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ABSTRACT

Fluid catalytic cracking (FCC) process enables the
production of Liquid Petroleum Gas, gasoline andting

oil by catalytic cracking of heavy hydrocarbons ngsi
several fluidized beds. In that context, gas jetgbtion

is an important parameter to consider in gas Oistor
design. It has a direct influence on the unifornafythe
gas distribution and, therefore, on the process
performances, internals erosion and catalyst iatiritThe
aim of this study is to evaluate the use of CFD redjct
upward jet penetration.

Transient 3D simulations were performed using Bailac
CPFD. Earlier experiments performed on jet peneinait
IFP Energies nouvelles (IFPEN) were simulated.
Corresponding results were then compared to
experimental ones. The studied effects are the dtapaf
fluidization velocity, gas jet velocity, the initibed height
and the implemented drag law.

In a second step, three vertical jets were consitier see

to what extent jets are interfering with one anatl@FD
results were analyzed thanks to the work of Met§7()
and Hong and al. (2003) and a critical distance of
interactions between jets was defined.

This study validates the use of CFD for upward jet

penetration in the range of considered operating
conditions.
NOMENCLATURE

Cp drag coefficient

d, catalyst mean diameter

D coefficient

D; i=1,2, coefficient

Dgungun diameter

F, particle drag force

Hpeq initial bed heigth

H; multijet penetration length

J  jet penetration length

L. critical distance between two jets
m, particle mass

Pam atmospheric pressure

Pr pressure

Paynamicdynamic pressure

Pstatic Static pressure

Re Reynolds number

r, particle radius

U, particle velocity

u  fluid velocity

Unuigization 9@$ fluidization velocity
Ugun 0as jet velocity at the gun outlet
Uget 0as jet velocity inside the jet

y  fluid viscosity
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0 jet half angle

8, solid volume fraction

8., close pack solid volume fraction
6; fluid volume fraction

pp particle density

ps fluid density

pg gas density

Piet jet density

INTRODUCTION

Jet penetration is an important parameter to censidthe
gas distributors design. It has a direct influencethe
uniformity of the gas distribution in the reactonda
therefore on unit performances, internals erosion a
catalyst attrition. As a consequence, a better kedge of
the length of penetration could allow a better mjation
of the gas distributors design.

Many works have been conducted on jet penetratimh a
are available in the literature. However, mosthaf time,
those results can not be directly applicable. Tist f
reason is the lack of exact definition of the léngif
penetration. Indeed, jet penetration length camldfaed
as many ways such as: the maximum or minimum
observed jet length or the length obtained by mwagu
the momentum dissipation.

The second reason is that precision of experimeesallts
is not always given. Previous studies at IFPEN sitbw
that jet penetration length could not be given imith
precision better than 20%. This information is Iseal
important as it can lead to a non-negligible oviaregtion
of the jet penetration. A better accuracy in thessults
could imply a better control of the over-designs.

Based on former IFPEN experimental work, transiént 3
CFD modelling was performed and the simulation tssul
were compared to experimental results.

For the simulations, two drag laws were considessd,
well as different operating conditions (jet velgciand
initial bed height) and number of jets.

In the following sections, the considered methogpl
presented and results concerning upward jet pditetra
are presented.

JET PENETRATION LENGTH DEFINITION

An exact definition of the length of penetration rist

always given in the literature, especially with w@vd/

vertical jets. In that case, the length of peni&tnal)’ can

be defined according to (see Figure 1):

« the maximum observed length

« the minimum observed length

« the length obtained by measuring the momentum
dissipation.



Maximum observed length

> fluctuations

Minimum observed length

J

Figure 1: Length of penetration.

Moreover, the jet length oscillates a lot betwegm t
extreme positions (maximum and minimum observed
lengths). These oscillations are called jet flutitures.

Jet penetration has been widely investigated,
experimentally or by CFD. We can classify the stddie
effect in three categories: geometry and numbeguofs,
influence of gas operating conditions and influentéhe
type of solids.

Parameters such as the gun diameter or the typelids
are taken into account in the literature. For insta
Musmarra (2000) has studied several types of sdbds
establish an experimental database. On the othet, fzes

it has been reviewed by Wang et al. (2010) or Zhamd
Zhang (2004), more than 20 different correlations
describing the jet penetration length are avaladind, as
noted by Fiorentino and Newton (1998), some of them
give totally different results.

The aim of CFD studies is not in most cases to nbitaiv
correlations, but rather to validate a simulatioodsl.
Simulation results are always compared directly to
experimental results or to existing correlations.

