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Abstract—Our previous CFD predictions of the circular, elliptic, and square jet mixing tanks were re-analyzed to
investigate the highest performance jet mixing tank design and the appropriate mixing performance criterion. So, the
mixing performance indicated by overall mixing time and maximum mixing time criteria of these jet mixing tanks was
compared. These CFD predictions were carefully developed by using our previous reliable jet mixing tank CFD model.
For model validation, reasonable agreement between the predicted mixing times and measurements was observed. The
results revealed that circular and non-circular jet flow phenomena were significantly different in the near field jet
regions. Further, the elliptic jet mixing tank provided the highest mixing performance because of its highest entrain-
ment and turbulence kinetic energy near the jet boundary. Finally, it can be concluded that the maximum mixing time

criterion is a suitable mixing performance indicator.
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INTRODUCTION

The jet mixing tank is one of the efficient mixing devices in chem-
ical industries because of its simple design, absence of moving parts,
inexpensive operating cost, and ease of installation and mainte-
nance. The mixing device was first introduced by Fossett and
Prosser [1]. The mixing performance of different components inside
the tank is enhanced by high velocity liquid jet produced by the
pump. This liquid jet provides liquid recirculation and entrainment
inside the mixing vessel.

Over the past half-century, the mixing time correlations for var-
ious jet mixing tank designs were obtained experimentally. How-
ever, until today; there was no universal jet mixing time correlation.
This means that these mixing time correlations are case-specific
[2]. Furthermore, the liquid flow and mixing phenomena inside
these jet mixing tanks were not available [3]. Consequently; in order
to investigate the phenomena inside the jet mixing tanks, compu-
tational fluid dynamics (CFD) is adopted by many researchers.

One of the earliest jet mixing tank CFD studies was reported by
Brooker [4], who confirmed that the CFD model could predict an
acceptable jet mixing time. Patwardhan [5] successfully employed
the standard k-epsilon (SKE) turbulence model with modified model
constants to predict the concentration profiles of the inclined side
entry jet mixing tanks. Furthermore, reasonable agreement on the
overall mixing times between CFD simulations and experiments
was observed. Note that the predicted overall mixing times were
computed by the arithmetic average of the mixing times of four dif-
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ferent probe locations. Then, the effects of jet arrangement [6,7],
tank shape [8], liquid height [9], jet flow rate [10], jet velocity pro-
file [11], fluid types [12], and others on jet mixing performance were
numerically studied.

For jet mixing tank CFD modeling, the SKE model was sug-
gested to predict the jet mixing tanks [5,6,13]. However, these reports
contradict the suggestion of Phapatarinan et al. [14] that the realiz-
able k-epsilon (RKE) turbulence model is appropriate to predict the
jet mixing times for a wide range of jet inlet velocities. Although the
RKE successfully predicted the overall jet mixing times, the discrep-
ancy in concentration profile prediction was still observed. Bum-
rungthaichaichan et al. [15] later demonstrated that the improper
inlet turbulence conditions and flat top liquid surface assumption
were the main causes of the discrepancy in concentration profile
prediction. Moreover, Bumrungthaichaichan and Wattananusorn
[3] proposed the reliable model for circular jet mixing tank CFD
simulation. In 2021, Kumar and Vaze [16] attempted to use SKE
together with the turbulence boundary condition settings suggested
by Bumrungthaichaichan et al. [15] to study the circular jet mix-
ing tank. Their predicted results confirmed that the SKE was not a
suitable turbulence model for concentration profile and mixing
time predictions.

Generally, for free jets, the mixing performance of non-circular
jets (or three-dimensional jets) is better than the circular jets [17].
Furthermore, for both near- and far-field regions, the entrainment
of the former jets is greater than that of circular jets [18-20]. Al-
though non-circular jets are more effective than round jets, most
of the previous experiments and CFD simulations of jet mixing
tanks focus only on the circular jets. That is, only a few non-circu-
lar jet mixing tank studies were available. Bumrungthaichaichan
[21] recently carried out a non-circular jet mixing tank study, in
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which he investigated the mixing performance of circular, elliptic,
and square jet mixing tanks. And the results revealed that the cir-
cular jet mixing tank provided the shortest overall mixing time,
followed by elliptic and square jet mixing tanks, respectively. From
these predicted overall mixing times, the bias discussion was re-
ported to support reasons why the commercial nozzle designs inside
jet mixing tanks are developed by considering the circular cross-
sectional shape.

