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Abstrac t  

This paper deals with models describing the thermal and chemical behaviour of solid parti- 
cles undergoing fast endothermie reactions under the influence of an external heat flux. The heat 
source temperature is supposed to be constant, to increase with time, or to deliver a simple ther- 
mal flash. It is shown that the pyrolysis conditions (reaction temperature, conversion, etc.) de- 
pend on the chemical characteristics of the reaction and also to a large extent on the external 
heating conditions. Relationships are proposed to take into account these parameters. The results 
are applied to the thermal decomposition of NaHCO3. The pyrolysis of cellulose is finally chosen 
in order to show how these operating parameters can also affect the selectivity of a more complex 
reaction. 

Keywords: cellulose pyrolysis, endothermic reactions, heat transfer, modelling, NaHCO3 de- 
carbonation, particles, reaction temperature 

Introduction 

Reactions of solid particles of the type Solid + Fluid ---> Products, consti- 
tute an important domain of chemistry [ 1]. The endothermic reactions of simple 
decompositions occurring without the action of a fluid reactant (pyrolysis of or- 
ganic compounds such as coal, biomass or polymers and decompositions of 
mineral products such as CaCO3, NaHCO3, etc. [2-4] are also important. 

Much information is available on the kinetics of such reactions, and on tem- 
peratures of decomposition of various materials. Unfortunately, it is very diffi- 
cult in practice to measure the real temperature of the reacting solid. Also, 
because of a strong coupling between chemical and transfer processes, the tem- 
perature of the solid may be quite different from that of the heat source. Conse- 
quently, many of these results are probably inaccurate. 
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68 LI~DI~: INFLUENCE OF HEATING CONDITIONS 

The purpose of the present paper is to study the change in actual particle 
temperature and the conversion as the reaction proceeds in different cases: 

- Cold particle introduced into a medium at a constant high temperature 
- Cold particle exposed to a thermal flash 
- Cold particle introduced into a medium at an increasing temperature 
- Particle reacting according to a complex chemical scheme 

S t a n d a r d  c o n d i t i o n s  

Modelling was made with the following main assumptions: 

- the particle undergoes thermal decomposition with a flat temperature pro- 
file inside the solid (no internal gradient); 

- the fluid products escape freely from the inside of the solid towards the 
surface of the particle (no diffusional resistance); 

- there is no volume change during the reaction; 
- the rate of the chemical reaction is assumed to obey a first order law of the 

type r = plA exp (-E/RgTs) (r is defined as the mass of solid transformed into 
fluids per unit time and unit solid volume [2]); 

- the reaction is endothermic with an enthalpy change AH supposed to be in- 
dependent of the temperature Ts of the solid (the case AH = 0 will also be con- 
sidered); 

- the particle is a sphere (diameter dp or characteristic length L=dp/6 [5]. 

The chemical regime imposes that the thermal Biot number BiT is lower than 
o .  1 [ 5 1 :  

BiT :~-~- < 0.1 (1) 
L1 

where the heat transfer coefficient h is supposed to be constant. 
The heating conditions are represented by the heat transfer t ime constant te: 

LP~G' (2) 
t~-  h 

If, for example, the heat transfer occurs by radiation from a heated surface 
at a constant temperature of Tw = 1000 K and with a reacting particle at 
Ts = 400 K having an emissivity of 1, the heat transfer coefficient is close to 
100 W.m-LK -1. With for example te = 0.45 s, a product 91Cp~ close to 

6 3 1 I 1 2.10 J . m - . K -  and a thermal conductivity Z,x = 0.9 W - m - . K - ,  the calculated 
6 6 particle size, from Eq. (2) is d e = 135.10- m (L = 22.5.10- m) and the Biot 

number, from Eq. (1) is 2.5.10-'. 
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LI~.DI~: INFLUENCE OF HEATING CONDITIONS 69 

