Chapter 25

Fluid-Particle Reactions:
Kinetics

This chapter treats the class of heterogeneous reactions in which a gas or liquid
contacts a solid, reacts with it, and transforms it into product. Such reactions
may be represented by

A(fluid) + bB(solid) — fluid products (1)
—solid products 2)
— fluid and solid products 3)

As shown in Fig. 25.1; solid particles remain unchanged in size during reaction
when they contain large amounts of impurities which remain as a nonflaking ash
or if they form a firm product material by the reactions of Eq. 2 or Eq. 3. Particles
shrink in size during reaction when a flaking ash or product material is formed
or when pure B is used in the reaction of Eq. 1.

Fluid-solid reactions are numerous and of great industrial importance. Those
in which the solid does not appreciably change in size during reaction are as
follows.

1. The roasting (or oxidation) of sulfide ores to yield the metal oxides. For
example, in the preparation of zinc oxide the sulfide ore is mined, crushed,
separated from the gangue by flotation, and then roasted in a reactor to
form hard white zinc oxide particles according to the reaction

2ZnS(s) +30,(g) = 2ZnO(s) + 2S0,(g)

Similarly, iron pyrites react as follows: _

5(s) + 850,(8)

y reaction in reducing atmo-

spheres. For example, iron is tushed and sized magnetite
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Figure 25.1 Different sorts of behavior of reacting solid particles.

ore in continuous-countercurrent, three-stage, fluidized-bed reactors ac-
cording to the reaction

FC304(S) + 4H2(g) "’3FC(S) + 4H20(g)

3, The nitrogenation of calcium carbide to produce cyanam}de

CaCy(s5) + Ny(8) — CaCHy(s) + C(amorphous)
ds such as the plating of metals.

| :ons in whi ize of solid
' . 1 olid reactions in which the size 0
xamples of fuid-solid 1628 ¢ briquettes,
chThe por c&mr:::cfionsﬂt arbonaceous materials such 3;1?;10r 2gample,
wc?:dg estare 'thel w ash c@@t“rﬂt to, produce heat orfheatlggby the: reactions
y CIC. W1 0 EORARS Al < is forme 1
with an insufficient amount of air, producer 828 1 1

C(s) + 0:(8) —C0,(8)
) + 0y(g) —~2€0)

4. The protective surface ‘treatment of soli

2C(s
C(s) + CO:(8) 2C0G)

. e reactions
With steam, water gas is obtained by th

C(s) + H08) _co(g) + Hil8)

C(s) + 21,0(8) CcO,(8) + 2H,(g)
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568 Chapter 25 Fluid-Particle Reactions: Kinetics

Other examples of reactions in which solids change in size are as follows

1. The manufacture of carbon disulfide from the elements

750-1000°C

C(s) + 25(g) CSy(g)

2. The manufacture of sodium cyanide from sodium amide

800°C
NaNH,(I) + C(s) —NaCN(!) + Hy(g)

3. The manufacture of sodium thiosulfate from sulfur and sodium sulfite
Na,SOs(solution) + S(s) —*Nazsz();(solulion)

Still other examples are the dissolution reactions, the attack of metal chips by
acids, and the rusting of iron.

In Chapter 17 we pointed out that the treatment of heterogeneous reactiop
required the consideration of two factors in addition to those normally encoup.
tered in homogeneous reactions: the modification of the Kinetic expressions
resulting from the mass transfer between phases and the contacting patterns of
the reacting phases.

In this chapter we develop the rate expressions for fluid-solid reactions. The
next chapter will then use this information in design.

25.1 SELECTION OF A MODEL

We should clearly understand that every conceptual picture or model for the
progress of reaction comes with its mathematical representation, its rate equation.
Conscquently, if we choose a model we must accept its rate equation, and vice
versa. If a model corresponds closely to what really takes place, then its rate
expression will closely predict and describe the actual kinetics: if a model differs
widely from reality, then its kinetic expressions will be uscless. We must remem-
ber that the most elegant and high-powered mathematical analysis based on 2
model which does not match reality is worthless for the engineer who must make
design predictions. What we say here about a model holds not only in deriving
kinetic expressions but in all areas of engineenng.

The requirement for a good engineering model is that it be the closest represen
tation of reality which can be treated without too many mathematical complex*
ties. It is of little use to select a model which very closely mirrors realit but
which is so complicated that we cannot do anything with it. Unfortunately.
today’s age of computers, this all too often happens.

