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Numerical study of forward smoldering combustion
of polyurethane foam
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Abstract: A two-dimensional and two-phase numerical model is presented for the smolder propagation in a
horizontal polyurethane foam. The chemical processes considered include endothermic pyrolysis and exothermic
oxidation degradation of polyurethane foam and exothermic oxidation of char. The governing equations are
discretized in space using the finite element method and solved by the software package FEMLAB. Predicted
profiles of solid temperature as well as evolutions of solid compositions (including foam, char and ash) are
presented at an airflow velocity of 0. 28 cm/s. The computed average smoldering velocity is 0. 021 4 cm/'s, and
the average maximum temperature is 644. 67 K. Based on the evolutions of solid compositions, the packed bed
can be obviously divided into four zones: unreacted zone, fuel pyrolysis and oxidation zone, char oxidation zone
and fuel burned-out zone. Simultaneously, the effects of inlet air velocity and fuel properties (including thermal
conductivity, specific heat, density and pore diameter) are studied on the smoldering propagation. The results
show that the smoldering velocity and temperature have a roughly linear increase with increasing inlet air
velocity; the fuel density is the most important factor in determining smoldering propagation; radiation has a
non-negligible role on the smoldering velocity for larger pore diameters of porous material. The computational
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results are compared with the experimental data and a general agreement is reached.
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Smoldering combustion is defined as a heteroge-
neous, surface combustion reaction without flame in the
interior of a porous medium!". Compared with the
flaming combustion, the smoldering combustion occurs
at relatively low temperatures and very small veloci-
ties. For a smoldering wave to propagate, a sufficient
heat amount must be transferred from the exothermic
reactions to the fresh fuel ahead to bring its tempera-
ture to a level high enough to initiate the surface com-
bustion reaction. Simultaneously, sufficient oxygen
must also be transported to the reaction zone from the
outside to sustain the reaction. Therefore, the fuel must
be sufficiently porous, so that the smoldering wave can
propagate through the interior of porous media'” .

Smoldering combustion is generally classified into
forward and/or reverse configurations. In forward
smolder, the reaction zone propagates in the same di-
rection as the inlet airflow. In reverse smolder, the fresh
airflow enters the reaction zone from the opposite di-
rection of smoldering wave propagation'”’. The forward
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smolder is unsteady and moves at a higher rate, and can
eventually transit to flaming combustion as the smolde-
ring velocity increases due to the increased inlet air ve-
locity or oxygen concentration'”'. The reverse smolder
is characterized by a steady propagation velocity and
cannot transit into flaming.

In comparison with other combustion processes, a
relatively small amount of fundamental work has been
done to date on smoldering combustion. During the last
two decades, smoldering combustion has been previ-
ously studied numerically, analytically and experimen-
tally. Most of the experimental analyses have focused
on measuring the smoldering velocity under forced air-
flow conditions. Ohlemiller provided two thorough re-
views'” ™ of experimental and theoretical studies pres-
ent in the literature.

In this paper, based on the previous studies men-
tioned above, the propagation process of forward smol-
dering is numerically simulated and theoretically ana-
lyzed for polyurethane foam.

1 Physical-Chemical Model

So far, the smolder mechanism has been theoreti-

cally studied mostly by using a one-step or a two-step

1 [7-8]

kinetics model. However, Kashiwagi et a em-
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ployed a three-step reaction model to study smolder
combustion experimentally and theoretically. The total
smolder process includes endothermic pyrolysis of fu-
el, exothermic oxidation of fuel and exothermic char
oxidation. In this paper, the smolder characteristics are
analytically studied for porous materials based on this
model, and the model configuration of a fuel packed
bed is shown in Fig. 1.
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Fig.1 Schematic diagram of forward smolder

The packed bed of polyurethane foam is 800 mm
wide and 60 mm high. The inlet airflow is forced into
the fuel bed from the left side, and the hot airflow and
gaseous products (including H,O, CO, and CO,) exit
from the right side. The smolder direction is from left
to right, namely forward smolder.

