
FINAL REMARKS 
The procedure for the evaluation of the attractive term in a 

van der Waals type of equation allows introduction in the equa- 
tion of state of the exact values of the vapor pressure of pure 
components. 

This makes the equation of state applicable to all compounds 
and to the whole temperature range, and more accurate in the 
prediction of both multicomponent and pure vapor-liquid 
equilibria. This procedure gives a qualitative description of the 
effects of the presence of nonvolatile components on the mul- 
ticomponent vapor-liquid equilibria, using only informations 
about the inHuence of the electrolyte on pure components. 

Of course, the quantitative agreement with the experimental 
data can be improved by giving a description of the inHuence of 
the electrolytes on pure compounds, which is more accurate 
than Eq. 20. Besides, the introduction of a semi-empirical inter- 
action parameter in the mixing rule (Eq. 19) will contribute to a 
better quantitative description of the system under examina- 
tion, either with or without nonvolatile components. 

Subscripts 

C 
R = reduced value 

= value at the critical point 

ACKNOWLEDGMENTS 

Thanks arr due to Consiglio Nazionale delle Ricerchefor financial aid. 
The authors are grateful to F. Lotito and L. Toppo for their valuable help 
with the computations. 

NOTATION 

b 
fi 
P = pressure 
pp 
T = temperature 
V = volume 
V* = covolume 
xi 

y i  
Z = compressibility factor 
ZhS 
(o = fugacity coefficient 

Superscripts 

1 = liquid phase 

S = nonvolatile compound 

= parameter of the equation of state 
= fugacity of component i 

= vapor pressure of component i 

= mole fraction of component i in the liquid phase 
= mole fraction of component i in the vapor phase 

= hard sphere compressibility factor 

0 = vapor phase 
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Diffusion and Reaction in a Stagnant 
Boundary Layer About a Carbon Particle 

S. SUNDARESAN 
and 

Port 7: Transient Behovior and Effect of Woter Vopor NEALR.AMUNDSON 

The dynamics of carbon combustion is studied. It is shown that the carbon 
particle will not ignite ifthe furnace temperature is below a certain critical value. 
In addition, carbon particles display thermal instabilities which can be delayed or 
eliminated by increasing the water vapor concentration andlor the furnace tem- 
perature. 

SCOPE 

University of Houston, 
Houston, T X  77000 

Due to its practical importance the combustion of carbon has 
attracted an enormous amount of theoretical and emerimental 

work. Carbon combustion involves an interaction of 
heterogeneous and homoeeneous reactions. and transtmrt ., - 

o o o ~ - ~ ~ ~ - ~ ~ - 4 3 i z - o 6 ~ 4 6 2 . o o .  OThe ~ ~ ~ f i ~ ~  InStihrte ,,f Chemica Engineers, limitations. This gives rise to a complex pathology, understand- 
ing which is of fundamental importance in the context of cokc 1981. 
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fired boilers, char combustors and correct interpretation of the 
kinetic data. The pseudo steady state structure associated with 
carbon combustion has previously been identified by employ- 
ing a model with minimal assumptions. In the present study the 

dynamics of single particle carbon combustion is analysed and 
effects of various process variables (e.g., furnace temperature, 
water vapor concentration, etc.) on carbon combustion are 
elucidated. 

CONCLUSIONS AND SIGNIFICANCE 

The dynamics of a single particle carbon combustion, when 
the O2 level in the gas phase is large, is studied. When a carbon 
particle, preheated to a high temperature in an inert atmo- 
sphere is introduced into a furnace containing oxygen and a 
trace of water vapor, the particle burns rapidly at first. It is 
shown that such an artificially ignited particle will not sustain 
ignition if the furnace temperature is below some critical value. 
When a carbon particle, which is initially at a temperature 
lower than the furnace temperature, is admitted into the fur- 
nace, it ignites only above a certain critical furnace tempera- 
ture. 

