
A Solid Reactant Particle in a Gaseous 
Pollutant System of Variable Strength 

by R. L. WANC 
Department o] Mechanical Engineering 

Sir George Williams University 
Montreal, Quebec, Canada 

I n t r o d u c t i o n  

Dry methoda on removal of S02 i n  stack g~s systeoe bave aroused gradually 
i n v e s t i ~ a t o r ~ '  a t t e n t i o n  in  the  a i r  p o l l u t i o n  c o n t r o l  f i e l d .  These methods 
have the advantage of  minor l o s s  in  d r a f t i n g  power as  compared with the  r e s u l t  
of  ver scrubb�8 meth Io ~. Two different processes bave ~sen studied by the 
U, S. Bureau of  Mine~ Jand the Canadian Fuel Research Cente~~/ T h e  former 
process te an absorption of SO 2 by passing flue gases through a �9 bed re- 
acier of sol�8 particles, vhereae the latter is a method by making use of solid 
additives in fuel oils. A common significance of these two methods is that 
the strength of $02 surround~n= the solid reactant varies frein tlme te rime. 
Early studxes �9 " " perte ~ fo solid-gas reactions are considered 
mainly on a system of constant gaseous concentration. Itis a purpose of 
this paper te study parametric effects of a solid-gas system on the rate of 
reduction of gaseous pollutant level. 

Ana~ysis 

A general case of a solid additive in a receding pollutant level viii be 
considere, i in the present study. However, the mathematical modal can be 
equally applicable te the case of a fluid bed reactor of solid partlcles pro- 
vided that Re relationship between gaseous pollutant concentration and a 
rime factor can be formulated mathematically. It te reasenable te assume 
that relaxation in mcmentum transfer between solid and gaseous phasea la neg- 
lible if flue gas velocitF is much slower than the local sound veloci~ and 
that the major dimension of a aolid partiale is et the orner of a fer micro--. 
Withi~ the field er phya�8 interes%, a non-catalytic ~ irreversib!a che- 
mical reaction is considered 

~,A, + ~ � 8 7  - ™  (~) 
( Sos R~~cfo~,f / CSo/,JRe~y171 �99 ProJy 

�9 where Al. A2. are the eolid and gaseous reactant respeotively, A�87 the s o l i d  
product, ~,. ~ and J, etoichicmetric coefficients. For the sak~ of slmplicity, 
a modei as ahown in Fig. i is presented in such a way that a spherlcal solid 
reactant having its initial radius R is surrounded by a gaseous sphere having 
radius Rg and a cnmmon center at O. Af ter a period of rime t a shell of 
solid product with a thickness of R-rc occurs around the reactant cote of radius 
rc. The rate of cons~ming AI due te chemical reaction is assumed te be 
n more faster than the rate of gas diffusion through the product layer of 
species A 3. By this assumption, the shrink,~e of the reactant A2 is, in 
turn, d~inated mainly by the gas diffusion rate. Furthermore. since solid- 
gas chemical reaction is comsidered to be very fast. gaseous concentration of 
species A 1 vanishes on the interphase boundary with radius rc. The system 
is also assumed te be thoroughly isothermal and of a constant coefficient of 
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diffusivity in solid-gas phase. 
can be formulated as follows: 
The diffusion equation. 

a ' ™  ~ y231 = t ~ C  

Upon theee condit ions governin~ equations 

(2) 

()) 
with the initial condition 

C---C., t -~ o, R ~ r-~ ~ 
and bou~iaA'y oo~i i t ionA 

C :  C , ,  ~ � 8 7  r =  ~ 

C =  O, ~�87 O, f =  ry 

(4) 
(5) 

where C is gaseous concentration of reactant Al, and D diffusivity of A 1 in 
solid phase A 3. 
The rate of boundary movement for species A2 is, 

d t  - -~, ~,~ (6) 
where 

and C~ = ~ & 

M 2 and • are molecular weight and density of A2. 
Gaseous concentration in the region Rg < r<R 

= Co + ~�87 c ™  (7) 
where 

g, = .r231 g 

Vg is volume of the  ~seous sphere. 
Eq. (2) along with its non-linear boundary conditions presents formidable 

mathematical difficulties for obtaining a true solution. However, some 
alternative methods, for example, used for solving boundary layer problems 
by Karma~7~may be available for the closed solution of Eq. (2). The mathe- 
matical technique is generally referred as Karman's integral method, which 
will be employed for attempting a solution of our diffUsion problem. Phy- 
sical significance of the integral method applied to out problem implies an 
overall mass-transfer-balance throughout the shell layer of product A 3. By 
m~~king use of a closed form of C in a second-degree polynomial, ™162 ~f 
the partial differential equation (2) can reach a final form 

dr, , ~ ' l y  ~ 2 y  (8) 
d~  - - - [ ™  § ~ ' r ' ™ 1 8 7  

where o~, and ai, are the coefficients of the second-degree polynomial, g a 
parameter of r c. Since~. ~~ and ~/ are the dependents of rc, Eq. (8) can 
be solved readily by numerical method. The results of moving boundary r c 
and the skin concentration C s will be pressnted and discussed in the section 
to be followed. 

