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ABSTRACT

This paper reports on a modelling study of the rich combustion of heavy fuel oil in a reactor
packed with an inert porous medium. Decalin is used as a model compound to represent
the heavy fuel oil. A computational model is developed for the reactor, based on a two
space dimensional transient heterogeneous description, and a kinetic global model for
partial oxidation reforming of decalin is proposed. Also, equilibrium calculations were
performed for the experimental conditions of the study. The experimental and simulation
results show that heavy fuel oil is a potential fuel to produce hydrogen. It is concluded that
notable characteristics of the process can be observed by simulation: the presence of an
axial maximum in the production of H,, and positive effects of the equivalence ratio and
filtration velocity increase and heat losses reduction on the fuel conversion to H.

Heavy fuel oil
Syngas
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Introduction

Synthesis gas, also known as syngas, is a mixture of hydrogen
and carbon monoxide that is extensively used as a chemical
feedstock, as well as being an important source of hydrogen. It
can also be used for enrichment of traditional combustors, or
as a way to produce a high quality fuel from a feed of low
energy content or from carbon neutral sources (e.g. biodiesel,
vegetable oil, and waste oil). Syngas can also be used to
generate electricity by direct combustion, for the operation of
high-temperature fuel cells (MCFC and SOFC), or in the pro-
duction of value added chemicals (e.g. methanol, higher al-
cohols, detergents and ammonia) [1,2]. Syngas can be

* Corresponding author.
** Corresponding author. Fax: +1 780 4922881.

produced from various hydrocarbon sources, including natu-
ral gas, liquefied petroleum gas (LPG), fuel liquids, coal and
biomass. The partial oxidation of liquid fuels is a promising
method for hydrocarbon production, and its use in reactors
containing an inert porous medium (IPM) has garnered
considerable interest over the last 20 years. The use of an IPM
for homogeneous gas phase reactions is known as filtrational
gas combustion. During this process, the combustion reaction
occurring in the porous medium can be described by one of
the following steady-state regimes, which in turn depend on
the propagation velocity of the thermal wave. The low-velocity
regime (LVR) has flame propagation velocities of the order of
10~* m/s, whilst the high-velocity regime (HVR) has a wave ve-
locity of approximately 10 m/s. In the sound velocity regime
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(SVR) the wave velocity is approximately 100 m/s. As the wave
velocity increases, we encounter the low-velocity detonation
(LVD) at 800—1500 m/s followed by the normal detonation
with losses region (ND) at 1500—2000 m/s [3].

The inert porous medium in the reactor usually consists of
pellets of varying geometries that are randomly packed. Heat
transfer effects are especially important in the bed, and occur
by conduction and radiation between the particle surfaces,
and by convection between the solid and gas [4,5]. The re-
actions and heat transfer mechanisms control the tempera-
ture, which may differ significantly from the adiabatic value.
The reactors can be operated in either the stationary or tran-
sient mode. Steady state operation is widely practised in
radiant burners and surface combustor-heaters, where the
combustion zone is stabilized within the finite element of the
porous matrix. Transient operation involves a travelling wave
representing a zone of transient combustion freely propa-
gating in either the upstream or downstream direction within
the porous medium [5].

Dixon et al. [6] studied the conversion of liquid heptane to
syngas in a packed bed reactor containing alumina pellets.
The heptane feed was vaporized with air. The experimental
and numerical investigations focused on the effects of the
equivalence ratio (¢) and the inlet velocity on the outlet
composition. The equivalence ratio is defined as the ratio of
the stoichiometric air flow rate and the actual air flow. With
constant input velocity, the hydrogen production increased
with an increase of equivalence ratio, and hydrogen conver-
sion efficiency reached its maximum value when ¢ was
approximately equal to 3.0. Tests at a constant equivalence
ratio of 2.5 showed that the conversion efficiency increased
with the inlet velocity, and at the highest velocity tested of
80 cm/s, the experimental values exceeded 80%. Similar
trends were observed for carbon monoxide conversion and
energy efficiencies, with maximum values that exceeded 90
and 80% respectively. Overall, the results indicated that
favourable conditions for fuel reforming are with ¢ of 2.5-3.5,
and showed that the inlet velocity has a significant effect on
the performance. There was a substantial gain in efficiency
with the increase in the inlet velocity, which was attributed to
the increase in the temperature of the reactor.

