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ABSTRACT

This thesis studies the computational fluid dynamics (CFD) simulations of
pump-around jet mixing tanks. The comprehensive CFD model for an open 45°
inclined side entry pump-around jet mixing tank was properly developed with the
help of grid convergence index (GCl). The hexahedral grids with appropriate
arrangement were generated inside the jet mixing tank. The Reynolds-averaged
Navier-Stokes equations, realizable k-epsilon turbulence model, and species
transport equations were used to simulate flow, turbulence, and concentration fields
inside this jet mixing tank, respectively. The pressure-velocity coupling, spatial
discretization, and temporal discretization schemes respectively were SIMPLE, second
order upwind, and first order implicit. The predicted overall mixing times for different
jet discharge velocities (2.2 - 11 m-s ') were validated by comparing with previous
experimental data. The different boundary condition types were simulated to obtain
a suitable CFD model for predicting pump-around jet mixing tank. Due to the
absence of exact turbulence conditions, the inlet turbulence boundary conditions
were also simulated to investigate the cause(s) of a discrepancy in concentration
profiles between CFD model and experimental data. Further, the present CFD model

was employed to predict the mixing performances of non-circular jet mixing tanks.

The converged solutions were tested and confirmed by grid independence
study and GCl analysis, respectively. The predicted overall mixing times were in good
agreement with experiment, especially for jet discharge velocities of 4.4 - 11 ms .
However, the discrepancy between predicted concentration profiles and experiments
was still observed. In order to study bulk mixing inside jet mixing tank, the present
CFD model was acceptable. From the simulations of different turbulence boundary

conditions, the predicted results indicated that the reasons of discrepancy in



concentration profiles were the improper extent of turbulent dispersion inside the jet
mixing tank due to the inappropriate inlet turbulence conditions and the

overpredicted convective transport due to flat top liquid-surface assumption.

In last section, the mixing performance of elliptic and square jet mixing tanks
were simulated and compared to that achieved by circular jet mixing tank because
the free non-circular jets showed the better entrainment than circular jet. However,
the simulated results revealed that the overall mixing time simulated by circular jet
mixing tank was better than those predicted by non-circular jet mixing tanks because
the high rotation of fluid in jet near field region and high value of turbulence kinetic

energy (mixing due to velocity fluctuations) in far field region of jet.
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CHAPTER |

INTRODUCTION

1.1 Background and motivation

Jet mixing tank is one of the important mixing devices in chemical processes.
This device uses the high velocity jet produced by the pump to create the liquid
recirculation inside the vessel. Then, the different components in the tank are mixed.
The jet mixer was originally used to mix the tetraethyl-lead fluid inside the large
petroleum storage tank [1]. Further, this device is employed in various mixing
applications because of its advantages. The advantages of the jet mixing tank are
simple design (no additional structure support), low operating cost, no moving parts,

and easy installation and maintenance.

Since 1940s, many researchers have been experimentally studied the jet mixing
tanks. Most of the previous experimental works represented the overall mixing time
correlations. Although there are many mixing time correlations but the universal
mixing time correlation is still unavailable [2]. That is, these correlations can be only
adopted to estimate the overall mixing time for the given parameters, i.e. the mixing
time correlations are case specific. Furthermore, the details of fluid flow and mixing
patterns inside this mixing device are not available. Hence, the computational fluid
dynamics (CFD) technique is employed to resolve the limitations of experimental

researches.

CFD is a method, which uses numerical methods and algorithms to solve the
partial differential equations of fluid flow phenomena. This technique has been
originally used in aerospace industry since 1960s [3]. Nowadays, CFD becomes an
important engineering tool because it provides clear insight into various fluid flow
phenomena and generates the large volume of results with low operating cost and
time. Further, CFD is able to study the large systems or the systems under hazardous
conditions. For jet mixing tanks, many previous works used the CFD to study the
effects of tank configurations and operating conditions on jet mixing behavior.
Although there are many previous works related to numerical investigation of jet
mixing tanks, however, the comprehensive modeling of jet mixing tank was not

presented and used [2]. Further, the discretization errors of the previous CFD models



were not reported. Hence, the development of comprehensive CFD model for jet
mixing tank and other parametric studies, e.g. non-circular jet nozzle geometries, are

still the challenging topics worthwhile for further study.

1.2 Objectives of the research

There are three main objectives of this research. The first is to develop the
comprehensive CFD model for predicting the mixing performance (overall mixing
time) inside an open 45° inclined side entry pump-around jet mixing tank. The
second is to address the discrepancy in concentration profiles between CFD
simulation and experiment and/or to represent the cause(s) of this shortfall. The last
objective is to predict the mixing performances of non-circular pump-around jet

mixing tanks by using the present CFD model.

1.3 Scope of the research

- The solid model and hexahedral grids are created by GAMBIT 2.4.6 with the

help of domain decomposition technique.

- The flow and turbulence fields inside the jet mixing tank are calculated by
steady state Reynolds-averaged Navier-Stokes equations of ANSYS FLUENT 14.5
together with k-epsilon  turbulence model. The concentration = distribution is

computed by unsteady state species transport equations.

- The converged solutions are obtained by conventional grid independence
study and grid convergence index method. In addition, the predicted overall mixing

times and concentration profiles are validated by comparing with previous literature.

- The effects of boundary condition types and inlet turbulence boundary
conditions on mixing behavior are investigated to achieve the comprehensive CFD
model for pump-around jet mixing tank and to describe the discrepancy in

concentration profiles between CFD simulation and experiment.

- The mixing and flow phenomena of circular and non-circular pump-around jet
mixing tanks having the same flow area, mass flow rate, and Reynolds number are

investigated and compared.



1.4 Benefits of the research

The present CFD research is proposed to show the CFD modeling guideline for
jet mixing tank and to explain the discrepancy in concentration profiles between CFD
model and experimental data. Further, the understanding of circular and non-circular
jet mixing tanks may be useful for the jet nozzle configuration selections in different

flow situations.

1.5 Outline of the thesis

This thesis is distinguished into eight chapters. Chapter | represents the
introduction of the present thesis as mentioned previously. Chapter Il shows the
fundamentals of computational fluid dynamics, turbulence and its modeling, and
general CFD procedure. Chapter Ill introduces the phenomena of jets and jet mixing
tanks. Further, the previous experimental and CFD researches of jet mixing tanks are
summarized and reported. Chapter IV shows the descriptions of the present CFD
model for an open 45° inclined side entry pump-around jet mixing tank. In addition,
the reliability of the present CFD model is also represented. Chapter V presents the
grid independence study and grid convergence index analysis of the present CFD
model. Moreover, the model validation is also reported. Chapter VI illustrates the
effects of boundary condition types and turbulence boundary conditions on CFD
simulation of pump-around jet mixing tank. The reasons of the discrepancy in
concentration profiles between CFD model and experiment are also given. Chapter
VIl shows the comparison of mixing performance and flow phenomena between
circular and non-circular jet mixing tanks. Chapter VIl summarizes the conclusions of

this research and recommendation for the future work.



CHAPTER Il

COMPUTATIONAL FLUID DYNAMICS

Chapter Il represents the fundamentals of computational fluid dynamics (CFD),
including introduction to computational fluid dynamics, CFD processes, viscous fluid
flow governing equations and history, turbulence and its modeling, solver theory,

solution methods, and CFD study.

2.1 Introduction to computational fluid dynamics

Computational fluid dynamics (CFD) is a scientific tool, which combines fluid
mechanics, numerical method, and computer science to investigate various fluid flow
phenomena. Meaning that, CFD is a tool that uses to solve the partial differential
equations of fluid flow with the help of numerical methods and algorithms. The
numerical method is used to solve fluid flow problems because of the difficulty in
solving the non-linearity of fluid flow equations, e.g. turbulence, chemical reaction,
etc. The early version of numerical prediction role was published by Richardson in
1911 [4]. This numerical method was applied to the irregular body problems. The
solutions were achieved by hand calculations with human computers (2,000
operations ‘per week) [5]. Later, the numerical solutions can be done by using
computer alone due to the development in computer performance. The earliest
computer simulation for fluid flow was proposed by Fromm and Harlow in 1963 [6].
The numerical study performed by computer is called “computer experiment” [7].
Over 50 vyears, the CFD techniques were developed to achieve the accurate and
reliable results for various flow problems. Nowadays, CFD becomes a famous
scientific and engineering tools because it produces a huge volume of results with
inexpensive operating cost. And it clearly represents the deep insight into various
fluid flow phenomena. Moreover, CFD can also be applied to study and analyze the
heat transfer and chemical reaction problems. CFD has been adopted in a wide

range of industrial and non-industrial application areas. Some examples are:
- Aeronautical engineering: lift and drag predictions for aircraft

- Biomedical engineering: air flow through human airways



- Environmental engineering: prediction of pollutant distribution
- Chemical engineering: fluid flow prediction in chemical equipment
- Civil engineering: fluid flow pass a building

- Mechanical engineering: prediction of heat transfer inside heat exchanger

2.2 How does CFD work?

Generally, CFD process contains three main steps, including pre-processing,
solver, and post-processing [3]. The details of three different steps can be described

as the following:
2.2.1 Pre-processing

This stage consists of the input of fluid flow problem to a CFD program,
such as computational domain specification, erid generation, physical and chemical
phenomena selection, definition of material properties, specification of boundary

conditions, etc.
2.2.2 Solver

For conventional CFD code, there are three common numerical solution
techniques, including finite difference method (FDM), finite element method (FEM),
and finite volume method (FVM). Generally, the solver performs the following

processes:
- Approximation of unknown variables by using simple functions.

- Discretization of the governing equations by substituting the approxima-

tions into the partial differential equations (PDEs) to achieve the algebraic equations.
- Solving the algebraic equations to obtain the numerical solutions.

The differences between these three different numerical techniques are the
approximation of flow variables and the discretization process. The details of these

numerical techniques are mentioned as the follows:
2.2.2.1 Finite difference method (FDM)

FDM is the oldest numerical technique. It describes the unknown

variables (¢) by means of node points of grid lines. The derivatives of ¢ are usually



approximated by using Taylor series expansions. Those approximated derivatives are
replaced in the governing equations to get the algebraic equations at each grid
points. The first successful case of FDM is the numerical solutions of low speed flow

pass a cylinder reported by Thom [8].
2.2.2.2 Finite element method (FEM)

FEM is one of the famous numerical techniques. It is originally
developed for structural mechanics. Later, in middle to late 1970s, it is also used to
solving fluid flow problems. FEM use simple piecewise functions to explain the local
variations of unknown ¢. The exact solution ¢ satisfies the governing equation. If the
piecewise approximation functions of ¢ are replaced into the equation it will not
satisfy the governing equation and the residual is adopted to identify the errors. To
reduce the errors, the residuals are multiple by a set of weighting function and
integrating. Finally, a set of aleebraic equations is obtained. In the past, the Galerkin
finite element method (GFEM) was successfully applied to solve the self adjoint PDEs
problems, e.g. solid mechanics, heat transfer, etc. However, GFEM failed to predict
the fluid flow problems, which are non-self adjoint PDEs (Navier-Stokes equations).
So, the FEM should be modified and developed to solve fluid flow phenomena, e.s.

least-squares finite element method (LSFEM) [9], Discontinuous GFEM [10].
2.2.2.3 Finite volume method (FVYM)

FVM was developed as a special formula of FDM. A set of algebraic
equations for fluid flow problem is obtained by integrating the governing equations
over all finite control volumes and replacing the finite difference approximations for
the terms in the integrated governing equations. The first well known FVM work was
published by Evans and Harlow [11]. Nowadays, FVM becomes a favorite numerical
solution technique for fluid flow problems because of its advantages, such as low
memory usage, low computational time, the physical quantities conserve even on

the large grid size, etc.
2.2.3 Post-processing

Post-processing is a process for representing the numerical solutions. The
numerical results can be shown in a different aspects, such as computational
geometry and g¢rid displays, graph, contour plots, vector plots, 2D and 3D surface

plot, video clips, etc.



2.3 Governing equations of viscous fluid flow

Over two century or so, many researchers attempted to develop the governing
equations for fluid flow. The first well known equation for fluid flow is Bernoulli’s
equation, which was introduced by Bernoulli in his treatise “Hydrodynamica, sive De
viribus et motibus fluidorum commentarii” in 1738 [12]. This equation is formed by
considering the conservation of energy. However, there are four assumptions,
including steady state, incompressible fluid, frictionless, and no influence of work.
Later, in 1755, Euler represented the differential equation for fluid flow (published in
1757), which is commonly known as Euler’s equation [13]. In Euler’s equation, the

effect of viscosity is also negligible.

The effect of fluid viscosity was originally taken into fluid flow equations as
reported by Navier in 1822 [14]. Further, in 1845, Stokes also showed the viscous
fluid flow equations [15]. According to these contributions, the governing equations
for viscous fluid flow, which is called “Navier-Stokes equations”, are achieved.
Generally, the equations for fluid flow are governed by three fundamental physical
laws, including the mass conservation law, the second Newton’s law of motion, and

the first law of thermodynamics.
2.3.1 Continuity equation

The mass conservation law states that mass may be neither created nor
destroyed. The continuity equation or mass conservation equation for unsteady state

compressible fluid flow for Cartesian coordinates is given by

0

dp 0 d
g S N - =0 2.1
o ol +ay(pV)+aZ(pW) (2.1)
ap
or =V (pU)=0 (2.2)

where p is fluid density. ¢ is time. u, v, and w are velocity components in x, y, and z
axes, respectively. U is the velocity vector (U = ui + vj + wk). Further, i, j, and k are

the unit vectors along x, y, and z axes, respectively.



2.3.2 Momentum equations

The Newton’s second law of motion states that the time rate of change
of momentum for a system is equal to the net force acting on the system and takes
place in the direction of the net force. The momentum equations for Cartesian

coordinates can be written as:

x-component:

Du 0o o oOr, O0r, Ot
Qw_v +V - (ouU)= -2 4 o =+ S (2.3)
P =gV la) =t oy o oM
y-component:
or or or

ﬂzg(m)Jrv ( U):_a_p+ AN =+ Sy (2.4)

Dt o d _ ox— 0 oz g
z-component:

Dw 0O S TR 12 %

ke W +V-(owlU)= -4 2122 4 +—2+5 (2.5)

g ORI U Ay o\

where p is pressure. t is shear stress. Sy, Suy, and Sy, are momentum source terms

for x, y, and z components, respectively.
2.3.3 Energy equation

The first law of thermodynamics states that if a system is carried through
a cycle, the total heat added to a system from its surroundings is proportional to the
work done by system on its surroundings. The energy eqguation in term of total

energy (E) for Cartesian coordinates is given by

DE  dup) 8(p) o(wp) 8[k6_T) 6(k6_TJ 8(k8_Tj

p—=— - - +— +— +—
Dt ox oy oz ox\  ox) oy\ oy) oz\ oz
n a(urxx)_,’_ a(uz—yx) n a(uz—zx) n ﬁ(vrxy)+ G(VTW) n a(W—zy)
ox oy 0z ox oy oz

+8; (2.6)

where k is thermal conductivity. Sg is energy source term. Equations (2.1) - (2.6) are

called “Navier-Stokes equations for compressible fluid”.



2.4 Turbulence and its modeling

There are three general flow regions, including laminar, transition, and turbulent
regions. The flow region is generally identified by considering the ratio between
inertia force to viscous force. The idea of this ratio was originally proposed by Stokes
in 1851 [16]. However, Sommerfeld named the dimensionless ratio as Reynolds
number [17] because it was frequently used by Reynolds [18]. So, the Reynolds

number (Re) is commonly defined as a ratio of inertia force (pv_,, L?) to viscous force

(uaneLe), Where v,,, is average velocity, u is dynamic viscosity, and L. is characteristic
length. In fluid flow experiments, the fluid flow with Reynolds number below the
critical Reynolds number (Re,,.;) is called “laminar flow”. For laminar flow, the flow is

smooth and fluid layers slide past each other in an orderly pattern.

For turbulent flow, the Reynolds number of fluid system is higher than the
critical value. The turbulent flow is a flow characterized by chaotic property changes.
It also includes rapid variations of flow properties in space and time (unsteady state),
rapid mixing due to diffusivity, three-dimensional flow, rotational flow structures
(turbulent eddies, including small and large eddies), and high Reynolds number (not
for all flow situations). Generally, for turbulent flow, the kinetic energy is converted
into heat due to viscous shear stresses. This process is called “dissipative”. Another
important characteristic of turbulent flow is irregularity (randomness), which makes
the deterministic approach to turbulence problems impossible. Then, the statistical

approach is usually used to describe the turbulence in fluid.

There are three common routes to solve turbulent flow problems. First, direct
numerical simulation (DNS) directly resolves all turbulent eddy scales. However, it
requires a powerful computing facility due to small grid size, e.g. supercomputer. So,
to reduce this requirement, the large turbulent eddies are only resolved while the
small eddies are modeled. The second method is called “large eddy simulation
(LES)”. In engineering applications, the effects of fluctuations on mean flow are only
considered, meaning that the details of turbulent fluctuations are not resolved. The
last method is called “Reynolds-averaged Navier-Stokes equations (RANS)” or “Time-

averaged Navier-Stokes equations” [19].
2.4.1 Reynolds equations

As mentioned earlier, the statistical approach is adopted to solve the

turbulent flow problems due to the random characteristic of turbulent flow. The
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instantaneous flow property (¢) is decomposed into time average of flow property

(@) and fluctuating property (¢') as depicted in Equation (2.7).

olt)=p+9¢'(t) (2.7)

This process is known as Reynolds decomposition. The time average of flow property

and its fluctuation can be defined as shown in Equations (2.8) and (2.9), respectively.

1
o =—|olt)dt (2.8)
a)
= 1 At
o EJ‘¢'(t)dt ~0 (2.9)

The root mean square (rms) of the fluctuations is given by

At

§X W=[lj

1/2
r\2
= 0 (") dtZl (2.10)

Further, the turbulence kinetic energy per unit mass (k) can be defined as:
=24 ) 2.11)

The turbulence intensity (1) is linked to the turbulence kinetic energy and reference

velocity (U,.,) as follows:

(2.12)

The effects of fluctuations on mean flow can be determined by using the
Reynolds decompositions of flow properties (pressure, velocity vector, and three
velocity components) and applying time average of flow properties and their

fluctuations as depicted in Equations (2.8) and (2.9).

The continuity equation of compressible fluid for Cartesian coordinates

can be written as:

—+—(pir)+—(pv)+ (o) =0 (213)

or a—’O+V-(pﬁ):0 (2.14)
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Further, the turbulent flow equations of compressible fluid for Cartesian coordinates

are given by

x-component:

o P G b ) ) == s
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Equations (2.15) - (2.20) are called “Reynolds equations”. The additional terms in the

brackets as shown in Equations (2.15) - (2.20) are extra turbulent stresses, which
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describe the diffusive nature of turbulence [20]. Further, these extra turbulent

stresses are generally called as “Reynolds stresses”.

In 1877, Boussinesq postulated that the Reynolds stresses (momentum
transfer due to turbulent eddies) can be modeled by eddy viscosity or turbulent
viscosity (). The Boussinesq assumption showed that the Reynolds stress tensor is
proportional to the mean deformation rate (strain rate) and can be written as [21]:
om, , 00, 20w, j 2

ij

r. = —pult, = u| —+ S, |—= pks, (2.21)
j =T ﬂ{@xj ox; 3 0x, 3'0 Y

where u] and u', are fluctuation velocities for i and j directions. u,, u;, and i,
respectively are mean velocities for i, j, and k directions. Further, 5; s Kronecker

delta. It can be seen that Equation (2.21) is similar to the Newton’s law of viscosity.

According to Boussinesq hypothesis, Equations (2.16), (2.18), and (2.20)

can be written as:

x-component:

%(pﬁ)-l-v-(pﬁﬁ): —Z—Z+ UV + Sy (2.22)
y-component:

pe 8 = op 2

5(pv)+v-(pvu)=—5+yeﬁv V+S, (2.23)
z-component:

0/ _— p .

5(pw)+V-(pwU)=—§+yeﬂV W+S,,. (2.24)

where u.is an effective viscosity coefficient (uey = 1 + po).

According to Equations (2.22) - (2.24), it can be observed that the extra
parameter is eddy viscosity. In order to obtain this viscosity, the additional model is
required. It is called “turbulence model”. Over 90 years, the various turbulence
models were developed. These models can be categorized into four types [22],
including algebraic (zero-equation) models, one-equation models, two-equation
models, and second order closure models. Among of these turbulence model types,
the two-equation models become the famous turbulence models because of their

accuracy, time efficiency, etc. There are various two-equation models, such as k-
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omega model, k-epsilon model, etc. The k-epsilon turbulence model is widely used

in many engineering applications. The details of this model are described below.
2.4.2 k-epsilon turbulence model

The form of k-epsilon model was first introduced by Harlow and
Nakayama [23]. This model includes two extra transport equations, including
transport equation of turbulence kinetic energy (k) and transport equation of
dissipation rate of turbulence kinetic energy (¢). The exact k-epsilon equations
contain many unmeasurable terms [24]. Later, Launder and Spalding [25] represented
the more practical k-epsilon model in 1972. Nowadays, there are three common
versions of k-epsilon model, including standard = k-epsilon model (SKE),
renormalization group k-epsilon model (RNGKE), and realizable k-epsilon model
(RKE). The transport equations of these three versions can be represented by using a
general Reynolds average equation as shown in Equation (2.25). Moreover, the details
of variables for three k-epsilon models and their model constants are shown in Table

2.1 and Table 2.2, respectively.

8(p¢)+5(/717i¢): G L (2.25)
ot canasen\ |l A .

where T is diffusion coefficient for ¢. S, is source of ¢ per unit volume.

Table 2.1 The details of variables for three different versions of k-epsilon model [26]

Model | Transport equation | ¢ Iy Sy
, Jad
k-transport equation | & ﬂ+o_— G, +G,—pe-Y, +S,
k
SKE 3 ;
g-transport equation | & | 4+ O_—t C,, %(Gk +C,,G,)- ngp% +8S,
k-transport equation | k | QkHer G, +G,—pc-Y, +S,
RNGKE

2
e-transport equation | € | Z:Hy C, %(Gk +C,,G, )~ ng/?% -R . +S,

k-transport equation | k | H+— G, +G,—pe-Y, +8S,
RKE

2

& &
e-transport equation | ¢ | 4+t — | pCiSe—pC, ——=+C,,—C5,G, + S,
k++lve k
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Table 2.2 The model constants for three different versions of k-epsilon model [26]

MOdel Cls CZg Cy Oy (23 Cl CZ
SKE 1.44 1.92 0.09 1.0 1.3 - -
RNGKE 1.42 1.68 0.0845 - - - -
-1
kU
RKE 1.44 - {Ao + Ag —} 1.0 1.2 ma){o.43, 7 } 1.9
& n+5

Generally, the eddy viscosity for three versions of k-epsilon model can be

evaluated by using the correlation as shown in Equation (2.26).

k2

=BG = (2.26)

Moreover, for RNGKE, the differential equation for eddy viscosity obtained by scale

elimination procedure in RNG theory is given by

2 o~
d(” k}:mz—v dv

Jeu JPi—1vc,

where v=u, /u and C,~100. Equation (2.27) is used for accounting the low-

(2.27)

Reynolds number effects. For swirl flow, the eddy viscosity of RNGKE is calculated by

using the correlation as represented in Equation (2.28).

k
s ,ulof(as,Q,;J (2.28)
where u, is eddy viscosity calculated without the swirl modification by using
Equation (2.26) or Equation (2.27). Q is a characteristic swirl number. a, is swirl

constant.

2.5 Solver theory

In this thesis, the finite volume method CFD code is adopted to study fluid
flow inside jet mixing tank due to its advantages. The important details of this

numerical technique are represented in this section.
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2.5.1 Discretization of the domain

Discretization of the domain or grid generation is a process that break a
computational domain into a set of computational cells by using grids or meshes.
There are various grid types, such as quadrilateral (2D), triangle (2D), tetrahedron (3D),
hexahedron (3D), etc. The selection of grid is an important step for CFD researchers
because it has a significant impact on convergence rate, computational time, and
solution accuracy. Generally, the quadrilateral and hexahedral cells should be
respectively adopted to two- and three-dimensional domains because these grid
types can eliminate or reduce the truncation error and numerical diffusion [27].
Numerical diffusion is a numerical error of an increase in diffusion coefficient,
meaning that the viscosity, thermal conductivity, and diffusion coefficient are higher

than the actual values for momentum, energy, and mass transfer problems [28].

For FVM, the details for two- and three-dimensional grids are easily
illustrated by considering the quadrilateral and hexahedral grids. The computational

grids include node, cell center, and cell face as depicted in Figure 2.1.

I
o ® «— Node —>/T /

O «—— Cell center—

‘s____‘\ //'
® Py Cell face ——-/..

Figure 2.1 Grid details for FVYM: node (black filled dot); cell center (no filled dot);

cell face (gray color)
2.5.2 Discretization of transport equation

The discretization of general transport equation by finite volume method
can be achieved by integrating the transport equation over a control volume (¥) as
shown in Equation (2.29) [26].

%quﬁdV+§p¢U-dA:§r¢v¢.dA+jS¢dV (2.29)
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where A is surface area vector. Equation (2.29) is applied to each cell in
computational domain. The two dimensional triangular cell as shown in Figure 2.2 is
used to illustrate the example of discretization of transport equation. For a given

cell, the discretized transport equation is given by

N faces N faces

op¢
— ;prf¢f ‘A, = ;gwﬁf A, +SV (2.30)

where Ny is number of faces enclosing cell. ¢ is value of ¢ convected through face f.

piUs- Ay is mass flux through the face. Ayis area of face 1. V¢, is gradient of ¢ at face f.

The unsteady term as shown in the first term on left-hand side of Equation (2.30) is

defined in temporal discretization.

