
A Single-Particle Char Gasification Model 
A model is developed for the gasification of a single-char particle in an environ- 

ment of water, hydrogen, carbon dioxide, carbon monoxide and methane, existing 
in the gasification zone of a reactor. The model, consisting of the mass and energy 
conservation equations, together with the Stefan-Maxwell relations includes the 
intraparticle effects and the change in internal surface area. It is found that the 
intraparticle effects and the surface area effects are significant and hence cannot 
be neglected, and the situation becomes more acute with increasing particle size 
and high temperatures. Comparisons with other models and existing empirical 
relations show that the model agrees well when diffusional effects are minimal, 
but at higher temperature and large particle size there is a significant difference. 
The model may be used to discriminate among various idealized models such as 
the homogeneous and the shrinking core model. The convective terms in the 
Stefan-Maxwell relations have negligible influence. The analysis can be directly 
used in the modeling studies of gasification reactors and will be so applied in a later 
paper. 
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SCOPE 
It is well known that one of the processes in the conversion of 

the vast reserves of coal to clean fuel is coal gasification using 
fluidized bed reactors. Coal and coal char can react with steam, 
hydrogen and carbon dioxide to give gaseous products which 
can be used as fuel. The heat required by this process may be 
supplied by combustion of part of the coal. When steam and 
oxygen are fed into a fluidized bed reactor, it has been showh 
(Caram and Amundson, 1979) that carbon combustion occurs in 
a very shallow portion of the bed, and hence a major portion of 
the reactor is the gasification zone. There is extensive litera- 
ture on coaVcbar combustion, but the gasification process has 
received less attention. In modeling of gasification reactors, 
researchers either use empirical chemical kinetics such as that 
of Johnson (1974) or Gibson and Euker (197S), or use simplified 
kinetics and assume uniform reaction throughout the particle, 
neglecting the transport effects. Most mathematical analyses 
have been limited to a single reaction. Application of such 
analyses to more complicated systems where many simultane- 
ous reactions take place is not simple. It is known that different 
kinds of coal char may have a wide range of reactivity, one 
reason being the different internal pore structure and avail- 
able surface for reaction. Furthermore, the structure and the 
available surface change significantly during the gasification 

process. Since these factors vary widely with different coal 
chars, the application of empirical kinetics, determined for a 
few coal chars under restricted experimental conditions, to 
more complex and diverse processes is questionable. 
Moreover, the assumption of uniform reaction within the par- 
ticle is not always justified. The purpose of this work is to 
develop a coupled transport and reaction model to determine 
the effects of various parameters such as ambient tempera- 
ture, ambient concentration of reactant species, system 
pressures, particle size, etc. 

The model developed consists of the mass and energy bal- 
ance equations together with the Stefan-Maxwell relations. 
Intraparticle diffusion and structural changes of the particle 
during gasification are included. The char particle, composed 
of fixed carbon and ash, being gasified in an environment of 
water, carbon dioxide, carbon monoxide and methane can be 
described by four reactions, namely, steam gasification, car- 
bon dioxide gasification, hydrogasification and the water-gas 
shift reaction. The non-Stefan flow problem is solved for vari- 
ous parametric conditions, and the Stefan-flow problem is sol- 
ved to bring out the differences between the two. Finite differ- 
ence and orthogonal collocation techniques are used to solve 
the system of differential equations. 

CONCLUSIONS AND SIGNIFICANCE 

The concentration profiles show an unusual behavior with 
respect to carbon dioxide as a consequence of a complex inter- 
action between the shift reaction with the other reactions. 
Under some ambient conditions, large concentration gradients 
give rise to strong conversion profiles and in some cases shrink 
the core to a certain extent. 

A parametric study shows that the gain due to increase in 
system pressure diminishes at higher values of the pressure. 
Diffusional resistance is more significant at higher tempera- 
tures and worsens with increase in particle size. Furthermore, 
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the gas film resistance can be important under some conditions. 
At lower ambient temperatures, though carbon dioxide gas- 
ification is taking place, the net result is production of carbon 
dioxide. The situation, reversing at higher temperatures, re- 
sults in net consumption of carbon dioxide, and carbon 
monoxide is the major product. An increase in ambient steam 
concentration is advantageous, whereas an increase in hydro- 
gen concentration is disadvantageous with respect to gasifica- 
tion rates. Comparisons with the results obtained from 
Johnson's relations show that diffusional effects are significant 
and may not be neglected. The convective terms in the system 
of equations do not change the behavior of the system to a great 
extent and may be neglected in reactor modeling studies. 
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INTERNAL STRUCTURE AND KINETICS 

