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Abstract: The present investigation focuses on the impact of jet nozzle orientation on mixing time
in a cylindrical tank. The aim is to identify nozzle positions that improve mixing performance and
to elucidate the governing parameters that influence it. A water tank was employed for the
experiment. The vertical inclination angle () and the horizontal inclination angle () of the jet nozzle
determined the nozzle positions. Mixing time was determined using an inert tracer and
spectrophotometry measurements. The findings show that the mixing time is significantly
influenced by the position of the jet nozzle position. The accuracy of existing jet turbulence and the
circulation models for the prediction of mixing time was evaluated for the different nozzle positions.
Our results indicate that both models provide accurate predictions for the conventional centrally
aligned (f = 0°), upward-pointing jet nozzle positions only (« > 0). For the other nozzle positions
where > 0° and at varying «, the data follow the same trends as the jet turbulence and circulation
models, however, the proportionality constants vary. Shorter mixing times can be attributed
principally to longer jet path lengths and therefore higher fluid entrainment and circulation, as well
as higher dissipation rates per jet length squared. However, it is suspected that the 3-dimensional
nature of the flow pattern generated in the tank also plays a non-negligible role since mixing is
hindered when the nozzle points more towards the tank wall.

Keywords: Jet mixing; Liquid Mixing; Mixing time; Circulation time

1. Introduction

Jet mixing is a widely used process that utilises kinetic energy from a pumped stream to blend
miscible fluids in tanks or reactors [1,2]. It is particularly effective for large storage tanks where
mechanical agitation is difficult to implement [3,4]. The process entails the recirculation of tank fluid
in the form of a jet stream, which is directed through a nozzle and reintroduced into the bulk fluid of
the tank. Jet-mixed tanks can be designed with an axial (i.e. vertical) jet or a side-entry jet that is
inclined vertically as shown in Figure 1; the jets can be either upwards- or downwards-pointing.
Revill [5] recommended that the jet be positioned such that it spans the longest tank dimension; this
is across the liquid height, H for an axial jet and across the diagonal for a side-entry jet.



T T
@ (b)

Figure 1. Jet paths for (a) an axial jet and (b) a side-entry jet with vertical inclination angle .

The submerged jet has specific characteristics along its length, starting from the nozzle inlet up
until several hundred nozzle diameters, dj. A jet typically forms a conical shape with a universal
opening angle of approximately 11.80°, regardless of the fluid type, nozzle diameter, and injection
speed, uj [6]. The shear flow between a turbulent jet fluid and the surrounding ambient fluid can be
divided into three regions [6,7]. The initial region consists of the potential core, which is a small
conical-shaped zone formed by mixing the jet and ambient fluid. The potential core possesses the
flow characteristics of the nozzle inlet, i.e. the centreline velocity is equal to the velocity at the nozzle,
and spans a length of approximately six nozzle diameters. The transition region occurs where
turbulent eddies start to form in the shear layer and the centreline velocity starts to decay. This
process starts at approximately a distance of 6d; until 30d; after the jet nozzle and facilitates mixing
and entrainment of the ambient fluid. Lastly, the fully-developed region, which typically commences
at about 30d; along the jet axis, is characterised by high turbulence and self-similar velocity profiles
[5,19].

The velocity of the fluid at the centreline of a turbulent jet reduces rapidly as it moves
downstream due to mixing with the surrounding fluid, and this decay rate depends on factors such
as initial velocity, fluid properties, jet geometry, and distance from the source. Rajaratnam [21]
provides an approximation for the centreline jet velocity (u:z) in the fully-developed region for a
turbulent jet as follows:

wd;

u, =6— 1)
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where u;jis the jet velocity at the nozzle, and z is the distance from the nozzle along the jet axis. From
Equation 1 it can be seen that at a distance of 100d; from the nozzle, the centreline velocity decreases
to 6% of the jet inlet velocity. It is typically considered that the effectiveness of the turbulent jet for
mixing becomes negligible beyond a distance of roughly 400d; [7]. It is important to note that the jet
also loses its characteristic properties upon impact with the tank wall, bottom, or liquid surface [6,7].