The reactions between solid and gas taking place
in the packed bed of porous polyurethane foam include
the following three steps:

(D Endothermic pyrolysis of fuel:

Fuel — nc ,Char +n, ,CO +nc,, ,CO, +
nHZO,lHZO

(2) Exothermic oxidation of fuel:

— Ah,

Fuel +n, ,0,— nc,Char +ng, ,CO +ng,, ,CO, +
Ny, H,O +Ah,
(3 Exothermic oxidation of char:
Char + ny ;0,— n, 5 Ash +ny, ;CO +
Nco, 3CO, + 1,0 ,H,0 + Ah,
=CO, 0, CO, CO,,H,0, A;i=1,2,3) de-
notes stoichiometric coefficients ( mass fraction) of

where n; ,(j

species in the three reactions, respectively; and Ah; de-
notes the enthalpy of reactions. The stoichiometric co-
efficients are listed in Tab. 1 taken from Ref. [7].

Tab.1 Stoichiometric coefficients (by mass fraction)

Fuel pyrolysis Fuel oxidation Char oxidation

Coefficient ~ Value

Coefficient ~ Value  Coefficient  Value

1oy, 1 0.00 no,2 0.41 no,.3 1.65
e 0.46 ne 0.29 LN 0.05
nco, 1 0.01 nco.2 0.08 nco, 3 0.50
Nco,,1 0.03 Nco,,2 0.24 Nco,,3 1. 80
M50, 1 0.50 1,0,2 0. 80 Hy0,3 0.30

All the processes mentioned above are described
by a single first-order reaction with Arrhenius tempera-
ture dependency'”’

E,
=A exp( R )pF (1)
E,
r=A exp( RT )prOZ (2)
E3
3 =A3exp( _ﬁ)ljcpoz (3)

where r, is the reaction rate of the i-th reaction (i =1,
2,3), A, is the pre-exponential frequency factor of the
i-th reaction, E; is the activation energy, R is the uni-
versal gas constant, T, is the solid temperature, py. is the
density of fuel, p is the density of char, and Po, is the
density of O,.

2 Numerical Model of Smolder

In developing the governing transport equations,
the appropriate assumptions are made as follows:

(D The fluid flow, and heat and mass transfer are
time dependent, two-dimensional and laminar.

) The thermo-physical properties of the con-
densed phase (including foam, char and ash) and fluid
are homogeneous and isotropic, and the chemical prop-
erties (including action energy, pre-exponential fre-
quency factor, enthalpy, etc) remain constant during
smolder.

3 The cavities of the porous matrix are spherical
and are saturated with fluid and the phases present in
any small volume elements are in thermal equilibrium.

(@) The porous matrix is rigid and incompressible,
while volumetric change due to the change of phase
and chemical reaction is permitted.

(5 The heat quantity only results from oxidation
reaction. There is not any source of volumetric heat in
the packed bed.

(© The process of ignition for the fuel-packed bed
is simulated by setting the boundaries and initial condi-
tions.

(D) The gas mixture satisfies the state equation.
The specific heat of species is equal and constant, and
the Lewis number, Le, is 1.

The smolder of porous fuel is a two-phased
process (including solid and gas) flow with chemical
reactions. Based on the above assumptions, we can ex-
press the governing equations of the problem as fol-
lows.

2.1 Solid-phase continuity equations

%{(1 —Q)pel = -1y =1, (4)

—@)pcl =nc,r +nc,r, -1 (3)

Jd
E[(l
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S =@l =nyrs (6)

where ¢ is the porosity of the polyurethane foam
packed bed.
2.2 Gas-phase continuity equations

%+ Ve(gpw) =(1 =ng )r +
(1 +ng,, —nc)r+(L+ng, s —n,3)ry (7)
where p, is the density of gas, v is the gas velocity
through the polyurethane foam along the packed bed,
and r is reaction rate (j =1,2,3).
2.3 Gas species equations

dgp, Y,
%4- V(oY) =0+ V-(gp,D VY, (8)

Ly

3
where (), = Z +n, .r(i =0,,CO,CO,, H,0;j =1,
j=1

2,3);n,; are the stoichiometric coefficients ( mass
fraction) of species in the three reactions, respectively;
Y, is the mass fraction of gaseous species. The minus
sign ( —) is for consumed gas species; the plus sign
( +) is for generated species.