Overall mixing time is less likely to be a good indicator of per-
formance for some jet mixing tank applications, such as blending
the inhibitor to prevent runaway reactions [22,23], emergency cool-
ing systems [24], and so on. Because of the overestimated perfor-
mance of the jet mixing tank, an unanticipated incident may occur.
Furthermore, the overall mixing time is not an appropriate indica-
tor to select the ideal jet mixing tank from a variety of designs.
Therefore, to obtain a suitable jet mixing tank design, the maxi-
mum mixing time should be adopted instead of the overall mix-
ing time. So, in the present paper, our previous RKE-based CFD
predictions of circular jet mixing tank (CJMT), elliptic jet mixing
tank (EJMT), and square jet mixing tank (SJMT) were re-analyzed
to investigate the highest mixing performance of these jet mixing
tank designs. Note that only slight mixing performance improve-
ment is essential for some safety applications, such as inhibitor blend-
ing, emergency cooling systems, etc. The jet mixing performance
indicated by overall mixing time and maximum mixing time crite-
ria was compared to achieve an appropriate mixing performance
criterion. Furthermore, the mean flow and turbulence fields of these
jets inside the mixing tanks were re-considered to describe their
mixing behaviors.
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DESCRIPTION OF CFD MODELING

1. Configurations of Pump-around Jet Mixing Tanks

In this paper, 0.5 m-diameter (D) open pump-around circular
and non-circular jet mixing tanks were considered. The water height
(H) inside the cylindrical tanks was 0.5m. A nozzle was installed
at the tank base. The angle between the nozzle and flat bottom (6)
was 45°. The outlet pipe diameter (d,) was 0.0381 m. The outlet pipe
was placed at 0.05m above the tank base (h,). Three different cross
sectional nozzle shapes were studied, including circle, ellipse, and
square. The circular equivalent diameter (D,) based jet Reynolds
numbers (Re;=pD,Uj/1) of these nozzles were controlled to be
identical, having values of about 35,000. As reported by Gutmark
and Grinstein [17], the circular-equivalent diameter can be defined
as the diameter of a circular jet having an identical non-circular jet
discharge area. A schematic of the pump-around jet mixing tank
and the necessary coordinate systems is shown in Fig. 1. Further,
the details of these jet mixing tanks are summarized in Table 1.
2. Computational Domains and Grid Generations

Three-dimensional pump-around jet mixing tank domains and
their grid generations were created with the GAMBIT 2.4.6 pro-
gram. To obtain the predicted results with higher accuracy, the fine
grids should be generated inside the jet near-field and near-wall
regions where the viscous effect is predominant. Further, the hexa-
hedral grids that are aligned with the jet flow direction should be
controlled to suppress the numerical diffusion. Therefore, the com-
putational domains were split into several volumes to store the hexa-
hedral grid cells easily [3,15]. The grid generation of the jet mixing
tank can be represented in Fig. 2.
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Fig. 1. Schematics of (a) jet mixing tank, (b) jet mixing tank (top view), and (c) coordinate systems and nozzle cross-sectional shapes.
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Table 1. Shapes and dimensions of the studied jet mixing tanks

A. Namkanisorn et al.

Detail CJMT EJMT SIMT
Tank shape Cylindrical tank
Tank diameter (D) 0.5m
Liquid height (H) 0.5m
Outlet pipe shape Circular pipe
Outlet pipe diameter (d,) 0.0381 m
Outlet pipe height (h,) 0.05m
Nozzle cross-sectional shape Circle Ellipse Square
Nozzle cross-sectional area (A) 50.27x107° m®
Circular equivalent diameter (D,) 0.008 m

—3

Nozzle dimension” d=8x10"m ;zgggi 13,32 w=7.09x10">m
Nozzle angle (6) 45°

“d; a, b, and w stand for circular nozzle diameter, major radius, minor radius, and width, respectively.
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Fig. 2. (a) Surface and (b) Interior grid generations of jet mixing tank.

