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In the present work, the effect of nozzle angle (22.5º, 45º and 67.5º) on mixing time for jet mixing tanks 
with the various ratios of liquid height (H) to tank diameter (D), including 0.5, 1, and 1.5, are studied by 
using computational fluid dynamics (CFD). The results revealed that CFD model with standard k-epsilon 
is successfully employed to predict the concentration profiles and mixing time by using the fine mesh 
and second order upwind scheme. The simulated results showed that the different jet nozzle angles 
result in different flow patterns. The results also indicate that the mixing time is mainly a function of the 
jet potential core length. Moreover, the jet path length or jet centerline velocity (jet kinetic energy) is 
considered as the secondary effect on mixing time, which depends on the tank geometry. 
 
Key words: Computational fluid dynamics (CFD), jet, mixing, turbulence, k-epsilon model. 

 
 
INTRODUCTION 
 
Mixing is one of the most important processes in chemical 
engineering. The jet mixer is the simplest mixing device, 
commonly used to achieve mixing in a storage tank. In 
such a tank, the liquid is drawn into the pump and returns 
as high velocity jet through a nozzle into the tank. This jet 
entrains the surrounding liquid and generates the fluid 
circulation in the vessel. Thus, the different components 
in the tank are mixed.  

Jet mixed tanks are more efficient as compared to the 
conventional impeller mixers (Fossett, 1951). The jet 
mixing tanks are cheaper and easier to install, and may 
not require the additional support for the tank structure. 

Moreover, the jet mixing tanks are also easier for 
maintenance due to the absence of moving parts. The jet 
mixing tanks can be employed to stop the runaway 
reactions (Hoffman, 1996). Further, the jet mixing tanks 
are also used as emergency cooling systems 
(Schimetzek et al., 1995) and reactor in many processes 
(Simon and Fonade, 1993; Baldyga et al., 1994). 

There are many studies in jet mixing tanks, including 
experiment and simulation. The original studies in jet 
mixing tanks are experimental. The influence of different 
parameters, such as liquid height, jet nozzle angle, jet 
Reynolds number, etc., are investigated.  Fossett  (1951) 

 

*Corresponding author. E-mail: cfdgroup_santi@hotmail.com. Tel: +66 8918 47992. 

  

Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution 

License 4.0 International License 

 

 

 

http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


 
 
 
 
has found that the mixing time obtained by jet mixing tank 
was shorter than by conventional impeller. Fox and Gex 
(1956) investigated the mixing times in tank with the 
different ratio of liquid height (H) to tank diameter (D), 
and found that the mixing time was dependent on the 
momentum flux added to the tank.  

Okita and Oyama (1963) investigated the mixing time in 
jet mixed tank by varying jet nozzle angle. They showed 
that the mixing time is independent of the jet injection 
angle. Lane and Rice (1981) studied a vertical jet mixing 
in a hemispherical base tank and observed that the 
mixing time strongly depended on jet Reynolds number in 
the laminar regime, but slightly depended on turbulent jet 
Reynolds number. Further, Lane and Rice (1982) 
proposed that the tank with the longest jet path length 
(the tank with nozzle angle of 45º) shows the minimum 
mixing time, which is similar to the previous work of 
Coldrey (1978).  

Maruyama et al. (1982) experimentally investigated the 
jet mixing time and found that the mixing time depended 
on liquid depth, nozzle height, and nozzle angle. 
Maruyama (1986) studied the blending times of jet mixing 
tanks for different injection angles. The experimental data 
showed that the injection angles of 0º, 45-50º, and 90º 
exhibit the maximum blending time, while the angles of 
25-30º and 75º showed the local minimum blending time. 

Grenville and Tilton (1996) studied the mixing time of 
the tank with H/D ≤ 1 and proposed the correlation of 
mixing time, based on the turbulent kinetic energy 
dissipation rate at the jet path end. Grenville and Tilton 
(1997) propounded the correlation based on jet nozzle 
angle and compared their model with the circulation time 
model and found that both models can be used to predict 
accurate mixing time in the tank with H/D ≤ 1. They also 
showed that the mixing time is significantly increasing 
when the injection angle is less than 15º. Further, 
Grenville and Tilton (2011) extended their works by 
studying the mixing time in various tank geometries (0.2 < 
H/D < 4). They found that their jet turbulence model fitted 
all data for 0.2 < H/D < 3.  

Patwardhan and Gaikwad (2003) studied the effects of 
various parameters, including nozzle diameter, jet nozzle 
angle, and jet velocity, on mixing time. They found that 
the mixing time of horizontal jet was larger than the 
inclined jet. The mixing time of jet angle of 45º was 
shorter than jet angles of 30º and 60º. Further, an 
increase in nozzle diameter was found to reduce the 
mixing time. 

