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Abstract

A one-dimensional model based on the conservation equations of mass and momentum together with the reaction kinetics is developed
to predict the axial flow structure in a downer reactor at the varying superficial gas velocity (SGV). The predictions show that, compared
to the case of constant SGV, the varying SGV can change the axial flow behaviors for both gas and particle phases and new features appea
in the axial distribution of flow parameters such as the gas velocity, particle velocity, solids concentration, pressure and pressure gradient.
It is revealed by the simulation that the influences of the varying SGV on the products yield are significant and must be considered in the
commercial application of the downer reactor.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the inlet of an FCC plant is typically 5—-7 m/s while at the
exit it increases to 18-19 m/s due to the increase in molecule

Downer reactor is a novel circulating fluidized bed (CFB) number. Such significant changes in gas velocity are sure

which draws the attention of many researchers in recentto characterize the axial behaviors and further influence the

years. The hydrodynamics stuflly-6] shows that the radial ~ distribution of products. Thus, the study on the hydrodynam-

distribution of flow parameters such as particle velocity, gas ics at a varying SGV is very important for the application

velocity and solids concentration in the downer is more uni- of downer reactor, while few results have been reported in

form than in the riser, and it was also stated that the radial literature on this topic.

flow structure does not result in severe radial non-uniformity  In this work, a one-dimensional model is developed to

even in a fast reaction like fluid catalytic cracking (FCC) investigate the axial flow structure in a downer reactor by

[7]. Therefore, the importance of the axial flow structure coupling the conservation equations of mass and momentum

becomes very significant. with the kinetics of model reactions. Due to the different
The axial behaviors in downer reactors have been inves-reaction schemes adopted, various distribution forms of SGV

tigated for long[8—14]. During these experiments, the su- along the reactor length are introduced and examined in

perficial gas velocity (SGV) remains unchanged along the more detail.

reactor length. This is obviously not the actual situation in

commercial reactors where the SGV often varies with the 5 nodel description

changes of molecules, pressure, temperature or cross-section

area at different axial positions. For example, the SGV at  As shown inFig. 1, pure reactan and the solid catalyst
are introduced into the downer reactor from the top, and the
Abbreviations:CFB, circulating fluidized bed; CVZ, constant velocity m|xtu.re of unconverted\, productB and the used_catalyst.
zone; Dz, decreasing zone:; FAZ, first accelerating zone; FCC, fluid @re discharged from the bottom. If the gas—solids flow is

catalytic cracking; SAZ, second accelerating zone; SGV, superficial gas considered steady, the following equation is satisfied for any
velocity; TAZ, third accelerating zone variable$2:
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Nomenclature A + Cat.
Ao reactor cross-section area3m l -
Ca concentration ofA (mol/md) x=0 (80, Po, Ugo)
Cyq drag force coefficient between particles
and gas (-) A
Cds drag force coefficient between a single partigle
and gas (-)
dp particle diameter (m)
D reactor diameter (m) qB
Fpb drag force (N/rd)
F¢ friction between fluid (particle) and wall x=H (&u P, Ug)
(N/m?) l
Fr Froude number=£ug/,/gdy)
g gravitational acceleration (9.8 M)s A+B+Cd.
G flux (I_(g/mz s) Fig. 1. A downer reactor with the chemical reaction happening inside.
ka reaction rate constant (kmol/(kgcats)
for n = 0, mP/(kgcats) forn = 1, mf/ ol y
(kmolkgcats) form = 2) Solid phase : (A —&)ppVp) -0 A3)
L(I) length of the first accelerating zone (m) 0x
m phase ratio (-) And the corresponding momentum conservation equations
Ma molecular weight of producA (kg/kmol) are
Mg molecular weight of produds (kg/kmaol) 5
n reaction order (-) Gas phase : depgVg) 0P - Fo— Fg+epeg (4)
P pressure (Pa) ax ax g
ra reaction rate (kmol/(kgcats))
R universal gas constant (8.314 J/(mol K)) _ (1 — &)ppV2]
t time (s) Solid phase : TP
T temperature (K) 1
Ug superficial gas velocity (m/s) =+Fp — Fip + (1= &)(pp — pg)g (5)
v velocity (m/s) Note that the upper sign denotes the variable in the first
Wr mass flow rate of gas (kg/s) accelerating zone (FAZ) and the lower denotes that in the
X length from the reactor inlet (m) second accelerating zone (SAZ) whep™or “+" appears.
YA weight fraction of substancg in the For the given gas flux and solids flux, the following equa-
mixture (-) tions can be obtained from (2) and (3):
Subscripts Gg = epgVy = const (6)
g gas _ _
D particle Gs= (1—¢)ppVp = const @)
0 initial value By substituting the above into (4) and (5) we get
aV, )
Greek letters G 8 = P Ly F
= g + €p 8
& voidage (-) 90x ax g T &0g8 8
Af total friction coefficient between gas-particle WVp
and wall (<) Gs— =+ — Fp+ (1 —e)(pp— pylg )
Ag friction coefficient between gas and wall (-)
0 density (kg/nd) where the_ drag force and the friction can be calculated by
the following (Ref.[15]):
3Cqy
Fo = 7 —=(1—&)pg(Vg — Vp)? (10)
The mass conservation equations then can be written as the P
following by ignoring the small non-uniformity along radial 1 ,ongz
dimension: Fig = 5k~ (11)
d(epgVy) _ V2

