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a b s t r a c t

This paper is devoted to the analysis of the jet trajectories, obtained using computational fluid dynamics (CFD), at two

different scales (laboratory and industrial) with application to quenching of runaway reactions. One of the goals was

to describe how the jet penetrates the fluid in the stirred vessel and to build an easy to use correlation for research

and industrial purposes. A model of the jet trajectory based on the analogy with a jet in a cross-flow has been used to

predict the jet trajectory at the pilot and industrial scales. The correlation, built using a statistical analysis, has shown

that the jet in a cross-flow model performs very well to describe the jet trajectories. A very interesting conclusion is

that the correlation constants were found to be independent of scale. Finally, the authors proposed a definition of

the penetration depth and use it in its dimensionless form to predict how the jet penetrates in the industrial vessel
with the current injection conditions.
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a simple jet in cross-flow analogy, allowed a general correla-
. Introduction

he quenching of runaway reactions in industrial synthesis
eactors is a very complex problem. Amongst the different
nhibition systems and the possible alternatives reviewed by

cIntosh and Nolan (2001), a jet injected at the surface of a
tirred vessel is often used to quench an uncontrolled reac-
ion for many reaction mixtures. McIntosh and Nolan (2001)
ighlighted that one of the main reasons that this system

s not popular for industrial applications, despite its effi-
acy, is the lack of published information concerning the
njection system, together with uncertainties over the mix-
ng efficiency and distribution of the inhibitor within the bulk.
he same conclusion was previously made by Rowe et al.

1994) and again more recently by Snee and Cusco (2005) and

hattacharya and Kresta (2006). The problem of the quenching
f runaway reactions by free-surface jet injections was investi-

.

gated recently by Torré et al., 2007a,b,c and Torré et al., 2008 for
a partially baffled, agitated pilot reactor designed to represent
an industrial model found in the polymer industry. Although
the injection of reactants at the surface of stirred vessels is
common in the chemical industry and has been previously
studied by many authors (see for example Baldyga et al. (1993),
Bałdyga and Pohorecki (1995) and Verschuren et al. (2000)), no
results were found in the literature concerning the trajectories
of a fluid jet injected at the free-surface of an agitated vessel
under batch operation conditions. In the present study, the
authors have analysed numerical data for the jet trajectory,
obtained using the commercial computational fluid dynamics
(CFD) package ANSYS-CFX 11.0, for both pilot-scale and indus-
trial reactors. The statistical analysis of these data, based on
tion to be proposed which describes, in good agreement with
experimental data, the jet trajectory in the partially baffled
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mixing vessel used in this study. Finally, the authors propose
a definition of the jet penetration depth.

2. Model formulation

This work reported in this paper builds on previous modelling
work in which a CFD model of fluid injection into a stirred ves-
sel was developed. Details of the model can be found in Torré
et al. (2008). Essentially, the modelling approach was to use a
3D CFD model to solve for the quasi-steady flow field in the
mixing vessel in the absence of injection and then to inject
transiently a fluid jet at the surface. The fluid in the jet was
tracked using a scalar concentration. The jet trajectory was
also predicted numerically using Lagrangian particle tracking
of small “particles” that followed the flow. As the injection is
transient, only the trajectory during the injection time was
considered and the Lagrangian particles were not followed
after the end of the injection time, as it is the initial trajec-
tory of the jet that is of interest here. The jet trajectory and its
behaviour have been described in detail in a previous paper
(Torré et al., 2008) for the case of the pilot-scale partially baf-
fled mixing reactor shown in Fig. 1. The geometrical details of
the pilot reactor and the injection system are listed in Table 1.

Due to the 3D and transient nature of the flow (of both
the jet and the agitated fluid) significant assumptions have
to be made if a simplified model of the jet trajectory is to be
developed. A 3D study of the jet trajectory would require a
3D function which could correlate the 3D plots represented
by the Lagrangian particle tracks located in the whole ves-
sel. Whilst this might be possible, the very different 3D jet
behaviours observed and the complexity of the resulting tra-
jectories would not yield a simple outcome to enable rapid
prediction of injection behaviour, a key objective of this paper.
Therefore, the correlation fitting was limited to two dimen-
sions because this appeared to be the best way to describe the
jet trajectories and is a first step to quantifying the jet pene-
tration. The details of the system studied and the description
of the coordinate system used are presented in Figs. 1 and 2.
Fig. 1 gives details of the mixing vessel geometry and Fig. 2
presents details of the jet location and the behaviour of the
trajectory.