The works of Pedersen-Mjaanes et al. [7] and Pastore and
Mastorakos [8] on super-adiabatic combustion of liquids
(methanol, octane and n-heptane, among others) in a two-
layer porous burner with steady rich stabilized flames
demonstrated the capacity to produce syngas rich in
hydrogen. In particular, Pastore and Mastorakos [9] investi-
gated the rich combustion of n-heptane, diesel oil, kerosene
and rapeseed-oil methyl ester (RME) biodiesel, for the purpose
of producing syngas for fuel cells applications, or for the
enrichment of traditional combustion chambers. The rich
flames were stabilized in a combustor of inert porous media
with two-layers and were examined over a range of equiva-
lence ratios and porous materials. The n-heptane was suc-
cessfully reformed until a value of ¢ equal to 3.0, reaching a
conversion efficiency (based on the lower heating value of H,
and CO over the fuel input) up to 75% for a packed bed of
alumina beads. Similarly, diesel, kerosene and biodiesel were
reformed to syngas in a zirconia foam burner with conversion
efficiency over 60%.

Others [1,10] reported research in non-catalytic filtrational
combustion for the conversion to syngas of wet ethanol, jet-
fuel (Jet-A) and butanol. The experimental and numerical re-
sults with wet ethanol (ethanol that has only been partially
distilled and dehydrated) over a range of equivalence ratios,
inlet velocities, and water fractions, indicated that wet
ethanol can be effectively converted to syngas in a non-
catalytic filtration reactor, thus negating the necessity of
complete dehydration and distillation to dry ethanol,
demonstrating that this fuel is a promising biological source
for hydrogen. The results also showed that the conversion of
ethanol to syngas by filtrational combustion is similar to the
conversion of n-heptane and methane, in terms of the
behaviour of the combustion as a function of the equivalence
ratio and the inlet velocity. In the case of experimental
research with Jet-A and butanol, the results showed that
approximately 42% of the hydrogen of the Jet-A was converted
to H, and that 56% of the carbon was converted to CO. The H,
yield continued to increase with ¢ in the experiments with Jet-
A, whereas with butanol the yields of H, and CO both reached
a maximum within the operating range studied. The peak CO
yield with butanol was 72% and for H, it was 43%. The main
products were H, and CO, however, CH,, C,H, and C,H, were
also observed in considerable quantities for both fuels, espe-
cially in experiments with butanol at ¢ greater than 3.0.

Decalin is a two-fused ring cycloparaffin, which is found in
liquid fuels (jet fuels, diesel). It is a model compound for
bicyclic naphthenes found in jet fuels and coal-, oil-shale-,
tar-sand derived fuels, and it is also a potential endothermic
fuel for hypersonic flight [11]. The importance of decalin in
this study lies in the fact that has structural proximity to the
average chemical species that can be found in a heavy fuel oil
[12] and because it has been found that in mixture (methyl-
naphthalene/decalin/cyclohexane/n-hexadecane) is a prom-
ising surrogate of this fuel in combustion process [13].
Moreover, the development of semi-detailed chemical kinetic
reaction mechanisms, based on lumped reactions and species
for simplified description of the formation of decomposition
products, which includes both low- and high-temperature
chemistry, allow to study the oxidation and pyrolysis of dec-
alin on a wide range of conditions of pressure, equivalence
ratio and temperatures [14].

The main objective of this work is to present a phenome-
nological model for rich combustion of heavy fuel oil No. 6in a
packed-bed reactor using decalin as a model compound, and
to compare the results with some experimental values. We
considered a simple kinetic global scheme for the partial
oxidation reforming (POR), and perform a validation with
experimental data of temperatures and concentrations of
gaseous products for a reactor containing IPM. Equilibrium
calculations were made using the lumped reaction mecha-
nism developed for Dagaut et al. [14]. In the following, we first
describe the experimental arrangement, then the mathe-
matical model, and then some results and discussion.

Experimental equipment and procedure

Experiments were performed using heavy fuel oil No. 6 in a
packed-bed reactor. Fig. 1 shows a diagram of the
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experimental reactor used. The reactor housing consisted of a
15.41 cm ID and 16.83 cm OD carbon steel pipe (0.71 cm wall
thickness), which was insulated both internally and exter-
nally. The internal and external insulation thicknesses were
0.6 cm and 1.2 cm respectively, which a final internal reactor
diameter of 14.21 cm, as shown in Fig. 1. At the system inlet
there was a 25 cm long mixing zone prior to the 35 cm long
packed bed. The packed bed consisted of 6.0 mm solid
alumina spheres and had a porosity of about 40%. Liquid fuel
oil No. 6 (FO 6) was injected at the top of the mixing chamber.
Air was injected through a lateral side port, to allow for mixing
of the fluids prior to entering the porous zone. The air was
heated before entry with an electrical resistance heater. Prior
to injection of FO 6, the bed was heated by combustion of LPG,
as explained shortly. The average reactor pressure was 2 bar.

The temperature and pressure of the injected air were
81.7 °C and 2 bar, with a flow rate of 70 L/min (referenced at
1bar and 20 °C). The FO 6 was injected as a constant liquid jet
with a flow rate of 0.008 L/min, with injection temperature and
pressure of 130 °C and 4 bar. The elemental composition of the
FO 6 in mass fraction of each element was as follows:
C=0.866,H=0.106, S = 0.020 and O = 0.004. This composition
corresponds to an equivalence ratio ¢ of 1.3. The effluent was
sampled at a distance of 4 cm from the outlet, below ther-
mocouple T1.

