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Abstract. The synthesis of acrylonitrile by the ammoxidation of propylene was modelled and simulated in
a fluidized bed reactor based upon the (wo phase theory of fluidization. The conversion as obtained from
two other models (the bubbling bed mode! and the bubble assemblage model) was calculated for compari-
son. The impact of the variation of each of four system parameters upon reactor performunce was
explored. A preliminary oplimization search was initiated and it was shown that the model predicts 2
70.0% conversion for a particular combinatioin of the four system parameters which compares favarably
with the typical 60-65% conversion reported for actual industrial spplications.

Nomenclature

Ap Ay . Cross-sectional area of bubble phase and heat transfer area
between bed and walls respectively, cm’.

C, : Concentration of reactant A, g.molc!cmj.

Che : Gasheat capacity, J/g °C.

Dy : Reactor diameter, cm.

d,. dp : Bubhle and particle diameters, cm.

H : Expaned bed height, cm.

(H,)h : Interface heat transfer coefficient between the bubble and
dense phase, Jem?.sec,°C.

h, : Bed to wall heat transfer coefficient, J/em? K.

(Kool : Interphase mass transfer cocfficicnt of component jbet-

ween bubble and dense phase, sec !,
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Ny, Nig. N : Molar flow rates of component j in bubble phase, compo-
nent j in dense phase and total feed to reactor, gmol/sec.

P : Reactor pressure, atm,

Q0 Q. Q. Op ¢ Gas volumetric flow rates in bubble phase, dense phase,
feed to dense phase and total feed to reactor, em¥sec,

Ty T Te T, ¢ Temperatures of bubble phase, densc phase, feed and cool-
ing medium, K.

Uy U, U : Superficial velocities of gas in bubble phasc, fresh feed and
at minimum fluidization, cm/sec.

v ¢ Reactorvolume, cm®.

LI A3 : Mole fraction of component j in dense phase and feed
respectively, dimensionless.

z : Bedheight, cm.

a : Stoichiometric coefficient of component j in reaction,
dimensionless,

8 : Bubble phase volume fraction, dimensionlcss.

AH, : Heat of reaction, J/g. mol.

Pe- Py : Density of gas and density of solid particles respectively,
gm/cm’,

£,E : Dense phasc voidage and dense phase voidage at minimum
fluidization respectively, dimensionless.

Yb ¢ Ratio of solid disperssed in bubbles, dimensionless.

Y, : Ratio of sulid dispersed in clouds, dimensionless.

Y. : Ratio of sulid dispesed in emulsion, dimensionlcss.

K,. : Interphase coefficient hetween bubble and cloud, m¥/sec.

K. : Interphase coefficient hetween cloud and emulsion, m¥sec.

k, : Firstorderrate constant, s,

Introduction

The major use of acrylonitrile today is in the manufacture of acrylic fibres. A wide
varicty of other uses include resins [particularly acrylonitrile -butadiene-styrene
(ABS)], plastics, moditied natural fibres, hydrolysed polymers as polyclectrolytes
and as chemical imtermediate.
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For sometime now, the leading route to acrylonitrile has been by catalytic reac-
tion of propylene with ammonia and air. The older process was based on either addi-
tion of HCN to acetylene or the addition of HCN 10 ethylene oxide, followed by the
splitting off of a molecule of water. llowever, the ammoxidation propylene-based
process uscs relatively cheap feedstocks, and hence appears to have completely
replaced the older processes for new construction worldwide. The process involves
the premixing of three gaseous reactants and feeding them to the bottom of the
fluidized hed reactor. Large size fluidized bed reactors are used which arc provided
with a top set of multiple effect cycloncs for catalyst recovery as well us special sets
of heat exchangers in the (uid bed for reaction heat removal and steam generation.
The reactor effluent is scrubbed and the organic materials are recovered by distilla-
tion and absorption.