The jet trajectories considered for the correlation analy-
sis correspond to the projection of the Lagrangian particle
tracks onto a vertical plane, named the injection plane, and
are defined by the point X0, Y0, Z0 and the unit vector pointing
in the z direction which is normal to this plane. This process
transforms the 3D data into two dimensions, and retains a
good description of what is observed laterally, as shown in
Fig. 2(b). As shown in Fig. 2(c), the jet is first deflected towards
the vessel shell, and then it passes through the injection plane
before spiralling in the central part of the vessel. Only the
tracks having Z > Z0 have been considered to model the jet tra-
jectory and all the data with Z < Z0 were discarded. This avoids
confusion of the picture by the complicated behaviour of the
trajectories in the vessel centre.

3. Analogy with jet in a cross-flow studies

The theoretical analysis which appeared to be the closest to
the case studied here is that for liquid jets injected into a cross-

flow (Fig. 3). As mentioned in Muppidi and Mahesh (2005),
the dependency of the mean jet trajectory on the jet diam-
eter is well-known and the flow field of a jet in a cross-flow
is believed to be influenced primarily by the effective velocity
ratio R (which in this case simplifies to R = uj/ucf, where uj is
the jet velocity and ucf is the cross-flow velocity). The reader
can find further details on the subject in Margason (1993).

It was assumed that the equation which describes the jet
trajectory in the case studied here is similar in form to that
found in the literature for jets in cross-flows. This is clearly
a significant assumption, as the velocity in the agitated
vessel is not constant as usually considered for ucf in jet in
a cross-flow studies. The form of the equation which was
chosen to model the jet trajectory in the agitated vessel was
inspired by the correlations of Ivanov (1952, see Abramovich,
1963), Shandorov (1957, see Abramovich, 1963), Gordier (1963)
and Patrick (1967). These very simple equations have proved
to perform well in describing the trajectory of a jet injected
normally into a cross-flow (Rajaratnam, 1976). These jet
trajectory correlations are summarized in Table 2.

To find an equivalent of the cross-flow velocity for the cur-
rent problem, it was decided to consider the agitator tip-speed
(Utip). It would be potentially interesting to consider a more
accurate value of the bulk velocity which really impacts the
fluid jet when it enters the vessel (for example, the integral
of the tangential component of the bulk velocity on the ver-
tical line normal to the injection surface in the upper part of
the vessel). However such a measure is impractical if a simple
correlation is to be established that is easy to apply. The agita-
tor tip-speed, which gives the maximum velocity value in the
vessel, gives an acceptable, scalable and practical parameter
to use in the model.

The equations proposed in Table 2 use a jet injection orifice
centred at (X, Y) = (0, 0). The cross-flow velocity and the jet
velocity are directed toward Ox and Oy, respectively, as shown
in Fig. 3. For our case, the jet injection in the stirred vessel is
located at the coordinates (X0, Y0 and Z0) where the origin of
the coordinate frame is located at the bottom of the agitator
(centre of the bottom dish).

A coordinate transformation is made using the following
equation for the X, Y and Z coordinates, respectively:⎧⎪⎨
⎪⎩

X∗ = X − X0

Y∗ = Y0 − Y

Z∗ = Z − Z0

(1)

The numerical values of X0, Y0 and Z0, expressed in metres,
are (X0, Y0, Z0) = (−0.094, 0.7, 0.1294) and (X0, Y0, Z0) = (−0.66,
4.89, 0.90) for the pilot and industrial reactors, respectively. In
agreement with the correlations listed in Table 2, the jet tra-
jectory is modelled using the form expressed in the following
equation:

Y∗

d
= A1

(
V

Utip

)A2(
X∗

d

)B

(2)

4. Model fitting procedure

For each case analysed, the data for the Lagrangian particle
tracks have been exported from the CFD simulation for times
starting at zero to the final injection time. The data set has
then been transformed using Eq. (1). Finally, only the data cor-

responding to Z* > 0 and X* > 0 have been conserved for further
statistical analysis. These calculations were done using the
commercial software Statgraphics Centurion XV both for the
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Fig. 1 – Details of the mixing vessel used in this study: (a) front view, (b) side view, (c) impeller and (d) jet injection system.
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artially baffled vessel modelled at the laboratory and indus-
rial scales.