3. Model Assumptions

In this paper, four assumptions used to obtain the CFD models
for pump-around jet mixing tanks were as follows: (i) The liquid
jet flow inside the tank was completely developed before the onset
of the mixing time investigation. Thus, the CFD simulations were
distinguished into two parts, including steady state simulation of
the mean flow pattern and time dependent simulation of the con-
centration distribution. (ii) The properties of liquid water and tracer
were identical due to the dilute concentration of the tracer. (iii) The
flat top liquid surface was assumed to reduce the computational
resources. (iv) The turbulence was predicted by the turbulence model
because the mean flow properties are only required to describe the
flow phenomena in most engineering applications.
4. Governing Equations

The steady state Reynolds-averaged Navier-Stokes equations
(RANS) with RKE turbulence model were employed to achieve
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the mean flow properties and turbulence inside the jet mixing tanks.
The standard model constants of RKE, including C,=max[0.43, 7/
(m+5)], C,=19, C, =144, g=1, 6,=1.2, were specified in trans-
port equations of turbulence kinetic energy (TKE or k) and turbu-
lence kinetic energy dissipation rate (TDR or ¢). The unsteady state
species transport equations without chemical reaction were adopted
to represent the tracer concentration distributions inside these jet
mixing tanks. Note that the full descriptions of these governing
equations were reported in our previous works (cf. Bumrungthaic-
haichan and Wattananusorn [3] and Bumrungthaichaichan et al.
[15] for more details about the selected governing equations of jet
mixing tank simulation).
5. Material Properties and Boundary Conditions

For fluid properties, the density, viscosity, and mass diffusivity
of water and tracer were 9982 kg-m™>, 1.003x10 *kg-m™"-s™', and
23x10”° m’s' [25], respectively. As mentioned, the present CFD
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predictions included steady state and transient simulations. For
steady state simulation, the boundary condition types for inlet, out-
let, wall, and top surface boundaries were velocity-inlet, pressure-
outlet, wall with no-slip boundary condition, and symmetry; respec-
tively. At the inlet, the uniform jet discharge velocity (U)) of 4.4
m-s’ was specified for circular and non-circular jet mixing tank
CFD simulations. In addition, for model validation, the circular jet
discharge velocities of 6.6, 8.8, and 11 m-s™' were also simulated.
The inlet values of k and & were estimated by (3/2)(U1)’, where I
is turbulence intensity, and 0.08k”*/(0.07D,), respectively [15]. For
circular jet, the turbulence intensity was 10%. Moreover, the tur-
bulence intensities of 15% [18] and 12% [26] were used to com-
pute the values of k for EJMT and SJMT, respectively. The zero
gauge pressure was imposed at the domain outlet and the operat-
ing pressure was 101,325 Pa. The standard wall functions [27] were
applied to all wall sections.

For transient simulation, the velocity-inlet and pressure-outlet
boundary condition types were changed into recirculation-inlet and
recirculation-outlet to re-circulate the tracer from tank outlet pipe
to inlet jet nozzle as suggested by Bumrungthaichaichan et al. [15].
These extra boundary condition types were enabled by, respec-
tively, typing (rpsetvar ‘icepak? #t) and (models-changed) in text
user interface [28]. Further, other boundary condition setups were
similar to those specified in the steady state simulation.

6. Numerical Setups

The double precision pressure-based solver was selected to omit
the round-off error. The pressure-velocity coupling algorithm was
SIMPLE. The numerical schemes of gradient and pressure were least
squares cell-based and standard, respectively. The second-order
upwind spatial discretization scheme was applied for all quantities.
The convergence of the steady state simulation was considered when
the area-weighted average of velocity magnitude at plane x=0 was
constant. For unsteady state simulation, the tracer distribution was
resolved on the frozen flow field by using a first-order implicit tran-
sient formulation. The time step size was 0.0025 s, which was smaller
than time step size computed by the appropriate length and veloc-
ity scale approach [2] (Time step size=Length scale/(No. of iteration
per time stepx Velocity scale)=(0.65m)/(40x4.4 m-s ')=0.0037s).
This time step size comparison warrants that the selected time step
size can be used to simulate the mixing time properly. The tracer
scaled residual of 10” was adopted as a convergence criterion. Note
that the lower tracer scaled residual did not improve the accuracy
of concentration profile prediction [21].

7. Mixing Time Simulation

According to the experimental study by Patwardhan [5], the
dilute NaCl solution was rapidly poured into the tank at the top
water surface. Four conductivity probes were used to measure the
conductivity at four different positions. The jet mixing criterion was
the 95% mixing time, which can be defined as the time required
for the concentration (c) to reach 0.95 times fully mixed concen-
tration (C) (tysy,=time for |(c—C)/C|<0.05).