The rates ofgasification depend on the nature and origin of the 
char. In addition, the reactivity and pore structure depend 
greatly on the history of its formation, such as, temperature of 
pretreatment, rate of heating, its environment during pretreat- 
ment and many others. Most of the surface area is provided by 
the micropores and a small fraction by the macropores. There 
have been some studies on the change of pore characteristics 
and available surface area with gasification (Kawahata and 
Walker, 1963; Turkdogen et al., 1970; Walker et a]., 1953; 
Petersen et  al., 1955; Hashimoto and Silveston, 1973n,b, Dutta 
eta]., 1977). In almost all cases, it was found that the surface area 
initially increased with gasification and then dropped sharply at 
higher conversions. The increase in the surface areais due to the 
formation of new pores by preferential removal of carbon atoms 
or opening of new pores which existed originally but were closed 
and the enlargement of pores which existed or were newly 
opened. At the same time, there is a decrease in surface area due 
to the collapse of two pores by gasification of the pore wall. The 
increase in surface area dominates at low carbon conversions, 
and the death rate dominates at higher conversions. However, a 
situation whcare there is only a loss of surface area is possihle. For 
this study, the correlation for relative available surface area 
given by Dutta e t  al. (1977) is used 

n = 1 2 l o O x y ~ ~ y  (1) 

The relative available pore surface area is defined as the ratio 
of the available specific.pore surface area at any stage of conver- 
sion to the specific pore surface area at zero conversion. 

In the literature, one can find inany investigations on the 
gasification reactions. The reader is directed to several reviews 
available: Walker e t  al. (1959), Mulcahy and Smith (1969), Field 
et  al. (1967) and Fredersdorff and Elliott (1963). Unfortunately, 
kinetics of these reactions appear in various forms, and only a 
few are based on the actual surface area available for reaction. In 
many cases, the form of carbon used is graphite, and the results 
may not be applicable to reactions with coal/char due to basic 
strudural difference. As there are many discrepancies in the 
data, we should treat the rate constants as parameters. 

Steam Gasification: C + HZO -+ CO + Hz (endothermic, 
heterogeneous) 

For this reaction, Hedden and Lowe (1967) present kinetics 
which are most useful to us. Since the rates were determined 
using graphite, we can expect them to be higher for coalichar. 
The rate is given by 

For this study we will assiime 
k ,  = 3.85x1O7 exp(-284 702.4/RT)m3/m2( surface area ) - S  

internal 

k I 2  = 95.7 exp(60 708.6iRT) m3/kgmole 

Corbon Dioxide gasification: C + COZ -+ 2CO (endothermic, 
heterogeneous) 

The rate of the carbon-carbon dioxide reaction has been 
studied by various investigators (see, Hedden and Lowe, 1967; 
Yang and Steinberg, 1977; Dutta et al., 1977). The data show 
considerable discrepancy in activation energies, ranging from 45 
to 90 kcal/mole. Some instances of carbon monoxide inhibition, 
at low pressure, have been reported. We will, however, for this 
study choose the rate expression given by Dutta e t  al. (1977): 

rs2 = k2 C 4  (kgmole C02/s-m') 

where 

k2 = 370 exp(-248 109.8/RT)m3/s-m2 (internal surface area) 

Hydrogosification: C + 2Ht -+ CHI (exothermic, 
heterogeneous) 

Blackwood (1959) ineasured hydrogasification rates, up to 40 

rs3= k3ptxZ (kg inole CHJm'-s) 

wherc k ,  = 5.82 x lo-" exp (-149 050.1IRT) kg mole/ 
s-(N/m2)-m2 (internal surface area) 

Water gasshift reaction:CO + H20 -+ COZ + HZ (homogeneous, 
exotherin ic) 

In almost all cases, this reaction is considered to he in equilil2- 

atm, for coconut chars (-50 m2/g) and presented 

rium. The equilibrium constant is given by 

LogloK = -1.6945 + 1 855.6/T 
(Fredersdorff and Elliott, 1963) 

The heterogeneous reaction rates are based on unit internal 
surface area. Converting them to unit volume of the particle, for 
the jth reaction, we have 

rj = rsi . S . (1 . po (1 - X , )  . Wb kg rnole/m3-s, , j  = 1,2,3 

Thus, the reaction rates are a function of both carbon conversion 
and the available pore surface area. 