The main advantage of CFD is that it is possiblenske
easily vary geometric parameters such as the qameder.

On the other hand, as Li et al. (2009) have renthrke
authors are more confident in general patterns than
quantitative results. Zhong et al. (2007) have ik

the fact that 2D CFD simulations over-predicted jeste
penetration length.

Thanks to former experimental studies, IFPEN has a
strong basis of experimental data. That is why INR&S
decided to validate CFD methodology using this dzgtab
Once this step will be done, it will be possiblehtave
access to local information.

Definition of jet penetration considered for this CFD

study

Jet penetration has been determined according to tw
methods. The first one, called 'visual' one, isebdasn the
study of the solid density above the jet, after sheady
state is reached. The length of penetration JJallthe
same definition as the experimental visual one, the
distance from the tip of the nozzle to the length
corresponding to the minimum of fluctuations of firet
'bubble’ (dilute area). Then CFD simulation resoéts be
directly compared to the experimental results.

Figure 2 gives an example of jet penetration didiniin
that case. It is assumed that the penetrationHesgiiven
with the same precision as the experimental ome,H.
20%.

The second definition, called 'momentum' one (simib
Pitot measurements), is based on the calculatiothef
relative jet momentum. It is defined as the ratevween
the average observed momentum and the initial
momentum at the nozzle outlet. Knowing the jet gty
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we can assume that, inside the jet, the mixturesitiers
very close to the gas density.

20.40033

solid volume fraction
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Figure 2: 'Visual' definition of jet penetration.

The relative momentum is defined as follows:

1
APp = denam'c - Pslatic = Epjaujzet (1)
1
BPY = P @
AP
relative momentum=—2= )
APp

wherepyg, is taken equal tpgyn
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Figure 3: Evolution of relative momentum versus the
distance from the jet — CFD (run3 conditions) coregan
experimental results.

As shown on Figure 3, the relative momentum digsipa
lot initially and then tends to reach a plateaitiahy, the
jet is almost fully gas, so the relative dissipatiepresents
a progressive decrease of the gas velocity. Treathing
the plateau, particles start to incorporate the Jéte
transition between the two zones defines jet patietr.
Only the vertical contribution of the jet velocitis
integrated in the calculation of the simulated momm.
If this momentum is compared to former experimental
results (obtained for a fluidization velocity of ris),
simulated jet penetration length is slightly oveedicted
but the overall shape of the curve is similar.



By definition, jet penetration length is obtained fa
decrease of 90% of the relative momentum.

IFPEN EXPERIMENTAL STUDY

In the late 90's, IFPEN conducted experiments deoto
improve jet penetration understanding.

The experimental arrangement is shown in Figuréh&
main characteristics of the unit are reported ihl@4.

regulation
valve
plexiglas
window
pitot
tube
1éd & &
tubes —|
equipped i —
with nozzle | |

Figure 4: IFPEN experimental set-up.

600 x 500 x 3100 min

size
solid inventory 300 kg
solid properties FCC catalyst — 1400 kgAn
dp = 70pm
bed level 1.3m
relative pressure in the [ 0to 1.5 barg - tests made at D
vessel barg

up to 0.3 m/s at 1.5 barg - tests
at 0.5 cm/s at 0 barg
3 (but only 1 at the same tim¢
for most of the tests)

14 or 30 mm

100 m/s for larger nozzles (3
mm diameter)

50/80/100 m/s at O barg
Vertical Upwards, Vertical

Downwards, Horizontal, 45°
downwards

fluidization velocity
number of tubes for
nozzle testing
nozzle outlet diameter

maximum nozzle outlet
velocity

nozzle outlet velocity

nozzle orientation

Table 1: IFPEN experimental set-up.

However, it was difficult, especially for verticgdts, to
obtain reliable results only with visual observatio

First tests were performed visualizing the jet tigio a
window pane. The distance between the nozzle aed th
window pane was reduced to 3 mm. Images were redord
with a video camera.

Jet penetration length was also deduced from the
evaluation of the jet momentum by inserting a Ritibe at
defined positions in several parts of the jet. Back-flush
was used to avoid plugging of the nozzle.

The two methods gave consistent results.
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CFD STUDY

CFD Transient 3D simulations were performed using.
Barracuda CPFD software. The governing equationiseof t
fluid phase are solved using a continuum modeltande

of the particle phase using a Lagrangian model.

At given operating conditions, two drag laws haweer
successively tested : Wen and Yu and Wen-Yu-Ergun.
Finally, CFD results have been compared to expetiahen
results.