If the transfer occurs by convection with a streaming gas, the values of h and 
L must fulfil condition (1) associated with a Nusselt number (= 6 hL/Lg) > 2 
corresponding respectively to the two conditions hL < 0.09 W.m-1.K -1 and 
hL > 6.67.10 -3 W.m-I.K -1 (~,g = 0.02 W.m-I.K-~). With for instance 
hL = 0.03 W.m-I.K -1, a value of t~ = 0.45 s leads to a particle size of 
dp= 493.10 -6 m (L = 82.10 -6 m) and a heat transfer coefficient of 365 W.m-2.K -1. 
The Nusselt number is then 9, a quite possible value for a gaseous convective 
heat transfer, if the Nusselt number is expected to follow a Ranz and Marshall 
type law [5]. The Biot number calculated from (1) is then 3.3-10- 2. These cal- 
culations were made with 7~g = 0.02 W.m-I.K -1, a realistic value of the thermal 
conductivity for a gas at 300 K. Taking ~8 = 0.06 W.m-1.K -1 at 1000 K, the 
same assumption for hL and t~ leads to another quite possible value of 3 for the 
Nusselt number. 

These calculations are typical examples, many other values could of course 
fit the imposed conditions. 

Modelling will be applied to two practical examples: decomposition of NaHCO3 
to represent a pure one-step first-order reaction; cellulose flash pyrolysis to rep- 
resent a more complex kinetic scheme. 

The characteristics chosen for the decarbonation reaction of NaHCO3 

2NaHCO3 ~ Na2CO3 + H20 + CO2 (3) 

are [3]: A = 2.2-101~ s-l; E = 95 000 J-mol-~; AH = 1.6.106 J.kg -1 (The theo- 
retical case AH = 0 will also be considered in order to determine the influence 
of the enthalpy on the results). 

The mass density Pl; heat capacity C~ and thermal conductivity ~,1 of the 
compound NaHCO3 are respectively 2159 kg.m-3; 1042 J.kg-l.K -1 and 
0.9 W.m-~.K -~. 

The primary pyrolysis of cellulose will be considered in order to study the 
influence of the heating conditions on the selectivity of a more complex reac- 
tion. The selected mechanism is [6-8]: 

Tar 
a 

c e l l u l o s e  ~ A c t i v e  ce l l u lo se  " (4) 

C h a r c o a l  + g a s  

The following kinetic constants for each first order process are considered as: 

Aa = 2.8.1019 s-l; Ea = 242 000 J.mo1-1 
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70 LI~DI~: INFLUENCE OF HEATING CONDITIONS 

Ab = 3.3"1014 s-l; Eb = 197 000 J.mo1-1 

Ao = 1.3.101~ Ec= 151 000J.mo1-1 

The enthalpy AH. is sufficiently low to be supposed close to 0 [7]. In order 
to simplify the theoretical treatments and to observe the qualitative variations of 
the phenomena,  it will be also supposed that AHb = AHo = 0. 

The density pa, heat capacity Cpl and thermal conductivity )~ of cellulose 
and active cellulose will be assumed to be the same: pl = 700 kg.m-S; 
Cp~ = 2800 J.kg-kK-1; )~1 = 0.2 W.m-1.K -1 [7]. 

For both reactions (of NaHCO3 and cellulose) the chosen standard value of 
the heat transfer time constant te will be 0.45 s, with some examples corre- 
sponding to 0.1 and 1 s. 

High and constant heat source temperature 

The first-order reaction is supposed to be of the type vlSx ~ v2S2 + (fluids). 
The densities and heat capacities of $1 and the mixture of $1 and $2 at con- 

version X are pl, Cvl and p, Cp, respectively. The heat and mass balances at the 
particle level are: 

d l )  
h ( T w  - Ts) = Lk91(1 - X)AH + LpC v dt (5) 

d Y  
- ' =  k(1 - X )  (6) dt 

with the initial condition: X = 0, Ts = To. 
The conversion yield X is defined as 

X -  mo - ml (7) 
mo 

where mo is the mass of the solid $1 before the beginning of the reaction and ml 
the mass of solid $1 remaining at conversion X. 