The first analysis of the Lagrangian track data was per-
ormed by doing a non-linear fit of the cloud of points data
rom the CFD simulation to the following equation, using the
evenberg–Marquardt algorithm:
Y∗

d
= A

(
X∗

d

)B

(3)
The Levenberg–Marquardt algorithm (or LMA), first pub-
lished by Levenberg (1944) and rediscovered by Marquardt
(1963), provides a numerical solution to the problem of
minimizing a general non-linear function. The LMA inter-
polates between the Gauss–Newton algorithm (GNA) and
the method of gradient descent. The LMA is more robust

than the GNA, which means that in many cases it
finds a solution even if it starts very far from the final
minimum.
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Table 1 – Definition of the important dimensions and
geometrical parameters of the experimental rig

Symbol Value

Tank diameter (mm) T 450
Maximum tank height (mm) Hmax 1156
Bottom dish height (mm) Hd 122.9
Agitator diameter (mm) D 260
Number of agitator blades nb 3
Agitator blade width (mm) wb 58
Agitator blade thickness (mm) tb 9
Agitator retreat angle � 15◦

Agitator clearance (mm) c 47.2
Baffles length (mm) Bl 900
Number of baffles nB 2
Baffle width (mm) BW 46
Baffle thickness (mm) Bt 27
Distance baffle-shell (mm) B′ 38.5
Initial liquid height (mm) Hliq 700
Injected volume (ml) Vi 533
Injection pipe diameter (mm) d 10
Injection pipe length (mm) L 300
Distance pipe outlet—free-surface (mm) L′ 220
Bottom height of the PIV plane (mm) HPIV,min 278

Top height of the PIV plane (mm) HPIV,max 738

4.1. Pilot-scale data

Thirteen simulations have been carried out for the pilot reac-
tor. Nine of them were run with different jet diameter and
the jet injection velocities but with the same agitator speed
and four additional runs were devoted to the analysis of the
influence of the agitator speed for a constant jet diameter and
jet velocity. Fig. 4 shows the results of the non-linear fit to
the Lagrangian particle track data for cases with varying jet
diameters and injection speeds. A similar fit was obtained
for the data at various agitator rotation rates (see Torré
(2007) for details). The parameters obtained from the non-
linear fitting which corresponds to these cases are given in
Table 3.

4.2. Industrial-scale data

Simulations have also been carried out for the industrial-scale

reactor at two different agitator rotation speeds: the nom-
inal speed (Nnom) and half of the nominal speed (Nnom/2).

Fig. 2 – Details of the coordinate system employed: (a) 3D view, (
The Lagrangian tracks are coloured by the particle travelling time
Fig. 3 – Schematic of a jet in a cross-flow.

The nominal speed and the jet velocity Vo are set to the real
values used in the industrial polymerisation reactors. Four
simulations have been carried out for each agitator speed,
considering the jet diameter to remain constant at 100 mm
and for jet velocities equal to Vo, 5Vo, 10Vo, and 20Vo. Fig. 5
shows the results of the non-linear fit to the Lagrangian par-
ticle tracks and the results of the non-linear fit are given in
Table 4.

4.3. Determination of the model constants

The form of the law used to correlate the data gives good agree-
ment between the model and the Lagrangian particle tracks in
almost all cases. It may be noted that the constant B is of the
same order of magnitude when considering either the pilot-
scale or the industrial-scale with two exceptions for Fig. 5(a)
and (e). These deviations are explained by the difficulty of fit-
ting the model to the data from these two cases. Due to the low
jet injection velocity, the “particles” accumulate very close to
the free-surface and the jet shape is not well defined. The one-
factor statistical analysis presented in the following paragraph
give more details about this.