Figure 2.2 Example of grid used to illustrate the discretization of transport equation
2.5.3 Spatial discretization

Typically, the discrete values of scalar variable (¢) are stored at cell
center. However, the convection terms in the discrete governing equation require the
face values of scalar variable (¢, which can be interpolated by using cell center
values. The common discretization schemes for FVM are central difference (CD),
power law (PL), first order upwind (FOU), second order upwind (SOU), quadratic
upwind interpolation for convective kinetics (QUICK), Third order MUSCL. It is a good
practice to test the different spatial discretization schemes before other studies. The
general spatial discretization schemes for FVM can be explained by considering the
one-dimensional control volume as illustrated in Figure 2.3. The ¢ value of face e (¢.)

for different discretization schemes can be expressed as shown in Table 2.3.
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Figure 2.3 Schematic of one-dimensional control volume

Table 2.3 The details for common discretization schemes [26, 29]

Scheme b General description
5, D This  scheme is suitable when
CD S 15, dpt 3 J:Sd e diffusion dominates. This scheme
is recommended for LES.
It is good for intermediate values
PL op _(l%éll)e)(% ~ép) of Peclet number (Pe = pul/T"). For
high Pe, it is similar to FOU.
Good when diffusion dominates
FOU op and the flow is aligned with the
grid.
It is valid for full range of Peclet
SOuU Pp + [ip Jf;Wj ¢ numbers. Further, this scheme is

more accurate than FOU.

.y Similar to SOU, but restricted to
QUICK dp + 8[ . WJSC + 8(¢E P JSC quadrilateral  and  hexahedral

S St
grids.
It improves the accuracy for all
Third order
09, cn + (1= )¢, sou grids because it reduces the
MUSCL

numerical diffusion.

2.5.4 Temporal discretization

For transient simulation, the fluid flow governing equations are discretised

in both space and time. The temporal discretization includes the integration of every
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term in differential equations over the time step At. The integration of the transient

terms can be demonstrated as shown below [26].

The expression for time derivative of variable ¢ is given by

99 _
& F(gp) (2.31)

where F is a function incorporates any spatial discretization. The first-order accuracy
and second-order accuracy of the temporal discretizations obtained by backward

differences are written as shown in Equations (2.32) and (2.33), respectively.

¢n+1 _¢n -
U777 F(g) (2.32)
3¢n+1 _4¢n +¢n—l "
oy = F(p) (2.33)

where n-1, n, and n+1 respectively are the values at previous time level (+-A1), current
time level (1), and next time level (#+As). For implicit time integration, the F(¢) is

evaluated at the future time level as:

¢"+_1A; " _ plp) (2.30)

The ¢"" at a given cell is related to the ¢"' in the neighboring cells through F(¢"™")

as:
p = g aaF (g ) (2.35)

This implicit method can be iteratively solved at each time level before solving the
future time step. The advantage of this method is that it is stable with regardless of

time step size.
2.5.5 Gradient and derivative evaluations

The gradient of scalar variable ¢ (Vg) is employed to discretize the
diffusion and convection terms in the governing equations. There are three common
methods to evaluate the gradient [26], including Green-Gauss cell-based, Green-
Gauss node-based, and least squares cell-based. For irregular cells, the accuracy of
least-squares cell-based is comparable to the accuracy of Green-Gauss node-based
method. And Green-Gauss cell-based method shows less accuracy. Further, for

computation, the least-squares cell-based is less expensive than Green-Gauss node-
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based. Thus, the least squares cell-based method is commonly used to evaluate the
gradient. The formulas of these three different methods can be summarized as

shown in Table 2.4.

Table 2.4 Summary of gradient evaluations [26]

Method Formula
(Vo) —lz_;l where 3, = J0*%a 2°
Green-Gauss cell-based 0=y ¢y ¢ = )
/
N,
1 - = — 1 L a,c
Green-Gauss node-based (V). z;z¢fAf where ¢, =N_Z¢"
/ I
least squares cell-based (Vo). Ar=(4,; ) .

°  Vis volume. ¢, is arithmetic average of 4.

° 0, cl, and ci respectively are cell 0, cell 1, and celli.

C .
Nyis number of nodes on face.

‘ r;is distance between center of cell 0 and center of cell i.

2.6 Solution methods

Generally, the velocity field is unknown and it is also related to other variables.
Thus, the proper method to achieve the correct solutions is required. This section

presents the solution methods, including algorithms and convergence criterion.
2.6.1 Algorithms

Typically, there are two important problems during the calculation
process [3], including (i) The convective terms in momentum equations are non-
linear quantities and (ii) There is no transport equation for pressure. In order to solve
these problems, the iterative method is conducted. Further, the new equation for
pressure is derived by using momentum equations and continuity equation, which
commonly known as pressure correction equation. There are many algorithms for
CFD. The most famous CFD algorithm is SIMPLE algorithm. So, in this part, the SIMPLE
algorithm is introduced. Further, the PISO algorithm, which is commonly used as the

algorithm for transient flow problems, is also presented.
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2.6.1.1 SIMPLE

SIMPLE stands for Semi-Implicit Method for Pressure-Linked
Equations. It was firstly introduced by Patankar and Spalding in 1972 [30]. This
algorithm is a guess-and-correct procedure for the pressure calculation on staggered
grid agreement [3]. The pressure correction equation of SIMPLE algorithm is formed
by continuity and momentum equations. The pressure correction equation is shown
in Equation (2.36). Further, the calculation procedure of SIMPLE can be illustrated as

shown in Figure 2.4.
ap Py = Zanbp;tb +by (2.36)

where a is coefficient and a,, =Zanb . b'is mass imbalance.

0\ SLARRL

B

Initial guess p’, u’, v, w,and ¢’
A

Solve discretized momentum equations

* * *
u,v,and w

4

Solve pressure correction equation
Set
!
p =p,u =u, 4
* * ..
VEV, W =W, Correct pressure and velocities
and ¢'=¢ ¢
7y psu, v, w, and ¢

Solve other discretized transport equations

No

Convergence?

Figure 2.4 Procedure of SIMPLE algorithm [3]
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2.6.1.2 PISO

PISO stands for Pressure-Implicit with Splitting of Operators, which is
based on the higher degree of pressure and velocity correction relation. PISO is one
of the SIMPLE algorithm family. Moreover, this algorithm is recommended for
transient calculation because it provides the stable calculation with the larger time
step size and under relaxation factor (URF) of unity [31]. For small time step size, it
increases the computational expense, so the SIMPLE should be used instead. The

calculation procedure can be demonstrated in Figure 2.5.

\///STARE"")

.

Initial suess p*, u", v, w", and ¢
p

Perform steps 1-3 of SIMPLE algorithm

% * % % ,
p,u,v,w,andp
4

Solve second pressure correction eqguation

4
Set
g 4 Correct pressure and velocities
pP-=p,u =u,
Vizv,w =w,
. 4
and ¢ :¢ LR L L] kg Hkk
Y Setp=p ,u=u ,v=v ,and w=w

pyu, v, w,and ¢*
v

Solve other discretized transport equations

No

Convergence?

Figure 2.5 Procedure of PISO algorithm [3]
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2.6.2 Convergence criterion

For iterative calculation, the process is repeatedly calculated until the
changes in variables become small as compared to the previous iteration. So, the
solutions can be considered as the converged solutions. At convergence, the mass,
momentum, and other variables should be balance. At least, the solutions of all
variables should be obeyed the specified tolerance. Furthermore, the solutions are
no longer changes with increasing the iterations. For CFD, there are many different
routes to consider the solution convergence. The popular convergence criteria is
residual (R), which measures the imbalance of conservation equations. The residual is
usually scaled by the local value of the variable ¢, which is called “scaled residual”.
The overall scaled residual for variable ¢ can be written as shown in Equation (2.37)
[29].

’7

R¢ _ all cells

aP¢P _zanb nb -b

nb

Z|aP¢P|

all cells

(2.37)

Generally, the scale residuals for CFD should be less than 10° or 10", For
energy equation, the scaled residual should be lower than 10°, When the scaled
residuals are used to consider the convergence, it is a good practice to consider the

following suggestions.

- If the residuals reach the specified levels but are still falling down, the

obtained simulated solutions may not be converged.

- If the residuals never meet the specified criterion and are no longer
decreasing but the other solution monitors, e.g. the monitor of velocity at specified

location, are also no longer changes, the simulated results are converged.

- The residuals are not the solutions. So, the low residuals do not confirm
that the obtained results are correct. Further, the high residuals do not automatically

show the wrong solutions.

- For higher discritization schemes, the residuals may be higher as compared
to the first order discretization scheme. It does not mean that the first order scheme

is better.
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2.7 CFD study

There are three general steps for studying fluid dynamics by using CFD,
including grid independent solution study, validation, and prediction. In this section,

the details of three important steps are represented as follows:
2.7.1 Grid independent solution study

Grid independent solution study is the first important step for CFD study.
The grid independent solution is defined as the solutions that are invariant or show
small variation with increasing the number of erids. In other words, the solutions are
independent on the influence of grid. Thus, the grid independent solution must be

achieved before considering the calculated results.
2.7.2 Validation

Validation is the second process of CFD study that presents the reliability
of the CFD model. There are five important definitions, which are used to describe
this process, including model, modeling, simulation, verification, and validation. The
American Institute of Aeronautics and Astronautics (AIAA) clearly defined these five

terms in 1998 [32] as follows:

“Model: A representation of a physical system or process intended to enhance

our ability to understand, predict, or control its behavior.”
“Modeling: The process of construction or modification of a model.”

“Simulation: The exercise or use of a model. (That is, a model is used in a

simulation.)”

“Verification: The process of determining that a model implementation
accurately represents the developer’s conceptual description of the model and the

solution to the model.”

“Validation: The process of determining the degree to which a model is
an accurate representation of the real world from the perspective of the intended uses of

the model.”

Generally, there are two model types, including conceptual model and
computational model (computerized model). The conceptual model is achieved by

observations and analysis of the physical system. It includes information, mathematical
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modeling data, and mathematical equations which explain the system or process. In CFD,
the governing equations are conceptual model. The computational model is a computer

program which is used to implement a conceptual model, e.g. CFD code.

According to these definitions, for convenience, the verification can be
considered as a process that shows the fidelity of computational model to the conceptual
model. Further, the validation is a process which presents the accuracy of computational

model to the real world, e.g. experiment.

In CFD, typically, the validation can be directly obtained by comparing the
simulated flow properties, such as velocity, temperature, etc., at specified locations with
the experimental data. Furthermore, the indirect data (overall process variables) can also
be used for comparison, such as cyclone collection efficiency, overall mixing time for

mixing tank, production yield for chemical reactor, etc.
2.7.3 Prediction

The last stage of CFD study is prediction, which is a process to investigate the
effects of variable parameters. The results of this step are commonly used and analyzed
to develop the performance of the processes. So, the correct solutions or tendencies
should be achieved. That is, if the model shows the error between simulation and
experiment but it exhibits the similar tendency as compared to the experiment. Such
simulated data can be used to develop the process. In contrast, if the model represent
the accurate results for some conditions but the tendency between simulation and
experiment is not similar. In this case, the simulated results can only be used to develop
process for a specific condition or may not be employed to develop the process. So, the
CFD researchers must ensure that the simulated results show the similar tendency as

compared to experiment before making the analysis or discussion.



CHAPTER 1lI

JET AND JET MIXING TANK

Chapter Il explains the fundamentals of jet flow and jet mixing tank. Further,
the previous experimental and CFD studies of jet mixing tanks are also reviewed and

represented.

3.1 Jet

Jet is one of the most important free shear flows, which there is no wall effect
on the flow. Jet is started from the jet nozzle exit plane. As the jet issues into a
stationary fluid or slow-moving fluid, it will entrain the surrounding fluid and spread
in the radial direction along the downstream distance until the jet reaches the point
where viscous effect will dissipate the energy and lead to the death of the jet.

Typically, the jet mixing is insignificant at the distance above 400 jet diameters [33].

Jet can be classified as laminar jet or turbulent jet by considering the jet

Reynolds number (Re;), which is commonly defined as shown in Equation (3.1).

) pd;U;
7

Re; (3.1)

where d; is jet nozzle diameter and U; is jet inlet velocity or jet discharge velocity.
The laminar jet is the jet flow with the jet Reynolds number below about 100. For

fully turbulent jet, the jet Reynolds number is above about 1,000-2,000 [33].

Generally, jet is produced by a continuous source of momentum. Further, the
intrusion of fluid can also be generated by buoyancy source. The various types of
intrusion for two different injection types, including continuous and intermittent

injections, can be summarized as shown in Table. 3.1.

The appearance of jet and plume are similar. However, the mixing mechanisms
of these flows are different [35]. The mixing of the jet is directly related to the inertia
of the turbulent eddies. For the plume, the mixing is dominated by the inertia due to

the buoyant force. Jets can be observed in various applications, such as jet reactor,
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combustion chamber, jet mixing tank, etc. In this thesis, the turbulent round jet is

only mentioned because the considered system is related to this type of flow.

Table 3.1 Types of fluid intrusions into another fluid [34]

Source Continuous injection Intermittent injection
Momentum Jet Puff
Buoyancy Plume Thermal

Momentum and buoyancy

Buoyant jet (forced plume)

Buoyant puff

3.2 Fluid dynamics of turbulent round jet

The jet consists of three distinguished layers, including centerline layer, shear
layer, and outer layer [36], as shown in Figure 3.1. In jet shear layer, the mixing
process involves bulk mixing and small scales mixing [37]. The bulk mixing and small
scales mixing are respectively driven by large scale coherent structures (CS) and

turbulent velocity fluctuations.

_ .. Quter layer

Shear layer

-~

Potential core ~~ Fezmanemnoaas
Outer layer

Figure 3.1 Details of jet layers [36]

In the jet shear layer near nozzle exit, the jet flow produces rolling up of a
vortex fairly close to the nozzle exit. The cause of vortex roll up formation is due to
the Kelvin-Helmholtz instability. Later, the vortices are paired to create a single
vortex with greater strength, which is called “vortex pairing”. A short distance further
downstream, the three-dimensional disturbances cause the vortices to become
highly distorted and less distinct. Then, the flow breaks down and generates a large
number of small scale eddies. Finally, the flow undergoes rapidly from transition to
the fully turbulent regime [3]. This transition in a jet flow can be illustrated in Figure
3.2.



27

In turbulent round jet, there are two different regions, including zone of flow
establishment (ZFE) and zone of established flow (ZEF) [38], as shown in Figure 3.3.
In ZFE, the mean centerline axial velocity (u,) is equal to jet discharge velocity and
the turbulent mixing has not penetrated into the jet center. This zone is also known
as the potential core region, which will appear only for the jet issuing from the
contraction nozzle (uniform velocity profile) [36]. The potential core is usually
observed within 0 <x/d; < 6 [39] and found to decrease as the jet Reynolds number
increased [38]. For ZEF, the mixing penetrates into jet centerline and the mean
centerline axial velocity is found to decrease with increasing longitudinal distance (x).

The transverse velocity profiles of this region show Gaussian distribution.
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Figure 3.3 Schematic of axis-symmetric turbulent round jet
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Further, the turbulent round jet may be separated into three regions [40],
including near-field, intermediate-field, and far-field. The near-field region or potential
core region is generally found within 0 < x/d; < 6 as mentioned earlier. The
intermediate-field is located within 6 < x/d; < 30. For far-field region, the fully-
developed or self-similarity region is observed at approximately x/d; > 30. In turbulent
flow, the self-similarity is a condition that the velocity profiles for different sections
show similar shapes when they are scaled by using proper scale factors, that depend
only on one of variables [41, 42]. Further, the self-preservation is a condition which is
similar to self-similarity but it is not only valid for velocity but also other quantities,
such as turbulence quantities, cross correlations, etc. [41]. Although the difference
between self-similarity and self-preservation were clearly explained by Gartshore
[41], however, some researchers used these terms in similar fashion [42-44]. For
turbulent round jet, Wygnanski and Fiedler [45] showed the self-preservation of jet at

70 nozzle diameters downstream.

Many studies represented the Gaussian profile of axis-symmetric turbulent

round jet as shown in Equation (3.2) [46-48].

2
X exp{— k, [1) ‘ (3.2)
x

where k, is a constant for the Gaussian shape, which varies from 55 to 100, and r is

Sl =

the radial distance from jet centerline. Further, in ZEF, the decay of mean centerline

velocity along the jet centerline is represented in Equation (3.3) [46, 47].

M |
S5 2f f i 50 (3.3)
U. d.

where a, is the decay constant and x, is a virtual original of the velocity. George [42]

stated that both a, and x, might be dependent on exit conditions. Hongwei [48]
suggested that many researchers assumed that the virtual original was zero because it was

much smaller than the longitudinal distance.

The jet boundaries (jet nominal boundaries) are usually defined as the outer
edges where the mean axial velocity () is equal to 1/e of the mean centerline axial
velocity [38]. The jet width is found to increase with increasing the longitudinal jet
distance as the surrounding fluid is entrained into jet stream. According to this jet
boundary, the jet half width (r,) is a distance from the centerline to the point where

mean axial velocity is 1/e of the mean centerline axial velocity (0.3679u,). Further,
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the jet half width can also defined as a radial distance where the mean axial velocity
is equal to a half of mean centerline axial velocity (0.5, ) [49, 50], which is denoted
by ros. These two different jet half width definitions are commonly known as velocity
half width. Further, the concentration profiles can also be employed to determine

the jet half width, which is known as concentration half width [43].

Generally, jets spread linearly in ZEF. So, the spreading rate of jet (S) is constant
[51]. The spreading rate can be obtained by using two different velocity half width.
For ry., the experimental results of Papanicolaou and List [52] and Hongwei [48]
showed that the jet spreading rate (dry./dx) were 0.107 and 0.105, respectively. For
ros, the jet spreading rate (drys/dx) experimentally achieved by Panchapakesan and
Lumley [53] was 0.096. Further, the jet spreading rate of Hussein et al. [47] obtained
by hot-wire data and laser-Doppler data were 0.102 and 0.094, respectively.

3.3 Correlations for turbulent round jet

For turbulent round jet, the correlations of the mean centerline axial velocity,

radial profile of mean axial velocity, and jet entrainment are described as follows:
3.3.1 Mean centerline axial velocity
The mean centerline axial velocity of round jet can be evaluated by using
the correlation of Davies [54] as shown in Equation (3.4).

d.U.
L for di>6.4 (3.4)

x J

u,=6.4

c

3.3.2 Radial profile of mean axial velocity
For radial distribution of mean axial velocity, Schlichting [55] represented
analytical correlation as shown in Equation (3.5).

u= 3 K ! (3.5)

87T v x 2
0 [1 ‘1‘772}
3 K" r

where p=L 2K T gir_isop g v, 2002567, b, =0.0848, and
4Nz vy, x

d.U.
u, =731-+-+.
X
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Further, Davies [54] also showed the radial profile of mean axial velocity
as shown in Equation (3.6).

u r b
logw{f‘}=40[—} , for 7<—<100 (3.6)

u X d;
The radial profiles of mean axial velocity obtained by two different correlations are
shown in Figure 3.4. The mean axial velocity and radial distance are represented in
dimensionless forms. The dimensionless mean axial velocity is defined as a ratio of

mean axial velocity to mean centerline axial velocity. Further, the dimensionless

radial distance is defined as a ratio of jet radial distance to jet half width (rys).

/a,

7]

riry 5

Figure 3.4 Radial profiles of jet axial velocity for two different correlations:
— Davies [54]; === Schlichting [55]

3.3.3 Jet entrainment

The entrainment is another interesting phenomena of jet flow, that the
jet induces the surrounding fluid into its stream. Albertson et al. [56] reported that,
for round free jet, the entrainments of two different jet regions are not identical. For

ZFE, the correlation for jet entrainment can be written as:

2
O 110083 +0.0128 | | for X <62 (3.7)
0 d, d. d,

0 J J J

where Q and Q, are jet entrainment and jet efflux rates, respectively. Moreover, the

correlation for jet entrainment in ZEF is given by
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O 035 for X562 (3.8)
d, d,

3.4 Jet mixing tank

Fluid mixing is one of the important topics in chemical processes. The mixing in
tank can be achieved by using two common mixing devices, including impeller stirred
tank and jet mixing tank. The jet mixing tanks exhibit the shorter mixing time as
compared to the conventional stirred tanks [1, 57]. Jet mixing tank was firstly
proposed by Fossett and Prosser [1]. Their jet mixing tank work was originated from a
practical war-time problem of the secure mixing system of tetraethyl-lead fluid in

4,000 tons underground petroleum storage tanks.

In jet mixing tanks, the liquid is drawn into a pump, which is used to produce
high liquid velocity jet. The liquid jet discharges through a nozzle into the tank. Then,
the jet entrains the surrounding liquid and creates the liquid circulation inside the
tank. Finally, the different components inside the tank are mixed. There are three
general jet mixing tank geometries as shown in Figure 3.5. Figures 3.5(a) and 3.5(b)
show the batch jet mixing tanks. The difference between these tanks is only the
injection positions of liquid B. In Figure 3.5(a), liquid B is directly added into the tank.
For another batch jet mixing tank, liquid B is injected in to the recycle line as shown
in Figure 3.5(b). The last geometry of jet mixing tank is the continuous jet mixing tank,

which liquids A and B are directly added into the tank, as shown in Figure 3.5(c).

The jet mixing tanks are widely used in various chemical processes because
they are cheaper and easier to install. They also do not require the additional
structure supports. Moreover, they are easier to maintenance due to the absence of
moving parts. According to these advantages, the jet mixing tanks are commonly
employed in various applications, such as blending the inhibitor to stop runaway
reactions [58, 59], emergency cooling systems [60], mixing in hydrocarbon and LNG

storage tanks [1, 61], jet reactors [62, 63], acid mixing [64], etc.
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Figure 3.5 Schematics of (a) batch jet mixing tank (direct addition of liquid B)
(b) batch jet mixing tank (addition of liquid B into recycle line)

(c) continuous jet mixing tank [2, 33]
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3.5 Fluid dynamics and fluid mixing of jet mixing tank

The jet mixing tanks can be classified by using jet nozzle installation, including
side entry jet and axial jet. The flow patterns inside these two different jet mixing
tanks are shown in Figure 3.6. The fluid flow inside the jet mixing tanks can be

described as [33]:

- Radial spreading due to jet entrainment as the jet penetrates into the tank.
The velocity and turbulence of the jet decrease because momentum of jet is spread

over a steadily increasing area of the flow.

- Rollover of the jet flow when it impinge the tank boundaries, including tank

wall, tank base, and liquid surface.

- After rollover, a very weak liquid motion driven by the jet flow along the tank

boundaries.

- Liquid flow induced by jet entrainment from remote regions into the jet

stream.

Poorly U‘\
Q) mixed h
-,

Figure 3.6 Schematics of (a) side entry jet mixing tanks (b) axial jet mixing tanks [2]

Furthermore, the mixing inside the jet mixing tanks can be achieved by the

following processes [33]:

- Bulk transport of jet from jet nozzle exit to remote areas of the tank.
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- Bulk transport of jet flow in remote areas of the tank.
- Bulk transport due to the entrainment of surrounding liquid into the jet stream.
- Mixing of jet and surrounding liquid inside the jet flow.

The mixing performance of jet mixing tank is limited by the poor mixing regions,
which displayed in red color, as shown in Figure 3.6. The poor mixing zones are the
last regions where the given degree of mixing is achieved. The poor mixing region size
or mixing time is affected by jet nozzle position, recycle suction position, tank and jet
sizes, jet protrusion, liquid height, and tank base shape [2]. The main objective of jet
mixing design is to minimize these poor mixing regions. Further, the details of mixing

time observations for experiments and CFD simulations are described as follows:
3.5.1 Experimental investigation of mixing time

Mixing time is an important key parameter for mixing devices. It can be
typically obtained by two different methods, including tracer technique and visual
observation technique. These techniques measure the macro mixing inside the tanks,
meaning that the time taken to achieve a given degree of homogeneity in the whole

tank is investigated.

For tracer technique, a tracer (electrolyte solution) is injected into the
tank. Then, the time history of tracer concentration is investigated by using a single
specific point or several specific points. Generally, the mixing time (z,) is defined as a
time at which the tracer concentration (c) has reached (or nearly reached) the final
mean concentration of tracer (¢ ). If there is no tracer inside the vessel, a mixing time

is the time from tracer injection to the time when

@=m (3.9)
C

where m is the maximum acceptable absolute value of the relative deviation of the
mix [65]. If the mixing inside the tank is completely mixed, m is equal to 0. In
experiments, there are two criterions to identify mixing, including 99% mixing [66-68]
and 95% mixing [69-71]. The values of m for 99% mixing and 95% mixing respectively
are 0.01 and 0.05. The 99% mixing time (¢99:;) is about 1.5 times 95% mixing time (fos0,)
[33]. The tracer cannot only be concentration but also temperature [70-72]. For
temperature, the 95% mixing is achieved when the temperature everywhere inside
the tank is within the range of Ti(T—T)x 0.05, where T and T are the final mean

temperature and initial bulk liquid temperature inside the vessel, respectively.
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For visual observation, the liquid inside the tank is firstly made as a
weakly acid. Further, the indicator is added to the tank. Later, the strong base is
added to neutralize the acid. Finally, the mixing time is investigated as the time from
the moment of strong base addition to the time at which the color of indicator

disappears.
3.5.2 CFD investigation of mixing time

In CFD modeling, the tracer technique is commonly used to identify the
mixing time inside jet mixing tank. The tracer can be concentration or temperature,
which is similar to the experiments. For tracer concentration technique, in order to
introduce the tracer for unsteady state simulation, the tracer may be patched inside
the jet mixing tank domain [73-75] or directly injected into the tank [76-78]. Then, the
time histories of tracer concentration for various specified probes are recorded and

then used to determine the mixing time.

For temperature technique, a known fluid volume with a desired value of
temperature is specified inside the computational domain. The time histories of
temperature for different specified probes are then monitored and adopted to
investigate the mixing time. This technique is successfully used in many CFD
simulations of jet mixing tanks [70-72]. Further, for visual observation technique, it is

not employed to determine the mixing time in CFD simulations.