The vapour-phase reaction is according to the equation:
CH, = CH-CH,+NH,;+1.50, — CH, = CI-C=N+3H,0 (1)

Typical reaction temperatures are 420°C—3500°C and pressures range from [ to 3
atmosphercs; feed composition ranges from 6.7-8 vol. % propylene, 7.5-9 val. %
ammonia and 82-86 vol. % air. A linear superficial gas velocity of 30-60 cm/sec and
a contact time in the order of a few seconds are typically used [1]. ‘The catalyst con-
sists of oxygenated compounds of tellurium, cerium and molybdenum supported on
silica particles. The average particle dizmeler is between 40-100 microns.

In this study a rigorous model based on the two phase theory of fluidization is
presented for the acrylonitrile ammoxidation process in a fluidized bed reactor. A
parametric semsitivity analysis is carried vut to highlight the impact on reactor perfor-
mance of the design and operating variubles with a view to process optimization.

Model Development

The two phase theory of fluidization is used [2-6]. Allowance is made in this
sludy [or changes in gas volumetric flow rate in the dense phase due to reaction.
Interphase mass transfer coefficients are calculated on a component-wisc basis, (see
Fig. 1).

It is assumed that the bubble gas is devoid of solids and is in plug flow. All the
reaction oceurs in the dense phase which is perfectly mixed and uniform in tempera-
ture. It is also assumed that the volumetric gas flow ratc through the bubble phase is
constant,
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Fig. 1. Schematic diagram of fluidized bed reactor

Reaction mechanism und kinetics

The reaction mechanism, based on propylene ammoxidation, is given by equa-
tion (1). The kinctic model used was that repurled by Gelbstein er af. [7] over bis-
muth-molybdate catalyst which is as follows:

staexp (< 16000 ) 2
RT

where

r = rate of disappearance of propylene to acrylonitrile in g. moles per sccond
per gram of catalyst.

‘I =reaction temperulure, K,
R =gas constani (§2.06) cm” atm/gmol K.

p = partial pressure of propylene in arm.
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Bubble phase material and energy balances

The steady state mass balance round an element of height Az for the j** compo-
nent is given by:

dNjb Njh  Njb
dz (Kbu)]b (a ‘q) Ab (3)
An energy balance gives:
. dTy .
pg (’pg U, F - (Hbd)b (Td - Tll) (4)

Dense phase material and energy balances

For component j in the dense phase, the molar flow rate is given by:

N.
(Sij.i) — Az + V(1-8) (1-e)p, a1 (5)

The integral in equation (5) is obtained analytically from the bubble phase equation
(equation 3). Rearranging equation (3) and integrating (noting that Ny, = Ny at
z = () we obtain

H Njh
Ng=Ng t | Keglyp (. ~
] j Jo it 404

Nijb Nija Njvp  Nja, .
. Bl = —_— e—ujz ((}
Qv Qu (Qh Qu ) )
where
a = (Kpgy, / uy, N

where (K.}, is the interphase mass transfer coefficient between bubble and dense
phase on bubble volume and is given by the correlation [8]:

1
1 _ 1 n )
(Kbd)jb (Kbu)jh (ch)lb
where
172 1M
(K, =45(ﬂ)+535(Dig_ ) 9
belih . a . T

b

Em D'm W "

Ky = 6.78 (L T Boyie
& (10)
;]
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D, i[s ]the diffusivity of component j in the gas mixture and is given by the correla-
tion [4]:

(1 - %)
D, =
: 8 X (1)
[Y (—]
i-1 Dy
i#]

D3, is the binary diffusivity and is given by the correlation [10]:

. T2
D, = 0.04357 (12)

pvi? o+ v;’3 )

u, in equation {7) represents the bubble rising velocity and is correlated by the
expression [8]:

up =y - ug + (gdy)"? (13)

u is the superficial gas velocity. u, is the superficial gas velocity at minimum fluidi-
zation and is correlated as follows [10]:

U= 0.00 (——— (.| 27.27 + 0.0408 A, — 27.2) (14)