The water vapor in the gas phase catalyzes the CO oxidation 

in the boundary layer and the combustion of large carbon 
particles is always accompanied by significant CO oxidation in 
the boundary layer. It has been shown that as the particle 
shrinks during combustion, even if the heterogeneous combus- 
tion reactions sustain ignition, the homogeneous CO oxidation 
is destabilized when the particle size reaches some critical 
value. This critical particle size decreases if the water vapor 
level in the gas phase and/or the furnace temperature is in- 
creased. The thermal instability observed by Ubhayakar and 
Williams (1976) during the combustion of small particles is 
predicted by the model and is shown to be an inevitable fea- 
ture. 

The physical system considered in this paper is a carbon 
particle surrounded by a stagnant boundarylayer through which 
O2 diffuses from the ambient gas and reacts with the carbon 
surface to produce CO. The C O  so obtained is oxidized 
homogeneously to C 0 2  in the boundary layer and the resulting 
COz diffuses in part to the carbon surface where it is reduced to 
CO. The intraparticle diffusional resistances are lumped at the 
particle surface and the particle is assumed to burn in a shrinking 
core fashion. The pseudosteady state behavior of this system 
was analysed by Amundson and coworkers. The genesis of the 
complex steady state structure associated with carbon combus- 
tion was identified by Sundaresan and Amundson (1980a); and it 
was shown that the qualitative features of the steady state struc- 
ture are sensitive to the environment with which the particle is 
in radiant interaction and the level of O2 in the ambient gas 
phase determines the complexity of the steady state structure. 

Smith and Gudmundsen (1931) have studied experimentally 
the combustion of carbon particles in dry as well as humid air. 
They found that the carbon particles burning in humid air are 
usually hotter than those burning in dry air (by as much as 70°C) 
and this temperature difference vanishes as the particle size 
becomes small. Surprisingly, in spite of the fact that the particles 
burning in humid air are hotter than (or as hot as) those burning 
in dry air, the particles were burning at a slower rate in humid 
air compared to dry air. Water vapor in the gas phase partici- 
pates in carbon combustion through its catalytic effect on C O  
oxidation and the reaction between carbon and water vapor. It 

was shown by Sundaresan and Amundson (1980b) that in order 
to determine the qualitative features of the steady state struc- 
ture associated with carbon combustion correctly, it is necessary 
to include the catalytic effect of water vapor on CO oxidation and 
that neglecting the reaction between carbon and water vapor 
does not alter the structure. 

Mon and Amundson (1980) have presented some preliminary 
results on the dynamics of single particle carbon combustion. In 
this paper, we shall present an analysis of the dynamics on the 
basis of the steady state structure brought out in our earlier work 
(1980a) and also examine the effect of water vapor on the 
dynamics. This work necessarily draws to a great extent on the 
results of the  previously mentioned papers (Caram and 
Amundson, 1977; Mon and Amundson, 1978, 1980; Sundaresan 
and Amundson, 1980a, b), which should be consulted before 
proceeding with this one. 

THE MODEL 

We consider a spherical carbon particle of radius a, sur- 
rounded by a stagnant boundary layer extending to radius b, 
outside which we have the uniform ambient gas phase. The 
chemical species present are OQ, COZ, CO, H2O and N2 (inert), 
and will be denoted by subscripts 1 to 5, respectively. It is 
assumed that the only effect of water vapor is to catalyse the 
reaction between CO and 02. The heterogeneous reactions at 
the carbon surface are (1) 2C + 0 2  = 2 C 0 ,  exothermic, Be,(kg . 

TABLE 1. VALUES OF ki AND Ei 

y ,  = y, = 1.274 

y2 = 1.0 
C D  = 1.56 x kg . mol/m . s 

(-AH,) = 53725 kcal/kg . rnol 

(-AH2) = -40690 kcalkg . mol 

(-AH3) = 67550 kcal/kg . rnol 
C, = 9.36 kcal/kg . rnol . "K 
C ,  = 4.17 kcal/kg . rnol . "K 
p. = 1650 kg/m3 

kcal 
m2 . s . K4 u-= 1.356 X lo-'' 

c = 0.93 

kg . rnol 
m 2 .  atm . s 

k, = 3630 

k2 = 4.016 x 108m/s 

m m3 

s kg . rnol 
k, = 1.3 x 10" -. 