Generally, the empirical correlations are based on 
experimental data. However, the universal relation of 
mixing time prediction does not exist. Hence, the 
computational fluid dynamics (CFD) simulation is also 
integrated to study the jet mixing tank, because it 
provides clear insight into fluid flow phenomena with 
inexpensive operating cost. Here, the studied parameters 
are not only tank geometries and operating conditions but 
also turbulence conditions.  
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Patwardhan (2002) employed the k-epsilon turbulence 
model in simulation and showed that the CFD model 
predicts the overall mixing time well, but the predicted 
concentration profiles were not in good agreement with 
experiment. Moreover, he found that these incorrect 
concentration profiles can be improved by changing the 
turbulence parameters.  

Zughbi and Rakib (2004) adopted the standard k-
epsilon and Reynolds stress model (RSM) to simulate jet 
mixing tanks. The predicted mixing times were in good 
agreement with the previous experiment of Lane and 
Rice (1982). The results revealed that the final mixing 
times obtained by two models were slightly different, and 
the computational time of RSM is larger than the k-
epsilon model. Further, the minimum and maximum 
mixing times were obtained by the jet nozzle angles of 
30º and 45º, respectively.  

Zughbi and Ahmad (2005) used four different models, 
including standard k-epsilon model, realizable k-epsilon 
model, renormalization group (RNG) k-epsilon model, 
and Reynolds stress model (RSM), to simulate the 
turbulence in jet mixing tank. Good agreement was 
achieved between the numerical results and experimental 
data. Further, they concluded that the standard k-epsilon 
was the optimal turbulence model because of its 
accuracy and time efficiency. For round free jet 
simulation, the effect of RANS turbulence model on jet 
flow behavior is investigated by many researchers. 
Ghahremanian and Moshfegh (2011) studied the flow 
behavior of round jet by using three dimensional 
simulation of the whole domain, including initial, 
transition, and fully developed regions. The low Re k-
epsilon, SST k-omega, k-kl-omega, and SST eddy-
viscosity turbulence models were employed to study jet 
flow characteristics. The results revealed that the SST k-
omega gives good agreement with mean longitudinal 
velocities obtained by hot-wire anemometry. Further, 
Ghahremanian and Moshfegh (2014) also showed that 
the low Re k-epsilon shows the best overall performance 
in whole field prediction as compared to transition models 
in terms of accuracy, computing efficiency, and 
robustness. 

According to previous works, there are shortfalls of 
CFD simulation in jet mixing tanks: 
 
(i) The CFD modeling of jet mixing tanks have been 
simulated with only small number of nodes (< 350,000 
nodes (Patwardhan, 2002; Zughbi and Ahmad, 2005). 
(ii) There have been no attempts to improve the 
concentration profile without adjusting the model 
parameters. 
(iii) There have been no attempts to illustrate the CFD 
simulation of jet for different liquid heights, especially the 
tanks with H/D < 1.  

Thus, the aim of the present work is to address these 
shortfalls. Further, the jet characteristics, including jet 
centerline velocity, potential core  length,  and  transverse  
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Table 1. Details of variables for continuity and momentum equations. 
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Table 2. Details of variables for standard k-epsilon model (ANSYS Inc., 2013). 
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velocity gradient, inside the tank, which are achieved by 
RANS-based turbulence model, are also conducted to 
obtain the clear understanding in jet mixing time. 
 
 
DESCRIPTION OF CFD MODELING 

 
Selection of the turbulence model 
 
There are many different types of turbulence models, such as k-
epsilon model, k-omega model, RSM, etc. Among those turbulence 
models, the k-epsilon model is the most commonly used one 
because it provides a reasonable result with inexpensive simulating 
cost (Paul et al., 2004). For jet mixing tank modeling, the standard 
k-epsilon model was suggested by many researchers that it is a 
suitable model (Zughbi and Rakib, 2004; Zughbi and Ahmad, 
2005). Further, for round jet simulation, the results obtained by low 
Re k-epsilon model showed good agreement with the experimental 
data for a whole domain (Ghahremanian and Moshfegh, 2014). So, 
in this study, the standard k-epsilon model with its original model 
constants was conducted to simulate the turbulence in the tank. 
 
 

Governing equations 

 
Modeling of water flow 

 
The general form of Reynolds average equations for conservation 
of mass and momentum can be written in compact form as 
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where ϕ

 
is a universal dependent variable, U is mean velocity 

vector, Γφ is the diffusivity, and Sφ is the source term. The details of 
variable for continuity equation and momentum equations are 
expressed in Table  1. Generally,  the  values  of  eddy  viscosity  or 

turbulent viscosity (μt) in Table 1 are obtained by using turbulence 
fields. 
 
 

Modeling of turbulence 
 

The k-epsilon model includes two extra transport equations to 
represent the turbulent properties of the flow. The original model 
was proposed by Launder and Spalding (ANSYS Inc., 2013). 
Transport equations are resorted to resolving the turbulent kinetic 
energy (k) and the dissipation rate of turbulent kinetic energy (ε). 

