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Abstract

The main objective of this work is to improve the conversion inside bubble column reactors by varying the way in which feed is input insid
these systems. Bubble column reactors are usually cylindrical in shape, and the reactor feed is at the bottom. The whole idea lies on the fact
the fluid dynamic fields inside the reactor affect its yield. Since the flow pattern in these reactors depend on the radial feed velocities profi
and radial feed holdup profiles at the bottom, several radial feed profiles for these variables were tested in order to analyze how they affect
reactor conversion. The mass flow input for both phases is the same in all situations. This in-house model uses an Eulerian—Eulerian approa
simulate a set of idealized radial profiles feed input situations, that will produce different fluid dynamic fields inside the reactor, and tloair effect
reactor conversion. The fluid dynamics and concentrations fields, for each phase, is estimated using mass and momentum conservation equz
Turbulence is taken into account using #e model. The petroleum thermal hydrocraking is modeled using a pseudo-component model.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The geometry of the reactor is shownHig. 1 Since the
geometry is symmetric, an axial symmetry two-dimensional
Bubble column reactors are widely used for hydrocrack-model is used to represent the reactor. The characteristic reactor
ing process mainly because they provide a large contact areimensions are reactor height and radius.
between gas and liquid phases and give a good tempera- This work studies the way that the reactor feed affects the
ture homogenization due to internal circulation. Hydrocrack-flow pattern inside the reactor. Therefore this work investigates
ing consists in the hydrogenation of larger molecules turnindhow conversion can be affected by several different velocity
them into lighter molecules of greater commercial value. Sincerofiles for the liquid feed as well as the gas fraction input
the petroleum is composed by a large amount of differentnside the Bubble column reactor. The mass flow input is the
molecules, its behavior is modeled using pseudo-componensame for all conditions.

[1]. The Navier—Stokes equations are the momentum conserva-
Although Eulerian modeling is not an outstanding approachtion equations used to predict the velocity profile. The continuity
no other available model using a different approach showedquations are the mass conservation equations, which are used

favorable for predicting bubble columns flg&]. The contri- for the prediction of the volume fraction of the phases, the
bution of this work is to explore different mode of operation for holdups[4]. The k— model is used to account for turbulence.
bubble column reactors, promoting different flow patterns forA kinetic model based on pseudo-components represents the
the phases inside and study their effects on reactor conversiopetrol.

since fluid dynamic fields have great influence in flow regime The numerical method is the finite volume method. It uses
transitions in bubble column8]. the SIMPLEC algorithm for the velocity—pressure couplisp

2. Modeling

* Corresponding author. Tel.: +55 19 3788 3967; fax: +55 19 3788 3965. .
E-mail addresses: evertonmm@uol.com.br (E.M. Matos), In order to represent the complex petroleum mixture, a model

nunhez@feq.unicamp.br (J.R. Nunhez). of six pseudo-components is used. The groups represented in
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ks
Nomenclature 1
An heavy aromatics | Aromatics ka Aromatics
Al light aromatics (heavy) (light)
C; concentration of lump (mol/cn?) I ks
Cm constant of radial force ki ‘ ke
Cw cpnstant of inter_fgcial drag force (kg#ra) ks Naphthenes ke Naphthenes
D dispersion coefficient for phase k {fa) (heavy) (light)
E roughness factor Ky
g gravitational constant (ffs) ! | ko
k turbulent kinetic energy (J/kg)
ki constant of reaction for path(h™1) |, Paraffins ke Paraffins
Nh heavy naphthenes (heavy) (heavy)
N light naphthenes Ag
Ph heavy paraffins h
=] light paraffins Fig. 1. Kinetic network.
T rate of reaction for speciggkg/s)
r radial position (m)
Urg gas velocityy-component (m/s) The mass conservation for each species (pseudo-component)
Uzg gas velocityz-component (m/s) depends on the thermal reactions inside the kinetic net. The mass
Uy liquid velocity, ~component (m/s) conservation for any species is given by
Uz liquid velocity, z-component (m/s)
y di;tance _fr'om the wall (m) 9 b aCa 19 D aCa d(uz L Ca)
z axial position (m) % < SLaz) T ( rsLar) T
Greek symbols S _ }3(mrL5LCA) +ra=0 3)
Ediss turbulence dissipation rate (J/kgs) r or
£g gas holdup (fm?3)
el liquid holdup (n¥/m3)
uefik  effective viscosity of phase k (kg/mss) 2.2. Momentum balance
K viscosity of phase k (kg/ms)

ik turbulent viscosity of phase k (kg/m s) The velocity of the fluid can be estimated trough a momen-