1.1. Mixing Time

Steady jets have been used for industrial mixing applications for many years, mainly for mixing
low-viscosity, single-phase liquids. Mixing time, t», is a fundamental performance indicator used to
evaluate the efficiency of mixing operations, signifying the duration needed to achieve a satisfactory
level of homogeneity [4,8,9]. In the context of jet mixing, various empirical equations have been
presented in the literature to estimate mixing time. Wasewar [3] provides an overview of multiple
correlations linking diverse jet mixing parameters with the mixing time, as documented in the
existing literature. Amongst these, one of the earliest correlations is that proposed by Fosset [20] given
in Equation 2, which only includes tank diameter, jet velocity and nozzle diameter. The correlation is
only for the turbulent flow regime and it suggests that mixing time is independent of jet Reynolds
number.
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The correlations presented by Fox and Gex [10] in Equation 3 show a strong dependence of
mixing time on Reynolds number in the laminar regime but less so in the turbulent regime (Reynolds
numbers > 2000. Like the previous correlation, the applicability and accuracy of these correlations is
limited due to their empirical nature and the fact that the physical processes involved in mixing are
not considered. Consequently, these correlations may not always provide accurate mixing time
predictions, especially in other tank geometries. Okita and Oyama [11] aimed to address this issue,
and they reported correlations of mixing time for vertical and inclined side entry nozzle
configurations (Equations 4 and 5). They concluded that mixing time is independent of Reynolds
number for values above 5000 in the turbulent jet regime.
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In addition to the numerous empirical correlations that exist for the prediction of mixing time,
two more physically-based models exist for the design jet-mixed vessels. These are the circulation
and the turbulent jet models.

1.1.1. Circulation Model

The circulation model employed in jet mixing tanks relies on the concept of fluid circulation,
which occurs through the entrainment of bulk fluid by the jet stream. The total volumetric flow rate,
Qr, is expressed by the sum of the flow rate through the nozzle, Q and the maximum entrained flow
rate, Qp(z,,,,), Which occurs at the maximum jet path length, z,,q,. This is the distance from the
nozzle to the point where the jet impinges on the tank wall, base or liquid surface. The mean
circulation time can be expressed in terms of the liquid volume (V) contained within the tank and the
total volumetric flow rate of bulk liquid, Qr as given by Equation 6.

v
te =4 (6)

Rajaratnam [22] has shown through a momentum balance that the ratio of the total flow rate in

the jet to the flow rate at this nozzle increases with the distance from the nozzle:
QT kz
o= 7)
Q d

J
where k is an experimental coefficient. The total flow rate at the end of the jet (at a distance zmw from
the nozzle) can therefore expressed as:

& _ kZyax

Q d;

Ricou and Spalding [23] reported a value of k equal to 0.32 for a free jet. However, Maruyama et
al. [12] presented k values ranging from 0.48 to 1, depending on nozzle clearance, liquid height, and
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inclination angle. The variation in the value of k is attributed to the distortion of the conical shape of
the jet stream [12], which leads to smaller circulation times compared with that of a free jet. This
suggests that the jet in a tank is confined to some extent, depending on the jet orientation. In addition,
k was found to strongly depend on the Reynolds number of the jet (Rej) within the range of 100 to
2000 [5]. However, as Rej exceeds 2000, the correlation between k and Rej weakens [5].

Maruyama et al. [12] presented the circulation model by expressing equation (8), in terms of
circulation time, . and mean residence time, tr:
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which can be written as Equation (10) when expressing fr in terms of tank geometry and the flow
velocity:
2
te = _T'H (10)
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Mixing time has been shown to be directly proportional to circulation time [11] [12], which can
be written as:
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Grenville & Tilton [13] reported ¢ equal to 9.34 for vertical nozzle inclinations, a > 15°, and 13.8

for o <15° when f=0° and 0.4 < H/T < 1. It is worth noting that irrespective of the specific value of
k selected, @ remains constant for a given jet configuration.

1.1.2. Jet Turbulence Model

Using another physical representation, Corrsin [24] demonstrated that the mixing time for a
passive scalar in a low-viscosity fluid is a function of the integral scale of concentration fluctuations
(L) and the turbulent kinetic energy dissipation rate (g¢). Using this, Grenville and Tilton [14]
introduced the jet turbulence model (JTM) and showed that mixing time in jet-mixed vessels is
determined by the rate of turbulent energy dissipation at the end of the free jet path length:

t. (‘gzm_ax>_1/3 (12)
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where the turbulent kinetic energy dissipation rate at the end of free jet path length, ¢, , is:

gzmax « uzmax3/dzmax (13)

They conducted experiments using tanks with aspect ratios (H/T) ranging between 0.2 and 3.0
and for jet nozzle positions such that the jet path spanned the diagonal of tank. By substituting
Equations (1) and (12) into Equation (11) and using the conservation of momentum (u;d; =
Uy, .d, ) they showed that dimensionless mixing time in all vessels could be expressed as:

u; d \*
bty — = 2.97< t ) (14)
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Whilst the constant in Equation (14) is obtained empirically from the large set of experimental
data, the correlation is based on a physical model where local energy dissipation rate at the end of
the jet controls mixing in the vessel.