THE MODEL 

We will consider a spherical char particle surrounded by a gas 
film to be gasified in a fixed environment consisting of water, 
carbon dioxide, carbon monoxide, hydrogen and methane. This 
is a typical situation in the gasification zone ofa fluidized bed or a 
moving bed reactor. Since the concentrations of the species and 
the temperature in the environment are known, we will assume 
that the following reactions take place: 

1 .  C + HzO -+ CO + Hz 

2. C + COz+2CO 

3. C + 2Hz-CH4 

4. CO + HzO * COz + Hz 

The heterogeneous reactions (1, 2 and 3) take place within the 
particle, and the homogeneous reaction (4) occurs everywhere. 
The gas film around the particle is characterized by the mass 
transfer coefficients; we will assume that it is the same for all 
species. The binary diffusion coefficient 9ij for the yth pair is 
assumed to be  the same for all the species (9=9ij) except 
hydrogen. Since the diffusivity of hydrogen is very high, it is 
assumed to be infinite. The effective diffkivity inside the parti- 
cle is taken as D = 29. We will assume that there is no 
temperature gradient within the particle owing to the large 
thermal conductivity of the solid. However, the temperature 
difference between the particle and the bulk is considered. We 
will follow the changes occurring in the particle during gasifica- 
tion. Initially, there is no ash layer around the particle, and, 
further, any ash layer formed during the course of gasification 
does not peel off. Thus, the size ofthe particle remains constant. 
We will assume that the pseudo steady state analysis is valid; 
that is, at any instant the particle looks as if it is at steady state. 
Also, constant physical properties will be  assumed throughout 
the analysis. 

Mass bolance-gaseous species 

steady state is given by 
The mass balance for the ith species within the particle at 

4 

-VNi  + ai,rj = 0 Vi # 2 
j= 1 

together with the boundary conditions 

N i  = - k ,  . C ( x b i  - x i )  at r = R,. (k) 
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N i = O  a t r = O  (3.5) 
where N i  is characterized by the Stefan-Maxwell relation 

(4) 

If we include the assumption regarding diffusion coefficients, 
Equation (4) reduces to 

5 

and, 

v x z  = 0 (5b) 

Equations (5b) and (&) give 

x 2  = xb2 

At any point in the system, the followingstoichiometric relations 
hold: 

and 

Hence 

From (Sn) and (8), we obtain 

From (2), we have 

-VN, - r ,  - r4 = 0 

-VN3 + rl + 2r2 - r4 = 0 

-VN5 + r3 = 0 

(lh) 

(lob) 

( 1 W  

-VN4 + r4 - r2 = 0 

Since the relation, z x ,  = 1 must be satisfied everywhere, the 

set of Equations (lh), (lob) and (1Oc) is dependent. Also, the 
shift reaction is at equilibrium; by eliminating r4, the loss of an 
equation is compensated for by the equilibrium condition. After 
manipulating the equations for easier mathematical handling, 
we obtain 

i 

-V(Nl + N 4  + N 5 )  - r1 + r2 + r3 = 0 

-V(N,) + r3 = 0 

(1ln) 

(1 1.5) 

X P ~ I X ~ I  = K ( l lc )  

Ex,= 1 (114 
1 

If we use Equations (5a) and (9), the above equations become 

where 

and V takes the appropriate form depending on the places it 
occurs in thc equation. 

The boundary conditions (a) and (3b) become 
V(x 1 +x4 +xs) 

(1 +XI + x 4 + x 5 )  

Nondimensionalizing (12) and (13), we havet 

and 

v*2x5 - V*(x5 - v*z ) + pr3 = o (1h) 1 +z 

-- k i - 0  
at 

where 

Carbon balance 

The consumption of carbon is given by 

(16) - -  dp - -12(rl+r2+r3) (kg/m3-s) 
at 

We define carbon conversion as the ratio ofthe amount ofcarbon 
gasified to the original amount ofcarbon. At any point within the 
particle 

x, =- l2 [(rl + r2 + r3)dt 
POW, 0 

and the average conversion of the particle 
X = -f(/dr,+r,+r,LIvkItl+r2+r3)dV)dt 12 

MoWb o 

Energy balance 

we obtain 
Formulating the energy balance at the surbce of the particle, 

with initial conditions 

T ,  = Tb and M = M o  09b) 

(1%) 

where 

6 = L? + CPiAT 

f Note, 0' can either be d.i& or LIP dldg (P.), depending on its function. 
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The above sets of Equations (14), (15), (16), (17), (18) and (19) 
are to be solved for, xl ,  x3 ,  x4, x5,  X,, X, and T .  