Vtk kinematics turbulent viscosity of phase k?js) tum balance, which includes a force balance in a cylindrical
Py gas density (kg//f) control volume. The stresses in a control volume are represented
ol liquid density (kg/ni) in Fig. 2

The momentum balance is given by

the model are the heavy and light aromatics, the heavy and light
naphthenes and the heavy and light paraffins. The kinetic net de: F =
the hydro-cracking is shown iRig. 1 [1]. ot

d(mass velocity)

(4)

2.1. Mass balance That is to be applied in each direction.

The momentum conservation was applied for each phase in
The mass balance for a two-phase flow in cylindrical coorthe axial and radial directions, which the friction terms consid-
dinates, considering that the mass movement is due to diffusiogred[6]:
and convection and considering that the mass transfer between
phases negligible, is given by the following equations

- For liquid in z direction:
O (pHoce) 10 () dpe))  dueLpen)
0z a0z r or

or dz oo ua /02)] 1 olevrm (uz /or)]
1o(rusLpLel) 0 ) 9z r or
r ar - N 10[eLrp (Bur /02)]  d(eL P)

; o 9z +éeLpoLg:

The mass conservationimplies thatthe holdup for bothphases . CwegeL (z.G — iz 1)
is equal to one: 2 ”
_deLpLuzy) N L1d(eLpLrupuz)

0z r or

L+ e = 1 (2) - NquZG (5)
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Fig. 2. Distribution of tensions in a cylindrical control volume.

- For gas irg direction:

ou, L
— CwegeL (urc — urL) + CmeceLpL(uz,6 — uz,L) ai’
decuc(ouzc/0z)] | 1olecruc(du,c/or)] 2
2 - d d(e UGl 19d(e ru
o + = o _ (G,OGaZzG rG) v (G;Oaci ) FNwe  (8)
1dlecruc(du,c/0z)]  d(ecP) '
+ - - + £GPGE;
r or 0z
— CwegeL(uz,6 —uzL)
A 5 ) 14( ) 2.3. Turbulence
& u & r'u,GguU
_ GPGUZg + = GPGrurGU -G + Niyitzc (6) .
0z r or In order to account for turbulence, thes model is used. The
equations in cylindrical coordinates df3:
- For liquid in r direction:
e Turbulent kinetic energy:
L oleLrut (Bup /0r)] n dleLpr (QuzL /0r)]
r ) 87‘8 ) 0z ; 9 Do & ‘9’& N }E Dor e ,-akil‘ 3 A(pLuzLe kL)
+ [SLML(aurL/ Z)] _ZMLgLuLzL _ (;,8') 9z PLEL 9z ror PLEL or 9z
Z r /s
19(pLusLeLrky)
uz L ——————— 4+ GLeL — pLédissLeL =0 9
+ CweaceL(ur,G — urL) — CmeceLpL (2, — uz,L) azr r or oS ®)
] 19 2 issipation:
_ (eL oLtz urL) L1 (8|_,O|_rur|_) — Negire ) e Turbulent dissipation:
0z r or
d(peuz&diss) N 103(peruredis) 0 (0 Oediss
- For gas inr direction: 9z r r iz\o 9z Jg
Lofearuo(iun/on)] | dlecuc(iusa/or) J2 (g, doaes
oLolecrna(onc/on] | dlecre(duc/or rar \ot o
r or 0z Ediss(L/G
dlecic(durc/d2)] e  A(Peg) = —2U8) (1,446 - 1921 jceqisde (10)
+ o — 2UGEG Z o ke
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and finite volumes in the radial and axial direction. The velocities
2 2 are calculated in the edges of the control volumes and the scalar
ourL url \2 Ou L ; :
G=npl2 + (7) + variables, such as pressure, concentration and holdup, are cal-
or r 9z culated in the middle of each control volume. The boundary

2 conditions are introduced using fictitious control volumes.
ou L ou L . . . . . . .
+ [ e B } (11) In order to avoid negatives coefficients in the equations, which

0z or leads to numeric instability, it was used the upwind scheme to
discretize the convective terms while the diffusion terms were
discretized by central differences.