. 1
Gas phase : 0 2 Fip = 50 = hg) =% (12)
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The SGV and the gas density can be expressed as

G G
Po= ot =10 (14)
€Vg g
SubstituteEqgs. (10)—(14)nto (9), and define
Gg 1
-8 _ = 15
Ge = m (15)
O _a-er (16)
rpUg

Finally we get

3Cyq

de 1 (1 A—e*\?
a—m{iﬂp“‘e) (;—1—_8)

AM—Ag(1— £)2 g m 3
2 I 74 o —1)a-=
2D g2 Ué 1—e)* d-2
17)
The boundary condition is given by
x =0, £ =¢gQ (18)

The drag force coefficient is calculated from the correlation
suggested by Jin et dIL6]:
Cqg 141(1+4278/m)
Cds - Fr

(19)

According toEq. (8) the pressure gradient along the reactor
length can be determined by

dap d(Ugy/e)
together with the boundary condition:
x=0, P=P (21)

Suppose the irreversible model reaction with the action of

solid catalysts in the following form:
A — gB (22)

where bothA andB are in gas state. Fgr< 1,4 = 1 and

g > 1, the above equation denotes a reaction during which

Finally the varying rate of SGV can be obtained as the fol-
lowing:

For zero-order reactiofz = 0):
dug 1

dpr
For first-order reactiotm = 1):
— = — |k 1-e)P| —— -1 - Ug—
P [ app(l —e) (PUngMB ) Y dx]
(25b)

For second-order reactign = 2):

dug 1 P? (WTRT/PUgAoMp — 1)2
- R 1—¢)—
dx P|:A'0P( ORT g—1
dap
— Uy— 25¢c
g dxi| ( )
and the boundary condition is
x =0, Ug = Ug, (26)

Egs. (17), (20) and (25¢onstitute a set of ordinary dif-
ferential equations in the variables of P and Ug, which
can be closed by supplying the boundary conditions of (18),
(21) and (26). A fourth-order Runge—Kutta method is ap-
plied to solve the problem numerically. Note that the radial
non-uniformity in flow structure and particle clustering are
not taken into consideration in this model.

It should be mentioned that the variation in temperature
along the reactor length also influences the SGV distribu-
tion, and it is applicable to couple the energy conservation
equation into the present analysis to obtain the understand-
ing of such effects. However, with regard to the purpose of
this work, an isothermal assumption throughout the whole
reactor is adopted here in order to simplify the problem and
concentrate on the study of the axial flow structure. For the
same reason, only the initial value problems are tested, al-
though the boundary value problems are also accepted by
this model.