For unsteady state mixing time simulation, the spherical volume
of NaCl tracer was initially specified at 0.03 m below the center of
top water surface in order to realize the tracer solution falling down-
ward during the tracer addition. The mass fraction of this tracer
was 1. Later, the tracer concentration distribution was iteratively

Table 2. Coordinates of concentration sampling positions (probes)

Tank coordinate system [mm]

Probe
X y z
1 2375 0 250
2 0 237.5 450
3 0 —-237.5 450
4 —-237.5 0 250

resolved by species transport equations. During this transient cal-
culation, the tracer concentrations at four different positions were
collected. The details of four sampling positions (probes) are given
in Table 2.

8. Grid Independent Solutions

In this paper, the effect of grid size on the simulated results was
investigated by using the gradient adaption technique (cf. Bum-
rungthaichaichan et al. [15] for more information about the grid
adaption technique). The normalized concentration profiles of CJMT
predicted by four different grid resolutions, including 1,087,312
cells (original grids generated by GAMBIT (Coarse)), 1,184,437
cells (1* grid adaptation (Medium)), 1,486,046 cells (2™ grid adap-
tation (Fine)), and 1,739,978 cells (3 grid adaptation (Finest)), were
compared to obtain grid-independent solutions as depicted in Fig.
3. Note that the normalized concentration was defined as a ratio
of the tracer concentration to the fully mixed concentration (c/C).
Moreover, the grid convergence index (GCI) was employed to ap-
proximate the numerical uncertainties [29] in the form of error
bars on the normalized concentration profiles in Fig. 3. Celik et al.
[29] used GCI and the average value of the local apparent order of
discretization method (p) to obtain the error bars on the spatial
profile. For this CFD study, the average apparent order of discreti-
zation method (p,,) was also employed to investigate the error
bars on the normalized concentration profiles (temporal profiles).

Fig. 3(a) reveals that the normalized concentration profiles of
these four grid levels are slightly different. However, for fine and
finest grid resolutions, the normalized concentration profiles at two
different probe locations are quite similar, especially for probe 2. In
Fig. 3(b), the discretization error bars of the normalized concentra-
tion profiles at probe 1 and probe 2 were evaluated by using GCI
and p,,, values of 34.22 and 28.22, respectively. The maximum un-
certainty in normalized concentration for probe 1 and probe 2 was
+1.91x107* and +4.83x10°>, respectively. Further, the results show
that the present CFD model qualitatively predicts the normalized
concentration profiles. The agreement between the predicted nor-
malized concentration profile and the experimental data of probe
1 is better than that observed by probe 2. The causes of the dis-
crepancy in normalized concentration profiles between the pres-
ent CFD simulation and experimental data are the improper inlet
turbulence conditions and the overprediction in total momentum
available for mixing due to the symmetry boundary condition type
at the top water surface [15].

According to these results, it can be summarized that the fine
grid level sufficiently produces grid-independent solutions. How-
ever, the finest grid resolution was employed for all CFD simula-
tions to avoid any numerical uncertainty. That is, for all simulations,

Korean J. Chem. Eng.(Vol. 39, No. 6)
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Fig. 3. Normalized concentration profiles for CJMT with jet discharge velocity of 44 m-s ' simulated by (a) four grid resolutions and (b) fin-

est grid level with discretization error bars.

the grids were adapted three times to obtain the finest grid level.
9. Model Validation

In the present work, the open 45° inclined side entry pump-
around circular jet mixing tanks with jet discharge velocities of 4.4,
6.6, 8.8, and 11 m-s™' were simulated to achieve the CFD model
validation. Furthermore, the overall jet mixing times predicted by
the current CFD model were compared to Patwardhans [5] previ-
ous numerical and experimental results, as shown in Fig. 4.
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Fig. 4. Comparison of overall mixing times between the current
CFD model and Patwardhan's [5] previous work.
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From Fig. 4, the results show that the present CFD model un-
derpredicts the overall mixing times for all jet discharge velocities.
The maximum percentage error, which was defined as [(predicted
mixing time—measured mixing time)/measured mixing time]x100,
of the current underpredicted overall mixing times is 12.35%. The
agreement between the present predicted overall mixing times and
previous experimental results [5] is not as good compared to those
predicted by previous CFD work [5]. However, according to the
flat top water surface assumption of the present and previous CFD
models, the predicted overall mixing times should be lower than
those observed experimentally because of the overpredicted total
momentum available for mixing [15]. This means that the present
CFD model is more reliable for predicting the overall mixing time
than the previous CFD model [5]. Finally, from these results, it can
be summarized that the present CFD model is acceptably employed
to investigate the mixing performance inside the open inclined
side entry pump-around jet mixing tank.