Effectiveness foctors 

We will define effectiveness factors i n  two different ways: 
1. The effectiveness Eictor (EF) is defined as the ratio of the 

observed total reaction rate at any instant to the total reaction 
rate at that instant if the concentrations of the reactants were 
equal to their bulk values everywhere and at the bulk tempera- 
ture; that is 

2. The effectiveness factor (EFZ) is defined as the ratio of the 
observed total reaction rate a t  any instant to the total reaction 
rate at time t = 0, if the concentrations of the reactant were 
equal to their bulk values everywhere and at the bulk tempera- 
ture; that is 

NON-STEFAN FLOW PROBLEM 

Expecting the convective terms to be  insignificant, for 
simplicity and as a first approximation, we will neglect thc 
convective terms. Then, the Stefan-Maxwell equation reduces 
to 

N ;  = - C D V S ~  (21) 

(2%) 

With this, the conservation Equations (14) reduce to 

Vh2(xI  + x4) - p ( r l  + r2) = 0 

(2217) 

(2k )  

arid the boundary conditions (15) reduce to 

(xb,  - x I )  Vi # 2 at 5 = 1 (231) d x ,  - S h  
ns 2 
- -__  

(231~) 

This above set is to be solved together with the carbon and 
energy balance equations. 

Solution 

1. Non-Stefan flow problem: no analytical solutioii is possible 
for the sets of Equations (22) and (23) together with the carbon 
and energy balance equations. A finite difference numerical 
scheme was devised, but for these sets of equations the scheme 
was unstable. Hence, the equations are transformed using the 
transformation 

y; = x i 5  (24) 

At time t = 0 (zero conversion), since x p  is known everywhere, 
(2%~) has an analytic solution. This, however, is not true for 
conversions greater  than zero. Thus,  with x5 known 
ever,ywhere, it is required to detrrinine y l ,  y 4  and y3. The 
assumption of a value for y, at 5 = 1, fixes y4 and y3 at 5 = 1 by 
conditions ( 2 2 )  and (22d). Once the values at the external 
boundary are known, marching towards the center, yi's at the 
interior node point are determined from the differential equa- 
tion and the boundary condition at 4 = l ,  cast in the difference 

form. This procedure is repeated with new values of y l  till the 
boundary condition at  the center is satisfied. It was necessary to 
divide the region into 100 parts. In the time space. the profiles at 
tk-,are used as the guess values for time tk .  At of 1 to 4 s was 
found adequate, and the convergence for subsequent time 
intervals was quite fast. This procedure is continued till 99% of 
the carbon i n  the particle is consumed. 

2.  Stefan-flow problem: the solution of the sets of Equations 
(14). (15), (17), (18) and (19) is unstable, and no corivergence is 
obtained. It is necessary to transform the equation to a simpler 
form. We define 

Z = [ln(l+z)][ (25) 
and the equations reduce to 

XYyi = 5 
; 

boundary conditions 

and 

Z = 0 ; y a = O  a t [ = O  (27C) 

For the finite difference scheme, we need to guess molefractions 
of two species at the external boundary. The assumption of 
values for y, and y;, determines y3 and y4 and hence, E. a a n d  ys 
at the subsequent node points are determined using (26a), (27n) 
and (27b), respectively. The rest of the procedure is as given for 
the non-Stefan flow problem. In some cases, orthogonal colloca- 
tion techriiqne (Villadsen and Michclsen, 1978) was used and in 
general was found superior to the finite difference scheme. 
When thc concentration profiles become very steep, either 
spline collocation or a stretching transformation was used. 

All calculations, unless otherwise mentioned, are done for 
ICT char 155 (Dutta et a]., 1977). Char data and the physical 
properties used in the computations are listccl in Tablc~ 1. 