P dp

where A is the Archimedes number. The bubble diameter in equation (13) is given
by the correlation [11]:

dg = dgy — (dpay — dpg)exp {— 0.32/D) (15)
where
dgy = H11.38 [A(u, u )™ (16)

dgy = 0.376 (v, ~ u,)’ an
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N, N
bF — JF (18)
Q, Qf
Then
Nib Nja NjF  Nja. _ap
- 5y = == - 5 19
(Ob Q4 Or Qq ) e (19)
Substituting equation (19) into equation (5} and intergating we obtain:
NjF  Njg ~aH
Njy = N + uy, Ab(_('j'l;— - -6;-)(1 -+ V(1 -8)(1-8) p, o (20
Forideal gas law we obtain:
xg PO, =Ny RT, 20
% P O = N RT, (22)
Nigr = X5 Ny (Ogr/ Op) (23)
Equation (9) now becomes:
Qur Pup Ab  xjF

Ng=x%Ne(5-) +

_ Bity g o
o 21 (11— &t

R Tk
+ V(1-8)(1-g) p, ar (24)
Similarly the bubble phase energy bulance is integrated analytically (o yield
T, = T, — (Ty — Ty) €% (25)
where

b - H/u, Py Cng (26)

(Hy,), is the overall heat transfer coefficient (bubble-phase to dense-phasc) based
on bubble volume and is correlated as follows [8]:

1 _ 1 . 1 an
(th)h (Hhc)h (Hcd)b

where
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(Hy), = 45 (—u"—'-f—-g-g-—c—“—) - o010s (FePelee By pe )12 (2%)
B dB.
.o Emb W o
(Ilcd)b = 21.44 (ks ps CPS) (__.d—B_—) (29)

The energy balance equation then becomes

Pp Cpp Ogr (Tp ~ 298) — p, €, Oy (T, - 298)

H
+ [ (Hyy, (1, — Iy Az + by, A, (T, — T,)
0
+ V(1 - p) (1 — e)p, (- AH}r = 0 (30}

where h, is the heat transfer coefficient (bed to cooling surface) and is correlated by
the expression [12]:

h, = 0.88 {k,/d)A " (31
Substituting for T, from equation {25) and integrating we obtain:
Pp Cop Qi (Tp — 298) — p, €, Q (Ty - 298) +
Uy By Cpe Ay (T — T (1 — &™) + by A (T, — T) +
V(1 -p) (1 -2 p,(-AaH)r =20 (32)
Computational Procedures
The material and energy balance can be decoupled in computer calculations.
The set of non-linear simullaneous slgebraic equations (6) were solved by the New-
ton-Raphson technique. The temperature at which equation (32) is satisfied repre-
sents a steady state operating temperature. For this purpose, a heat function (de-

fined in equation (33) below) is zero at steady state temperature.

Heat function = p, C,, Que (Ty = 298) — p, C,,, Qq (T, — 298)
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+ 0, 0 Cog A (T = T (1= €™y + by A (T, - T)
via-8(Qa- s)pp(— AHY 1 (33)
Results and Discussion

Tuble 1 shows the design and operating data of the hase case.

Table 1. Design and operating dota of (he huse case

Reuctor diameter {em) AR
Statiched height (cm) BRI
Catalyst particle dinmeter (um) 1K)
Bed voidage at minimum fluidization (g, 0.367
Min. Fluid Vel (L) ) 14,13 cmisec
Superficial gas vel, {U,)) 49.77 emisec
Feed temperature MK
Feed composition in mol %

propyicne 13%

ammonia 8.2%

air 5%
Pressure 2atm.

Due tolack of industrial plant data for validation of model aceuracy, the conver-
sion as predicted by the model was compared against the conversions predicted by
two other well known models; the Bubble Bed Model [8] and the Buble Assemblage
Modet [13]. As shown in Tables 2 and 3 comparable results were obtained.