El = 35700 kcal/kg . mol 
E2 = 59192 kcalkg . mol 
E3 = 3oooO kcalkg. mol 

A = 1.3  X kcal/m . s ' "K 
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mol of02/m2 * s); (2) C + CO, = 2C0,  endothermic, %,(kg mol 
ofC02/m2 * s). In the boundary layer we have the homogeneous 
reaction (3) CO + M 0 2  = C02, exothermic, %(kg * mol of 
CO/m3 . s). We shall employ the kinetic rate expressions pro- 
posed by Field etal. (1967), Duttaetd.  (1975)andHoward etal. 
(1973). 

W1 = k, exp(-EllRT,)Pyl, 

B2 = k2 exp(-EzlRT,)Czs 

B3 = k3 exp(-E31RT)C3C?C! 

The values of ki's and E,'s are listed in Table 1. In a multicompo- 
nent system, the fluxes are related to the composition gradient 
by the Stefan-Maxwell equations: 

By assuming that the Stefan flow is negligible and the mole 
fractions of the reactant gases are small, the Stefan-Maxwell 
equations can be reduced to (Mon and Amundson, 1978): 

The flux of sensible heat e. is given by: 

dT 
dr 

e =  -A- 

The conservation equations for mass and energy in the boundary 
layer have the form: 

(1.2Ni) + viB3, i = 1 to 3 (3) 
aci i a  
a t  r2 ar 

- = - - _ -  

(4) 

where vi denotes the stoichiometric coefficient of thei'" species 
in the CO oxidation reaction. The radiant interaction between 
the particle surface and the environment is described by the 
single particle radiation model (Mon and Amundson, 1978). The 
boundary conditions at the particle surface, r = a(t) are given by 
(Mon and Amundson, 1980), 

N1 = -591; N z  = - 9 2 ;  N3 = 2(%1 + 9 . 2 )  (5) 

ap,C, dT, 
3m, dt  - 4-aa(,, 

2 

- UE(T: - T i )  + C %i(-AHi) (6) 
i=1 

while at t = b(t), 

ci = Cis, i = 1 to 3; T = T B  (7) 

Finally, the rate of change of particle size is given by: 

It is assumed that, as the particle size changes during combus- 
tion, the boundary layer thickness changes in such a way that the 
ratio [b(t)la(t)] remains constant. It has been shown by Sundare- 
san (1980) that the qualitative features ofthe steady state struc- 
ture (and presumably the dynamics) are hardly sensitive to this 
assumption. The dimensionless variables and their definitions 
are given in Table 2. In terms of these variables, Eqs. 3 to 8 
reduce to: 

(9) 

TABLE 2. DEFINITIONS OF DIMENSIONLESS VARIABLES. 

Definition Variable Definition Variable 

S rlu (Y 1 - alb 
5 
0, T,IT*, i = B ,  s Rt 

(1 - a/r)/a 0 TIT* 
U*(Y5ti 

, j = l , 2  
C D  

R3 
a*Zcx25t3 

C D  
RS 

um*aT*3 

0 h 
(-mi)cD 

AT* Pi 

JI ala* P 
CDC,  

3A 

am, CDCC, 
s* - .  - 

P S  h 8, 

m F D t  
7 PS'ya*2 

Cm,a 
Ps 

for 0 < 6 < 1. At 6 = 0 

pJIZ- do, = (z) + + PiRi - +Q(0,' - 0:) (14) a6 p=o 

while at 6 = 1 

y.  1 = y. lB, i = 1 to 3; 0 = 0 B  (15) 

The rate of change of particle size is given by: 

