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Abstract: A novel methodology that can be used to perform simulations of fluid jet injection into
a mixing vessel with a deformed free surface is presented and validated. The idea is to first use a
two-fluid model to determine the location and shape of the free surface, and then results from the
simulation are used to generate a single-phase model that has the same free surface shape.
Example simulations are performed using ANSYS CFX for a pilot-scale partially-baffled vessel.
Application of the methodology in the study of reaction quenching is presented but it is believed
that this methodology has many other possible applications involving fluid or solid injection.
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1 Introduction

Modelling the quenching of runaway reactions in industrial
vessels is complex because of the numerous physical effects
that have to be included (Mclntosh and Nolan, 2001).
For partially-baffled vessels, this is especially the case
because of the need to predict the location of the free
surface, which has a very significant effect on the flow field.
In a series of papers (Torré et al., 2007a, 2007b, 2007c,
2008a, 2008b) we have developed a CFD model (using the
commercial software ANSYS CFXI11) and validated it
using pilot-scale data for the prediction of the free surface
when the agitation rate is constant (Torré et al., 2007a) and
during agitator slowdown (Torré et al., 2007b). We have
validated the calculated velocity fields against PIV data
under steady flow conditions (Torré et al., 2007c) and
compared the free-surface deformation during agitator
stopping with experimental video data (Torré et al., 2007b).
Subsequently, we have studied the dynamics and mixing of
a jet of fluid injected into the vessel when the free surface is
flat (Torré et al., 2008a). Again excellent validation against
experimental data was obtained and a correlation to
determine the effect of the jet injection conditions on
jet penetration was developed (Torré et al., 2008b).
An overview of the work performed in the entire project is
given in Figure 1, which shows the step-by-step
methodology used.

In this paper, we introduce a novel multi-step method
that allows us to first predict the free-surface shape in an
initial step and then maintain this shape in a single fluid
simulation whilst the fluid jet is injected and tracked.
The principal motivation to create this ‘two step’ method
was the difficulty of developing a simulation model which
includes both the jet injection and the free-surface
deformation. In addition, such a simulation would be very
computationally demanding because the full model would
have to solve the multiphase equation system, which allows
determination of the free-surface shape, track Lagrangian
particles used for determination of the jet trajectory and

solve a scalar transport equation for the concentration field.
Whilst the application of interest to us was quenching of a
runaway reaction, it should be noted that the procedure
described here would be equally applicable to the injection
of fluid into a batch reactor used for chemical reaction,
addition of solids or crystallisation in vessels that have
significant free-surface deformation. The remainder of this
paper is devoted to a description of the methodology and the
presentation of sample results validating the approach and
showing its application.

Figure 1 Schematic showing the experimental and modelling
work performed to study quenching of runaway
reactions. The work reported in this paper concerns
item (%), shown in the bottom right hand corner
(see online version for colours)
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2 The problem studied

As noted above, the problem studied here relates to the
quenching of a runaway reaction in a polymer synthesis
reactor. To generate data for validation of the modelling
work performed throughout this project, a pilot plant was
developed and constructed. Details of the geometry
considered and the important dimensional parameters are
given in Figure 2 and Table 1, respectively. For further
details concerning the pilot reactor geometry and its
specifications, see Torré (2007). To enable flow
visualisation and for ease of observation a fluid of water
was used. The scaling criteria used to determine the
conditions studied took the change of fluid properties from
those of the complex fluid present in the industrial system
into account (for details, see Torré, 2007).

Figure 2 Schematic of the mixing tank, baffles, impeller and
fluid injection system: (a) XY view of the mixing
vessel; (b) YZ view of the mixing vessel; (c) details of
the agitator and (d) injection system (see online version
for colours)
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=
liquid free surface
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Table 1 Definition of the important dimensions and
geometrical parameters
Symbol Value
Tank diameter T 450 mm
Maximum tank height H i ax 1156 mm
Bottom dish height Hy 122.9 mm
Agitator diameter D 260 mm
Number of agitator blades ny 3
Agitator blade width Wy 58 mm
Agitator blade thickness t 9 mm
Agitator retreat angle o 15°
Agitator clearance c 47.2 mm
Baffle length B, 900 mm
Number of baffles np 2
Baffle width By 46 mm
Baffle thickness B, 27 mm
Distance baffle — shell B’ 38.5 mm
Initial liquid height Hig 700 mm
Injected volume V; 533 ml
Injection pipe diameter d 7.2,10,12.5, 15,
17.8 mm

