Reprinted from May 1992, Vol. 114, Journal of Heat Transfer

Heat and Mass Transport From
Thermally Degrading Thin

o Kushide 4 Cellulosic Materials in a
i.% sum @ Microgravity Environment’
T. KaShiW&gi A theoretical model describing the behavior of a thermally thin cellulosic sheet

heated by external thermal radiation in a quiescent microgravity environment is
developed. This model describes thermal and oxidative degradation of the sheet and
the heat and mass transfer of evolved degradationproductsfrom the heated cellulosic
surface into thegasphase. Atpresent, gasphase oxidation reactionsare not included.
Without buoyancy, the dominant vorticity creation mechanism in the bulk of the
gas isabsent except at the material surface by the requirementof the no-slip condition.
The no-slip condition is relaxed, permitting theflow to be represented by a velocity
potential. Thisapproximation ispermissible due to the combination of a microgravity
environment and low Reynolds number ussociated with slow small-area heating by
external radiation. Two calculations are carried out: heating without thermal deg-
radation, and heating with thermal degradation of the sheet with endothermic py-
rolysis, exothermic thermal oxidative degradation, and highly exothermic char ox-
idation. Theresultsshow that pyrolysis is the main degradation reaction. Moreover,
self-sustained propagation of smolderingfor cellulosicmaterials is very difficult due
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to the lack of sufficient oxygen supply in a quiescent environment.

Introduction

Ignition of solid fuels by external thermal radiation is a
process that not only is of considerable scientific interest but
that also has fire safety applications. This process is compli-
cated by strong coupling between chemical reactions and trans-
port processesnot only in the gas phase but also in the condensed
phase. Although the fundamental processes involved in radia-
tive auto-ignition have been suggested by Akita (1978), Kash-
iwagi (1979, 1981), and Mutoh et al. (1978), there have been
no definitive experimental or modeling studies due to the flow
motion generated by buoyancy near the heated sample surface.
It is extremely difficult to solve theoretical models accurately.
One must solve the full Navier-Stokes equations over an ex-
tended region to represent accurately the highly unstable buoy-
ant plume. In order to avoid the complicated nature of the
starting plume problem under normal gravity, previous de-
tailed radiative ignition models were assumed to be one-di-
mensional (Kashiwagi, 1974; Kindelan and Williams, 1977) or
were applied at the stagnation point (Amos and Fernandez-
Pello, 1988). The mismatch between experimental and calcu-
lated geometries means that theories cannot be compared di-
rectly with experimental results in normal gravity.

To overcome the above difficulty, a theoretical and exper-
imental study for ignition and subsequent transition of flame
spread in microgravity has been supported by NASA’s Mi-
crogravity Science Program. The objective of this study is to
be able to compare the theoretical results quantitatively to the
experimental data and to obtain a more definitive understand-
ing of the ignition mechanism by the use of a microgravity
environment. In this paper the description of the theoretical
model and the calculated results of heat and mass transport
near the heated surface during a preheating period are de-
scribed. The model has been developed by taking advantage
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of the microgravity environment as much as possible in the
gas phase instead of modifying a conventional normal-gravity
approach. Further extension including gas phase oxidation
reactions to achieve ignition will be described in a future paper.

The theoretical model has been developed to be comparable
to planned experiments in microgravity using NASA’s two
drop towers or the space shuttle. A thermally thin cellulosic
sheet is considered as the sample fuel. Such a sample might
ignite during test times available in the drop towers without
requiring a pilot. This eliminates many complicating param-
eters such as pilot location, temperature, and size (Tzeng et
al., 1990). The generation of high-temperature char at the
sample surface acts as a self-induced pilot provided by highly
exothermic char oxidation (Kashiwagi, 1981). The absorption
of the external radiation by evolved degradation products in
the gas phase (Amos and Fernandez-Pello, 1988; Kashiwagi,
1981) is not included in the model because a specific lamp,
which emits the majority of its energy in near infrared, will
be used to reduce the absorption as much as possible in the
planned experiment. Although a slow flow along the sample
surface, similar to a ventilation flow in a space craft, can have
significant effects on the flame spread velocity (Olson et al.,
1988), a quiescent environment is used first to develop the
model.

