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DIRECT NUMERICAL SIMULATIONS FOR SMOULDERING
IN THE HORIZONTAL CHANNEL

C. Yang* and G. Debenest
cyang@imft.fr
IMFT, Allée Camille Soula, F-31400 Toulouse, France

Abstract

In the present study, direct numerical simulations for smouldering in a horizontal channel are
performed for both compressible and incompressible flows. The reactant gas is passing
through the char surface, where the chemical reaction is going to take place. For the sake of
simplicity, the smouldering is treated to be a single step chemical reaction. In the
incompressible flow, a set of governing parameters are discussed to elucidate their influences
on the process of smouldering. Furthermore, the variations of density and dynamic viscosity
of gaseous mixture are taken into account in the compressible flow. The comparison between
the compressible and incompressible flows reveals that the effects of local compressibility
and gaseous mixture on the propagation of smouldering wave are trivial.

Introduction

Smouldering is the flameless combustion of a liquid or solid fuel that derives heat from
surface oxidation reactions. In a porous material, the local pore structure allows gaseous
reactant to filter through the solid to the reaction site. Substantially, the smouldering wave can
propagate through the interior of porous media sample. Due to its vast potential applications,
such as porous media burner, waste incineration, catalyst regeneration, oil recovery
enhancement and many others applications [1-3], smouldering in porous media has attracted a
lot of interests.

In the open literature, tremendous number of publications relevant to the smouldering in
porous media can be found. Aldushin et al. [4] started a pioneering work by conducting the
one-dimensional theoretical analysis of combustion propagation wave in a porous media.
Based on the asymptotic method, structure of solution was determined for the first time. For
two different structures, Schult et al. [5] discussed solutions for reaction leading and reaction
trailing wave structures by virtue of asymptotic method. A so-called reaction leading structure
occurs when the velocity of combustion front overcomes that of the heat transfer layer. On the
contrary, the velocity of combustion front is slower than that of the heat transfer layer in the
reaction trailing structure.

Regarding to the numerical simulations in the microscope geometry of porous media, two
simple structures, which are array of horizontal channels and staggered cylinders, are usually
utilized for the computational analysis. Debenest et al. [6] proposed a three-dimensional
microscale numerical model for the simulation of smouldering in fixed beds of solid fuels. In
light of a dimensional analysis, Debenest et al. [7] identified a set of governing parameters.
Furthermore, direct and detailed numerical simulations on the microscale were performed to
elucidate their influences.

However, to our best knowledge, no microscale calculations associated with the
smouldering in a porous media have been done yet in the compressible flow. In this study, the
smouldering in the array of horizontal channels shall be revisited to investigate the effects of a
set of governing equations for the incompressible flow. Then, based on the same geometry,
we shall consider the variations of density and dynamic viscosity of gaseous mixture to
discuss the local effects of compressibility and gaseous mixture in the compressible flow.



Mathematical M odel and Governing Equations

As illustrated in Fig 1(a), the gas is passing tigiothe array of horizontal channels. The gray
part is the char for combustion, and the other gathe passage for gas. The smouldering,
which is simplified to a single step chemical réattis going to take place in the interface
between these two parts. Due to the periodicityemfimetry, a unit cell would be good enough
to capture the characteristics of smouldering. Moee, for the sake of simplicity, the half of
a unit cell shown in Fig 1(b) is chosen for theca#dtions in this study.

Figure 1(a). Horizontal channels.
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Figure 1(b). Calculation domain.

Based on the mathematical model given by Debenesit €], the governing equations
used in this study for incompressible flow are aaded as following:
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wherec, is the concentration of oxygei, and T, are the temperature of gas and solid
phases, respectively. MoreoveZ, and C are the volumetric heat capacities for gas and

solid phases.
Correspondingly, the boundary conditions for incoasgible flow are set as follows:
Fort=0 and inlet:

u=u,, T,=T,=500K andC, =8376mol/n’ (6)
Fort = 0 and outlet:
oT, oc
@: g:aTS: 02:O (7)
ox 0x  OX ox
Whereas the interfacial conditions between two pbase given by:
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where C, is the concentration of chafh, is the carbon-oxygen heat of combustioy, is

the grain vqumeﬁUg| is its surface andls is a surface element.
Furthermore, the properties used in the incompoesfow are listed in Table 1.

Table 1. Properties in the incompressible flow

Solid Gas
Ds 2100 kg/n? Py 0.3 kg/n?
Cos 800 J/kgK Cog 1200 J/kgK
As 1 W/mK g 0.025 W/mK
Ahe 391.9 kJ/mol Do, 2x10™ m2/s
n 3x107 kg/ms

In the incompressible flow, all properties of baas and solid phases are kept to be
uniform and constant. However, in the compressflies, the variations of density and
dynamic viscosity of gas phase are considereddarpthsent study. In addition, the incoming
gas is the mixture of oxygen and nitrogen in corsgifde flow rather than a tracer
approximation for oxygen in the incompressible fladwing to the utilization of single step
chemical reaction, the generation of carbon diox&glalso considered in the compressible
flow.