3. Results and discussion

the molecule number reduces, conserves and increases, re3.1. Comparison between the varying and constant SGV

spectively.
If the reaction order t&\ is n, then the reaction rate can
be expressed as

—ra = kaCjy (23)

And the mass balance in the infinitesimal of the reactor gives

d M,
A o rapp(l—8)Ag—2 (24)
Wt

dx

cases

Whenq is set at 1.0, the molecule number is identical
before and after the reaction. Although the SGV can be in-
fluenced by the pressure variation accordindetp (25) it
almost keeps unchanged at different axial locations because
the pressure gradient is very small in comparison with the
pressure. This is the situation under the cold-model exper-
imental conditions and is referred to Hee constant SGV
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ity (denoted by a hollow circle irFig. 2). After that, the
SAZ starts where particles continue to accelerate due to the
existence of gravity, but the direction of drag force turns
upwards because the particle velocity is higher than the gas
. velocity. In this case, the drag force becomes a resistance to
7777777777777777777777777777777777777777777777777777777 the particle movement, which grows larger and larger with
q Umis G kglm?s) the increasing particle velocity and finally balances the grav-
- 5 Va?ying 100 ity, indicating the end of the SAZ. In the following constant
1 433 100 velocity zone (CVZ), the particle velocity keeps unchanged
""""" -—= 1 6.14 100 and a constant difference of velocity exists between the gas
11 ® [1011] 614 100 and the particle.
¢ [10-11] 433 100 . . .
0 R — Fig. 2(a) also shows the gas and particle velocities along
0 1 2 3 4 5 6 the reactor length for the varying SGV case wittp\alue of
(a) Axial Position (m) 2.0. The SGV is selected as 4.33 m/s at the inlet and 6.14 m/s
at the exit by adopting = 0 and a reaction rate constant of
0.742 kmol/(kgcats), and the initial pressure is assumed at
800 Pa above the atmosphere pressure. Again, the particles
are accelerated by gravity and drag force in the FAZ, and the
particle velocity profile is close to the constant SGV case
of 4.33 m/s except that the particle velocity catches up with
the gas velocity at a longer axial position, i.e. a high@}
value (length of the FAZ) is necessary here. However, par-
ticle velocity is no more similar as the 4.33 m/s case in the

Velocity (m/s)

0.994

0.990 -

0.986 -

Umis G kg/(m’s)
varying 100
6.14 100
433 100 SAZ but tends to approach gradually the case of 6.14 m/s.

0.978 1 & (1011 433 100 A significant feature of the varying SGV case is that CVZ
® [i011] 614 100 disappears, which can be explained by the analysis on force
— balance. Assuming that a constant particle velocity could

Voidage

0.982 1 ¢

P P N a

0.974

0 1 2 3 4 5 6

. > be reached, the velocity gap between the gas and particles
(b) Axial Position (m)

would reduce because of the continuous increase of the gas

Fig. 2. (a) Axial distribution of gas velocity and particle velocity in the velocity. According toEg. (10) the drag force would de-

downer at the constant and varying SGV; (b) axial distribution of voidage Crease and _COUld not balance_the gravity any more; as a re-
in the downer at the constant and varying SGV. sult the particle velocity would increase continuously, which

conflicts with the assumption. It can be seen frbig. 2(a)
case If qis not equal to 1.0, however, the SGV will increase that the curve of particle velocity at the varying SGV can be
(decrease) as a result of the increase (decrease) in moleculgiewed as a certain kind of combination of the two constant
number along the reactor, which is calldw varying SGV  cases, although detailed values can only be predicted by the

case adoption of mathematical model due to the strong influence
The model particle in the simulation is the FCC catalyst of nonlinear factors.
used by Qi et al[10,11]} with the density of 1545 kg/f In the commercial application of fluidized beds, the solid

and the diameter of 59m. The model reactor is 140mm particles are often used as catalyst, absorbent or heat car-
in inner diameter and 6 m in height with air as the fluidized rier, and the determination of mean cross-section voidage is
gas. The temperature is set at°ZDand solids reflux used  always of great value.

is 100 kg/(nf s), and the voidages§) at the inlet is 0.6. The It can be seen fronfFig. 2(b) that the simulated axial
downer used by Qi et a[10,11]is 5.8 m in height, while distribution of voidage for the constant SGV case agrees well
other parameters such as the reactor diameter and operatingith the experimental results of Qi et #.0,11] According

conditions are the same as adopted in this simulation. to Eq. (7) the rapid increase of particle velocity results in
The axial distribution of gas and particle velocities at con- the sharp increase of voidage in the inlet part, while this
stant SGV values of 4.33 and 6.14 m/s is showRim 2(a). tendency gradually slows down and finally a stable voidage