2 Theory

2.1 Gas Phase Mathematical Model. The study of radia-
tive ignition of solid fuels in a microgravity environment re-
quires a description of time-dependent coupled processes in
both the gas and condensed phases. The mathematical and
computational complexity inherent in such a study suggests
that the simplifications permitted by the microgravity envi-
ronment and the small physical scale of the idealized experi-
ment be built into the mathematical model. These
simplifications principally affect the gas phase processes. The
absence of gravity removes the buoyancy-induced vorticity
generation mechanism. The small scale of the experiment, to-
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gether with the absence of any significant externally imposed
velocity, implies a low Reynolds number flow domain (char-
acteristic length is about 1 cm, which is half the width of an
external thermal radiation beam in this study). Classical anal-
yses of low Reynolds number flows have demonstrated that
using the Oseen approximation to the convective terms in the
equations of motion *“constitutes an ad-hoc uniformization”
(Van Dyck, 1964) of the first approximation to the rigorous
calculation of the flow past isolated bodies. The central point
that emerges from these analyses is that diffusion dominates
convection near the surface, so the fact that the Oseen flow
does not satisfy the no-slip boundary condition is irrelevant
at the lowest order in the theory. When surface pyrolysis or
evaporation is present, the thermally induced surface blowing
velocity must be taken into account, even at low Reynolds
numbers. Both these concepts can be accommodated by as-
suming the velocity field to a potential flow. The uniform
Oseen velocity is of course a trivial potential flow. The gen-
eralization to a flow past an arbitrarily shaped body with a
prescribed surface blowing distribution can also be accom-
modated by a potential field, if vorticity generated in the in-
terior of the flow can be ignored. Again, the only loss is the
no-slip boundary condition. This approximation is adopted
and is implicit in the analysis that follows.

The potential flow description of the velocity field greatly
simplifies both the formulation and subsequent computation
of a wide variety of low Reynolds number microgravity heat
transfer and combustion problems. Accordingly, the formu-
lation will be developed in a fairly general context and then
specialized to the specific case of the radiative ignition of a
thermally thin fuel. The starting point is the conservation of
mass and energy in the gas. Under low Mach number com-
bustion/heat transfer conditions, these equations can be writ-
ten as:

Dp/Dt+pV-v=0
pCpDT/Dt— V - (k9 T)=qg(r, t) 1)

Here, gg(r, t)is the net chemical and radiative heat release
per unit volume into the gas of density p, temperature T, and
velocity v. The gas specific heat C» and thermal conductivity
k are in general functions of T. These equations are supple-
mented by an equation of state, taken in a form appropriate
for low-Mach-number flows.

oh=pohe
T
h= S Cp(T)dT )
0

The subscript o refers to a suitable ambient or reference
condition. This form allows C» to vary with temperature with-
out doing too much violence to the equation of state over
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Fig. 1 Schematic radiative ignition process

temperature ranges appropriate to hydrocarbon combustion
problems.

Now multiply the first of Egs. (1) by h and add it to the
second. The result, after using Eq. (2), is:

pmth‘V—V'(kVT)=q.R(l’, t) (3)

Equation (3) is the fundamental equation for determining
the velocity field v. Since v is a vector field, it can be decom-
posed into the gradient of a potential ¢ and a solenoidal field
U.

v=Vo¢+u
v-u=0 @
Substitution of Eq. (4) into Eq. (3) yields:
V26 =(1/puha) (qr(r, 1) + V)
¢=§T k(T)dT (5)
T

Note that the second term on the right-hand side of Eq. (5)
can be eliminated by introducing a particular solution ¢p as:

bp=V/pohc ©)

Then, introducing a remainder potential ®(r, t), ¢ may be
expressed in the form:
o=o¢p+2(r, 1)
V2 =gr(r, 1)/hepe )

Equations (6)and (7) relate the potential field to the tem-
perature and species distributions in the gas phase. Since it is
necessary to determine these latter quantities in any event,

