applies to full scale reactors (even though here the bath height
can be order of few meters), since the operating pressure is expected
to be 10 atm or larger, depending on the gas distribution grid.

The models developed ranged from the finite element solution on
a deformable mesh of the coupled momentum-mass-species transport
within the bubble (which is allowed to expand owing to the increasing
number of moles in the gas phase) to a completely analytical model
explicit in the transport-thermodynamic parameters, which can be
written as

X _ 1
Xeo(T. P)

__ R R?
T Bkgy(T)  22D(T, P)

—exp (—t/tsrm) ; t 3)
Here kg,.¢+(T) is the intrinsic kinetic constant of the (supposedly hetero-
geneous) reaction occurring at the gas-liquid interface, D(T, P) is the
diffusion coefficient of methane in the gas phase, R is the bubble radius
at detachment from the sparger, ¢,,, is the characteristic conversion
time, and X, is the equilibrium conversion at the prevailing temper-
ature and pressure. This latter term allows to account for the effect of
equilibrium limitations on the maximum achievable conversion as well
as on the rate of the reaction. The analytical model yielded a maximum
of 10% discrepancy with respect to the full finite-element solution in
the worst case scenario of nearly complete conversion at high tempera-
ture, and was tested against available data of methane conversion in
NiBi melts lab-scale pyrolysis reactors operating at 1000 °C [7,29],
showing an excellent potential for interpreting experiments.

In light of the findings summarized above, here we combine the
analytical model developed in [29] and summarized by Eq. (3) with
the new two-phase CFD analysis described in the previous paragraphs,
which allows to determine the gas average residence time for a reactor
of given geometric characteristics and bubble diameter. Such a com-
bination allows the evaluation of methane conversion vs. molten bed
height, while accounting for the effect of the presence of a swarm of
bubbles on the gas velocity.
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Fig. 2. Gas hold up for a 60 mm diameter reactor, with a 10 mm diameter sparger,
fed with a gas flow rate of 50 N mL/min.

3. Results

The results shown below have been obtained by enforcing the
turbulent bubbly flow model described in the previous section on an
axial-symmetric two-dimensional domain. In this approach, a funda-
mental piece of information is given by the expression chosen for the
drag coefficient, say C,, of the bubbles (here assumed to be all of the
same size when released at the sparger), which fixes the relative slip ve-
locity, uy, between the gas and the liquid phase. In this regard, a variety
of different expressions have been proposed, each taking into account
different aspects of bubble dynamics and each appropriate for selected
classes of systems (nature of the melt, presence of impurities, fluid-
dynamic regimes) [32-34]. Depending on the system at hand, these
expressions are not always quantitatively consistent with each other.
Yet, they all provide similar values of C, in the two limiting situations
of Stokes flow and Newton’s regime, which apply to very small and
large bubbles, respectively. To prevent the results next presented from
being largely dependent on the model selected for the drag force, we
chose to consider only two bubble sizes, namely dg = 0.1 mm and dg =
5 mm, which fall in the two limiting regimes, regardless of the chosen
correlation. In all of the cases discussed below, steady-state conditions
resulting from a constant flowrate fed at the sparger are enforced. The
system of equations defining the bubbly flow model were discretized
on an unstructured mesh consisting of order 10° degrees of freedom
defined on the r — z domain. Given that, to date, most experimental
results of methane pyrolysis in molten media have been obtained in lab-
scale reactors, we focused on centimeter-scale devices, so that the order
of magnitude of the variables solved for can be compared/contrasted
with available experimental data. Table 1 summarizes the geometric
parameters and operating conditions investigated. The choice of flow
rates investigated derives from an analysis of the influence of gas flow
rate on hold up. As will be discussed in greater detail in Section 3,
an increase in flow rate causes an increase in gas hold up; however,
when its value increases above ~ 20%, neglecting bubble coalescence
would be misleading and a different flow model would be required
to describe the system. At the same time, such a regime would not
be favorable in practical applications, because the contact between
liquid and gas would become too low. For this reason, for every set
of geometric parameters, the maximum flow rate was chosen so as to
avoid an excessive gas hold up. As an example, Fig. 2 shows that, for
a 60 mm diameter with a 10 mm sparger, the value of ¢, would reach
40% if a gas flow rate of 50 N mL/min were to be employed.