In these two cases, the corresponding initial values of pres-is reached in the exit part. On the other hand, the particle
sure are set at 150 and 1250 Pa above the atmosphere preselocity at the varying SGV case is close to the 4.33m/s

sure, respectively. It can be seen that the simulation resultscase in the FAZ and then tends to approach the 6.14 m/s
fit well with the experimental data of Qi et 4lL0,11] Af- case in the SAZ. Different from the constant SGV case, the

ter being introduced from the inlet, the particles enter the voidage continuously increases along the reactor length and
FAZ in which they are under the joint action of gravity and no stable value would be attained.

drag force. The resultant high acceleration leads to a sharp The measurement of pressure distribution is often a useful
increase of particle velocity until it equals to the gas veloc- method to obtain information about catalyst concentration
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2000 > 600
P a U,mis Gkgi(m"s) 1 —-—- Acceleration
16004 - - 1 43100 5001 Drag Force
—-— 1 614 100 ] — = -100 Friction
1® —— 2 varying 100 .- 400+ )
1200 - ° e 1 - 10 Gravity
I o @ ©® g %004 -
= LSS e i > - """
& 800 o £ 200
. a e 8 100}
400m _-a ® = 100-_ ...........................
<4 - LL
| _n 2 O~ == ===t — e — o=
0 N m_ ), P Ug,m/s Gs,kg/(m .S ]
== ® 614 95[10-11] 1004
B 433 85[10-11] ]
-400 T T T T T T T T T T T -200 . ; . ; . ; . ; . ; .
0 ! AZ' N s (4 ) 5 6 0 1 2 3 4 5 6
(a) xial Location (m . .
Axial Location (m)
300
Fig. 4. Distribution of different forces along the reactor length at the
2004 varying SGV.

100+ at the beginning, however, it turns to decrease after a maxi-

mum is reached. The reason can be obtained by examining
the forces acting on the particles, as showrFig. 4. The

dP/dI (pa/m)

q U,mis G kg/(m"s) drag force between gas and solids is much larger than the
-1007 - - 1 433 100 gas—wall friction and the gas gravity, while the gas accel-
200- —-— 1 614 100 eration is very small. Thus, the value of pressure gradient
i —— 2 varying 100 mainly depends on the drag force accordingBq. (8)
: [10-11] 614 115 Although the velocity difference between gas and particle
'300 T T T T T . . . .
0 1 5 3 4 5 6 keeps increasing in the SAZ, the drag force attains a peak
) Axial Position (m) and then reduces along the reactor length due to the effects

of other items inEq. (10) for example, the decrease of gas
Fig. 3. (a) Axial distribution of pressure in the downer at the constant and density and solids fraction.
varying SGV; (b) axial distribution of pressure gradient in the downer at

the constant and varying SGV. 3.2. Effects of Gand G; at the varying SGV

especially for commercial plants operating at high tempera- Two parameters are of special importance in the CFB
ture.Fig. 3(a) shows the axial pressure distribution for both operation: feeding rate and solids reflux, which correspond
the constant and varying SGV cases. to Gy andGs in our model. In this part, their effects on the

In the FAZ, the loss of gravitational energy during the axial flow structure for the varying SGV case are examined
downflowing of gas—solids cannot meet the needs for solids with the same conditions as adoptedSaction 3.1lexcept
accelerating and overcoming friction between wall and fluid, the differences irGg or Gs.
therefore the pressure decreases sharply to fill the gap. Af- As shown inFig. 5a), the curves of gas velocity versus
ter entering the SAZ, one part of the gravitational energy axial location at different values dgy are almost parallel.
is continuously converted to the kinetic energy of particles, At the same axial position, both the gas velocity and par-
another part is used to overcome friction, and the rest is ticle velocity increase with the increasiigy, and a larger
stored as the static pressure of gas, which leads to an increask(l) is necessary for a higher value Gf. This is similar to
ing pressure along the reactor length. After experiencing thethe constant SGV cases (4.13 and 6.14 1fi/2). Moreover,
pressure-decreasing and pressure-increasing procedure, theccording toEq. (7) the solids fraction is inversely propor-
pressure drop of the whole reactor may be positive, negativetional to the particle velocity given the same solids reflux,
or zero. Such an analysis is valid for both cases. thus the voidage increases with the increasig@s indicted