Despite the abundance of literature on jet mixing of Newtonian fluids in vessels and the existing
general design guidelines for jet-mixed tanks, there is a lack of clear understanding of the impact of
nozzle orientation on mixing. Indeed, most studies have explored mixing for upwards-pointing jets
that span the diagonal of the tank and are oriented across the tank diameter. The case of downwards-
pointing nozzles has rarely been dealt with, although important for mixing stratified systems. Side-
entry nozzles that are oriented horizontally towards the wall have also been given little attention
although they have shown potential for effective mixing in wastewater treatment [15]. This study



therefore focuses on the impact of nozzle orientation — both vertical and horizontal inclination — on
single phase low-viscosity jet mixing in a tank. The effectiveness of different nozzle positions is
evaluated by measuring mixing time using an inert tracer. The results obtained are discussed on the
basis of existing correlations and physical models.

2. Materials and Methods

2.1. Experimental setup and operating conditions

Figure 2 presents the schematic diagram of the vessel, which consists of a cylindrical tank made
of transparent plexiglass with a flat base and a diameter of 0.78 m. The aspect ratio, i.e. liquid height-
to-tank diameter (H/T) is equal to 0.5. The nozzle is situated in the tank at 0.05 m from the tank bottom
and 0.085 m from the side wall. Three nozzle diameters were tested: 3 mm, 5 mm, and 7.5 mm. The
vertical (a) and the horizontal () inclination angles of the nozzle are illustrated in Figure 3. The
angles were varied as given in Table 1; positive values of a correspond to an upward-pointing jet,
whilst negative value correspond to a downwards-pointing jet. When aand g equal zero, the jet spans
across the diameter of the tank. Figure 4 presents a schematic diagram showing various impingement
zones resulting from the vertical inclinations of the nozzle. When a exceeds the upper critical angle
of ay,, the jet impinges on the liquid surface (Zone A). For a;; <a< ay,, the jetimpinges on the tank
side wall (Zone B). Finally, when a is less than the lower critical angle of «a;;, the jet impinges on the
tank bottom (Zone C). The values of arrand aur are dependent on .
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Figure 2. Schematic diagram of the cylindrical tank, the nozzle position and the position of the
spectrophotometry probes (po, p1, p2). (a) Side view (b) Top view.
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Figure 3. Jet nozzle orientations (a) vertical inclination, o (positive a corresponds to an upwards-
pointing nozzle and negative o corresponds to a downwards-pointing nozzle), and (b) horizontal
orientation angle ({8) (the nozzle points across the tank diameter when 3=0° and points towards the
side wall when 3 > 0°).

Figure 4. Schematic diagram of the jet path length for different vertical jet nozzle inclinations.

Water at ambient conditions is the working fluid. The flow rate at the nozzle (Q) varied between
5.3 L/min and 14 L/min, giving with the residence times ranging from 843 — 7157 seconds. These flow
rates correspond to jet velocities at the nozzle ranging from 2 m/s to 16.7 m/s and jet Reynolds
numbers from 15,000 to 62,300 indicating a turbulent jet. Note that the liquid is pumped through the
nozzle and tank in a closed circuit in order to maintain the liquid level at constant. However, the
mean residence time for all tested conditions was sufficiently long compared with the mixing time,
such that liquid recirculation had no impact on the mixing process.

Table 1. Dimensions of the tank and nozzle for the experimental setup.

Parameter Symbol Value (m)

Tank diameter T 0.780

Liquid height H 0.390

Nozzle diameter d; 0.003, 0.005, 0.0075
Nozzle clearance from side wall XN 0.085

Nozzle clearance from tank bottom hN 0.050

Outlet clearance ho 0.192

Vertical inclination of nozzle o 35°, 30°, 26°, 15°, 8°, 0°, —30°
Horizontal inclination of nozzle B 0°, 15°, 30°, 45°, 60°

2.2. Mixing time measurements

Mixing time is measured by monitoring the decay of the normalised concentration variance of
an inert tracer, as given by Equation 15 [16]. 80 mL of an aqueous fluorescein solution (0.0166 mol/L)
was introduced into the tank on the centre of the free liquid surface. A spectrophotometer with three



T300-RT-UV/VIS dip probes (Ocean Insight) was used to take absorbance measurements over time
at three different positions in the tank as shown in Figure 1 (b); (po: 0,—0.29, 0.15 m; p1: 0, 0, 0.34 m; p2:
0.305, 0.085, 0.15 m). The response time of the probes was 250 ms. The absorbance values were within
the range to maintain the linearity of Beer-lambert’s law and therefore they are directly proportional
to the tracer concentration in the tank. Mixing time is defined as the time required to reach 95% of
the perfectly mixed state and occurs when log (¢?) < —2.6. The mixing time for each experimental
configuration is determined a minimum of two times, and the average value is taken. The percent
deviation in mixing time between two repeats is equal to or less than 9%, a magnitude that falls within
an admissible range when considering the reproducibility of experimental outcomes.