The main physical properties of the two molten media considered
are reported in Table 2. All results have been obtained by considering
a single value of bubble diameter, equal to 5 mm.
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Table 1
Geometric and operating parameters of the systems investigated. Bullets mark the
conditions considered for the numerical simulations.

D,, [mm] 30 60
D, [mm] 5 10 15 25 10 20 30 50
Q = 10 [N mL/min] . . . . . . . .
Q = 20 [N mL/min] - . . . . . . .
Q = 50 [N mL/min] - - - . - . . .
Q = 100 [N mL/min] - - - - - - - .
Table 2
Main physical properties of Gallium and KBr at 1000 °C.
p; [g/em’] #; [m Pa s] ¢ [N/m]
Ga 5.5 [35] 0.6 [35] 0.6 [36]
KBr 2 [37] 0.8 [38] 0.07 [37]

3.1. Average residence time and average gas hold-up

We begin our analysis by targeting the average residence time,
(t;) = H/ ‘(vg)) and the average gas hold-up (¢,) = (l/V)[V ¢, dV,
which constitute the primary quantities of interest for reactor design.
Fig. 3 shows the average residence time of the gas in a 12 cm high melt
of KBr at 1000 °C andP = 10 atm, for a reactor diameter D,, = 30 mm
(panel (a)) and D,, = 60 mm (panel (b)), at different values of the
sparger-to-reactor diameter ratio and different flowrates. As can be
gathered from the data, for both reactor sizes and at all conditions
of flowrate and sparger-to-reactor diameter ratio, the residence time is
always lower than that of a single bubble of the same diameter rising
though an overall static medium, which is represented by the broken
line in both panels. For each sparger size, varying the flowrate has little
or no effect on the residence time (see Section 3.3 for more details).
Also, when the relative size of the sparger is small compared to the
reactor diameter, a sizeable reduction of (7,) from the single bubble
estimate can be observed. This effect is more pronounced in the 60 mm
diameter reactor (with a relative discrepancy of order 300%) than in
the slender (30 mm diameter) reactor. In order to investigate the effect
of the melt material, we also computed the gas average residence time
in the same conditions and for the same operating parameters con-
sidered above for molten Gallium, which in the conditions considered
shows a higher density (5.5 [35] vs. 2 g/cm3 [23]) and a considerable
higher surface tension (0.6 vs. 0.07 N/m ) [36,37]. Fig. 4 reports the
simulation results, which show a weaker dependence of the average
residence time on the two-phase effect determined by the collective
motion of the bubbles. Note that, because of the larger buoyancy force
due to the higher density of the melt, the average residence time of the
gas is much lower than that associated with molten salts, both under
stagnant liquid conditions and when considering the two-phase effect.
In the case of large bubbles (d, = 5 mm, not shown for brevity), we
found that the effect of two-phase flow on the residence time is alto-
gether negligible in that the discrepancy between the CFD-computed
and the single-bubble estimate of this quantity resulted always well
below 10%, regardless of the reactor and sparger geometry and of the
flowrate. From the analysis of the data discussed above, the first and
foremost point to be explained is the virtually negligible effect of flow
rate variations on (t,) at constant sparger geometry and bubble size,
a behavior observed experimentally in a variety of “cold” (e.g. air-
water) bubble reactors and that has been referred to as homogeneous
regime [39-41] . Fig. 5 shows how the increasing flowrate crossing the
reactor causes a proportionally increasing average gas hold-up rather
than an increased average gas velocity and thus a reduced value of (z,)
(the case show is the same as that of Fig. 3). On a microscopic level, the
flowrate-insensitive regime of the residence time is readily explained
as soon as one assumes that increasing the feeding pressure upstream
the sparger causes an increased detachment frequency of the bubbles
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Fig. 3. Average residence time for a 12 cm high melt of KBr at 1000 °C andP = 10 atm
for a reactor diameter D,, = 30 mm -(a) and D,, = 60 mm -(b), at different feed flowrates
Q, A =10 N mL/min; B = 20 N mL/min, C = 50 N mL/min D = 100 N mL/min. The
top images depict the relative size of sparger to the reactor diameter. The bubble size
at the sparger is fixed to 0.1 mm. The broken line represents the residence time of a
single bubble rising in an overall static melt.