Results and Discussions 

The analytical results presented in this paper deal mainly with the para- 
metric effects ( D, q3, ™ and R~ ) on the reduction of gaseous pollutant con- 
centration and on the location of aoving boundary. In view of understanding 
a wide range of possible variations, physical conditions employed in the present 
study are as follows: 
Flue gas pressure 1033 gin/cm2 
Flue gas temperature 500- I000 k 
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C, asr rr boundary 

i 
Fig.1 Configurat ion o fa  solid gas react ion in a 

rr162 gas concent ra t ion  atmosphr162 

I•,,• "(~) R':.ot ~'/Rs=.oa q 

(~R -'.OOZ, R/Rs:.O4 

~~.00~,~~=.02 .(~) R:.OO2, RIRg:.Oa 

(~  R :.OOf, ~lRt:.o l 
D:IO "5 cm21~ec, /Tj:.~Ocm/mol~, Co-'10 "6melG/cm 3 

The un;t o~ R ;:1 ~presse~ in cm. 

.7 

6 t 
. 5 S  ,,. 

0 '~ 6 a lo 12 t (m~) 

Fig.2 Thr dcvr of moving boundary 
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Pollutant initial concentration 10 -6 - 5xlO -6 
DiffusivityD 10-5 - 10 -4 ca2/sec 
Paraaeter q~ 50 - I00 OE3/mole 
Radius ratio R/Rg 0.O1 - O.I 

n 

Fig.  2 shows the moving boundary rc/R ve.  rime t e t  d i f f e r e n t  p a r t i c l e  
radius R and different gas a~osphere radius Rg.. Curves (1).through. (4).. 
bave tbe saine Rg amounted O.Icm., while curves (5) th~ough ~iO) are suD~ec~ea 
to a condition of Rg amounted .Scm. Curves(1) and (5) have the saine R but 
different Rg. Curves (i), (2) and (5) show the gas penetration to the solid 
et first few minutes are considerably fast, then it almost ceases to more inward 
during subeequent time developnent.  The phenomena can be reasoned by three 
factors. Firstly, the particla concentrations of these three curves are 
considerably low amounted in the range of IO-6to 8xlO -6 cm~/cm3 and, hence, 
the consumption of the solid additives does hot yield any significant effect 
on the concentration of the surrounding gas. Thua the whole system is very 
likely under a constant gas concentration atmosphere. This speeds up the 
gas penetration at the initial stage of absorption. Secondly, the chance 
for a gas fo get into solid depends mainly on the surface/volume ratio of the 
solid par~icle. This situation givee smaller particles a better performance 
on the rate of penetraticn. Comparison on the charateristics of curves (i) 
and (5) with those of (2) reveals very clsarly the significance of surface/ 
area ratio. Thirdly, the diffusion equation (2) shows that when r c reaches 
the deep cors of the solid, the second terre on the right hand side of the 
equation becomes the dominant part to describe the diffusion phenomena. Since 
neitherd~/~r~nor �87171 becomee infinity as r c approaches zero, it is quite logi- 
cal that as rc morse into the deep cors of the sphere, ~y graduall~ to 
zero. This leads the characteristic curve of a moving boundary i.e. rc/R 
ve. t, to bave an asymptote in the vicinity of ~he cors center. A general 
trend demonstrates in Fig. 2 that increasing the R/Rg ra~io increases the 
value of rc/R ai the end of 12 minutes interval. Thie further ehows the 
importance of surface/volume ratio to the rate of penetration. Besides, the 
hlgher R/Rg ratio results in reducin6 the mess fraction of gaseoue reactant in 
the whole gas-eolid system. This situation enhancee the higher R/Rg ratio 
curves to become more flat in the early stage of penetration because the re- 
active ~8~ concentration in the surrounding atmosphere drops markedly. On 
curves and (9) the final results of rc/R after 12 minutes of diffusion 
and reaction are higher than those appearing on the curves of the saine value 
of R/Rg. Thie again can be attributed to the influence of surface/volume 
ratio of a particle. 