For the noncatalytic reaction of particles with surrounding flui
two simple idealized models, the progressive-conversion model and th
unreacted-core model.

d. we consider
e Shﬁ“kmg

Progressive-Conversion Model (PCM). Here we visuahize that fea‘“m:::
enters and reacts throughout the particle at all times, most likely at d:ff:
rates at different locations within the particle. Thus, solid reactant i3 g
continuously and progressively throughout the particle as shown 10

ig &~

_
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Figure 25.2 According to the progressive-conversion model, reaction pro-
ceeds continuously throughout the solid particle.

Shrinking-Core Model (SCM). Here we visualize that reaction occurs first at
the outer skin of the particle. The zone of reaction then moves into the solid,
leaving behind completely converted material and inert solid. We refer to these
as “ash.” Thus, at any time there exists an unreacted core of material which
shrinks in size dusing reaction, as shown in Fig. 25.3.

Comparison of Models with Real Situations. In slicing and examining the cross
section of partly reacted solid particles, we usually find unreacted solid material
surrounded by a layer of ash. The boundary of this unreacted core may not

High
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Low
conversion
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Figure 253 According to the shrinking-core model, fcaction pro-
ceeds at a narrow front which moves into the solid particle. Reactant
completely converted as the front passes by.
i
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8§70 Chapter 25 Fluid-Particle Reactions: Kinetics

always be as sharply defined as the model pictures it; nevertheless
from a wide variety of situations indicates that in most cases the Shn'r’“:-v
model (SCM) approximates real particles more closely than does the Prol
conversion model (PCM). Observations with burning coal, wood, brique%[
tightly wrapped newspapers also favor the shrinking-core model. For :S‘ =
discussion on the many other models used (at least ten), see Chaplcru;;h-er
Levenspiel (1996). n
Since the SCM seems to reasonably represent reality in a wide variet
situations, we develop its kinetic equations in the following section. In doingyth‘?[
we consider the surrounding fluid to be a gas. However, this is done only g]s
convenience since the analysis applies equally well to liquids. o

ng'cf)rg I
Tessive.

252 SHRINKING-CORE MODEL FOR SPHERICAL PARTICLES
OF UNCHANGING SIZE

This model was first developed by Yagi and Kunii (1955, 1961), who visualized
five steps occurring in succession during reaction (see Fig. 25.4).

Step 1. Diffusion of gaseous reactant A through the film surrounding the
particle to the surface of the solid.
Step 2. Penetration and diffusion of A through the blanket of ash to the surface

of the unreacted core.
Step 3. Reaction of gascous A with solid at this reaction surface.

Gas film - Surface of
N —-—— particle o

Ash

Moving reaction
syrface

-

unreacted
core ' 1

containing A

8 o8

K

-

Concentration o
reactant A and

e e o —— —— —

Radial position

254 Representation of concentrations of reactants and prod-
ucts for the reaction A(g) + bB(s) — solid product for a particle
of unchanging size.
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Step 4. lefusmn.m‘ gaseous products through the ash back to the exterior
surface of the sohd.

Step 5. Dit‘fusiqn n.f gaseous products through the gas film back into the main
body of fluid. )

In some situations some of these steps do not exist. For example, if no gaseous
products are formed. steps 4 and 5 do not contribute directly to the resistance
to reaction. Also, the resistances of the different steps usually vary greatly one
from the other. In such cases we may consider that step with the highest resistance
to be rate-controlling. -

In this treatment we develop the conversion equations for spherical particles
in which steps 1, 2, and 3, in turn, are rate-controlling. We then extend the
analysis to nonspherical particles and to situations where the combined effect
of these three resistances must be considered.

piffasion Through Gas Film Controls

Whenever the resistance of the gas film controls. the concentration profile for
gaseous reactant A will be shown as in Fig. 25.5. From this figure we see that
no gaseous reactant is present at the particle surface; hence, the concentration
driving force, C, — C,, becomes C,, and is constant at all times during reaction
of the particle. Now since it is convenient to derive the kinetic equations based
on available surface, we focus attention on the unchanging exterior surface of a
particle S,,. Noting from the stoichiometry of Eqs. 1, 2, and 3 that dNy = bdN,.
we wnle

1dNg _ 1 dNy_ _ b dN,
S. & 4R di  4=R di

= bk(Ca, = Ca) = bk,C,, = constant @

Surface of shninking
unreacted core

Surface of particle

ES Concentration

5 Cas tn main

: g body of gas

Eg For ureversible
reacton

C‘.‘:‘C‘ﬂ’

m“‘ 25.5 Representation of a reacting pam’dc when diffusion
the gas film is the controiling resisiance.
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Chapter 25 Fluid—Particle Reactions: Kinetics

ity of B in the solid and V be the volum, of
2

If we let pg be the molar dens LI =
a particle 13

particle, the amount of B present in

mOles B) (m3 SOlid)