In general, the temperature measurements [15] correspond
to values between gas temperature (T,) and solid temperature
(Ts). In this experiments five type S thermocouples were used
to measure the temperature (T1 to T5), with separations as

Air, Air-LPG lFO 6
Al 1 1 Air,
!‘ 4« Air-LPG
Vaporizing/
& pre-mixing
zone

3 Porous
= medium
m_A

K Reactor
o wall

Sample
> point/
Products

Fig. 1 — Configuration of the reactor for partial oxidation of
liquid fuels. Dimensions in cm.

shown in Fig. 1. Table 1 shows values of boiling temperature
(Tp) and autoignition temperature (T4;) of decalin and FO 6.

To start the reactor, a mixture of LPG and air with an
equivalence ratio of 1.2 and a total flow rate of 100 L/min
(referenced at 20 °C and 1 bar) was injected into the mixing
chamber, and ignited at the reactor exit. The LPG was
controlled by Aalborg mass flow controller (GFC 17). The air
supply was controlled by a flow control valve with manual
actuation and the flow rate was read by a rotameter. The total
flow rate was then changed to 135 L/min with an equivalence
ratio of 0.8, generating a change of slope in the thermal profile
and higher temperature. After the combustion front had
moved to the T4 zone, the flow of LPG was terminated, and the
injection switched to hot air and FO 6. The sampling of the
effluent was started when the temperature recorded by T3
became constant, approximately 960 s after the injection of FO
6. The temperatures in the reactor during a typical run are
shown in Fig. 2. This thermal information along with the
product concentrations was used in the validation of the
model. Note that the vertical line represents the time at which
the injection of FO 6 was started.

Mathematical model
Model overview

A detailed mathematical model was developed for the process
using the conservation equations and physical property sub-
models equations presented by Hayes and Kolaczkowski
[16]. For all of the modelling work, decalin was selected as a
model compound. Using a single model compound as a first
step adds simplicity to the model. The porous length was
divided into two sections, called L; and L, as shown in Fig. 3.
The atomized fuel and hot air are mixed in the mixing
chamber, the resulting mixture enters the zone L;. The liquid
is assumed to be vaporized in this zone, and no reaction is
assumed to occur. The length L; was established based on the
boiling temperatures of the model compound and the exper-
imental liquid fuel, assuming a total phase change. In Zone L,
the partial oxidation of the model compound decalin in gas
phase occurs. This L, section corresponds to the computa-
tional domain of the packed bed reactor model.

The porous medium was modelled as a continuum. The
gas and solid phases are not in local thermal equilibrium, and
therefore, an energy balance was written for each phase. The
model was thus a heterogeneous 2D axi-symmetric transient
continuum model for a packed bed reactor. We used a 2D

Table 1 — Thermal properties of decalin and FO 6.

Fuel Ty (K) Tar (K)
CioH1g 496.6° 523.15°
FO 6° 453.15 680.15

& http://webbook.nist.gov/cgi/cbook.cgi?Name=decalin&Units=SI,
to 200 kPa.

® http://www.sigmaaldrich.com/catalog/product/sial/d251?
lang=es&region=CL.

¢ http://ww2.copec.cl/combustibles/products/combustible-n5-n6.
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Fig. 2 — Experimental temperatures obtained during an
experiment with ¢ = 1.3.

Fuel+air
(premixing chamber)

Inert media (fuel
in liquid phase)

L,

Inert media (fuel
in gas phase) Reactor

— wall

Distribution grid «

Exhaust gas

Fig. 3 — Diagram of the computational domain.

approximation because the diameter reactor is greater than 15
particle diameters [16]. The pre-heated fuel-air mixture was
considered to be well mixed when it entered the porous zone.
The conservation equations with corresponding boundary
conditions are given in the following sections. A more detailed
description of the model is available in the Supplementary
information.

Momentum balance in porous medium

We used a continuum model for the packed bed. The pressure
and velocity are calculated from the volume averaged
Navier—Stokes (VANS) and continuity equations (momentum
balance) [17]:

%%‘t‘:v[pr%(VuHVu)T)f%(vml} ,%u (1)
a(“)a'tﬂf) +9(pu) =0 2

Note that in keeping with typical use of the VANS in
modelling flow through porous medium, the fluid phase in-
ertial term is not retained (Brinkman style). Here u is the su-
perficial velocity vector. At the inlet a normal inflow velocity
was imposed, and at the outflow a constant pressure condi-
tion was set. At the wall, no-slip boundary conditions were
used.

