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Design of Hollow Cone Nozzles for Gas Oil
Injection Process
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Abstract— In the oil refinement industry, one of the
most important challenges in the development of fluid catalytic
cracking process (FCC), is to increase the evaporation of the gas
oil through the contact with the catalytic material. This
increase has the special purpose of reducing the production of
light gases and coke and increasing the conversion of this
hydrocarbon to more selective products like the high-octane
gasoline and the diesel oil. In order to obtain the total
evaporation of the gas oil, it is required a process of atomization
to produce small drops and a system that disperse it in uniform
form within the reactor. The objective of the present work is the
design of a nozzle that makes these two functions. Some relevant
parameters in the design of sprays for systems of gas oil feeding
are analyzed to FCC processes and it is presented the case of a
circular type nozzle that generates a hollow cone film that has a
uniform mass distribution. A model based on a column fluid
was used where the fluid forms a conical film which becomes
gradually thinner as the liquid film moves away from the
nozzle. A theoretical method is discussed to predict the
thickness of the film as well as the breakup point. Finally
qualitative results of the characterization of spray obtained
from experimental visualizations are presented.

Index Terms— Atomization, Catalytic cracking, Nozzle
design, Volumetric flow.

I. INTRODUCTION

The present work is related to the fluid catalytic cracking
process (FCC) typical of petroleum refineries. The process of
catalytic cracking is carried out in a fluidized bed formed by
particles of catalytic material and a gas oil stream. This
process has the purpose of promoting the decomposition of
molecules of heavy molecular weight in slighter fractions
such as high-octane gasoline, dry gas and fractions of 3 to 4
carbon atoms that serve as bases for subsequent processes.
The process consists of establishing a homogenous mixture
stream of gas oil and catalyst through a tubular reactor like
the shown in Fig. 1. The gas oil is warmed up previously and
is injected to the reactor in atomized form to make contact
with the catalyst that comes dispersed in a stream of high
temperature steam. From the contact of the catalyst with the
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gas oil drops the process of molecular disintegration begins,
which must be made in a very short time to avoid the
excessive formation of the dislikeable fractions. The shorter
the time of contact is the better the evaporation process will
be; in the opposite if the time of contact is extended a poor
disintegration will take place, promoting the production of
unlikeable fractions like coke and methane. Under these
conditions it is settled down that the fast evaporation of the
gas oil depends, essentially, of the atomization process
whereas the mixture with the catalyst depends of the
dispersion of the drops on the stream. There are units of FCC
within the country susceptible to be improved. Inclusively,
there are some FCC units without an atomization system.
The mechanism of stream disintegration has been studied
since Lord Rayleigh [1] who published his theory on jets
instability. Since then the process of liquid disintegration and
break-up into a spray has been subject to theoretical and
experimental research [2-9]. This studies have shown a
process of primary atomization; once the drops have been
formed, there is a secondary atomization process caused by
aerodynamic forces, coalescence or by external vibrations
that carries the process to their final state. Also, the
disintegration mechanism can be reached by increasing the
superficial area of the liquid, usually of cylindrical or flat
form, until it becomes unstable and finally the drops are
formed. Another important fact is that conical jet film will be
disintegrated more easily than a cylindrical jet of the same
characteristics of fluid flow and outlet velocity because a
conical film has bigger superficial area than a cylindrical jet.
This an important criterion for the design of new nozzles,
departing from an original nozzle corresponding to a
cylindrical jet.

The objective of this work is to design a nozzle for the gas oil
injection to processes of fluid catalytic cracking that atomizes
and disperses the hydrocarbon in uniform form within the
mixture zone of the reactor. The design is based on the
theories of instability and disintegration of streams of solid
cylinder type [1-6] and of recent studies on the formation of
drops in flows of preformed hollow cone form films [7-9].

II. PROBLEM FORMULATION

2.1 Basis of the design

The critical point of the FCC process is indeed the injection
zone of the gas oil within the reactor, since it is here where
the evaporation process and molecular disintegration begins.
Ideally, the molecular break-up takes place in the vapor phase
in contact to the catalyst surface.
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structure of the stream, it is required a symmetrical spray
vertically upwards with dispersion angle o and average
Yapor to the penetration. With these considerations a nozzle is chosen to
operate with the highest pressure available, under a turbulent

Separator regimen flow, with a breaking mechanism corresponding to a
hollow cone. The proposed model shown in Fig. 3
corresponds to a simple nozzle of conical film which is
developed symmetrically and is progressively thinned until