Ng=psV = (ma solid 5)

eacted core accompanying the disappear

The decrease in volume or radius of unr '
then given by

ance of dNg moles of solid reactant is
a4 ar?) = ~anpyr?
—dNy = —bdN, = —pgdV = "P8 3ﬂrc mpgrLdr, ®

Replacing Eq. 6 in 4 gives the rate of reaction in terms of the shrinking radiys

of unreacted core, OT

1 dNg _ pgredre _
LAl Pl pk,Cy, M

S dar  Rdt

where k, is the mass transfer coefficient between fluid and particle; see the
discussion leading upto Eq. 24. Rearranging and integrating, we find how the

unreacted core shrinks with time. Thus,

Py (Te 51 _ x
. j “r2dr, = biCa jo dt

el ()]
3bk,Chg R
Let the time for complete conversion of a particle be 7. Then b
in Eq. 8, we find

@

y taking r, =0

= pBR —
3bk,Cag 0

T

The radius of unreacted core in terms of fractional time for complete conversion
is obtained by combining Eqs. 8 and 9, or

[ A
T R

This can be written in terms of fractional conversion by noting that

4
- X, = (volume of unreacted core _ 3" ¢ _ (rcY 10
total volume of particle / 4 _; \R
-5 ™R3

A S e R
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25.2 Shrinking-Core Model for Spherical Particles of Unchanging Size 5§73

Therefore

! r\*

Thus we obtain the relationship of time with radius and with conversion. which
is shown graphically in Figs. 25.9 and 25.10, pp. 582 and 583.

 piffusion through Ash Layer Controls

Figure 25.6 illustrates the situation in which the resistance to diffusion through
the ash controls the rate of reaction. To develop an expression between time
and radius. such as Eq. 8 for film resistance. requires a two-step analysis. First
examine a typical partially reacted particle. writing the flux relationships for this
condition. Then apply this relationship for all values of r_: in other words. inte-
grate r. between R and 0.

Consider a partially reacted particle as shown in Fig. 25.6. Both reactant A
and the boundary of the unreacted core move inward toward the center of the
particle. But for G/S systems the shrinkage of the unreacted core is slower than
the flow rate of A toward the unreacted core by a factor of about 1000. which
is roughly the ratio of densities of solid to gas. Because of this it is reasonable
for us to assume, in considering the concentration gradient of A in the ash layer
at any time, that the unreacted core is stationary.

Qx, = flux of A through exterior surface

Gas film X’ , of particle (inward +, outward -)
/ 2R R Qg = flux of A through surface

of any radius r

Unreacted Q. = flux of A to the reaction surface

core

Typical position in diffusion region

.
o= CAg=CAs
o
. R
{ %8
I £3
! 53
‘ ga Ca
Oan
5]
=0

Cpc=

4

Radial position

Figure 25,6 Representation of a reacting particle when diffusion through the ash
layer is the controlling resistance.

T ——
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874 Chapter 25 Fluid—Particle Reactions: Kinetics

With L/S systems we have a problem because the velocity ratio is closertg ;...
than to 1000. Yoshida et al. (1975) consider a relaxation of the above assum U{uty ‘

For G/S systems the use of the steady-state assumption allows great sim [;_tlon. _
tion in the mathematics which follows. Thus the rate of reaction of Ai:ﬁca.
instant is given by its rate of diffusion to the reaction surface, or any

dN
— th = 4nr’Q, = 4nR2Q,, = 47r’Q,. = constant

(12)
For convenience, let the flux of A within the ash layer be expressed by Fige
law for equimolar counterdiffusion, though other forms of this diffusion eq"atios
will give the same result. Then, noting that both Q, and dC,/dr are POSitiv: _
we have ’

_ . dC,
Q=g (13

where 9, is the effective diffusion coefficient of gaseous reactant in the ash layer.
Often it is difficult to assign a value beforehand to this quantity because the
property of the ash (its sintering qualities, for example) can be very sensitive to
small amounts of impurities in the solid and to small variations in the particle's
environment. Combining Eqgs. 12 and 13, we obtain for any r

dN, dCy _
- = 477.,-2@‘ - constant (14)

Integrating across the ash layer form R to r., we obtain

AN, I"gf = 419, fc“‘-o dC,

dt Jrrt Cag=Cas
or
dN, (1 1
"‘T (E - ﬁ) = 477@¢CA3 (15)