3.6 Previous experimental studies of jet mixing tanks

Over 60 years or so, there are many extensive studies of jet mixing tanks. As
mentioned earlier, the idea of liquid mixing driven by jet was firstly introduced by
Fossett and Prosser [1]. They showed the mixing time correlation for inclined side
entry jet mixing tank with the jet Reynolds number of 4,500 - 80,000 and exhibited
that the mixing time of jet mixer was shorter than the impeller stirred tank. Further,
Fossett [57] modified the mixing time correlation of Fossett and Prosser [1]. Fox and
Gex [79] studied the jet mixing tanks for different ratios of liquid height (H) to tank
diameter (D) and showed that the mixing time was dependent on momentum flux

added to the vessel.

Furthermore, Van De Vusse [80] studied the inclined jet mixing tank and
reanalyzed the experimental data of Fox and Gex [79] to obtain the mixing time

correlation. Okita and Oyama [81] added the effect of liquid height into the mixing
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time correlation, which showed more reliable than the previous correlations. Coldrey
[82] presented the modified design of inclined side entry jet mixing tank and added
the jet path length into the mixing time correlation. Hiby and Modigell [83] studied
the axial jet mixing tank with flat base and found that the mixing time was
independent on jet Reynolds number when the jet Reynolds number was higher
than 1,000,000. Lehrer [84] investigated the mixing of miscible fluids with different

densities and reported the mixing time correlation for axial jet mixing tank.

Lane and Rice [85] studied a vertical jet mixing tank with a hemispherical base
and showed that the mixing time strongly depended on jet Reynolds number in
laminar region. However, the mixing time slightly depended on jet Reynolds number
in turbulent flow regime. They also extended their work and suggested that the
mixing time is found to decrease with increasing the jet path length [66]. This
suggestion is similar to the experimental work of Coldrey [82]. Maruyama et al. [86]
showed that the mixing time depended on liquid depth, nozzle height, and nozzle
angle. Further, Maruyama [87] showed that the jet nozzle angles of 25°-30° and 75°
presented the local minimum mixing time. Simon and Fonade [62] and Orfaniotis et

al. [88] proposed the mixing time correlations for steady and unsteady jets.

Grenville and Tilton [68] showed the mixing time correlation based on the
turbulence kinetic energy dissipation rate at the jet path end, which was obtained by
reanalyzing the previous data of Grenville et al. [67]. Further, they also proposed the
mixing time correlation based on jet nozzle angle and compared their model with
the circulation time model [89]. The results showed that these models were suitable
to predict the mixing times for the tanks with H/D less than unity. Moreover, the
mixing time was found to significantly increase when the jet nozzle angle below 15°.
Grenville and Tilton [90] extended their work to study the mixing time for the tank
with different H/D (0.2 < H/D < 4) and showed that their jet turbulence model fitted
all data for H/D below 3.

Patwardhan and Gaikwad [91] studied the different effects on mixing time,
including nozzle diameter, jet nozzle angle, and jet velocity. The results showed that
the mixing time of horizontal side entry jet was higher than that obtained by inclined
side entry jet. The tank with nozzle angle of 45° showed the minimum mixing time.
Further, the mixing time was found to decrease with increasing the nozzle diameter
and jet velocity. The jet mixing time correlations of previous works are summarized in

Table 3.2 as reported by Bumrungthaichaichan [2].
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Table 3.2 Summary of previous jet mixing time correlations [2]

Authors Geometry Dimension Correlation
D=1524m
Fossett and | Cylindrical tank H=09144m R
N d;= 1.9 mm o D
Prosser with inclined ty =9
(1949) [1] " et d, =254 cm U,d,
side entry je
VIR g= a0
Re; = 4,500-80,000
D=1524dm
2
Cylindrical tank | /7= 0.9144 m { =C D
Fossett " TPU d,
with inclined d; =19 mm I
(1951) [57] ‘ _ A\ Cp=9 when t;,;> 1,,/ 2
sideentry jet-_ 1.6 < 407 O Cp=4.5 when 1, < 1,,/ 2
6 = 40°
D =0.15-4.27
./ Cylindrical tank ) g — H*D
ox and Gex H=0.15-4.27m m ( )_4/6 1/6
aosd e with side entry e A\ Ss Ud;J g
raT K APV £=95.638Re;"'
U= 0.6-11 m/s
Van De Cylindrical tank 1
Vusse with inclined : 1, =3.68 "
F d
(1959) [80] | side entry jet
Okita and Cylindrical tank
DI.SHO.S
. . . B — 2'6
Oyama with inclined m U,d,
(1963) [81] | side entry jet
Cylindrical tank
Coldrey D’H
with inclined . - =4~507L 7
(1978) [82] Ujd,;
side entry jet
2
Hiby and _m_ D
g Cylindrical tank fw=T U.d.
Modigell c I

(1978) [83]

with axial jet

7" =2.3 when Re, > 1,000,000
T" « Re when Re; < 1,000,000
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Authors Geometry Dimension Correlation
5/8
tm _ 0658(&] dj()'zs
Lehrer o Uy P
Axial jet Free turbulent jet 3/4
(1981) [84] y U, [ o (1 )]
- -c
N4 ¢
H0<5D0.75
t,=C 13 0.5 025
Lane and - D =0.31-0.57 m Re(U,d))
_ Cylindrical tank Re; < 1,800
Rlce . . . H/D = 0.5'30 ! 0.5 ~0.75
with axial jet ;o H™D"
(1981) [85] Re; = 250-60,000 m =2 Reg_lS(Ujdj )os 025
Re; > 1,800
For side entry jets
D =0.31-0.57 m
Lane and Cylindrical tank H/D = 0.9-1.1 . H*D
L —f(U d )0667 0.166
Rice with side entry %) &

(1982) [66]

jet and axial jet

For axial jets
D =0.31-0.57m
H/D =0.5-3.0
Re; = 250-60,000

f=113.133Re;""*

Maruyama
et al.
(1982) [86]

Cylindrical tank
with inclined

side entry jet

D = 56, 104 cm
H=284,125 cm
hi, h, = 4.38, 20.5,
48.5 cm

(D =56 cm)

hi, ho =14, 14, 24,
44,74, 94 cm

(D =104 cm)
dy=0.5,1, 1.8.cm
6 =7° 15° 30°,
45°, 54°, 60°, 73°

B

Re; > 30,000

Simon and
Fonade
(1993) [62]

Two jets at H/2
and H/3,
horizontally

located

D, H=490 mm

d; =10 mm

M=t, (gH)O‘SDJS2/3 ~1
J
pU g

J:

N

, J=pAU}?
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Authors Geometry Dimension Correlation
| lm | 041 _
Two jets at H/2 M _(t j‘js =113
Orfaniotis "
and H/3, D, H=500 mm D
et al. t, = 05
horizontally d; =9, 15 mm (g )
(1996) [88] J
located J = , J=pAU*
s pUlg J
Grenville D=061-36m ,
H/D=0.2-1.0 L
and Tilton | Cylindrical tank ly =3 J
d; = 5.8-50 mm U,d;
(1996) [68]
U= 22-268 m/s
Grenville N D’H
Same as Grenville N d.
and Tilton | Cylindrical tank Ujd,L

(1997) [89]

and Tilton (1996)

k=9.34 when 6 > 15°
k=13.8 when 6 < 15°

Grenville
and Tilton
(1998) [90]

Cylindrical tank

D =0.61-36 m
H/D = 0.2-4.0

Ut (d.Y
B | O, =295
b d B2

A

According to previous experiments in jet mixing tanks, the only available

information is the overall mixing time for the given parameters. The details of flow
and mixing patterns inside the tank are not available. The shortfalls of experiments in

jet mixing tanks can be presented and summarized as follows:

- As shown in Table 3.2, there are many mixing time correlations. However, the
universal mixing time correlation is not available. That is, the mixing time correlations
show the accurate results over the range of studied parameters, i.e. the correlations

are case specific.

- The effect of liquid height is not taken into account the mixing time, meaning

that the mixing times are identical regardless of the liquid height.

- The jet path length is only geometric parameter, which commonly defined as
a distance between jet nozzle exit and opposite boundaries. So, this jet path length
may not an actual jet path length, which directly affects on the mixing time

estimation.
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- The effects of liquid density, liquid viscosity and solid particles on mixing time

are studied in a narrow range.

- The information of measuring probes is not reported. Furthermore, the
measuring probes may be considered as the obstacles inside the vessel, which

disturb the liquid flow.

3.7 Previous CFD studies of jet mixing tanks

According to the shortfalls of experiments in jet mixing tanks as mentioned in
previous section, many researchers used the CFD technique to solve the limitations
of experimental works. One of the earliest CFD studies has been carried out by
Brooker [92]. He used only single measuring probe to determine the overall mixing
time. Further, the predicted mixing time showed the maximum error about 15% as
compared to experiment. Hoffman [59] reported the CFD modeling of jet mixing in
large storage tank by simulating only one half of the tank (24,360 nodes). However,
the validation of the model was unavailable. Ranade [73] simulated the alternating
jet mixing tank by using standard k-epsilon model and revealed that the alternating

jet did not always improve the mixing performance.

Jayanti [76] numerically studied the side entry and axial jet mixing tanks. The
CFD results showed the good agreement with experimental data. The simulated
results exhibited that the tank with a conical base reduced the mixing time by
minimizing the poor mixed zone. Patwardhan [74] developed the in house CFD code
to simulate the inclined side entry jet mixing tanks. He showed that the CFD code
predicted the overall mixing time well. However, the concentration profiles were not
in good agreement with experiments. Further, he also showed that these incorrect

profiles can be improved by adjusting the turbulence model constants.

Zughbi and Rakib [71] and Zughbi and Ahmad [72] reported that the standard
k-epsilon turbulence model was a suitable model for CFD simulations of inclined jet
mixing tanks. Jaiklom et al. [93] studied the two different jet injections, including free
jet and wall jet, by using CFD and showed that the free jet exhibited the better
mixing as compared to the wall jet. Wasewar [94] reviewed the various parameters
used in experimental and CFD studies to achieve the optimal design procedure.
Later, Bumrungthaichaichan [2] reported the numerical setups of the previous jet

mixing tank simulations as shown in Table 3.3.



Table 3.3 Numerical setup of the previous jet mixing simulations [2]

Turbulence P-V coupling scheme” / | Temporal discretization L
Authors Geometry | . . Convergence criteria
models Interpolation scheme | scheme / Time step size
Cylindrical tank . _
Ranade o ( . Normalized residue of
with side entry SKE Not mentioned / FOU Not mentioned / 0.05 s . . 3
(1996) [73] - species equation < 10
je
The equations were solved
) S Not mentioned / Higher Not mentioned / 0.02 s until the concentration
Jayanti Cylindrical jet , : ] _
. RNGKE upwind scheme or (Gradually increased to at all points differed by
(2001) [76] mixing tank
CONDIF scheme 0.05s0r0.15) less than 0.1% from the
fully mixed value.
Not mentioned /
Cylindrical tank \ ) . ) .
Patwardhan . Dimensionless time step of | Normalized mass residue
with inclined SKE SIMPLER / Power law
(2002) [74] _ ] 0.0025 (Gradually < 0.005
side entry jet .
increased to 0.25)
) . Cylindrical tank
Zughbi and Rakib o . _ ,
with inclined SKE PISO / Not mentioned Not mentioned Not mentioned

(2002) [70]

side entry jet

Thatte et al.
(2004) [75]

Cylindrical tank

with axial jet

Same as Patwardhan (2002)

v



Table 3.3 (continued)

Turbulence P-V coupling scheme” / Temporal discretization o
Authors Geometry | . . Convergence criteria
models Interpolation scheme | scheme / Time step size
Cylindrical tank SKE and Residual < 10~ for all

Zughbi and Rakib
(2004) [71]

with inclined

side entry jet

Reynolds Stress
Model (RSM)

PISO / Not mentioned

Not mentioned / 1 s

variables and < 10°

for energy

Rahimi and Parvareh

Cylindrical tank

with inclined

SKE, RNGKE, and

SIMPLE / Standard for
pressure and FOU for

Not mentioned

Residual < 10~

(2005) [77] _ , RKE X
side entry jet other quantities
) Cylindrical tank
Zughbi and Ahmad o SKE, RNGKE, ) ‘ ,
with inclined Not mentioned Not mentioned / 1 s Not mentioned
(2005) [72] RKE, and RSM

side entry jet

Marek et al.

Cylindrical tank

with inclined

k-epsilon and

SIMPLE / First/second

order hybrid scheme

Second order implicit (SOI)

Not mentioned

(2007) [95] , ) k-omega or second order / Not mentioned
side entry jet
HLPA scheme
The equations were solved
. Cylindrical tank ' Not mentioned / 0.05 s until the concentration
Raja et al. - Not mentioned / Power , ) .
with inclined SKE (Gradually increased at all points differed by

(2007) [78]

side entry jet

law

to 0.1s)

less than 0.1% from the

fully mixed value.

4y



Table 3.3 (continued)

a
Turbulence P-V coupling scheme / | Temporal discretization o
Authors Geometry | . . Convergence criteria
models Interpolation scheme | scheme / Time step size
-3
_ Cylindrical tank ) : \ Residual < 10~ for all
Sendilkumar et al. - Not mentioned / Higher Not mentioned / 0.1 s ' 6
with inclined RNGKE variables and < 10
(2007) [96] , ] order upwind scheme | (Gradually increased to 1 s)
side entry jet for energy
SIMPLE for steady state .
o Not mentioned / 0.1 s . 3
Wasewar Cylindrical tank and PISO for unsteady . Residual < 10~ for all
) o (Gradually increased . 6
and Sarathi with inclined SKE state / Power law for o s variables and < 10
005s,15,25,
(2008) [97] side entry jet all variables and SOU for energy
55s,and 10 s)
for energy
PISO / QUICK , 4
o Residual < 10  for RANS
) Cylindrical tank for RANS turbulence
Mathpati et al. . o SKE, RSM, and turbulence model and
with axial jet (jet model and bounded SOl / 0.0005 s for LES .
(2009) [98] LES ; 40,000 number of time
loop reactor) central difference
steps for LES
scheme for LES
Cubic vessel SIMPLE / Standard for
Parvareh et al. _ , ) 7
with a volume of RNGKE pressure and FOU for Not mentioned / 0.01 s Residual < 10

(2009) [99]

125 liters

other quantities

ey



Table 3.3 (continued)

Turbulence P-V coupling scheme” / | Temporal discretization L
Authors Geometry | . . Convergence criteria
models Interpolation scheme | scheme / Time step size
Breisacher o o :
Axial jet mixing . Not mentioned / Second . '
and Moder k-epsilon . Not mentioned Not mentioned
tank order advection scheme
(2010) [100]
Furman and Cylindrical tank
. o SKE, RNGKE, and ] . '
Stegowski with side entry N Not mentioned Not mentioned Not mentioned
(2011) [101] jet
The equations were solved
Jet mixing tanks until the acid species
Lee and Armstrong
(2011) [102] with and without Slgk Not mentioned Not mentioned concentrations at all
cooling coils points in the tank reached
the 95% mixing criteria.
Cylindrical tank Spalart-
with symmetric Allmaras, RSM,
Dautova et al. o ; . .
axial jet and SST k-omega, Not mentioned Not mentioned Not mentioned

(2012) [103]

asymmetric

axial jet

and k-omega

transient model

12%



Table 3.3 (continued)

Turbulence P-V coupling scheme” / | Temporal discretization L
Authors Geometry | . . Convergence criteria
models Interpolation scheme | scheme / Time step size
The equations were solved
. Cylindrical tank until the species
Leishear et al. . )
with dual SKE Not mentioned Not mentioned concentrations at all
(2012) [104] o L
opposing jets points in the tank reached

the 95% mixing criteria.

Muhammad and
Kizito (2012) [105]

Cylindrical tank
with single
inclined jet and

dual inclined jets

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Cylindrical tank

Rafiei et al. with axial jet and . / .
RNGKE Not mentioned Not mentioned Not mentioned

(2012) [106] inclined top

entry jet

SIMPLE /
. Cylindrical tank Standard for pressure,

Jaiklom et al.

with inclined SKE SOU for momentum and Not mentioned Not mentioned

(2013) [93]

side entry jet

tracer, and FOU for

turbulence quantities

G



Table 3.3 (continued)

Turbulence P-V coupling scheme” / | Temporal discretization L
Authors Geometry J . . Convergence criteria
models Interpolation scheme | scheme / Time step size
The equations were solved
o until the species
Jet mixing tanks _
Lee . . . \ concentrations of tank
with cooling SKE Not mentioned Not mentioned
(2013) [107] 0 were reached at
coils
equilibrium concentration
within 1% relative error.
Ecedy et al. _ . _ : )
Jet mixer k-epsilon Not mentioned Not mentioned Not mentioned
(2014) [108]
Bumrungthaichai Cylindrical tank SIMPLE / Standard for , ool
- First order implicit (FOI) / ) 5
chan et al. with inclined SKE pressure, SOU for all Residual < 10

(2016) [109]

side entry jet

variables

0.0025 s

P-V coupling scheme denotes pressure-velocity coupling scheme.

ov
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Moreover, there are other previous works of different jet agitated systems,
which used CFD to study circulating jet mixing tank [110, 111], water storage tank
[112, 113], impinging jet mixer [114], service reservoir [115], in-line multi-jet in ozone
contactors [116], lime slurry pond [117], large-scale crude-oil tank [118], and model

anaerobic digester [119].

From the previous literatures, the summary for CFD simulations of jet mixing

tanks can be drawn as follows:

- Most researchers used finite volume method, including in house CFD code
and commercial CFD code, to simulate jet mixing tanks except Egedy et al. [108],

who used the commercial finite element method CFD code to study the jet mixer.

- The various grid topologies, such as hexahedral grid, tetrahedral grid, etc., can

be adopted to discrete the domain of jet mixing tanks.

- The SKE and RNGKE were the suitable turbulence models for inclined side
entry jet mixing tank [71, 72] and side entry jet mixing tank [101] simulations, while
the RSM and LES were appropriate to simulate axial jet mixing tanks [98].

- The SIMPLE algorithm was commonly used as the pressure-velocity coupling
scheme for CFD modeling of jet mixing tanks. Further, some researchers also used

PISO algorithm to simulate jet mixed tanks.

- To obtain the accurate results, the higher order spatial discretization schemes,

such as SOU, QUICK, etc. are recommended to simulate the jet mixing tanks.

- For temporal discretization scheme, FOI and SOI schemes were suitable for

SKE and LES, respectively.

- The previous CFD work reported that the time step sizes of jet mixing tank
simulations were typically achieved by trial and error method. Further, the
appropriate length and velocity scales approach or Courant-Friedrichs-Lewy (CFL)
condition approach [120] can also be used to select the proper time step sizes for

jet mixing tank simulations.
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- Most of previous researches showed that the residual for all variables and for
energy should be less than 10° and 10_6, respectively. Furthermore, the other
monitors, e.g. the species concentrations, were also used to consider the solution

convergence.

- For validation, the predicted overall mixing time and concentration profiles
were commonly adopted to compare with experimental data. Moreover, the velocity

and temperature profiles can also be used to analyze the model.

Furthermore, the shortfalls and limitations of CFD simulations can be drawn as

follows:

- The previous works suggested that the SKE and RNGKE were the proper
turbulence models for CFD simulations of inclined side entry jet mixing tank [71, 72]
and side entry jet mixing tank [101], respectively. However, these models are

inadequate for the turbulent round jet simulations [28].

- The exact inlet turbulence conditions are unavailable. These inlet conditions

generally affect on the flow and mixing behavior inside the vessels.

- Many CFD works considered the converged solutions when the residuals
reached the specified criterions. These criterions may not be sufficient if the residuals
were still change. Generally, to obtain the converged results, the simulations should
be performed until the residuals and other convergence monitors are no longer

change [2].

- The previous predicted concentration profiles were not in good agreement
with experimental data. Up until today, there have been only a few attempts toward
the accuracy improvement of concentration profile predictions. Further, the sources

of this discrepancy are not clearly represented.

So, in this thesis, these shortfalls and limitations were addressed to obtain the
more comprehensive CFD model of inclined side entry jet mixing tank. Further, the

jet mixing tanks with different non-circular jet nozzles were also numerically studied.



CHAPTER IV

CFD MODELING OF JET MIXING TANKS

Chapter IV shows the considered pump-around jet mixing tank system. The
descriptions of CFD modeling, including grid generation, model assumptions, numerical
solution technique, governing equations, material properties, boundary conditions,
numerical methods, and solution strategy, are also demonstrated. Further, the
selected turbulence model and numerical methods are tested by comparing with

the other CFD setups and previous experimental work to show fidelity of this model.

4.1 Considered jet mixing tank system

The primary considered jet mixing tank system of this thesis was an open 45°
inclined side entry pump-around jet mixing tank reported by Patwardhan [74], which
used concentration tracer technique to determine the mixing time by adding the
dilute solution of sodium chloride (NaCl), because it exhibited the shortest mixing
time as comparing with the other jet nozzle angles. Moreover, for CFD simulations,
the concentration tracer technique is more reasonable than the temperature tracer
technique to assume that the properties of primary liquid and tracer are identical
because the difference in properties between these liquids for concentration
technique is less than that obtained by the temperature tracer technique. For
example, in concentration tracer technique, the kinematic viscosity of water and 0.1
molar NaCl solution at 25 °C respectively are 8.937x10 m’s" [121] and 8.981x10 "
mz-sf1 [122], whereas, the kinematic viscosity of water at 25 °C and water at 80 °C
(tracer) for temperature tracer technique are 8.937x10" m’s  and 3.653x10" mz-s_l,

respectively [121].

In experiment of Patwarhdhan [74], the flat bottom cylindrical tank with a
diameter of 0.5 m was filled with the tap water to the height of 0.5 m (H/D =1). The
dilute sodium chloride (NaCl) solution was used as a tracer, which was rapidly added
at the center of the top liquid-surface with the help of a beaker. The conductivity
was measured and recorded at four different locations by using four conductivity

probes. Then, the mixing time was determined by considering the time taken for the
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conductivity to reach the 95% of the fully mixed value. Moreover, the overall mixing
time was evaluated by using the arithmetic average of the mixing times obtained by
the four measuring probes. The geometrical dimensions and schematic of an open
inclined side entry pump-around jet mixing tank are given in Table 4.1 and Figure 4.1,

respectively.

Table 4.1 Geometrical dimensions of the tested jet mixing tank

Detail Dimension Dimension/D
Tank diameter (D) 0.5m 1
Liquid height (H) 0.5m 1
Outlet pipe diameter (d,) 0.0381 m 0.0762
Outlet pipe height (h,) 0.05m 0.1
Nozzle diameter (d)) 0.008 m 0.016
Nozzle angle (6) 45° -
; \
® Probe 3 Probe 2@

Tracer addition position

H °
Probe 1, Probe 4
Y L Outlet
11—
)% 0 hOI
¥ % do
& &k >
\&’/ D

(a)

Figure 4.1 Schematics of (a) inclined side entry pump-around jet mixing tank (side
view) (b) inclined side entry pump-around jet mixing tank (top view) (c)
coordinate systems: x, y, z for tank coordinate system; x;, y;, z for jet
nozzle coordinate system; r;, r,, s for jet streamwise coordinate system,
Adapted from Bumrungthaichaichan et al. (J. Chin. Inst. Eng. 41(7) (2018)

612-621) with permission from Journal of the Chinese Institute of Engineers
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°
Probe 4

Tracer addition position

e

Qutlet

[ ]—

Inlet

®
Probe 3 Probe 2

Figure 4.1 (continued)

4.2 Grid generation

As mentioned in section 3.7, the two different g¢rid topologies, including
tetrahedron [70-72, 77, 96, 97] and hexahedron [93, 95, 109, 123, 124], can be
generated inside the inclined side entry jet mixing tanks. Generally, in order to obtain
the high calculation stability and accurate results, the hexahedral grid topology is
recommended [27]. However, this grid topology is loose its advantages when there is
no dominant flow direction and/or the grid generation is not aligned to the flow
direction. Hence, in order to retain the advantages of hexahedral grid, the researchers

should be carefully performed grid generation.

In this thesis, the three-dimensional solid modeling and g¢rid generation of

inclined side entry pump-around jet mixing tanks were performed by using GAMBIT
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2.4.6. The jet discharge velocity profile was uniform, so the computational domain
was simplified by eliminating the jet nozzle pipe. Further, to achieve the accurate
predicted results, the hexahedral grids were carefully generated inside the
computational flow domain with the help of the domain decomposition concept,
which is a method that splits the domain into the several blocks. However, the
domain decomposition facility in GAMBIT is unavailable unlike the modern grid
generators, e.g. ANSYS ICEM CFD, etc. In order to use this function in GAMBIT, the
volume of the computational flow domain should be split by using the several faces,
which are manually specified by user. The domain decomposition and grid
generation of 45° inclined side entry pump-around jet mixing tank are shown in

Figures 4.2 and 4.3, respectively.

o"i'. \
W7 \d

Figure 4.2 Domain decomposition of an open 45° inclined side entry pump-around

jet mixing tank (59 volumes)
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(a)

(b) Xy

Figure 4.3 Grid generation of an open 45° inclined side entry pump-around jet
mixing tank: (a) surface grid (b) g¢rid at plane x=0, Adapted from
Bumrungthaichaichan et al. (J. Chin. Inst. Eng. 41(7) (2018) 612-621) with

permission from Journal of the Chinese Institute of Engineers

4.3 Model assumptions

In this thesis, the model was developed by using the assumptions as follows:
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- The liquid flow inside the vessel was assumed to be steady state because the
jet mixing time was investigated after the developed liquid flow pattern inside the

vessel was achieved.

- The properties of water and tracer were identical because the concentration

of tracer was dilute.

- The top liquid-surface was assumed to be flat because the bulk mixing was
mainly considered. Moreover, the primary goal of this assumption were to reduce the

number of grids for predicting the top liquid-surface shape and computational time.

- The turbulence inside the tank was estimated by using the turbulence model
because the mean flow properties are sufficient to describe the considered
processes for engineering applications. Further, the turbulence model requires the

short computational time and low computer performance.