RESULTS AND DISCUSSION 

w e  will analyze the non-Stefan flow problem (that is, sim- 
plified problcm) and present the results in most cases, but later 
some calculations of the Stefan-flow problem (complete prob- 
lem) will be discussed. Before we proceed, certain points should 
be clarified. In our model we have assumed zero temperature 
gradient within the particle. The thermal condnctivity of coal 
increases rapidly above 1 000°K and further; the therrnal con- 
ductivity of char particles is higher than that of con1 particles 
(Badzioch et  al., 1964). The maximum temperature difference 
within the particle can be estimated by considering the temper- 
ature equation along with the inass balance tyuations and ob- 
taining temperaturch in terms of the molefractions of the species. 
With the constraints that pi = 1 and the equilibrium condition, 
a set of inolefractions to give inaxiinuin tetnperature difference 
is chosen. Such an analysis gave the maxiinnin temperature 
difference to he  not greater than 3.5"K. For a fixed pressurc and 
temperature, only the molefractions of three out of the five 
species present in the ambient are independent; the water-gas 
shift equilibriu~n forces the dependency. Figiires 1 n ,  b, c andd 
represent the concentration profiles within the particle for vari- 
ous ambient temperatures and extcsrnal film resistance. The 
steam rnolefraction is seen decreasing towards the centrr in all 
cases, and the main product carbon monoxide is found increas- 
ing towards the center of thc- particle. Hytlrogen is uniform at 
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TABLE 1. CHAR DATA AND PHYSICAL PROPERTIES 

po = 340 kdm3 
S = 424 X lo3 m*kg 
e = 76.5% 
y = 5.5 
v = 0.75 

C ,  = 12.56 kJ/kgmole-"K 
9 = 2 x 1 0 F  m2/s 
h = 6.753. (kJ/ni2-s-"K) 
-AH, = -131 386.0 (kJ/kmole) 
-AH* = -170 114.0 (kJlkmole) 
-AH3 = 7 4897.7 (kJ/mole) 
=AH4 = 41 189.7 (kJlkmole) 
4: = -241 984.5 (kJ/kmole) 
hJ" = 0.0 (kJ/kmole) 
& = -110 603.0 (kJ/kmole) 
!zz = -393 777.0 (kJ/kmole) 
h: = -74 897.7 (kJ/kmole) 

Sensible enthalpy data from von Fredersdroff and Elliott (1963). 

the ambient value owing to the assumption with respect to its 
diffusion coefficient. The increase in methane molefraction 
towards the center is negligible. Hydrogen and methane pro- 
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Figure 1. Concentration profiles at x b l  = 50%, x g p  = 15%, xbi = 3%, P = 506.5 kN/m2, R,  = 5 x m. a. T,, = 1 3 W K ,  Sh = 2 and X = 0. b. T,, = 
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1 4 W K ,  Sh = 25 ond X = 0. 
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Figure 2. Conversion profiles at various time (s) forxb, = 50%,xb,  = 3%, 
Sh = 2, R,. = 5 X m, P = 506.5 kN/m2. a. T b  = 1 300°K. 6. Tb = 

1400°K. 

eventually tend to uniform ambient conditions at complete con- 
version. Note that the overall effect is consumption of carbon 
dioxide during the initial stages of gasification. 

In most mathematical studies ofgasification systems, uniform 
conversion within the char particle is assumed at all stages of 
gasification. In some cases, such assumptions have been used in 
determining reaction rates and kinetic parameters. Uniform 
conversion is a consequence of uniform reaction within the 
particle. This is true at  low temperatures. As ieaction proceeds, 
owing to the difference in reaction rates within the particle, a 
conversion profile develops, Figures 2u and h. From an initial 
conversion of zero, the profile becomes steeper with reaction, 
and at high conversions the profiles become less steep and 
eventually tend to the value I everywhere. At temperatures less 
than 1 150"K, the profiles are almost flat, but as temperature 
increases, the profiles become very steep (Figures 2a and b). 
The development of the concentration 'profiles in Figure Ib 
corresponds to the development of the conversion profiles in 
Figure 2b. Further, in Figure 2b note that the core size starts to 
shrink after a certain time and will have a definite size when the 
particle nears complete conversion. One concludes that neither 

the shrinking core model nor the homogeneous model is appli- 
cable in this case. With higher char reactivities and higher 
temperature, one can expect the particle to react more like a 
shrinking core. 