rather than a variation of the bubble size at detachment. In any case,
when operating in this regime, one expects that the performance of the
pyrolysis reaction (primarily controlled by the gas average residence
time) be independent of the flowrate, an occurrence that makes molten
reaction environment ideally suited for operating at variable regimes
with no loss of efficiency (e.g. in combination with concentrated solar
power plants for providing the heat of reaction). The second point
to be explained about the (z,) behavior is its sensitive and sizeable
dependence on the relative sparger size and on the overall aspect ratio
of the melt. As discussed next, understanding the physical mechanism
causing this behavior cannot do away with an in-depth analysis of the
flow structure of both the liquid and gas phases, as well as of the
interplay between the convective a dispersive mechanisms of bubble
transport within the melt in defining the local volumetric fraction of
the gas phase.
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Fig. 4. Average residence time of the gas phase in a Gallium melt at the same
conditions as those of Fig. 3 in the 60 mm diameter reactor. The bubble size when
released at the sparger is 0.1 mm.

3.2. Two-phase flow

We begin our analysis by focusing on the velocity fields of the liquid
and gas phases. Fig. 6 represents the velocity field of the liquid (panels
(a) and (c)) and the gas phase (panels (b) and (d)) as a function of
the radial () and axial (z)coordinates. Panels (a)-(b) and (c)-(d) refer
to a sparger-to-reactor diameter ratio D,/D,, equal to 1/6 and 5/6,
respectively. The arrow at the left of each panel provides the scale of
the velocity vectors. The bubble size released at the sparger is assumed
to be equal to d, = 0.1 mm. Several observations can be made based
on the data depicted. As regards the liquid phase, the flow is purely
recirculating, with an uprising velocity located at the axial core of the
reactor above the sparger, and descending liquid patterns in proximity
of the reactor walls. Note that at any cross-section, the descending
velocity of the liquid is less intense than the upward velocity due to
the area factor associated with the cylindrical coordinate system (the
average liquid flow at any cross-section must add up to zero). For the
small sparger the upward-directed liquid flow is significantly different
from zero for a large part of the melt height. In the case of the large
sparger, the liquid velocity is essentially vanishing in the upper part
of the melt. The gas flow is instead everywhere upward oriented and
becomes more intense in the axial core region due to the fact that the
gas is here entrained in a rising column of liquid, since v, = v, +v,, and
v, and v, are oriented in the same direction. The slip velocity is nearly
constant (with less than 1% variations), its average value being fixed by
the bubble size from the balance of buoyancy and liquid drag. Note that
for the bubble diameter here considered, gas and liquid velocities result
of the same order of magnitude. When the bubble size is increased
to d, = 5 mm, the resulting structure of the two-phase flow changes
remarkably (see Fig. 7). The first difference is quantitative, meaning
that the intensity of the liquid velocity is one order of magnitude or
even smaller (depending on the sparger size) than that of the gas phase.
Also, independently of the sparger size, the rising column of liquid here
extends throughout most of the melt height. In any case, as can be
gathered from the velocity fields depicted in panels (b) and (d), the
effect of the liquid entrainment on the gas velocity is quantitatively
irrelevant, especially in the case of the large sparger.
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Fig. 5. Average volumetric gas fraction at different values of the relative size of the
sparger and increasing gas flowrates. The case shown is the same as that of Fig. 3.i As
the flowrate increases from A (10 N mL/min) to B (20 N mL/min), C (50 N mL/min),
and D (100 N mL/min), the average gas hold-up grows proportionally.

3.3. Gas phase distribution

Together with the structure of the gas phase velocity field, an
essential piece of information for predicting the average residence time
is provided by the local volumetric fraction of the gas phase, ¢,, which
directly enters as a weighting factor for the average gas velocity defined
by Eg. (2). In understanding the relationship between ¢, and (v,), it
is useful to expand the right hand side Eq. (2) as the sum of separate
contributions from the liquid and slip velocity,

fVultl)ng fVuSngdV
(vg) =
[y, dv a4

As regards the second term at the right hand side of this relationship,
this is almost independent of the structure of the gas volume fraction
because the slip velocity u, is nearly constant throughout the reactor
(order 1% relative variation) and equal to the settling velocity of a
single bubble of the given diameter rising through an overall static
melt. The value of the first term is instead related to the uniform vs.
non-uniform character of the volumetric fraction of the gas phase. To
see this, suppose that ¢, =constant throughout the entire melt. In this
case, the first term at the right hand side of Eq. (4) would simplify to
volume average of the liquid velocity, (w;) = [, w,dV /[ ,dV, which

€]
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Fig. 6. Flow structure for the liquid and gas phase in a 60 mm diameter cylindrical
reactor filled with a 12 cm height melt of KBr at 1000 °C for a bubble size of 0.1 mm.
Operating pressure at the top of the melt is fixed at 10 atm. The sparger-to-reactor
diameter ratio is equal to 1/6 (panels (a)-(b)) and 5/6 (panels (c)-(d)). Flowrates are
fixed to 10 and 50 N mL/min for the small and large sparger, respectively. See main
text for details.