A = pre-exponential frequency RR = reaction rate of solid species
factor T = temperature
C,C, = specific heat /= time F = fuel
D = mass diffusivity r = radial coordinate G = gas
E = activation energy u, v = velocity vectors OX = oxygen
H = heat of reaction Y = mass fraction rad = radiation
h = enthalpy z = axial coordinate § = solid
K = complete elliptic integral of 6 = thickness of paper 0, o = ambient or reference condi-
the first kind e = emissivity tion
k = thermal conductivity vy = stoichiometric coefficient 1 = associated with reaction 1
m = mass flux of gas through p = density (pyrolysis)
condensed phase surface ¢ = Stefan-Boltzmann constant 2 = associated with reaction 2
© = heat flux ®, ¢ = potential function (thermal oxidative degrada-
gr = net chemical and radiative . tion)
heat release Subscripts 3 = associated with reaction 3
R = universal gas constant C = char (char oxidation)
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solution of Eq. (7) represents the minimum additional work
required to obtain a self-consistent velocity field. Implied in
this statement is the assumption that the solenoidal velocity
field u is not of interest in its own right. If u is of interest,
then there is no alternative to solving the Navier-Stokes equa-
tions. However, a large portion of both the combustion and
heat transfer literature consists of calculations in which the
details of the velocity field are approximated, often crudely,
in order to understand the thermophysical phenomenon of
direct interest. In the present circumstances, the approxima-
tions have been justified in simple geometries by detailed anal-
yses, and interest will be confined to species and temperature
fields induced by radiative ignition.

Now consider the specific problem of a concentrated radia-
tion source impinging on a thermally thin fuel slab. The ge-
ometry is shown in Fig. I. Let r and z be radial and axial
cylindrical coordinates as shown in the figure. Attention is
focused on the preheating phase of the ignition process. The
gas is assumed to be transparent to the radiation. Under these
circumstances, the term gg(r, z, t)in Egs. (1) can be ignored.
The gas phase energy and species conservation equations take
the form:

pCp(3T/3t+ V-VT)=V - (kVT)

p(dY,/3t+ V- VY))=V-(pDVY)) 8
Here, Y; are the mass fractions of the oxygen Yoy, and the
fuel species Yr emitted by the pyrolyzing solid located at z =0.
The diffusivity D, thermal conductivity k, specific heat C,,
and density p are assumed to be independent of the gas species
but dependent on temperature. The values for air are used to
represent these properties and the polynomial fitting of tem-
perature for each property is used in the calculation. These
equationsare to be solved together with Egs. (6)and (7), subject
to boundary and initial conditions.
At time =0, the entire system is assumed to be at rest at
(cool) ambient temperature T,. Hence:

o(r,z,0)=Yg(r, z,0)=0
Yox(r,z,0)=Y,
T(r,z,0)=T« ®
Once the heating process has started, the solid fuel temperature
T (r,t)rises above ambient and at some later time a mass flux
m (r,t) of gasified fuel is evolved from the fuel surface. The

gas phase boundary conditions can be expressed in terms of
these quantities as:

ap(r, 0, 1)/3z=h(r, 0, tym(r, t)/peho
Ts

h(r, o,t)=5 CpdT
0

T(r, 0, 0)=Ts(r, 1)
m(r, t) =pxhe{de(r, 0, 1)/0z} Ye(r, 0, t)/h(r, 0, 1)

_pmhooD(ra Os t) {aYF(rs 01 t)/az]/h(r, 0) t) (10)

Alternatively, the residual potential & is subject to the bound-
ary condition:

3d(r, 0, £)/3z={h(r, 0, ym—kaT(r, 0, 1)/32}/pcbico

Equation (11) replaces the first of Egs. (10).

Far from the surface, ¢, Y;, and 7 must decay to their
ambient initial values. Translating this into boundary condi-
tions suitable for numerical computation, however, requires
some care. Numerical boundary conditions are applied at the
edge of a rectangular computational domain. Since Y; and T
decay exponentially to their ambient values, setting these quan-
tities equal their values given in Eq. (9) is permissible until the
first calculated nonambient contours of these quantities ap-
proach the computational boundary. However, the potential
field decays slowly away from the heated region, i.e.,

(11)
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Table 1 Chemical properties of thermal degradation

A E (kJ/moll ve vg vox va AH [1/g]
(1) 1.4x 10" [min "] 220 0.270.73 +570
Ez} 1.0x 1077 [cmi/g mjn] 170  0.270.830.10 —4.200
3) 1.0x 10" [cm®/g min 160 2.00 1.00 0.00 - 25,000

é~(*+7)"". Thus, putting ¢ or its gradient equal to zero at
the computational boundary would introduce unacceptable
errors into the calculation. These errors can be avoided by
using the solution to Eq. (7) (with ¢z =0) subject to the bound-
ary condition given by Eq. (11).