The behavior of the system for various total pressures is shown 
in Figures 3a, b andc.  In Figure 3u, we notice that in the initial 
stages the curves are linear, implying not much change in total 
gasification rate. At higher conversions, as the rates diminish, 
there is a rapid increase in gasification time. An increase in 
pressure from 101.3 to 506.5 kN/m2 has a substantially greater 
influence than an increase from 506.5 to 3 039 (kN/m'). If the 
amount of carbon was the only factor on which the gasification 
rate depended, the gasification rate curves (Figure 3b) would be 
straight lines going to zero at conversion one. But the behavior 
observed is to a great extent caused by the changes in the 
internal structure. Carbon depletion and the initial increase in 
surface area have compensating effects on the gasification rate 
which is observed as the flattening of the curves. At low 
pressures, there is a sharp decrease in the gasification time 
accompanied by an increase in effectiveness factor (Figure 3c), 
and the variation decreases at high pressure. Therefore, little is 
gained by increasing the pressure above a certain level. 

The influence of the surface area changes are clearly seen in 
the effectiveness factor curves (Figure 4). The fact that EF2, 
based on the initial surface area of the particle, is greater than 
one implies that the influence of the increase in surfiace area is so 
great that it is even higher than the diffusional effects. The initial 
drop in E F  and EF2 is due to the temperature drop in the 
particle, providing heat for the endothermic reactions. It is 
found that the temperature difference between the particle and 
the bulk is no greater than 5°K. Hence, the particle can be 
assumed to be  at the ambient temperature. 

Effectiveness factors and the time for 95% conversion de- 
lineate the effects ofambient temperature on the system (Figure 
S ) .  At low temperatures, there is practically no reaction, and EF 
is almost one, while at higher temperatures, E F  drops sharply. 
At low Sh numbers most resistance is offered by the gas film, but 
when Sh is increased, the profiles in the particle become steep 
(the gas film resistance is low), and this should shift the curve to 
the right, as shown for Sh = 2.0 and Sh = 25.0. Though it is not 
apparent, the E F  in the temperature range 900" to 950°K is 
found to be  slightly greater than one. The nonlinear interaction 
of the water-gas shift equilibrium demands a higher concentra- 
tion ofcarbon dioxide, and thus the Con concentration is greater 
than the bulk value. This can compensate the decrease in steam 
gasification rate and be in excess. The time for 95% conversion is 
seen to decrease sharply and then level off; the decrease is due to 
increased rates of gasification, and the leveling off is caused by 
the decline in EF.  

Depending on whether reaction 2 or 4 is dominating, carbon 
dioxide can be  a reactant or aproduct. This depends strongly on 
the other reactions taking place and on the ambient conditions, 
The behavior is seen in Figure 5 .  At lower temperatures (900" to 
1 ZOO'S), the carbon dioxide gasification rates are low to 
lo-' kgmole/m3-s) and the shift equilibrium constants are high 
(4 to 1). Hence, carbon dioxide is produced. As the temperature 
increases, the situation reverses, and the carbon dioxide flux 
declines. At a certain point, carbon dioxide is neither produced 
nor consumed. Further increase in temperature results in car- 
bon dioxide consumption. 

Concentration of steam in the bulk is found to have a sig- 
nificant effect on the gasification rate (Figure 6). The gasification 
rate increases with steam molefraction, and, accordingly, the 
time for gasification decreases. The increase in overall rates is 
not proportional to the increase in ambient steam molefraction, 
and hence E F  decreases. However,, operation under high steam 
molefraction should be advantageous owing to higher rates. The 
amount of hydrogen in the bulk also plays an important role 
(Figure 7) .  The change in hydrogasification rate due to variations 
in hydrogen concentration has negligible overall effect because 
these rates are very low. But hydrogen has a powerful retarding 
effect on steam gasification. Hence, the total rate decreases and 

Page 492 May, 1980 AlCHE Journal (Vol. 26, No. 3) 