(d)

must vanish owing to the impermeable boundary conditions enforced
for the mass and momentum balance of the liquid phase. Thus in the
case of homogeneous spatial distribution of the gas in the entire melt,
the average gas velocity equals the average slip velocity, which is
primarily controlled by the bubble size through the drag coefficient
expression.

Conversely, when ¢, displays significant variations, the first term at
the right hand side of Eq. (4) may significantly depart from the average
liquid velocity. Thus, one expects that deviations of the average gas
velocity from the single-bubble uprising settling velocity are tightly
connected to the non-uniform distribution of the gas throughout the
reaction volume.

To gain insight on the spatial distribution of the gas phase, Fig. 8
shows the local gas fraction b, (scaled to its average value) for the
6 x 12 cm reactor filled with molten KBr at 1000 °C and P = 10 atm for
0.1 mm bubbles at different values of the sparger-to-reactor diameter
ratio. It can be noted how, as the sparger size decreases, larger and
larger portions of the melt are devoid of gas (note that the contour scale
is logarithmic). The blue continuous lines superimposed to the color
map depict an array of selected streamlines of the gas flow spanning
uniformly the sparger area. In the case of the small and medium-
sized spargers, one notes how the plume of rising gas extends well
beyond the convective flux tube defined by the outmost gas streamline
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Table 3
Effect of flow rate on liquid velocity and gas hold up for two reactor geometries.
Jyw deav
") =J ¢, dV w=| uw¢, av ) YA S
( 8) y ot . L’ . g [, ¢eav
£5/0=10 [NmL/min] 2.83E-7 2.62E-9 0.0093
.!* g Q=50 [NmL/min] 1.26E-6 1.70E-8 0.0135
£ £ 0=10 [NmL/min) 3.85E-7 4.20E-10 0.0011
!x & 0 =50 [NmL/min] 2.01E-6 2.04E-9 0.0010
— - The impact of the two phase flow in determining the average
. liquid , 9as residence time reported in the previous section can be mechanistically
f [ explained by matching the observations discussed above about the
y /‘////,ﬂ\\“ T R
“T ! m“m”mm structure of the two-phase flow and those related to the spatial distri-
# ? e 1 Small bution of the gas phase. Fig. 10 reports the side by side comparison of
t TTT'\. oy Tmmmﬁﬂﬁ spareer the liquid velocity in panels -(a) and -(c) of Fig. 6 and the gas volume
Thh', TTTTTTTTTTHTTTT p g fraction depicted in panels -(a) and -(c) of Fig. 8. In the case of the small
TT N mﬁm i sparger, the gas phase is essentially present only in the axial core of
T me the melt. Thus the contribution of the descending (downward directed)
f S o i - o ,
T mmﬁ i liquid near the reactor walls in determining the first integral in Eq. (4)
is negligible. As a result, the overall contribution of this integral departs
t TTTTTW ittt from zero and determines an overall increment of the gas velocity with
respect to that of a single bubble rising in a static melt. In the case of the
hat of a single bubble rising i i 1 h f th
arge sparger, the nearly homogeneous gas distributions implies that
it ! he nearly distributions implies th
ﬁ the first integral is vanishing (as discussed above), so that the average
gas velocity and, consequently, the average residence time, (t,), is very
close to the single bubble estimate. In this case, the two-phase effect can
therefore be neglected.
To further quantify the discussion above, Table 3 reports, for four
different operating conditions, the values of the first term on the r.h.s.
HIHHHIIN of Eq. (4), which gives an indication of the departure of the average
gas velocity from that of a single bubble in a quiescent liquid, as well
Jumumumw larce ; . : o
........ g as those of its numerator and denominator. A few interesting pieces
HHHH“HH sparger of information may be gathered from this table. The first observation
» | ittt to be made is that, regardless of reactor geometry, an increase in flow
E HHHHHHHU rate causes and increase in the values of both the numerator, u; , and
oT HHIHHHHU denominator, (¢,). However, the increase in these two terms is not
4 .
g HHimI i proportional to that of the flow rate. As a result, for the 60 mm reactor,
........... with a 20 mm sparger, an increase in flow rate causes a slight in (u:Z Y
L HHHHIHHW whereas the effect of flow rate is virtually negligible, or even opposite,
T when the same flow rate conditions are investigated for the 30 mm
i reactor with 25 mm sparger.
4
i 341 N 1l meth .
AAAMAMARAALAL 4. t of two- t 1]
T (d) mpact of two-phase flow effect on overall methane conversion