The differences in results are due to the basic assumptions of each model. The
Bubbling Bed Model (also known as the Kunii-Levenspiel model) differs from the
two phase model in thut the former assumes a cloud-wake region surrounding the ris-
ing bubbles in which gas-solid reaction occurs and it also allows for inter-phusc gas
transfer in two consecutive stages between bubble and cloud-wake and between
cloud-wuke and densc phasc [14, p.60]. The two phase model allows for two factors
ignored by the bubbling bed model and these are bubble growth and reaction in the
dense phase. The bubbling bed model gives the fruction of reactant leaving the bed
surface unreacted (for a first order reaction) as:

A
C——‘\D = exp (1 — kr) (34}
where
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Table 2. Bubble bed model

Red vordnge (f::m[) = (1367
Operating velocity (cm/sec) = 4077

Min. fluid, veloity (em/sec) = 543
Effective bubbe diameter (cn) = 1013

Static bed height {cm) = R0
Reaction constant { 1fsec) 1.964
Effective diffusivity (cmz.'sec] 0.258

K, (bubble-cloud) ( 1/sec) = (.2833867
K, (cloud-cmulsion) (1/scc) = 3.281442E-02
Val. of wake/vol. of bubble (alpha) = 034

Val. ofsalid in bubhle/val of hubble = 0

Vol ofsolidin clowd & wakesfvol . of bub = (13457335
Vol. ul'selid in emulsionfval. of hubhle = 2.871951
Propylene conversion (%) = 51.23
Table 3. Bubble assemblage model

Particle diameter {cm) = 0

Red voidage (£,) - 0367
Min_ fluicl,. velocity (em/scc) = 533
Operiting velocity (em/sec) - 4977
Reaction cunstant {1/ec) - 1964
Fractional volume change on complete conversion = 1.6
Incipient fluidized height (vm) = 00
LCxpanded bed height (cm) = 1107.787
Number of stages =10
Propylcne conversion (%) = 55.R

K H k; + l
M Us Y K i
bpo—
khc kr 4 1
kee Ye

The model is particularly sensitive to the estimated value of bubble diameter d,,
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The bubble assembiage model allows for variation of bubble size with bed
height. The initial bubble diamctcr at the distributor is calculated from a correlation
and the bed is then divided into a number of vertical compartments whose height is
cqual to the bubble diameter at the corresponding bed height. ‘The reactant gas is
assumed to be prefectly mixed in the bubble and densc phases. Overall conversion
is calculated by a stagewise solution of the mass balance equations [13,14].

It is noteworthy that the two phase model as presented in this paper is mor¢ gen-
erul in its applicability than the Bubhling Bed and Bubble Assemblage modelsin that
it can handle multiple reactions as well as complex kinelics whereas the two models
referred to earlier can handlc only single reaction, first order kinetics.
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Fig. 2. Effect of reactor diameter variation on

a) Acrolynitrile preduction
b} Yield

¢) Conversion

d) Heat function

The system performance was then evaluated according to three performance
criteria; conversion, yield and acrylonitrile production rate. The parametric sensitiv-
ity analysis was carried out by imposing changes in two design variables (reactor
diamcter and particle size) and two operating variables (pressure and feed compaos-
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ition). Fig. 2 shows the effect of the variation of the reactor diameter (for the same
gas feed rate) on heat function, conversion, yield and acrylonitrile production rate.
It is noteworthy that an increase in reactor diameter in this case is equivalent to a
decrease in superficial gas velocity (U,). Asis shown in Fig. 2u, the steady stare tem-
perature for the basc case of Iy = 400 ¢m s about 790 K, A decrease in Dy, 1o 350
cm makes it possible to operate at Ty, = 650 K but at a much lower conversion (of
about 33%) yield and production rate (see Figs. 2b, 2c and 2d). For the same gas feed
flow ratc, operation with a 450 cm diameter reactor makes it possible to aftain a con-
version of about 63% (hecause of a decreased Uy and hence a smaller bubble diame-
ter d) but the operating temperature in this casc {which is over 950 K) {sce Fig. 2a)
might not be practically desirable,
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Fig. 3. Effect of particle size variation on