This expression represents the conditions of a reacting particle at any time.
In the second part of the analysis we let the size of unreacted core change
with time. For a given size of unreacted core, dN,/dt is constant; however, as
the core shrinks the ash layer becomes thicker, lowering the rate of diffusion of
A. Consequently, integration of Eq. 15 with respect to time and other variables
should yield the required relationship. But we note that this equation contains
three variables, t, N,, and r., one of which must be eliminated or wrilten in
terms of the other variables before integration can be performed. As with ‘ﬁl[ﬂ
diffusion, tet us eliminate N, by writing it in terms of r.. This relationship I
given by Eq. 6; hence, replacing in Eq. 15, separating variables, and integrating.
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25.2 Shrinking-Core Model for Spherical Particles of Unchanging Size 575

we obtain

or

R? \2 3
% 1=L[1_3(2 (ﬁ)] (16)
| 6b%,C,, ‘R) 2\ R

For the complete conversion of a particle, r. = 0, and the time required is

T= _‘—-—pBR*

= Gu.cy a7n

The progression of reaction in terms of the time required for complete conversion
is found by dividing Eq. 16 by Eq. 17, or

t r.\? r\3 |
l=1- < < 18a
L= 3(R)+2(R) l‘ (18a)

which in terms of fractional conversion, as given in Eq. 10, becomes

=1-3(1 - Xg)?* + 21 - Xp) (18b)

r
T

VS

These results are presented graphically in Figs. 25.9 and 25.10, pp. 582 and 583.

Chemical Reaction Controls

Figure 25.7 illustrates concentration gradients within a particle when chemical
reaction controls. Since the progress of the reaction 1s unaffected by the presence
of any ash layer, the rate is proportional to the available surface of unreacted
core. Thus, based on unit surface of unreacted core, r,, the rate of reaction for
the stoichiometry of Egs. 1,2, and 3 is

1 dNy_ _ b dNa_ e
=Sty e b a9

4

where k" is the first-order rate constant for the surface reaction. Writing Ny in
terms of the shrinking radius, as given in Eq. 6, we obtain

1 3 dr, dr

-4!”5;&.4%—&; TR bk Coas (20)
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Figure 25.7 Representation of a
ical reaction is the controlling re
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eacting particle when chem-
sistance, the reaction being

which on integration becomes ]

—ij:; dr, = bK'C,, f:) dt

or

=P p_

(22)

The decrease in radius or increase in fractional conversion of the particle in
terms of 7 is found by combining Eqs. 21 and 22. Thus,

~

L -t _1_01_ 113 (23)
- 1 R 1-(1-Xp)

This result is plotted in Figs. 25.9 and 25.10, pp. 582 and 583.

4

)
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Step 1. Diffusion of reactant A from ¢
film to the surface of the solid.

Step 2. Re.:acti.on on the surface between reactant A and solid

Step 3. Diffusion of reaction products from the surface of thé solid through

?he bgas film back into the main body of gas. Note that the ash layer
1s absent and does not contribute any resistance.

he main body of gas through the gas

As with particles of constant size, let us see what rate expressions result when
one or the other of the resistances controls,

Chemical Reaction Controls

When chenp'cal Teaction controls, the behavior is identical to that of particles
of unch_angn_lg size, th_erefore, Fig. 25.7 and Eq. 21 or 23 will represent the
conversion-time behavior of single particles, both shrinking and of constant size.

Gas Film Diffusion Controls

Film resistance at the surface of a particle is dependent on numerous factors,
such as the relative velocity between particle and fluid, size of particle, and fluid
properties. These have been correlated for various ways of contacting fluid with

_—————

- ~

| |

I I
[ ; Al/ |
NCILSS
| Lo
I | |
4

°
c
« @
OE c _
58 Ao\ | ‘
=0o |
©® 3 | |
€538 L
2YE Cacl ™~
e a
5=
5%
1]
)

=
2
|

Radial position

Figure 25.8 Representation of concentration of rca;t:::l:ea:’n:
products for the reaction A(g) + bB(s) — rR(g) be

shrinking solid particle and gas.
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578 Chapter 25 Fluid-Particle Reactions: Kinetics

solid, such as packed beds, fluidized beds, and
for mass transfer of a component of mole fr
solids Froessling (1938) gives

k.d,y

gp

D

=2+ 0.6(Sc)"3(Re)12 = 2 +

During reaction a particle changes in size; henc

rises for an increase in gas velocity and for smaller particles. A 0 generg] ;.
Fig. 12 and Eq. 24 show that + 49 a0 examp),’
ke, ~ 2 for small 4, and
~ an
8 dp P u (75)
k ul/l for|
e or large d,and u
8 d{l}/z P (26)
Equation 25 represents particles in the Stokes law regime. Let us develop conver-

sion-time expressions for such particles.