After elimination of time t between (5) and (6) one obtains the differential 
equation: 

dTs 
h ( T w  - Ts) = Lkpl(1 - X)AH + LpeC~(1 - X) dX (8) 

This equation can be written in the reduced form, based on dimensionless 
numbers [4]: 
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LI~D[~: INFLUENCE OF HEATING CONDITIONS 71 

Reduced temperature: y = Ts/Tw (9) 

Chemical time constant: tw = p l / r w  (10) 

(rw is the theoretical chemical rate defined at Tw) 

Activation criterion: 7 = E/RgTw (11) 

Thermicity criterion: H = AH/Cp, Tw (12) 

The variations of the physical properties of the solid as the reaction proceeds 
are represented by the number B: 

B --pCp = 1 +  - -  1 
-- p l C p l  [_vlM, Cvl 

(B is most of the times close to 1, mainly for low conversion) 
Under these conditions, Eq. (8) becomes: 

(13) 

Bd~ tw 1 - y  e x p ( 7 ~ l _  H 
- ~ 1  X Y 

(14) 

The changes in conversion yield X have already been studied as a function 
of the temperature of the solid in a wide range of values of these dimensionless 
parameters. The main conclusions are as follows [4, 9]. 

The curves X(y) have similar shapes with a sudden start of the reaction as 
soon as the temperature of the solid attains a given value TR, very often much 
lower than Tw. As the reaction proceeds, a noticeable stabilization of the tem- 
perature of the solid is observed such that the term dy/dX can often be neglected 
in Eq. (14). Such behaviour is the result of two phenomena: 

- Competition between heat fluxes required for the heating of the solid and 
for the endothermic reaction. 

- The reaction occurring in a relatively short time. 

The temperature TR at which the reaction starts is mainly dependent on the 
activation energy E while it is only moderately sensitive to other parameters 
such as to, Tw, AH. In all cases the reaction temperature Ts differs significantly 
from Tw (several hundred degrees of difference for Tw = I000 K). 

The results have been validated for the thermal decomposition of NaHCO3 
[4, 9]. An example is reported in dimensional form in Fig. 1 for Tw = 1000 K. 

It is seen that while AH has little influence on the temperature at which the 
reaction starts, it greatly influences the temperature stabilization. Table 1 shows 
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72 LI~DI~: INFLUENCE OF HEATING CONDITIONS 

Table 1 Particle temperature at conversions 5% and 95% for different external heating 
conditions (example of the decomposition of NaHCO3) 

T / K Constant Tw (1000 K) 

Heating conditions 

Increasing value of Tw with a = 

AH AH = 0 1.67.10 -3 K.s -1 1.67 K.s -1 

T s ( X =  5%) 474 504 324 395 

T s ( X =  95%) 532 595 363 456 

Ts(5%) -Ts (95%)  58 91 39 61 

that the difference in temperatures of the solid corresponding to 5 and 95 % con- 
version is 91 K for AH= 0, and it is only 58 K i fAH is taken into account. It 
can also be shown that the heating rate dTs/dt of the particle (calculated from 
Eq. (5)) is close to 103 K.s -t for AH = 0 (the heat exchanged with the source at 
Tw is only used for heating the particle) while it is reduced to about 100 K.s -1 
if AH is not neglected. 

Particle exposed to a thermal flash 

It is supposed that a particle (Tso = 300 K; Xo = 0) is introduced into a hot 
medium (Tw = 1000 K) until it attains a given temperature Tsi and a conversion 
Xi. It is then immediately introduced into a cold medium (Tw = 300 K). Such 
a situation corresponds to the case of a particle exposed to a thermal flash. 
Practical applications could be: passing of a particle through a high energy zone 
(focus of solar or image furnace); passing of a particle through a hot gas bound- 
ary layer after bouncing on a surface [10]; in all cases of quenching of a react- 
ing solid by immersion into a cold medium. 