EXha"Ste’\ the breaking-up point. According to this model, it is possible

to establish a method of design based on the principles of
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reactor ——> > compustio mass and energy conservation. From the schematic of Fig. 3
Cyctones of e Regenerator it is observ.ed that the liqqid film is thinned as it flows away
regenerator of the exit nozzle. It is assumed that in some point,

— exhaston catalyst downstream, the film will be broken; therefore, it is possible
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loa to estimate the thickness t; based on the inlet velocity V5. As
Air distributor an initial condition to determine the thickness f;, it is
Valve of the necessary to know the thickness t; and the velocity 1/ at the
Vaveofne ' \E‘;{‘;.‘;:fe" exit Qf the nozzle. From the gontinuity and the energy
regenerated Cooler of the equations, evaluated between points 0 and 1, the following

catalys catalys

equation can be obtained

, , . 4Ct2cos % +4CDt, -DZ =0 - (1
Fig. 1. Schematic of a typical FCC converter. 2

@ ® Here, C' =V /V} is the rate of velocity change obtained
from the Bernoulli equation. Evaluation of the continuity
equation between two points located downstream the nozzle
gives

tVz cos% + 2tiVi7zsen% -Q=0, (2)

where subscript i indicates an arbitrary point downstream the
nozzle. V; is the velocity obtained evaluating the Bernoulli
equation between points i and i-1 which is the preceding
T T T T >0 point in the same direction of the flow, and Q is the initial

Geony volumetric flow. By knowing the boundary conditions (ty,
Steam at 340°C V), it is possible to determine the thickness of the film ¢;
based on the length [; and of the angle a by using Eq. (2).

Fig. 2. Gas oil evaporation process in a FCC converter: a) A Tpep velocity equation takes the form

single gas oil drop in a stream mixture of steam and catalyst
material, b) the same gas oil volume has been transformed in 1
droplets to increase contact area. V, = [(VH)2 +29(z;, - Zi)F . 3)

To have this process in efficient way is essential assuring a
fast evaporation of the gas oil and a uniform flow to make
contact to the catalyst at a relatively short residence time
within the reactor. The motivation of this work is related to
the later ones and proposes a safe, simple and of low cost
solution that consists of designing an injector nozzle that
atomizes the gas oil and disperse it in uniform way within the
stream of the catalyst, see Fig. 2. As starting point a reference
nozzle is taking for comparison. The basis of the design for
the proposal nozzle is the formation of a thin conical film of
unstable liquid that is broken-up by the action of external
devices at a distance | downstream, producing jets and,
eventually, generating drops. (Vo, Po, Zo)

i i i i k—\ Do 4"
2.2 Considerations for the design of a testing prototype

Fig. 3. Model of a spray of conical film generated by a baffle

The volumetric flow is the first parameter to consider, since it ’
plate.

determines the dimensions of the nozzle. With respect to the
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Egs. (1)-(3) are very useful in the design of this type of
nozzles, since they allow the evaluation of the film thickness
for any cross-sectional section based on the angle and the
outlet velocity.

III. EXPERIMENTAL WORK

3.1 Methodology

The next step of the research is to make an initial design and
build a scaling physical model for its evaluation in the
laboratory. In order to assure dynamic similarity between
model and prototype, the scaling parameter was the Reynolds
number and an inner diameter relation of 1:4. Also, a scaling
model of the reference prototype was built. Due to the
difficulties to make experiments with the real fluid (gas oil), a
substitute fluid was used, such that at room temperature this
fluid had the same viscosity of the gas oil at the injection
temperature to the reactor; it was found that water fulfilled
this condition [11]. This criterion is valid considering that the
viscosity forces are the greater opposing forces to the
atomization process. It is worthy to note that, in practice,
drops enter to a high turbulence flow where they break-up by
coalition or by the action of the aerodynamic forces [1-10] ;
this process continues until the complete vaporization of the
gas oil is reached. Therefore, in this work only the of primary
atomization process is evaluated, leaving for a later stage of
the research the complete characterization of the spray.

3.2 Testing models

3.2.1 Reference nozzle

The original reference nozzle, named T-ORG, consists of a
circular curved plate with a series of orifices as shown in Fig.
4. The flow passes through these orifices generating a high
velocity circular jet.

3.2.2 Proposal models

The model shown in the Fig. 5 and its variants shown in the
Fig. 6, for their identification, are named T-58-21, T-51 and
T-53 respectively. The T-58-21 nozzle consists of a circular
slot with a cross-sectional area and an output angle
equivalent to the original reference nozzle, allowing the same
outlet average velocity and pressure drop. The nozzle has a
mechanism to align the flow giving symmetry to the cone
formed by the fluid film. In relation to the T-51 and T-53
models, they are identified to have a wider angles of the
baffle plate to produce spray of greater opening and smaller
length of breaking-up.