Injection pipe length L 300 mm
Distance pipe outlet — r 220 mm
free-surface
Bottom height of the PIV Hpry, min 278 mm
plane
Top height of the PIV plane Hprv, max 738 mm

3 Model description
3.1 Determination of the free-surface shape

The first step in a simulation is to obtain the free-surface
shape for the given reactor operating conditions.
To do this, a simulation is performed using a two-fluid
Eulerian methodology, as described in Torré et al. (2007a).
The standard two-fluid equations for conservation
of mass and momentum, taking the following form,
are used:

d
%‘FV'(“pPp“p):O @)
d
%—FV'(apppup ®up) =
—a Vp+V-[ud a,(Vu, +(Vu,)")]
+ apppg+Mip (2)

where the subscript p refers to either the gas (g) or liquid (1)
phases. The standard k-¢ turbulence model was used as it



was found to perform better for this application than the
more computationally-expensive Reynolds stress model
(Torré et al.,, 2007¢c). The equations are closed via the
specification of an inter-phase drag force that determines
the interaction between the two phases. The form used here
is given by

_3ap

M
474 4,

S(e)Cp [ug —uy [ (ug —uy) 3)

and is appropriate for a dispersed phase of gas in a liquid.
The factor f{a,) takes a value of unity when a, is below the
maximum packing fraction and ramps linearly to zero when
there is no gas present, so that it ensures that drag is
only applied in regions where the two fluids are mixed.
Whilst the topology of the gas and liquid phases is complex,
the key feature we are trying to capture is the location
of the free surface between the liquid pool and the gas
above it. The interface is characterised by entrainment and
disentrainment of gas bubbles that leads to a highly agitated
surface (see the video images in Torré et al. (2007a)).
To capture this process, we found that use of a constant drag
coefficient of 0.44 and a bubble diameter of 3 mm gave
good results. The effect of varying these parameters is
discussed in Torré (2007). The important point is that this
model allows sufficient slip between the gas and liquid
that a well-defined free surface is obtained. Without the
allowance for slip between the phases (i.e., if a homogenous
flow or VOF method were applied) the gas entrained by the
impeller would have no possibility of ever escaping the
vessel, as it does in reality. An alternative approach would
be to use a mixture model and prescribe a slip velocity
based on the ideas above. This has the potential to save
computational time but was not tested in this study.

The above equations were solved using ANSYS CFX11
(ANSYS, 2007) for the reactor geometry shown in Figure 2.
The frozen rotor approach was used to account for the
rotating impeller and convergence to a steady state was
obtained if the impeller rotation rate was in a suitable range.
Full details of the method and validation of the calculated
free-surface shape can be found in Torré et al. (2007a) and
validation of the computed velocity field against PIV data
can be found in Torr¢ et al. (2007¢c).

It was found that the best fit with experimental data was
obtained using an iso-surface where the water volume
fraction was set to 0.9 to represent the free surface.
This value differs from the expected value of 0.5 because
the imaging technique used located the interface to be the
zone where there is little gas present. We note, however,
that the methodology described here can be applied for any
choice of parameter that can define a free-surface location
via a set of (x, y, z) coordinates.

3.2 Generation of the single-phase geometry

Given the results of the two-phase simulation, the following
procedure was used to develop the single-phase flow
geometry:

1 The iso-surface determining the location of the free
surface was plotted in CFX Post and the locations of
the points on this surface were exported to a text file.
The total number of points used to describe the free
surface was equal to 15,550 in the case presented here.
Only the free surface (obtained with the
inhomogeneous approach described above) having
y > 500 mm from the bottom of the vessel was
considered, to avoid the gas column which links the
top region of the vessel to the bottom dish.

2 The point cloud data were imported into the CAD
package Pro/ENGINEER (Pro/E) (PTC, 2007).
The final set of points kept was a subset of those
imported, with errant points (outliers) removed
and a much more uniform distribution of points
was saved. By orienting the model to give a view
from the top, an elliptical selection tool was used to
acquire and delete all of the points around the baffles,
as the free surface was highly deformed near the walls.
Then the remaining filtered point set was used to
create a triangular facet mesh, which resulted in a
contiguous facet representation of the surface
made by joining the points. Finally, the two elliptical
holes where the baffles are located were filled using
a curvature-continuous facet patch.