In addition, since the transport of oxygen to the
burning front depends critically on its ability to diffuse
through the gas phase, it is important to include a cor-
rect dependence of diffusivity on temperature'"”’. The

diffusion coefficient D is expressed as
1.75

D =0.677D ‘-“‘(—g)

2273
where D, is the unrestrained diffusion of gas in a bina-
ry mixture, and 7, is the temperature of the gas phase.

2.4 Energy equations

d
5[(1 = @) (pphg +pche +pahy)] =

3
V [(I =@y VT] + zriAhi +hAs(Tg -T)
iz

9

9
Tgph) + T < (gpvh) =V (gA, VT +
hA(T, - T,) (10)

where hg, he, h, and h, are the specific enthalpy per
unit mass of fuel, char, ash and gas, respectively; h; =
Ce(T,-T,),he =C(T,-T,),h, =C,(T,-T,), h,
=C,(T,-T,);C Cc, C, and C, are the specific heat
of fuel, char, ash and gas, respectively; 7, is the tem-
perature of the solid phase; 7T, is the ambient tempera-
ture, normally 300 K; 7, is the temperature of the gase-
ous phase; i is the convective transfer coefficient be-
tween the solid-phase and the gas-phase; A, is the spe-

cific interfacial gas-solid surface and Ag =4(1 - ¢)/

d""; A is the effective heat conductivity of the por-
ous medium and A, = (1 — @) k, + 168dT./3""'; k_ is
the thermal conductivity of solid; d is the pore diame-
ter; § is the Stefan-Boltzmann constant.

2.5 State equation of gas

pRT,
== 11
M mix ( )
where M is the molecular weight of the gas mixture

Y,

and My = ) a7 (1=0:,C0,CO,, N;, H,0); ¥ s

the mass fraction of the gaseous species and Yy, =1 —
Yoo = Yco, = Yo, = Yuor D, Y; =1: M, is the molecular
weight of the i-th gaseous species.

In this model, the simulated polyurethane foam is
highly porous (¢ = 0.975), and the pressure drop
1 Therefore, the

conservation of momentum equations can be negli-

across the porous medium is trivial'

gible. The gas velocity in the porous medium is solved
directly by using the overall continuity equation and
Eq. (11). Thus we have totally 10 unknown parameters
as follows: p,, Yeo, Yeo,s Yo,5 Yio0 Tss Ty prs pes and
Pa-

There are ten independent equations, thus the
problem is closed and can be solved.

3 Boundary and Initial Conditions

The computed domain is shown in Fig. 1. Airflow
is forced into the fuel packed bed from the left side,
and the hot gases, including generated gaseous species,
exit from the right side. The smolder propagation direc-
tion is also from left to right through the packed bed,
namely forward smolder.

3.1 Boundary conditions

1) At the left boundary x =0, all the parameters
are specified as T, =300, Y, =0.23, Y, =3.2 x
1074, Yo =0, ¥y 0 =0.002, v,(0, y, 1) =0.28,v,(0, y,
1) =0, Vp, =0(j =F, C, A), VY, =0(i = CO, CO,,
H,0,0,),p, =1. 164.

The ignition temperature is fixed at 900 K for 60 s
and the smolder wave is assumed to start to propagate
along the packed bed. Thus the process of ignition is
simulated as

900 t <60
1.0.y.0) = {300 1=60

2) At the right boundary x = L, the hot gases exit
and the gradients of parameters are assumed to be ze-
ro: VT, =0,VT,=0, Vp,=0, VY, =0(i = CO, CO,,
H,0,0,), Vp, =0(j =F,C, A).
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3) At the bottom and top surfaces, the walls are as-
sumed to be thermally insulated.
3.2 Initial condition

At t =0, the entire fuel bed is unreacted. All pa-
rameters (including temperature, gas species, solid den-
sity) are given: T, =300, T, =300, Y, =0.23,p,, =
0, Yeo =Yco, =Yu,0 =0, pr =26.5,pq =0, py =1. 164,
v, =0.28, Vi =0.