Mass balance equation for compound i in the fluid

The two dimensional axi-symmetric mass balance for
component i contains terms for advection (right hand side),
dispersion and source terms (both on the left hand side). It can
be written as:

10 (')le 0 awl-_f
? a <rDev Pr or > +& <Dea Pf oz - (7Rl)¢

ow; ow; ow;
- pf< Yopu— L pu— > @3)

ot

The effective dispersion coefficient in packed bed (D) has a
radial component (D.,) and an axial component (De,). The
initial conditions used were a specified mass fraction for the
reactants and products. The boundary conditions were zero
radial flux at the centreline and wall, and zero axial flux at the
outlet. At the domain inlet, the Danckwerts condition was
used. For both radial and axial directions, the value of the
dispersion coefficient does not depend on the species [16].

Energy balance equation for the fluid

The energy balance for the fluid includes advection (right
hand side) and dispersion (left hand side). It also contains
source terms for reaction and heat transfer with the solid. The
fluid phase energy balance is thus written:

10/, 0T\ 0 ([, oTf
rar<rk'f6r>+&<“faz> ¢ZAHR’

(o T 0Ty
=Py Cog( @ U T Uy

= hpay (Tr — Ts)

(4)

The fluid thermal conductivity in packed bed (k) has a

radial component (k) and an axial component (kq). The heat

transfer by radiation in the gas phase was considered negli-

gible compared to the radiation transfer in the solid phase.

The heat transfer area per unit bed volume is expressed in
terms of the particle diameter and the bed porosity, that is:

6(1-¢)

a, =25 ©)

The initial fluid temperature was an approximated repre-
sentation of the experimental values determined from the
experiments following pre-heating by LPG combustion. The
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following boundary conditions were used. At the inlet to the L,
porous bed, the temperature was imposed as a Danckwerts
condition. At the outlet, a zero axial flux condition was
imposed, and a zero radial flux condition was used at the
centreline. At the wall, the radial heat flux equals the heat loss
to the surroundings from the fluid zone. This condition gives
rise to:

0T

o

=Us(Ty - T.) at r=R (6)

Energy balance equation for the solid

The solid phase energy balance includes the effects of axial
and radial conduction, as well as transfer to the fluid. The
conservation equation is:

10 0T 0 , 0T, aTs
(Yk’ ) +—= (k > + hfsau (Tf — Ts) =(1- ¢)pst_s—

ror\ cor) oz \ oz ot
)
Heat transfer by radiation in the solid phase is incorpo-
rated into the effective thermal conductivities. The modified
solid thermal conductivity (k,) has a radial component (k)
and an axial component (k),). The initial temperature profile is
approximated according to the experimental profile that was
achieved from the pre-heating with LPG combustion. The
boundary conditions were zero axial flux at the inlet and
outlet planes, and zero radial flux at the centreline. At the
wall, the radial heat flux equals the heat loss to the sur-

roundings from the solid zone. This condition gives rise to:

0T,
S

-k Us(Ts—T,) at r=R 8)

Constitutive equations

The conservation equations contain many physical parame-
ters which require sub-models to describe them. Appropriate
definitions were used for the calculation of the overall heat
transfer coefficients, fluid/solid heat transfer coefficient [18],
dispersion coefficients [16,19], thermal conductivities [20,21],
bed to wall heat transfer coefficients [16,22,21] and perme-
ability of the porous media [23—25]. All gas phase species were
modelled as ideal gases. The equations used in the sub-
models are given in the Supplementary information.

Homogeneous reactions

We used an inlet molar ratio for decalin:oxygen = 1:6.5 based
on a global balance from the semi-detailed kinetic modelling
of decalin oxidation and pyrolysis described by Dagaut et al.
[14]. Additional formation of hydrogen in conversion of liquid
hydrocarbon fuels to syngas through filtration combustion
would result from the consumption of water, produced after
the initial partial oxidation reactions, through the steam
reforming process occurring downstream of the main reaction
zone [6]. Based on this, the proposed homogeneous reactions
occurring in the packed bed reactor are:

CioHig +6.50,—10CO + 3H,0 + 6 H, ©)

k
2C0 + 0, ké 2C0, (10)
-2
k:
CioHig + 10 H,0 ké 10CO + 19 H, (11)
3
k.
CO +H,0 k:“ CO, +Hy (12)
4

The kinetic expressions for Egs. (9)—(11) that describe the
transformation of the kth component due to jth reaction were
derived following the methodology of Dobrego, who studied
partial oxidation of methane in an inert porous media [26]. For
Eq. (12) the kinetics expressions follow the development of
Graven and Long [27].

There is no published information about a global chem-
ical kinetics model for the partial oxidation and steam
reforming of decalin in inert porous media. For this reason,
the model was based on the available kinetic information for
methane along with the one of water gas shift reaction ki-
netics under non-catalytic conditions, as given in Table 3
[28,26,29,27].