Let us denote the problem described by Eqs. 9 to 16 as the 
complete transient analysis. The constants 6, and 6, appearing in 
Eqs. 9 and 10 are usually very small indicating that the processes 
occurring inside the boundary layer are fast compared to the 
time constant associated with the rate of change of particle size. 
Thus it is reasonable to expect a quasisteady state assumption for 
the boundary layer processes to be adequate for practical pur- 
poses. Then, Eqs. 9 and 10 become: 

for 0 < 6 < 1 and Eqs. 11 to 16 remain unchanged. By simplify- 
ing Eqs. 11 to 18 we obtain the following: 

2YlyI + 7/2!/2 = +&(t - l) + 2YIYIB + YZYZB 

YZY2 + Y3Y3 = +%(I - 8 + 'Y2!/2B + Y3Y3B 

(l9) 

(20) 
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The quasisteady state analysis is now described by Eqs. 14-17 
and 19 to 21. Mon and Amundson (1980) have employed the 
quasisteady state analysis to study the dynamics of carbon com- 
bustion. 

Initial Conditions. For the quasisteady state analysis we must 
specify the initial particle size a, and the initial particle tempera- 
ture Ts(,. Usuallyfor a given set of initial conditions (+,, = a,,/a*; 
O,, = T,JT*), there is a unique set of temperature and concen- 
tration profiles in the boundarylayer, i.e., Eqs. 11-13, 15, 17, 18 
along with + = +,, and 0(0) = Os = 0,., have a unique solution. 
Mon and Amundson (1980) have reported the possibility of 
multiplicity for this problem and if multiple solutions are possi- 
ble, we must also specify the appropriate branch we are in- 
terested in. Conditions under which multiple solutions are pos- 
sible are not explored in this publication. For the complete 
transient analysis, we must specify the initial concentration and 
temperature profiles in the boundary layer that are consistent 
with Eqs. 11-13, 15 along with the initial particle size. 

Method of Solution 

A variety of discretization procedures for converting the dis- 
tributed system in a system of nonlinear ODE's are available, 
e.g. finite difference approximation, global collocation, spline 
collocation, etc. When there is significant CO oxidation in the 
boundary layer, the concentration and temperature profiles are 
usually very stiff; and a spline procedure turns out to be superior 
to global schemes. The interval 0 5 6 5 1 is divided into a 
number of subintervals and in each subinterval the function is 
approximated by a cubic polynomial. We also impose the condi- 
tion that at every node point the function as well as its first 
derivative must be continuous. The adjustable variable, chosen 
in order to obtain satisfactory representation of the given func- 
tion, is the number of subintervals. The representation of the 
function can be greatly simplified by formalising the concept 
outlined above (Prenter, 1975). A representation of this kind is 
popularly known as Hermite polynomial approximation. The set 
of nonlinear ODE's obtained through discretization is inte- 

2'4 I SCALE CHANGE I k I SCALECHANGE I 1 SCALE CHANGE I 

2.4 

I- 2.0 
W 
J 1.6 
0 
5 1.4 
iY 2 1.2 

u) 1.0 
u) 

1 8,=0935 8,=0.95 1 ;  

I 

1.2 

I .o 
0.8 

9.0 1.0 0.6 0.2 09.0 1.0 0.6 0.2 09.0 1.0 0.6 0.2 0 

DIMENSIONLESS PARTICLE VOLUME 
Figure 1. Steady-state structure: dimensionless particle temperature vs. 
dimensionless particle volume. Loci at different ambient temperatures. 
The ambient composition is the same for every figure. Broken lines and 

arrows indicate a change of scale. 

grated using the STIFF 3 routine discussed by Villadsen and 
Michelsen (1978). Since the boundary conditions at [ = 0 (Eqs. 
11-13) are nonlinear, Villadsen and Michelsen (1978) recom- 
mend that Eqs. 11 to 13 be replaced by: 