Operating conditions and simulated geometry

The simulated geometry is presented on Figure % Th
configuration is based on IFPEN experimental setline
outlet is set at atmospheric pressure (in yellow).
Fluidization air is injected at the bottom (in red)
Boundary conditions for the jets are located atttipeof
each jet (in red). Gravity is constant in every idation
and is vertical downward.

AN

outlet pressure = P,

three identical jets
Dh =14 mm
H =100 mm

Total height =3.5m

7
7

=

iR Rectangular base
\ 600 x 500 mm?
“/Fluidization air injection

Figure5: Simulated geometry : in the case of only one
vertical jet, only the central one is working (iellpw :
pressure boundary conditions, in red : flow boupdar
conditions)

In a second step, three vertical upward jets haenb
considered. The distance between the jets is 95Imthe
past, experiments with jets distant from 190 mm
performed at IFPEN showed no interactions betwetn
whatever the gas velocity (50, 80 or 100 m/s).

The inter-jet distance has been reduced by halftionate
the extent of inter-jet interactions, dependingtba jet
velocity.

Table 2 gives the simulated geometry dimensionsthed
operating conditions.



600 x 500 x 3500 Mm
1,1.3 0or2m

FCC catalyst —
1400kg/n? — d, = 70um

dimensions
initial bed level

solid properties

relative pressure in the vessel 0 barg
fluidization velocity 0 or 5mm/s
number of tubes for nozzle 1 and 3 distant from
testing 95mm
nozzles outlet hydraulic diameter 14 mm

nozzle outlet velocity 5, 50, 80, 100 or 110m/s

Vertical Upwards

nozzle orientation

Table 2: IFPEN simulation set-up.

Simulation parameters

The fluid drag on a particle is described by theagipn
(Wen and Yu, 1966) :

F, =m,D(l, -G,) (4)
D is linked to the drag coefficient via the follovg
relation:

G, -4
D= 037$D7pf‘ : =0 ®)
pPrP
Depending on the Reynolds number, @ill take the
following values:

24,

Re<0.5 C, = aef 265 (6)
0.5< Re< 1,000

Cy = §9;2‘65(1+ 015Re*) @)
€

Re > 1000 C, = 0446;%%® ®)

with Re:zrppf‘af _UP‘.
Hs

To test the influence of drag law, Wen-Yu-Ergun mlod
was considered.

Wen-Yu-Ergun drag law is based on Wen and Yu model
but drag force is represented by the equation :

Fp :mpDi(Uf —up),izl or2 9)
i G, -
With o) _ og7es 2119 =0 (10)
PrP
Cp being calculated using Wen and Yu equations.
(11)

b,=0 cé, +C2)pf ld, -d,| (Ergun)
6; Re ) Pl

D, and B are used, depending on the solid volume

fraction value:

0,> 0.8Bcp D=D, (12)
ep < 0.7$cp D:Dl (13)

0.8%0':2 ep > 0.750,:
D= 6p = 08%c (D, -D,) +D, (14)

0856, - 0756,

In this study, the impacts of fluidization velogityas jet
velocity, initial bed height and number of jets ¢at
penetration length are presented (see Table 3).

For all the cases, a complete solids distributias heen
considered and not only a median diameter (70pum)aA
consequence, this simulation is supposed to weikesent
reality in terms of particles interactions and amment.
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Except for run8 cases where the bed is not fludizdl
the other cases have been run with a fluidizatieloaity
of 5 mm/s. This value leads to a mean bed denéity>o

u H simulated
Draglaw (N8 Thime ()
run3 Wen and Yu 50 1 30
run4 Wen and Yu 50 2 46
run6é-1 Wen and Yu 50 13 30
runé-2 Wen and Yu 80 1.3 30
run6-3 Wen and Yu 110 1.3 30
run8-1 Wen and Yu 50 1.3 30
run8-2 Wen and Yu 80 1.3 15
run8-3 Wen and Yu 110 1.3 15
runl0-1 Wen and Yu 50 1.3 15
run10-2 + Ergun 80 1.3 15
runl2-1 50 1.3 15
run12-2 Wf”E":‘gSnY“ 80 13 15
runl2-3 100 1.3 15

Table 3: Simulation cases.

In the following sections, jet penetration lengthdiefined
in the case of CFD studies. It is then comparedeto |
penetration length based on experimental results

RESULTS

Vertical upward single jet penetration results

Simulation results are summarized in Table 4 and
compared to experimental jet penetration length.