As shown inFig. 3b), the pressure gradient for the by Fig. 5b).
constant SGV case is negative in the FAZ and increases According toFig. 5c), a sharp decrease in pressure occurs
sharply along flow direction. After that, the increase be- inthe FAZ at all values oy while the recovering process is
comes smooth and finally the pressure gradient remains atdifferent. For a lowetGg, the location where pressure ceases
a constant value. In the varying SGV case, the pressuredecreasing and turns to increase is closer to the inlet, and a
gradient also follows a sharp-to-smooth increasing period higher value of pressure is attained at the reactor exit. Thus,
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Fig. 5. Comparison of the axial distribution of flow parameters at the rig 6 Comparison of the axial distribution of flow parameters at the
varying SGV between differerBq values: (a) gas velocity and particle  yarying SGV between differens values: (a) gas velocity and particle
velocity; (b) voidage; (c) pressure. velocity; (b) voidage; (c) pressure.

small values o0fGgq (e.g. 5.22 kg/ris) results in a pressure  different from the constant SGV case in which th@) is
rise in the whole reactor while a pressure drop is obtained influenced little by the variation o6s [12]. Additionally,
at large values oGq (e.g. 9.65 kg/rAs). the increase o6s leads to an increase in the phase ratio

Fig. 6(@) shows the axial distribution of velocities at dif- which leads to a decrease in voidage as showrign 6(b).
ferent values of solids reflux. The gas velocity increases The pressure distribution at different value€gfis shown
sharper along the flow direction whé is larger and the  in Fig. 6c). At a high solid reflux like 400kg/&s, the
particle velocity has the same tendency, which results in a pressure decrease in the FAZ is sharper while the pressure
longer L(I) for a higher solid reflux. This is significantly  recovery in the SAZ is smoother than at a small solids reflux
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like 100kg/nt s, which results in the pressure drop of the noted by the hollow circle). In the SAZ, the particle velocity
whole reactor in the former and the pressure rise in the is higher than the gas velocity, thus the drag force turns

latter. upwards and the particle acceleration decreases. The drag
force keeps increasing because of the enlarging gap between
3.3. Axial behavior at different g values particle velocity (increasing) and gas velocity (decreasing),

finally it balances the gravity and the SAZ is ended, cor-

The g value represents the change in molecule number responding to the highest particle velocity (denoted by the
during the reaction. Because both the reactant and the prodsolid circle). Later then, the decrease of gas velocity leads to
uct are gas, it denotes the expansion or shrinking in the vol- the further increase of the drag force and it becomes larger
ume of the system which results in the variation of SGV than the gravity, thus the particles are decelerated, indicat-
along the reactor length. The axial behaviors at different ing the existence of the decelerating zone (DZ). However,
g values are examined by adopting the same conditionsthe co-gravity movement ensures that the particle velocity is
in Section 3.1except that the reactor length, initial veloc- larger than the gas velocity. Even the gas velocity decreases
ity and reaction rate constant are set at 20m, 4.0 m/s andto zero, the particles will flow downwards at the terminal
0.87 kmol/(kgcats), respectively. The axial distribution of velocity.
velocities is shown iFig. 7(a) where four cases are consid- The voidage distribution for the four cases above is shown
ered. in Fig. 7(b). Whenqis larger than 1.0, the voidage increases

Case (1) is similar to the sample Bection 3.1 Particles along the reactor length, and a larggs related to a higher
are accelerated by both the gravity and the drag force inincreasingrate. Far < 1.0, the voidage increases at firstand
the FAZ until the particle velocity catches up with the gas then decreases, forming a peak at the position corresponding
velocity. Then in the SAZ the particle velocity is higher than to the maximum of particle velocity in the case (IV) of
the gas velocity, and the drag force becomes the resistance ofig. 7(a). Note thaly = 1 represents the constant SGV case
particle movement. Due to the absence of CVZ, the particle mentioned above.
velocity increases continuously and is always larger than the  Fig. 7(c) shows that the distribution of pressure along the
gas velocity. flow direction differs at differeng values. For smalj values