1.0 

0.9 

0.8 

0 0.7 

0.6 

2 0.5 

0.4 

5 0.3 

0.2 

0. I 

0 

z 
v) 

z 

z 

U 

0 

I I I I I I I L I  

0 1 2 3 4 5 6 7 8 9  

. 
I , I I I '-22.0 

800 900 m 1100 I200 1300 1400 1500 

1.0 

- 

T 

I 'b d.1 d.2 d.3 d.4 d.5 d.6 d7 d.8 d S  
X :  CARBON CONVERSION 

10 

a 
1205 t 

a 

5 

3 

-1200 L 
-1195 

-1190 j 
a 

w 

- 
l- 

2 

U 0 

U 

9 
0.5 

W z W 

z 
U 
W LL 

0 

I I I 
01013 5065 1013 2026 3039 

PRESSURE (hN/m2 1 

Figure 3. Effect of pressure on, (1. gasification time, b. gasification rate and c. effectiveness factor and T~~ at T b  = 1 200"K, xb, = 50%, x , , ~  = 15%, xb3 = 
3%, R, = 5 x in and Sh = 2. 

time for 95% conversion increases. The decrease in reaction 
rates is not proportional to the increase in hydrogen concentra- 
tion because hydrogasification rate increases and the surface 
concentration of water increases as the shift equilibrium de- 
mands a higher concentration, and hence E F  increases. 

In a fluidized bed reactor, the particle size ranges up to 5 mm 
(Rudolph, 1976), and in moving bed reactors the average parti- 
cle size is higher. It is, therefore, important to study the 
influence of particle size. The drop in E F  with increase in 
particle size is quite steep (Figure 8). At high Sh, the intraparti- 
cle diffiision is predominant, and, again, EF  drops. We con- 
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clude that the diffusional effects are significant and become 
acute with increase in particle size. Shenvood number has a 
strong effect in the range 2 to 30 (Figure 9). Above -100, the 
resistance of the film is almost negligible. 

At this stage our aim is to compare the present model with 
some existing empirical relations. Johnson (1974) presented a 
set of gasification kinetics for bituminous coal char, in particular 
Pittsburgh HVab char, and Gibson-Euker (1975) present results 
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for Illinois and Wyoming coal char. Bituminous coal char has 
surface area in the range 10 to 15 x lo3 d / k g  (Dutta et al., 1977) 
which is low compared to the value we have been using. An 
appropriate set of physical properties is chosen for HVah char, 
and further it is assumed that the char lost surface area with 
gasification and relative available surface area a is chosen 
accordingly. Siuce there are no data available on the available 
surface area, n can be treated a s  a parameter. Figures lOn, b and 
c show comparisons at different particle sizes. For sinall parti- 
cles (Figure I&), when diffiisional effects are not significant, the 
model agrees well with the relations presented by Johnson. 
Further, computatioiis of the present model with no change in 
surface area with gasification shows that the char used in 
Johnson's work lost surface area with gasification. The G-E 
kinetics, however, shows no variation other than the first-order 
dependence on the amount of carbon, which indicates that the 
change in surface area was probal.)ly not considered. As the 
particle size increases (Figures lob and c )  the difference be- 
tween the model and the empirical relation increases. The 
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present model predicts lower rates because ofdiffusional effects. 
The time-conversion plot (Figure 1 O d )  shows that the empirical 
relation is independent of particle size. The present model, 
however, shows a strong dependence, and larger particles take n 
longer time to attain the same conversion levels. Hence, this 
empirical relation may not predict the gasification behavior 
when diffusional effects are important, and it is applicdde only 
to a particular type of char. If the physical properties of the 
coalichar are known, the present model should predict gasifica- 
tion behavior under somewhat broader conditions. 

So far in our calciilations we have neglected the convective 
terms in the equations. On inclusion of the convective terms, 
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note that a factor (1 + z) appears in the differential equation. 
Sincez is positive, this factor should induce additional resistance 
to diffusion. The concentration profile obtained for the Stefan 
flow problem are slightly steeper than that of the non-Stefan 
flow problem, and consequently one has lower effectiveness 
factor and overall gasification rate. There is no difference in 
behavior of the two systems. The magnitude of the difference is 
less than 3%. Hence, the convective terms may be neglected. 
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NOTATION 

n 
A 
b 

= relative available surface area 
= external surface area of the particle, m2 
= ratio of boundary layer thickness to the radius of the 

particle 

C = total concentration, kgmole/m3 
Ci = concentration of the ith species kgmole/m3 
C P i  = specific heat of ith species, kJ/kgmole-"K 
C,, = specific heat of the solid, kJ/kgmole-"K 
9 = binary diffusion coefficient, m2/s 
9 j k  = gas binary diffusion coefficient of the i-kth pair, m2/s 
D = effective dihsivity, m2/s 
EF, EF2 = effectiveness factor as defined in Equations (2On) 

h, = heat transfer coefficient, kJ/m2-s-"K 
hi = molar enthalpy of the ith species, kJ/kgmole 
hf = heat of formation of the ith species at reference tem- 