[Z% = l(Ci - Coo)z]
gl

15
MCL2 (15)

log(c?) =lo

In addition, in order to better understand the impact of the nozzle position on the mixing time,

the fluctuations of the concentration response curve of probes have been measured after the addition
of the tracer at the liquid surface, above the position of po.

3. Results and Discussion

3.1. Comparison of experimental mixing time with different models

Figures 5 and 6 present comparisons of the mixing times measured experimentally for different
nozzle positions and the mixing times calculated by previous models/correlations as a function of jet
Reynolds number. Results indicate that both the Maruyama [12] circulation model (Equation 11) and
the jet turbulence model presented by Grenville and Tilton [14] provide a good fit with the
experimental data for upwards pointing nozzles with 0° < a < 35° and $ = 0°. The other correlations
examined did not agree well with the current data. The coefficients for the circulation model
presented by Grenville and Tilton [13] are found to be completely out of range for the data obtained
in this study. Notably, the value of the proportionality constant is contingent upon the specific tank
geometry employed making these correlations poorly adapted to other geometries.

Figure 6 shows however that none of the correlations fit the experimental data for the
downward-pointing nozzle position of a = —30° and § = 60°. This is due to the fact that previous
literature on jet mixing has focused on centrally aligned, upwards-pointing nozzle positions. These
setups certainly exhibit dissimilar mixing mechanisms and flow patterns to those with the nozzle
position at aa = —30°, and f = 60°.
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Figure 5. Comparison of experimental mixing time data for upwards-pointing nozzles (0° < a < 35°
and {3 = 0°) with mixing time calculated by the previous correlations and models.
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Figure 6. Comparison of experimental mixing time data for a downwards-pointing nozzle (a = —30°
and 8 = 60°) with mixing time calculated by the previous correlations and models.

3.2. Correlating experimental data using jet turbulent model

The present study investigates the mixing performance of the different jet nozzle configurations

Ezmax

by analysing the mixing time fss as a function of ( 2) at the end of the maximum free jet path

Zmax
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length. The results presented in Figure 7 indicate a reduction in mixing time with Cz’"—“’g) for all
max

nozzle positions, however, a clear separation in the data is observed between upward and
downward-pointing nozzles. The downwards-pointing jets require significantly higher turbulence
energy dissipation rates per jet length squared to achieve equivalent mixing times as the upwards
pointing jets. Indeed, mixing is not affected the turbulence energy dissipation generated at the nozzle;
equivalent flow rates do not give equivalent mixing times for all nozzle positions. This affirms the
proposition put forth by Grenville and Tilton [14] that the mixing time is influenced by energy
dissipation rate, ¢ in a region located far from the jet nozzle, where velocities and turbulence intensity
are considerably lower rather than energy dissipation rate at the nozzle, ¢;. It can also be seen that for
upwards-pointing nozzles with a horizontal angle f=0°, where the jet spans across the tank diameter,
the vertical inclination angle o has no impact and all the data collapse. On the other hand, the
horizontal angle of the nozzle clearly has an influence and different mixing times can be obtained for

& e . . . . . . .
equal (zzm—“’;) In such cases he mixing time increases as the horizontal inclination angle of the nozzle
max

increases, i.e. as the nozzle is directed increasingly towards the side wall of the tank.

A regression analysis was conducted on the data for upwards-pointing jets with 0°<a
< 35° and $ = 0° and for the downwards-pointing jet with a = —30° and = 60° and the results are
Equations 16 and 17. The power exponent for both equations is very close to —1/3 as expected by
Corrsin’s [24] model. On the other hand, the proportionality constants are very different. A lower
value of the proportionality constant corresponds to a more efficient mixing process. The data thus
indicates that the mixing process is much more efficient with the upwards-pointing nozzles. For the
upwards-pointing nozzles, the proportionality constant is similar to the value of 32.4 reported by
Grenville and Tilton [14] for upwards-pointing nozzles that orient the jet centrally and across the
diagonal of the tank.

When the horizontal angle of the nozzle is varied, the data appear to correlate with a similar
slope close to —1/3, however the proportionality coefficient increases with increasing horizontal angle

even though the data have the same value of CZ’"“’;
max

) for equal jet velocity at the nozzle. This indicates

that the constant of proportionality in Equations 16 and 17 may depend not only on (%"J) but also

Zmax®
on the flow pattern created by the jet with different the nozzle positions.

o5 = 38.1(%)-0-304 (16)
with a correlation coefficient, R?, of 0.895 for 0° < a <35°, f=0°
tos = 4848.5(%)‘0'307 17)

with a correlation coefficient, R?, of 0.978 for a = —30°, = 60°
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Figure 7. Mixing time (tos) versus Cz’";";) for Rej=15000 to 62000.