According to the general Reynolds average equation (Eq. (1)), 
the details of variables for standard k-epsilon model are expressed 
in Table 2. Furthermore, the model constants C1ε, C2ε, C3ε, σk, and 
σε are 1.44, 1.92, 0.09, 1.0, and 1.3, respectively (ANSYS Inc., 
2013). 

 
 

Modeling of species transport 
 

In order to obtain the tracer concentration in the tank, the species 
transport equations without reaction were employed. In FLUENT, 
the general species transport equations (ANSYS Inc., 2013) can be 
written as 
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where Yi

 
is the local mass fraction of species i, Ji

 
is the diffusion flux of 

species i, Ri
 
is the net rate of production of species i by chemical 

reaction, and Si
 
is the source term of species transport equations. 

 
 
Configuration of the jet mixing tank 
 
The jet mixing tank was set up based on the previous work reported 
by Patwardhan and Gaikwad (2003). The details of eleven tested 
jet mixing tanks are given in Table 3. 
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Table 3. Geometrical dimensions of the tested jet mixing tanks. 
 

Dimension Tank Dimension/D Nozzle angle (θ) / degree 

Tank diameter (D = 0.5 m)  1  

Outlet pipe diameter (do = 0.0381 m)  0.0762  

Nozzle diameter (d = 0.008 m)  0.016  

    

Liquid Height (H) 

L1 0.5 22.5 

L2 0.5 45 

L3 0.5 67.5 

L4 0.5 26.565
b
 

S1 1 22.5 

S2 1 45
a,b

 

S3 1 67.5 

T1 1.5 22.5 

T2 1.5 45 

T3 1.5 67.5 

T4 1.5 56.31
b
 

 
a
 Standard jet mixing tank (Patwardhan and Gaikwad, 2003); 

b
 The tank with a diagonal nozzle angle. 

 
 
 
Boundary conditions 
 
A velocity inlet boundary condition was used at jet nozzle inlet, 
meaning that a velocity normal to the inlet was specified. The inlet 
velocity magnitude and turbulence intensity were 4.4 m·s-1 and 
10%, respectively. A pressure outlet boundary condition was 
applied at the tank outlet. The symmetry boundary condition (no 
flow across the boundary and zero normal scalar flux) was adopted 
at the top of tank. At the wall, no-slip boundary condition was 
employed. The water density and water viscosity were 998.2 kg·m-3 
and 0.001003 kg·m-1·s-1, respectively. 
 
 
Numerical schemes 
 
The pressure-velocity coupling of this simulation was SIMPLE, 
which stands for Semi Implicit Method for Pressure-Linked 
Equations. The numerical scheme for pressure was standard. For 
momentum, turbulence quantities, and mass species, the 
interpolation schemes were second order upwind. For unsteady 
state simulation, the transient formulation was first order implicit. 
 
 
Investigation of mixing time 
 

In experimental work of Patwardhan and Gaikwad (2003), the dilute 
NaCl was injected at the top liquid surface center. The four 
conductivity probes were employed to obtain the concentration 
distribution and mixing time. The four probes were located at 
different positions as shown in Figure 1. The mixing time was 
considered as the time required for the concentration (c) to reach 

within 95% of the fully mixed value ( c ). The mixing time (t95%) can 
be decided by the following definition: 
 

                                           (3) 
 

In this research, the tracer with a volume of 7.854 mL was injected 
at the center  of  top  liquid  surface.  The  properties  of  tracer  and 

water were assumed to be identical. The concentrations of four 
different probes were monitored and used (Equation 3) to evaluate 
the mixing time for these probes. The longest mixing time was 
adopted to identify the mixing time in the tank. 
 
 
Strategy of jet mixing tank simulation 
 
This simulation was distinguished into two parts. First, the three-
dimensional steady state was simulated to obtain the steady state 
flow field of water jet. Second, the three-dimensional unsteady state 
simulation was employed to achieve the concentration field of tracer 
in the tank. The average residence time in the tank was adopted to 
determine the time step size of unsteady simulation. The average 
residence time was calculated by using the inlet volumetric flow rate 
of water (Qin) and tank volume (V). The residence time, tres (tres = V / 
Qin ) of standard tank (S2) was 445.175 s. This value was employed 
to select the time step.  

The time step size of the unsteady simulation should be a small 
fraction of the average residence time (Elsayed and Lacor, 2011, 
2012). The small time step size is also conducted when the 
concentration gradient is large (Patwardhan, 2002). Moreover, 
Zughbi and Ahmad (2005) showed that the time step size of 1 s is 
sufficient to simulate jet mixing tank. So, in order to eliminate any 
uncertainty, the time step size of 0.0025 s was selected because it 
is very small as compared to the average residence time and the 
previous work of Zughbi and Ahmad (2005). The scaled residual of 
10-5 was set to get the accurate results. 