The turbulent viscosities are given by The model uses the SIMPLEC methgs

kE The mass transport between the phases has not been consid-
Hturb, L = O‘OQPLQSS (12) " ered. This consideration is based mainly on the covalent nature
G of the chemical components present in the mixture results in
Mturb,G = HturbL — R}y (13) low reaction rates. It causes low gas consumption and the mass
L transfer between the phases is negligible in comparison to the
where transport rate by turbulent convection and diffusion.
The convergence criterion adopted, based on the pressure, is
W= Mlam + Mturb (14) given by
Thek—e model for turbulencér] was initially developed for
aone phase system, later this model was adapted for a two-phases 13 13 13
flows. The coupling of the turbulent viscosity of both phases ar Z Pl.(]f’”) — Z Pi(]f’) <107° a7
given by Eq.(13) [6]. j=2i=2 j=2i=2
2.4. Feed input profiles It has been observed that, in turbulent flows, the momen-

tum diffusivity is close to the mass diffusivity, i.e., the Schmidt
The first feed input profile to be analyzed has already beeRumber is close to unitf]. This observation gives an important
published in another worf6,8]. For this case, the liquid axial correlation for the estimation of the turbulent diffusion coeffi-
velocity is 0.01 m/s and the gas axial velocity is 0.08 m/s. Thesjent. In this case, the viscosity becomes a flow property and not
feed gas holdup is 0.27. The reactor is 4 m high and its diametefnymore a fluid property and, thus, the diffusion coefficient (D)

is 0.3m. can be expressed by
Another feed input profiles, which are not flat profiles, will

be tested. They will have the same mass flow rate for both phases  gifusividade do momentum /p
as the first flat feed profile. Therefore, the velocity profiles of°¢ = =7~
the new feed inputs, with constant holdup, need to respect the
following conditions:

1 (18)

difusividade damassa D

p="t (19)
R R o
/ ruz —o(r) dr = / I’M;Z:O(}’) dr with
0 0
ui _o(r) =0.01nys (15)  2.6. Boundary conditions
. . _ In this work, the velocity profiles and the holdup of both
For non-flat holdup profiles with constant velocity: phases at the entrance of the reactor are not plain profiles such
R R as those presented in previous works. The inlet radial velocities
/ reg(r)dr = / reG.,—o(r) dr with &_o(r) = 0.27 are not equal to zero in some cases. The boundary conditions at
0 Jo

(16) the entrance of the reac_tor for the tu_rbuler_1t variables okthe
model were modeled using the considerations of the work of Xu
et al.[9]. The concentrations of the pseudo-components have a
The reactor behavior for feed inputs with radial velocity pro-prescribed value at the inlet.

files will also be analyzed. At the central line, the axial velocities, holdups, concentra-
tions and the turbulent variables of the model have derivative
2.5. Further model consideration equal to zero due to the axial symmetry consideration. For the

same reason, the radial velocities are equal to zero at this bound-
The equation used for the calculation of the holdup of theary.
liquid or of the gas is obtained through the subtraction of the At the wall, the axial and radial velocities are equal to zero
continuity equations of each phase and using(2). for both phases. The holdup has a derivative equal to zero at this
The model of this work was discretized using the volumeboundary, since there is not diffusion through the wall. A wall
finite method in a rectangular and orthogonal mesh with 1Zunction has also been employed in the model.
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The wall functions to thé—s model ar€g9]: Table 1
Kinetic and fluid dynamics constants

v/ Tw,k/ Pk In [E\/Tw,k/PL y] (20) Variable Value

[tz walll =

0.42 uL/pL k1 (h7Y) 1.2633
ks (h71) 0.6042
2 ka (1) 0.0421
kg = (Twesl/ P @1)  ke(h ) 05309
+/0.09 ks (h™1) 0.0397
ke (h™1) 1.1855
_ (twsi/m)? oy (7Y 0.1619
&d,sl = W (22) kg (h™1) 0.4070
) ko (h™1) 0.2909
First the wall stress is estimated by E80), and after, with  %10(h™) 0.0818
. . Cw (kg/mds) 50000
wall stress value, the values éfand ¢ are estimated using y ~05
Eqgs.(21) and (22) respectively. The motivation for the use of g 9.0