In order to solve the problem, Eq. (8) is used first with Tw = 1000 K, 
Tso = 300 K and Xo = 0 until given values of Tsi and Xi, and secondly with 
Tw = 300 K, Tso = Tsi and Xo = Xi. The heat-exchange conditions are sup- 
posed to be identical in both cases (the same values of t~). The calculations are 
made for three possible values of Xi and for the thermal decomposition of the 
compound NaHCO3. 

Figure 2 shows a very important effect of the enthalpy change AH on the 
possible change in X after immersion of a particle into a cold medium. When 
AH is taken into account, only a few percent increase in X can be observed after 
quenching: asymptotic values Xoo are close to X~. Quenching is thus very effi- 
cient under these conditions, and after a few milliseconds (a few millimetres for 
a particle travelling at 1 m.s -t) the reaction is stopped. For the assumption of 
AH = 0, the reaction continues after cooling and the conversion may attain as- 
ymptotic values X~o much higher than Xi, sometimes close to 1, showing that 
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quenching is inefficient. However, this result shows that, on the other hand, a 
simple short flash heating could be sufficient for achieving a given high conver- 
sion. Figure 2 shows, in the same way, that the cooling rate dTs/dt calculated at 
X = Xi is logically slower when AH = 0. It is interesting to note that  the result 
is opposite for th eheating rate (Fig. 1). In other words, the heating rate is faster 
and cooling rate slower for the assumption AH = 0, compared to the case where 
a finite value of AH is taken into account. These logical observations show that 
if the solid may decompose in several possible elementary chemical processes, 
the selectivity will be different during the heating and cooling phases. These re- 
suits are qualitatively similar to those obtained with other values of &, the cool- 
ing rates being strongly enhanced with small values of &. 

The heat source temperature increases with time 

In order to simplify the problem, three assumptions will be made: 

- The temperature of the heat source is supposed to increase according to a 
linear function: 

Tw = To + a t  (15) 

- The heat transfer coefficient is constant with time 
- There is no change in the physical properties of the particle 

(p, = 02;  G, = 

Under these conditions, the heat and mass balances (5) and (6) become: 

T o + O C t - T S _ k ( l _ x )  AH dTs (16) 
to d--/- 

dX 
d-t = k (1 - X) (17) 

with X = 0 at Ts = To, and after elimination of dt: 

d T s _ T o + o ~ t - T s  An (18) 
-dX & k (1 - X) 

Such a situation may be encountered in many practical situations and, for in- 
stance, in dynamic thermogravimetric analysis where most of the devices oper- 
ate with 0.1_<o~(K.min-b<100 or 1.67.10-3<o~(K.s-~)<l.67 [11]. Of 
course, in thermogravimetric experiments, temperature gradients are often ob- 
served inside the sample. But, if this sample is made of several small particles, 
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76 LI~DI~: INFLUENCE OF HEATING CONDITIONS 

each one has its own uniform temperature (and its own value of h) so that the 
qualitative conclusions of this model (formulated for single spheres) are always 
valid. 

Values o f  the temperature  o f  the sol id  Ts 

Three approaches are considered for estimating the variations of Ts. 

In a first simplified approach, it is supposed that ~ = 0. Equations (16) 
and (17) are independent, and the temperature of the particle Ts varies inde- 
pendently of the chemical reaction. The integration of (16) leads to: 

Ts=To+O~t~ exp - ~  + ~ - 1  (19) 

dt - a l - e x p  - ~  (20) 

The solution of Eq. (17) associated to Eq. (19) shows that the reaction oc- 
curs for  50 ~ t(s) -<100 (o~=1.67K.s  -~) and for 104_<t(s)-<4.104 (o~= 
1.67-10-3.K.s-l). Under these conditions, e x p ( -  t/t~ << 1) and t~ << t. Thus, 
Eqs. (19) and (20) can be written as: 