 
 
CFD grid 
 
The jet mixing tanks and their grids were generated by using 
GAMBIT. The high grid density for these tanks was generated at 
the jet nozzle exit region. The grid generation of standard jet mixing 
tank (S2) is shown in Figure 2. 

In order to eliminate the numerical uncertainty, the grid 
independent test has been applied to the standard jet mixing tank 
(S2). Four levels of grid for jet mixing tank, including 680,997, 
737,707,  908,809, and  1,110,432  nodes,  were  studied.  The   jet  
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Figure 1. The four different probe locations. 

 
 
 
centerline axial velocity profiles were compared and represented in 
dimensionless form as shown in Figure 3. The dimensionless 
velocity was defined as the ratio of jet axial velocity (v) to jet 
discharge velocity (Ujet). Furthermore, the dimensionless longitudinal 
jet distance was defined as the ratio of longitudinal jet distance (s) 
to jet diameter (d). 

In Figure 3, it has been observed that the jet axial velocity of 
680,997 nodes decay faster than the other grid levels. Moreover, 
the axial velocity profiles obtained by 737,707, 908,809, and 
1,110,432 nodes are slightly different. However, in order to exclude 
any uncertainty, the simulations were performed using 908,809 
nodes. 

 
 
RESULTS AND DISCUSSION 
 
Validation of the model 
 
The standard jet mixing tank (S2) with 908,809 nodes 
was simulated by using standard k-epsilon turbulence 
model. The simulated results were compared with the 
previous  work  of   Patwardhan   (2002).   The   predicted  

 
 
 
 

 
 

Figure 2. The surface grid of jet mixing tank. 

 
 
 

 
 

Figure 3. The profiles of dimensionless axial velocity along the jet 
centerline for different grid numbers:  680,997 nodes;  
737,707 nodes;  908,809 nodes;  1,110,432 nodes. 

 
 
 
concentration profiles of different probes were 
represented in dimensionless form as depicted in Figure 
4. The normalized concentration was defined as the ratio 
of the local concentration to the well-mixed concentration. 

In Figure 4, the 95% approach to the well-mixed 
concentration leads to different mixing time for different 
probe locations. The normalized concentration profiles of 
probe 1 and probe 4 are slightly different because their 
probe locations are symmetrical as shown in Figure 1.  

 
 

 



 
 
 
 

 
 

Figure 4. Normalized concentration profiles of 4 
different probe locations:  probe 1;  probe 2;

 probe 3;  probe 4. 

 
 
 

Probe 3 represents the largest mixing time. In this 
study, the largest mixing time was adopted to identify the 
mixing time of the jet mixing tank. The predicted mixing 
time obtained by probe 3 and experimental mixing time 
are 26 s and 30 s, respectively. The error between 
simulation and experiment is 13.3%. This shorter 
predicted mixing time is due to an overprediction in the 
extent of turbulent dispersion. That is, the predicted 
turbulent diffusivity would be higher than experiment. 

Further, the simulated normalized concentration 
profiles of probes 1 and 2 were compared with the two 
different previous CFD results (216,000 computation 
nodes), including the model with Cμ of 0.09 and C1ε of 
1.44 (standard model constants) and the model with Cμ of 
0.135 and C1ε of 1.31 (modified model constants), and 
the experimental data reported by Patwardhan (2002) as 
depicted in Figure 5. It can be seen that the present 
predicted normalized concentration profile of probe 1 are 
much closer to the experimental data than two different 
previous CFD results.  

For probe 2, it can be observed that the CFD results 
during 0 to 14 s deviate from the experiment because the 
flat liquid surface with symmetry boundary  condition  was  
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Figure 5. Comparison between predicted 
normalized concentration and experimental data:

 Present CFD;  CFD with standard 
constants;  CFD with modified constants;  
Experiment (Note: The results of CFD with modified 
constants of probe 2 are unavailable). 

 
 
 
assumed. However, these simulated results of probe 2 
approach the experimental data, at least, time after 20 s. 

According to these results, it can be concluded that the 
prediction of normalized concentration profile can be 
improved by increasing number of nodes or decreasing 
the mesh size and using the second order upwind 
discretization scheme.  

These results also referred that the poor predicted 
normalized concentration profiles obtained by previous 
studies may be due to the numerical errors rather than 
inadequacies in the standard k-epsilon turbulence model. 
Hence, this normalized concentration profile improvement 
method is more realistic than other methods because a 
good agreement between predicted normalized concen-
tration profile and experimental data is observed without 
adjusting the model parameters (no longer fine tuning). 
Moreover, for mixing time, the agreement between 
simulation and experiment is acceptable. Thus, this 
simulation methodology is reasonably adopted to simulate 
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Figure 6. The jet stream lines for different 
H/D and jet nozzle angles. 

 
 
 
the jet mixing tanks. 
 