The kinetic constants fir the reverse reactions, k_, and
k_3, were obtained considering chemical equilibrium [26] and
followed the methodology of Hayes and Kolaczkowski [16].
The heats of reaction of Egs. (9)—(12) were calculated from
data in Hayes and Kolaczkowski [16]. The complete details
about the kinetic model are given in the Supplementary
information.

Computer simulation
Model solution and physical parameters

The mathematical model described in the previous section
was implemented in a commercial software tool, COMSOL
Multiphysics version 5.0. The simulation was performed in the
domain where the species would be in gas phase. Grid
refinement studies were performed to verify a mesh inde-
pendent solution. The final mesh used 3271 elements. The
simulated and experimental results were compared, using
combustion temperature at thermocouple positions along the
domain and chromatographic results of the species present at
the sample point.

Mesh independence was tested by analysing the effect of
the number of finite elements (element size) in the calculation
domain on the mass fraction of H, (wet basis) at the sample
point and the axial profile of this mass fraction. With an
element size corresponding to 3271 elements, consistent re-
sults were obtained in terms of accuracy. Simulation data
were extracted along the axis and along the radius at a posi-
tion corresponding the sampling location. In addition, equi-
librium results for an adiabatic process at constant pressure
were calculated using CANTERA [30].

It is known that the influence of Eq. (10), oxidation of CO to
CO,, is limited in rich combustion [26], although the reaction is
important. In this work, we modified the value of the
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activation energy for the CO oxidation reaction by increasing
the activation energy shown in Table 3 by a factor of three (to
15,000 K). A good behaviour of the thermal profile in both
phases, showing an ignition zone and a moving combustion
front was obtained with this value.

Fig. 2 shows the experimental temperatures before and
after the injection of FO 6. The different behaviour after in-
jection of FO 6 is noted. For example, T4, generally decreases
during the process, always keeping a value below the tem-
perature observed at the moment of injection (initial condi-
tion). For T2, the temperature evolves with a slight positive
slope with respect to the temperature at moment of injection.
To model the reactor behaviour in COMSOL, the initial tem-
perature of the solid was set equal to the measured temper-
ature profile obtained prior to the injection of FO 6, whilst the
fluid temperatures were to a value that was 5% lower. This is
justified because the experimental measurements of both
temperatures indicate that immediately prior to the reaction
zone, both phases do not have the same temperature [15],
and in particular, in the results for the case of rich combus-
tion of liquid fuel (heptane) it is observed that the gas tem-
perature is lower than the solid temperature prior to the
reaction zone [6].

The physical and homogeneous reactions parameters used
in the model are given in Tables 2 and 3. The NIST database
[34] is an important source of thermophysical parameters and
variables utilized in the simulation. The thermal properties of
the solid phase, e.g. thermal conductivity and heat capacity,
were obtained from Bubnovich and Toledo [31].

Table 2 — Physical parameters.

Parameter Source Unit Value
Dout Experimental bar 2

Tin Experimental K 500.15
Tes Experimental K 298.15

¢ [31] = 0.4

Ps [31] kg/m? 3987

), Experimental m 6x 103
L, Experimental m 0.275

Us Experimental m/s 0.077

7 [32] W/(m? K* 5.6705 x 108
R, [32] J/(mol K) 8.314
WeoHys in Experimental - 0.095
Wo, out Experimental — 0.211
Dri Experimental m 0.142
Dr Experimental m 0.154

D, Experimental m 0.168
Doi Experimental m 0.192

e [31] = 0.45

e a - 0.7

T Experimental K 420.15
) L2 W/(m? K) 4.86

Ry € W/(m K) 55

ki1 g W/(m K) 0.18

Ri» d W/(m K) 0.18

& http://www.rsifibre.com/pdfs/Ceramic_Fiber_Technical
Bulletin.pdf.

b Calculated as [32], p. 445.

¢ Carbon steel [33], p. 510.

4 http://www.ceramaterials.com/ceramicfiberpaper.html 1,2:
ceramic fiber.

Table 3 — Homogeneous reaction parameters.

Parameter Source Unit Value
A} [26] m?/(mol s) 16 x 108

E} /Ry [26] K 59,000

Al [26] (1/s) (m*/mol)? 5 x 10*
E)/Ry [26]2 K 15,000

Al [26] m?/(mol s) 2.5 x 10%°
E4/Ry [26] K 59,000

Al [27] m?/mol 3.6

B’ [27] m>/mol 12

1A [27] (1/s) (m*/mol)*/? 1.5811 x 10%
E4/Ry [27] J/mol 281,580

A, [27] (1/s) (m>/mol)2 3.0042 x 10°
E_4 [27] J/mol 238,488

@ Adjusted from the value quoted in the reference.

Results and discussion

Using the discrete information for the temperature profile at
moment of the injection of FO 6 shown in Fig. 2, it is possible to
generate a complete initial thermal profile by piecewise cubic
interpolation and constant extrapolation. The continuous
result obtained is shown in Fig. 4.