Stokes Regime (Small Particles). At the time when a

Ry, has shrunk to size R, we may write

dNg = pg dV = 4mpyR® dR

Thus, analogous to Eq. 7, we have

1 dNg _ pgd7R*dR _  dR _
S, dt  4nR® dr . P PkeCae @)
Since in the Stokes regime Eq. 24 reduces to
& d, R
we have on combining and integrating
bCp D 1
: " RdR=—" "4

or

action y in a flujq

solids in free fa). As an gy
a

fllp, |

o) (e
pD n (249)

€ k, also varies, J

particle, originally of size

A

_d
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(29)

~1_(RY
‘ ‘(E&) BRI U

This relationship of size versus time for shrinki . ; )
i shown in Figs. 259 and 2510, Tinking particles in the Stokes regime

. ; ) PP- 582 and 583, and i
burning solid particles and small burning liquid droE;JI}etsl.t HR T

(30)

154 EXTENSIONS

. Particles of Different Shape. Conversion-time equations similar to those devel-

oped above can be obtained for various-shaped particles, and Table 25.1 summa-
rizes these expressions.

Combination of Resistances. The above conversion-time expressions assume
that a single resistance controls throughout reaction of the particle. However,
the relative importance of the gas film, ash layer, and reaction steps will vary as
particle conversion progresses. For example, for a constant size particle the gas
film resistance remains unchanged, the resistance to reaction increases as the
surface of unreacted core decreases, while the ash layer resistance is nonexistent
at the start because no ash is present, but becomes progressively more and more
important as the ash layer builds up. In general, then, it may not be reasonable
to consider that just one step controls throughout reaction.

To account for the simultaneous action of these resistances is straightforward
since they act in series and are all linear in concentration. Thus on combining
Egs. 7, 15, and 20 with their individual driving forces and eliminating intermediate
concentrations we can show that the time to reach any stage of conversion is
the sum of the times needed if each resistance acted alone, or

liotal = Ifilm alone + tyshalone T Lreaction alone (32a)
Similarly, for complete conversion
Tiotal — Thim alone + Tashalone + Treaction alone (32b)

In an alternative approach, the individual resistances can be combined directly

to give, at any particular stage of conversion,

.. S— (33a)
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25.4 Extensions 581

or
dt r: . (R-r)r. 1 (33b)
R% =
—_._S R® k"
film ash - rea_c:ion

As may be seen. the relative im
S portance of the three indivi i ari
< conversion progresses, or as r. decreases e individual resistances varies
On corsidering the w : A
onstant Size pa iiclee :thoﬁ!e progression from fresh to completely converted
3 tcie, we nd on the average that the relative roles of these
three resistances is given by ) )

1 d.lVA — C’

S TA_Tre = A

Sa dr k C"\* 1 R 3 (39
=+ =2
AR

shrink with reaction, only two resistances, gas film
ese are both based on

bine them to give at

For ash-free particles which
and surface reaction, need to be considered. Because th

the changing exterior surface of particles, we may com

any Instant

1dN, 1
S, dr 1 Ca (35)

1
—+
ke K

ns have been derived by Yagi and Kunii (1955).

Various forms of these expressio
te and Carberry (1965).

Shen and Smith (1965), and Whi

Core Model.
For example, reacti

The assumptions of this model may
on may occur along a diffuse
ash and fresh solid. thus giving
and the continuous reaction
and Ishida and Wen (1971).

Limitations of the Shrinking

not match reality precisely.

front rather than along a sharp interface between
-een the shrinking core

behavior intermediate betw
models. This problem is considered by Wen (1968). _
Also. for fast reaction the rate of heat release may be high enough to cause
significant temperature gradients within the particlcs or betw::en particle and
the bulk fluid. This problem IS (reated in detail by Wen and Wang (1970).
Despite these complications Wen (1968) and Ishida €t al. (1971), on the basis
of studies of numerous Systems: conclude that the §hrmkmg core n'l("dﬂ:l is the
best simple representation for the majority of reacting & as-so_hd‘ systems.
There are. however, tWo broad classes qf exceptions 10 thls‘mncluamn. The
first comes with the slow reaction of a gas }Vlih_a very porous solid. H”“ "‘3“"“0‘“
can occur throughout the solid. in which situation the continuous reaction mn‘dt.[
: low poisoning

may be expected to better fit reality. An example Olf this is the s
of a catalyst pellet, a cated in Chapter 21 .
' i ted by the action of heat,

situation treaté i is conver
Th : urs when sohd 1§ 2, ac \
and :,;:;3? i;ﬁ:iizu:sn;c; th gas. Baking bread, boiling missionares. and
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