Based on the difference between the compressildaernmompressible flows as described
above, the governing equations associated with abmpressible flow modified from

equations (1) ~ (5) are presented as below:
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where theY; is the mass fraction of pure gas, and the vanatiof density and dynamic
viscosity of gas phase are achieved by the follgwivo equations:

P
p= N (16)
RUTQ Zi:l(Yi/M\Ni )
and
H= zi,\ilxi/ji (17)

where R, is the universal gas constaid,, and X; are the molecular weight and molar

fraction of pure gas, respectively. In additign,is the dynamic viscosity of pure gas which
can be calculated as follows:
_ AT} 18)
Al C/T, +D/T?
The corresponding coefficients for the pure gagqueagion () referred from Chapman and
Cowling [8] are listed in Table 2.

Table 2. Coefficients in the equation ()

A B C D

0, 1.10x10° 0.56 96.3 0

CO, 2.14x10° 0.46 290 0
N, 6.56x10 0.61 54.7 0

Correspondingly, the boundary conditions for corspitde flow are set as follows:
Fort =0 and inlet:
u=u,, T, =T, =500K, Y, = 0.8935, 0.1787, 0.0598;,, = 0,Yy, =1-Y,, — Yoo, (19)
Fort = 0 and outlet:

ou OT, oT. O0dY, 0Y, dY,

=9 =" s= 2 = 2 = €O =0 (20)
ox O0x  OX ox 0X ox




Whereas the interfacial conditions between two gbase given by:

u=om/s, T,=T,, ni{d -J)=Ahnld, N0, =S, . (21)
dc, 1
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In the present study, a set of governing parametsed for the analysis are presented as
follows:

_ ugW _

- , tad T P _ (22a, b, c, d)
o C.Ac,, £,C, +&£C, A -1
where £, and &, are porosities of gas and solid phasgg, and T, are the adiabatic
temperature and plateau temperature, respectively.

C_ Ac
Pe g c T —_ gsAccAhc T Tad

Code Validations
The foregoing sets of governing equations are sohwederically by using the OpenFOAM
Version 2.1.1 package. Since the process of smontdés transient, PIMPLE algorithm
designed for the large time-step computations seh to be the numerical scheme. The
transient terms of the foregoing sets of goverreggations were discretized using the first
order Euler implicit scheme. For the convergenctega, the residuals of all variables are
less than 18°. Moreover, we have performed a sensitivity analysithe grid size. Then, all
of the calculation results in the present studyigdependent of the grid size.

As depicted in Fig 2., the fully developed veloqinpofile of cross-section in the channel
Is compared with the corresponding exact solutiboan be seen that the agreement between
two velocity profiles is good. According to the g@ietion of Debenest et al. [7], the
transversally averaged temperature is supposeshththe plateau temperature calculated by
equation (22d). In Fig. 3., the transversally ageth temperature comes to the plateau
temperature when the location of combustion frertQW.
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Figure 2. Comparison of fully developed velocity profileanchannel with the exact solution
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Figure 3. Profile of the transversally averaged temperatutbe horizontal channel

Results and Discussion
Several tests were made in order to check the acgwf the model. They are all summarized
in Table 3.

For all the calculationsPe and A, we report in Table 3 are the results obtained for
averaged temperature divided by the adiabatic lbrike results are correct, it will normally

converge to the value df|A-1, according to Aldushin et al. [4]. We can see adyo

agreement with the theory féte = 1, 10;A = 0.1 with a profile of averaged temperature
coming to the expected temperature. But,Aoralues equal to 0.5 and 1.5, less than 3% of
difference is observed. This is the asymptotic @aleached numerically and several things
could explain that. Main direction we have todaythe grid size in y direction as the reaction
term depends strongly on the concentration of omygehis will be investigated in a
forthcoming paper. But as evidence, we can condiulr the numerical tool is valid, and
could be a starting point for further investigasollVe are now going to see more in details of
the results.

As illustrated in Fig 4., Fig 5. and Fig6., pro§ilef transversally averaged temperature of
gas and solid phases are presented for three atiffar The Peclect numbeRe is kept
constant and equal to 10. Differentan be interpreted as different char concentratighe
solid or different oxidizer concentration in thesgdn these three figures, it can be clearly
seen that the smouldering wave propagates asntieegbes by, and eventually comes to the
steady regime. This time depends on the flow regimseen in Debenest et al. [7].

Table 3. Several cases in the present study

Pe 0.1 | 0.5 | 1.5
To/Tad
Numerical| Analytical| Numerica| Analytical Numerlca Analytical
1 1.11 1.111 2.0 2.0
10 1.11 1.111 1.976 2.0 1.97 2.0
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Figure 4. Profiles of the transversally averaged temperattifiid and solid phases for
A =01 and Pe= 10in incompressible flow.

In the Fig. 4., the steady regime is obtained aft&\W. We can see a difference in the
averaged temperature profiles between gas and gloéide. At the inlet, the gas phase needs
several W before being at the equilibrium with sodid phase. A peak is observed in the gas
phase, in the reaction region. Then, the gas pappears to be hotter than the solid phase.
This is due to the convective part in the equatita).
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Figure5. Profiles of the transversally averaged temperattifeiid and solid phases for
A = 05 and Pe= 10n incompressible flow.