3.3. Correlating experimental data using the circulation model

The experimental mixing time data was also correlated using the circulation model, which
consists in plotting mixing time against circulation time. Circulation time was measured for
downwards- and upwards-pointing nozzles with o« = —30° or 15° and varied values of f§ using the
method described by Maruyama et al. [12]. This method involves calculating tc as the time interval
between successive oscillations in concentration measurements in order to obtain a value of
coefficient 1/k appearing in Equation (9). For the other nozzle positions, values provided in
Maruyama et al. [12] were used. The values are provided in Table 2.

Table 2. Values of 1/k used in the circulation model for various nozzle positions.

(44 (o) ﬁ (o) d] (m) Zmax (m) (tC/tR)

(di/z ) 1/k
max

—30 0 0.005 0.093 0.32
15 0.005 0.093 0.31
30 0.005 0.093 0.264
45 0.005 0.093 0.193
60 0.005 0.093 0.164

15 0 0.0075 0.720 2.06
0 0.005 0.712 2.06
0 0.003 0.707 2.06
15 0.005 0.6930 2.06
30 0.005 0.638 1.46
45 0.005 0.552 1.10
60 0.005 0.447 0.70

0 0 0.005 0.688 1.88
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8 0 0.005 0.694 1.61

26 0 0.005 0.766 1.22%
30 0 0.005 0.673 1.22%
35 0 0.005 0.585 1.22*

* Averaged k value from similar tank geometries and nozzle positions from Maruyama et al[12].

Figure 8 displays the mixing time for various nozzle positions as a function of fluid circulation
time. For all nozzle positions, the mixing time increases with circulation time. A regression analysis
was conducted on the tss mixing time and the t. for nozzle positions at §=0°0° < a < 35° and that
of a = —30° and 15°, § = 60°, yielding the following relationships for the upwards- and downwards-
pointing nozzles, respectively.

tes=2.5 t, (18)
with a correlation coefficient, R?, of 0.97 for 0° < a <35° f=0°
tes=13.2 t; (19)

with a correlation coefficient, R?, of 0.99 for a = —30°, = 60°

From Equations 18 and 19, it follows that for nozzle positions at §=0°,0° < a < 35° the mixing
is achieved when the fluid has circulated approximately two and a half times in the tank, whilst more
than 13 tank turnovers are required to mix the tank when a downwards-pointing jet (o« = —30° and
15°, p = 60°) is used. Indeed, in the latter case the length of the jet is very short (< 20 dj), which means
that less fluid is entrained, thereby resulting in less fluid circulation. In addition, it is expected that
conical shape and characteristic properties of the jet are modified by the proximity of the tank base
and as a result, fluid entrainment may be hindered [12,17]. It can also be seen from Figure 8 that for
both downwards- and upwards-pointing jets, the proportionality constant between mixing time and
circulation time strongly depends on the horizonal orientation f. In the case of upwards-pointing jets,
the jet points more and more towards the side tank wall as f§ increases, becoming shorter at the same
time, and more tank turn overs are required to achieve mixing. For downwards-pointing jets,
however, the jet length is not modified with a change in . Therefore the increase in mixing time for
these cannot only be attributed to a lack of fluid entrainment and consequently fluid circulation in
the tank. On the other hand, it is suspected that as  increases for both downwards- and upwards-
pointing jets, the tangential component of the flow increases, whilst the radial and axial components
decrease, thereby hindering mixing.

Using the mixing time circulation model presented in Equation 11, the value of the
proportionality constant ¢ found for the various jet configurations in this study ranges from 3 to 4.7
for 0° < a < 35° B = 0°, and for the downwards-pointing jet with a = —30°, 3 =60°, ¢ = 2.2. For the
centrally aligned nozzle where a = 15° and = 0°, ¢ = 4.7, which agrees well with the value of 5
reported by Maruyama et al. [12] (as noted by Perona ef al. [17]) in tanks with aspect ratios (H/T )
ranging from 0.5 to 1.0. However, Grenville and Tilton [13] reported a value ¢ =9.34 for a >15°, =
0°, and 13.8 for a < 15°, § = 0° for jets that span the tank diagonal in tanks with H/T from 0.4 to 1,
which are similar conditions to those of Maruyama et al. [12]. A plausible explanation for this
inconsistency lies in the choice of the k value, which is governed by the nozzle installation positions
relative to the tank geometry and the relative confinement. Indeed, Maruyama et al. [12] showed
experimentally that k is dependent on the orientation of the nozzle and found values ranging from
0.48 to 1.0, while Grenville and Tilton [13] employed a fixed value of 0.25.
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Figure 8. Mixing time (tos) as a function of circulation time (t;) at Rej= 15000 - 62300.