4.4 Numerical solution technique

From section 3.7, most of previous CED works used the finite volume method
to simulate jet mixing tanks. For this CFD work, the ANSYS FLUENT commercial finite
volume CFD code was also conducted to study the inclined side entry jet mixing
tanks because of low memory usage, low computational time for various flow
situations, the physical quantities conserve even on the coarse grids, etc. [2].
Furthermore, the pressure-based solver with double precision option was selected to
simulate fluid flow and mixing inside the jet mixing tanks because it is suitable for a
wide range of flow regimes from low speed incompressible flow to high-speed

compressible flow [125].

4.5 Governing equations for jet mixing tank simulation

In this thesis, the jet flow inside the mixing tank was turbulence because the jet
Reynolds number was above about 1,000-2,000 [33] and the concentration tracer
technique was adopted to investigate the mixing time. So, according to model
assumptions, the governing equations of jet mixing tank simulation can be

distinguished into three parts as follows:
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4.5.1 Modeling of liquid flow

The liquid flow inside jet mixing tank is typically governed by the
Reynolds-averaged equations for conservation of mass and momentum. For
Cartesian coordinate, the Reynolds average equations for steady state incompressible

fluid flow can be written as:

Continuity equation:

ou ov ow

—+—+—=0 (4.1)
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Reynolds equation in x-direction:
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Reynolds equation in y-direction:
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Reynolds equation in z-direction:
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4.5.2 Modeling of turbulence

As mentioned earlier, the standard k-epsilon model (SKE) was a suitable
turbulence model to study the inclined side entry jet mixing tanks [71, 72]. However,
there is an information that SKE is not suitable to study the turbulent round jet and
the realizable k-epsilon model (RKE) is recommended to simulate this type of flow
[28]. So, in this thesis, RKE was adopted to simulate the turbulence inside the
inclined side entry pump-around jet mixing tanks. This model contains two extra
transport equations, including transport equation of turbulence kinetic energy (k) and
transport equation of dissipation rate of turbulence kinetic energy (¢). In general, -
transport equation and e-transport equation of RKE for steady state flow can be
written as shown in Equations (4.5) and (4.6), respectively [26]. Further, the model

constants of RKE are represented in Table 4.2.
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Table 4.2 Model constants of RKE [26]
Cls Ok O Cl Cz C,,
L -1
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4.5.3 Modeling of species transport

To obtain the tracer concentration distribution inside the jet mixing tanks,
the species transport equations without chemical reaction was adopted. For this

thesis, the species transport equations can be written as shown in Equation (4.7) [26].

olpx,) , alpnY;) _ @ L( oD, +&jﬂ} @.7)

ot Oox; Ox Sc, Jox;

where ¥; is the local mass fraction of species i, D, is the mass diffusion coefficient
for species i in the mixture, Sc, is the turbulent Schmidt number (v/D, where v, is the
turbulent  kinematic viscosity and D, is the turbulent diffusivity), and g, is the

turbulent viscosity.

4.6 Material properties

In this thesis, the working fluid and tracer were water and dilute solution of
sodium chloride, respectively. The properties of tracer were assumed to be identical
with the water properties because the sodium chloride solution was dilute. Hence,
the self-diffusion coefficient of water, which is the average speed that a specific
water molecule holds to diffuse in liquid water [126], was employed to simulate the
jet mixing tanks. The necessary properties of these fluids can be summarized as
shown in Table 4.3.
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Table 4.3 Fluid properties used in simulations

Property Value Unit

Density 998.2 ke

Viscosity 0.001003 kgm s
Diffusion coefficient 23 x 10" ms’

4.7 Boundary conditions

For jet mixing tank simulations, there are four different boundaries, including
inlet, outlet, top surface, and tank wall. The details of boundary conditions for these

boundaries are described as follows:
4.7.1 Inlet

At inlet section, the velocity-inlet and recirculation-inlet boundary condition
types were used to perform the steady state and unsteady state simulations,
respectively. By default, in ANSYS FLUENT, the recirculation-inlet and recirculation-
outlet boundary condition types are unavailable. However, these boundary condition
types are enabled by respectively typing the two additional text commands in TUI
[129], including (rpsetvar '‘icepak? #t) and (models-changed). These boundary
condition types are commonly used in the certain appliances which the fluid is
recirculated into the domain from the outlet section, such as car HVAC systems,
laboratory clean rooms, etc. In similar fashion, for pump-around jet mixing tank, the
liquid flows through the outlet section and the pump, which is adopted to generate
the high velocity liquid jet. Then, the high velocity liquid jet discharges through a
nozzle into the tank. Finally, the high velocity jet entrains the surrounding liquid and

creates the liquid circulation and mixing inside the vessel.

For inlet, all variables need to be imposed at the boundary. According to the
previous work of Patwardhan [74], the jet discharge velocity of 4.4 m-s ' was defined
at inlet section. For turbulence boundary conditions, the k and epsilon specification
method was adopted. Due to the absence of exact inlet turbulence conditions, the
different turbulence estimation correlations were studied to achieve the appropriate
conditions for pump-around jet mixing tank simulation. The descriptions of these

turbulence conditions are demonstrated in chapter VI.
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4.7.2 Outlet

At outlet boundary, the pressure-outlet boundary condition type was
used for steady state simulation. The zero pressure gauge was specified. Moreover,
the turbulence intensity and hydraulic diameter (D,) specification method was

adopted to specified turbulence boundary conditions (I = 5% and D;, = 0.0381 m).

In unsteady state simulation, the recirculation-outlet boundary condition
type was adopted. Then, the mass flow rate, which corresponds to the inlet mass

flow rate, was only specified (= 0.22 kg's ).
4.7.3 Top surface

The top liquid-surface was assumed to be flat because the experiments
showed that the liquid interface was flat for low jet velocities and low jet angles [74].
Further, this assumption was commonly used to study the bulk mixing processes
inside the mixing tanks as reported by the previous CFD works of jet agitated tanks
[95, 98] and stirred tanks [130, 131]. The main objective of this assumption was to
obtain the computational convenience. A prediction of liquid-surface shape requires
enormous number of grids and unsteady state simulation, that would be very time

consuming.

For flat liquid-surface assumption, the symmetry boundary condition type
was imposed at the top liquid-surface boundary. The normal velocity and normal

gradient of all variables at symmetry boundary were zero.
4.7.4 Tank wall

At the tank walls, including side wall and tank base, the no-slip boundary
condition was adopted. Generally, in viscous flow, the wall and tangential velocity of
fluid are identical. Further, the normal fluid velocity is zero. For this considered

system, there is no wall velocity. So, all velocity components were set to be zero.

4.8 Numerical methods

The pressure-velocity coupling scheme for this thesis was SIMPLE. The
discretization scheme of pressure was standard. Further, the second order upwind

(SOU) spatial discretization scheme was employed for all variables, including
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momentum, turbulence quantities, and tracer. For unsteady state simulation, the

temporal discretization scheme was first order implicit (FOI).

4.9 Mixing time investigation

In this thesis, the mixing time was evaluated by using the tracer concentration
technique. The tracer with mass fraction of unity was patched at 0.03 m below the
center of top liquid-surface to account the experimental observation that the tracer
slightly moved downward during the tracer addition, which was added into the tank
with the help of a beaker [74]. This tracer specification was an initial condition for
unsteady state simulation. Then, Equation (4.7) was iteratively solved. During the
unsteady state simulation, the time histories of tracer concentration for four different
probes were monitored and recorded. The mixing times for four different probes
were individually evaluated by considering the 95% mixing time (tgss), Which can be
considered as the time required for the concentration (¢) to reach within 95% of the
fully mixed concentration (¢ ). This 95% mixing time can be generally written as

shown in Equation (4.8)

c—C

<0.05 (4.8)

t450, = time for

€

Then, the overall mixing time of the jet mixing tank was calculated by using
arithmetic average of the 95% mixing times achieved by four different probes.

Further, the locations of four different probes are summarized as shown in Table 4.4.

Table 4.4 Probe locations

Location in tank coordinate system [mm]
Probe
x y F4
1 237.5 0 250
2 0 2375 450
3 0 -237.5 450
a4 -237.5 0 250
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4.10 Solution strategy

The simulation was distinguished into two parts. First, the steady state
simulation was adopted to achieve the steady state flow pattern of water jet.
Second, the concentration distribution inside the vessel was obtained by using

unsteady state simulation.

For steady state simulations of water jet flow pattern, the transport equations
for flow and turbulence were calculated. The solution convergence was considered
by monitoring the area weight average of velocity magnitude for two different planes,
including outlet and plane x = 0. The converged solutions were achieved when the
average values of the velocity magnitude for these planes were constant or exhibited

the small variation.

Moreover, for unsteady state simulations of tracer distribution, the transport
equation of tracer was only solved by using the segregated implicit solver (FOI). For
implicit solver, there is no stability criterion (i.e. Courant number), which is used to
evaluate the time step size (A7) [132]. However, ANSYS FLUENT suggested that the
time step size for transient simulation should be one order of magnitude less than
the smallest time constant in the considered system [31]. For example, from
previous CFD works of cyclone separator, the average residence time (cyclone
volume/gas volumetric flow rate) was widely adopted to estimate the time step size
[133-135]. In similar fashion, the average residence time, which was defined as the
ratio of the mixing tank volume (¥) to the volumetric flow rate of jet discharge (Q),
was also employed to estimate the time step size for jet mixing tank simulations. In
this work, the residence time of the simulated jet mixing tanks was 445 s and the
used time step size was 0.0025 s. This specified time step size was five order of
magnitude lower than the residence time. Moreover, this time step size was also
lower than that calculated by the appropriate length and velocity scale approach (=
0.0074 s) [2]. Hence, this time step size was sufficient to achieve the accurate
concentration distribution inside the jet mixing tank. For convergence criterion, the

scaled residual of 10~ was used.



61

4.11 Reliability of the present CFD model

In this thesis, the present jet mixing tank model was carefully constructed by
considering the previous literatures and using the personal experience. Thus, in order
to ensure that this CFD model was developed properly, the different k-epsilon
turbulence models and numerical methods were simulated and compared with the
present CFD model and previous experimental data of Patwardhan [74]. These CFD
models were simulated by using jet discharge velocity of 4.4 m-s_1, turbulence kinetic
energy of 0.2904 m2~s’2, and turbulence kinetic energy dissipation rate of 22.35614
m’s . The details of these CFD models and their computational times are shown in
Table 4.5.

Table 4.5 Details of turbulence model, numerical methods, and computational time

for different simulations

- Turbulence P-V coupling Discretization scheme Computatic;nal
model scheme Spatial Temporal time [h]
Pf\/llb RKE SIMPLE SOU FOI 39.77
T™M1 SKE SIMPLE SOU FOI 39.58
TM2 RNGKE SIMPLE SOU FOI 43.23
NM1 RKE PISO SOuU FOI 39.85
NM2 RKE SIMPLE FOU FOI 28.45
NM3 RKE SIMPLE QUICK FOI 43.87
NM4 RKE SIMPLE SOuU SOl 39.83

The computational time is the time required for performing the steady state and
transient simulations.

PM1 is a present CFD model.

Before analyzing the CFD results, the converged solutions should be achieved.
Hence, the convergence histories should be firstly considered. So, the residuals and
other convergence monitors of steady state simulation were recorded as shown in
Figure 4.4. For transient simulation, the predicted normalized concentration profiles
for different residuals, including 1074, 1075, and 1076, were compared as represented in

Figure 4.5 to confirm that the residual of 10” presents the converged results.



62

1e+01 S

] —continuity
16400 — —x-velocity
] y-velocity
—2z-velocity
K
—epsilon

1e-01 o
1e-02
1e-03

1e-04

Scaled residual

1e-05

1e-06

1e-07

0 5000 10000 15000 20000 25000 30000 35000 40000
lteration

(a)

0.260

0.240 -
0.220

0.200 -

0.180

0.160

0.140

Area Weighted Average (m/s)

0.120

0.100

0 5000 10000 15000 20000 25000 30000 35000 40000
lteration

(b)

Figure 4.4 Convergence histories of steady state simulation for finest grid resolution
of an open 45° inclined side entry jet mixing tank (U; = 4.4 m-s’ and I =
10%): (a) scaled residuals (b) area weighted average of velocity at outlet

(c) area weighted average of velocity at plane x = 0
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In Figure 4.4, it can be observed that the scaled residuals of all quantities
rapidly fall down and reach the values of 10_3 within 2,900 iterations as depicted in
Figure 4.4(a). Then, all scaled residuals are oscillatory decreasing and meet the
values of 10 after 26,500 iterations. Furthermore, the area weight average values of
velocity magnitude at outlet and plane x = 0 are constant after 30,000 iterations as
shown in Figures 4.4(b) and 4.4(c), respectively. These observations indicate that the

iterative convergence is achieved. Hence, the simulated solutions can be considered



64

as the converged results. This preliminary simulation indicates that the convergence
criterion with a scaled residual of 1073, which was suggested by previous works, is
insufficient to use as the criterion for steady state simulation. Thus, in order to
consider and obtain the converged results, the simulations should be performed

until the scaled residuals and other convergence monitors are no longer change.

Moreover, for unsteady state simulation, the results reveal that the predicted
normalized concentration profiles of probe 1 for different residuals are similar as
depicted in Figure 4.5. According to these results, it can be summarized that the
suggested residual of 10° is sufficient to use as the convergence criterion and to

achieve the converged results for mixing time investigation.

After the convergence criteria for steady state and transient simulations were
confirmed, all simulations were performed by using these suggested criteria. Then,
the overall mixing times and profiles of normalized concentration, which is defined
as the ratio of the tracer concentration to the fully mixed value, predicted by
different CFD models as expressed in Table 4.5 were compared to the experimental

data of Patwardhan [74] as shown in Table 4.6 and Figure 4.6, respectively.

Table 4.6 Mixing times for different CFD models

Case sisiiii 1o dS % Error”
Probe 1 | Probe 2 | Probe 3 | Probe 4 | Overall
Experiment [74] | 38.5000 | 37.7000 N/A N/A 31.0000 -
PM1 33.1779 | 29.5401 | 27.3008 | 22.7423 | 28.1903 9.06
TM1 21.4033 | 22.8855 | 289077 | 21.4038 | 23.6501 23.71
T™M2 29.3764 | 30.9891 | 29.6687 | 27.5838 | 29.4045 5.15
NM1 33.1779 | 29.5401 | 27.3008 | 22.7423 | 28.1903 9.06
NM2 31.9522 | 29.4013 | 26.3567 | 31.8529 | 29.8908 3.58
NM3 32.4339 | 29.4551 | 27.1993 | 22.6358 | 27.9310 9.90
NM4 33.2556 | 29.5879 | 27.3138 | 22.7207 | 28.2195 8.97

The percentage error is a ratio of absolute difference between the predicted

overall mixing time and experimental mixing time to the experimental value.
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Figure 4.6 Comparison of normalized concentration profiles between present CFD
simulations and  previous work of Patwardhan [74] for (a) different
k-epsilon turbulence models and (b) different numerical methods:
—— PM1; & TMI, >— TM2; —e— NMI,; NMZ2; NM3;
—— NM4; o Experiment [74], Adapted from Bumrungthaichaichan and
Wattananusorn (J. Chin. Inst. Eng. 42(5) (2019) 428-437) with permission

from Journal of the Chinese Institute of Engineers

From Table 4.6, the results showed that the predicted mixing times and overall
mixing times of these CFD models are lower than the experimental data of

Patwardhan [74]. The reasons of the underprediction in overall mixing times are
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clearly described in Chapter VI. TM1 case predicts the shortest overall mixing time
with the maximum percentage error of 23.71%. Whereas, NM2 case show the highest
predicted overall mixing, which corresponds to the minimum percentage error of
3.58%. Moreover, the predicted overall mixing times of other cases are slightly

different (percentage errors of about 5-10%).

Figure 4.6(a) shows the comparison of the normalized concentration profiles at
probe 1 of three different k-epsilon models. It can be seen that the start of
normalized concentration profiles of these models are slightly different. However,
the first peak value of normalized concentration profile for PM1 case is highest, and
followed by TM2 and TM1 cases, respectively. Meaning that, the decays of first peak
values of predicted normalized concentration profiles for two latter cases are faster
than those obtained by PM1 case and previous experimental data because TM1 and
TM2 cases overpredict the turbulence dispersion levels. That is, TM1 case shows the
highest volume-weighted average value of predicted turbulence diffusivity (3.97><1O—4
m’s ) and respectively followed by TM2 (3.60x10" m™s ) and PM1 (2.87x10" m’s ).
Finally, at the large times, all simulated normalized concentration profiles approach

the measured data.

From Figure 4.6(b), the results show that the values of first peak of the
predicted normalized concentration profiles for different numerical methods are
slightly different and are higher than experimental data. Further, the start of
normalized concentration profiles are slightly different, except the profile of NM2
case, which is slightly faster than other models. For the large times, all simulated
profiles are in good agreement with the experimental data. Further, the jet
streamwise velocity contours at plane x; = 0 of all simulations were compared as

depicted in Figure 4.7 to confirm that the present CFD model was properly selected.

In Figure 4.7, for comparison of three different k-epsilon turbulence models,
the simulated results show that the TM2 case represents the widest jet spreading
and respectively followed by TM1 and PM1 cases. The centerline velocity decay of
TM2 case is faster than those predicted by PM1 and TM1 cases and the decay of
centerline velocities of two latter cases are slightly different. Further, the decay of
centerline velocity of PM1 case is in good agreement with experimental data of
Fellouah et al. [40] as later reported in Chapter VI. It can be implied that the
centerline velocity decay of TM1 case should be also similar to the experiment.

Hence, the shortest overall mixing time obtained by TM1 case as shown in Table 4.6
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is caused by the highest convective transport due to the wider jet spreading with

normal decay of centerline velocity.
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Figure 4.7 Jet streamwise velocity contours at plane x; = 0 for different cases,
Adapted from Bumrungthaichaichan and Wattananusorn (J. Chin. Inst. Eng.
42(5) (2019) 428-437) with permission from Journal of the Chinese Institute

of Engineers

These results agree with the facts that the SKE overpredicts the spreading of
round jet [136] and RNGKE is not suitable for simulating the turbulent round jet [28].
However, the present predicted results contradict the previous CFD works that SKE
[71, 72] and RNGKE [77, 101] were suitable for predicting the jet mixing vessels. The
discrepancy in results and suggestions between this thesis and other CFD works
would be due to the reason that the smaller number of tetrahedral grids used in

previous CFD works (< 1,000,000 cells) may not sufficient to obtain the correct
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results. So, it can be seen that RKE is a suitable turbulence model for CFD simulation
of pump-around jet mixing tank. Furthermore, the main reason for using the RKE for
pump-around jet mixing tank simulation is that this model ensures the positivity of

normal stresses and Schwarz’s inequality [137, 138].

For comparison of different numerical methods, the results show that the
streamwise velocity of NM2 case tends to be smeared out at y/d; of about 12 as
comparing with the other numerical setups because FOU shows the incorrect
solutions when the flow is not aligned with the grids [3]. Although the NM1, NM3,
and NM4 cases respectively employed the suitable pressure-velocity coupling
scheme for unsteady state simulation (PISO), higher order spatial discretization
scheme (QUICK), and higher temporal discretization scheme (SOI) to simulate jet
mixing tanks, however, the results of these cases are similar to those obtained by
PM1 case because the hexahedral grids were properly generated and aligned with
the flow direction to minimize the numerical errors [27]. Furthermore, the
computational time of NM1, NM3, and NM4 cases are higher than PM1 case as
reported in Table 4.5.

When these results are viewed together, the results confirmed that the PM1
case is the suitable CFD model for simulating an open 45° inclined side entry pump-

around jet mixing tank because of its accuracy and time efficiency.



CHAPTER V

PRELIMINARY CFD ANALYSIS OF JET MIXING TANKS

Chapter V represents the ¢rid independency test and model validation of an
open 45° inclined side entry pump-around jet mixing tank. In addition, the details of
grid convergence index, which is commonly used to measure grid convergence, for

jet mixing tank modeling are also demonstrated.

5.1 Grid independence study

In this thesis, the grid independence study of jet mixing tank model has been
investigated with the help of ¢rid adaption facility of ANSYS FLUENT. The grid
adaption technique was adopted to reduce the computational requirements, e.g.
number of grids, memory, computational time, etc. ANSYS FLUENT reported that the
gradient adaption of velocity is appropriate for incompressible fluid flow [31]. The
refine threshold for grid adaption should be 10% of the maximum eradient of the
considered variable, e.g. velocity, temperature, etc. [139]. Thus, 10% of the maximum
velocity magnitude gradient was used for grid adaption. Moreover, in order to ensure
that the grids were properly adapted, the grid adaption was individually performed
for different cases because the different conditions may produce the different

phenomena, e.g. jet potential core, jet spreading, etc.

The grid independency of an open 45° inclined side entry pump-around jet
mixing tank with jet discharge velocity of 4.4 m-s' was tested by comparing the
simulated potential cores and overall mixing times of four different grid levels. The
potential core and mixing time were employed as the key parameters for steady
state and transient simulations, respectively. The results of grid independence study

are represented in Table 5.1.

From Table 5.1, the values of percentage difference for potential core and
mixing time are found to decrease with increasing the number of g¢rids. The
percentage difference achieved from the fine grid level (2-adapted-grid) and finest
grid level (3-adapted-grid) is less than 1% for potential core and mixing time. These

results indicate that the fine grid level sufficiently provides the grid independency.
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However, for jet potential core, the coarsest grid level (0-adapted-grid) exhibits the
highest percentage difference (40.14%). Thus, the grid convergence should be

confirmed by using the concept of grid convergence index.

Table 5.1 Details of grid independence study of an open 45° inclined side entry jet
mixing tank (U; = 4.4 m-s and 7= 10%)

) Number Potential core’ Mixing time [s]
erid of cells s/d; % Difference” | Value | % Difference’
0-adapted-grid” | 1,087,312 | 1.5042 40.14 29.6918 533
1-adapted-grid | 1,184,437 | 2.0054 20.20 29.7257 5.45
2-adapted-grid | 1,486,046 | 2.5065 0.26 28.3658 0.62
3-adapted-grid | 1,739,978 | 2.5130 2 28.1903 -

° The potential core is a region where the mean centerline streamwise velocity is

equal to jet discharge velocity, which is generally observed within 0 < s/d; < 6,
where s is a longitudinal distance or jet streamwise distance from nozzle exit and
d; is a jet nozzle diameter.

The percentage difference is a ratio of absolute difference between the values of
potential core or mixing time for any ¢rid and finest ¢rid to the finest grid value.

0-adapted grid is an original grid generated by GAMBIT.

5.2 Grid convergence index

Grid convergence index (GCl) is a quantitative measurement of grid convergence
suggested by Roache [140-142]. GCl can be evaluated by considering two different
grid levels. However, three different grid levels or more are recommended. Three
grid levels can also be employed to confirm that the solutions are within the
asymptotic range of convergence [143]. The comprehensive procedure of GCl and GCl
of 45° inclined side entry pump-around jet mixing tank simulation are represented as

follows:
5.2.1 Procedure of GCI
The recommended procedure of GCI can be described below.

Step 1. Define a representative grid size (4), which is employed to

determine the refinement factor in step 2. The representative grid size for two-
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dimensional domain and three-dimensional domain can be calculated by using

Equations (5.1) and (5.2), respectively.

r q1/2

h= _W;(AA”)_ (5.1)
r 1 N 1/3
h= V2 (av, )_ (5.2)

where N is the total number of computational cells.
A4, is the area of the n-th cell.

AV, is the volume of the n-th cell.

Step 2. Evaluate the refinement factor () by using Equation (5.3).

r = hcoarse (5'3)

h. fine

For complicated gseometries, r is replaced by the ratio of the number of

control volumes in the fine and coarse meshes. For example, for two-dimensional

domains,
172 .
N ine N
r= (—f J Or 1iyy; = (—’ ] (5.4)
Ncoarse Ni+1
For three-dimensional domains,
1/3 1/3
N e N
re (—f j O i [—’ j (5.5)
Ncoarse Ni+l

where i indicates the finer grid level.

i+1 indicates the coarser grid level.

Step 3. Calculate the difference in numerical solutions (¢) and relative

error of numerical solutions (e) by using Equations (5.6) and (5.7), respectively.

&

i =S — S (5.6)

_Jin— i (5.7)

i+l,i f,

e

where fis the value of key variable.
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Step 4. Determine the order of the discretization method (p) by using
Equation (5.8).

p= 1 <|In 532|x[’”21; —sgn(832 /521)J (5.8)
ln(’”zl) 521| 1 —sgn(€32 /521)
-1 if x<0
where sgn is a sign function (sgn(x)=4 0 if x=0).
1 ifx>0

In order to achieve the value of p, the iterative method with relaxation
factor as suggested by Roache [141, 142] is adopted. So, the value of p is computed
by using Equation (5.9).

|
p=wp+(1-) 1|nr(lrﬂ|) (5.9)
21

where o is a relaxation factor (o = 0.5).

p is the previous iteration of p (The initial guess value is p=——= In| %32 ).
ln(r21) €1
B = |532|X("2[{ _Sgn(532/521)J
|521| 5 —Sgn(€32 /‘921)
The iterative process of p value evaluation will stop when PPl 107,
p
Step 5. Calculate the GCI by using Equation (5.10).
Fle,,
GCl1/™ = ’ (5.10)
orko—1

i+1,i

where F; is a safety factor (F, = 3 for comparison of two grid levels and 1.25 for

comparison of three grid levels or more)

Step 6. Identify the asymptotic range of convergence and evaluate the
convergence ratio and exact value of key parameter. The descriptions of these

parameters are represented as follows:

Asymptotic range of convergence can be determined by using Equation
(5.11).
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GCI fine
o= —lééjlf”el” d (5.11)

i+2,i+1
The solutions are in asymptotic range if the values of a are approximately unity.

The convergence ratio (R) is typically obtained by Equation (5.12).