The result in Fig. 4 was used to define the domain of
calculation. The procedure consists in comparing the boiling
temperatures between simulated and experimental fuels. The
boiling temperature of decalin is greater than that of FO 6,
therefore, this value for decalin is used as a criterion to define
the length that ensures the total evaporation of the fuel. The
location of this point in Fig. 4 establishes the length of the
computational domain of calculation. For the simulated
experiment, the length to ensure evaporation, according to
the initial profile obtained with LPG, extends for 7.5 cm, and
therefore the calculation domain (L,) is reduced to 27.5 cm.
After injection of FO 6, thermocouples that are in the domain
of computation correspond to T1 and T4, therefore these
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400 -

s s s 1 s | s

5 10 15 20 25 30
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Fig. 4 — Initial thermal profile at injection FO 6 (t = 4120 s;
temperatures: T1 = 1210 K, T2 = 1246 K, T3 = 1370 K,
T4 = 1377 K, T5 = 353 K).
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temperature data were used for comparison with the results
of the simulation.

An equivalence ratio of 1.3 corresponds to inlet mass
fractions of wg,,u,, = 0.095, wo, = 0.211 and wy, = 0.694. The
experimentally measured concentrations of the species in the
exhaust gases are shown in Table 4. The chromatographic
analysis only detects CH,, CO,, CO, H, and N,. The results are
reported on a dry basis. The percentage of N is obtained from
the total mass balance, to complete the information about
molar fractions of the species (dry basis). The mass fractions
(wet basis) obtained by simulation were converted to a dry
basis. The experimental and simulation results for ¢ of 1.3 are
shown in Table 5.

Table 5 shows the presence of H,, CO and CO, in both the
experiments and in the simulation. The simulation results
indicate that decalin and oxygen were converted in 93.9% and
100% at the sample point, respectively.

Comparing the second and fourth columns in Table 5, we
note that the simulation predicts exactly the H, mass fraction
but the CO concentration is less well predicted. This last result
could indicate that the rich filtration combustion of FO 6 might
generate hydrocarbon species with molecular weights higher
than those that could be detected by the present instrumental
analyses. If the assumption is correct, the CO experimental
concentration would decrease and give better approximation
to the simulated value. The detection of different hydrocar-
bons in exhaust gases is typical from filtration combustion of
liquid fuel in rich conditions [6,10]. The equilibrium compo-
sition of the exhausted gases is represented almost entirely
for the species in fifth column in Table 5. The equilibrium
calculation predicts that CH, is not present in the products
like in experimental results. Furthermore, in this simulation
decalin has predicted only some of the combustion products
obtained in partial oxidation of the heavy fuel oil No. 6,
because this model compound does not represent all of the
initial complex chemistry of the fuel [12].

Table 4 — Chromatographic results of FO 6.

Gas % (v/V) Molar fraction (dry basis)
H, 9.98 0.0998
Co 15.85 0.1585
CH, 0.00 0.0000
CO, 447 0.0447

Fig. 5 shows the axial variations of the temperatures in
both phases and the concentrations (dry basis) of reactants
and products (H, and CO). Fig. 5A and B corresponds to a time
near to the FO 6 injection time (4380 s). At this time the
maximum measured temperature was 1341 K at 17 cm from
the inlet of the packed bed. This time was selected to observe
the predictive capacity of the model with respect to the higher
temperatures measured during filtration combustion of FO 6.
The model predicted Ty = 1250 K in this location at this time.

Fig. 5C and D corresponds to the same above information
occurring at the instant of gas sampling (5080 s). It is observed
that the thermal profiles in both phases are coincident, indi-
cating an efficient energy exchange between the phases. The
constant behaviour of T2 as predicted by the model and the
simulation is near to T1 in Fig. 5A. Furthermore, the simula-
tion results seen when comparing Fig. 5A and C indicates that
the overall heat profile has a movement upstream, observed
by the beginning of the change of curvature of the right branch
in the time interval considered. Also, the experimental tem-
peratures observed in Fig. 2 show that the net heat flux points
in the upstream direction. This indicates that the front it is
moving into a relatively cool solid, with maximum tempera-
ture in the wave less than the adiabatic temperature [10,35],
whose value to decalin is 2292 K, calculated by CANTERA and
using the semi-detailed kinetic reaction mechanism for dec-
alin oxidation and pyrolysis developed for Dagaut et al. [14]. It
is observed in Fig. 5A and C that the autoignition of decalin
occurs upstream of T2 with an abrupt decrease in the decalin
and oxygen concentrations.