(Ha)  

at [ = 0 and where 8, is a sufficiently small number. Extensive 
computations indicate that 6, 6,110 is sufficient for good 
accuracy. Therefore, in the complete transient analysis we used 
Eqs. lla-13a instead of Eqs. 11-13, with 8, = 62/10. We found 
that a Hermite polynomial approximation with six subintervals 
is &equate; this translates to a set of 53 nonlinear ODE's (initial 
value problem) in the case of acomplete transient analysis and to 
a set of two nonlinear ODE's coupled with 51 algebraic equa- 
tions in the case of quasisteady state analysis. Of these 51 alge- 
braic equations, 39 are linear and 12 are nonlinear. This 
suggested a purely hypothetical model (discussed below) de- 
noted by the pseudotransient analysis; where it is postulated 
that the carbon combustion is described by Eqs. 9,14-16, 19-21. 
Thus, the only difference between the quasisteady state analysis 
and the pseudo transient analysis is that Eq. 17 is replaced by 
Eq. 9. The discretization procedure yields a set of 14 nonlinear 
ODE's coupled with 39linear algebraic equations, in the case of 
pseudo transient analysis. All the three analyses yielded virtu- 
ally indistinguishable results; however the pseudotransient 
analysis was relatively easier to program as well as least demand- 
ing in terms of computation time. 

RESULTS 

The pseudosteady state problem underlying each of the three 
transient analyses mentioned earlier is the same. Figure 1 shows 
the genesis of the steady state structure for an ambient gas phase 
composition of 21% 02, I % H 2 0  and 78% N2. In this figure the Os 
vs. dimensionless particle volume (ala*), loci predicted by the 
pseudosteady state analyses at different ambient temperatures 
are shown. Sundaresan and Amundson (1980a) discuss in detail 
the structure shown in this figure. The pseudosteady state 
analysis predicts a unique unignited solution for a particle of 
dimensionless volume 0.9 at an ambient temperature of 915°K. 
Now, even if the initial temperature of this particle is very high, 
the particle will cool down rapidly and burn along the unignited 
branch. 

For a somewhat higher ambient temperature (0, = 0.925), 
the same particle now has three steady states. Hence, the parti- 
cle, if its initial temperature is very high, will cool down until the 
ignited branch of the first lobe is reached and continue to burn 
along it. However, when the particle size has become small 
enough that the first lobe ceases to exist, it will 'see' only the 
unignited branch and therefore it will cool down rapidly and 
burn along the unignited branch thereafter. This may be clas- 
sified as the thermal instability observed in other gas-solid reac- 
tion systems (Cannon and Denbigh, 1957; Shen and Smith, 
1965; Beveridge and Goldie, 1968). 

At higher ambient temperatures (say, OH = 0.933), when the 
first lobe ceases to exist, the particle will catch the ignited 
branch of the second lobe and continue to burn along it. Thus, 
above some critical ambient temperature, the hot particle will 
sustain ignition. This is shown in Figure 2 where the particle 
temperature vs. particle radius histories for a particle of initial 
radius 1000~  corresponding to different furnace (ambient) tem- 
peratures are plotted. It is assumed that the particle is heated to 
1500 K in an inert environment before being admitted into the 
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8 

DIMENSIONLESS PARTICLE RADIUS 
Figure 2. Particle temperature vs. dimensionless particle radius histories at 
different furnace (ambient) temperatures. The initial size and temperoture 
of the particle, and the ambient composition are the same for every curve. T 

denotes the dimensionless burnoff time. 

v) 

y 4 -  
z H 2 -  
W 
H 

furnace. As mentioned above, at low ambient temperatures the 
particle quenches rapidly and at somewhat higher furnace tem- 
peratures (920°K) the particle burns along the ignited branch of 
the first lobe until it ceases to exist at which time the particle is 
quenched. 