3 The STL file (geometry file) resulting from the
above procedure was used in the Reverse
Engineering Extension (REX) of Pro/E to create a
series of curves, which attach automatically to
the facet model. A ‘spider’s web’ was created where
these lines crossed. A copy of the curve where the lines
met the vessel wall was created and offset outwards,
by eye, to assist in the creation of an extended
surface later.

4 The resulting ‘cobweb’ of curves was written out
as an IGES file and then read into a new Pro/E part
file. The Interactive Surface Design Extension
(ISDX) for Pro/E was used to trace over the ‘cobweb’
scaffold to create high quality, curvature-continuous
B-spline curves. The position of the points on the
curves and the tangency vectors at the curve ends
could be controlled. From these curves, surface
patches were generated that inherit their
“curvature-continuity across the boundary”
attributes from the parent curves.

5  The result was a very smooth quilt that was again
written out in a neutral format. The vessel component
was opened in Pro/E and the new quilt was read in,
and the coordinate system was manipulated to put the
surface in the correct place. The quilt was then used in
a Boolean operation to remove the upper part of the
vessel.

The entire process was undertaken with Pro/E and the REX
and ISDX add-ins. Details of these CAD tools can be found
in PTC (2007).



3.3 Single-phase modelling

Once the geometry had been created as above it was
straightforward to remesh the model (using CFX Mesh to
create a tetrahedral mesh with inflation at the walls) and to
perform a single fluid simulation. In this case, the free
surface was set as a no stress boundary and again the
k-¢ turbulence model was used to represent turbulence.
Convergence was straightforward to obtain.

4 Results

In this section, we present the results of the simulations to
both validate the approach and to illustrate how it can be
used.

4.1 Validation of the approach

The location of the free surface as calculated in the original
two-phase approach and that used for the single-phase flow
simulation are shown in Figure 3. The case considered was
for an impeller rotation speed of 275 rpm, which gives a
significantly deformed free surface. It is evident from this
figure that the calculated free surface is very complex and
includes gas that has been entrained into the flow via the
low-pressure zones around the impeller. For this exercise
we ignore this gas, as it does not play a major role in the
mixing of the injected jet, as we will see later.

Figure 3 (a) The free surface calculated in the two-fluid
simulation and (b) the free surface used in the single
fluid simulation (see online version for colours)

(@) (b)

Figure 4 shows the surface mesh on the original free surface
and on the free surface modelled in the single-phase
simulations. It is evident that a high quality tetrahedral mesh
has been applied to the top surface. The presence of
inflation meshing around the baffles and mesh concentration
around the jet injection point (top right) are evident in the
figure.

Figure 4 Details of the mesh on the free-surface shown from
above: (a) on the free surface determined via the
inhomogeneous two-fluid approach and (b) on the free-
surface after the air region has been cut-away. Note the
jet injection location in the top right quadrant and the
inflation meshing around the baffles and walls

(a) (b)

It is important to establish that the simulation results
obtained from the modified geometry are comparable with
those obtained from the full inhomogeneous two-fluid
model. To do this, a simulation was performed without jet
injection. Results for the calculated velocity vectors on two
vertical planes are given in Figure 5. It is readily observed
that the free-surface strategy has not introduced any
significant differences compared with the original case.
Although the gas column on the vessel axis is not present in
Figure 5(b), the velocities in the central vessel region are
comparable. A good agreement is also obtained for the
velocities close to the free surface.

Figure 5 The calculated velocity vectors from (a) the
inhomogeneous two-fluid model and (b) the single
fluid simulation, on two vertical planes. Note that
vector projection onto the plane has been performed
to highlight the flow structure

(a) (b)

A more quantitative comparison was obtained by examining
the velocity components on various lines: three are
horizontal located at Y=200, 400 and 600 mm from the
bottom of the tank, and one is a vertical line at a radius
of 75 mm from the vessel axis, as shown in Figure 6.
Figure 7 compares the velocity components, where the three
components of the velocity (U,, U, and U.) are compared on
the four different lines (shown in Fig. 6) located in the
baffle plane. Minor differences only are observed and a very
good agreement is obtained. It can thus be concluded that
the modelling strategy using the single-phase approach
gives the same results for the velocity field in the
vessel as obtained from the two-fluid approach. As
the inhomogeneous model has been shown to provide a
free-surface shape and velocity fields in good agreement
with experimental data in Torré et al. (2007a, 2007c),



respectively; it may be assumed that using the free-surface
cut-away strategy allows the accurate calculation of the
velocity field in the vessel.