RESULTS AND DISCUSSION

1. Bulk Flows Inside Jet Mixing Tanks

The bulk flows of CJMT, EJMT, and SJMT are demonstrated by
the mean streamwise velocity (U) contours at planes x;=0 and z=0
as depicted in Fig. 5. From Fig. 5, the bulk transports of these jet
mixing tanks are quite similar. The gradual expansions of these
jets (jet spreading) are investigated in their lateral directions. In the
initial jet regions, the jets axially flow along their centerlines. After
the short downstream distances, these jets downward deviate from
their centerlines. At the remote areas, the jets impinge on the oppo-
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Fig. 5. Mean streamwise velocity contours of different jet mixing tanks.

site walls and create jet rollovers. After the jet rollovers, the water
slowly flows along the walls and water surfaces. Then, the water
jets entrain the surrounding liquid from remote zones toward the
jets. Finally, the jets and their entrained liquids are mixed inside
the jets.
2. Jet Flow Phenomena Inside the Mixing Tanks

The spreading of circular, elliptic, and square jets inside the mix-
ing tanks is represented by line contours of the normalized mean
streamwise velocity as illustrated in Fig. 6. The normalized mean
streamwise velocity was defined as a ratio of mean streamwise
velocity to the centerline mean streamwise velocity (U/U,). Fig. 6
reveals that these jets gradually spread in their jet lateral directions

3.26 4.40

and preserve their initial cross-sectional shapes (nozzle shapes) for
s/D,<5. In this region, the spreading rate (S) of an elliptic jet (0.035)
is greater than that of a square jet (0.034) and a circular jet (0.018).
These spreading rates were evaluated by dr,,/ds, where r,, is an equiv-
alent jet half-width, which can be defined @s r,,=(ts, o XTo5, miner)
[30]. Moreover, these line contours qualitatively represent the lat-
eral gradients of mean streamwise velocity of non-circular jets,
which are variant in the jets azimuthal direction. Beyond s/D,=5,
the different spreading rates along non-circular jet boundaries due
to the non-uniform shear stresses cause the cross-sectional shapes
of these jets to trend to approach the cross-sectional shape of the
circular jet. The axis-switching phenomenon is not observed during

Korean J. Chem. Eng.(Vol. 39, No. 6)
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Fig. 7. (a) Inverse mean centerline streamwise velocity decay (b) Decay of mean centerline streamwise velocity at jet near-field region.

non-circular jet development, which corresponds to previous experi-
mental works by Grinstein et al. [19] and Schadow et al. [31].

In general, the wider spread of free jets results in a faster decay
of mean centerline streamwise velocity and a greater entrainment
rate. For the jets inside mixing tanks, Fig. 7 shows that the tenden-
cies of the predicted mean centerline velocity decays for these jets
inside the mixing tanks are similar to the previous free jet experi-
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ments of Mi et al. [32]. That is, the elliptic jet provides the fastest
decay of the mean centerline streamwise velocity, followed by the
square and circular jets. For s/D,>15, the mean centerline velocity
decays inside these jet mixing tanks are insignificantly different.
Table 3 shows that an elliptic jet can attain the highest entrainment
ratios at different positions (18-42% higher than circular jet). Fur-
thermore, the entrainment ratios of a square jet are about 6-14%
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Table 3. Entrainment ratios of different jets in the mixing tanks

Entrainment ratio”

s/D,
CIMT EJMT SIMT
1 0.17 0.23 0.19
3 0.49 0.66 0.53
5 0.88 1.14 0.94
10 2.25 2.67 2.39

“Entrainment ratio is defined as (Q—Q,)/Q, [18], where Q is a local
mass flow rate and Q is a nozzle exit mass flow rate (0.22 kg-s™).

better than those obtained by a circular jet.