The 21 estimates for the constant B (pilot and indus-
trial) have been analysed statistically and the results are
represented in Fig. 6 using box-and-whiskers plots. The box-
and-whisker plot, invented by Tukey (1977), is constructed

by drawing: (i) a box extending from the lower quartile to
the upper quartile. The middle 50% of the data values are

b) XY lateral view, (c) YZ lateral view and (d) XZ top view.
normalized by the injection time (denoted as t*).

dx.doi.org/10.1016/j.cherd.2008.05.005


Table 2 – Correlations describing the penetration behaviour for circular jets injected normally into a cross-flow with
R = uj/ucf (Rajaratnam, 1976)

Investigators Equations Remarks

Ivanov (1952, see
Abramovich, 1963)

Y/d = R0.87(X/d)0.33 R was varied from 3.5 to about 32 and Ivanov also
experimented with oblique jets

Shandorov (1957, see
Abramovich, 1963)

Y/d = R0.79(X/d)0.39 R was varied from 1.4 to 4.7 and Shandorov also
experimented with oblique jets

Gordier (1963) Y/d = 1.31 R0.74(X/d)0.37 Gordier worked with water jets in a water tunnel–axis
joins maximum total pressure points

Patrick (1967) Y/d = R0.85(X/d)n; n = 0.38 (from velocity measurements),
n = 0.34 (from concentration measurements)

R varies from 6 to about 50.

Fig. 4 – Comparison between the Lagrangian particle tracks from CFD (grey symbols) and the jet trajectory correlation (black
line) at N = 100 rpm for the pilot reactor; N = 100 rpm and Utip = 1.36 m s−1.

dx.doi.org/10.1016/j.cherd.2008.05.005


Table 3 – Fitted A and B constants, 95% confidence interval (*) and R-squared (R2) statistics (**) (model (Y*/d) = A(X*/d)B for
the pilot reactor).

A 95% confidence
interval A (lower)

95% confidence
interval A (upper)

B 95% confidence
interval B (lower)

95% confidence
interval B (upper)

R2 (%)

Fig. 4
(a) 5.69 5.64 5.75 0.31 0.30 0.31 79.09
(b) 5.93 5.89 5.98 0.33 0.32 0.33 81.97
(c) 5.80 5.76 5.85 0.36 0.35 0.36 78.63
(d) 15.68 15.62 15.74 0.28 0.28 0.28 80.41
(e) 16.24 16.15 16.32 0.26 0.26 0.26 69.90
(f) 14.87 14.78 14.95 0.28 0.28 0.29 57.72
(g) 23.47 23.37 23.57 0.25 0.25 0.25 74.22
(h) 21.93 21.81 22.04 0.29 0.29 0.30 67.92
(i) 18.54 18.42 18.65 0.32 0.32 0.32 49.67

Not shown
(a) 23.43 23.31 23.55 0.27 0.26 0.27 60.08
(b) 19.77 19.69 19.86 0.27 0.26 0.27 72.49
(c) 16.24 16.15 16.32 0.26 0.26 0.26 69.90
(d) 14.25 14.19 14.31 0.28 0.27 0.28 77.18
(e) 12.07 12.01 12.12 0.29 0.29 0.29 80.82

(*) The confidence interval provides a bound when estimating a parameter for which the mean and standard deviation of the population can
be estimated. From Fig. 4(a), we can conclude with 95% confidence that the A constant value is somewhere between 5.64 and 5.75. (**) R2 is the
percentage of the variability in Y*/d that has been explained by the model. In this case, the non-linear regression against X*/d explains about

e mo
79.09% of the variability in Y*/d. The closer it is to 100%, the better th

thus covered by the box; (ii) a vertical line at the location
of the median, which divides the data in half; (iii) a cross

sign at the location of the mean; (iv) whiskers extending
from the quartiles to the largest and smallest observations,
unless some values are far enough from the box to be

Fig. 5 – Comparison between the Lagrangian particle tracks from
line) with d = 0.1 m for the industrial reactor: (a) Nnom/2, V = 1.55 m
Nnom/2, V = 31 m s−1; (e) Nnom, V = 1.55 m s−1; (f) Nnom, V = 7.75 m s
and 7.73 m s−1 for N = Nnom/2 and Nnom, respectively.
del has reproduced the data.

classified as “outside points”, in which case the whiskers
extend to the most extreme points that are not classified as

“outside”. “Outside” points are points more than 1.5 times
the inter-quartile range above or below the limits of the
box.