R= S (5.12)

ei+2,i+1

This ratio is commonly used to indicate the convergence condition. Generally, there
are three possible convergence conditions as reported by Ali et al. [144], which are

represented as follows:
- Monotonic convergence (0 < R < 1)
- Oscillatory convergence (R < 0)
- Divergence (R > 1)

The exact value of key parameter (fo.u), Which is the value of key
parameter for zero grid space (h — 0), can be obtained by using Richardson

extrapolation [4] as shown in Equation (5.13) or Equation (5.14).

oamt fl f2 (5.13)

EX(IL[

.fexact e er-fl f2 (514)

r—1
5.2.2 GCI for CFD modeling of jet mixing tanks

The GCI for CFD simulation of 45° inclined side entry pump-around jet

mixing tank with jet discharge velocity of 4.4 m-s " is demonstrated in Table 5.2.
From Table 5.2, the results show the following conclusions:

- The grid refinement from medium to finest grid levels for potential core
and overall mixing time are in the asymptotic range because the values of a are

close to unity.

- For potential core (steady state simulation), the convergence conditions

of all grid levels are monotonic convergence because the values of convergence
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ratio are less than unity. Further, for unsteady state simulation of mixing time, the
grid refinement from coarse to fine grids presents oscillatory convergence (R < 0).
But, the grid refinement from medium to finest grid levels shows the monotonic

convergence.

- The GCl values for potential core and mixing time are found to decrease
from medium to finest grid levels (GCl,; < GCls,). Thus, the grid independent
solutions have been achieved, meaning that further grid refinement will not improve
the accuracy of the simulated results. Moreover, the extrapolated values of potential
core and mixing time are slightly different as comparing with those obtained by the
finest grid level. Finally, it can be summarized that the solutions are converged with

the refinement from medium to finest grid levels.

From above conclusions, in order to ensure that the grid convergence is
obtained, the finest grid level is employed for all simulations. In this thesis, the ¢rid
adaption technigue was used for grid refinement as mentioned earlier. So, the grids

of different cases were adapted three times to achieve the finest grid resolution.

5.3 Model validation

In order to validate the model, the predicted overall mixing times of 45°
inclined side entry pump-around jet mixing tank for different jet discharge velocities,
including 2.2, 4.4, 6.6, 8.8, and 11 m-sfl, were compared to the measured data of
Patwardhan [74] as shown in Figure 5.1. Further, for discharge velocity of 4.4 m-sil,
the predicted normalized concentration profiles at probe 1 and probe 2 were

comparing with the experimental data as depicted in Figure 5.2.

Figure 5.1 represents that most of predicted overall mixing times are lower than
those observed experimentally and close to the experiments, except the predicted
overall mixing time for jet discharge velocity of 2.2 m-s . For jet velocity of 2.2 m-s_l,
the mixing time is overpredicted with the maximum error of about 15% as comparing
with the experiment because of the inadequacy of RKE that it is only suitable for
hish Reynolds number round jet. Furthermore, this result corresponds to the
suggestion of Ghahremanian and Moshfegh [145] that the turbulence model with low
Reynolds number correction is necessary to simulate the low Reynolds number

turbulent round jet.



Table 5.2 GCI for an open 45° inclined side entry pump-around jet mixing tank with discharge velocity of 4.4 ms

Key parameter i N; fi Fir1 Eiv €t GCl;.y, [%] R a
0° 2.5133
1 1,739,978 2.5130
1.0540 -0.0065 -0.0026 0.0172
2 1,486,046 2.5065 0.0130 0.9974
Potential core
1.0785 -0.5011 -0.1999 0.3434
3 1,184,437 2.0054 0.7999 3.2954
1.0289 -0.5012 -0.2499 7.6873
4 1,087,312 1.5042
0° 28.1264
1 1,739,978 28.1903
1.0540 0.1755 0.0062 0.2834
Mixing time 2 1,486,046 28.3658 0.1299 1.0062
1.0785 1.3599 0.0479 1.0550
3 1,184,437 29.7257 -42.0382 51.7529
1.0289 -0.0339 -0.0011 0.1362
4 1,087,312 29.6918

a

0 indicates the exact value of key variable.

i=1,2, 3, and 4 denote the calculations at the finest, fine, medium and coarse meshes, respectively.

G
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Figure 5.1 Comparison of overall mixing times between the present CFD predictions
and the experimental data of Patwardhan [74] for different jet discharge
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Figure 5.2 Comparison of normalized concentration profiles for jet discharge velocity
of 4.4 m's' between the present CFD simulations and the experimental
data of Patwardhan [74] at (a) probe 1 (b) probe 2: —— CFD;

O Experiment (Dash lines indicate the 95% mixing time criterion.)
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Figure 5.2 (continued)

From Figure 5.2(a), the good agreement between predicted normalized
concentration profile and experimental data is observed for the time less than 10 s.
After 10 s has elapsed, the predicted normalized concentration profile shows
oscillatory curve and is not in good agreement with the experiment. The first peak
value of normalized concentration is higher than actual observation. However, the
predicted profile is found to reach the value of unity for the large value of time
(= 40 s), which is similar to that achieved experimentally. For Figure 5.2(b), the
predicted normalized concentration profile is not in good agreement with the
experimental profile and the faster rise in predicted normalized concentration profile

is investigated.

According to these results, it can be seen that the CFD model predicts the
overall mixing time well. But, the normalized concentration profiles at different
probe locations are not well predicted. However, in order to study the bulk mixing
inside the jet mixing vessels, the present CFD model is acceptable. Meaning that, this
CFD model can be adopted to determine the overall mixing time. So, in this thesis,
the present CFD model was employed to study the pump-around jet mixing tanks.
Moreover, the discrepancy in normalized concentration profiles between CFD
simulation and experiment was investigated to improve the accuracy in
concentration profile prediction and/or represent the possible reasons of this

shortfall as represented in chapter VI.



CHAPTER VI

DISCREPANCY IN CONCENTRATION PROFILES BETWEEN
CFD MODEL AND EXPERIMENT

Chapter VI presents the appropriate boundary conditions for inclined side entry
pump-around jet mixing tank simulation. The possible reasons of the discrepancy in
concentration profiles between CFD simulation and experimental data are also

demonstrated.

6.1 Problem and its analysis

Although the CFD model of an open 45° inclined side entry pump-around jet
mixing tank was carefully developed, however, a discrepancy in concentration
profiles between CFD model and experiment was still observed as depicted in
previous chapter. This discrepancy may be due to the inappropriate types of
boundary conditions. The absence of exact turbulence conditions, which directly
affect on the flow and mixing behaviors inside the tank, can also be considered as
the possible cause of this shortfall. Thus, in this thesis, the two different sets of
boundary condition types, including velocity-inlet and pressure-outlet for set | and
recirculation-inlet and recirculation-outlet for set I, were tested to obtain the
appropriate boundary condition types for this considered system. Further, the
different inlet turbulence boundary conditions calculated by different estimation
correlations, were simulated to examine the optimal conditions for predicting the
concentration profiles and investigate the causes of the discrepancy in concentration
profiles between CFD model and experiment. The details of turbulence boundary

conditions for jet mixing tank simulations are described in section 6.2.

6.2 Specifications of turbulence boundary conditions

As mentioned in section 4.7, the turbulence kinetic energy (TKE or k) and
turbulence kinetic energy dissipation rate (TDR or ¢) were specified at inlet boundary.

In this thesis, due to the absence of exact turbulence conditions, the two turbulence
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quantities were estimated by using different correlations. The estimations of these

turbulence quantities are represented as follows:
6.2.1 Turbulence kinetic energy

For turbulence kinetic energy, the jet discharge velocity and turbulence

intensity are adopted to estimate this quantity as shown in Equation (6.1).

k:%(sz)z 6.1)

For jet mixing tank simulations, the different values of turbulence intensity can be
used. Patwardhan [74] reported that the proper turbulence intensity for inclined side
entry jet mixing tank simulation was 10%, which corresponds to the information that
the turbulence intensity in a jet is higher than 10% [146]. Further, Dautova et al. [103]

specified the measured turbulence intensity of 4.7% at inlet section (Re,, = 15,083).

This measured value is very close to that achieved by the correlation for fully

developed pipe flow (4.8%) as shown in Equation (6.2) [147].

1=0.16Re" (6.2)
where Re, is the hydraulic diameter based Reynolds number (Re;, = pDivag/t)-

In this thesis, the 10% turbulence intensity and turbulence intensity
estimated by Equation (6.2) were used to evaluate the turbulence kinetic energy at

inlet section.
6.2.2 Turbulence kinetic energy dissipation rate

For turbulence kinetic energy dissipation rate, there are various
correlations that use to estimate this quantity. White [148] showed the physical
argument that the turbulence kinetic energy dissipation rate is proportional to the
ratio of cube of velocity scale (i’) to the length scale (/). Then, the square root of
turbulence kinetic energy is used as a velocity scale. So, the correlation for
estimating the turbulence kinetic energy dissipation rate can be written as depicted
in Equation (6.3) [22].

PElE
/

e=C, (6.3)

where Cp is a constant of the correlation, which is 0.08. The length scale is

approximately equal to 0.07D, for fully developed internal flow.
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ANSYS FLUENT also represents the correlation for turbulence kinetic

energy dissipation rate estimation as shown in Equation (6.4) [31].

where C, is an empirical constant specified in the turbulence model (0.09).

Furthermore, ANSYS CFX shows that the turbulence kinetic energy
dissipation rate is obtained by using Equation (6.5) [149].

pCﬂk2
E =
1000/u

(6.5)

This equation was adopted to estimate the turbulence kinetic energy dissipation rate

for turbulence round jet simulation as reported by Faghani et al. [150].

Thus, in this thesis, the three different correlations were employed to

estimate the turbulence kinetic energy dissipation rate at inlet boundary.
6.2.3 Tested boundary conditions

From above correlations, the values of inlet turbulence kinetic energy and
inlet turbulence kinetic energy dissipation rate were estimated and summarized as
shown in Table 6.1.

Table 6.1 Details of tested boundary conditions

Case Veloc_ilty Turbulence TKE [ms "] TDR [m’s ]
[m-s ] intensity | Equation Value Equation Value

TC1 (6.3) 22.35614
TC2 10% 0.2904 (6.4) 45.91861
TC3 (6.5) 75.53572
TC4 e e (6.3) 1.809608
TGS 4.33% 0.0543 (6.4) 3.716862
TC6 (6.5) 6.114206

6.3 Boundary condition types

In order to obtain the appropriate boundary condition types for mixing time

investigation of inclined side entry pump-around jet mixing tank, the two different
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sets of boundary condition types, including velocity-inlet and pressure-outlet for set |
and recirculation-inlet and recirculation-outlet for set I, were numerically studied by
using conditions of TC1 case as reported in Table 6.1. The contours of normalized
concentration for two different sets are represented in Figure 6.1. Further, the

normalized concentration profiles at probe 1 of these sets are shown in Figure 6.2.

Set | Set |l p- 1.40

- 1.05

- 0.70

- 0.35

7 ! B l 0.00

Figure 6.1 Contours of normalized concentration of plane x = 0 at ¢ = 25 s for set |
and set I, Adapted from Bumrungthaichaichan et al. (J. Chin. Inst. Eng.
41(7) (2018) 612-621) with permission from Journal of the Chinese Institute

of Engineers

1.4

Normalized concentration

0.0 -0 T T T T

0 10 20 30 40 50 60

Time [s]

Figure 6.2 Normalized concentration profiles at probe 1 for two different sets of

boundary condition types: —— Set |, —=— Set ||
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In Figure 6.1, the results reveal that the contour of set | shows lower values of
the normalized concentration as compared to those achieved by set Il. At the region
near the jet nozzle exit, the normalized concentration contour of set | presents zero
value of normalized concentration, meaning that the mass of tracer from the outlet
pipe exit does not return to the jet nozzle. For set I, the normalized concentration
contour at the region near the nozzle exit exhibits the recirculation of tracer from
outlet to inlet. Furthermore, from Figure 6.2, the normalized concentration profile at
probe 1 predicted by set | is found to diminish after 31 s has elapsed because of the
fact that the pressure-outlet boundary condition type only allows the tracer to flow
pass the outlet boundary and does not permit the tracer to re-enter to the nozzle so
the mass of tracer in the tank is decreased with increasing time. For set Il, the values
of normalized concentration are close to unity after 36 s has passed, meaning that

the normalized concentration at probe 1 reaches the fully mixed value.

In this thesis, the normalized concentration profile was used to evaluate 95%
mixing time with the help of Equation (4.8). For set I, the normalized concentration
profile of probe 1 is reached the 95% mixing time criterion at # = 25 s. Later, the
normalized concentration profile is found to deviate from this criteria. So, the 95%
mixing time for set | cannot be investigated. In contrast, for set I, the normalized
concentration profile of probe 1 meets the 95% mixing time criteria at = 33.1779 s
and is found to reach the value of unity as time increases. Hence, the 95% mixing
time obtained by set Il is 33.1779 s. From these results, it can be seen that the
boundary condition types of set Il are appropriate to simulate the mixing time for
pump-around jet mixing tanks, whereas the boundary condition types of set | are
suitable to evaluate the residence time distribution (RTD) inside the mixing tanks
[101].

According to these results, it can be summarized that the jet mixing time
investigation for pump-around jet mixing tank can be easily simulated by using the
recirculation-inlet and recirculation-outlet (set Il) because they allow the tracer to
flow pass the outlet and return to the inlet section. Moreover, the mixing time of
pump-around jet mixing systems can also be numerically investigated by simulating
the complete jet mixing tank geometries with the help of the momentum source
specification [70-72, 77] or using the user defined function (UDF) for the specification
of the inlet tracer concentration (temperature), which obtained by the average value
of outlet tracer concentration (temperature) [96, 97]. However, the present method is
more suitable to simulate the mixing time in pump-around jet mixing tanks than the
two latter approaches because it uses the smaller number of grids due to the

absence of grids in the piping system between inlet and outlet, which directly
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reduces the computational time, and the additional computer code (e.g. UDF) is not

required.

6.4 Turbulence boundary conditions

Due to the absence of the exact inlet turbulence boundary conditions, the six
different inlet conditions as depicted in Table 6.1 were numerically studied to obtain
the appropriate inlet boundary conditions and describe the possible cause of the
discrepancy in concentration profiles between simulation and experiment. The
predicted overall mixing times and predicted normalized concentration profiles at
probe 1 and probe 2 were compared with the measured and simulated data of
Patwardhan [74] as shown in Table 6.2 and Figure 6.3, respectively. Further, the
predicted jet flow patterns inside the inclined side entry pump-around jet mixing
tanks were compared with the previous works of free turbulent round jet because

the data of jet flow patterns inside the mixing tanks is unavailable.

Table 6.2 Overall mixing times for six different inlet turbulence conditions

Case ]3ing gl % Error’
Probe 1 | Probe 2 | Probe 3 | Probe 4 | Overall
Experiment [74] 38.5 St N/A N/A 31.000 -
TC1 33.1779 | 29.5401 | 27.3008 | 22.7423 | 28.1903 9.06
TC2 33.8672 | 29.5534 | 27.4802 | 23.9380 | 28.7097 7.39
TC3 31.1278 | 29.4055 | 27.4505 | 24.0695 | 28.0133 9.63
TC4 33.1317 | 289753 | 27.5530 | 24.2202 | 28.4700 8.16
TC5 329547 | 29.0280 | 27.6818 | 24.4895 | 28.5385 7.94
TC6 32.5791 | 28.9529 | 27.7718 | 24.1286 | 28.3581 8.52

The percentage error is a ratio of absolute difference between the predicted

overall mixing time and experimental mixing time to the experimental value.

From Table 6.2, the simulated results reveal that the predicted overall mixing
times are lower than the experimental data. Further, for probe 1 and probe 2, the
predicted concentrations are faster to reach 95% mixing time criterion than those
observed experimentally. For probe 1, the start of concentration profiles for 10%
turbulence intensity are closer to the experiment and faster than those predicted by

4.33% turbulence intensity as depicted in Figure 6.3(a). The first peak values of
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normalized concentration profiles for TC1 and TC2 cases are overpredicted and

underpredicted, respectively. In contrast, the first peaks of normalized concentration

profiles for other cases are not clearly represented.
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Figure 6.3 Comparison of normalized concentration profiles between present CFD

simulations and previous work of Patwardhan [74] at (a) probe 1 and

(b) probe 2: —a— TC1; —&— TC2; —o— TC3; —e— TC4;

TC5; TC6;

—— CFD [74]; o Experiment [74], Adapted from Bumrungthaichaichan
et al. (J. Chin. Inst. Eng. 41(7) (2018) 612-621) with permission from Journal

of the Chinese Institute of Engineers
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At probe 2, the start and first peak values of normalized concentration profiles
predicted by six different cases are faster and higher than measured data as shown in
Figure 6.3(b). However, all predicted normalized concentration profiles for probe 1
and probe 2 approach the value of unity for the large time values, which correspond
to the experimental data. From these results, it can be implied that the difference in
these profiles would be due to the different inlet turbulence conditions, which

directly affect the extents of turbulent dispersion inside the tanks.

For jet flow behaviors inside the vessels, the contours of jet axial velocity of
TC1 case were adopted to represent the general flow pattern inside the open 45°
inclined side entry pump-around jet mixing tank as depicted in Figure 6.4. The radial
profiles of jet streamwise velocities () predicted by six different cases at different
ratios of the jet streamwise distance to the jet nozzle diameter, including 2, 5, 10,
and 15, were compared as shown in Figure 6.5. The streamwise velocity and radial
distance were respectively scaled with jet discharge velocity and jet nozzle diameter.
Further, the decay of centerline streamwise velocities (u, ) and the spreading of jets
(or the variation of jet half-velocity width) for turbulence intensities of 10% and
4.33% were represented by using the TC1 and TC4 cases as shown in Figures 6.6 and
6.7, respectively. Note that the jet half-velocity width is clearly defined in section 3.2.

Figure 6.4 Contours of jet streamwise velocity of TC1 case at plane x; = 0 (left) and

plane z; = 0 (right) (Black line indicates the jet centerline.)

In Figure 6.4, for plane x; = 0, the jet axial velocity contour shows that the jet
flows along the jet nozzle centerline at the region near the jet nozzle exit. Then, the
jet flow is found to deviate from the jet nozzle centerline after about 10 times jet
nozzle diameter distance downstream. Further, for plane z; = 0, the contour of jet

axial velocity reveals that the jet slightly shows asymmetry about the jet centerline.
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Figure 6.5 Predicted radial profiles of jet streamwise velocities for different s/d; ratios:
—— TCl; 8- TC2; =+ TC3; —e—TC4; TC5; TC6

Figure 6.5 reveals that the radial profiles of jet streamwise velocities for six
different cases are slightly different and the jet flow behaviors of these cases are
similar to the free turbulent round jet. That is, the streamwise velocities decrease
with increasing the radial distances and their centerline velocities are found to
decrease with increasing s/d; ratios. Further, the decay of centerline streamwise
velocities for 10% turbulence intensity cases are faster than those predicted by
4.33% turbulence intensity, which correspond to the experiments of Ashforth-Frost
and Jambunathan [151] that the decay of centerline velocity for the jet with higher

initial turbulence intensity was faster than the jet with lower turbulence intensity.
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Figure 6.6 Comparison of decay of centerline streamwise velocities between the
present jet mixing tank simulations and the previous experimental work of
free turbulent jet: —— TC1; --- TC4; o Experiment [40], Adapted from
Bumrungthaichaichan et al. (J. Chin. Inst. Eng. 41(7) (2018) 612-621) with

permission from Journal of the Chinese Institute of Engineers

Figure 6.7 Comparison of jet spreading between present jet mixing tank simulations
and the previous experimental works of free turbulent jets: —— TCI;
--- TC4; A Experiment [152]; O Experiment [49]; © Experiment [40],
Adapted from Bumrungthaichaichan et al. (J. Chin. Inst. Eng. 41(7) (2018)
612-621) with permission from Journal of the Chinese Institute of

Engineers
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In Figure 6.6, the results show that the decay of centerline velocity of TC1 and
TC4 cases are in good agreement with the experiment of Fellouah et al. [40],
especially for s/d; < 10. For s/d; > 10, the decay of centerline velocity of TC1 case is
faster than experiment and the good agreement between the decay of centerline
velocity for TC4 case and the experimental data is observed. Moreover, for Figure
6.7, the predicted jet half-velocity widths of TC1 and TC4 cases for s/d; < 5 are in
good agreement with the previous experimental data [40, 49, 152]. Then, for 5 < s/d;
< 15 of TC1 case and 5 < s/d; < 20 of TC4 case, the non-linear spreading of jets are
wider than those observed experimentally, which are similar to the previous work of
jet loop reactor reported by Mathpati et al. [98]. Finally, for higher s/d; ratios, the

predicted spreading of jets are linearly wider than experiments.

According to these results, it can be seen that the tendencies of these jets are
similar to the previous literatures, except the values of jet half-velocity widths for
s/d; > 5. Further, the discussion of these predicted results can be drawn as the

follows:

- The results indicate that the mixing inside the vessels are dominated by
convective transport because even when the inlet turbulence conditions, which
directly result in the different turbulent dispersion levels, are varied, the predicted

overall mixing times are slightly different.

- The underpredicted overall mixing times are caused by the overprediction in
convective transport (or total momentum available for mixing) due to the fact that
the top liquid-surface was assumed to be flat by using symmetry boundary
condition.

- The overpredicted convective transport also results in the faster rise in
simulated normalized concentration profiles. That is, the tracer is rapidly transported
by jet recirculation from its initial position to the bulk of liquid within a short period
of time. The values of predicted tracer concentration gradient would be lower than
actual experiments (underprediction in dispersive transport). So, the first peak values
of normalized concentration profiles would be higher than those observed
experimentally. Meaning that, for jet mixing tanks with overpredicted Peclet number
(Pe) — pronounced "Pay-clay" [153] — which is defined as a ratio of convective
transport rate to diffusive transport rate, the overprediction in first peak values of
normalized concentration profiles should be investigated. This discussion
corresponds to the previous CFD work of Patwardhan [74] that the decay in peak
value of concentration profiles was slower in simulations than experiments because

of the underprediction in turbulent dispersion.
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- Regarding to conservation of energy, the faster decay in predicted centerline
streamwise velocities would be due to the fact that the jet kinetic energy is partly

converted to the potential energy during the change in elevation of jet.

- The predicted jet half-velocity widths are wider than free turbulent round jet
because the tank wall forces liquid to flow through the jet stream, which directly

enhances the jet entrainment rate.

- When these results and above discussion are considered together, the proper
conditions for jet mixing tank simulations would be the conditions of TCl case.
Hence, the appropriate estimation correlations for turbulence kinetic energy and
turbulence kinetic energy dissipation rate and turbulence intensity for CFD modeling
of inclined side entry pump-around jet mixing tank are Equation (6.1), Equation (6.3),
and 10%, respectively. The main reason of using 10% turbulence intensity at jet
discharge section is that the turbulence intensity profile is saddle-backed shape [49,
1501, which provides the highest turbulence intensity value at jet edge. For example,
Quinn [49] reported that the turbulence intensity at jet edge is about 10%, whereas,
the centerline and average values of turbulence intensity were 0.5% and 2%,

respectively.

From above discussion, it can be implied that the discrepancy in concentration
profiles between CFD model and experiment may be due to the overprediction in
convective transport. So, in order to test that the overpredicted convective transport
is a reason of this shortfall, the jet mixing tanks with lower convective transport and
higher convective transport were simulated by using jet discharge velocity of 4.4 ms’
with top solid wall (TC7 case) and jet discharge velocity of 6.6 ms’ (TC8 case),
respectively. The normalized concentration profiles at probe 1 predicted by these
two additional cases were compared with the predicted profile of TC1l case to
represent the tendencies of normalized concentration profiles of different convective
transport. These predicted profiles were also compared to the previous results of
Patwardhan [74] as shown in Figure 6.8.

In Figure 6.8, the results show that the start and first peak value of normalized
concentration profile predicted by TC1 case exhibit the better agreement with the
experimental data than those simulated by Patwardhan [74] because the numerical
diffusion of present model is eliminated by using the higher number of grids and
SOU. These predicted results reveal that the normalized concentration profiles are
faster rise with increasing the convective transport. The first peak values of
normalized concentration profiles are found to decrease with decreasing the

convective transport. Moreover, from previous work of Patwardhan [74], although the
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predicted extent of turbulent dispersion inside the vessel was increased by using the
modified k-epsilon model constants (C, = 0.135 and C), = 1.31) to compensate for
the overpredicted convective transport, however, the faster rise and higher peak

value of normalized concentration profile were still presented.

Normalized concentration
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Time [s]

Figure 6.8 Comparison of normalized concentration profiles between present jet
mixing tank simulations and previous works of Patwardhan [74]: —a— TC1;
—8— TCT; =~ TC8; - == CFD with C, = 0.09 and C,, = 1.42 (standard
model constants) [74];, — CFD with C, = 0.135 and Cj, = 1.31 (modified
model constants) [74]; o  Experiment [74], Adapted from
Bumrungthaichaichan et al. (J. Chin. Inst. Eng. 41(7) (2018)
612-621) with permission from Journal of the Chinese Institute of

Engineers

According to above evidence, it can be summarized that there are two possible
reasons of discrepancy in concentration profiles between CFD simulation and
experiment. The first reason is the improper inlet turbulence conditions, which
mainly affect on the predicted extent of turbulent dispersion inside the jet mixing
tank. The second cause is the flat top liquid-surface assumption, which overpredicts
the total momentum available for mixing (convective transport). That is, there is no
viscous dissipation due to the wave motion of liquid-surface, so, the convective
transport would be overpredicted. Further, the simplified computational domain,
such as jet mixing tank without measuring probes, simplified nozzle shape, etc,, is

another possible cause of this discrepancy.



CHAPTER VI

CFD PREDICTIONS OF PUMP-AROUND
NON-CIRCULAR JET MIXING TANKS

Chapter VIl describes the fundamentals of non-circular free jet flows. Further,
the application of the present CFD model as described in Chapter IV for predictions

of elliptic and square jet mixing tanks are also represented.