Finally, at sufficiently high furnace temperatures the particle 
sustains ignition. The dimensionless burnoff times correspond- 
ing to different ambient temperatures are shown in Figure 2. 
[To obtain the burning time in seconds multiply the dimension- 
less burning time by 44.1.1 Notice that there is a substantial 
reduction in the burning time when the particle sustains igni- 
tion. This is also shown in Figure 3 where we have plotted the 
burning time for the particle considered in Figure 2, at different 
Curnace temperatures. We have compared the results corre- 
sponding to different water vapor levels in the gas phase while 
maintaining the 0, fraction constant on a wet basis. The vertical 
lines indicate the critical ambient temperature above which the 
particle sustains ignition. 

It is clear that as we increase the water vapor level the critical 
furnace temperature required for sustained ignition decreases. 
Notice that for sufficiently high ambient temperatures, the 
burning time is virtually independent of the water vapor level. 
However, the product composition is significantly different for 
different water vapor levels, as shown in Figure 4 where the 
fraction of carbon oxides leaving the boundary layer as CO, is 
plotted at different consumption levels. It is easy to see that the 
results corresponding to different water vapor levels are quite 
different. Focusing our attention on the 1% HzO case at TB = 
W K ,  we see that the product is predominantly COz initially; 
however when the consumption is about 75% (by volume) there 
is a steep decrease in the CO, fraction. It can be seen in Figure 2 
that this is accompanied by a decrease in the particle tempera- 
ture. This happens when five steady states no longer exist (Fig- 
ure l), at which time the heterogeneous reactions sustain igni- 
tion while the homogeneous CO oxidation undergoes a (partial) 

quenchin% When t e CO flame is extinguished, the net heat released in 
the vicinity of the particle decreases resulting in a decrease in 
the particle temperature. Now we can conclude from Figure 4 
that increasing the water vapor level in the gas phase usually 

I I I I I 

W 
0 

2 5 10 
v) 

2 % H 2 0  

\ 
I %  H20 

Y Y  Y 

8 - 8 8  0) 

~ = 2 1 7  
r.403 

Yo H&l 3%H2O 

T:= 1500K 
ao= IOOOp 
b = 2 a  
21% 0 2  

increases the fraction of carbon oxides leaving as COP, and more 
importantly it delays the quenching of the CO flame. Returning 
to Figure 2, notice that even when there is sustained ignition, 
quenching is observed when the particle size becomes van- 
ishingly small. This happens when the particle size becomes so 
small that multiple steady states are no longer possible. This 
thermal instability for extremely small particles is inevitable. 

Thus far, we have considered a particle which is initially very 
hot. It is equally important to examine the dynamics of a particle 
that is initially cold. Here we define a cold particle as one whose 
initial temperature is lower than the furnace temperature. Let 
us return to Figure 1 and consider a particle of initial radius 
lOOOp, i.e., [u/u*l3= 1.0. If& = 0.915, thecold particlewill see 
the unignited steady state as the nearest (or the only) attractor. 
Hence the particle temperature will rise rapidly until the value 
corresponding to the lowest steady state is attained and there- 
after the burning will follow the unignited branch. In other 
words, this particle will not be ignited at an ambient tempera- 
ture of 915°K. 

1.0 c ,TB=940K 

0.8 

0.6 
c o 2  

co + c o 2  0.4 

0.2 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

a, = IOOOp 
b =2a 

T$= 1500K 
21% 0, 

PERCENT CONSUMPTION X 

(VOLUME BASIS 1 
Figure 4. The fraction of carbon oxides leaving the external edge at the 
boundary layer as C02 (for the particle whose initial size and temperature 
are given in Figure 2) is  plotted against percent consumption. The histories 
for different furnace temperatures and water vapor levels are compared. 
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Figure 5. Same as Figure 2. 