Fig. 7. Flow structure for the liquid and gas phase for a bubble size of 5 mm. Geometric
and operating parameters are the same as those of Fig. 6.

departing from the sparger boundary. This suggests that the transport
of the gas phase is significantly influenced by the dispersion induced by
the turbulent liquid flow (values of the Reynolds number for the case
depicted are in the range 4000 < Re < 8000). This is confirmed by the
structure of the turbulent dispersion coefficient, D,, which is reported
in Fig. 9 The first observation is that in all cases the typical value of
the gas dispersion coefficient is of the same order of magnitude of (or
higher than) the diffusion constant of a diluted gas. Also, the field of D,
is strongly non-homogenous in space, with lower values localized at the
bottom of the melt. In the case of the larger (5 cm diameter) sparger,
the strongest dispersion intensity is observed in the central core of the
reaction volume.
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By enforcing the multiscale approach, the average residence time
of the gas computed from the two-phase flow model, can be used to
predict the overall methane conversion in the reacting melt through
Eq. (3) as

X

XoyT, P) ®

=1-—exp (-(tg>/tsrm)

Fig. 11 shows the comparison between the prediction of the mul-
tiscale two-phase approach (bullets) and the estimate obtained for a
single bubble rising in a quiescent melt (where t = H /v{° and v° is the
terminal rising velocity of the bubble) for a KBr melt at 1030 °C for
the 60 mm diameter reactor fed by the small sparger (D, = 10 mm),
for kg,; = 5% 107 m/s and kg,; = 107> m/s (the order of magnitude
of the kinetic constant has been chosen based on the experimental
data in similar systems [23]). As can be noted, the relative error
between the two estimates can be of order 100%. Depending on the

melt height and the value of kg, the relative error can reach order
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Fig. 8. Volumetric fraction of the gas phase, ¢, scaled to its average value for sparger diameters D equal to 10,20, and 50 mm and flowrates fixed to 10, 20 and 50 N mL/min
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Fig. 9. Intensity of turbulent fluctuations measured through the gas dispersion coefficient, D,, for the cases shown in Fig. 8.

100%. An important observation can be drawn from the data depicted
in Fig. 11 as regards the interpretation of experimental measures of
methane pyrolysis lab-scale bubble reactors, whose size falls within the
centimeter-scale range considered in this article. Typical experimental
campaigns consist of determining the overall methane conversion at
different flowrates and compositions of the feed (which may contain
inerts). From these measures, the bubble size is estimated from the
overall conversion in the melt, by simultaneously solving Eq. (3) under
the assumption of kinetics-dominated regime, and r = H /v}°, where the
relationship v° = v}°(d,) is fixed by the model expressing the viscous
drag. However, the analysis carried out in this article showed how,
due to the liquid lift caused by the bubbles, the effective residence
time of the gas can be significantly lower than that predicted by the
single-bubble estimate. This implies that the bubble size derived from
conversion measurements may be significantly overestimated if the
two-phase effect are not taken into proper account.
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4. Conclusions and outlook

A multiscale approach to predicting the performance of methane
pyrolysis in molten media reactors is presented, where a previously
developed analytical model of the conversion within a single methane
bubble is combined with the two-phase flow effects driven by the
collective buoyancy of the bubbles, which causes a recirculation of
the liquid melt. Because the gas is preferentially concentrated in the
uprising liquid column, its effective velocity is higher than that of a
single bubble of the same size rising through an overall quiescent fluid.
This effect is found to increase when the sparger-to-reactor diameter
ratio Dg/D,, decreases. Also, the impact of the two-phase flow becomes
more evident when the aspect ratio H/D,, of the melt decreases. An in-
depth analysis of the underlying mechanisms governing the transport of
bubbles reveals that the dependences of (,) on the D;/D,, and H/D,,
can be pinned down to the widening of the uprising gas plume along
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Fig. 11. Comparison between methane conversion as predicted either by the multiscale
two-phase approach (bullets) or by assuming a single bubble rising in a quiescent liquid
(solid curves) for a KBr melt at 1030 °C andP = 10 atm for values of the surface kinetic
constant kg, =5x 107 m/s (curves (a) and (b)) and ky,; = 107> m/s (curves (c) and