In addition, the greater entrainment typically induces higher tur-
bulence kinetic energy near the jet edge. So, the radial profiles of
the normalized turbulence kinetic energy, which was a ratio of
turbulence kinetic energy to the square of jet discharge velocity (k/
U}), for circular, elliptic, and square jets at different positions were
compared as represented in Fig. 8. In Fig. 8, the saddle-backed and
bell-like profiles of these jets are observed at s/D,<5 and s/D,=10,
respectively. Furthermore, due to the higher spreading rates of non-
circular jets, the centerline turbulence kinetic energy decays faster
for non-circular jets than for circular jet. However, at the regions
near jet boundaries, the elliptic jet has the largest turbulence kinetic
energy, followed by square and circular jets. This is because non-
circular jets extract energy from the mean flow; resulting in a reduc-
tion of vorticity strength, as shown in Fig. 9. In Fig. 9, the circular
jet provides a greater strength of vorticity than non-circular jets due
to the absence of the mean flow energy extraction required for ad-
justing the jet cross-sectional shape driven by the non-uniform
shear stress distribution along the jet boundary.

3. Jet Mixing Performance
At four distinct probe locations, Fig. 10 depicts the normalized
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Fig. 8. Radial profiles of normalized turbulence kinetic energy for
different jets in the mixing tanks.

concentration profiles of three different jet mixing tank designs.
Except for the profile of CJMT at probe 4, the normalized concen-
tration profiles of these jet mixing tanks are quite similar. For CJMT,
the rise of the predicted normalized concentration profile at probe
1 is faster than that obtained by probe 4 because of the higher con-
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Fig. 9. Contours of vorticity magnitude for different jets in the mixing tanks at s/D,=1 and s/D,=10.
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Fig. 10. Normalized concentration profiles for different jet mixing tanks and probe locations.
Table 4. Mixing times of different jet mixing tanks
Mixing time [s]
Design % Difference”
Probe 1 Probe 2 Probe 3 Probe 4 Overall Maximum
CIMT 33.18 29.54 27.30 22.74 28.19 33.18 17.69
EIMT 30.36 29.48 26.70 31.22 29.44 31.22 6.04
SIMT 32.42 29.39 2693 32.34 30.27 3242 7.11

“Percentage difference is [(Maximum mixing time— Overall mixing time)/Overall mixing time] x100.

vective transport due to the reason that the circular jet is slightly
deviated from its centerline towards probe 1, as depicted in Fig. 5
(Jet on plane z=0). The rise and first peak values of the normal-
ized concentration profiles for EJMT are, respectively, faster and
greater than those predicted by other jet mixing tanks as observed
at probes 1, 2 and 4. Although the very weak liquid motions flow
along the liquid surface after jet rollover, EJMT still provides the
highest first peak value at probe 3, followed by SJMT and CJMT,
respectively. The faster rise and greater first peak values of the nor-
malized concentration profiles for EJMT are caused by the higher
convective transport [15]. The higher convective transport may
give the advantage to EJMT for providing the better mixing per-
formance.

In this paper, the jet mixing times were investigated by consid-
ering the normalized concentration profiles and 95% mixing time
criterion. Table 4 summarizes the predicted mixing times of four
probe locations for these jet mixing tanks. In addition, as shown in
Table 4, the overall mixing time criterion suggested by Patward-
han [5] and the maximum mixing time criterion indicated by this
study were used to indicate the mixing performance of these jet
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mixing tanks.

From Table 4, the results reveal that the mixing times are de-
pendent on probe locations and jet mixing tank designs. For over-
all mixing time criterion, CJMT shows the shortest mixing time,
followed by EJMT and SJMT, respectively. Whereas, for the maxi-
mum mixing time criterion, the mixing performance of non-cir-
cular jet mixing tanks is better than that achieved by CJMT. The
best mixing performance is achieved by EJMT. The mixing per-
formance of SJMT is superior to that of CJMT. Furthermore, the
mixing performance indicated by overall mixing time is 17.69%
better than the mixing performance obtained by the maximum mix-
ing time for CJMT.

4. Discussion

The mixing time predictions were performed after the jet flows
inside the mixing tanks had been completely simulated, as previ-
ously stated. The frozen flow and turbulence fields inside the tested
jet mixing tanks were used to resolve the tracer concentration dis-
tributions. The frozen field method can reduce computational
resources. It can also be used to track solid particles inside cyclone
separators [33-35]. Here, it can be stated that the tracer concentra-
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Table 5. Jet phenomena and mixing performances of different jet mixing tanks

Phenomenon/Mixing CIMT EJMT SIMT
Lateral gradient of U in the azimuthal direction Uniform Non-uniform Non-uniform
Spreading rate Slow Fast Medium
Entrainment Low High Medium
TKE near jet boundary region Low High Medium
Vorticity magnitude High Low Medium
Opverall mixing time (Lower is better) Low Medium High
Maximum mixing time (Lower is better) High Low Medium

tion distributions were dependent on the jet flows inside the mix-
ing tanks. So, the lateral gradients of mean streamwise velocity,
spreading rates, entrainments, turbulence kinetic energy, vorticity
magnitudes, overall mixing times, and maximum mixing times of
CIMT, EJMT, and SJMT are viewed together to investigate the
highest mixing performance of the open 45° inclined side entry
pump-around jet mixing tank as shown in Table 5.