wall functions is because in the development ofthe model,

the Reynolds number do not assume near zero values near the

walls. When the Reynolds number is low, wall functions are used  The radial friction factorCy, present in the Magnus force, is

instead of the—s model. due to a bubble rotation that occurs when a rigid surface (in this
There is no axial velocity for the liquid phase at the freecase a gas bubble) moves in a non-uniform flow field. The non-

surface (flat surface). The holdups, radial velocities, concentratniform flow field may induce particle rotation, which causes

tions and the turbulent variablesande, are locally parabolic ~an additional force in the radial directi¢hO].

at the free surface (normal derivatives equal to zero). The liquid The relaxation coefficients, in the beginning, were set tc*10

leaves the reactor through the upper part of the cylinder and tHer the four velocities; radial and axial for both phases. As the

velocity at the outlet is calculated respecting the global mas#erations develop, the relaxation coefficients were increased and

conservation. Since the adsorption of gas by the liquid is negthey were close to the unity in the final solution. This procedure

ligible, the gas fraction must be constant in the axial directioimakes the processing time smaller.

(mass conservation). The value considered for the gas density was an average
Previous works indicate that the model needs to consider Between the value of this property at the base of the column

friction factor varying with the radial coordinate. The friction (where the pressure is greater) and the value in the free sur-

factor, Cw, in general, has to depend upon the bubble size buiace under atmospheric pressure. This value remains constant

this dependence is weak for 1-10 mm diameter bubld@s  because the gas phase is modeled as an incompressible fluid.

The Cy value equal to 5 10*kg/m® s leads to a slip velocity

between phases around 0.2 m/s, which agrees well with expe3- Results and discussions

imental observationfl0]. This work follows the observations

of Grienberger and Hofmar{6], that present for a better agree-  The values for the parameters used in the model are pre-

ment with experimental values. The expression for the frictiorsented infable 1 The kinetic constants were taken from Krisna

factor between the phases is given by a radial coordinate fun@nd Saxengl] for a cut temperature of 70 (to distinguish

tion, presented below: heavy from light). The values fafyw andCy were taken from
Grienberger and Hofmarj6]. The other parameter values were
Cw = 50000(22 — 1.7+/r/R) (23)  set arbitrarily.

0,45
|

T 03 X |
a >< .l/)@ —— hd1
3 0,25 R
5 —x— hd_2
© / ¥<\('—"/X \‘\\ —a— hd_3
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g /o
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Fig. 3. Gas holdup input profiles.
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The feed profiles presented were obtained with a liquid sur- r

face velocity of 0.01 m/s, a gas surface velocity of 0.08 m/s anq_.ig. 6. Fluid dynamic field to hd: valsup ¢=0)=0.01m/s: vagup
volume fraction of gas of 27%. The internal radius is 0.3 m and; =9y = 0.08 m/s; gas holdup =0.27.

the height of the reactor is 4.0 m. The initial concentration of
heavy aromatics is 20 kgfn

i ) ) val_1: all the inlet of the liquid fed until the first 1/3 of the
The feed profiles are presentedfig. 3. The equations are

radius.

given below: val_2: all the inlet of the liquid fed after 2/3 of the radius.
hd.1: g .—o(r) = —11.33332 + 3.4r + 0.1 (24) , _ _

In order to study the behavior of the chemical conversion
hd.2 : eg .—o(r) = 8.6666-2 — 2.6r + 0.4 (25) associated to the different fluid dynamics profiles, the results
_ 2 due to Vall and Val2 feed input profiles are shown Fig. 4,
hd.3 : &g ;=0(r) = —2.8888 + 0.4 (26)  \which shows the axial velocities inside the reactor as a function

hd4 : ec._o(r) = —22412r +012 27) ofthe reactor radiugig. 4shows the results for liquid feed input

in the first 1/3 of the reactor (Val—0 <r< R/3) and the last 1/3
of the radial length from the centerline (VAI—2R/3 <r<R).