Following the same argument this particle will not be ignited 
even if the ambient temperature is 1020°K. However, when OB 
= 1.035, this particle will see the ignited branch as the only 
attractor and therefore the particle will ignite. Thus we may 
expect that there exists a critical ambient temperature above 
which a cold particle will become ignited. This is shown in 
Figure 5 which presents the particle temperature vs. particle 
radius histories for a particle of radius lOOOp at different furnace 
temperatures. The initial temperature of the particle is 800°K. 
As mentioned above, the particledoes not ignite for low ambient 
temperatures while at sufficiently high ambient temperatures 
the particle ignites. 

The thermal instabilityfor extremely small particlesdiscussed 
along with Figure 2 is seen in Figure 5 as well; and is inevitable. 
This has been observed experimentally by Ubhayakar and Wil- 
liams (1976) and Ubhayakar (1976) has advanced a theoretical 
model for this instability. Notice in Figure 5 that there is a 

co2 
CO+C02 

I .o 
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0.6 

0.4 

0.2 

0.0 ' 1 I I I 
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( VOLUME BASIS 1 
Figure 7. Same as Figure 4. 
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substantial reduction in the burning time when the particle 
ignites. This is also seen in Figure 6 where we have plotted the 
burning time for the particle considered in Figure 5 at different 
furnace temperatures. We have compared the results corre- 
sponding to different water vapor levels while maintaining the 
O2 fraction constant on a wet basis. The vertical lines indicate 
the critical ambient temperature above which the particle will 
be ignited. When we increase the water vapor level this critical 
temperature decreases slightly. 

For sufficiently high ambient temperatures, the burning time 
is virtually independent of water vapor level. However, as dis- 
cussed in the context of a hot particle, the product composition is 
quite different for different water vapor levels, as shown in 
Figure 7. Initially, as the particle temperature is low, there is 
very little CO oxidation in the boundary layer. As the particle 
heats up, the extent of CO oxidation increases rapidly approach- 
ing the pseudosteady state value. The sudden drop in the frac- 
tion of carbon oxides leaving as C 0 2  at large consumption levels 
is due to a (partial) quenching of the CO flame in the boundary 
layer which is accompanied by a decrease in the particle tem- 
perature (Figure 5). It is now clear that the contribution of water 
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vapor towards combustion of a particle that is initially cold is 
very similar to that of a particle which is initially hot. 

In the experiments of Smith and Gudmundsen (1931), the 
particle is first heated to the furnace temperature by inert gas 
and then the gaseous reactants are admitted into the furnace. 
The carbon particles become ignited in both dry and humid air. 
Hence, for a proper comparison of the model with experiments, 

PARTICLE RADIUS ( p  1 X 

Figure 10. Porticle temperature vs. particle radius histories for particles of 
different initial sizes. Solid lines indicate the combustion trajectories; - - - 
denotes a change of scole; - .  - . - denotes the pseudosteody-state 

locus. 

we must consider the case where the particle is initially cold 
with respect to the furnace temperature and the furnace tem- 
perature must be  sufficiently large (Figure 6) that there is igni- 
tion at all water vaporlevels. Figure 8 shows a comparison of the 
particle temperature histories under different water vapor 
levels in the gas phase while the O2 fraction is held constant on a 
wet basis. The particle does indeed burn at a higher tempera- 
ture in moist air compared to dry air conditions. This is clearly 
due to the exothermic CO oxidation in the boundary layer. 

However at some point the CO flame in the boundary layer is 
quenched at which time the temperature of the particle burning 
in moist air decreases and reaches the value corresponding to 
dry air conditions. Thus the model is in qualitative agreement 
with the observations of Smith and Gudmundsen (1931) that: (i) 
carbon particles burn at a higher temperature in moist air com- 
pared to dry air conditions; and (ii) this temperature difference 
vanishes as the particle size becomes sufficiently small. How- 
ever, the model predicts that the burning time (corresponding 
to Figure 8) is virtually independent of the water vapor level. 
This is definitely not in agreement with the experiments of 
Smith and Gudmundsen (1931). 