In case (ll), the increase of SGV along the reactor length (e.g. 0.8 and 2.0), the pressure decreases at the beginning
is more significant. Similar to case (I), particle velocity and then increases, and a higher increasing rate is obtained
is less than gas velocity in the FAZ and after passing the by a smallerq. If g is larger than a critical value (such as
separation point between FAZ and SAZ (denoted by the ¢ = 5.0 and 7.0), the pressure decreases all the time along
left hollow circle) it becomes larger than the gas velocity, the reactor length and a highgrcorresponds to a higher
however this is accompanied by the decrease of particle ac-decreasing rate.
celeration due to the direction change of drag force. When It should be mentioned that the various cases above can
the particle acceleration is reduced enough to be lower also be obtained by altering the reaction rate condtant
than the increasing rate of the gas velocity, the gas velocity According toEq. (25) the variation oka or g has the similar
overtakes the particle velocity at a certain position, which effects in determining the SGV.
means the end of the SAZ (denoted by the right hollow
circle). After that, the direction of the drag force changes 3.4. Axial flow structure at different reaction orders
again and both the drag force and the gravity accelerate the
particles, however the particle acceleration is lower than the  According toEq. (25) reactions with different orders have
increasing rate of gas velocity, which causes the gas veloc-different expressions for SGV. The effects of reaction or-
ity to be always higher than the particle velocity. This zone der n on the axial flow structure are examined by adopt-
can be called the third accelerating zone (TAZ). It should ing the same conditions iSection 3.1lexcept the value of
be mentioned that whether the TAZ appears depends on noka which is equal to 0.16 kmol/(kgcats), 0.1684tkgcat s)
only the value ofg but also the reactor length. and 0.16 rf/(kmol kgcats) forn = 0, 1 and 2, respec-

In case (lll), the SGV increases more sharply in the tively.
flow direction. Although the particle acceleration is higher = The axial distribution of gas and particle velocities at
than the increasing rate of gas velocity at the beginning different reaction orders is shown iRig. 8a). For the
of FAZ, it begins to decrease and soon turns to be lower zero-order reaction, the gas velocity increases almost lin-
than the increasing rate of gas velocity, which results in early but slowly along the reactor length. Differently, the
the lower particle velocity than the gas velocity during the increase in gas velocity is rapid at the beginning and then
entire movement and the drag force always serves to ac-slows down for the first-order reaction, and such a tendency
celerate the particles. That is, there is no existence of theof sharp-to-smooth increase is more significant for the
SAZ. second-order reaction. The particle velocity rises sharply at

Different from the cases above, the SGV in case (IV) the beginning and then tends to be smooth at 0, while
decreases gradually along the reactor length. The particleit keeps a high increase rate along the whole reactor length
velocity equals to the gas velocity at the end of the FAZ (de- atn = 1 and 2. Due to the joint effects of particle velocity
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Fig. 7. Comparison of the axial distribution of flow parameters at the varying SGV between diffevahies: (a) gas velocity and particle velocity; (b)
voidage; (c) pressure.

and gas velocity, thé(l) is the shortest at = 0 and the
longest atn = 2.

the expansion indeg is same for the three cases, the final
voidage obtained after the completion of the chemical reac-
Fig. 8b) shows that the voidage along the flow direction tion will be the same, although a longer reactor is necessary

at different values oh. A higher reaction order to the reac- to finish the reaction with a lower reaction order.

tantA means a higher reaction rate at the same concentration The pressure distribution is shown Kig. §c). In all

of A and causes a higher expansion rate of the system vol-the three cases, the pressure experiences a decreasing and
ume, which results in a higher voidage. However, becauserecovering process, while the decreasing is faster and the
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Fig. 8. Comparison of the axial distribution of flow parameters at the
varying SGV between different reaction orders: (a) gas velocity and
particle velocity; (b) voidage; (c) pressure.

recovering is slower at a higher reaction order. Furthermore
the recovering rate of pressurenat= 0 tends to decrease in

the rear part of the downer, indicating a decreasing pressure”

gradient as shown iRig. 3(b); on the contrary an increasing
pressure gradient along the flow direction can be predicted

atn = 1 and 2 according to the corresponding curve shapes2

in Fig. §(c).
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3.5. Influences of varying SGV on the product yield