 
Effect of jet nozzle angle on mixing time 
 
In order to investigate the effect of jet nozzle angle on 
mixing time for different liquid heights, the tanks with 
various ratios of liquid height (H) to tank diameter (D), 
including 0.5, 1, and 1.5, were simulated by varying the 
jet nozzle angle of 22.5º, 45º, and 67.5º, respectively. As 
reported by previous works, the mixing time was found to 
be inversely proportional to the jet path length (L) 
(Maruyama et al., 1982; Grenville and Tilton, 1997), which 
is defined as a distance between jet nozzle exit and tank 
wall or liquid surface,  meaning  that  the  higher  jet  path  

 
 
 
 
length results the shorter mixing time. It seems logical to 
define the jet path length as reported by previous works. 
However, this definition is only a geometric parameter, 
which is not an actual jet path length. Therefore, in this 
study, the jet stream lines of nine different tanks as shown 
in Figure 6 were directly employed to measure the jet 
path lengths. The jet path lengths were measured by the 
jet streamlines from the center of jet nozzle exit to the 
position where the streamlines hit the tank wall or top 
liquid surface. These jet path lengths were represented in 
dimensionless form, which defined as a ratio of jet path 
length to jet nozzle diameter, as shown in Table 4. 
Further, the details of these tanks, including ratio of H/D 
and nozzle angle, and their simulated mixing times were 
also summarized as shown in Table 4. 

From Figure 6, the results revealed that the jet flow 
patterns depended on the jet nozzle angle and H/D ratio. 
Moreover, these jet streamlines ensured that these jets 
hit the opposite boundaries. In Table 4, it is showed that 
the mixing times are found to increase with increasing 
H/D ratio because the larger tank volume requires more 
jet energy and the tanks with nozzle angle of 45º show 
the smallest mixing time regardless of H/D ratios. Further, 
the L/d ratios of these tanks are less than 100.  

Generally, the surrounding fluid is entrained by jet 
within L/d of 400 (Harnby et al., 1997; Perona et al., 
1998; Wasewar and Sarathi, 2008). These results 
ensured that the jets can entrain the external liquid and 
generate the circulation inside the tanks. When the 
mixing time and jet path length are viewed together, it 
can be seen that the mixing time of H/D of 1 shows 
inversely proportional to the jet path length. Whereas, the 
mixing times of other H/D ratios exhibit the different 
tendency, which contrast to the previous works 
(Maruyama et al., 1982; Grenville and Tilton, 1997).  

In order to conceive the difference in the mixing time of 
these tanks, the axial velocities along the jet centerline 
for different tanks were measured and represented in 
dimensionless form as shown in Figure 7. The 
dimensionless jet centerline axial distance was defined 
as the ratio of the jet centerline axial distance (s), which 
was measured from the jet nozzle exit, to jet nozzle 
diameter (d). 

In Figure 7, it can be observed that the dimensionless 
velocity profiles can be distinguished into two regions. 
The first region exhibits the constant dimensionless axial 
velocity, which is known as the zone of flow 
establishment (ZFE) or potential core (Seok and Il, 2005; 
Ball et al., 2012). The mixing in this zone is due to the 
large-scale coherent structures (CS), which is called bulk 
mixing (Wang and Keat Tan, 2010). The dimensionless 
velocity profiles of these H/D ratios are slightly different. 
These similar profiles for three different H/D ratios are 
observed because the results are measured near the jet 
exit region, where the boundary conditions are identical. 
These results can be implied that the jet velocity profiles 
near the jet nozzle exit region are not  dependent  on  the 
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Table 4. Details and mixing times of the simulated jet mixing. 
 

Tank H/D Nozzle angle (θ) / degree L/d Mixing time / s 

L1 0.5 22.5 64.397 25 

L2 0.5 45 39.304 22 

L3 0.5 67.5 29.242 60 

S1 1 22.5 62.109 28 

S2 1 45 75.968 26 

S3 1 67.5 62.516 33 

T1 1.5 22.5 63.172 46 

T2 1.5 45 77.069 35 

T3 1.5 67.5 95.988 36 

 
 
 

 
 

Figure 7. The predicted dimensionless velocity profiles 
along the jet centerline for different H/D:  22.5º;  
45º;  67.5º. 

liquid height.  
Further, the simulated results revealed that the 

constant dimensionless velocities for nozzle angle of 45º 
(s/d ≈ 4) are larger than two other jet nozzle angles (s/d ≈ 
2) for three different H/D ratios because of the freedom of 
jet flow, that is, the wall disturbance of the tanks with a 
nozzle angle of 45º are less than the two other nozzle 
angles. In the second region, the dimensionless velocities 
are found to decrease with increasing dimensionless 
longitudinal jet distance, which is called zone of 
established flow (ZEF) (Seok and Il, 2005). The smaller 
scale mixing of this region is driven by turbulent velocity 
fluctuations (Wang and Keat Tan, 2010). Moreover, it can 
be seen that the decay in dimensionless velocities 
profiles for nozzle angle of 67.5º are faster than the 
others because the jet kinetic energy is partly converted 
to potential energy. 