a) Acralynitrile production
b) Yield

¢) Conversion

d) Heat function

Figure 3 shows the cffect of variation of particle size from the base casc of d_ =
100 um to 60 pm and 260 pm. It is clear from Fig. 3 that reduction of particle size is
not compatible with enhanced system performance. However, the use of a particle
diameter of 200 um resulted in a conversion of aver 73.7% albeit at an clevated tem-
peratore of 950 K.,
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Figure 4 shows the effect of the variation of pressure from the base casc of 2atm
to | atm and 3 atm. When the operating pressure is 1 atm, the steady state conversion
becomes 26% and the production rate 9.54 gmole/sec only al temperature of 950 K.
Operation at 3 utm resulted in a conversion of 61% und a production rate of 22.43
gmolefsec at a temperature 8K K. Thus the higher pressure operation is advantuge-
ous provided that the high temperature that goes with it does not result in product
cracking or in catalyst dcstruction.
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Fig. 4. Effect of pressure variation on

a) Acrolynitrile production
b) Yield

¢) Conversion

d) Heat function

Figure 5 shows the cffcet of the variation of feed compusition from the hase casc
as follaw is (in mole %)

Case 1 Case 2 Cuase 3
(Buse case)
Propylene 7.3 5.0 9.0
Ammonia 8.2 7.5 14.5

Air 84.5 87.3 76.3



140 A H. Fakeeha et al.

E = 0.1
] 0.0
Eow / L /L’om
B pors os aom
B3
T 008 i o4
£ :
4 > 03 aos
§- £ o2
= o LA
< U 00 X0 W0 MO 1000 00 0 200 400 600 K0D K000 200
Ty, Kelvin Ty Kelvin
(a) {b)
o7 & 0000000+
26 o2 -% SO00003 4
g 053 aon A 0. oos
g o4 g o 0em
01 008 Foadhigle Froc- | ™ 003
3 o It AL
0.2 -! e
el = T —
0 200400 500 800 K00 1200 0 200 400 00 #0200 D0
Ty, Kelvin Ty, Kelvin

(c) (d)
Fig. 5. Effect of feed composition on

aj) Acrolynitrile production
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@) Heat function

Asshownin Fig, 5 the conversion and yield are both about 47% for the base case
and the production rate is 17.27 gmoles/sec. A decrease in reactants feed concentra-
tion as in case 2 reduces the conversion and yield to 44% and production rate to 11.23
gmoles/sec at an operating temperature of 630 K. Increasing the reactant feed con-
centrations (case 3) results in improvements in conversion, yield and production rate
to 49% and 22.27 gmoles/sec respectively. Howcver, the operating temperature is a
very high one at about 930 K.

A sub-optimal reactor design and operational configuration was undertaken by
changing each of the four parameters examined so far in favourable directions. For
a bed diameter of 425 cm, a particle diameter of 150 um, a pressure of 2.5 atmos-
pheres and a feed concentration of 8% propylenc, 12% ammonia and 80% air. it is
possible to achicve a conversion of 76.6%, a yield of 76.4% and a production rate of
31.08 g.moles/sec. In terms of the production rate this represents a 84% improve-
ment aver the base case. Typical industrial conversions are in the 60-65% runge. Duc
to cxcessive heat generation by reaction in the optimized set-up, the heat remaoval
rate must be inereased by 150% in order to operale at a reasonable steady state tem-
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perature of 750 K. 'T'his increcascd heat removal ratc may be achicvoed by increasing
the heat transfer area, and/or decreasing the [eed temperature. A computer-aided
multivariable optimization search is now under study for overall optimization of
reactor performance.

Conclusion

A rigorous physically-based madel to simulate a fluidized bed reactor was
developed for acrylonitrile production by ammoxidation. A parameltric sensitivity
analysis of four variables (Dg, dp, pressure and feed composition) was carried out.
An optimization exercise was then undertaken which enabled production rate to be
improved by 84% by an expeditious variation of each of these parameters as well as
the cooling rate.

References

[1] Cuporal, €. “How Muonledisun Makes Acrylo.” Hydrocarbon processing, 51, No. 11 {1972), 144-
146.