3.4. Impact of the horizontal position of the jet nozzle

Figure 9 (a) shows the relationship between the coefficient 1/k appearing in Equation (9) and the
horizontal inclination of the jet nozzle () for two specific values of a: 15° and —30°. 1/k appears to
be more sensitive to § for the upwards-pointing nozzle with a = 15°, than for the downwards-pointing
nozzle with a = —30°. In the case of a = 15°, 1/k decreases from 2.06 to 0.7 (by 66%) as f3 is varied from
15° to 60°. On the other hand, when a = —30° 1/k decreases from 0.31 to 0.16 (i.e. by 48%) when f
increases from 15° to 60°. Since 1/k and circulation time are directly related, this data shows that fluid
circulation is hindered (being slower) as p increases. As mentioned previously, the increase in
circulation time can possibly be attributed to (i) less flow entrainment because the jet length decreases
as f increases and/or (ii) an increased tangential velocity component in the flow. For the upwards-
pointing jet, it is expected that both (i) and (ii) contribute to the increased circulation time, whilst for
the downwards-pointing jet, only (ii) contributes since the jet length does not vary with . Indeed, 1/k
only varies slightly for the downwards-pointing jet, thereby showing that the jet length is the prime
factor in flow entrainment and mixing. The indirect impact of 1/k and fluid circulation on mixing time
is shown in Figure 9 (b) for a values of 15° and —30°, and f values ranging from 0° to 60°. As expected,
mixing time increases as f increases since circulation is hindered.
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Figure 9. (a) Value of coefficient 1/k as a function of the horizontal orientation {3 of the nozzle; (b)
Impact of the horizontal orientation 3 of the nozzle on mixing time tos.

3.5. Impact of the vertical inclination of the nozzle

Figure 10 shows the effect of the vertical inclination of the nozzle a on the mixing time ty5 at
two different jet Reynolds numbers (24900 and 49900), with a nozzle diameter of 0.005 m and
horizontal orientation § = 0. As expected, mixing is faster at higher Reynolds numbers, which is
attributed to the increased entrainment rates of the bulk fluid. At Rej = 49900, there is little impact of
o on mixing time. However, at Re; of 24900, mixing time is significantly affected by a. Indeed, mixing
is slower when the jet is oriented towards the tank bottom or across the tank diameter compared with
when it is upwards-pointing.

The results at Rej =24900 indicate that when the jet impacts the free liquid surface (Zone A), the
mixing time is similar regardless of the inclination angle a. In contrast, when the jet impacts the side
wall of the tank (Zone B), mixing time decreases with increasing a. When the jet impacts the tank
bottom (Zone C), the mixing time is relatively high compared with upwards-pointing nozzle
configurations. Previous researches [13,14,18] proposed that the most effective vertical inclination of
the jet was when the free jet path length spans the diagonal of the tank volume. In the current setup,
this corresponds to a = 26°. However, this study found that similar mixing times can be achieved for
all vertical inclination angles of the nozzle, except for horizontal and downwards-pointing nozzles at
the lower Reynolds number (Rej = 24900).
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Figure 10. Impact of the vertical inclination of the jet nozzle (&) on mixing time (tss) at fixed horizontal
orientation (3 = 0) for dj = 0.005 m.

i

3.6. Impact of the free jet path length on mixing time

The mixing time as a function of the free jet path length, which ranges from 0.0925 m to 0.72 m,
is presented in Figure 11 for jet Reynolds numbers of 24900 and 49900. For both Reynolds numbers,
an increase in the free jet path length leads to a decrease in mixing time for jet configurations where
the jet impacts the side wall of the tank (blue symbols; Zone B). This shows that the mixing process
is mainly influenced by the entrained flow of the bulk fluid, which is proportional to the jet length.
For jet installation positions with o = —30° where the jet impacts the tank bottom (green symbols;
Zone C), the free jet path length is the same for all horizontal orientations (§ values equal to 0°, 15°,
30°, 45°, and 60°). Like shown previously, as f§ increases — and the nozzle points further towards the
side tank wall, mixing time increases. This shows that the free jet path length — and consequently
circulation flow rate — is not the only factor controlling mixing time in jet mixed vessels. It is believed
that the flow patterns in the tank are significantly modified by the horizontal orientation of the jet
nozzle, inducing a dominant tangential component of the flow as f increases and reducing the 3-
dimensional nature of the flow that is required for effective mixing. When the jet impinges on the
liquid surface (red symbols; Zone A) at angles a = 26°, 30°, 35° and § = 0° the free jet path length
decreases but there is no significant impact on mixing time.
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Figure 11. Mixing time (t95) as a function of maximun jet length for dj=0.005 m and for various nozzle
positions at (a) Rej = 24900 and (b) Rej=49900.