In the Fig. 5., the steady regime is obtained atté® W. The maximum averaged
temperature is really closed to the one expectesl.alslo observe that the heat content stays
closer to the reaction region than in the previcase. This is coming from the increasitg
value. Heat velocity is now closed to the reacfromt velocity and the two waves propagate
at nearly the same speed.

In the figure 6, the steady regime is obtainedrdf20W. The maximum temperature is
closed to Z,4. The thermal wave propagates quicker than thetiopagvave, so the heat
content accumulates after the reaction region.

In these last two cases, we see the same diffesen@veraged profiles between gas and
solid phases than in figure 4. The convective parquation (4a) explains once again this
effect comment could be done. This is in agreemahtthe results of Debenest et al. [7]. But
we present there the first local approach reactiiagteady regime expected.
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Figure 6. Profiles of the transversally averaged temperattifiiid and solid phases for
A =15 and Pe= 10in incompressible flow.

In Fig. 7, the casPe= 1;A = 0.1 is given. After 50W, the steady regime isaed and
the averaged temperature reaches the expected Vahen the combustion front comes to
70W, the averaged profiles of gas temperature asidl semperature are plotted. No
significant differences exist, except in the irgene, where the gas phase enters at 500K. In
the front region, a peak temperature exists ingd® phase. This comes from the reaction at
the interface. Then, the gas temperature releasttetsolid temperature. The samealue
with aPe = 10, gives us a strong difference in space betvilee two temperatures. Because
of the small value oPe and especially of therm&le value like explained in Debenest et al.
[9], in this case no differences are seen.

Let’s go now to the compressible flows as introdureequation (9) to (15). The last part
of this paper will be dedicated to the comparisebmMeen incompressible and compressible
flows and quantification of the effects of compmsit and temperature with density and
dynamic viscosity. Several tests will be made tmpare with our incompressible case by
varying Pe number, intensive and further investigation/ofvalues will be addressed in a
coming paper.
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Figure 7. Profiles of the transversally averaged temperattifiiid and solid phases for
A = 0.1 and Pe= lin incompressible flow.

In the Fig. 8 and Fig. 9, the casesR#= 1 and 10 for thé\ = 0.1 are presented in the
compressible flow. By comparing these two figunéth Fig. 4. and Fig. 7, it can be seen that
the variations of density and dynamic viscositga$ phase have no remarkable influences on
the propagation of smouldering wave. The furtheestigations seem to be necessary, such
as more accurate chemical reaction schemes, \aariatithermal capacity of gas phase, etc.
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Figure 8. Profiles of the transversally averaged temperattifiid and solid phases for
A = 0.1 and Pe= 10in compressible flow.
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Figure 9. Profiles of the transversally averaged temperattifiiid and solid phases for
A = 0.1 and Pe= 1lin compressible flow.

As shown in the Fig. 10 and Fig. 11, the differeméepressure, density and dynamic
viscosity of gas phase between the compressiblarenminpressible flows are plotted in the
direction of smouldering wave propagation. The carigon results clearly indicate that the
difference is significant; especially in the cheaticeaction region. This is because the
variations of density and dynamic viscosity of gaase are highly temperature-dependent.

—u A=0.1 Pe=10 x,=70W
—0p
1F W =1
P " /
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Figure 10. Comparisons between the compressible and incosipledlows forA = 0.1and
Pe=10
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Figure 11. Comparisons between the compressible and incosipledlows forA = 0.1 and
Pe=1

Conclusions

In the present study, direct numerical simulativese made to investigate the effects of a set
of governing parameters on the smouldering proceashorizontal channel. The calculations
were carried out for both compressible and incosgbte flows. In the incompressible flow,
it was found that a so-called reacting leadingcétme appears fok < 1, andA > 1 results in
the reacting trailing structure. Moreover, it alwuld be noted that for the sarkethe case
of Pe= 1 has smaller temperature difference betweeigaiseand solid phases than thaPef

= 10 does, which implies that the local thermaliopium assumption could be valid in the
case ofPe = 1. By varing the density and dynamic viscosifygas phase, the calculations
were conducted in the compressible flow to disdausseffects of local compressibility and
gaseous mixture on the propagation of smoulderiyew The comparison between the
compressible and incompressible flows demonstithigsthe variations of pressure, density
and dynamic viscosity of gas phase in the direcbbrsmouldering propagation wave are
significant. However, the effects of local compib#isy and gaseous mixture on the
propagation of smouldering wave are negligible.

Nomenclature

¢ concentration

C volumetric heat capacity

D diffusivity of pure gas

he carbon-oxygen heat of combustion
J flux

Mw  molecular weight

p pressure

Pe Pelect number

Ry universal gas constant

S source term
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temperature

velocity

height of gas passage
Cartesian coordinates
molar fraction

mass fraction

porosity

thermal conductivity
dynamic viscosity

density
Subscripts
ad adiabatic
C char
B bulk
F combustion front
g gas
in inlet
O, oxygen
N, nitrogen
CO, carbon dioxide
p plateau
S solid

Superscripts

g gas
S solid
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