In fact, the varying SGV in the downer not only endues
the axial flow structure with new features but also results in
characteristic product yields. This attributes to the complex
interaction between hydrodynamics and chemical reactions.
First, the axial flow structure can directly influence the re-
action rate. For example, the gas velocity determines the
reaction time, the particle velocity affects the deactivation
degree of catalyst, the various solid fractions cause differ-
ences in the reaction rate in the control volume, and the
pressure can influence the kinetics or thermodynamics of
gas phase reactions. Secondly, as showBda. (17), (20)
and (25) the gas velocity, particle velocity, solid fraction
and pressure can influence each other and are also depen-
dent on each other. And thirdly, the product distribution
will reversely work on the hydrodynamics. Since the vol-
ume of the system is related to the gas moles, the variety in
the number and type of molecules leads to a varying SGV
that shapes the flow structure. All these effects add to the
difficulty in predicting the yields of products.

In order to simplify the prediction of product distribution,
some approximate methods based on the constant SGV so-
lutions are often used to obtain a rough estimation. Here we
examine four means of approximation: (1) adopting the ax-
ial flow structure at the inlet velocity; (2) adopting that at
the exit velocity; (3) adopting that at the arithmetic average
of the inlet and exit velocity; (4) the product yield is the
average of cases (1) and (2). In the first three cases, we fig-
ure out the flow hydrodynamics at first and then calculate
the product yield. The parameters are the same as used in
Section 3.4except that the value af is set at 4, and the re-
sults obtained by solving the varying SGV case are quoted
as the accurate solutions.

The feed conversions are listed Table 1 It shows that
none of the results from four approximate methods is consis-
tent exactly with those from the accurate method. Compared
to the Approx. 1 and Approx. 2, the Approx. 3 and Approx.

4 produce more accurate results because they take both the
inlet and exit into account. Additionally, the deviations are
not the same for different reaction orders. For example, the
gap between the conversion calculated from Approx. 3 and
the accurate one is only 0.03% for the zero-order reaction
while 3.39 and 5.08% for the first-order and second-order
reactions, respectively. This can be explainedHay. 8a)

that the reaction with a higher order tends to yield a more

Table 1
Comparison of feed conversion between the approximate and accurate
methods for reactions with different orders (unit: wt®o)

Approx. 1 Approx. 2 Approx. 3 Approx. 4 Accurate
0 10.42 8.65 9.43 9.53 9.40
1 98.69 48.61 72.34 73.65 68.95
99.45 84.66 94.72 92.06 89.64

34 =4, Gy = 5.22kg/(n?s), Gs = 100 kg/(n?s).
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Table 2
Comparison between the results from the Approx. 3 and the accurate
solution in FCC proce$s

Accurate Approx. 3 Absolute error
Conversion (wt.%) 79.12 88.49 +9.37
Gasoline yield (wt.%) 41.06 41.85 +0.79
Gas yield (wt.%) 34.24 42.37 +8.13
Coke yield (wt.%) 3.82 4.27 +0.45
Gasoline selectivity (%) 51.90 47.29 —4.61

3Gg = 30.43kg/(n?'s), Gs = 1200kg/(nt s), T = 550°C.

nonlinear distribution in gas velocity and result in a larger
error in the average-velocity approximation method.

For those reactions with two or more products, the ap-
proximate methods may also lead to wrong estimation in
product selectivity. As an example, the FCC process is simu-
lated by adopting the model [@] and the results are shown
in Table 2 It can be seen that the adoption of Approx. 3
yields a 9.37 wt.% higher conversion than the accurate solu-
tion, while the selectivity of gasoline is underestimated by
4.61%. That means, the conversion and selectivity of a pro-
cess under the varying SGV must be calculated by solving

the transfer equations of mass, momentum and energy as

well as the reaction kinetics instead of simply adopting the
flow structure of the constant SGV case.

4. Conclusions

The simulation results above show that the SGV shapes

the axial flow structure significantly in the downer reac-
tor. The axial distribution of gas velocity, particle velocity,

voidage, pressure and pressure gradient in the varying SGV

R. Deng et al./Chemical Engineering Journal 99 (2004) 5-14
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