( k , ,  k l z ) ,  k ,  and k3 = rate constants appearing in reactions 1, 2 

and (2Ob), respectively 

perature, kJ/kmole 
_ _  

and 3,  respectively 
= mass transfer coefficient, i d s  
= equilibrium constant of the shift reaction 
= mass of the particle, kg 
= original mass of the particle, kg 
= flux of the P' species, kgmole/m2-s 
= total pressure, N/mZ 
= partial pressure of hydrogen, N/m2 
= radial coordinate, m 
= specific rate of thejth reaction per unit volume of the 

= specific rate of j th  reaction per unit internal area, 

= universal gas constant, kJ/kgmole-'K 
= radius of the particle, in 
= total gasification rate, kgrnoleis 
= original specific surface area of the particle, m2/kg 
= Shenvood number, 2.R, kJD 
= time, s 
= temperature, O K  

= bulk temperature, O K  

= particle temperature, O K  

= volume, m3 
= volume of the particle, 1n3 

= defined as in Equation 25 
= original carbon content in the particle 
= average carbon conversion of the particle 
= carbon conversion at position r in the particle 
= molefraction of ith species 
= molefraction of ith species in the bulk 
= defined in Equation (24) 

particle, kgmole/m3-s 

kgmole/m2-s 

z, zb = defined in Equation (1%) 

Greek Letters 

a i j  

P 
Y 
Lw 
At 
AT 

= stoichiometric coefficient, ith sprcies, ith rraction 
= as defined in Equation (1%) 
= parameter in Equation (1) 
= heat ofjth reaction, kJ/kginole 
= time interval, s 
= temperature difference, "K 

', 

E 
v 
t 
P 
Po 
79s 

= por&ty of the particle 
= parameter in Eqnation (1) 
= dimensionless radial coordinate, r/Rc 
= density of the particle, kg/m3 
= original density of the particle, k@n3 
= time for 9S% conversion, s 

Subscripts 

i 

j 
k 

- - i t h  gaseous species, l:HzO, 2:H2, 3:CO, 4:C02, 

= jth reaction, 1, 2, 3 and 4 
= kth gaseous species, 1, 2, 3, 4 and 5 

5:CH4 

S = condition at the particle surface 

Superscript 

* = dimensionless quantity 
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Identification and Linear 
Multivariable Control in an 
Absorption= Desorption Pilot Plant 

A study of the identification of the dynamics of a pilot scale absorption- 
desorption system and the subsequent design of a multivariable control 
scheme are reported. A multivariable transfer function model was obtained 
from experimental input-output data in which the inputs (steam supply and 
liquid circulation rate) were perturbed simultaneously using uncorrelated 
pseudo random sequences. A two-step,keast-squares estimator was em- 
ployed for the identification of the m o d e g  

A multivariable controller was then designed on the basis of the direct 
Nyquist array method. The implementation of the controller design indi- 
cated the utility of the design procedure as compared to independent single 
input, single output control loops; there is, however, some scope for ad- 
ditional tuning. 

SCOPE 
In recent years, several applications of modem control 

theory have been proposed for use in the chemical indus- 
try. However, despite the obvious theoretical advantages 
of these advanced strategies, their implementation in an 
on-line situation generally requires excessive computa- 
tional effort. An alternative approach is the extension of 
well-proven frequency domain design methods to multi- 
variable cases; this offers the advantages of easy imple- 
mentation and the possibility of on-line adjustment or 
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tuning of the controller. The design proceeds in two sta- 
ges: a simple model of the system is first obtained, and a 
controller is then designed based on that model. In  the 
linear case, it is possible to deduce from experimental 
input/output measurements a process model which repre- 
sents the best linear fit of the nonlinear chemical process. 
It has been shown that the use bf pseudo random binary 
sequences (PRBS) as input disturbances offers significant 
advantages over other forms of input signals such as 
square wave or sinusoidal excitation. 

The multivariable controller can then be designed us- 
ing one of several extensions of the Nyquist criterion to 
multivariable systems (Rosenbrock, 1974). Although 
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