From Table 5, the overall mixing time and maximum mixing
time criteria indicate that CJMT and EJMT provide the highest
mixing performance. One question arises in this situation: which
jet mixing tank design delivers the best mixing performance? In
order to answer this question, the jet flow behavior was consid-
ered and analyzed. From the present results, it can be seen that the
jet flows of circular and non-circular jets are different, especially for
near field regions of the jets. For non-circular jets, the nozzle cross-
sectional shapes promote the lateral gradients of mean streamwise
velocity to be variant in the jet azimuthal direction. These non-uni-
form gradients result in the non-uniform shear stresses near the jet
boundary regions. Then, the spreading rates of non-circular jets are
greater than that of circular jet. Due to the faster spreading rates of
the non-circular jets, although the centerline mean streamwise veloc-
ity decays of non-circular jets are faster than that obtained by cir-
cular jet, the non-circular jets can produce higher entrainments
and turbulence kinetic energy near jet boundaries. It is worth not-
ing that the turbulence kinetic energy is an indirect parameter to
identify the mixing due to the effects of velocity fluctuations. In
addition, the non-circular jets represent lower vorticity magnitudes
than circular jet because they extract energy from their mean flow
to adjust their cross-sectional shapes during the jet expansions.

Generally, the mixing performance of free jets can be enhanced
by increasing the entrainment rate and velocity fluctuation level
[17]. The answer to the above question is that the highest perfor-
mance jet mixing tank design is EJMT because elliptic jet pro-
vides the highest entrainment and turbulence kinetic energy near
the jet boundary, similar to the free jet information. Due to the
broadest spreading of the jet, this elliptic jet behavior can increase the
mixing opportunity between the entrained fluid and the jet stream
inside the region near the jet boundary and improve the bulk mix-
ing inside the tank. The current result contradicts Bumrungthaic-
haicharis [21] prior finding that the CJMT had the best performance
due to the slowest centerline turbulence kinetic energy decay and the
largest vorticity magnitudes. These circular jet phenomena support
the mixing between primary and surrounding fluids inside the jet
stream and are only efficient when the surrounding fluid penetrates

into the jet centerline. However, the bulk mixing inside the jet mix-
ing tank may not be improved by this circular jet flow behavior
because of their low spreading rate and entrainment.

In addition, based on the foregoing discussion, it can be stated
that, while Patwardhan [5] reported that the overall mixing time
was successfully used to identify the performance of jet mixing
tanks with different jet discharge velocities, the overall mixing time
is an inappropriate indicator for comparing the mixing perfor-
mance of different jet mixing tank designs. Furthermore, using the
overall mixing time to evaluate jet mixing performance is ineffec-
tive since it always overestimates jet mixing performance. It may
be concluded that the maximum mixing time is a better represen-
tation of mixing performance than the overall mixing time.

CONCLUSIONS

This paper re-analyzed our previous RKE-based CFD predic-
tions of CJMT, EJMT, and SJMT because the earlier study employed
an unsuitable overall mixing time criterion to investigate the high-
est mixing performance of the different jet mixing tank designs
[21]. To obtain a suitable mixing performance indicator, the mix-
ing performance indicated by overall mixing time and maximum
mixing time criteria was compared. The CFD predictions of three
different jet mixing tank designs were properly developed by using
our reliable CFD model for circular pump-around jet mixing
tanks [3,15]. The inlet turbulence boundary conditions for non-
circular jet mixing tanks were obtained by previous experimental
data of free jets [18,26]. The error bars on the predicted normal-
ized concentration profiles of CJMT were successfully assessed by
GCI. The maximum uncertainty in normalized concentration is
about 0.02. For CFD model validation, the present predicted over-
all mixing times of CJMT for different jet discharge velocities are
more reliable than those simulated by the previous CFD model [5]
and reasonably agree with the earlier measurements [5]. Finally,
the following are the conclusions of the current CFD predictions:

(1) The bulk flows inside CJMT, EJMT, and SMT are quite sim-
ilar. However, in the near-field regions of the jets, the local flow
phenomena of circular and non-circular jets are significantly dif-
ferent because of their nozzle cross-sectional shapes.