Poolloo® = j G(r, ry, 2)09 (rg, 0, t)/0zrydry

0
G(ry ro, 2) =Q/mMK (k) /1(r tro)* +27'2

Kk =arro/[(rtrg)? +23 (12)
Here X is the complete elliptic integral of the first kind. Now
a%®(ry, 0, H)/3z is given by Eq. (11) at any instant of time, and
the temperature is an exponentially decaying function of the
radial integration variable in Eq. (12). Hence, use of Eq. (12)
to evaluate ¢ around the computational boundary provides a
fast and highly accurate means of applying computational
boundary conditions to &.

2.2 Condensed Phase Mathematical Model. In the pres-
ent paper the condensed phase is initially a cellulosic sheet that
changes gradually to char followed by ash, due to thermal
degradation. The phase is assumed to be thermally thin and
also depth-wise uniform in its composition. Although there
are numerous studies on the thermal degradation of cellulose
and wood (for example, Nakagawa and Shafizadeh, 1984), the
expression of mass addition rates from a thermally degrading
paper in air is needed in this study. Since detailed study of
oxidation reactions of a paper and char is limited, a global
approach of three reactions (Rogers and Ohlemiller, 1980) is
used in this study.

(1) Endothermic Pyrolysis Reaction. The cellulosic ma-
terial is endothermically degraded to a char.

Fuel—»cChar +vg,Gases

(2) Exothermic Thermal Oxidative Degradation Reac-
tion. The cellulosic material is exothermically degraded to a
char by oxidation. Generally, this reaction occurs in approx-
imately the same temperature range as for the pyrolysis re-
action.

Fuel + vox;02— v»Char trg,Gases

(3) Exothermic Char Oxidation Process. The char
formed by the above reactions is exothermically reacted with
oxygen to form gases and ash. Here, it is assumed that the
reactivity of char formed from the above two reactions with
oxygen is the same.

Char +V0x302_’ v4Ash + vyGases

In the above three reactions, the reaction rates RR, are
assumed to be given by the following expressions:

(1) RRy=A,(psYr)exp(— E/RT)
(2) RRy=A>(pGYox) (psYr)exp(— E»/RT)

(3) RR3=A;3(pcYox) (osYc)exp(— E3/RT) (13)

Here, the pre-exponential frequency factor A, activation en-
ergy E for each reaction, stoichiometric coefficients (mass
based) of species v¢, v, Pox, and »4 must be specified. Al-
though these reactions are assumed to be first order and second
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Fig. 2 Radial distribution of material surface temperature, at 1 s in-
tervals

order, any other order of reaction can be used in the model.
These parameters together with the heats of reaction AH are
given in Table 1. The values for the pyrolysis reaction are
measured by conducting a thermogravimetric analysis of a
black paper that has been used for preliminary ignition ex-
periments under normal gravity. The results of derivative ther-
mogravimetry are analyzed by Kissinger’s method (Kissinger,
1957). Although the measurement of kinetic constants for the
above two oxidative reactions is in progress, the values listed
for the two oxidative degradations are estimated from our
preliminary results. A parametric study regarding values of
kinetic constants for the two oxidative reactions has been con-
ducted and the results are described in the final portion of this
paper.

The equations for the condensed phase are given as follows:

Conservation of solid mass:

dps/dt = (ve; — DRR + (vo = DRR, T (v4 — )RR,

(14)
Conservation of cellulosic material:
d(psYF)/0t= —RR| —RR2 (15)
Conservation of char:
3(psYc)/3t=veRR, + v,RR; — RR3 (16)
Conservation of energy:
(Cpps8)dT,/3t= ( —AH,RR|, —AH,RR, - AH;RR4}6
T (1-PNQuq —€o (T =T +kaT/02
+mi{hs—h(r,0,t)) (17)

where 6 is the thickness of the paper and the heat flux distri-
bution of the external radiation is assumed to be Gaussian. In
the calculation reported here,

Qraa=50exp(—ar?) [kW/m? (18)

where a=10x 10* [m~?]. The reflectivity, r, is assumed to be
0 and the emissivity, ¢, is assumed to be 1.