4 Numerical Results

As shown in Fig. 2, the packed bed is divided into
960 meshes to perform calculations. The governing
equations are solved using FEMLAB 3.1 which is a
software package using numerical techniques based on
the finite element method for the spatial discretization.
Fuel properties are chosen from Refs. [7 —8] and listed

in Tab.2.

y
6
0

80 ¥
Fig.2 Computed meshes (unit: cm)

Tab.2 Properties of fuel

Parameters Value Parameters Value
E,/(kJ-mol 1) 220 o/ % 97.5
E,/(kJ-mol 1) 160 ue/(kg+(mes) ") 3x10°°
E;/(kJ-mol ~") 160 Ah, /(K -kg™") -570

A, /s 2.0x107|  Ahy/(ki-kg™") 5700
Ay /(s7hemkg™!) 5.7 x10"||  Ahy/(KI-kg™!) 25000
Ay/(s7'em? kg™ 5.0x10° D/(m?-s™h) 4.5x1073
Cp/(KI-(kg-K) 1) 1.7 d,/m 5.0x107*
Co/(KI-(kg-K) ™1 1.1 d/m 1.Ox107*
C,/(KJ-(kg-K) 1) 1.1 h/(W-(m*-K) ") 5.85
C,/(KI+(kg-K) ™) 1.1 pret/ (kg-m ™) 1.2
kg/(W+(m-K) ") 0.0258 T./K 300
K/(W+(m-K) ") 0.0630

4.1 Distribution of solid temperature

The profiles of solid temperature at different times
are shown in Fig. 3. Each curve represents a different
time step and results are plotted in increments of ap-
proximate 450 s. Initially, the solid is at 300 K. Airflow
is forced through the left boundary into the packed bed
with a velocity of 0. 28 cm/'s.

As shown in Fig. 3, in the initial stage of smolder,
the solid temperature is rather high (about 760 K) due
to the influence of ignition at the left boundary. With
the development of smolder, the distribution of solid
temperature is driven to stabilization and the average
maximum temperature is about 644. 67 K. The average
smoldering velocity, measured by the ratio of the prop-
agation distance of the smolder wave peak to experi-
enced time, is about 0. 021 4 cm/s in this case.
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Fig.3 Profiles of solid temperature at different times

The curve of solid temperature presents a parabol-
ic shape. First, the fuel is heated by conduction, con-
vection and radiation, whose temperature gradually ri-
ses. In the reaction zone, the temperature reaches the
maximum value because of exothermic oxidation reac-
tion. Then, with the movement of the smolder wave, the
temperature gradually recovers the initial value (300
K) . Moreover, the profiles of solid temperature at dif-
ferent locations are plotted in Fig. 4.
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Fig.4 Profiles of solid temperature at different locations

4.2 Evolutions of solid compositions

In Fig. 5, the evolutions of solid compositions (in-
cluding foam, char and ash) are presented along the fu-
el packed bed at 2200s (x =407 cm). The packed bed
can be obviously divided into four zones: unreacted
zone(x > 0.472), fuel pyrolysis and oxidation zone
(0.367 <x <0.472), char oxidation zone(0. 261 <x <
0.367) and burned-out zone (x <0.261).

At the unreacted zone, the density of fuel remains
at its original value of 26. 5 kg/m’. At the zone of fuel
pyrolysis and oxidation, the pyrolysis and oxidation re-
actions of fuel take place simultaneously. Some chars
come into being during the two reactions and their den-
sity increases from O to 17. 32 kg/m’. The fuel density
decreases from 26.5 to 1.75 kg/m’ due to the con-
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Fig.5 Evolutions of solid compositions (x =0.407 m)

sumption.

At the char oxidation zone, char is further oxi-
dized into ash whose density increases from O to 0. 95
kg/m’, while the density of char decreases from 17. 32
kg/m’ to 0. Finally, at burned-out zero, there is only
ash left as a residual solid product that does not react
anymore.