vrl-1up 20 = 21Vs The results indicate that the axial velocities around the center-
line are higher when the liquid feed input is concentrated in the
vrl 2 up =0 = —2m/s last 1/3 of the radius coordinatéig. 5indicates that there is no
significant difference for the conversion of heavy aromatic for
vrl3:up —0=1m/s
z
Vr|—4:urL,Z=0= —1m/s T‘ - RSB | e - 1—
//_,,,3\3\ SN , /,z’_,‘/t,,f_\\
AN TR
°1 | b SRR RN
19.5—\\ fitst 1/8 T/'/ \‘~JJ¢‘[H‘LLLL¥/‘\,\1
| o™ O Last 1/3 T/,,\WHHHHHW,\\\T
19.0 - el D R R R RN
T NN AR NN RN NN
2 100 R ORI R R RN RRERSIN
< T ol SRR JEPEET
< 100 o RPN R R RN
] T y RN R 1
DQDH !'r,_,// p \,_‘,1’\
g I NN
T Z 7/ NN -
17.0 o T T T T T T 1.
z/L r

Fig.5. Conversionsto: val (fist 1/3); val2 (last 1/3); vagsup ¢ =0) =0.08 m/s;

gas holdup=0.27.

Fig. 7. Fluid dynamic field to h®; valsup ¢=0)=0.01m/s; vagup
(z=0)=0.08 m/s; gas holdup=0.27.
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Fig. 8 shows the velocity field of the liquid phase for the
Fig. 8 Fluid dynamic field to h@; valsup ¢=0)=0.01m/s; vagup  ijt;ation when the h@ profile (Eq.(26)) is used. When the gas
(:=0)=0.08 m/s; gas holdup =0.27. holdup is higher near the centerline, the magnitude of the liquid
axial velocity increases at the centerline, which improves the
recirculation.

Fig. 9 shows the velocity field of the liquid phase for the
situation when the hd profile (Eq.(27)) is used. When the gas
holdup is concentrated near the reactor wall, it can be observed
that the liquid goes down in the centerline region and goes up
near the wall.

Fig. 10compares the heavy aromatic conversions along the
al coordinate as a function of the different feed input pro-
files. It was considered that the axial velocities for both phases
are constant at the inlet. Only the inlet holdup profiles are not
constant. Again, it has not been observed a considerable change

the feed inputs Vak and Vall. This indication gives an impor-
tantinformation: since the yield is influenced by the reactor flow
pattern, it is important to investigate which reactor flow pattern
maximizes reactor yield.

Fig. 6shows the velocity field of the liquid phase for the sit-
uation when the hd profile (Eq.(24)) is adopted. When the
gas holdup is higher at the centerline, the velocity field of lig-
uid phase does not change considerably in comparison to ”H&.
situation when the gas holdup is fed with uniform profile.

Fig. 7 shows the velocity field of the liquid phase for the
situation when the h@ profile (Eq.(25)) is used. When the
gas holdup is concentrated near the centerline and the wall, it IS
observed the inversion of the velocity field for the liquid phase

in comparison td-ig. 6. z4
i A i e e e T
z S

AN \ké_é_,// IR \\&H}_é/aﬂ///
4 o BB E o o+ |- e ek E e - - 4 R
1, \g\ i,\\\\\\~~~~...ﬁ.«z////x.‘
/ / d-._‘\ \ \ \\v -“ .’- ,' / /‘,"'& ‘
“' | \\ ’9«\‘\‘{\‘-!‘,‘- /»V £ // . ‘ PR A R 22 A A A A AN

oy “' | [ l l

f |

h I . ¥
«J,‘.VVV-l“,'-‘{J‘,“\\. , LI T O O A R A
h T | Lol \
b LRI I N R T ] oy
|
!

Vo
‘\\\\_/‘

———

2 2 T

/ S S 7 S

%%?zzzg//”KK\§§§§§9w OB AN

r r

Fig. 9. Fluid dynamic field to hdl; valsup ¢=0)=0.01m/s; vagup Fig. 11. Fluid dynamic field to vrl; valsup ¢=0)=0.01m/s; vagup
(z=0)=0.08 m/s; gas holdup=0.27. (z=0)=0.08 m/s; gas holdup =0.27.
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: is adopted. It is observed that the recirculation was improved
because the radial liquid velocity input intensified the magnitude
r of axial liquid velocity.
Fig. 12. Fluid dynamic field to vi2; valsup ¢=0)=0.01m/s; vagup Fig. 16 compares the heavy aromatic conversions when the
(z=0)=0.08 m/s; gas holdup =0.27. vrl_3 and vrl4 are used. The results showed that the conversions

do not change considerably

in the reactor conversion for the four non-uniform holdup pro-
files considered.