CFD
experimental  J(m) J(m)
visual momentum
run3 0.18 0.17 0.43
run4 0.18 0.18 0.16
run6-1 0.18 0.18 0.30
runé-2 0.22 0.20 0.37
run6-3 0.24 0.23 0.36
rung-1 0.18 0.19 0.29
run8-2 0.22 0.19 0.31
rung-3 0.24 0.21 0.33
runl0-1 0.18 0.15 0.31
run10-2 0.22 0.22 0.40

Table 4: Jet penetration results: comparison with IFP
Energies experimental results.

Jet Penetration length definition for CFD

In this section, results of jet penetration lend¢bermined
by visual and momentum methods for CFD are discussed

As it was the case experimentally with Pitot
measurements, jet penetration estimated thanksh¢o t
momentum determination is overestimated compared to
visual determination. However, in our case, théedihce
between the two methods is quite high, especialydw
velocities (see results in Table 4).

The first explanation is linked to the fact thatlyothe
vertical contribution of the jet velocity is inteded in the



calculation. Maybe the influence of the other citmttions
is more important than expected for low jet veliesit

The second explanation is linked to the use of \Aed
Yu drag law (or its contribution in Wen-Yu-Ergunadr
law). In fact, this law is usually over predictirthe
presence of the dilute phase: the central jet Vtgltxthen
overestimated, and so the calculated jet penetratio
This effect is not so obvious in the case of theual
prediction as the whole jet shape is taken int@act

For those reasons, for CFD results, we consider jet
penetration length only by the visual method. Hosvev
this methodology is not really practical.

Drag law effect

Considering Wen and Yu drag law (run6 cases) or Wen-
Yu-Ergun drag law (runl10 cases), both simulati@suilts
are in the same range of the experimental ressks (

Figure 6).
04
0.3 A
E
- A »
02 =
]
A
01 experimental results ||
® CFD run6 visual
A CFD run10 visual
00 ; ‘ ‘ ‘ ‘
0 20 40 60 80 100 120

Ugun (M/S)

Figure 6: Influence of jet velocity and implemented drag
law on jet penetration length.

Wen and Yu drag law and Wen-Yu-Ergun drag law are
therefore equivalent. In fact, in the latter, dtagy is the
sum of two contributions that are weighted depegdin

the bed density: Wen and Yu contribution is predant

in the central part of the jet (low bed densityinpared to
the Ergun part (predominant far from the jet).

In the rest of the study, the different effects are
investigated considering Wen and Yu drag law.

Effect of jet velocity and fluidization velocity

Jet velocity values have been varied from 5 to ¥$0m
going through 50 and 80m/s. Results obtained ircttse
of run6 and run8 are presented on Figure 7.

04
031
S
= "
0,2 ‘ a Py
0,1 experimental results ||
= CFD run6 visual
¢ CFD run8 visual
0,0 . . . . .
0 20 80 100 120

40 60
Ugun (M/s)

Figure 7: Influence of jet velocity and fluidization
velocity on jet penetration length.
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CFD jet penetration length as a function of thev@@ocity

is in very good agreement with the one observed
experimentally.

Gas fluidization velocity does not seem to haveeal r
effect on the visual penetration as the fluidizati@locity
was very low (0 compared to 5mm/s) in the simulaio
bed density goes from 698 to 700kd/m

As a consequence, visual jet penetration doeseaeh g0
depend on the gas fluidization velocity for veryaim
values of Wgizaionn HOWever, former experimentations
showed that the jet shape is different dependingnup
whether the bed is fluidized or not.

Effect of initial bed height

The influence of the initial bed height is presentn
Figure 8.

Initial bed height has a negligible effect influenon jet
penetration length.

This result consolidates former experimental stadibere
no influence of the initial bed height is takeroirsiccount.

0,4
A CFD run3 visual
® CFD run4 visual
03 = CFD run6-1 visual
— ¢ CFD run8-1 visual
£ x CFD run10-1 visual
-
0,2
A & L4
X
0,1
0 . ! ! !
0 0,5 1 15 2,5
Hped (M)

Figure 8: Influence of initial bed height on jet penetratio
length (for a jet velocity of 50m/s).

This result may seem counter-intuitive as a greiaiéel

bed height may lead to greater compaction. It shdg
then more difficult for the jet to penetrate. Irctf@hosen
initial bed heights may be not great enough to stigw
possible phenomenon.

Effect of the number of guns : interactions between jets

Three vertical upward jets have been considere® Th
inter-jet distance was 95 mm. In earlier experiragfar

an inter-jet distance of 190 mm, no significanemaction
was detected. In this study, this distance has bebred,

in order to estimate the interaction as a functidnjet
velocity.