Peak temperatures approximately coincide with peaks in
H, production along the packed bed as can b seen in Fig. 5B
and D. For example, in Fig. 5D the maximum mass fraction of
H, is 0.011 at z = 14.6 cm and the peaks of gas and solid
temperatures are 1294.5 K (z = 15.07 cm) and 1293.1 K
(z = 15.09 cm), respectively. This zone with a H, peak could be
explained considering two effects observed by simulation. In
the middle of this source zone the overall reaction rate of
hydrogen is maximum at 0.003 kg/(m® x s) and the zone has an
endothermic behaviour as shown the overall reaction heat in
Fig. 5C, promoting the steam reforming from decalin and its
conversion to hydrogen (k3 >>k_3).

The marked decreases in temperatures T3 and T4, seen
when comparing Fig. 5A and C, are note well predicted by the
model. These abrupt decreases could indicate the possible

Table 5 — Experimental and simulated mass fractions of gas phase species.

Gas  Experimental mass fraction

Simulation mass fraction

Simulation mass fraction  Equilibrium mass fraction

(dry basis) (wet basis) (dry basis) (dry basis)?
CioHis - 0.0058 0.0062 47182 x 10711
0, - 2.3442 x 107° 2.4941 x 107° 6.3948 x 10>
H, 0.0076 0.0071 0.0076 0.0020
N, 0.7472 0.6433 0.6844 0.7651
co 0.1699 0.0873 0.0929 0.0952
CH, 0.0000 = = 2.0316 x 10712
Co, 0.0753 0.1964 0.2090 0.1370
H,0 - 0.0601 - -
Z 1 1 1 0.9994

& Calculated by CANTERA [30] with kinetic reaction mechanism for decalin oxidation and pyrolysis [14] at 500.15 K, 2 bar and ¢ = 1.3.
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Fig. 5 — Simulations and experimental axial variations at two instants after FO 6 injection: near to injection, t = 4380 s (A

and B); and at sampling of exhaust gases, t = 5080 s (C and D).

presence of liquid fuel boiling at this location near the reactor
inlet, considering that the fuel was injected as a constant
liquid jet. This situation would explain the deviation in the
temperature profiles from simulation results which are based
only on continuous modelling in the phase gas. Experimen-
tally we observed the presence of an agglomerated carbona-
ceous residue in the porous medium possibly formed by
generation of soot, coke and presence of liquid fuel. Formation
of soot has been observed in conversion of jet fuel and butanol
to syngas by filtration combustion [10]. The formation of coke
through heat cracking and subsequent evaporation of the
lighter components, and the formation of soot particles as the
result of gas phase chemical reactions could reduce or cancel
the packed bed porosity in some regions, as well as create an
additional heat transfer resistance on the alumina beads
forming the porous media, resulting in inefficiency of the
process of recirculation of heat that allows the solid phase,
affecting the stability of the flame front, and the production of
syngas. In large scale applications of rich filtration combus-
tion would be necessary to consider both the burned with a
lean mixture which propagates downstream through the
reactor and would be required in addition to a cleaning pro-
cedure [10].

Fig. 6 shows the radial variation of temperatures in both
phases and the radial profile of H, concentration in dry basis,
for the time and location of the gas sampling (z = 31 cm). It is
observed that the radial variations for the temperatures are
ATy = —1.94 K and AT, = —3.01 K between centre and radius of
the packed bed, and the variation of H, mass fraction is
negligible. The different variation between gas and solid
thermal profile near the inner wall can be explained by the
magnitude of the overall heat transfer coefficient at this
location (Us > Up).
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Fig. 6 — Radial variation of gas and solid temperatures and
H, mass fraction at sampling point.

Figs. 7—9 show by simulation the impact of the equivalence
ratio, filtration velocity and heat loss on H, production at the
sampling point. These graphs also include the maximum axial
temperature predicted at sampling point. The simulation
shown in Fig. 7 was performed using the physical parameters
given in Table 2. The effect of varying the equivalence ratio in
the interval 1 to 4 was studied. It was observed that the mass
fraction of hydrogen in the products increase with equiva-
lence ratio and this can be attributed to the increase of fuel
inlet concentration because the combustion temperature
stays constant at the equivalence ratio range.

Fig. 8 shows the effect of the filtration velocity on the H,
production at the sampling point and the axial maximum
temperature for ¢ = 2.2. Fig. 8 shows an increasing trend in
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Fig. 9 — Effect of heat loss on the combustion temperature
and H, production.

combustion temperature with an increase in the filtration ve-
locity. Experimental and simulation results to forliquid heptane
show a similar behaviour [6]. This trend is explained through
simulation by the increase in the thermal conductivities of both
phases and interfacial heat transfer. Also, itis observed that the

H, concentration at the sampling point does not change
significantly over the filtration velocity range of 10—55 cm/s.

Fig. 9 shows the effect of the heat loss on the maximum
axial temperature and the H, concentration at the sampling
point. For this analysis ¢ = 2.2 and vg; = 32.7 cm/s was
selected. It is observed that the increase in heat loss generates
a decrease of the combustion temperature with the conse-
quent decrease in the production of H,.