(2) The tendencies of jet flow phenomena inside the mixing
tanks are similar to those observed by free jet flows [17,19,31].

(3) Due to the nozzle cross-sectional shapes, the elliptic and
square jets provide higher jet spreading rates inside the tanks than
circular jet because of the variations in the lateral gradients of the
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mean streamwise velocity in azimuthal direction, which cause non-
uniform shear stresses in the jet boundary regions. These non-
uniform shear stresses promote the cross-sectional shape adjust-
ments of non-circular jets. Although the rapid lateral expansions
of these non-circular jets result in a faster decay of centerline mean
streamwise velocity and lower vorticity magnitude than those of
circular jet, however, the higher entrainment and higher turbulence
kinetic energy near the jet boundary region are achieved. These
non-circular jet flows support the mixing performance improve-
ment for the jet mixing tanks. Further, the elliptic jet flow behav-
ior is better than the flow phenomena of the square jet.

(4) The overall mixing time and the maximum mixing time cri-
teria reveal that the CJMT and EJMT are the highest mixing per-
formance designs, respectively. However, the flow behavior of elliptic
jet is more advantageous for improving the mixing inside the tank
than that obtained by the circular jet. For the maximum mixing
time criterion, the mixing performance of the EJMT is about 6%
better than the conventional design (CJMT). So, the highest mix-
ing performance design is EJ]MT.

(5) The overall mixing time criterion always overestimates the
mixing performance inside the jet mixing tank. Therefore, the over-
all mixing time is a risky mixing performance indicator for some
crucial applications, e.g, inhibitor blending, emergency cooling sys-
tems, etc. According to the above conclusion, the maximum mix-
ing time is an appropriate indicator to identify the mixing perfor-
mance of the jet mixing tank.
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NOMENCLATURE
Alphabetical Symbols
a : major radius of elliptic nozzle [m]
A : nozzle cross-sectional area [m?]
b : minor radius of elliptic nozzle [m]

June, 2022

C : concentration (mass fraction)

C : fully mixed concentration (mass fraction)

C, C, :constants of RKE turbulence model

C. :constant for dissipation rate model of RKE turbulence
model

d; : circular nozzle diameter [m]

d, : outlet pipe diameter [m]

D : tank diameter [m)]

D, : circular equivalent diameter [m]

h, - height between outlet pipe centerline and tank bottom
[m]

H : water height [m]

I : turbulence intensity

k : turbulence kinetic energy (TKE) [m’-s’]

p :local apparent order of discretization method

Pavg : average apparent order of discretization method

Q :local mass flow rate [kg-s ']

Q : nozzle exit mass flow rate [kg-s ']

I, : radial coordinates of jet

:jet half-width for major axis [m]

:jet half-width for minor axis [m]

: equivalent jet half-width [m]

: circular equivalent diameter based jet Reynolds number

: streamwise coordinate of jet or jet streamwise distance
[m]

: spreading rate

:95% mixing time [s]

: mean streamwise velocity [m-s™]

: centerline mean streamwise velocity [m-s™']

:jet discharge velocity [m-s™']

: width of square nozzle [m]

: x-coordinate of tank

:x-coordinate of nozzle

:y-coordinate of tank

:y-coordinate of nozzle

: z-coordinate of tank

z : z-coordinate of nozzle

rO.S, major
rO.S, minor

Iy

Re;

»

St »n
s

<~ xzccd

N =<

Greek Symbols

: turbulence kinetic energy dissipation rate (TDR) [m?s~]
: RKE turbulence model parameter

:angle between nozzle centerline and tank bottom [°]
:viscosity of fluid [kg-m™"-s™]

: density of fluid [kg-m™]

: turbulence Prandtl number for turbulence kinetic energy
: turbulence Prandtl number for turbulence dissipation rate

QAT DI ™

Abbreviations

CFD  :computational fluid dynamics

CIMT  :circular jet mixing tank

EJMT  :elliptic jet mixing tank

GCI  :grid convergence index

RANS  :Reynolds-averaged Navier-Stokes equations

RKE  :realizable k-epsilon turbulence model

SIMPLE : semi-implicit method for pressure-linked equations
SIMT  :square jet mixing tank
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SKE  :standard k-epsilon turbulence model
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