3.3 Experimental installation

3.3.1 Test stand

The test stand consists of: A pump for water recirculation, a
storage tank, a closed pipe system, a turbine to measure the
water flowing through the test nozzle, a pressure transducer
to measure the pressure drop through the nozzle and a
manifold valve to control the flow through the nozzle. The
water flows through the circuit, shown in the Fig. 7, pass
through the nozzle, which is in vertical position and later
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discharges in spray form into a cylindrical container. The
spray discharges at opened camera allowing visualization of
the flow in direct way as well as easy access to the
measurement instruments.

3.3.2 System of flow measurement

For the measurement of water flow, a system that consists of
a turbine, a signal transducer and a digital indicator was
installed. This system has a precision of £ 0.5% and a
repeatability of £ 0.1 % in relation to the reading, with a
response time of 0.5 seconds.

3.3.3 System of images acquisition

The evaluation of the design of the nozzle was carried out
through images taken systematically to an appropriate
distance from the spray discharge. It is important to mention
that this is a qualitative evaluation since it is based from a
visual analysis of the images.

% N
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Fig. 4. Scaled model for the reference nozzle.

’
=

o
—

Section A-A

(@)

@ -

Deflector

(b)

Rear view Front view

Lock nut Aligning Nozzle shell »

tool

Fig. 5. Model of the testing nozzle T-58-21: a) Nozzle section
and views b) parts diagram.

WCE 2008



Proceedings of the World Congress on Engineering 2008 Vol 11
WCE 2008, July 2 - 4, 2008, London, U.K.

T-58-21

© =
© mr{| |D
L

1 X
™r
Supplying
Nozzl
Spray
Recuperator %
Regulating

Supplying pump

DG

Fig. 7. Schematic diagram of the experimental stand.

The objective of this analysis is to verify the structure of the
fluid film and drops formed at the outlet of the nozzle and its
performance when varying flow velocity and make a
comparison to the original nozzle. The equipment used for
the experiments consists of a high resolution digital camera
of 2080 x 1544 pixels, and a high speed video camera with a
recording capacity of 3000 images per second at a shooting
speed of 1/10000 seconds.

IV. RESULTS

A qualitative analysis of spray produced for the nozzle
models T-ORG, T-58-21, T-51 and T-53 is presented. This
analysis is based on photographic techniques and high speed
videos; this evaluation emphasizes the film thickness of the
liquid formed close to the nozzle, where the breakup-up point
occurs and identifies the type of disintegration mechanism.
The thinning of the film is evaluated through Egs. (1)-(3). In
addition, the hydrodynamics characterization of the four
models is presented.

4.1 Disintegration process

In this section the pictures show the breaking-up mechanism
of the fluid flow for the process of cylindrical and hollow
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cone jets. Water flow was increased gradually reaching the
complete disintegration of the jet.

4.1.1 Mechanism of disintegration for a circular stream

The pictures sequence of Fig. 8 shows the disintegration
process for model T-ORG, which presents 12 water jets
starting as solid cylinders. In Fig. 8a, the initial state of the
primary atomization process can be observed, which is
caused by the growth of the axial symmetrical oscillations at
the jet surface and by the action of the surface tension of the
fluid. Also it can be observed that the diameter of the drops
exceeds to the diameter of the jet, which is characteristic of
this flow regime. In Fig. 8b, the appearance of asymmetric
oscillations is observed as a second state of disintegration.
Also, it is observed the appearance of smaller drops than in
the first state, which is to be expected when increasing the
discharge velocity. Fig. 8c shows an advanced state of
disintegration caused by a greater flow velocity than in the
previous state. The jet is totally disintegrated becoming small
drops, which is indicative of the flow regime called
atomization.