When Table 4 and Figures 6 and 7 are viewed together 
the following observations can be drawn: 
 
(i) The different nozzle angles dramatically exhibit the 
different flow patterns inside the tanks, such as potential 
core length, jet path length, jet centerline velocity profile, 
etc. Further, the different flow fields result in the different 
mixing times. In other words, the mixing time is 
dependent on flow pattern inside the tank. 
(ii) The tanks with nozzle angle of 45º exhibit the shortest 
mixing time because of their longest potential core zones 
or their largest mass entrainment. The largest mass 
entrainment for nozzle angle of 45º can be confirmed and 
investigated by considering the transverse profiles of jet 
axial velocity gradient in radial direction (dv/dr) as shown 
in Figure 8.  

In Figure 8, it can be seen that, for -0.5 > r/d > 0.5, the 
velocity gradient for nozzle angle of 45º is about 10% 
lower than the others, meaning that the difference in 
momentum concentration (or mass flux) between inner 
zone of jet and jet boundary is smaller than two other 
nozzle angles. In other words, at jet boundary, the jet with 
45º nozzle angle entrains more external fluid mass as 
compared to the others. Moreover, the higher mass 
entrainment in potential  core  also  results  in  the  higher 
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Figure 8. The predicted profiles of velocity gradient in radial direction 
at s/d of 2 for H/D of 1:  22.5º;  45º;  67.5º. 

 
 
 

Table 5. Details and mixing times of the additional jet mixing tanks. 
 

Tank H/D Nozzle angle (θ) / degree L/d Mixing time / s 

L4 0.5 26.565 60.075 26 

T4 1.5 56.31 92.688 35 

 
 
 
mass entrainment in far field region (Gutmark and 
Grinstein 1999). 
(iii) For the nozzle angles of 22.5º and 67.5º, it can be 
seen that the potential core lengths are identical and the 
longer jet path lengths result in the shorter mixing times. 
Further, the jet path lengths are slightly different as 
observed in the tank with H/D of 1, the higher jet 
centerline velocity (jet kinetic energy) yields the shorter 
mixing time. 

Furthermore, in order to confirm the cause of the 
difference in mixing time for different tanks, the tanks with 
the diagonal nozzle angle were also tested. The mixing 
times and tank descriptions are shown in Table 5. Further 
the predicted dimensionless axial velocity profiles along 
the jet centerline are depicted in Figure 9. 

From Table 5 and Figure 9, for H/D of 0.5, although the 
L/d ratio of diagonal jet angle tank is longer than the tank 
with nozzle angle of 45º, the mixing time of diagonal jet 
angle tank is larger than the 45º nozzle angle tank 
becuase of its shorter potential core length. Further, the 
potential core lengths of the tanks with diagonal jet angle 
and nozzle angle of 22.5º are identical. However, the tank 
with nozzle angle of 22.5º exhibits shorter mixing time 
because of its higher jet path length and centerline 
dimensionless velocity in zone of established flow. 

For H/D of 1.5, the mixing times of the tank with the 
diagonal jet angle and the tank with  the  nozzle  angle  of 

45º are identical. While, the potential core length and L/d 
ratio of the tank with diagonal jet angle are, respectively, 
shorter and longer than that observed in the tank with 
nozzle angle of 45º. The mixing time of the tank with 
diagonal jet angle is identical to the tank with nozzle 
angle of 45º because the effective mixing in longer jet 
path length compensates for poor mixing in shorter 
potential core length. Moreover, the mixing time for 
diagonal jet is shorter than the tank with nozzle angle of 
67.5º because of its longer potential core length. 

Further, these results indicated that (i) When the 
potential core lengths were identical, the mixing time is 
dependent on jet path length or centerline jet velocity (jet 
kinetic energy). (ii) The mixing time of the tanks with short 
potential core length can be improved by changing the 
nozzle angle approach to 45º because the effect of wall 
disturbance on the jet is decreased. 

According to these results, it can be summarized that 
the difference in mixing time is caused by the difference 
in jet flow pattern inside the tank, which is due to the 
different nozzle angles and H/D ratios. The shortest 
mixing time is achieved by the tank with nozzle angle of 
45º because of the largest mass entrainment in potential 
core region. These results evidenced that the primary 
effect on mixing time is potential core zone. Moreover, 
the jet path length or jet centerline velocity (jet kinetic 
energy) is considered as the secondary effect  on  mixing  



  
 
 
 
 

 
 

Figure 9. The predicted dimensionless velocity profiles along the 
jet centerline of the additional tanks for different H/D:  22.5º 
for H/D of 0.5 or 67.5º for H/D of 1.5;  45º;  diagonal jet 
angle. 

 
 

 
time. 
 