When the inlet air velocity is 0. 28 cm/s, the py-
rolysis front of fuel moves faster so it is 0. 105 m ahead
of the oxidation front of char. The distance between the
two fronts will decrease with the increase in inlet air
velocity. The variation trend results from greatly accel-
erating char oxidation owing to abundant oxygen sup-
ply. Moreover, at the char oxidation zone, there is a lit-
tle unburned fuel left whose density varies from 1. 75
kg/m’ to 0. It is verified that the three reactions (inclu-
ding pyrolysis, fuel oxidation and char oxidation) sim-
ultaneously happen when the smolder wave is propaga-
ting forward.

4.3 Effect of inlet air velocity on smolder

In order to compare with experimental results
measured by Torero et al.'", corresponding inlet air
velocities (including 0. 09, 0. 17, 0. 28, 0. 41, 0. 53, and
0.78 cm/s) were used in the simulation. The effect of
inlet air velocity is examined on the smoldering veloci-

0.07r
——4—— Numerical from Leach et al. a
0.06 [ ——®--- Numerical veloctity 7
—®— Experimental velocity o

ty of polyurethane foam. As shown in Fig. 6, the com-
puted and experimental smoldering velocity as a func-
tion of inlet air velocity is presented, and the numerical
smoldering velocity simulated of Leach et al. '™ is also
plotted. All the results show a roughly linear relation-
ship between smoldering velocity and inlet air veloci-
ty. The reason is that increasing airflow makes the oxi-
dation reactions occur more rapidly, and the fuel com-
busts more completely, and the smoldering velocity
propagates faster. The computed velocities agree very
well with the measurements of Torero et al. ! and the
simulated results of Leach et al. '"'.

In Fig.7, the effect of inlet air velocity on the av-
erage maximum temperature is presented. It appears
that the maximum temperature has a linear increase by
increasing the inlet air velocity. Changing the inlet air
velocity by a factor of 8. 67 cm/s from 0.09 to 0. 78
cm/s increases the maximum temperature by a factor
of 1. 14 from 628.29 to 719.03 K. The experimental
data are derived from Ref. [1]. The calculated tempera-

ture also agrees with the experimental value.
725 -

625 " - -e— - Experimental maximum temperature

—&— Numerical maximum temperature

1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Vina/ (cm*s™1)
Fig.7 Relationship between the inlet air velocity and the
maximum temperature of smoldering

4.4 Effect of conductivity on smolder

All the parameters for the base case are changeless
and the thermal conductivity of fuel A is varied from
0.047 to 0. 20 W/(m-K). The simulated results are lis-
ted in Tab. 3. Although changing the thermal conduc-
tivity of fuel by a factor of 4. 3, the smoldering velocity
basically remains constant between 0.022 and 0. 021
cm/s and the maximum temperature of smolder varies
only between 645 and 643 K. But the smoldering veloc-
ity and maximum temperature have a slight decrease
because increasing conductivity can induce more heat

Tab.3 Effect of conductivity

Fig.6 Relationship between the inlet air and smoldering velocity

0 1 1 1 1 1
0 0.1 0.2 0.304 050

.6 0.7 0.8

Number Ap/(W-(m-K) ') V ./(cm-s™") T/ K
1 0. 047 0.021 57 644. 95
2 0. 063 0.021 50 644. 67
3 0. 085 0.021 36 643. 16
4 0.113 0.021 40 643. 30
5 0. 200 0. 020 80 642.93
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loss from the reaction zone. In general, the thermal
conductivity of fuel has little effect on the smoldering
propagation.
4.5 Effect of fuel density on smolder

The density of fuel p; is changed from 0. 012 4 to
34 kg/m’. As shown in Tab. 4, the simulations indicate
that increasing the fuel density can decrease the smol-
dering velocity. When the smoldering velocity varies
by a factor of 1. 4 from 0. 024 to 0. 017 cm/'s, the maxi-
mum temperature of fuel smolder decreases by only
about 15 K. Compared to the conductivity of fuel, the
fuel density has a greater effect on the smoldering ve-
locity and has a certain effect on the maximum temper-

ature.
Tab.4 Effect of fuel density
Number  pp/(kgem ™)  V_../(cm-s™") T/ K
1 0.0124 0.0237 665. 84
2 0.15 0.0229 656.23
3 0.5 0.0218 649. 22
4 26.5 0.0214 644. 67
5 34.0 0.016 8 641.35