7.1 Non-circular jets

Jets are commonly used in various applications, especially the round jets
(circular jets or axisymmetric jets) as mentioned in Chapter lll. Moreover, the non-
circular nozzles can also be adopted. The non-circular jets are generally known as
the three-dimensional jets. These jets significantly improve the performance of
various applications with inexpensive cost [154], such as improvement of large- and
small-scales mixing in various flows, combustion performance enhancement by
increasing efficiency of combustion and reducing instabilities and emissions, noise

suppression, thrust vector control, etc.

Generally, the simple nozzle configurations are used to produce the non-
circular jets, such as equilateral triangular nozzle, square nozzle, elliptic nozzle,
rectangular nozzle, etc. The other nozzle shapes can also be employed, such as

lobed nozzle, cross nozzle, star nozzle, etc.

For jet Reynolds number, the formula of non-circular jet is slightly different to
that achieved by round jet. For Reynolds number of non-circular jet, the circular-
equivalent diameter (D,) is adopted as a characteristic length instead of the general
jet nozzle diameter [154-156]. The circular-equivalent diameter is a diameter of an
axisymmetric jet having the same jet discharge cross-sectional area of non-circular jet
[154]. Hence, the jet Reynolds number of non-circular jet can be written as:

DU

Re, =L (7.1)
Y7,

Note that the bulk mean velocity (Us) is adopted as a jet discharge velocity.
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7.2 Fluid dynamics of non-circular jet

The fluid dynamics of non-circular jets are different to those observed in
turbulent round free jets as mentioned in section 3.2. The non-circular jet consists of
four distinguished regions, including potential core (PC) region, characteristic decay
(CD) region, axisymmetric type decay (AD) region, and fully axisymmetric region [157-
159], as shown in Figure 7.1.

Zone | — Potential core region
Zone Il — Characteristic decay region

Zone |ll = Axisymmetric type decay region

Inner mixing

«.— boundary

O,
1,0%

/U,

Zone IV - Fully axisymmetric region

~
-

L

Figure 7.1 Flow field for non-circular jet [157-159]

Sforza et al. [157] and Trentacoste and Sforza [158] clearly described the
details of these four distinguished regions. The phenomena of these regions can be

represented and summarized as follows:
7.2.1 Potential core region

In the first region, the mixing occurs at jet boundaries and does not
penetrate into the jet centerline. Hence, the mean centerline velocities of non-
circular jets are constant and close to their jet discharge velocities. These
phenomena are similar to those observed in turbulent round jets. Furthermore, the
potential core lengths are dependent upon the nozzle configurations. The lengths of

this zone are within 10 times characteristic dimension of the jets. For example, the
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characteristic dimensions of rectangular and elliptic jets are minor axis lengths.
Moreover, the height of equilateral triangular jet is adopted as characteristic

dimension of this triangular jet [160].
7.2.2 Characteristic decay region

For the second zone of non-circular jets, the decay of axial velocities are
dependent on orifice or nozzle geometries. The axial velocity profiles of minor axis

planes are similar. But, the velocity distributions in major axis planes are non-similar.

7.2.3 Axisymmetric type decay region

In this region, the mean centerline velocity is inversely proportional to the

longitudinal distance (i, ~x ") and the jet is found to approach axisymmetry. Thus,

the axial velocity profiles in the planes of major and minor axes are similar. Meaning

that, the jet velocity distributions are oblivious to the nozzle geometries.
7.2.4 Fully axisymmetric region

For far downstream distance of jets, the non-circular jets become fully

axisymmetric flow.

Moreover, from the previous experimental works of non-circular jets, the results
showed that the vortex evolution, self-induction and interaction between azimuthal
and axial vortices are complex [154]. These phenomena cause axis switching in the
mean flow fields of non-circular jets. Further, the axis switching can enhance the
entrainment properties of free non-circular jets. So, the entrainment rates of these

jets are better than free turbulent round jets [161, 162].

7.3 CFD predictions of non-circular jet mixing tanks

For this section, the mixing performances of the open 45° inclined side entry
pump-around non-circular jet mixing tanks were numerically predicted because of
the reason that although the entrainment rates of free non-circular jets are greater
than those achieved by free turbulent round jets which may improve the mixing
performances, however, the round jet nozzles are modified to use in various mixing
applications. So, it is interesting and necessary to study the performances of non-
circular jet mixing tanks. The example of commercial round jet nozzle is shown in

Figure 7.2.
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Figure 7.2 Example of commercial nozzles and installation, Reproduced from
http://www.samhwamix.com/product/in-tank-heater-jet-mixing-eductor/
with permission from SAMHWA Mixing Tech. Co., Ltd.

For CFD predictions of pump-around non-circular jet mixing tanks, the mixing
performances of elliptic jet (EJ) and square jet (SJ) were numerically investigated. The
tank geometries of these jet mixing tanks were similar to those reported in table 4.1,
except the nozzle geometries. However, the discharge areas of non-circular jets were
identical to circular jet discharge area. Further, the jet discharge velocities of non-
circular jet mixing tanks were also 4.4 ms Hence, the jet Reynolds numbers
calculated by Equation (7.1) and mass flow rates of these non-circular jet mixing

tanks were also equal to those obtained by circular jet mixing tank.

From previous experimental data, the measurements revealed that the
turbulence intensities of elliptic and square jets were higher than the turbulence
intensity of round jet. For elliptic jet, the maximum streamwise turbulence intensity
near the jet discharge plane was about 15% [161]. While, Quinn and Militzer [163]
reported that the maximum streamwise turbulence intensity of square jet at a short
distance downstream was about 12%. Hence, the specified values of turbulence
kinetic energy and dissipation rate of turbulence kinetic energy for CFD predictions of
these non-circular jet mixing tanks were different to those obtained by circular jet
mixing tank. However, the estimation correlations for these turbulence quantities
were similar to those suggested in chapter VI. That is, the specified turbulence kinetic
energy and its dissipation rate were computed by Equations (6.1) and (6.3),

respectively.

The turbulence model and numerical setups of these non-circular jet mixing

tanks were also similar to those used in circular jet mixing tank as described in
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chapter IV. The necessary details for these non-circular jet mixing tank simulations

are summarized in Table 7.1

Table 7.1 Details of CFD predictions for non-circular jet mixing tanks

Detail Elliptic jet mixing tank Square jet mixing tank
Case EJ SJ
=
Schematic for cross- _Q_ w
sectional shape of the jet
|<— g —’| | | .

“ w >
| |

Dimensions

a = 5.656854 mm
b = 2828427 mm

w = 7.089815 mm

Grid topology

Hexahedral grid

Hexahedral ¢rid

Discharge velocity [m-s_1] a4 4.4
Turbulence intensity 15% 12%
TKE [m’s ) 0.6534 0.418176
TDR [m”s ] 75.45198 38.63142
Turbulence model RKE RKE
P-V coupling scheme SIMPLE SIMPLE
Spatial discretization

SOuU SOuU
scheme
Temporal discretization

FOI FOI
scheme
Time step size [s] 0.0025 0.0025

Steady state convergence

criterion

All equations were solved
until the area weight
average of velocity
magnitude at outlet and

plane x = 0 were constant.

All equations were solved
until the area weight
average of velocity
magnitude at outlet and

plane x = 0 were constant.

Transient convergence

criterion

Scaled residual of 10°

Scaled residual of 10°
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7.4 Mixing performances

In this section, the predicted overall mixing time was adopted to indicate the
mixing performance, which was similar to the circular jet mixing tank. The predicted
overall mixing times for circular, elliptic, and square jet mixing tanks were compared
as shown in Table 7.2. Moreover, in order to describe the mixing performances of
these jet mixing tanks, the contours of streamwise velocity and velocity vector, line
contours of normalized streamwise velocity, which is defined as a ratio of streamwise
velocity to its centerline streamwise velocity (u/u,)the decay of centerline
streamwise velocities along jet streams, and turbulence kinetic energy profiles for
three different jet mixing tanks are respectively represented in Figures 7.3-7.6. In
addition, the contours of vorticity magnitude for these jet mixing tanks is shown in

Figures 7.7.

Table 7.2 Overall mixing times for circular, elliptic, and square jet mixing tanks

Mixing time [s] a
Case % Difference
Probe 1 | Probe 2 | Probe 3 | Probe 4 | Overall

b 33.1779 | 29.5401 | 27.3008 | 22.7423 | 28.1903 -

EJ 30.3601 | 29.4807 | 26.7041 | 31.2199 | 29.4412 4.44

SJ 324218 | 29.3902 | 26.9298 | 32.3423 | 30.2710 7.38

The percentage difference is a ratio of difference between the mixing time of
non-circular jet and mixing time of circular jet to the circular jet mixing time.

CJ stands for circular jet mixing tank case, which is similar to TC1 case.

In Table 7.2, the predicted results reveal that the circular jet mixing tank
presents the shortest mixing time, respectively followed by elliptic and square jet
mixing tanks. That is, the mixing performance of circular jet mixing tank is better than
those obtained by non-circular jet mixing tanks, which contradicts the previous works
of free jets that the mixing between jet and external fluid of non-circular jets were
better than those obtained by circular jets as mentioned earlier. In order to explain
this discrepancy, the flow patterns inside these jet mixing tanks were considered and

analyzed.

Figure 7.3 shows that the flow patterns of three different jet mixing tanks have
a similar tendency. That is, these jets gradually spread in lateral direction along the
downstream distance until they impinge the opposite boundaries. After jet rollover,
the recirculation regions below these jets are smaller than those observed above the

jets because of the outlet pipe location, which allows water near the tank bottom to
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partially flow out the tank. Moreover, after the larger recirculation zones, the water is

induced by entrainment of jet from remote zones (above nozzles) into the jets.

(a)

(b)

(0)

Streamwise velocity [m-s™]

S m—

-0.15 099 213 326 440

Figure 7.3 Contours of streamwise velocity (left) and velocity vector colored by
streamwise velocity (right) at plane x = 0 for (a) circular jet, (b) elliptic

jet, and (c) square jet
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Figure 7.4 Line contours of normalized streamwise velocity for circular jet, elliptic

jet, and square jet at (a) plane s/D, = 1, (b) plane s/D, = 3, (c) plane

s/D, = 5, and (d) plane s/D, = 10
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Figure 7.4 (continued)

In Figure 7.4, the line contours of normalized streamwise velocity exhibit the
spreading of jets and their shapes for three different jet mixing tanks. For s/D, < 5,
these jets are gradually growth in lateral direction and retain their original nozzle

shapes, except the square jet at s/D, = 5. For s/D, > 5, the shapes of these non-
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circular jets are found to approach the shape of circular jet. Moreover, the spreading
rates along the edges of non-circular jets are different because of non-uniform shear
stresses along these jet boundaries. That is, the spreading rate along minor axis
direction for elliptic jet is higher than that obtained in major axis direction. For square
jet, the spreading rates of flat sides are greater than vertex sides. These non-circular
jets provide high spreading rates to adjust their shapes to obtain uniform shear
stresses along the jet edges. These results also indicate that the axis switching of
non-circular jets are not investigated. The absences of axis switching for these non-
circular jets are similar to the previous works of Schadow et al. [164] for elliptic pipe

jet and Grinstein et al. [162] for square pipe jet.

At the regions near jet discharge planes (s/D, < 5), the spreading rate (S) of
elliptic jet shows the highest value of 0.035. While, the spreading rate of square and
circular jets are 0.034 and 0.018, respectively. The spreading rates (S = dr.,/ds) of
these jets were computed by using equivalent jet half-width (r.,), which is define as
Feg = (705 major™ Tosminor) ~ [165]. In general, for free jet, the wider jet spreading results in
faster decay of jet centerline velocity. From Figure 7.5, the elliptic jet mixing tank
provides the fastest decay of centerline streamwise velocity, respectively followed
by square and circular jet mixing tanks, which are similar to the characteristics of free
jets as reported by Mi et al. [155]. For s/D, > 15, the decay of centerline velocity for
these jets are slightly different.

1.0 7

0.8 o

aU,

0.2 7

OO T T T T T
0 5 10 15 20 25 30
s/D

e

Figure 7.5 Decay of centerline streamwise velocities for three different jet mixing
tanks: CJ; EJ; SJ




101

In addition, the wider spreading of free jet generally provides the higher
entrainment rate. Then, the mass flow rates and entrainment ratios, which is defined
as (0-00)/Qy following Ho and Gutmark [161], of these jet mixing tanks are
summarized in Table 7.3. In Table 7.3, it can be seen that the mass flow rate and
entrainment ratio of elliptic jet mixing tank at different locations are greater than
those achieved by other jet mixing tanks. According to these results, it seems logical
to conclude that the best jet mixing performance should be obtained by elliptic jet
mixing tank. However, the circular jet mixing tank presents the shortest predicted
overall mixing time as previously reported in Table 7.2. Hence, it is possible to
interpret that only high entrainment rate is not adequate to achieve the best mixing

performance inside the jet mixing tank.

Table 7.3 Mass flow rates and entrainment ratios for circular, elliptic, and square

jet mixing tanks

D, Mass flow rate’ [kg-s_l] Entrainment ratio
cJ EJ SJ cJ EJ SJ
0 0.2201 0.2201 0.2208 & - -
1 0.2565 0.2717 0.2625 0.1651 0.2346 0.1890
3 0.3286 0.3653 0.3387 0.4928 0.6597 0.5342
5 0.4142 0.4701 0.4277 0.8814 1.1359 0.9373
10 0.7156 0.8081 0.7481 2.2506 2.6718 2.3887

These mass flow rates were computed within the areas of u/ u, = 0.1.

Figure 7.6 illustrates the radial profiles of turbulence kinetic energy of three
different jet mixing tanks. All turbulence kinetic energy distributions show saddle-
backed profiles for s/D, < 5 and bell-like profiles at s/D, = 10. The elliptic jet
provides the highest turbulence kinetic energy at s/D. < 3 and also represents the
fastest decay of turbulence kinetic energy. Then, at s/D, = 10, the turbulence kinetic
energy of elliptic jet is lower than other jets. For square jet, the turbulence kinetic
energy and its decay are respectively greater (for s/D, = 1) and faster than circular jet.
The faster decay of turbulence kinetic energy for non-circular jets are caused by their
high jet spreading rates during the shape adjustments. That is, the turbulence kinetic
energy of non-circular jet highly transfers in lateral direction during jet spreading.
Although the circular jet exhibits the lowest turbulence kinetic energy at s/D, = 1,

however, the decay of turbulence kinetic energy is slower than non-circular jets.
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Finally, the circular jet shows the highest values of turbulence kinetic energy with

slower decay of turbulence kinetic energy.

For RANS simulations, it is not possible to identify the velocity fluctuations. The
best way to investigate the mixing due to the effect of turbulence velocity
fluctuations is to determine the turbulence kinetic energy because the turbulence
kinetic energy is a product of velocity fluctuations as shown in Equation (2.11). So,
the turbulence kinetic energy is an indirect way to investigate the effect of velocity
fluctuations. According to this interpretation, if it is correct, it can be implied that the
mixing due to effect of velocity fluctuations for circular jet should be better than

those obtained by non-circular jets for s/D, >10.
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Figure 7.6 Predicted radial profiles of turbulence kinetic energy for different s/D,
ratios: —— CJ-Major axis; - - - CJ-Minor axis; —— EJ-Major axis; - - - EJ-
Minor axis; —— SJ-Major axis; - - - SJ-Minor axis (Note: Major and minor

axes respectively correspond to z; and x; axes as depicted in Figure 4.1)
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Figure 7.7 Contours of vorticity magnitude for circular jet, elliptic jet, and square jet
at (a) plane s/D, = 1 and (b) plane s/D, = 10

Figure 7.7 represents the vorticity magnitude of three different jet mixing tanks at

two different planes. The circular jet presents the highest values of vorticity magnitude

for plane s/D, = 1 and plane s/D, = 10 because of the higher centerline streamwise
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velocities, respectively followed by square and elliptic jets. Furthermore, the results
reveal that the vorticity magnitude values are found to decrease with increasing the
s/D, ratios for three different jet configurations. Meaning that, the upstream vorticity
magnitude values of three different jets are higher than those achieved downstream.
The vorticity is a vector quantity and is twice of mean angular velocity. It is generally
employed to measure the microscopic rotation (spin) of fluid at any point. The spin of
fluid is a cause of fluid mixing. That is, the high value of vorticity provides the better
mixing. In this case, the mixing of circular jet mixing tank should be better than those

obtained by non-circular jet mixing tanks.

According to these predicted results, it can be seen that although the elliptic
jet mixing tank shows the best entrainment, however, the mixing performance of
circular jet mixing tank is the best because it provides higher values of upstream
vorticity magnitude and downstream turbulence kinetic energy, which induce fluid to
mix along the jet stream. These may be the reasons why the commercial designs of
the nozzles inside jet mixing tanks are circular. Hence, it can be summarized that, for
uniform jet discharge velocity profile, among three different jet nozzles considered,
the circular jet mixing tank is suitable to achieve the best mixing performance (mixing
without  reaction). Moreover, the key parameters to achieve the best mixing
performance of jet mixing tank are rotation of fluid and turbulence kinetic energy

(velocity fluctuations).



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATION

8.1 Conclusions

In this thesis, the comprehensive computational fluid dynamics (CFD) model for
an open 45° inclined side entry pump-around jet mixing tank was properly
developed with the help of grid convergence index (GCI). The discrepancy in
concentration profiles between CFD model and experiment was also investigated.
Further, the present CFD model was adopted to predict the mixing performances of

non-circular jet mixing tanks.

The present CFD model was developed by using four assumptions including (i)
The water flow inside jet mixing tank was steady state. (ii) The properties of water
and tracer were identical. (i) Top liquid-surface was assumed to be flat. (iv) The
turbulence field was estimated by turbulence model. Hence, the Reynolds-averaged
Navier-Stokes equations with appropriate turbulence model were adopted to solve
flow and turbulence fields inside the jet mixing tanks. The tracer concentration
distribution was achieved by using species transport equations without chemical
reaction. Further, the predicted results were compared with reliable previous works
to describe the phenomena inside the jet mixing vessel. Finally, the conclusions of

the present research are summarized as follows:
8.1.1 Comprehensive CFD model

The CED models with different k-epsilon turbulence models and
numerical schemes were tested to obtain the comprehensive CFD model for
simulating an open 45° inclined side entry pump-around jet mixing tank by
considering the accuracy of predicted results and computational time. The
concentration profiles predicted by the present model illustrated the better
agreement with experimental data than previous CFD models. The necessary details

of this comprehensive CFD model are summarized as shown in Table 8.1.
8.1.2 GCI analysis

GCl is generally used to measure grid convergence. In this work, the GCl

was employed to confirm grid convergence of this CFD model because of high
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percentage difference between potential cores predicted by coarsest and finest grid
levels. Furthermore, the discretization error of this CFD model was successfully
assessed by GCl analysis. The GCl results showed the discrerization error of this
model of about 0.3%. The uncertainty in predicted overall mixing time was about
+0.08 s, which was three order of magnitude lower than the overall mixing time. So,
this CFD model was a reliable model for overall mixing time prediction inside the jet

mixing tank.

Table 8.1 Descriptions of CFD model for pump-around jet mixing tank

Detail Steady state Unsteady state
Grid Hexahedral grids with appropriate arrangement
Solver Double precision pressure-based solver
Turbulence model RKE
Inlet: velocity-inlet Inlet: recirculation-inlet
Outlet: pressure-outlet Outlet: recirculation-outlet
Boundary condition types | Wall: wall (no-slip) Wall: wall (no-slip)
Top liquid-surface: Top ligquid-surface:
symmetry symmetry
Discharge velocity [m:s’] 4.4-11
Turbulence intensity 10%
TKE [m’s ] k=15(Ud)
TDR [m’s "] &= Cpk**/l where Cpp = 0.08 and [ = 0.07d;
P-V coupling scheme SIMPLE
Spatial discretization
scheme >C8
Temporal discretization
scheme >
Time step size [s] = 0.0025
All equations were solved
until the area weight
Convergence criterion average of velocity Scaled residual of 10~
magnitude at outlet and
plane x = 0 were constant.
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8.1.3 Model validation

In order to validate the present CFD model, the predicted overall mixing
times for different jet discharge velocities were compared with experimental data of
Patwardhan [74]. The results revealed that the present CFD model underpredicted
the overall mixing times for jet discharge velocities of 4.4 - 11 m-s_l, which were in
good agreement with experiments. These overpredicted mixing times were due to
the flat top liquid-surface assumption. For jet discharge velocity of 2.2 m-sfl, this
model showed the overpredicted overall mixing time with the maximum percentage
error between CFD model and experiment of about 15% because of the limitation of
RKE that it is valid only for high Reynolds number turbulent flow. However, for
predicted concentration profiles, the differences between this CFD model and
experiment were still _observed, which were similar to the previous work of
Patwardhan [74]. However, in order to study the bulk mixing of jet mixing tank, this

model was acceptable.
8.1.4 Turbulence boundary conditions

Due to the absence of the exact inlet turbulence boundary conditions,
the different turbulence intensities and correlations for estimating the turbulence
kinetic energy and its dissipation rate were studied to obtain the accurate overall
mixing time and concentration profiles, which corresponded to the model
assumptions. From the results, the overall mixing times predicted by different
conditions were slightly different. However, the predicted concentration profiles of
10% turbulence intensity showed the better agreement with experiments as
comparing with the turbulence intensity estimated by the correlation of fully
developed pipe flow. According to the higher convective transport due to top liquid-
surface assumption, the concentration profiles simulated by turbulence kinetic
energy obtained by Equation (6.1) with turbulence intensity of 10% and turbulence
kinetic energy dissipation rate estimated by Equation (6.3) represented the

acceptable agreement with experimental data.
8.1.5 Discrepancy in concentration profiles

Although the present comprehensive CFD model was adopted to predict
the concentration profiles inside an open pump-around jet mixing tank, however, the
discrepancy in concentration profiles between CFD simulation and experiment was

still observed. From the present results, it can be concluded that there are two
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possible causes of this discrepancy, including the improper extent of turbulent
dispersion inside the vessel due to the inappropriate inlet turbulence conditions and
the overpredicted convective transport due to flat top liquid-surface assumption.
Further, the simplified computational domain is another possible cause of this

discrepancy.
8.1.6 Pump-around non-circular jet mixing tanks

In this part, the pump-around elliptic and square jet mixing tanks with jet
discharge velocity of 4.4 m-s" were simulated by using the present CFD model. The
mixing performances and flow phenomena of these non-circular jet mixing tanks
were compared to the circular jet mixing tank and can be summarized as depicted in

Table 8.2.

Table 8.2 Mixing performances and flow phenomena of jet mixing tanks

Performance/Phenomena t, Tixing R
Circular Elliptic Square
Mixing time a2 () @)
Spreading rate O [ L))
Entrainment O v L))
Decay of centerline streamwise velocity ® O L))
Decay of turbulence kinetic energy ® O L))
Vorticity [ O L))

@® Good; © Fair; O Poor

From Table 8.2, it can be seen that although the entrainment of elliptic
jet mixing tank was better than other jet mixing tanks, however, the circular jet mixing
tank provided the best mixing performance. So, it can be concluded that, for uniform
jet discharge velocity profile, the circular jet mixing tank showed the highest mixing
performance because of high values of upstream vorticity and downstream
turbulence kinetic energy due to the slowest decays of centerline streamwise
velocity and turbulence kinetic energy, which induced liquid to mix in both near and
far fields of jet. These may be the reasons why the circular nozzles are commonly
used in commercial designs of jet mixing tanks. Further, the upstream vorticity and
downstream turbulence kinetic energy can be considered as the key parameters to

obtain the high jet mixing performance.
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From above conclusions, it can be seen that this thesis represented the CFD
modeling for overall mixing time prediction inside pump-around jet mixing tank,
which was slightly different to the previous CFD models. However, this thesis showed
the main contribution that the present CFD model was more reliable to predict the
overall mixing time of jet mixing tank than the previous models because the GCl
analysis confirmed that the discretization uncertainty in overall mixing time of the
present model was three order of magnitude lower than the predicted mixing time.
Further, the improvement and limitation of the present model for concentration

profile prediction were clearly represented.

Hence, the present simulation procedures can be considered as the best
practice guideline for predicting the overall mixing times of different jet mixing tanks.
In order to predict the overall mixing times of different jet mixing tank geometries,
this reliable CFD guideline is more suitable than non-universal mixing time
correlations (i.e., correlations are case specific), especially for the complicate jet
mixing tank geometries. That is, the present CFD model (or this CFD guideline) can be
adopted to predict the overall jet mixing times instead of non-universal mixing time
correlations. Moreover, for industrial applications, the predicted overall mixing times
should be multiplied by safety factor of 1.2 to ensure that these estimated overall
mixing times are sufficient to reach the mixing criteria. Note that, for special cases
(e.g. stop runaway reactions), the present CFD guideline must be modified to obtain

the more accurate overall mixing time and normalized concentration profiles.

8.2 Recommendation

Although the present comprehensive CFD model predicted overall mixing time
accurately and fairly improved the simulated concentration profiles, however, the
discrepancy between this model and experimental data was still observed. There are
many possible routes to enhance an accuracy of concentration profile prediction.

Some of possible ways for resolving this shortfall are suggested as follows:

- For the present CFD model, the flat top liquid-surface motion was assumed.
In order to show the realistic behavior of liquid-surface motion, the multiphase
model, e.g. volume of fluid (VOF) model, should be adopted. However, this

multiphase model requires powerful computation facility due to a very large number
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of small grids. If the computing facility is limited, at least, the effect of top liquid-

surface motion should be modeled by specifying the shear stress at this surface.

- The turbulent flow phenomena of jet inside the mixing tank simulated by
more accurate turbulence models, such as Reynolds stress model (RSM), large eddy
simulation (LES), etc., may be improved the predicted extent of turbulent dispersion,

which directly affects the distribution of concentration inside the tank.

- The actual jet nozzle geometry and exact inlet boundary conditions should
be employed to predict the concentration profiles because the jet flow patterns are
dependent on nozzle geometries and inlet conditions. Further, for turbulent flow,

the upstream conditions significantly affect the downstream flow patterns [166, 167].

- The modification of near wall grids is necessary for improving the prediction
accuracy of liquid flow along the tank wall, which may increase the accuracy of

predicted concentration profiles.