The mass flux of gasified fuel through the sample surface
is given by the following expression:

m=[(1-velRR + (1-vc2)RRy + (1-v4)RR31 X6 (19)

The cellulosic material used in the present study is a 0.25 x 10°
m thick paper sheet. The propertiesare: Cs (=Cr =Cc¢) =1.255
(kJ/(kgK)], ks=6.0X10"%ps/pr [W/(mK)] (Nakagawa and
Shafizadeh, 1984), pr=0.6Xx 107 [kg/m’].

23 Numerical Methods. The numerical calculation is
performed by using a finite-difference method. The compu-
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Fig.3 Velocity vector distributions at (a)1s, (b) 3 s, and (c) 5s (velocity
vectors less than 1/40 of 0.5 em/s are not plotted in the figure)
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Fig. 4 Velocity vector distribution at (a)2.0 s, (b} 3.5 S,(c)5 S,{d) 6.5
S, (e) 8.0 S,(h 9.5 s (velocity vectors less than 1/40 of 10 cm/s are not

plotted in the figure)

tational domain is taken to be r<5.0 cm and z<5.0 cm. There
are 71 and 72 grid cells in the r and z directions, respectively.
The grid size was chosen after numerical experiments at half
size together with Richardson extrapolation showed that the
error is within 0.4 percent.
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The equations to be solved for the gas phase are those for
the potential function ®, the temperature 7, and the species
Yox. For the condensed phase, the equations for the temper-
ature 7, the species Yr and Y, and the solid density ps also
have to be solved. Since the condensed phase temperature

Transactions of the ASME
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Fig.5 Gas phase temperature contours at (8) 2.0 s, (b) 3.5 S,(c)5.0 S,
(d) 6.5 s,(e)80 s, and (A 9.5 s, at intervals of 25 K

equation is coupled with that for the gas phase, the two equa-
tions are solved simultaneously in the present analysis. The
solution for @ is computed by employing a direct solver of the
Poisson equation in cylindrical coordinates using the standard
five-point finite difference approximation on a staggered grid
(FISHPAK). The equations for temperature and gas species
employ a second-order difference scheme for both convection

Journal of Heat Transfer

and diffusion terms. The boundary conditions for ® are spec-
ified at the open boundaries by calculating Eq. (12). The de-
rivative of the solution with respect to z is specified at z=0
by Eqg. (11). As for the boundary conditions for temperature
and species for the gas phase, the derivatives are taken to be
zero at the open boundaries. The derivative of species with
respect to z is also taken to be zero at z =0.
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Fig.6 Gas phase oxygen contour at (a)2.0 s, (b) 3.5 S, (c)5.0 s, (d) 6.5
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The temperature variation with respect to the z direction in  of the solid material changes. The other equations ((14)-(17))
the condensed phase is ignored, because it is assumed to be forthe condensed phase are also solved using a finite difference
thermally thin. The oxidation of the condensed phase is per-  approximation for a control volume of the same size as that
formed by consuming the oxygen in the control volume im- in the gas phase. The time advance is made by using Euler’s
mediately above the sample surface. It is also assumed that implicit method with an interval of 0.025 seconds, which sat-
the condensed phase does not become porous. Only the density isfies the error estimate stated above.
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3 Results and Discussion

3.1 Results Without Thermal Degradation. Figure 2
shows the change in the radial temperature distribution of the
sample with time without the thermal degradation of the solid
material. The temperature distribution corresponds to the
Gaussian flux distribution of external radiation expressed by
EqQ. (18). The temperature increase slows down significantly
atabout 7 seconds because of the heat balance between external
radiation and the reradiation loss from the high-temperature
surface.

Figures 3 show the velocity vector distributions at 1, 3, and
5 seconds after irradiation, respectively. As shown in the fig-
ures, the gas phase is heated by heat conduction from the
sample surface irradiated by external radiation, and the region
of heated gas expands as time increases. The gas flow changes
from the initial quiescent state into the outward flow motion
from the region near the heated surface due to the expansion
of the gas. The flow velocity gradually decreases after about
5 seconds and becomes almost zero everywhere in 10 seconds,
although irradiation of the surface by the external radiation
is still continued. In the absence of thermal degradation, the
magnitude of the velocity is small for all times.