4.6 Effect of specific heat on smolder
The specific heat of fuel Cy is chosen as: 0.5,
0.84,1.7,2.5,3.4 kJ/(kg - K). The simulated results
are presented in Fig. 8. It appears that changing the
specific heat of fuel from 0.5 to 3.4 kJ/(kg-K) de-
creases the smoldering velocity from 0. 0232 to 0. 019 4
cm/s, and the maximum temperature of smolder also
decreases from 660. 70 to 596. 08 K. The reason is that
increasing the specific heat results in an increase in
heat absorption used to maintain smoldering propaga-
tion. Therefore, the smoldering velocity and maximum
temperature of smolder have a certain decrease.
0.024r 1675

—-—o—-— Maximum temperature
. . .
“~a.— —# - Smoldering velocity
o.omp N 1650
\- "\...\
- \ . _
T 0022 N T 62
: ' j
- N . &~
S 0.021} N So 1600
3 n L4
j \
N
0.020 | N 1°7
LB
|
0.019

. ) . . . . L 550
0 0.5 1.0 1.5 2.0 2.5 3.0 3.54.0
Cr/(kJ* (kg K) 1)

Fig.8 Specific heat of fuel on smoldering characteristics

4.7 Effect of pore diameter

The pore diameter mainly affects both convective
and radiative heat transfer. Increasing the pore diameter
can effectively decrease the volumetric heat transfer co-

efficient by decreasing the area to volume ratio and in-
crease the radiative conductivity. In order to qualita-
tively examine the effects of the pore diameter, differ-
ent values of pore diameter (including 0.05, 0.1, 5
mm) are used to conduct simulations. Moreover, two
different cases, with or without radiation, are taken into
account. The results are summarized in Tab. 5.
Tab.5 Effect of pore diameter

Number D/mm  Vg../(cmes™)  Tp./K Radiation

0.0212 643. 56 Yes

1 0.05
0.0212 643.77 No
0.0214 644. 67 Yes

2 0.10
0.0213 645.02 No
0.0223 646. 09 Yes

3 5.00
0.0218 646. 78 No

When the pore diameter is very small, such as
0. 005 cm, radiation is not important. The smoldering
velocity is the same (0. 021 2 cm/s) and the maximum
temperature of smolder remains almost constant (644
K). So radiation can be neglected for studying smolde-
ring propagation in porous material with small pore di-
ameters, and heat is transferred mainly by convection
and conduction. When the pore diameter is 0. 1 mm, the
smoldering velocity will increase. Radiation has a cer-
tain effect on the smoldering velocity. Increasing pore
diameter can enhance the radiation, and the smoldering
velocity also accelerates. The maximum temperature
will decrease with radiation in this case due to the heat
emitting from the reaction. When the pore diameter is
larger (5 mm), radiation has an important effect on the
smoldering velocity and the maximum temperature. So
radiation heat transfer for larger pore diameters of por-
ous material is not negligible.

5 Conclusions

1) A two-dimensional, unsteady, numerical model
is presented for the forward smolder in horizontal poly-
urethane foam by using a three-step kinetics mecha-
nism. It provides a basis for further detailed study of
smoldering propagation in a porous medium.

2) The distribution of solid compositions is simu-
lated along the packed bed. There are four zones: unre-
acted zone, fuel pyrolysis and oxidation zone, char oxi-
dation zone and burned-out zone. It is easier to under-
stand the three-step kinetic mechanism. The distance
between the pyrolysis front and char oxidation front
will shorten with increasing inlet air velocity due to ac-
celeration of char oxidation.

3) By varying the properties of fuel (including
thermal conductivity, specific heat, and density), the
simulations indicate that the fuel density is the most
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important and fuel conductivity is the least important
factor affecting the smoldering velocity and the maxi-
mum temperature of fuel. The specific heat has a cer-
tain effect on smolder propagation.

4) Radiation is not important and can be neglec-
ted for small pore diameters of porous materials. How-
ever, radiation has a non-negligible role on the smolde-
ring velocity for larger pore diameters of porous mate-
rials.
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