Interactions between jets can affect the predictbnhe

jet penetration length. Merry (1971) has investdathe
influence of jet velocity, nozzle width and panticl
properties on the jet penetration length usingdfzed

beds with different kinds of particles. He develdpa

simple model for calculating the jet angle by clatiag

experimental data:

d
tan@:i h
104 p, Dy,

(15)
The critical distance between two jets, Lc, can be
calculated using the following equation:

L. =Dy, +2H, tand (16)



For Hong and al. (2003),;ts8tands for the jet penetration
length in the case of multijets.

0 is defined on Figure 9:

—

Figure 9: Interaction between two jets: definition of the
jet half angle

On the other hand, in the present study, if we tory
calculate the multijets penetration length, H will be

constant and equal to 25 cm. This value is not widipg

on the jet velocity. As a consequence, the calicudabf

the jet penetration length using equation (16) ocarbe

used as a prediction tool concerning jet interactlb can

however be used to calculate the critical distareteveen
jets for which interaction may occur.

If we consider the results of Table 5 in a preg&tinode,
i.e. using jet penetration obtained in the casa sfngle
jet, we remark that the critical distance betwdenjets is
below the real distance (95 mm) for the first case
(Ugur=50m/s ) and has the same order of magnitude éor th
last one (y~ 100m/s). That means that jets should not
interact for the first case while should interamt the last
case.

Lc (mm) using
Ugun (M/s) J(m) —one jet J(m) — one jet
experimental  ‘'visual' CFD
50 74 72
80 85 79
100 91 87

Table5: Jet penetration results: calculation of the critica
distance between jets

Table 6 presents jet penetration obtained expetatign
and by CFD for one jet and by CFD for the three jets
considering visual method.

one jet CFD

J(m) J(m) J(m)

Ugun (M/S) experimental CFD visual visual
50 0.18 0.18 0.12
80 0.22 0.20 0.18
100 0.24 0.23 0.18

Table 6: Jet penetration results: comparison between one
and three jets
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Case with no jet interaction:

For the lower jet velocity, as expected, jet peat&in
length for each is not impacted by the presenddetwo
others and CFD results are similar to the one obthin
the case of a single jet.

As presented on Figure 10 jets interaction occigisdr in
the bed and obviously due to the oscillation of jée
along the bed.

solid volume fraction

i

— 05

— 04

' 03

— 0.2

Figure 10 : Interaction between jets{i4 = 50m/s)

Cases with jet interaction:

For the two other cases, jet penetration lengtlightly
reduced due to jet interactions. Jets are mergmthe
part of the jet below this merging is lower thare th
penetration length in the case of an individual jet

solid volume fraction

- 04

Figure 11 : Interaction between jetsi4 = 80m/s)

In fact, as shown in Figure 11, the jets tend togménto a
single wider jet.

Jets are interacting also with the fluidized bedloA of
particles, between the jets as long as besidefetheare
entrained in the jet.



The critical distance between jets can be however
evaluated thanks to equation (16) keeping into weta
safety margin of the same order of magnitude asteeof

the jet penetration length in the case of only jehe

CONCLUSIONS

Two methods were used to define simulated
penetration length: the first one is based on tiseial
description of the jet and the second one is basethe
momentum calculation; ‘visual' jet penetration ibedter
method to describe CFD results. However, this method
not very practical.

CFD simulations, on the base of Wen and Yu or Wen-
Yu-Ergun drag law, gave agood approximation of
IFPEN experimental results, keeping in mind that
experimental results are given within +20%. Bothgdra
laws considered for this study can be used to septe
vertical upward jet penetration.

Effects of gas jet velocity as well asgas fluidization
velocity are in agreement with experiments. However, as
the fluidization velocity was very low (5mm/s),ritay be
then interesting to test a higher fluidization gakcity to

see to what extend this parameter influence the jet
penetration. On the other hand, jet shape should be
defined to see to what extent gas fluidization dragffect.
Initial bed height has not a real influence on jet
penetration length. This resultonsolidates former
experimental studies where no influence of the initial bed
height was noticed.

jet

In the second part of this study, thanks to thekwafr
Merry (1971) and Hong and al. (2003)cratical distance
of interaction between jets has been calculated. This
distance has to take into account in its calcutaticsafety
margin of the same order of magnitude as the ontbeof
jet penetration length in the case of only one fetr a
given jet velocity, if the jets are located furthieis critical
distance, jet penetration length is not impactédhe jet
distance is lower, jets penetration length willreduced.
However, in all the cases, jets anerging further in the
bed and are entraining a lot of particles.

This work has been carried out within the FCC Allianc
program (developed by IFPEN, Axens, Shaw and Total)
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