Ts = To + a t  (21) 

dTs (22) 
d-5- = ct 

It follows that the particle is at the same temperature as the heat source at 
every time. The mass balance (17) can then be written as: 

dX k (1 - X )  (23) 
dTs - (z 

Figure 1 shows the corresponding variations X(Ts) for the two extreme val- 
ues of (x for t~ = 0.1, 0.45 and 1 s with the assumption of AH = 0. The times 
required by 4 the solid to attain the temperature at which X = 1 are approxi- 
mately 3-10 s (8.3 h) for (z = 1.67.10 -3 K-s -1 and 72 s for ~x = 1.67 K-s -1, values 
much higher than the time constants t,. 

A second simplified approach supposes that, during the reaction, the term 
dTs/dt is small compared to AH/Cp~ in Eq. (18) as reported for most experimen- 
tal conditions [4]. Under these conditions, Eq. (18) becomes: 

To + o~t - Ts = t~ k (1 - X) - -  AH (24) 
Co, 
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The corresponding X(Ts) variations are depicted in Fig. 1. It is observed that 
the results are similar to those corresponding to the assumption of AH = 0 at 
small heating rates (ix = 1.67-10 -3 K.s-1). There is only a very small difference 
in the case of ~ = 1.67 K.s -1. 

In a third approach, no assumption is made and Eqs (16) and (17) are nu- 
merically integrated. The results obtained are similar to those derived from the 
previous assumptions of dTs/dX = O. 

As a conclusion, it appears that whatever the assumptions made for the en- 
thalpy, the calculated variations X(Ts) are roughly identical and that the simpli- 
fied expression (23) may represent the phenomena. Then it can be supposed 
that the particle temperature is the same as that of the heat source at every mo- 
ment of the reaction. This is the most fundamental difference from the case of 
constant heat source temperature which is often much higher than the true reac- 
tion temperature Ts. This is a logical consequence of the fact that low values of 
Tw and heating rates a (a few degrees per min) are associated with small heat 
transfer time constants to (a fraction of seconds). Figure 1 shows that for con- 
stant heat source temperature, the heating rates of the solid are always much 
higher (dTs/dt = 60 to 900 K.s -~) than in the case of experiments made with in- 
creasing values of Tw where dTs/dt is always close to ct. 

All these calculations have been made with the assumption of a constantheat  
transfer coefficient h. This is for example encountered in the case where the 
heat source is a preheated flowing gas exchanging energy with the particle by 
convection. However, heating is very often ensured by radiation from a wall 
whose temperature increases with time. Under these conditions, the heat trans- 
fer coefficient hw = ~ (T  4 - T4)/(Tw - Ts) = ~ (Tw 2 + Ts 2) (Tw + Ts) in- 
creases with Tw and the equations of the model are more complicated. 
Equation (5) of the heat balance becomes 

or8 [(To + o~t) 4 - Ts 4] = Lkpl (1 - X) AN + LpCp drs  
dt (25) 

With assumption of AH = 0, pl = p and ~ ,  = C v, the numerical integration 
of Eq. (25) with e = 1 gives similar variations of Ts with time t than those de- 
rived from Eq. (19) for given values of L, pl, Cp~. The values of Ts are then al- 
ways very close to those of Tw and the variations X(Ts) are the same as in the 
case of h = constant. 

D o m a i n s  o f  reaction temperatures  

In all the cases, Fig. 1 shows that the reaction occurs within a relatively nar- 
row range of temperature of the particle. Table 1 gives the values of 
Ts(X = 5%) and Ts(X = 95%). It can be seen that the difference between these 
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78 LI~DI~: INFLUENCE OF HEATING CONDITIONS 

values is smaller when ct is small (only 39 K for ct = 1.67.10 -3 K-s-l). For very 
small heating rates o~ and constant values of Tw, the reaction can be considered 
as quasi-isothermal up to ----60% conversion. Figure 1 and Tables 1, 2 and 3 
show that because of the low sensitivity of Ts to changes in to and Tw, the ranges 
of reaction temperatures are never identical, but depend strongly on the experi- 
mental situation: slow or fast heating rate or constant value of Tw. These ranges 
are roughly: 324-363 K for ot = 1.67.10 -3 K.s -1 395-456 K for ot = 1.67 K.s-1; 
474-532 K for Tw = 1000 K. Thus, it would always be quite interesting to per- 
form measurements in each of these situations in order to enlarge the experi- 
mental ranges of temperatures and to test, for example, the validity of kinetic 
laws with greater accuracy [3, 12]. 