Fig.  ~ ind ica tes  the r e l a t i onsh ip  between the surrounding gas concentra-  
t i on  and the depth of the moving boundary. The eignificance o,f thia presen- 
ration ie that the trend of each curve is governed by the particle relative 
radius R/Re. Taking an exemple of curve A/J-K, we ses that the c urve AK (R,= 
.OOloe, R~g -- .05) coinsides with the two others AJ (R - .O05oe, R/R~ - .O5) 
and A1 (R = .O25cm, R/Rg ~ .05). The only discrepancy among these ~hree 
curves is the f~r~l resulte after 12 minutes of penetration. Thus, it can 
be seen froe the curve AIJK that the smaller the diameter of a particle, the 
deeper the penetration occurs in the solid body within the saine duration of 
t~ne interval (i.e. 12 minutes). Moreover, increasing R/Rg ratio increases 
the slop of a curve. Consequently, optlmum curves should be in the vicinity 
of the line AO, because around the point O the absorbent is fully utilized and 
at the saine tlme the surrou~ing gas concentration reduces to a considerably 
low level. Curves occurring in the upper left corner of the line AO reveals 
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no signifioant reduction of surrounding gas concentration, because of low 
particle concentration. On the contrary, curves occurrlng in the lower right 
corner of ths line demonstrate8 poor utilization of solid absorbents. Fur- 
thermore, it can be seen that the characteristics of curves which occur in the 
vicinity of ths optimum line AO are markedly sensitive to the paranetsr R/Rg. 
Thus, this indication is essentially important to choo8ing a propsr additive 
dianeter in order to achieve economical use of the solid absorbent. Fig. 

3 reveals that the global trend is favorable to the use of fine particlss. 
Howevsr, anothsr problem aay rise from dust collection in flue ga8 system 
due to fine powders. Thus there must be certain criterion to restrain the 
use of very fine particles, and details of this aspect are beyond the scope 
of this paper. 

Fig .  4 shows pa ramet r i c  s f f e c t s  on the  dsgree  of  gas p e n e t r a t i o n  in to  
the s o l i d  p a r t i c l e  and the r e d u c t i o n  of  surrounding gas c o n c e n t r a t i o n .  The 
d i f f u s i v i t y  D used f o r  the  c a l c u l a t i o n  of  curve AC i s  g r e a t e r  thAn tha t  used 
for curve AB by a factor i0. By comparing thess two curves, we can easily 
see that the parameter D does not alter the global characteristics of a curve 
markedly, and that it only results in further reducing ths surroundlng gas 
concentration by 15% and increasing the depth of penstration by 7~. Upon 
this indication, it is quits clear that the parameter of diffusivity D merely 
increases the rate of penetration. Hence the result agrees very well with 
the physical meaning of diffusivity D. Curve AD indicates that its value 
of q~ is greater than the corresponding~araneter applied on the curve AB by 
a factor of 2. The final value of Cs/Co for the curve AB is lower than that 
for the curve AD by 33%. The increment of penetration on AD is amounted 
8% as compared with the final depth of penetration on AB. This situation 
can be attributed to two reasons. Firstly, a higher value of ~~ requires 
a larger amount of solid absorbent to react with each mole of the reactive 
gas. Secondly, a higher final surrounding gas concentration is also in 
favor of gas diffusion into the solid. However, for the present calculated 
result of the curve AD, the =oving boundary rc at the end of 12-minute pene- 
tration is quite close toits asymptotic value. Thus, the increment of 
penetration presented on the curve AD is relatively a=all. Curve AE demons- 
trates the effect of increasing the initial surrounding gas concentration Co 
on the absorption of gas and the depth of penetration. The Co valus of 
curve AE is higher than that applied on the AB by a factor of 5. Since 
at the end of absorption the moving boundary of curve AB reaches the neigh- 
bourhood of its asymptotic value, increasing the initial gas concentration 
does not increase slgnificantly the penstration of curve AE as expected. 
Because of higher initial concentration C o and the limitation of movlng 
boun” the surrounding gas concentration for the curve AE becomes remarked- 
ly higher than that for the curve AB. Numerically, the increment of con- 
centration on curve AE is almost up to 75%. For the present example of a 
closed optimum curve AB, its final gas concentration is sensitive to the 
parameters ™ and C o but less sensitive to the diffusivity D. 

Upon discussion of the above results, we can draw some conclusions as 
follows: 

(i) The time rate of the moving boundary is very sensitive to the 
surface/volume ratio of the solid particle. 
(2) An asymptotic value of rc appears near the center of the solid sphere. 
(3) The characteristics of curves of Cs/Co vs. rc/R depsnd strongly upon 
the parameter R/Rg. Curves with the saine R/Rg but different R occur on 
the s~ns line. 
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(4) Near the optimum region, the reduction of surroundlng gas concen- 
tration is very sensitive to the relative radius (R/Rg) of the particle. 
(5) Near the optimum region, the effects of initial gas concentration 
C o and the material property q�87 on the reduction of sourrounding gas 
concentration becomes remarkedly important. 
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