3.2 Results With Thermal Degradation. The results in-
cluding the thermal degradation of the cellulosic sheet de-
scribed in section 2.2 are shown in Figs. 4, 5, and 6, giving
velocity vector distributions, temperature contours, and oxy-
gen concentration contours up to 95 seconds, respectively.
These show a rapid increase in flow velocity near the sample
surface due to mass addition after the sample temperature
becomes sufficiently high to cause thermal degradation. Blow-
ing starts to become significant at about 15 seconds and con-
tinues to increase until about 3.5 seconds. Flow velocities
normal to the sample surface with thermal degradation become
as large as 50 times those without thermal degradation (shown
in Fig. 3). Therefore, blowing significantly affects the flow
motion in microgravity. (It should be noted, however, that
local Reynolds numbers based on the velocity and distance
from the axis of symmetry are still O(1).) Correspondingly,
the high gas temperature region is expanded much further by
the blowing due to thermal degradation. The mass addition
of degradation gases rapidly dilutes the oxygen concentration
near the heated sample surface. At about 2 seconds, the oxygen
concentration at the center of the sample near the sample
surface is nearly zero. This indicates that thermal degradation
is mainly due to the pyrolysis reaction instead of the oxidative
degradation reactions. After 4 seconds the location of maxi-
mum blowing velocity gradually moves from the center radially
outward because the original cellulosic material is nearly con-
sumed as the hard-to-degrade char is formed. In this way, the
char region gradually expands from the center outward and
the blowing nearly stops over the char region. The temperature
contours indicate that near the axis heat flows from the hotter
surface to the cooler gas phase. In the region where blowing
is active, convection by degradation products from the surface
to the gas phase is dominant. In the region outside of the
pyrolyzing zone, the gas phase temperature near the surface
is higher than that of surface, giving temperature contours that
have a different shape from the oxygenconcentration contours;
the latter are nearly normal to the surface, indicating that there
is little consumption by the oxidative reactions.

Changes in the radial temperature distribution of the cel-
lulosic sheet with time are shown in Fig. 7. Similarly the radial
density distribution of the sheet is shown in Fig. 8 As seen
on the axis in Fig. 7, the temperature rapidly rises in the first
few seconds, but the increase slows after the temperature
reaches about 650 K. This slowdown is caused by the endo-
thermic pyrolysis reaction, which becomes significant in this
temperature range. After the temperature remains at about
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650 K for few seconds, it rapidly rises close to 1000 K and
then slows again at about 4 seconds. This rapid temperature
increase is caused by the complete consumption of the original
cellulosicmaterial to form char, which reduces the endothermic
pyrolysis reaction rate and also the mass of the sample (the
density of cellulose is roughly four times larger than that of
char (Nakagawa and Shafizadeh, 1984)) and furthermore de-
creases blowing convective cooling from the hot surface. En-
ergy is balanced at the sample surface mainly between the
external radiation and the reradiation loss from the high-tem-
perature surface.