Sensitivity of the variations X(Ts) to changes in the operating parameters 
(comparison with the case Tw = constanO 

Influence of enthalpy change AH 

As previously observed, AH has only little influence in the case of progres- 
sive heating (Fig. 1), the process being controlled by the heating rate o~ of the 
heat source. Table 2 reveals, for X = 50%, a difference of only 5 K in the re- 
action temperature. In the case of constant values of Tw, while AH has only a 
small effect on the temperature at which the reaction starts (Fig. 1), it greatly 
influences the domain of reaction temperature: Table 1 shows that the reaction 

Table 2 Influence of the external heating rate ot and heat transfer time constant to on the 
temperature of a reacting partiele at 50% conversion (example of the decomposition of 
NaHCO3) 

le / S  
External heating rate ot / K.s -t 

1.67.10 -3 1.67 

0.1 347 431 

0.45 347 427 
(432 ~ r A H =  0) 

1 347 424 

Table 3 Influence of the temperature of heat source Tw and heat transfer time constant t~ on the 
temperature TR at which the reaction starts (example of the decomposition of NaHCO3) 

t o l s  
Constant Tw / K 

1000 500 

0.1 504 489 

0.45 4 7 3  460 

1 458 446 
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occurs in a range of 91 K for AH = 0 and only 58 K if AH is taken into ac- 
count. 

Influences of tr and Tw 

For Tw = constant, an empirical relationship has been proposed [4] for rep- 
resenting the variations of the temperature TR at which the reaction starts: 

(2 AH t~ t (26) 1 R~ln A 
rR-E 

showing that the effective parameter is the activation energy E, the other pa- 
rameters appearing in the logarithm. In the case of the decomposition of the 
compound NaHCO3 this equation becomes: 

11 418 
TR = (27) 

In (6.75.10" t~-ww ) 

Table 3 shows the relatively small influence of t~ on the value of TR (-  45 K 
for a factor of 10 in t0. It also appears that the phenomena are only very slightly 
dependent on the heat source temperature: changing Tw from 1000 to 500 K has 
almost no effect on TR for a given t~ (maximum variation of only 15 K in the 
values of TR). 

These results confirm that modification of the experimental values of granu- 
lometry alp, heat transfer coefficient h or heat source temperature Tw would have 
practically no effect on the particle reaction temperature Ts. 

For increasing values of Tw, Fig. 1 and Table 2 show that t~ has no influence 
on Ts (at X = 50%) for ct = 1.67.10 -3 K.s -1 and only a very small effect (only 
7 K for the highest value of tx = 1.67 K.s - 1. This is a logical consequence of 
the fact that Ts = Tw at any time for all values of ix. As in the previous case, 
these results show that changing h and/or L has no appreciable effects on the 
reaction temperature of the solid. The sensitive parameter is the heating rate of 
the source (~ 80 deg difference for extreme values of ~). As a consequence of 
these observations, the published values of decomposition temperatures of dif- 
ferent solid reactants have no sense if ~ is not mentioned. Of course, this im- 
portant parameter must always be taken into account in the calculation of kinetic 
constants derived from thermogravimetric measurements (Eq. (23)). 