Furthermore, there are a few experimental data of jet flow phenomena inside
an inclined side entry jet mixing tank. Hence, the experimental work of jet flow inside
the tank is necessary to understand the flow phenomena and to enhance the CFD

simulation accuracy.
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Appendix A

DOMAIN DECOMPOSITION TECHNIQUE

The domain decomposition technique is a computational domain preparation
before ¢rid generation by dividing the whole domain into various faces for two-
dimensional domain or various volumes for three-dimensional domain. Generally,
this technique is very important for quadrilateral grid generation in two-dimensional
domain or hexahedral grid generation in three-dimensional domain. However, for
complicated geometry, the domain decomposition may not suitable, so, the other

techniques should be employed to achieve accurate solutions.

For GAMBIT, the domain decomposition facility is unavailable. However, the
computational domain can manually split by using various specified faces. For two-
dimensional domain, the domain is split into various quadrilateral faces to store
quadrilateral grids. While, the three-dimensional domain is divided into various
hexahedral volumes to contain hexahedral grids. Moreover, the edges and faces of
two- and three-dimensional sub-domains must be linked by sharing their edges and
faces, respectively. The examples of shared edges of two-dimensional domain and

shared faces of three-dimensional domain are presented in Figure A.1.

Shared faces

Figure A.1 Examples of two- and three-dimensional decomposed computational

domains
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In Figure A.1, from domain decomposition technique, the three faces of two-
dimensional domain show ten edges, including eight boundary edges and two shared
edges. Moreover, for three-dimensional domain, three volumes provide fourteen
boundary faces and two shared faces. These shared parts are very important in
simulation because they allow the CFD program to solve fluid flow through these
boundaries. Meaning that, if there are no shared boundaries, the correct solutions of

fluid flow inside the computational domain are impossible.

Nowadays, the technologies used in grid generator programs are successfully
developed. However, the concept of domain decomposition for GAMBIT grid
generator program as described above can also apply to the modern grid generator
programs, e.g. ANSYS ICEM CFD.



Appendix B

EXAMPLE OF GCI CALCULATION

In this part, an example of GCI calculation is represented. The key parameter of
this example is overall mixing time. The predicted overall mixing times for three

different grids of this example are shown in Table B.1.

Table B.1 Predicted overall mixing times for GCI calculation example

a

i Number of cells (V) Overall mixing time [s] (f)
1 1,739,978 28.1903
2 1,486,046 28.3658
3 1,184,437 29.7257

a

i=1,2 and 3 denote the calculations at the fine, medium and coarse meshes,

respectively.

According to GCl procedure as mentioned in section 5.2.1, the main GCl
procedure can be summarized as shown in Figure B.1. The calculations of this
example can be represented as follows:

- Determine the refinement factor (r):

N (1.739.978) "
1’21=[—1j :(—) —1.0540

N, 1,486,046
N7 (1.486.046)"

ry=| 2| = 2200000 9785
N, 1,184,437

- Calculate the difference in numerical solutions (¢):
&, =f,—f, =283658—-28.1903 =0.1755
&y, =f3—f, =29.7257-28.3658 =1.3599

- Calculate the relative error of numerical solutinos (e):

o, = J2=f 283658-28.1903 _ )
f 28.1903

o, Sim 2 297257-283658 100
£ 28.3658
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Determine the refinement factor (#):
iis finer grid level

- LD
[ N, i+11is coarser grid level
Figi=| |  where r
t AN, ) Nis number of cells
D is domain dimension

Calculate the difference in numerical solutions (g)
and relative error of numerical solutions (e):

Eai=fa—f; and e, ;= f_lf—_f
where fis the kev vanable i
.
Determine the order of the discretization method (p)
r?ﬁ —sgn (Eszf'rle]ﬂ
U’i —sgn [Esszzl);",f

1 ( Lalll
—— B | ==
2 In I:rn} 1:1 £y

where sgn is a sign function

The iterative method is adopted to solve value of p as:
xjﬁrﬂ Y /'t (EEJJ'FEH)T\I:
\ rsi_5gﬂ [Eszn'flej_,u

b

p=@p+ \'in 4 ﬂgﬂ
Iﬂ[?‘:lj £y

|
el

where e2is a relaxation factor (e = 0.3)
7 15 the previous iteration of p
Injes, /ey

(The initial guess value is p=
In I:"'zl)

!
Calculate the GCI:
Rle./
GCI,, :M
/a1

NN g " 3 for two grid levels
7 < et L
WA N, 1.25 for three gnd levels or more

Figure B.1 Recommended GCI procedure, Reproduced from Bumrungthaichaichan
and Wattananusorn (J. Chin. Inst. Eng. 42(5) (2019) 428-437) with

permission from Journal of the Chinese Institute of Engineers

- Determine the order of the discretization method (p):
From Figure B.1, the value of p is solved by using iterative method. In this

example, in order to solve the value of p, the iterative calculation facility of Microsoft

Office Excel (MS Excel) is employed. The setup of iterative calculation of MS Excel is

shown in Figure B.2.
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Figure B.2 Setup of iterative calculation facility of MS Excel

Calculate the initial guess value (p):

- lInfes, /e = [Inj1.3599/0.1755|
In(r, ) In(1.0540)

Fill all necessary data in MS Excel sheet as shown in Figure B.3.

Ir =L sldla () (21N ~&W/] Oroionmn \Nt N0 (i ~lol e BHL [ w ]

1 i ra In(ry) Ln(ryn) £n £3 £nlen  ABS(e3/e5) SGN(ez/sy)) Guessp £ f P
2 | 10540 110785 | 00526 |19.0141 01755/ 13599 | 7.7487 | 7.7487 1 |3B9320 29123 | 296285 389320
| 1z - L W £ =siene2) |
| K2 ~ (0 fe =H2(((A22)-12)/({B272)-12)) |
| L2 v (0 U £ ={05%214((1-0.5)* (ABSILN[K2)))*D2) |
| M2 R — |

Figure B.3 Excel sheet for iterative calculation of p and descriptions of all necessary
functions (see section 5.2.1 for details of g and fip) is a function for

iterative calculation of p as shown in Figure B.1)

Enter =L2 in cell J2 to calculate the value of p as shown in Figure B.4.

From iterative calculation, the value of p for this case is 25.1357.

| 2 - f] =12
I A B 5 D E F G H | J K L M

1 T2 Taz In(ry)  Lin(ry) £31 £12 £nley  ABS(g3/£5) SGN(g5/ey) Guess p B fip) r
Z| 1.0540 | 10785 0.0526 19.0141 01755 1.3599 T.7487 T.7487 1 251357 | 37507 251357 251357

Figure B.4 Computation for value of p
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- Calculate the GCI:

F 1.250.0062
GC121=L2‘|XIOO= |251357 | x100=0.2817
-1 1.0540%1%7 1
F 1.250.0479
GCl,, :Lnt(loo: |251357 | x100=1.0536
rh—1 1.0785%17 1

This example only shows the calculation of GCI. However, for CFD study, the
other parameters should be investigated, including asymptotic range of convergence,
convergence ratio, and exact value of key parameter. In addition, the GCl can be

used to determine the discretization error bars of the simulated results [168].
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ABSTRACT

Jet mixing tanks are important in chemical processes. Over the past two decades or so, computational fluid
dynamics (CFD) has been employed to study jet mixers. The shortfalls of the previous CFD models were the
discrepancy in concentration profiles between simulation and experiment and the absence of exact inlet
turbulence conditions. 5o, in our present work, the CFD model was developed to investigate the proper
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using an appropriate grid arrangement, a realizable k-epsilon model, and a second-order upwind discretiza-
tion scheme. The results revealed that the CFD model with proper inlet conditions predicted the overall
mixing time well and somewhat improved the predicted concentration profiles. Further, the reasons for
discrepancies in concentration profiles were inappropriate inlet turbulence conditions and overprediction in
total momentum available for mixing due to the flat top liquid surface assumption. In addition, this
discrepancy may be caused by the dynamic response of concentration measuring device.

1. Introduction

The jet mixing tank is one of the important mixing devices in
many chemical processes. This device uses a high velocity
liquid jet produced by a pump to create liquid recirculation
and entrainment inside a vessel. Finally, the different compaosi-
tions inside the tank are mixed. The idea of jet mixing was first
introduced by Fossett and Prosser (1949), The first jet mixer
was adopted to mix tetraethyl-lead fluid in a 4,000-t under-
ground petroleum storage tank. This device has been adopted
in various mixing applications due to its advantages, including
simple design, low operating cost, no moving parts, and easy
installation and maintenance.

Over the past 20 years or so, computational fluid
dynamics (CFD) has been employed to address the short-
falls in experimental studies of jet mixing tanks, including
case-specific  overall jet  mixing time  correlations
(Bumrungthaichaichan 2016), but the details of fluid flow
and mixing inside this device are not presented. The ear-
liest CFD study of a jet mixing tank was carried out by
Brooker (1993). He showed that his CFD model predicted
the overall mixing time with maximum error of about 15%
as comparing with experimental results. Later, the effects
of tank configurations and operating conditions, such as
jet elevation (Ranade 1996), jet angle (Patwardhan 2002;
Zughbi and Rakib 2004; Zughbi and Ahmad 2005), tank
shape (Raja, Kalaichelvi, and Anantharaman 2007), liquid
height (Bumrungthaichaichan et al. 2016), jet injection
rate (Zughbi and Rakib 2002), fluid types (Sendilkumar
et al. 2007), and others, on jet mixing behavior, were
numerically studied.

The previous CFD models of jet mixing tanks well pre-
dicted the overall mixing times. However, the predicted
concentration profiles were not in good agreement with
the measured data. Up until today, there have been only a
few attempts toward accuracy improvement of concentra-
tion profile predictions. Patwardhan (2002) improved the
concentration profile predictions by modifying the con-
stants of standard k-epsilon model, The better predicted
concentration profiles were observed by using 10% turbu-
lence intensity with modified constants (C, = 0.135 and
Cie = 1.31)

Furthermore, the accuracy of concentration profile predictions
can also be increased by using a large number of grids and a
higher discretization scheme as reported by Marek et al. (2007)
and Bumrungthaichaichan et al. (2016). Although the improve-
ment of simulated concentration profiles has been studied by
previous researchers, the concentration profiles were still not in
good agreement with experiments, Moreover, the reasons for this
discrepancy have not been clearly presented. Hence, the improve-
ment of concentration profile prediction is still a challenging issue
worth farther study.

Further, another shortfall of jet mixing tank simulations
is the absence of exact inlet turbulence conditions. This
problem can be considered as the possible source of the
discrepancy in concentration profiles. So, in this paper, the
effects of inlet conditions on pump-around jet mixing tank
simulation were studied to investigate the suitable condi-
tions for predicting the concentration profiles and describe
the cause of the discrepancy in concentration profiles
between CFD model and experiment.

CONTACT Eakarach Bumrungthaichaichan @ b_eakarach@hotmail.com @ Department of Chemical Engineering, Faculty of Engineering, King Mongkut’s Institute

of Technology Ladkrabang, Bangkok, Thailand
© 2018 The Chinese Institute of Engineers



2. Description of CFD modeling
2.1. Consideration of jet mixing tank system

In our present work, the considered system was an open 45°
inclined side entry pump-around jet mixing tank following
Patwardhan (2002), which used the concentration tracer techni-
que to investigate the mixing time. For CFD modeling, this tracer
technique is more reasonable than the temperature tracer techni-
que which assumes that the properties of primary liquid and tracer
are identical because the difference in their properties of concen-
tration technique is less than in the latter method, For example, in
concentration tracer technique, the kinematic viscosity of water
and 0.1 M NaCl solution at 25°C respectively are 8.937 x 1077
(Cimbala and Cengel 2008) and 8.981 x 107 m? s~' (Zhang and
Han 1996), whereas for temperature tracer technique, the kine-
matic viscosity of water at 25°C and water at 80°C (tracer) are
8937 x 107" and 3.653 x 107" m? s, respectively (Cimbala and
Cengel 2008).

In experiments of Patwardhan (2002), the 0.5-m diameter
cylindrical tank with flat bottom was filled with water to the height
of 0.5 m (H/D = 1). The dilute NaCl solution was rapidly added into
the tank at the center of the top water surface with the help of a
beaker. The conductivity was measured and recorded by using
four conductivity probes, Then, the mixing time was determined
by using the time taken for the conductivity to reach 95% of fully
mixed value. The overall mixing time was determined by finding
the mean of the mixing times obtained by these measuring
probes, The schematic and coordinate systems of this jet mixing
tank are shown in Figure 1.
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2.2. Grid generation

The three-dimensional solid modeling and grid generation of jet
mixing tank were determined by using GAMBIT 2.4.6 program. In
order to obtain accurate results, the hexahedral grid generation
should be aligned to the flow direction. So, the domain was
manually decomposed into several blocks by using the specified
faces to control the grid generation. The grid generation of this
work is shown in Figure 2.

2.3. Numerical solution technique

In this work, the ANSYS FLUENT finite volume CFD code was
adopted to simulate the jet mixing tanks because of low
memory usage and computational time, the fact that physical
quantities are conserved even on coarse grids, and other
reasons (Bumrungthaichaichan 2016). In addition, the double
precision pressure-based solver was selected.

2.4, Governing equations

For CFD simulations of jet mixing tanks, the Reynolds average
equations for conservation of mass and momentum together with
realizable k-epsilon model (RKE) were employed to obtain the
mean velocity and turbulence inside the tanks. The compact
form of steady-state Reynolds average equation is generally
obtained by eliminating the unsteady state term in the general
Reynolds average equation reported by Bumrungthaichaichan
et al. (2016) and can be written as

(a) G (b)
L] : L
[ Probe 3 Probe 2
| Tracer addition position
E |~ Probe 1, Probe 4
= 1 .
W
1}
= éﬂ?&
™ y.
\ﬂ =45°
d,=38.1 mm

\6"} le— D =500 mm —]
(c)

Xis Vs
¥y, 1y § - jet streamwise coordinate system

]

X, ¥,z - tank coordinate system

z; - jet nozzle coordinate system

Figure 1. Schematics of (a) jet mixing tank (side view) and (b) jet mixing tank (top view) (¢} coordinate systems.
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Figure 2. Grid generation of jet mixing tank (a) isometric view and (b) plane x = 0.

+5¢

d(pUgp) 0 [r dp )

A

where p is fluid density, U is mean velocity vector, ¢ is a
universal dependent variable, [, is the diffusivity, and 5 is
the source term. Further, the details of the variables for con-
tinuity equation, momentum equations, and RKE (ANSYS Inc
2013b) are shown in Table 1.

For tracer concentration distribution inside the vessel, the
unsteady-state species transport equations without chemical reac-
tion (ANSYS Inc 2013b) were solved and can be written as

dpY) | dpu¥) 0 He '\ Y
+ = Aok PDim
7 (( ¥ SCr)

oo a9 -a—X;) + 5 2)

where Y, is the local mass fraction of species i, D,,, is the mass
diffusion coefficient for species i in the mixture, 5¢; is the
turbulent Schmidt number (w/Dy where v, is the turbulent
kinematic viscosity and D, is the turbulent diffusivity), i is
the turbulent viscosity, and 5 is the source term for species
transport equations,

Equation (2) is valid for turbulent mixing without chemical
reaction. In turbulent flow, the turbulent diffusion overwhelms
the laminar diffusion (ANSYS Inc 2013b). So, the specification
of laminar mass diffusion coefficient is unnecessary. However,
in this research, the self-diffusion coefficient of liquid water
was specified to obtain accurate results.

2.5. Material properties

The water and tracer properties were assumed to be identical
because the NaCl solution was dilute. The density, viscosity, and

bl

mass diffusivity of these fluids respectively were 998.2 kg m~>,
0.001003 kgm™' 7', and 2.3 x 107" m? s~ (Spyrou 2009).

2.6. Boundary conditions

In the present work, the inlet and outlet boundary condition
types for steady-state simulations were velocity-inlet and pres-
sure-outlet, respectively. For unsteady-state simulations, the
two different sets of inlet and outlet boundary condition
types, including velocity-inlet and pressure-outlet for set |
and recirculation-inlet and recirculation-outlet for set Il, were
studied. For set Il, these extra boundary condition types were
manually enabled by respectively typing the two additional
text commands in TUI (Dange 2016), including (rpsetvar ‘ice-
pak? #t) and (models-changed).

The no-slip boundary condition and standard wall func-
tions were applied at the wall boundaries, including tank
wall and tank base. The flat top water surface was assumed
by using symmetry boundary condition, e.g. the normal
velocity and normal gradient of all variables are zero,
because the bulk mixing in the vessel was mainly consid-
ered and the liquid interface remained flat for low jet
velocities and jet angles as observed by the experiments
(Patwardhan 2002). Further, this boundary condition type
was adopted to reduce the computational cost for liquid
interface shape simulation.

The uniform jet discharge velocity (U,) of 4.4 m s™' from the
experiment of Patwardhan (2002) was adopted at the jet
nozzle exit. For turbulence conditions, the turbulence kinetic
energy (TKE or k) and TKE dissipation rate (TDR or &) were
directly imposed at inlet. Due to the absence of exact

Table 1. Details of the for cc ity equation, [ and transport equations of k and £ for RKE.
Equation [ [ 5o Constants
Continuity 1 0 0 -
Momentum Ui u _ %p + % [y{ :,_:‘] + S -
k-Transport k u +E} Gy + Gy — P& — Yy + Sk 0, =10
£-Transpart £ W+ E{- pCi5e — pCy R_% g, =12
+ Cre f GG + 54 Gy = max [0.43. rTLS
G=19

G = 144




Table 2. Boundary conditions for jet mixing tank simulations.

TKE (m* s7%) TOR (m* 5%
Velocity Turbulence

Case  (ms’) intensity Formula Value Formula Value

n 44 10% 3{({,!}’ 02904 K7 2235614

T2 : CAE2 4591861
oo

T3 PO 7553572
[

T4 4.33% 0.0543 Cu% 1.809608

s /B2 3716862
W ]

T6 [ 6114206
00

turbulence conditions, these turbulence quantities were esti-
mated by using different correlations.

The value of TKE can be calculated as k = % (U,.-F)z, where [ is
turbulence intensity. The suitable turbulence intensity for CFD
modeling of jet mixing tanks was 10% (Patwardhan 2002).
Fluent Inc (2006) represented the correlation for turbulence inten-

sity estimation as | = 0.16Reu: ""8, where Rep, is Reynolds number
based on hydraulic diameter (D},). These turbulence intensities
were adopted to compute the TKE.

For TDR, three different formulas were used to calculate

this quantity, including & = Cp¥ (Celik 1999), € = Cﬁ’m%

(ANSYS Inc 2013d), and ¢ = £2% (ANSYS Inc 2013a), where

Cp is a constant approximately equal to 0.08 (Wilcox 1994), C,,
is an empirical constant equal to 0.09 (ANSYS Inc 2013b), and /
is a length scale, which is approximately equal to 0.07d;
(ANSYS Inc 2013d). The boundary conditions for this work
are summarized in Table 2.

2.7. Numerical methods

The SIMPLE algorithm was employed as a pressure-velocity
coupling scheme. The spatial discretization schemes of
momentum, turbulence quantities, and tracer were second-
order upwind. For transient simulation, the temporal discreti-
zation scheme was first-order implicit.

2.8. Mixing time simulation

In this CFD work, the tracer with a mass fraction of unity was
patched at 0.03 m below the center of top liquid surface to
account for the experimental observation that the tracer slightly
moved downward because the tracer was added by using a
beaker (Patwardhan 2002). Then, Equation (2) was solved with
this initial condition. During the transient simulation, the time
histories of tracer distributions for four different probes were
recorded. The mixing times for these probes were individually
computed by considering the time required for the concentration
(¢) to reach 95% of the fully mixed concentration (c). Generally, the
95% mixing time (tasq,) can be written as

c—¢
toss;, = time for‘?‘ < 0.05 (3)
Finally, the overall mixing time of jet mixing tank was deter-

mined by finding the mean of the mixing times obtained by
four different probes.
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Generally, Equation (3) is used for the concentration tracer
technique. The constant of 0.05 can be changed to 0.01 for
99% mixing time (tgeq,). The value of tgg, is about 1.5 times
toss,. FOr temperature tracer technique, the different correla-
tion is employed as suggested by Zughbi and Rakib (2004).
Moreover, the details of mixing time investigation are clearly
described by Bumrungthaichaichan (2016).

2.9. Solution strategy

The liquid flow and tracer distribution inside the jet mixing tanks
have been carried out by using the steady and unsteady simula-
tions, respectively. For steady simulations, the scaled residuals
were primarily used to identify the solution convergence.
Further, the area weighted average value of the velocity magni-
tude at plane x = 0 (see the tank coordinate system in Figure 1(c))
was monitored until it was constant to obtain the converged
solutions. For transient simulations, the scaled residual of 107
for tracer was adopted as the convergence criteria.

The selected transient formulation of this study was implicit.
Hence, the Courant-Friedrichs-Lewy (CFL) condition (Courant,
Friedrichs, and Lewy 1967) was not necessarily taken into account
for the time step size. However, in order to model transient
phenomena properly, the time step size should be one order of
magnitude smaller than the time constant of the considered
system (ANSYS Inc 2013d), e.g. residence time (jet mixing tank
volumefinlet volumetric flow rate). For this case, the residence
time of the jet mixing tank and fixed time step size were 445
and 0.0025 s (Bumrungthaichaichan et al. 2016), respectively. The
selected time step size was lower than the residence time, time
step size estimated by the appropriate length and velocity scale
approach (=0.0074 s) (Bumrungthaichaichan 2016), and previous
CFD works. Hence, this time step size was sufficient to investigate
the mixing time.

2.10. Grid independence study

In this work, the grid independence study was investigated
with the help of gradient adaption technique to reduce the
computational requirements, e.g. computational time, mem-
ory, etc. ANSYS FLUENT suggested that the gradient adaption
of mean velocity is suitable for incompressible fluid flow
(ANSYS Inc 2013d). So, for grid adaptation of jet mixing tank
models, the velocity gradient adaption with the refine thresh-
old of 10% of the maximum value (ANSYS Inc 2013c) was
employed. In order to ensure that the grids were refined
correctly, the grid adaptation was performed individually for
different cases because the different conditions may produce
different results, e.g. jet spreading rate. The descriptions of
grid independence study for T1 case are shown in Table 3.

In Table 3, the results reveal that the percentage differ-
ence for potential core and mixing time for different grid
levels are found to decrease when increasing the number of
grids, Further, the percentage difference of potential core for
the coarsest grid level exhibits the highest value (40.15%).
Due to this high percentage difference, the grid convergence
index (GCl) was employed to ensure that converged solu-
tions were obtained.
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Table 3. The details of the grid independence study for case T1.

Potential core” Mixing time (s)
Number of % %
Grid cells s/d; Difference” Value  Difference”
0-Adapted grid® 1,087,312 1.504 4015 30,000 5.26
1-Adapted grid 1,184,437  2.005 2021 30125 5.70
2-Adapted grid 1,486,046  2.506 0.28 28625 0.44
3-Adapted grid 1,739,978 2513 - 28.500 -

“The potential core is a region where the mean centerline axial velocity is equal to jet
discharge wvelocity, which is generally observed within 0 = s/d, = 6, where 5 is a
streamwise distance from nozzle exit and d| is a jet nozzle diameter.

“The percentage difference is a ratio of absolute difference between the values of
potential core or mixing time for any grid and finest grid to the finest grid value.

“0-adapted arid is an original grid obtained by GAMBIT.

3. GCl and model validation

GCl is a quantitative measurement of the grid convergence,
which was suggested by Roache (1994, 1997, 1998). The GCI
procedure has been clearly described by previous literature
(Celik et al. 2008; Elsayed 2011) and can be summarized as
depicted in Figure 3. In this work, the GCl calculations of four
different grid levels of T1 case are shown in Table 4.

From Table 4, the GClI analysis shows the following
conclusions:

Determine the refinement factor (7):

i is finer grid level.

i+1 is coarser grid level.
N is number of cells.

D is domain dimension.

!

Calculate the values of ¢, ;and e,

11D

i

where

i+l

N

i+l

£ =

P+l v

:"H_,f; and e, :M

+1,f

where f'is the key variable. [

S

Find the order of discretization method (p):

_ 1 Inl (532 I~ Sgn('gsz 1521)
P= n P
ln(rZI) &y LEYS _Sgn(gsz "'r“"zl)
Calculate the GCI:
1.25le,,,,
GC‘,HI.E = pil
r ey

i+,

Figure 3. Recommended GCI procedure.
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(1) The results obtained by the grid refinement from med-
ium to finest grid levels are in the asymptotic range
because the values of a are close to unity.

For potential core, the convergence ratios (R) are less
than unity, which show the monotonic convergence for
all grid levels. Further, for mixing time, the oscillatory
convergence (R < 0) is found in the grid refinement
from coarse to fine grids. However, for the grid refine-
ment from medium to finest grid levels, the monotonic
convergence is observed,

The results show that GCl;, is less than GCls; for poten-
tial core and mixing time, which indicate that the grid
independent solution has been achieved. Meaning that,
further grid refinement will not much improve the
simulated results. Moreover, the potential core and
mixing time of the finest grid level are close to their
extrapolated values. Hence, the solutions are con-
verged with the refinement from medium to finest
grid resolutions.

(2

8

According to the above conclusions, in order to ensure
that the grid convergence is achieved, the finest grid level
should be adopted for all simulations. For this research, the
final grid should be adapted three times to achieve the finest
grid resolution.

For model validation, four different jet discharge velocities
were simulated. The predicted overall mixing times were com-
pared with the experimental data of Patwardhan (2002) as
shown in Figure 4. From Figure 4, the overall mixing times
are underpredicted and are in good agreement with experi-
ments. Thus, this simulation methodology is reasonably
adopted to study the pump-around jet mixing tank.

4. Results and discussion
4.1. Boundary condition types

As mentioned earlier, the two different sets of boundary
condition types, including velocity-inlet and pressure-outlet
for set | and recirculation-inlet and recirculation-outlet for
set I, were tested by using conditions of T1 case as
depicted in Table 2 to achieve the appropriate method for
pump-around jet mixing time investigation. The contours of
normalized concentration, which was defined as a ratio of
the concentration to the fully mixed value, for two different
sets are presented in Figure 5.