 
Comparison of previous reports 
 
Here, the present simulated mixing times for H/D of unity 
were compared with the previous results of Patwardhan 
and Gaikwad (2003) and Zughbi and Ahmad (2005) for 
two different reasons. First, the experimental work of 
Patwardhan and Gaikwad (2003) is employed to 
demonstrate the jet mixing times in the tanks with 
identical power input through the jet nozzle (Pjet = 
πρd

2
Ujet

3
/8 ≈ 2.14 W). Second, the  CFD  work  of  Zughbi 
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and Ahmad (2005) is adopted only to compare the 
difference in mixing time tendency between the jet mixing 
tank with top solid wall (the tank with nozzle angle of 45º 
shows the maximum mixing time) and the present open 
jet mixed tank (the tank with nozzle angle of 45º 
represents the minimum mixing time).  

Due to the difference in tank volume, jet power, and jet 
Reynolds number of these works, only the tendency of 
the mixing time, not their values, was compared. The 
tank geometries of the present work and Patwardhan and 
Gaikwad (2003) are identical, except the jet nozzle 
diameter. The tank with top solid wall of Zughbi and 
Ahmad (2005) is smaller than the other tanks. The details 
of jet mixing tanks, conditions, and mixing times of the 
present and previous studies can be sumarized as shown 
in Table 6. Moreover, the mixing times of these works 
were plotted against the jet nozzle angle as shown in 
Figure 10. 

In Table 6, the mixing times for differnt jet nozzle 
angles are found to decrease with increasing jet 
Reynolds number. These results confirm the previous 
studies that the mixing time is dependent on jet Reynolds 
number (Hiby and Modigell, 1978; Lane and Rice, 1981). 
Further, in Figure 10, the results of the present work and 
Pawardhan and Gaikwad (2003) revealed that the nozzle 
angle of 45º exhibits the minimum mixing time and the 
mixing times are decreased with incresing jet nozzle 
diameter, which is similar to the previous work of 
Patwardhan (2002).  

In contrast, the mixing time for jet nozzle angle of 45º, 
which exhibits the longest jet path length, reported by 
Zughbi and Ahmad (2005) shows the maximum value. 
This result contradicts the suggestion that the longest jet 
path length results in the shortest mixing time (Maruyama 
et al., 1982; Grenville and Tilton, 1997). For the tank of 
Zaghbi and Ahmad (2005), the top of liquid height is 
bounded by a solid wall, which is different from the other 
tanks.  

For this 45º tank, the jet diagonally flows through the 
tank and impinges on the opposite corner. Then, the jet 
loses its momentum and splits into two streams. These 
streams move and lose their momentum along the top 
and side walls. Further, these two weak streams 
generate poor circulation inside the tank. This flow 
phenomena indicated that the maximum mixing time of 
this 45º tank is due to the weak circulation. For other jet 
nozzle angles, the jet impinges on the opposite side or 
top wall and creates the stronger fluid circulation as 
compared to the tank with nozzle angle of 45º (Zaghbi 
and Rakib, 2004; Zaghbi and Ahmad, 2005). That is, for 
nozzle angle below 45º, more of fluid volume comes 
within the upper jet agitated zone.  

Moreover, for nozzle angle more than 45º, there is a jet 
rollover after it hits the top wall. After rollover, the jet 
drives the liquid to move along the tank wall and agitates 
the bulk liquid. Hence, the mixing time of these tanks are 
shorter than that observed in the tank  with  nozzle  angle  
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Table 6. Details of jet mixing tanks, conditions, and mixing times for various works. 
 

Authors Geometry and conditions Nozzle angle (θ) / degree Mixing time / s 

Present 
D = 0.5 m, H = 0.5 m, H/D = 1, d = 8 
mm; Rejet ≈ 35,000

a
 

22.5 28 

45 26 

67.5 33 

    

Patwardhan and Gaikwad 
(2003) 

D = 0.5 m, H = 0.5 m, H/D = 1, d = 
5.124-5.596 mm; Rejet ≈ 31,000

a
 

30 31 

45 29 

60 39 

    

Zughbi and Ahmad (2005) 
D = 0.296 m, H = 0.296 m,  
H/D = 1, d = 18 mm; Rejet ≈ 10,000

a
 

30 55 

45 68 

60 65 
 
a
 Rejet = dUjet ρ/μ. 

 
 
 

 
 

Figure 10. A plot of mixing time versus jet nozzle angle for various 
works:  Present;  Patwardhan and Gaikwad (2003);  Zughbi 
and Ahmad (2005). 

 
 
 
of 45º. 

In this work, the jet mixing tank is an open cylinder 
tank, which is similar to the experimental work of 
Patwardhan and Gaikwad (2003). The flow phenomenon 
inside the tank is somewhat similar to the tank of Zughbi 
and Ahmad (2005). However, the top liquid circulation is 
not limited by the solid wall, meaning that the top liquid 
motion does not lose its momentum due to the absence 
of the top solid wall.  