Influence of the heating conditions on the selectivity of a 
complex reaction 

The results in the previous part of this paper have shown that changes in the 
heating conditions may cause significant differences in the temperature ranges 
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in which the decomposition of a solid proceeds. It results that if several primary 
or secondary competitive reactions with different activation energies are possi- 
ble, the selectivity may be highly affected by the transfer conditions. In order to 
bring evidence of these phenomena, the example of the pyrolysis of cellulose 
will be presented Eq. (4). The first-order step gives rise to active cellulose: the 
results of the previous sections apply to this process that occurs at given cellu- 
lose temperatures. After this step, two other first-order processes are possible, 
producing tar or solid charcoal. Supposing that we want to minimize charcoal 
formation, let us define the instantaneous yield of tar q) at a given reaction tem- 
perature Ts: 

kb 1 

a c  withAo Ab-3"96"10-5 and Eo Eb Ec - - R ~  - 5"53"103 K 

It is interesting to study the change in q~ with the conversion Xc of cellulose 
as the reaction proceeds, and for various heating conditions: 

Xc = Initial mass of cellulose - remaining mass of cellulose (29) 
Initial mass of cellulose 

For sake of simplicity, the primary process (a) is supposed to occur without any 
change in particle properties (pl, Cpl and dp). Two cases are considered: con- 
stant and increasing heat source temperature Tw. 

Constant Tw 

Combination of Eqs (5) and (6) with definition (28) and with the assumption 
of AHa -- 0 leads to the following differential equation: 

dq~ q ~ l - c o ) (  1-~]2 Tw-Ts 
d X c = -  E o  In Aoh ~  tdq(1-Xc) 

(30) 

The elimination of Ts between (28) and (30) leads to another equation, the 
numerical integration of which yields the variations of q~ with Xc. Figure 3 
shows (for t~ = 0.4 s) that after a more or less steep increase in q), at the begin- 
ning of the reaction, cp rapidly reaches constant values (for Xc > 0.1) which are 
strongly dependent on Tw, that appears as a very important parameter in deter- 
mining the selectivity. The tar yield is much higher for high values of Tw as 
often observed in the literature: 30% for Tw = 500 K; 72% for 600 K; 87% for 
700 K and 91% for 1000 K (atXr = 50%). 
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Increasing values of Tw 

The law of variation is supposed to be given by Eq. (15). Calculations are 
made with the assumption that Ts = Tw at any time. 

Combination of Eqs (23) and (28) leads to a new equation: 

2 

~C 
= n m 

Aoq~ ~(1 xc) 
(31) 

Figure 3 shows that, in contrast with the case of Tw = constant, the selec- 
tivity cp is not constant but increases while the reaction proceeds. Moreover, for 
a given conversion Xc, the selectivity always strongly depends on the heating 
rate: qo is 25 to 30% higher for the highest heating rate applied of 1.67 K.s -1. In 
other words, a given selectivity q~ at a given cellulose temperature Ts could be 
observed at very low or very high conversions Xc, according to the value of ~t 
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Fig. 3 Variations of the instantaneous selectivity r as a function of conversion Xc for two 
different external heating rates r and for the ease of a constant heating source tem- 
perature Tw. The results relate to the pyrolysis of cellulose, q~ being the instantane- 
ousyield of tar 
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(for example, ha = 0.55 and Ts = 560 K would correspond to Xc ---- 0 with tx --- 
1.67 K.s -1 and to Xc - 1 with ct = 1.67.10 -s K.s-1). It can also be shown that 
for a given cellulose temperature Ts, the selectivity q~ is always higher in the 
case of constant Tw. These results allow the conclusion that the conversion yield 
and selectivity are not only dependent on the instantaneous temperature of cel- 
lulose but, to a large extent, also on the external heating conditions. 

Conclusions 

The modelling of the endothermal decomposition of solid particles was car- 
ried out under strong coupling conditions between reaction and transfer heat 
fluxes. As an example, the equations were applied to the thermal decomposition 
reaction of NaHCO3, but the results are qualitatively valid for every solid pyro- 
lysis reaction of the type $1 ---> Sz + (fluids). 