Returning back to Grenville and Tilton's [14] jet turbulence model, it can be shown that for a =
—30°, the jet free path length remains constant (z = 0.0925 m) regardless of § value and for given flow

conditions, (gz’”“’;) at the end of the jet path length is the same for all the values of . However,

Zmax

Figure 7 shows that the mixing time varies significantly even with identical (Sz"‘;";) This again
max
demonstrates that the constant of proportionality in Equations 16 and 17 may depend not only on the

ratio (zzm—“’;), but also on the flow pattern induced by the nozzle orientation. This observation may
max

also hold for circulation models which are based on the fluid entrainment rate into the jet spread
along the jet path length, considering the differences in mixing time across jet nozzle positions with
equal free jet path length (a« = —30°and g =0°, 15°, 30°, 45°, and 60°). The flow pattern induced by the
nozzle orientation may affect the proportionality constant in Equations 18 and 19; the proportionality
constant increases principally as f increases, while the vertical inclination of the nozzle has a
relatively minor impact on this constant.

3.7. Impact of the jet nozzle diameter and jet inlet velocity on mixing time

Figure 12 (a) shows how the nozzle diameter and the inlet velocity affect mixing time tgs. It is
not surprising that an increase in the velocity reduces mixing time for all nozzle diameters since
Reynolds number is increased. Additionally, at a fixed velocity, mixing time is shown to decrease as
nozzle diameter increases. The data show a three-fold increase in mixing time for a 0.003 m nozzle
compared with a 0.0075 m nozzle at identical fluid velocities. Increased fluid circulation and mixing,
as well as turbulence at higher velocities likely explain the trend of decreasing mixing time.
Improvements in mixing performance at constant velocity for different nozzle diameters are mostly
due to increased flow rate as the nozzle diameter increases [8]. Figure 12 (b) shows the mixing time
obtained from various nozzle orientations as a function of jet fluid Reynolds number and it can be
seen that mixing time is inversely proportional to jet Reynolds number. Like observed in previous
analyses, the mixing time data collapse for all upwards-pointing orientations when the jet spans the
tank diameter, i.e. = 0°. However there is a shift in the data to longer mixing times at equivalent
Reynolds number as the jet is oriented towards the side tank wall or the tank bottom. This is clearly
seen by the values of the proportionality constants Equations 20 and 21 that indicate that a larger
Reynolds number is required for the downwards-pointing nozzle with o = —30°, 3 = 60° to achieve
an equivalent mixing time to that obtained with upwards-pointing nozzles with 0° < a <35°, 3 =0°.
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3.8. Correlation of mixing time with power input and flow momentum

Figure 13 (a) presents mixing time obtained with different nozzle diameters and orientations as
a function of power per unit mass (P)), as given by Equation 22. A power-law relationship is observed
between tss and Pj resulting in Equations 23 and 24 for the nozzle configurations 0° < a < 35°, f=0°
and a = —30° =60°.

T ,2 1 T ;2
b (39°w)(zew?) (g4’ w?) 21)
;o pV B %
tos = 1.50 P, 7032 (22)
tos = 4.84 P, 7032 (23)

The proportionality coefficients in Equations 23 and 24 reveal that a higher power per unit mass
is required to mix in a tank with a downwards-pointing nozzle oriented at a« = —30°, 3 =60° compared
with centrally aligned upwards-pointing nozzles (0° < o < 35°, 3 = 0°). Indeed, from the ensemble of
data in Figure 13 (a), increased power per unit mass is require when the nozzle points downwards
or further towards the side-tank wall. This may stem from factors such as free jet path length, limited
bulk fluid entrainment, and the flow pattern associated with the nozzle orientation, which have been
discussed in previous sections of this article.

Of particular interest is the observation that the exponent on Pjin Equations 23 and 24 is
approximately equal to —1/3, which is the same as that in Equations 16 and 17. This similarity arises
because an increase in power per unit mass of the jet results in increased rates of turbulent energy
dissipation.