The density of the material rapidly decreases from the initial
value of 0.6 g/cm® to about 0.16 g/cm?®, which is the value of
the char density. After about 4 seconds the density of the
material remains at about 0.16 g/cm?®, which indicates that the
char oxidation reaction rate is not significant. The oxygen
concentration contours show that oxygen concentration is ex-
tremely small at the sample surface in the region of active
blowing, due mainly to dilution and poor oxygen supply by
diffusion. Therefore, the oxidative degradation reaction and
the char oxidative reaction do not participate significantly in
the gasification process at an external radiant flux peak of 50
kW/m? in a quiescent environment. However, if there is a
forced slow air flow along the sample surface such as a ven-
tilation flow in a space craft, the oxidative degradation re-
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actions might become important. Another possible scenario
permitting char oxidation participation might occur if diffused
oxygen leaks behind the outward moving blowing front gen-
erated by the pyrolysis reaction. A gradual increase in oxygen
concentration near the axis by the sample surface can be ob-
served from the oxygen concentration contours at 6.5 seconds.
A slight dip in the contour of 2 percent oxygen concentration
near the axis shows increased oxygen supply to this region by
diffusion. This trend continues, and oxygen concentration
reaches about 2.7 percent at 7 seconds. At this time the lowest
oxygen concentration at the sample surface is in the region of
active blowing at this time. However, this active blowing region
gradually moves radially outward due to the consumption of
the original cellulosic material. The level of blowing gradually
decreases with increasing radius because the material temper-
ature decreases with decrease in external flux. At 8 seconds
the oxygen concentration near the axis reaches 3.5 percent. At
8.5 seconds the char oxidation reaction starts and the oxygen
concentration near the surface decreases slightly. At 9 seconds
within a 0.5 cm radius, the oxygen concentration near the
surface decreases further due to the consumption of oxygen
by the char oxidation reaction. The low oxygen concentration
zone near the surface around 1 cm is due to dilution by deg-
radation gases from the pyrolysis reaction. Since the temper-
ature of the material is the highest at the axis, as shown in
Fig. 7, due to Gaussian distribution of the external radiation,
the char oxidation occurs only around the axis. However, the
radial material density distribution, Fig. 8, indicates that a
decrease in density by the consumption of char by oxidation
is extremely small due to the lack of oxygen supply; the oxygen
supply remains small due to dilution by degradation gases from
the char oxidation reaction. Therefore, in a quiescent envi-
ronment under microgravity the rate-controlling process for
smoldering is the oxygen supply. The above results show that
the two exothermic oxidative degradation reactions are severely
limited even with continued external radiation. Therefore, self-
supported smoldering (without external heat) of a cellulosic
material is very difficult in a quiescent environment under
microgravity .

3.3 Effect of Chemical Properties on Oxidation. These
calculations were carried out using estimated values of the
kinetic constants for the two oxidative degradations. There-
fore, it might be premature to conclude that self-supported
smolderingis severely limited in a quiescent environment under
microgravity. A parametric study to examine effects of the
kinetic constants for the two oxidation reactions on smoldering
was conducted. Two types of calculations were performed;
different kinetic constants for the oxidative degradation re-
actions were used in the above model, and a one-dimensional
model ignoring gas phase phenomena was employed. The latter
is basically a degradation kinetic model of the sheet with the
specified initial oxygen concentration. Oxygen is consumed
only by oxidation, and there is no oxygen supply or dilution
by degradation gases. Although this model is limited to deg-
radation of the sheet, the calculated results clearly show how
the pyrolysis reaction and the two oxidative reactions compete
to consume the cellulosic material and the oxygen. Since the
calculation of the second model is much simpler, many cases
were investigated using this model. The results indicate that
smoldering tends to occur with lower values of »ox; and »oxs,
higher values of »c; and v, and higher values of heat of
oxidative degradations. The first reduces the consumption of
oxygen, the second reduces the dilution by degradation gases,
and the third increases energy heat release rates from the ox-
idative reactions. The effects of pre-exponential parameters
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and activation energies do not significantly affect the trend of
self-supported smoldering and they mainly change the tem-
perature at which each degradation reaction occurs. Therefore,
in order to predict smoldering characteristics of a cellulosic
material in a microgravity environment, the values of kinetic
constants for the above three global degradation reactions must
be determined.

4 Conclusion

The following conclusions are derived from the calculated
results in a quiescent environment under microgravity .

1 The flow motion created by heat addition from the sur-
face to the gas phase rapidly dies out even when heat is con-
tinuously added.

2 The mass addition of degradation products from the
surface to the gas phase generates relatively large flow velocities
near the surface up to 10cm/s at an external radiant flux of
50 kW/m? and surface absorptivity of 1 (compared with the
nonblowing case) and dominates the motion.

3 The degradation gases are mainly generated from the
pyrolysis degradation reaction. The oxidative degradation re-
action is severely limited due to the lack of oxygen supply
caused by dilution by the degradation gases emitted from the
pyrolysis reaction at external radiation of 50 kW/m? and sur-
face absorptivity of 1.

4 Char oxidation could occur near the axis of symmetry
as oxygen gradually diffuses back to the char surface after the
pyrolysis process is completed.

5 Self-sustained smoldering is controlled and severely lim-
ited by the reduced oxygen supply.
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