2] Toomy. R.D>. and Johnstwone, H.F. “Gas Fluidization of Solid Particles.™ Chem. Engng Prog., No.
4% (1¥32). 220.

{3] Werther, ). “Mathematical Modeling of Fluidized Bed Reactor.” International Chemical Engineer-
ing, 20, No. 4 (1981}, 529-541.

[4] Waginlla, K.M.; Elnashaie, 3.5, and Fukeeha, AH. “Review on Heat Transfer i Gas Solid
Fluidized Beds.” J. King Saud Univ., Vol. 2, Eng. Sci. 2. (1990}, 331-346.

|5} Elnashaic. S.5.: Wagialla, K.M. and Abashar, M.E.. “Fiuidizcd Bed Reactor for Ammonia Synthe-
sis - Pretiminary Theoretical Investigation.™ Accepted for publication in Marhematical and Com-
puter Modelling (1991).

[6] Wagialla, K.M.; Helal, A.M. amd Elnashaie, 3.8.E.H. "The Use of Mathematical and Computcr
Maodels to Fxplore the Applicability of Fluidized Red Technology for Highly Fxothermic Catalytic
Reactions I. Oxidative Dehydrogenation of Butene,” Accepted for publication in Mathematical and
Camputer Modeiling (1990).

|7] Gelbstein, A1 Bakshi, Yn. Swroeva, §.8,; Kuikovea, N V. Lapidus, V.1 and Sadovski, A8
“The Study of Bismuth-Molybednum Catalysts for the Partial Oxidation and Oxidative
Ammonolysis of Propylenc,” Kinetics and Catalysis (USSR} (Engl. Trans.), 6, No. 6 (1065), 927-
G433

[8] Kunii. D. and Levenspicl, O. Fluidization Engineering. New York: 1. Wiley, 1977,

[9] Reid, R.C.: Prausnitz, .M. and Sherwood, T.K. The Properties of Gases and Liguids. 3" Edition.
New York: McGraw- Hill Book Compuny, 1977,

[10] Coulson, .M. and Richardson, ). F. Chemicel Engineering, Vol 1. Oxford: Perpamon Press, 1965,

[11] Mori, S. and Wen. C.Y. *Estimation of Bubble Diameter in Gaseous Fluidized Beds.” AIChET, 21
(1975), 109-115.

[12] Renz, U. "Heat Transter Characteristics of the FBC at Acchen Technical Liniversity,” Procecdings
of the 1987 Iniernativonal Conference on Fluidized Bed Combustion, American Society of Mechan-
ical Engincers, N.Y. (1987).

[13] Wen, C.Y. and Fan, L.T. Models for Flow Systems and Cherical Reactors. New York: Marcel
Dekker Inc.. 975,

(14] Doraiswamy, L.K. and Kulkarni, B.D. Transport Processes in Fluldized Bed Reactors. New Delhi:
Wiley Eastern Limited, 1987.



Madelling & Simulation of Acrylonitrile Synthesis from Propylene 142

Ul gl 22 plisly b 9 A0 e o i SY) el S

WA‘mJ‘i‘E‘J&"L‘ML}‘lS ch-_ﬁE’}i'Lr_;i
‘llfY1v.-P"='J-”i/\" - s%\.‘lﬂf@‘;‘ 44’.--“1’4‘._.‘544}7be“;le

Lagnadl Lyt 3Ll
(CARRAVAVALYE JESS ERVSL LR VA ¥4 ST PN

ebin Wil spamy 3 ks g It BasTy g 55 S st a8l dndisd o U3 L Lot asuls
AT g iy ol e o TS plall S 2300 el Gt e (53
R PP VL S I W PN Y PR R FIR (PG maf 7500y .q_.ium (§5 ) hgad)
pasnzedl g3l N ot Of e Jﬂ‘,c’ﬂ' oF el i a5y L leldi sl e
B ol Ol 5lae v, T a8 W i T W) Sl e U s OF )y

Ao o ey dsliall Dl dal