CFD (grey symbols) and the jet trajectory correlation (black
s−1; (b) Nnom/2, V = 7.75 m s−1; (c) Nnom/2, V = 15.5 m s−1; (d)

−1; (g) Nnom, V = 15.5 m s−1; (h) Nnom, V = 31 m s−1. Utip = 3.86
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Table 4 – Fitted A and B constants, 95% confidence interval, and R-squared (R2) statistics (model (Y*/d) = A(X*/d)B for the
industrial reactor)

Fig. 5 A 95% confidence
interval A (lower)

95% confidence
interval A (upper)

B 95% confidence
interval B (lower)

95% confidence
interval B (upper)

R2 (%)

(a) 1.98 1.95 2.01 0.14 0.14 0.15 15.54
(b) 7.12 7.08 7.16 0.31 0.31 0.32 81.14
(c) 12.49 12.43 12.54 0.31 0.30 0.31 75.05
(d) 19.55 19.45 19.65 0.26 0.26 0.26 56.40
(e) 1.13 1.10 1.16 0.15 0.14 0.17 13.14
(f) 4.29 4.26 4.33 0.27 0.26 0.27 73.22
(g) 7.58 7.53 7.62 0.29 0.29 0.29 81.09

0.30 0.29 0.30 74.46
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(h) 12.69 12.62 12.76

As shown in Fig. 6(a), the values of B around 0.15, which
orrespond to Fig. 5(a) and (e), are outside the box. A substan-
ial difference between the median and the mean indicates
ither the presence of an outlier or a skewed distribution. In
he case of a skewed distribution, the mean would be pulled
n the direction of the longer tail, which is not the case here.
hus, this confirms the two extreme points around 0.15 are
utliers and must be deleted from the data set used to cal-
ulate the average value of the constant B. These deviations
re explained by the bad non-linear fitting because the jet tra-
ectory obtained with V = 1.55 m s−1 gave clouds of points very
lose to the free-surface and the optimization method does
ot work well for large numbers of points without a well-
efined form. Fig. 6(b) presents the analysis of the modified
ata set and the analysis of the 19 observations gave a mean
alue and standard deviation for B of 0.29 and 0.03, respec-
ively. The standardized asymmetry and flatness values of 1.23
nd 0.44 lie between −2 and +2, indicating that the data set
ollows a normal distribution.

All the non-linear fits were re-calculated after setting the
onstant B to 0.29. In the model proposed for the correlation,
he constant A depends on the quantity (V/Utip) with the form
xpressed in Eq. (4). The curve of ln (A) versus ln (V/Utip) used
o estimate values for the A1 and A2 constants of Eq. (4) is
hown in Fig. 7.

= A1

(
V

Utip

)A2

(4)

The data are fitted extremely well by a straight line

hich means that a single correlation fits the data for the

wo reactors and that the proposed model constants are
ndependent of the scale factor. Using the fitted data we

Fig. 6 – Box and whiskers plots of B: (a) compl
Fig. 7 – A plot of ln (A) versus ln (V/Utip) for the pilot and the
industrial reactor.

obtain:

A = 4.05

(
V

Utip

)0.85

(5)

4.4. Final correlation for the jet trajectory

The correlation is expressed in the following equation by

Y∗

d
= 4.05

(
V

Utip

)0.85(
X∗

d

)0.29

(6)
with 0.072 m ≤ d ≤ 0.1 m, 0.68 m s−1 ≤ Utip ≤ 7.73 m s−1 and
0 ≤ X* ≤ −2X0 (X0 < 0).

ete data set; (b) data set without outliers.
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Fig. 8 – Comparison between the Lagrangian particle tracks from CFD (grey symbols) and the jet trajectory obtained by using
Eq. (7) (black line) at N = 100 rpm for the pilot reactor: (a) d = 7.2 mm, V = 2 m s−1; (b) d = 10 mm, V = 2 m s−1; (c) d = 15 mm,

−1 −1 −1; (f −1 −1
V = 2 m s ; (d) d = 7.2 mm, V = 6 m s ; (e) d = 10 mm, V = 6 m s
d = 10 mm, V = 10 m s−1; (i) d = 15 mm, V = 10 m s−1.