Figure 6 Location of the lines used for validation of the velocity
data presented in Figure 7 (see online version
for colours)
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Figure 7 Comparison of the radial U,, axial U, and
circumferential (U,) velocity values on different
locations on the baffle plane (N =275 RPM) for
the inhomogeneous model (black symbols) and
the free-surface cut-away strategy (grey symbols):
(a)—(c): Y=200 mm; (d)—(f): Y =400 mm;
(g)—(1): Y =600 mm and (j)—(1): vertical line at
a radius of 75 mm from the vessel axis
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4.2 Jet injection simulation

To illustrate how the procedure can be used in the
real application we next performed a simulation to

investigate the injection of a jet of fluid into the mixing
vessel, with application to the study of quenching of a
chemical reaction. This simulation involves the injection of
a fluid with the same physical properties as those of the
fluid in the vessel (although this assumption could be
relaxed very easily, especially for miscible fluids).
The location of the injected fluid is traced via a scalar
concentration and also via the tracking of Lagrangian
particles that move with the injected fluid (see Torré et al.
(2008a) for details).

Figure 8 shows the tracks of the Lagrangian particles at
the point in time when injection has just been completed.
The interaction of the jet with the rotating fluid in the vessel
and the role of the free surface in determination of the jet
trajectory are evident.

Figure 9 shows the variation of the tracer concentration
on the free surface at various times. This plot shows very
clearly how the fluid that contacts the free surface gets
pulled around by the flow and is eventually sucked into the
central well generated by the vortex. The applicability of the
current approach to the modelling of surface released solids
is evident from these figures.

Figure 8 Jet injection at a deformed free-surface. Lagrangian jet
trajectories coloured by the Lagrangian particle travel
time normalised by Ty, for d =10 mm, V=6 m s and
N =275 RPM, plotted at T;,; with 200 particles: (a) XY
lateral; (b) YZ lateral view and (c) top view (see online
version for colours)

(b) (©)

Figure 9 Scalar concentration on the free surface of the vessel
for times of: (a) 0.25 s; (b) 0.5 s; (¢) 0.75 s and
(d) 1 s from injection. Note the scale is logarithmic
and has been clipped for clarity (see online version
for colours)




5 Conclusions

A process has been developed and validated that allows the
use of an inhomogeneous two-fluid CFD model to
determine the free-surface profile for an agitated vessel and
to subsequently perform jet injection simulations using a
single fluid approach. Therefore, to simplify the simulation
of mixing vessels with a deformed free surface, the process
can be decomposed into two steps. Instead of trying to do
everything in the same simulation (quasi-impossible) or
make the wrong assumption of a flat free surface (as is often
done), the proposed methodology is as follows:

e use the inhomogeneous approach to predict the
free-surface shape

e use a CAD package to generate a new geometry with
a virtual free surface constructed from the simulated
free-surface shape

e perform a second simulation to investigate, for
example, blending, solids injection, jet mixing, etc.)
using the real free-surface shape.

This decomposition means that the second simulation, with
the free surface defined as part of the geometry can be run
as a single fluid simulation (as illustrated here) or a
two-fluid simulation in which liquid droplets or solids
(buoyant or non-buoyant) could be injected. It is evident
that this methodology provides a computationally efficient
process to address a complex problem.
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Nomenclature
Cp Drag coefficient [—]
dy Bubble diameter [m]
D Jet diameter [m]
g Acceleration due to gravity [m/s*]
M Interfacial momentum exchange term [kg/m?”.s’]
N Agitator rotation speed [revs/min]
p Pressure [Pa]
r Radial coordinate [m]
t Time [s]
T Time over which ‘killer’ is injected [s]
u Velocity [m/s]
U Velocity components [m/s]
14 Velocity of fluid jet at injection [m/s]
Y Vertical distance from the flat free surface
(liquid at rest) [m]
Greek Symbols
o Volume fraction [—]
U Dynamic viscosity [kg/m.s]
P Density [kg/m’]
Subscripts
g Gas
1 Liquid
p Fluid index
tip Value at tip of impeller