The top liquid is easily re-entrained by the jet, which 
increases the effectiveness of the jet as a mixer. So, the 
concept of jet path length reported by Maruyama et al. 
(1982) and Grenville and Tilton (1997) is valid for this 
situation. As mentioned earlier, the tank with nozzle angle 
of 45º showed the shortest  mixing  time  as  compared to 

the other jet nozzle angles because of the longest jet 
path length and the longest potential core length. 

According to these results, it can be summarized that 
the top solid wall reduces the effectiveness of the jet as a 
mixer. Further, the jet path length concept can be 
adopted only to describe the jet mixing time in the open 
tank. For the tank with top solid wall, the new definition of 
jet path length or new parameter should be defined to 
analyze the jet mixing time. 
 
 
Conclusions 
 
In this work, the CFD model was developed to study the 
effect of jet nozzle angle on mixing time for  different  H/D 



 
 
 
 
ratios. The simulated mixing time and concentration 
profiles were validated by comparing with the experiment 
and previous CFD models reported by Patwardhan

 

(2002). The present model with 908,809 nodes exhibited 
an acceptable value of mixing time as comparing with the 
experiment. Further, this model successfully improved 
the accuracy of normalized concentration profile 
predictions by increasing the computational nodes, 
especially probe 1, as compared to the previous CFD 
models. 

The nozzle angles of 22.5º, 45º, and 67.5º were 
employed to study the effect of jet nozzle angle on mixing 
time for different H/D ratios. The results revealed that the 
different nozzle angles are directly affected on the flow 
pattern inside the tanks and the mixing time. The tanks 
with nozzle angle of 45º exhibited the shortest mixing 
time regardless of H/D ratios because of their highest 
mass entrainment in potential core region. Further, the 
results indicated that the mixing time is mainly affected by 
the potential core length. The secondary effect on mixing 
time is the jet path length or jet centerline velocity (jet 
kinetic energy), which depend on the tank geometry. 

The comparison between the present work and 
previous works indicated that the top solid wall reduces 
the effectiveness of jet mixer. Further, the concept of jet 
path length is only valid for the open jet mixing tank. In 
order to analyze the jet mixing tank with top solid wall, the 
new definition of jet path length or new parameter should 
be specified.  

For future work, the large eddy simulation (LES) would 
be employed to predict these jet mixing tanks and 
compare the LES results with the results of k-epsilon 
model. Moreover, for the tanks with various H/D ratios, 
the future work would be directed towards employing the 
experiment to confirm these CFD simulated results. 
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NOMENCLATURE 
 
Alphabetical symbols 
 

1
C

, 2
C

, 3
C

: k-epsilon model constants 


C

:  model constant for eddy viscosity calculation 
c :  concentration, mol·L

-1
 

c :  fully mixed concentration, mol·L
-1

 
D:  tank diameter, m 
d:  nozzle diameter or jet diameter, m 
do:  outlet pipe diameter, m 

b
G

:  generation of turbulent kinetic energy due to buoyancy, kg·m
-1

·s
-3

 

k
G

:  generation of turbulent kinetic energy due to the mean velocity gradients,  
  kg·m

-1
·s

-3
 

H:  liquid height, m 

iJ
:  diffusion flux of species i, kg·m

-2
·s

-1
  

k :  turbulent kinetic energy, m
2
·s

-2
 

P :  mean pressure, Pa 
Qin:  inlet volumetric flow rate of water, m

3
·s

-1
 

i
R

:  net production rate of species i by chemical reaction, kg·m
-3

·s
-1

 
r :  radial distance, m 

i
S

:  species mass transport source term, kg·m
-3

·s
-1

 

k
S

:  turbulent kinetic energy source term, kg·m
-1

·s
-3

 

iM
S

, :  momentum source term, kg·m
-2

·s
-2

 


S

:  dissipation rate of turbulent kinetic energy source term, kg·m
-1

·s
-4

 


S

:  source term 
s :  longitudinal jet distance, m   
t :  time, s 

%95
t

:  mixing time, s 

res
t

:  residence time, s 

jetU
:  jet discharge velocity, m·s

-1
  

U :  mean velocity vector, m·s
-1 

 

iU
:  mean velocity in i direction, m·s

-1
  

V:  tank volume, m
3 

v:  jet axial velocity, m·s
-1

 

i
x

, j
x

:  distance in i and j directions, m 

i
Y

:  local mass fraction of species i 

M
Y

:  contribution of the fluctuating dilatation in compressible turbulence to the  
  overall dissipation rate, kg·m

-1
·s

-3
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Greek symbols 
 




:  diffusivity 
 :  dissipation rate of turbulent kinetic energy, m

2
·s

-3 

 :  nozzle angle, degree 


:  fluid viscosity, Pa·s 

t


:  eddy viscosity, Pa·s 


:  fluid density, kg·m
-3

 

k


, 


:  turbulent Prandtl number for k and ε  


:  universal dependent variable 

 

 

 

 