When a cold particle is introduced into a hot medium, a simple heating of 
the solid is first observed until a given temperature is attained at which it reacts 
in a relatively narrow temperature range. The reaction conditions are controlled 
by both the chemical characteristics of the reaction and the heat transfer proc- 
esses. The influence of the main effective parameters was underlined. When a 
cold particle is introduced into a medium the temperature of which increases 
with time, the reaction conditions are mainly controlled by the heating rate of 
the heat source. A consequence is that the reaction conditions (temperature, 
conversion, experimental parameters, etc.) may be quite different from those 
observed with a constant heat source temperature. 

The difference in behaviour is also very important when the chemical proc- 
esses are more complex as observed in the case of the pyrolysis of cellulose 
where the selectivity strongly depends on the conditions. 

The case of a particle undergoing a thermal flash has also been studied and 
also the parameters controlling the efficiency of quenching. The influence of the 
enthalpy change on the rate of heating and cooling of the particle has also been 
underlined. 

The main conclusions are that if the enthalpy and activation energy of a re- 
action are important parameters, the rate of heating (or cooling) may also 
greatly affect the conditions of particle pyrolysis. Speaking of "reaction tem- 
perature", "pyrolysis temperature" or "decomposition temperature" of a solid 
material has no sense if the conditions of heating are not given, the results being 
only valid for a given apparatus and set of experimental conditions. It results 
that these phenomena have to be mentioned and taken into account in the calcu- 
lation of Arrhenius parameters from experimental results. Hence, many of the 
published kinetic constants must be considered and used very carefully. 
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Notations 

A, A~, Ab, A~ 

Zo 
B 

BiT 
c, 
C l, 

E,E~,Eb, E~ 
E 
h 
hw 
H 
k 
L 

mo 
m l  

MI 
M~ 
r, rw 

&, $2 
t 
t~ 
tw 
Tso, Ts, Tsi, TR 

Tw 
Xo, X, XI, Xc 

Greek  letters: 

G~ 

AH 
E 

(p 

Preexponential factor of the Arrhenius law equation and of 
processes a, b, c / s  ~ 
Ratio Ao/Ab 
Dimensionless parameter describing the evolution of p and 
Cp as a function of X 
Thermal Biot number 
Heat capacity of the solid at conversion X / J-kg-l.K -~ 
Heat capacity (of solid S~; of solid $2) / J.kg-~.K -~ 
Particle diameter / m 
Activation energy of processes a, b, c / J.mol -l 
Ratio (Eb - Ec)/Rg / K 
Heat transfer coefficient / W.m-2.K7 ~ 
Radiation heat transfer coefficient / W.m-LK -1 
Thermicity criterion 
First order kinetic constant / s ~ 
Characteristic particle size (volume to external surface area 
ratio, = dp/6 for a sphere) / m 
Initial mass of solid S~ / kg 
Mass of solid $1 remaining at conversion X / kg 
Molecular weight of solid S~ / kg.mol -l 
Molecular weight of solid Sz / kg-mol -~ 
Rate of chemical reaction at Ts and Tw / kg.m-3.s -~ 
Gas constant / J.mol-~-K -a 
Solid reactant and product 
Time / s 
Heat transfer time constant / s 
Chemical time constant / s 
Particle temperature (initial; at time t; at the time of quench- 
ing; when the reaction starts) / K 
Heat source temperature / K 
Conversion (initial; at time t; at the time of quenching; in 
the pyrolysis of cellulose) 
Reduced temperature 

Heating rate of the heat source / K's  -1 

Reaction enthalpy / J.kg -1 
Emissivity 
Instantaneous yield of tar 
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7 

9 
131, 102 

Activation criterion 
Thermal conductivity (of solid $1; of the carrier gas) / 
W.m-I.K-1 
Density of the solid at conversion X / kg.m -3 
Density (of solid $1; of solid Sz) / kg.m -3 
Boltzmann constant (5.67.10 -8 W.m-LK -4) 
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