For a proper comparison between theory and experiments, 
we should have held the O2 level in the gas phase constant on a 
dry basis. We chose the case where the O2 level is held constant 
on a wet basis in order to isolate the catalytic effect of water 
vapor and study it separately. Sundaresan (1980) has reported 
the results when the O2 level is held constant on a dry basis. 
Briefly, none of the results presented so far change noticeably. 
However, the burning time is no longer independent of water 
vapor level, as shown in Figure 9 for a somewhat larger particle. 
The particle does indeed burn at a slower rate in moist air. 
However, it must be  conceded that: (i) the difference i n  the 
combustion rates in dry and moist air conditions predicted by 
the model is much smaller than the experimentally observed 
value; and (ii) this difference would probably vanish if the reac- 
tion between carbon and water vapor is included. 

We conclude that to explain the experimental results on 
burning rate, a more sophisticated kinetic model accounting for 
competition between 02, H 2 0  and COz for active sites at the 
carbon sulface must be considered. Consequently, we did not 
attempt any quantitative comparison between the model and 
the experiments. Nevertheless, a little reflection should reveal 
that the pathology reported in this study stemsfrom the interac- 
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tion between transport and reaction in the boundary layer. 
Therefore, a more sophisticated kinetic model is unlikely to 
destroy the structure reported here. 

This study revealed another interesting feature, presented in 
Figure 10. The broken line indicates the pseudosteady state 
trajectory for the set of ambient conditions reported there. A 
particle of radius 9 0 0 ~  sees the ignited branch as the only 
attractor and therefore ignition results. However a smaller par- 
ticle (radius 6 0 0 ~ )  sees the unignited branch as the nearest 
attractor and hence fails to ignite. Thus a large particle ignites 
while a small particle fails to do so. The burning times for 
different initial particle sizes are given in Figure 11. It is clear 
that the lack of ignition for a small particle has results in a 
substantial increase in the burning time and we have a situation 
where a larger particle requires a shorter time to burn off 
completely (compare the burnoff times for 600p and 900p parti- 
cles). This indicates that the popular belief that crushing the 
carbon particle will result in a more efficient combustion is 
suspect. 

CONCLUSION 

The dynamics of a single-particle carbon combustion is 
analysed when the 0 2  level in the gas phase is large. The effects 
of water vapor on the combustion characteristics are discussed. 
The model agrees qualitatively with part of the experimental 
data of Smith and Gudmundsen (1931). To obtain a better 
agreement with the experimental data, a more sophisticated 
kinetic model accounting for competition between 02, H 2 0  and 
COP for active sites at the carbon surface is probably needed. If 
the O2 level is substantially smaller than the value used in this 
study, pseudosteady state structures less complex than Figure 1 
are obtained (Sundaresan and Amundson, 1980a). The dynamic 
features of these subcases can be deduced rather easilyfrom the 
analysis presented in this paper. 
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NOMENCLATURE 

radius of the particle 
initial radius of the particle 
radius of a reference particle = 1000p 
radius of the outer edge of the boundary layer 
total concentration 
concentration of ith species 
heat capacity of gas and solid respectively 
diffusivity defined in Eq. 1 
binary diffusion coefficient 
flux of sensible energy 
activation energy of ith reaction 
heat of ith reaction 
pre-exponential factor for ith reaction 
molecular weight of carbon 
flux of species i 
see Table 2 
radial coordinate 
rate of ith reaction 
dimensionless rate of ith reaction (Table 2) 
dimensionless radial coordinate 
time variable 
temperature 
reference temperature = 1000°K 
mole fraction of ith species 

Subscripts 

s, B = denote values of a variable at the particle surface and 

in the ambient gas phase respectively 
0 = initial value of a variable 

Greek Letters 

a, pi, 5, +, p, &, 0, r = see Table 2 
yi = multicomponent difFusivity ratio 
ui = stoichiometric coefficient of species i ,  in the CO 

A = thermal conductivity of the gas 
P s  = density of the solid 

U = Stefan-Boltzmann constant 

oxidation reaction 

E = emissivity of the surface 
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