4.1.2 Mechanism of disintegration for a conical film stream
Figs. 9a, 9b and 9c show the first stage of the breaking-up
process during the laminar flow regime. In this stage, the
surface tension forces dominate the process producing a fluid
form which is characteristic of this flow regime. Initially (Fig
9a), the fluid acquires an onion shaped flow, then, when flow
velocity increases (fig 9b) the film is opened in the inferior
part allowing air entrance towards the hollow and getting a
tulip shaped flow, later (fig 9c), the film is completely opened
acquiring the hollow cone pattern. These configurations are
very important, since it is an indicative that the fluid is
uniformly distributed through the cone. It is also observed
that as the distance of the nozzle is increased, the film is
perforated as a result of its thinning, which is typical when
there is no rotational component in the jet. An intermediate
regime appears when the discharge velocity was increased
eight times the initial velocity. In Fig. 9d is observed that the
influence of the aerodynamic forces begins to be important;
big ligaments and drops appear in the zone near the nozzle
without reaching total atomization. A third stage appears
when the discharge velocity is increased to fourteen times the
initial velocity. Images 9e and 9f show how the fluid film is
broken-up in a zone very close to nozzle outlet, and then it
becomes ligaments and drops, forming spray. This stage is
known as atomization state, which is dominated by the action
of the aerodynamic forces.

4.2 Spray evaluation

4.2.1 Effect of the angle of the conical deflector on the
thickness of the film

The graph of Fig. 10 was obtained with Egs. (2)-(3) and
shows the film thickness through the cone formed by the
stream. The computation was made for three discharge angles
corresponding to 42°, 102° and 106°, maintaining a constant
discharge velocity. This figure shows that the film thickness
decreases in the flow direction and as the angle increases the
film thickness decreases quicker, this means that the length of
the breaking point of the film is highly dependent of the angle
of the plate deflector, therefore, has to be considered for the
design of this type of nozzles.
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the flow is turbulent, this point is lost at sight and its location
is very complex.

4.2.3 Hydrodynamics characterization

In this section the operation curves and the discharge
coefficients obtained experimentally for each nozzle are
displayed. The graph of Fig. 14 shows the curves of pressure
vs. flow rate for T-ORG, T-58-21, T-51 and T-53 models.

106°

S I . G W T JeT-58-21,v=82mis|”

®T-51,v=82m/s _

= T-53,v=8.2 m/s

Fig. 8. Process of disintegration for model T-ORG: a)
Laminar flow, b) transition regime and c) atomization. 0 0001 0002 0003 0004 0005 0006 0007
Film thickness (m)
Fig. 10. Effect of the angle of the baffle plate on the film
thickness.

0.35
MODEL T-58-21

ev=8.2m/s
Hv=15m/s
Av=25m/s

Distance from the Nozzle (m)

0 0001 0002 0.003 0.004 0005 0.006  0.007
Film thickness (m)

Fig. 11. Effect of the discharge velocity on the film thickness
T-58-21 model.

Fig. 9. Process of disintegration for a conical film stream: a) 08

Onion shaped flow, b) tulip shaped flow, c) perforations in MODEL T-51
the film, d) by friction of the air, ) and f) atomization. £ ev=82mis
% 0.25 myv=15m/s
g Av=25m/s
4.2.2 Effect of the velocity on the film thickness £ 02
In order to evaluate the effect of the velocity on the film  § |
thickness, as in the previous section, the calculation was g
made for different points downstream the nozzle (length | of § 0.1
Fig. 3). The results for each model appear in Figs. 11to 13.1t 5 |
is observed in these graphs that the film thickness decreases
as the velocity increases. This behavior means that as the T o om omr omr o omr ocor
velocity is increased, the breaking-up point of the flow film Film thickness (m)

will approach the outlet nozzle until reaching the atomization

point. Af:mally, it, is easy to Yisualize this point for laminar Fig. 12. Effect of the discharge velocity on the thickness of
flow regime, see images of Figs. 9b and 9c, however, when the film for the model T-51
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Although models T-ORG, T-58-21 and T-51 have the same
oss flow area, a displacement of the curves corresponding to the
MODEL T-53 models T-58-21 andT-51 in relation to the T-ORG is
ovB2mis observed. This displacement is very important, since it
025 =15 mis indicates a lower pressure drop for these models, which
Av=25mis allows making adjustments to the flow area and the discharge
angle without modifying the pumping system. A better
015 parameter to evaluate the hydrodynamic behavior of the
nozzles is the discharge coefficient C'; defined as the ratio of
the average flow rate (@ and the ideal flow rate
005 (A[2g0AP/p]?). This coefficient appears in Fig. 15 as a
function of the Reynolds number. As it is observed in this
0 0001 0002 0003 0004 0005 0006 0007 figure, there is a significant separation between the curves

Film thickness (m) representing the conical slot and the curves of the model of
circular orifices.

0.3

0.2

0.1

Distance from the Nozzle (m)

Fig. 13. Effect of the discharge velocity on the film thickness
T-53 model.
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Fig. 14. Operation curves obtained for water at room [6]
temperature.
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Figure 15. Discharge coefficient as a function of the
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