@).

the axis of the vessel, which is controlled by the streamlines of the gas
velocity field and by the dispersion induced by the turbulent motion of
the liquid. The results put forward in this article should motivate a re-
interpretation of experimental work available in the literature, where
the average residence of the gas time is estimated based only on the
bubble size, therefore implicitly assuming that the liquid is quiescent.
Based on the fact that the two-phase effect always acts in the direction
of lowering (z,) with respect to the single bubble in a static fluid,
we argue that the estimates of bubble size indirectly derived from the
experimental measure of the overall methane conversion may yield a
predicted diameter bigger than the actual bubble size. Future work on
the multiscale approach proposed should naturally focus on increasing
the reactor size to pilot and industrial scales. In this case, the isothermal
assumption here enforced for the reaction bath should be carefully

considered, as temperature gradients could be expected which cause
significant variations of the kinetic constant of the reaction.
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Appendix. Turbulent bubbly flow model

The model consists of five partial differential equations,

¢, - Vyu, = V- ( —pI+ ¢y (g + ) (Vu; + (Vu)’

= 2w - S ) +od18 ®)
V- (@ro1u; + dgpu,) =0 @
V- (¢gpgug) =0 (€)]
p(u, - Vk =V <(;4, + ﬂ,/ak)Vk> + P, —pe 9

2
pu - V)e=V. <(/A, + ﬂ,/UE)V£> + Clg%Pk - ng% (10)
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N mL/min.

involving five unknown functions, namely the volumetric fraction of
the gas, ¢ (note that ¢, = 1 — ¢,), the velocity of the liquid phase,
u;, the local pressure, P, (supposed equal for gas and liquid phases)
the turbulent kinetic energy, k, and rate of dissipation, ¢ (note that
¢, = 1 — ¢,) The closure condition determining the uniqueness of the
solution is given by the equation of state, f(P,p,,T) describing the
volumetric behavior of the gas phase. Given that, even at the industrial
scale, the operating pressure is not expected to exceed 20 atm, in what
follows the ideal gas law has been assumed to hold true. In the system

of Egs. (6) through (10), u, = p,C#kz/s, and P, is defined as
2 2
Po=pu (Vu, (Vo + (V") - 3 (V-ul)z) - SAkV b (11)

The local balance equations above are equipped with the boundary
conditions,

K,- (K, n)n=0
Ve -n=0; —n-Ng=N::"

w-n=0; Vk-n=0;
12)

at the sparger surface (here K, = K - n, K being the viscous stress
tensor), N, is the local mass flowrate of the gas phase,

u
w, -n=0; Kn=p,u—:_(ul—(u,-n)n) ;

plcukz

Vk-n=0;, e=——— -n-N,=0 13)
K0 M)

u-n=0 K,- (K, n)n=0 Vk-n=0; Ve-n=0 a4

at the gas-liquid interface at the top of the molten bath.

The slip velocity of the bubbles can be obtained from the momen-
tum equation for the gas phase:

_ —_c 3
Vp=1fy f3= Cd4db|u
The drag coefficient (C,) related to the bubbles characterized by a
diameter equal to 100 pm has been derived from the Hadamard-
Rybczynski model [42]:

16

inpluslip (15)

=10 16
d Re,, a6
d
Reb — bP1 |us| (17)
Hi

where d,, is the bubble diameter, u, is the slip velocity of the bubbles,
and y; and p; are the viscosity and density of the medium, respectively

For the bubbles with a diameter of 5 mm, the drag coefficient (C,)
has been estimated as follows [31] :

0.622
Cp=—7"—. (18)
- 40235
Eo )
gpd
Es= 200 (19)
(o2

where ¢ is the surface tension coefficient of the medium, and g is the
standard gravity .
Results of convergence tests are reported in Fig. 11.
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