An important result is that the correlation is independent
of the reactor scale and the jet trajectory Y = f(X) is expressed
in the following equation as

Y = Y0 − d

[
4.05

(
V

Utip

)0.85(
X − X0

d

)0.29
]

(7)

and is valid for 0.072 m ≤ d ≤ 0.1 m and
0.68 m s−1 ≤ Utip ≤ 7.73 m s−1 and X0 ≤ X ≤ −X0 (X0 < 0).

Eq. (7) is compared with the Lagrangian particle tracks in

physical coordinates for the pilot and industrial reactors in
Figs. 8–10. It is clear that the proposed model is able to describe
the CFD data for the jet trajectory with very good agreement
) d = 15 mm, V = 6 m s ; (g) d = 7.2 mm, V = 10 m s ; (h)

for various jet injection and agitation conditions. One of the
most important results is that the correlation is found to be the
same for the laboratory and the industrial scales. Surprisingly,
the constants A1 and A2 found here for a completely different
situation to that of a jet in a cross-flow are very similar in value
to those presented in Table 2.

5. Comparison with experimental data

Torré et al. (2008) presented a technique to average experi-

mental data to remove stochastic variations. Essentially, jet
injection was performed three times for nominal identical
conditions to allow an estimation of the random variabil-

dx.doi.org/10.1016/j.cherd.2008.05.005


Fig. 9 – Comparison between the Lagrangian particle tracks from CFD (grey symbols) and the jet trajectory obtained by using
E

F
u
V
V

q. (7) (black line) with d = 10 mm and V = 6 m s−1 for different agi

ig. 10 – Comparison between the Lagrangian particle tracks from
sing Eq. (7) normalized (black line) with d = 0.1 m for the industr
= 7.75 m s−1; (c) Nnom/2, V = 15.5 m s−1; (d) Nnom/2, V = 31 m s−1; (
= 15.5 m s−1; (h) Nnom, V = 31 m s−1.
tator rotation speeds (pilot reactor).

CFD (grey symbols) and the jet trajectory obtained by
ial reactor: (a) Nnom/2, V = 1.55 m s−1; (b) Nnom/2,
e) Nnom, V = 1.55 m s−1; (f) Nnom, V = 7.75 m s−1; (g) Nnom,
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Fig. 11 – Comparison between experimental pictures of jet injections obtained using the trichromy imaging process and the
(a) V
ory p
theoretical jet trajectory correlation (full line) at N = 100 rpm.
The dotted lines show the uncertainty limits for each traject

ity of the process and the jet penetration was recorded via
the trichromy imaging process described previously in Torré
(2007) and in Torré et al. (2008). In short, a fluorescent tracer
(Fluorescein) is incorporated into the injected liquid and all
the experiments were done under UV light produced by two
blacklight tubes (Philips TL-D, 120/26, �max = 355 nm). The jet
penetration into the stirred liquid was recorded using a high
speed black and white camera (HCC-1000 from VDS Vossküh-
ler monitored by the NV1000 software from New Vision
Technologies). At the end of the injection time, the three pic-
tures obtained from the three different experiments for the jet
trajectory on an XY plane were colour transformed; one into
red, one into green and one into blue. Finally, these three ele-
mentary frames were superimposed. The area common to the
three experiments appeared white, resulting from the additive
synthesis of the RGB imaging technique.

Fig. 11 shows a comparison of the experimental data for
three different jet velocities at N = 100 rpm with the predictions
obtained from the correlation. This demonstrates clearly that
the correlation describes the jet trajectory in this vessel very
well in both a qualitative and quantitative sense.

6. Conclusions

A correlation has been developed that can be used to predict
the penetration behaviour of a jet into a mixing vessel and
provides a useful technique for exploring the efficacy of jet
injection systems used to quench runaway reactions. The cor-
relation was developed using a computational fluid dynamics
model to predict the behaviour of an injected jet into a par-
tially baffled stirred vessel. The correlation is based on the
form used for a jet in a cross-flow and uses the impeller tip-
speed as a measure of the cross-flow velocity. The correlation
is shown to fit well for a wide range of injection and agita-
tion speeds for both pilot and industrial-scale systems. Direct
comparison with experimental data confirms the validity of
the approach.
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