Fig. 11shows the liquid velocity field when v profile is
used. It can be noticed an intense recirculation in the first and €——& « ————>3% o ety

at the reactor outlet.
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what similar for both cases. ALV U s
Fig. 14 shows the liquid velocity field when v profile is |
used. The recirculation was reduced because the magnitude of 2% b by,
the axial liquid velocity at the centerline was enhanced by the \
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Fig. 15. Fluid dynamic field to vr#; valsup ¢=0)=0.01m/s; vagup

Fig. 13. Conversions associated to theldnd vrl2 profiles. (z=0)=0.08 m/s; gas holdup=0.27.
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—o— w3 4. Conclusions
—o— vrl_4

20'0'_ The fluid dynamic model presented in this work simulates
1954 o a set of idealized feed input situations which affects the flow
o 1904 D\.\D\O\o fields, and their effect on the reactor conversion. Results indicate
E o \C\ that the fluid dynamic fields inside the bubble column reactors
> y
= 1857 \\ do not affect considerably the reactor conversion. The model
< 48,0 © does not consider the influence of the bubble shape in the flow.
75 R\a Further refinements to the model could include this. Other tur-
o bulence models should also be tested in the model and this is
17,0 - T T - : - - also a future work. A comparison between the theoretical fluid

° ZIL ! dynamic fields, given by this work, and experimental flow fields

for the simulated situations are not available in the literature and
the same is true for the reactor conversion. This work realises that
there is a need for more experimental research in this area. More
0.6 7 realistic models for bubble columns reactors need improved
models for the estimation of momentum transfer between phases
o and turbulence. The simplifications of this model however, do
not limit important conclusions that can be drawn from this
°© model, which was applied successfully, applicable to these type
0.2 4 D of reactors with good agreement with experimental data (Torvik,
0™p 1990). The new idea in this work is to show how different feed
\”\ flow fields affect the conversion of bubble column reactors. Dif-
0.0 1 ° ferent field input profiles were used in order to obtain different
flow fields. Figs. 4 and 5for example, show that locating the
feed of liquid in the region between the 2/3 of the radius and the

Fig. 16. Conversions associated to the¥@dnd vrl4 profiles.

0.4

Val (m/s)

027 ° wall improves recirculation and also yield.
Fig. 7 presents the velocity profile inside the reactor consid-
-0.4 — 7 ering a parabolic profile with a concavity up for the gas holdup
0 inlet. Fig. 9 presents the velocity profile for the case where the

R gas holdup is also a function of the radius in a parabolic profile.

Fig. 17. Experimental comparison of the radial variation of the axial velocity of It can be noticed in both figures that there is an inverted flow
the liquid. inside the bubble column. The flow goes down near the reactor
centerline and goes up next to the wall. The associated conver-

Fig. 17 compares the experimental and simulated values ofions to these profiles are presentefig. 10and they suggest

the axial velocity of the liquid as a function of the radius andlittle differences in the associated chemical conversions.

Fig. 18 compares the experimental and simulated gas holdup Figs. 11 and 1present the flow patterns when the feed has a

along the radius, for the same system considered in this worgrescribed value for the radial velocity of +2 m/s (in the direc-

(Torvik, 1990). The experimental data were taken 2.5 m abovéon of positive radius) and-2 m/s (in the direction of negative

the inlet. radius). Again, as showed iRig. 13 little change has been
The in-house model was developed using the C language f@bserved in the chemical conversidigs. 14 and 15hows the
the computer code. flow patterns for condition where there exist radial velocities in
the feed andrig. 16shows the associated conversions.
0.30 Figs. 17 and 1&ompare experimental and simulated pro-
0.28 files. The experimental results where extracted from Torvik and
ozl ° 0 ¢ Svendserfl1].
024] oo ao—0—0—a—q__ This research indicates that conversion is not very much
022 o ““*n\n affected by the flow pattern inside bubble columns. However,
e, 020 \ since there are variations in the conversion depending on the

reactor flow pattern, a deeper study including experimental val-

0.18 o
046 idation could be done to see if it is worth modifying the feed
o.m ° input of petrochemical bubble column reactors.
0.12
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