In general, the implications and applications of the results
point to the use of pure model compounds and mixtures of
these, as surrogate fuels, allowing the prediction of the com-
bustion behaviour of more complex liquid fuels, in addition to
providing standardized fuels that do not change over time, and
which serve as a pattern of these fuels [36]. In particular, it is
interesting to propose the use of decalin in mixtures of sur-
rogate fuels, and allowing the mathematical simulation of the
kinetic behaviour during rich filtrational combustion of liquid
fuels complex as heavy fuel oil, diesel, jet fuel, among others,
in their application for the production of Hy/syngas.

Conclusions

In this paper we have described a methodology and validation
for a model for the production of syngas from heavy fuel oil.
The approach of 2D bed packed modelling proposed in this
work, using decalin as a model compound, allows a reason-
able representation of the key characteristics and trends
observed in rich filtration combustion of heavy fuel oil. The
proposed kinetic global model for the homogeneous gas phase
POR of decalin gave a close prediction of the experimental H,
production for specific operating conditions at equivalence
ratio ¢ = 1.3. The radial variations of this concentration were
not observed to be significant at the sampling point.

The simulation results show notable characteristics of the
process, such as the presence of an axial maximum in the
production of H,, and the positive effects of the increase of the
equivalence ratio and filtration velocity on concentration of
this combustion product. Finally, a reduction in heat losses
would allow higher combustion temperatures which would
achieve greater fuel conversions to Hp.

The kinetic global model for partial oxidation reforming of
decalin proposed in this work and used in simulations of
filtration combustion of a heavy fuel oil in rich conditions
gives similar results to the experimental production of H,.
This evidence suggests that the use of decalin as model
compound subject to the set of homogeneous reactions
described is suitable for future studies with surrogate mix-
tures that include this chemical component to describe rich
filtration combustion of heavy fuel oils. The proposed POR
model can be used to suggest new ways of controlling and
optimizating of the H, production, and technologically in the
design and scale-up of these packed bed reactors.
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Nomenclature

A/
ay
BI
Cp
Doi
Dr
Dri

Homm S

c a4

Constant in water gas shift reaction, m®/mol
Heat transfer area per unit volume of reactor, m~
Constant in water gas shift reaction, m3/mol
Constant pressure heat capacity, J/(kg K)

Reactor diameter at contact with surrounding, m
Internal diameter of the metallic tube, m
Internal diameter of the reactor defined at interface
bed packed-insulation, m

External diameter of the metallic tube, m
Equivalent particle diameter, m

Effective radial dispersion coefficient in a packed
bed, m%/s

Effective axial dispersion coefficient in a packed bed,
m?%/s

Activation energy divided by R, in forward rate
constant of jth reaction, K

Activation energy in forward rate constant of jth
reaction, J/mol

Activation energy in reverse rate constant of jth
reaction, J/mol

Heat of reaction, J/mol

Heat transfer coefficient due to loss by free
convection, W/(m? K)

Heat transfer coefficient between fluid and solid
surface, W/(m? K)

Unit tensor, dimensionless

Permeability, m?

Thermal conductivity, W/(m K)

Forward rate constant of jth reaction, various units
Reverse rate constant of jth reaction, various units
Pre-exponent factor in forward rate constant of jth
reaction, various units

Pre-exponent factor in reverse rate constant of jth
reaction, various units

Axial fluid thermal conductivity in a packed bed, W/
(m K)

Radial fluid thermal conductivity in a packed bed, W/
(m )

Modified radial solid thermal conductivity, W/(m K)
Modified axial solid thermal conductivity, W/(m K)
Porous length, m

Number of species in fluid phase

Pressure, Pa

Rate of reaction of species i by overall chemical
kinetics model, kg/(m? s)

Radial coordinate in cylindrical coordinate system,
m

Universal gas constant, 8.314 J/(mol K)

Radius of packed bed, m

Time, s

Temperature at interface insulation-surroundings, K
Temperature, K

Experimental temperature, K

Velocity field, m/s

1

Ur
Us

Us

nts

Overall heat transfer coefficient for fluid based on
the inside area of the reactor, W/(m? K)

Overall heat transfer coefficient for solid based on
the inside area of the reactor, W/(m? K)

Mass average superficial fluid velocity, m/s
Filtration velocity, m/s

Mass fraction of species i, dimensionless

Axial coordinate in cylindrical coordinate system, m

Greek symbols

€
J

o,

Particle emissivity, dimensionless
Insulation emissivity, dimensionless

n Viscosity, Pa s

0 Fluid density, kg/m?

7 Stephan—Boltzmann constant, 5.67x10~8 W/(m? K*
¢ Porosity of porous medium, dimensionless
o) Equivalence ratio

Subscripts

Al Autoignition

f Fluid

g gas

i Species, insulation

j jth reaction

in Inlet

out Outlet

s Solid

w Reactor wall

) Surrounding

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijjhydene.2016.08.111.
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