Figure 13 (b) shows mixing time as a function of jet flow momentum (G) as given by Equation
25 for all nozzle orientations. From Equations 26 (for nozzles with 0° < a < 35°, # = 0°) and Equation
27 (for nozzles with @ = —30°, = 60°), it can be seen that mixing time is proportional to the inverse
square root of jet flow momentum.
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nd;*
G = pujoJ (24)
tos = 46.75G7°° (25)
tos = 157.67G7°° (26)

Like seen previously, the data for the centrally aligned upwards-pointing nozzles collapse but
higher momentum is required for downwards-pointing nozzles and for nozzles oriented towards the
side-wall of the tank.
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Figure 13. Mixing time tos as a function of (a) specific power input, and (b) jet flow momentum.

4. Conclusions

This experimental study focuses on the impact of nozzle orientation — both vertical and
horizontal inclination — on single phase low-viscosity jet mixing in a tank. The effectiveness of
different nozzle positions is evaluated by measuring mixing time using an inert tracer.

For upwards-pointing jets positioned across the tank diameter, mixing time was found to follow

the jet turbulence model by Grenville and Tilton [14] and scales with (82"‘;”;) The proportionality

Zmax
constant is in agreement with that found by Grenville and Tilton [14] for a range of vessel sizes and
jets spanning the diagonal of the tank. If the horizontal inclination of the nozzle fis increased or the

nozzle is downwards-pointing, mixing time was still found to correlate with (;Zm;"z‘) but the
max

proportionality constant is modified. Mixing is typically worse with a downwards-pointing nozzle
or as the nozzle is oriented further towards the side wall of the tank.

Based on analyses using the circulation model by Marayuma et al. [12], mixing time was also
found to scale with circulation time for upwards-pointing jets positioned across the tank diameter
and the proportionality constant is in agreement with that found by Marayuma et al. [12]. Like for the
jet turbulence model, if the horizontal inclination of the nozzle f is increased or the nozzle is
downwards-pointing, mixing time still correlates with circulation time but the proportionality
constant is modified. A larger number of turnovers of the fluid in the tank are required to mix the
contents when the nozzle points further towards the side wall of the tank.

Shorter mixing times can be attributed principally to longer jet path lengths and therefore higher
fluid entrainment and circulation, as well as higher dissipation rates per jet length squared. Generally,
centrally aligned upwards-pointing nozzles provide faster and more efficient mixing. Mixing
performance is less effective and efficient with downwards-pointing nozzles and when nozzles are
oriented towards the side-wall of the tank.
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There appear to be several ways to correlate mixing time data — sza’;
max

), circulation time, jet

Reynolds number, power per unit mass and momentum. Mixing times for all centrally aligned
upwards-pointing nozzles were found to collapse with all of the above variables but did not for other
nozzle configurations (downwards-pointing and wall oriented jets). It is suspected that the 3-
dimensional nature of the flow pattern is significantly modified in the latter cases, thereby impacting
the dominance of tangential flow and the mixing mechanism.
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Nomenclature
Ci Initial Concentration (Moldm=)
Co Final Concentration (Moldm3)
dj Jet nozzle diameter (m)
d: Jet spread diameter at z (m)
f frequency (s)
Fr Froude number Fr= = %
djg
G Jet flow momentum (N)
g Gravitational force (m/s?)
Liquid height (m)
hn Nozzle clearance from tank bottom (m)
ho Outlet Clearance from tank bottom (m)
k Entrainment rate model constant
L integral scale of concentration fluctuations (m)
P; Jet power per unit volume (Watts/kg)
Q Jet nozzle discharge flow rate (m?/s)
QEGmax) Jet entrainment Rate within the jet spread across the free jet path length (m?/s)
Qr Total volumetric flow rate of the bulk volume (m?3/s)
Rej Jet fluid Reynolds number Re; = %Id"
tm Mixing time (s)
fe Mean circulation time due to entrainment within the jet spread around Zmax (s)
tr Bulk fluid residence time (s)
tos 95% mixing time (s)
T Tank diameter (m)
uj Jet inlet velocity (m/s)

Uz Jet velocity at z (m/s)
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1% Bulk fluid volume (m?)

XN Jet nozzle clearance from the side wall (m)

z Distance from the nozzle in the axis of the jet (m)

Zmax Free jet path length as the jet impinges on the liquid surface, side tank wall, or tank bottom (m)
Greek Symbols

&j Turbulent energy dissipation rate at the jet inlet (m?/s?)
& 2 max Turbulent energy dissipation rate at z,q, (m?/s®)

P Density (kg/m?)

U Viscosity (Pa.s)

a Jet nozzle vertical inclination (°)

oL Jet nozzle vertical inclination upper limit (°)

auL Jet nozzle vertical inclination lower limit (°)

B Jet nozzle horizontal position (°)

o Fox and Gex correlation constant

) Circulation model constant
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