From Figure 5, at the region near the nozzle exit, the
contour of set | presents zero normalized concentration,
whereas the contour of set Il indicates the recirculation of
the tracer from outlet pipe to jet nozzle inlet. From these
results, it can be summarized that the jet mixing time
simulation for pump-around jet mixing tank is successfully
predicted by using boundary condition types of set Il
because they allow the tracer to flow past the outlet and
return to the inlet section.

Further, this mixing time investigation method is more
advantageous than the other approaches because it reduces
the computational time due to the absence of grids in the
piping system between inlet and outlet for momentum source



Table 4. Grid convergence index analysis of case T1.
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Variable I3 N, f, Taid 111 8,1 Gy, (%) R a°
Potential core o* 25133
1 1,739,978 25130
1.0540 -0.0065 -0.0026 0.0172
2 1,486,046 2.5065 0.0130 0.9974
1.0785 -05011 -0.1959 0.3434
3 1,184,437 2.0054 0.7999 3.2954
1.0289 -0.5012 -0.2499 7.6873
4 1,087,312 1.5042
Mixing time 0¢ 28470
1 1,739.978 28.500
1.0540 0.1250 0.0044 0.1307
2 1,486,046 28,625 0.0837 1.0044
1.0785 1.5000 0.0524 0.6760
3 1,184,437 30,125 -126288 20,1168
1.0289 ~0.1250 ~0.0041 0.3592
4 1,087,312 30,000
“=1,2, 3, and 4 denote the calculations at the finest, fine, medium, and coarse mesh, respectively.
“R = €., /e2,:1; monotonic convergence far 0 < R < 1, oscillatory convergence for R < 0, and divergence for R > 1.
“a = (., GClir,i ) /GCliais: The solution is in the asymptotic range if a = 1.

Yot = Fi + (L £/ (F, — 1): The value at zero grid space (i = 0.

35
=30 A 0
(]
£ 25 -
220 A
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= 15 A
E 1Y 15 o mncns
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=12 )e HULEC_2 L | NI
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Figure 4. Comparison of overall mixing times.

specification methoed (Zughbi and Rakib 2002, 2004; Zughbi
and Ahmad 2005) and the additional computer cade for spe-
cifying the inlet tracer concentration or temperature
(Sendilkumar et al. 2007; Wasewar and Sarathi 2008), which
obtained from the average of outlet values, is not required.

Ve

Figure 5. Contours of normalized concentration at t = 25 s for set | and set Il

4.2. Turbulence boundary conditions

The inlet turbulence conditions can be considered as the
possible cause of the discrepancy in concentration profiles
between simulation and experiment. Hence, the different con-
ditions as depicted in Table 2 were tested. The predicted
overall mixing times and concentration profiles were com-
pared with the experimental data of Patwardhan (2002) as
shown in Table 5 and Figure 6, respectively. The jet flow
behaviors of 10% and 4.33% turbulence intensities were
respectively compared and demonstrated by 71 and T4
cases. The predicted flow patterns, including decay of center-
line streamwise velocity and jet spreading, were also com-
pared with previous works of turbulent round jet as
respectively shown in Figures 7 and 8 because the measured
data for jet mixing tanks were unavailable,

From Table 5, the results show that the predicted mixing
times are slightly different and lower than those obtained
experimentally. Further, for probe 1 and probe 2, all predicted
concentration values reach the 95% mixing time criterion
faster than the experiment. For probe 1, the start of normal-
ized concentration profiles predicted by 10% turbulence inten-
sity cases are faster than those achieved by 4.33% turbulence
intensity and close to the experimental data (Patwardhan
2002) as shown in Figure 6(a). The first peak values of

Set Il !'40
y ! 1.05
£0.70
0.35
~1,
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Table 5. Mixing times for different inlet turbulence boundary conditions.

Mixing time (s)

Case Probe 1 Probe 2 Probe 3 Probe 4 Overall % Error®
Patwardhan (2002) 385 377 N/A N/A  31.000 -

n 335 30.0 27.5 230 28500 806
n 340 30.0 27.5 240 28875 685
LE} 315 295 275 245 28250 887
T4 335 29.0 280 245 28750 7.26
75 330 295 280 245 28750 7.6
76 33.0 29.0 280 245 28625 766

“The percentage error is a ratio of absolute difference between the predicted
overall mixing time and experimental mixing time to the experimental value.

normalized concentration profiles are respectively overpre-
dicted and underpredicted by T1 and T2 cases as compared
with the experiment, whereas the other cases do not clearly
represent the peaks of normalized concentration profiles.

For probe 2, the start and peak values of the normalized
concentration profiles respectively are faster and higher than the
experiment as depicted in Figure 6(b). However, for both probe
locations, all simulated profiles approach the experimental values.
From these results, it can be implied that the cause of the differ-
ence in normalized concentration profiles would be due to the
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Figure 6. Comparison of normalized concentration profiles at (a) probe 1 and (b)
probe 2.
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different inlet turbulence conditions, which affect the predicted
turbulent dispersion levels inside the tanks.

In Figure 7, the predicted decay of centerline streamwise
velocity (u) is compared with the experimental data of
Fellouah, Ball, and Pollard (2009). The results show that the
decay of centerline velocity of T1 case is faster than that
obtained by T4 case and measured data, especially for s/d; > 10.
Further, the decay of centerline velocity of T1 and T4 cases
shows good agreement with the experiment for s/d; < 10 and
s/d; > 10, respectively.

Figure 8 shows the jet spreading or the variation of jet half-
velocity width (r,;), which is defined as a radial distance
where the streamwise velocity equals half of the centerline
value. The predicted jet half-velocity widths are in good agree-
ment with the experimental data of Quinn (2006), especially s/
d; < 5 for T1 case and s/d; < 10 for T4 case. Then, for 5 < s/
d; < 15 of T1 case and 10 < s/d; < 20 of T4 case, the predicted
spreading of jets is nonlinearly wider than measured data,



which are similar to the previous work of Mathpati,
Deshpande, and Joshi (2009). Finally, for higher s/d; ratios,
the predicted higher jet half-velocity widths are linear. From
these results, it can be summarized that the tendencies of
simulated jets are similar to those in previous studies, except
for the values of jet half-velocity widths.

From these results, even when the inlet turbulence bound-
ary conditions are varied, the predicted overall mixing times
are slightly different and lower than the experimental data. It
can be inferred that the mixing is dominated by convective
transport. Further, these underpredicted overall mixing times
are caused by the overprediction in total momentum available
for mixing (convective transport) because of the flat top liquid
surface assumption. This cause also results in the faster rise of
predicted normalized concentration profiles. That is, the tracer
is rapidly transported by jet rollover from the addition position
to the bulk of liquid within a short time period. So, the pre-
dicted tracer concentration gradient would be lower than the
actual experiment (underprediction in dispersive transport).
Then, overprediction in peak value of normalized concentra-
tion profile should be observed.

Furthermore, for jet characteristics of this considered sys-
tem, the jet kinetic energy should be partly converted to the
potential energy during the change in elevation because of
the energy conservation. Hence, the decay of centerline
streamwise velocity should be faster than the free turbulent
round jet. Moreover, the larger jet half-velocity width should
be observed because the tank wall forces the liquid to circu-
late inside the vessel, which directly increases the rate of jet
entrainment.

Hence, the appropriate conditions that correspond to the
above discussion would be the conditions of T1 case. That is, the
suitable turbulence intensity for jet mixing tank simulations is 10%
because the measured turbulence intensity profile of round jet is
saddle-backed shape, which exhibits that the turbulence intensity
at the jet half-width is higher than the centerline and average
values, For example, Quinn (2006) revealed that the turbulence
intensities at jet half width and jet centerline and average turbu-
lence intensity for the region near jet nozzle exit were 109, 0.5%,
and 2%, respectively.

Further, in order to investigate the cause of the discre-
pancy in concentration profiles between CFD model and
experiment, the jet mixing tank with jet discharge velocity
of 44 m s and top solid wall (77 case) and the jet mixing
tank with jet discharge velocity of 6.6 m s~ (T8 case) were
simulated to represent the lower and higher total momen-
tum available for mixing, respectively, The normalized con-
centration profiles at probe 1 of these cases were compared
with the results of T1 case and the previous work of
Patwardhan (2002) as shown in Figure 9.

From Figure 9, it can be seen that the normalized concen-
tration profile of T1 case shows better agreement with the
experimental data as compared to the CFD models of
Patwardhan (2002), especially the start and first peak value
of concentration profile, because the numerical diffusion is
eliminated by using the large number of grids and second
order upwind scheme. These results also show the tendency
and confirm that the normalized concentration profiles rise
faster when increasing the convective transport. The first peak
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Figure 9. Normalized concentration profiles at probe 1 of present models and
previous work of Patwardhan (2002) (C, = 0.09 and G, = 142 for CFD1 and
€, =0.135 and Cy, = 1.31 for CFD2).

values are found to decrease as the momentum available for
mixing decreases. Further, although the level of turbulent
dispersion was increased by modifying the model constants
(C;=0.135 and Gy, = 1.31) to compensate for the overpredic-
tion in convective transport due to the flat top liquid surface
assumption, however, the faster rise and higher peak value of
normalized concentration profile were still observed as
reported by Patwardhan (2002).

According to above evidence, it can be summarized that
the main cause of the discrepancy in concentration profiles
between simulation and experiment for jet mixing tank would
be due to the inappropriate inlet turbulence conditions, which
affect the turbulent dispersion level inside the vessel, and the
flat top liquid surface assumption, which provides the over-
prediction in total momentum available for mixing. That is, for
the latter reason, the viscous dissipation is lower than the
experiment because the energy is not lost to the viscous
dissipation due to the wave motion of liquid surface.

Further, another possible reason for this discrepancy would
be the problem in dynamic response of conductivity probe for
mixing time investigation of jet mixing tank, which indicates
how rapidly it is able to track changes in conductivity, That is,
the output of measured conductivities may be shifted from
their input values. 5o, when the simulated results and experi-
mental data are compared, the difference between these data
may be observed. Generally, the dynamic response can also be
found in various engineering applications, such as flow rate
measurement (Wiklund and Peluso 2002), and pumped-sto-
rage hydropower plants (Zhang et al. 2018).

5. Conclusions

In this work, the comprehensive CFD model was carefully
developed to predict the mixing inside the open 45° inclined
side entry pump-around jet mixing tank. The CFD model with
the suitable inlet turbulence conditions, obtained by 10%
turbulence intensity and the correlations used in T1 case,
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well predicted the overall mixing time with an error of about
8% as compared to the previous literature, Further, this model
fairly showed the accuracy improvement of concentration
profile prediction as compared with previous CFD models,
especially the start and first peak value of the normalized
concentration profile. However, the discrepancy in concentra-
tion profiles between CFD and experiment was still presented.
The possible reasons for this shortfall were the inappropriate
inlet turbulence conditions, which directly result in the impro-
per extent of turbulent dispersion inside the tank, and the
overprediction in convective transport due to the flat top
liquid surface assumption. In addition, the dynamic response
of conductivity probe can be considered as another possible
cause of this discrepancy.

Although the present model with RKE gave acceptable
results for a wide range of high jet Reynolds numbers, the
turbulence model with low Reynolds number correction is
recommended to achieve accurate results for low jet
Reynolds numbers, For future work, the liquid surface simula-
tion with suitable inlet turbulence conditions should be
employed to achieve the accurate concentration profiles.
Moreover, the fractional calculus, which is generally adopted
in various chaotic systems (Chen et al. 2012; Xu et al. 2015), is
another possible method that can be used to study the jet
mixing behavior inside the tank.

Nomenclature

4 concentration

< fully mixed concentration

Ci. G, Cis, Cae constants for RKE turbulence model

Co constant for turbulence kinetic energy dissipation rate
correlation

C, empirical constant for turbulence model

d jet nozzle diameter

ds tank outlet diameter

D tank diameter

Dim mass diffusion coefficient for species i in the mixture

Dy, hydraulic diameter

D, turbulent diffusivity

e relative error of numerical solutions

f; numerical solution of key variable for i grid level

Gp generation of k due to buoyancy

Gy praduction of turbulence kinetic energy

H height of liquid

! turbulence intensity

k turbulence kinetic energy

1 length scale

N number of grids for i grid level

P order of the discretization method

P mean pressure

r refinement factor

Nz jet half-velocity width

Rep, Reynolds number based on hydraulic diameter

5 jet streamwise distance

s modulus of the mean rate-of-strain tensor

5 source term for species transport equations

Sk source term for k-transport equation

Smi source term for momentum equation in i direction

Se source term for e-transport equation

Sp source term

5, turbulent Schmidt number

t time

Losas Lage 95% mixing time and 99% mixing time

u streamwise velocity

142

(T centerline streamwise velocity

u mean velocity vector

Y jet discharge velocity

U mean velocity in | direction

Y, local mass fraction of species i

Yo dilatation dissipation

T diffusivity

£ turbulence kinetic energy dissipation rate or differ-
ence in numerical solutions

8 jet nozzle angle

u fluid viscosity

1% turbulent viscosity or eddy viscosity

v turbulent kinematic viscosity

] fluid density

Oy turbulent Prandtl numbers for k

-2 turbulent Prandtl numbers for &

é¢ universal independent variable
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ABSTRACT

Over the past two decades or so, computational fluid dynamics (CFD) has been employed to predict
overall mixing times inside jet mixing tanks instead of non-universal mixing time correlations obtained
by experiments. However, the numerical methods for jet mixing tank simulations were not clearly
tested and the discretization errors of the previous CFD models were not assessed. So, in this paper, the
suitable turbulence model and numerical methods for pump-around jet mixing tank simulations were
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investigated. Further, the discretization errors of the present CFD models were estimated with the help
of grid convergence Index (GCl). The results revealed that the realizable k-epsilon model,
SIMPLE, second order upwind, and first order implicit were proper turbulence model and numerical
methods for pump-around jet mixing tank simulations. From GCI analyses, the maximum discretization
uncertainty in overall mixing time of the present CFD models was about +0.08 s.

1. Introduction

The jet mixing tank is a mixing device used in many chemical
processes, which was firstly proposed by Fossett and Prosser
(1949). The liquid recirculation and entrainment inside the tank
are driven by a high-velocity liquid jet generated by the pump.
Then, the different components inside the vessel are mixed. The
jet mixing tank has become an important mixing device because
of its advantages, including simple design with non-moving
parts, low operating cost, and easy installation and maintenance.

Qver the past 60 years or 5o, jet mixing tanks were experi-
mentally studied by many researchers. Most of these works
end up in different overall mixing time correlations
(Patwardhan 2002; Wasewar 2006). That is, these mixing time
correlations were individually developed by considering the
studied parameters of those researches. However, these corre-
lations are case specific (Bumrungthaichaichan 2016). Further,
the fluid flow and mixing behaviors inside this device were not
presented. So, computational fluid dynamics (CFD) is adopted
to address these experimental problems.

One of the earliest CFD studies on a jet mixing tank was
carried out by Brooker (1993). He successfully showed that the
maximum error between predicted overall mixing time and
experiment was about 15%. Later, the effects of jet arrange-
ment (Ranade 1996; Patwardhan 2002; Zughbi and Rakib 2004;
Zughbi and Ahmad 2005; Jaiklom, Bumrungthaichaichan, and
Wattananusorn 2013), tank shape (Raja, Kalaichelvi, and
Anantharaman 2007), liquid height (Bumrungthaichaichan
et al. 2016), jet injection rate (Zughbi and Rakib 2002), and
fluid types (Sendilkumar et al. 2007) on mixing behavior were
investigated by CFD. In addition, the effect of turbulence
models (Rahimi and Parvareh 2005; Marek et al. 2007;

Mathpati, Deshpande, and Joshi 2009; Furman and Stegowski
2011) on jet mixing behavior was also studied.

QOver the past two decades or so, although the CFD models
of jet mixing tanks were properly developed, the discrepancies
in concentration profiles between CFD models and experi-
ments were still present, Up until today, the accuracy improve-
ment of concentration profile predictions has been
investigated by a few researchers (Patwardhan 2002; Marek
et al, 2007; Bumrungthaichaichan et al, 2016), However, this
discrepancy was still observed. Later, Bumrungthaichaichan,
Namkanisorn, and Wattananusorn (2018) revealed that the
possible reasons for the discrepancy in concentration profiles
between CFD model and experiment were improper inlet
turbulence conditions, overprediction in total momentum
due to the flat top liquid surface assumption, and dynamic
response of concentration measuring device.

According to the previous works, it can be seen that the
CFD models can be used to predict the overall mixing times
instead of the mixing time correlations obtained by experi-
ments. However, the numerical errors of these CFD models
were not assessed. Generally, there are three different compo-
nents of numerical error, including round-off error, iterative
error, and discretization error (Roache 2009). E¢a and Hoekstra
(2009, 2014) stated that the contribution of round-off and
iterative errors to the numerical error is negligible as com-
pared to the discretization error. Furthermore, the suitable
numerical methods for pump-around jet mixing tank simula-
tion were not clearly studied and represented.

So, in order to obtain the suitable turbulence model and
numerical methods for pump-around jet mixing tank simula-
tion, the different CFD models were simulated by using jet
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Table 1. Details of turbulence model and numerical setups for different cases.
Discretization scheme

Case  Turbulence model  P-V coupling scheme  Spatial Temporal
SM1"  RKE SIMPLE S0u FOI
TM1  SKE SIMPLE sou FOI
TM2  RNGKE SIMPLE sou FOI
NM1®  RKE PISO sou Fol
NM2  RKE SIMPLE Fou FOI
NM3 RKE SIMPLE QUICK FOI
M4 RKE SIMPLE 50U 501

9SM1 case is a standard setup case,
For NM1 case, the SIMPLE and PISO were employed for steady state and
transient simulations, respectively.

discharge velocity (U) of 44 ms ™", For turbulence model, the
three different k-epsilon models, including standard k-epsilon
(SKE), renormalization k-epsilon (RNGKE), and realizable k-epsi-
lon (RKE) models, were employed. Generally, these k-epsilon
models contain two transport equations, including turbulence
kinetic energy (k) and turbulence kinetic energy dissipation
rate () transport equations. SKE represents acceptable results
for a wide range of industrial and non-industrial application
areas. However, it is not suitable for predicting complex flows,
such as swirling flows, flows with strong separation, axisym-
metric jets, etc. So, the other complex k-epsilon models are
developed to address these problems.

For RNGKE, the turbulent viscosity is modified by adding the
effects of swirl (or rotation) and Reynolds number (ANSYS Inc.
2013a). Further, e-transport equation is also modified by consid-
ering interaction between turbulence dissipation and mean
shear. RNGKE is commonly used for various swirl flows, for
example cyclone separator, stirred tank, etc, For RKE, improved &-
transport equation and alternative formulation for turbulent
viscosity are developed (ANSYS Inc. 2013a). The advantage of
this model is that it ensures the positivity of normal stresses and
Schwarz's inequality (Shih et al. 1995; Shih 1996). This model is
recommended for simulating turbulent round and planar jets.

For numerical methods, the different pressure-velocity cou-
pling schemes (Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) and Pressure Implicit with Splitting of
Operators (PISQ)), spatial discretization schemes (first-order
upwind (FOU), second-order upwind (S0OU), and quadratic upwind
interpolation for convective kinetics (QUICK)), and temporal dis-
cretization schemes (first-order implicit (FOI) and second-order
implicit (SOI)) were adopted. The details of tested turbulence
models and numerical methods for different CFD models are
summarized in Table 1. Further, the discretization errors of pump-
around jet mixing tank simulations for different jet discharge
velocities, including 4.4, 66, 8.8, and 11 m-s~", were also studied
with the help of grid convergence index to show the reliability of
present CFD model for predicting the overall mixing time.

2. Description of CFD modelling
2.1. Consideration of jet mixing tank system

In our present work, the considered system was an open 45°
inclined side entry pump-around jet mixing tank following
Patwardhan (2002). The flat bottom cylindrical tank with
a diameter (D) of 0.5 m was filled with water to the height
(H) of 0.5 m (H/D = 1). The 45° nozzle with a jet diameter (d)) of
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0,008 m was located at tank base, The outlet pipe diameter
(d,) was 00381 m. Further, in experiments of Patwardhan
(2002), the dilute NaCl solution was rapidly added into the
tank at the center of the top water surface with the help of
a beaker. The conductivity was measured and recorded by
using four conductivity probes. Then, the mixing time was
determined by using the time taken for the conductivity to
reach 95% of fully mixed value. The overall mixing time was
determined by finding the mean of the mixing times obtained
by these measuring probes. The schematic of this jet mixing
tank and coordinate systems are shown in Figure 1.

2.2. Grid generation

The three-dimensional jet mixing tank model and grids were
created by using GAMBIT 24.6 program. Typically, in order to
achieve accurate predicted results for turbulent flows, the hexahe-
dral grid generation should be designed to align to flow direction
(Kim, Barbat, and Spicka 2005). Further, the fine grids should be
created in upstream and viscous-dominated regions, for example
shear layer region, near wall region (boundary layer region), high-
velocity gradient region, etc. Hence, the hexahedral grids were
carefully generated inside the flow domain with the help of
domain decomposition technique, similar to the previous work
of Bumrungthaichaichan, Namkanisorn, and Wattananusorn
(2018). The grid generation of pump-around jet mixing tank is
shown in Figure 2.

2.3. Governing equations

For present CFD simulations of jet mixing tanks, the simula-
tions were distinguished into two parts. First, the steady state
mean velocity and turbulence were achieved by solving the
Reynolds average equations for conservation of mass and
momentum together with turbulence model. Second, the
unsteady state species transport equations without chemical
reaction were solved to obtain the tracer concentration dis-
tribution inside the vessel. So, the compact form of steady
state Reynolds average equations can be written as:

ax; x| g
where pis fluid density, Uis mean velocity vector, ¢ is a universal
dependent variable, I, is the diffusivity, and S, is the source
term. Further, the details of the variables for continuity equation,
momentum equations, and turbulence models (ANSYS Inc.
2013a) are shown in Table 2,

Further, the unsteady state species transport equations
without chemical reaction (ANSYS Inc. 2013a) can be writ-
ten as:

d(pYi)

L 0uy) _ 0
ot ax

M\ Y
=- Dim+— )= 5i. 2
ax; ((p / Sc,) s,ix,-) * @

where Y; is the local mass fraction of species i, D, is the mass
diffusion coefficient for species i in the mixture, S¢; is the
turbulent Schmidt number (v/D, where v, is the turbulent
kinematic viscosity and D, is the turbulent diffusivity), . is
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(a) Tracer addition %

position \
¥

Probe 3

—
L x,y,z - tank coordinate system.
X;, ¥ ;- jet nozzle coordinate system.

~
X / Xy 0
Ny ki 4.' o ’ <
\Q/' b 15 15, § - jet streamwise coordinate system.

Figure 1. Schematic of jet mixing tank and coordinate systems that are necessary to describe flow and mixing phenomena inside the vessel (a) side view and (b) top
view. (Adapted from Bumrungthaichaichan, Namkanisorn, and Wattananusorn (2018))

(b)

¥

.

Figure 2. Grid generation of jet mixing tank (a) isometric view and (b) inside view. (Adapted from B gthaichaichan, Namkani: and Wattananusorn (2018))

Table 2. Details of the variables for continuity equation, momentum equations, and transport equations of k and ¢ for three different k-epsilon
turbulence models.

Equation 4 [ Se Constants
Continuity 1 0 0 -
Momentum U; H _ % + % [F, % -
+ Smi
SKE k-transport k W+ %f Gy +Gp— pe — Y + Sk o0, =10
e-transport 3 p+e G 2 (Gt 0, =13
Ox l(k( ik + Cael b) G =144
Ce = 1.92
= CZcpiz +5: Es
RNGKE k-transport k a (i + py) Gy + Gp — pe — Y + Sk -
e-transport € a(p+ p;) Cie g (G + GocGp) G =142
- fz.sP%* Raii5, G = 1.68
RKE k-transport k U+ gf Gy + Gy — pe — Yy + Sk o, =10
€-transport 3 -+ gf pCySe — pCy ﬁi? 0, =12

C; = max 0.43.#
G=19
G =144

+ CefCaeGy +5e




the turbulent viscosity, and §; is the source term for species
transport equations.

2.4. Physical and numerical setups

For standard pump-around jet mixing tank simulations, the
details of physical and numerical setups, including solver, mate-
rial properties, boundary conditions, pressure-velocity coupling
scheme, spatial discretization scheme, temporal discretization
scheme, time step size, and convergence criteria were similar
to the previous CFD work of Bumrungthaichaichan,
Namkanisorn, and Wattananusorn (2018) as shown in Table 3.

2.5. Mixing time investigation

For mixing time simulation, the tracer with mass fraction of
unity was initially patched at 0.03 m below the top liquid
surface center to account for the experimental cbservation
that the tracer slightly moved downward because the tra-
cer was added by using a beaker (Patwardhan 2002). Then,
Equation (2) was iteratively solved. During the calculation,
the time histories of tracer concentrations for four different
probes were monitored and recorded, The mixing times of
these probes were individually evaluated by considering
the 95% mixing time (tgss;), Which is the time required for
the concentration (¢} to reach 95% of the fully
mixed concentration () and can be written in compact
form as:

£ 0%

toss = time for < 0.05 (3)

Table 3. Standard setup for pump-around jet mixing tank simulation,
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Table 4, The details of the grid independence study of SM1 case.

Grid Number of cells Mixing time (s) % difference’
0O-adapted grid” 1,087,312 296918 533
1-adapted grid 1,184,437 29.7257 545
2-adapted grid 1,486,046 28.3658 0.62
3-adapted grid 1,739,978 281903 .

“The percentage difference is a ratio of absolute difference between the mixing
times for any grid and finest grid to the finest grid value.
b0-adapted grid is an original grid obtained by GAMBIT.

Finally, the overall jet mixing time was determined by finding
the mean of the mixing times obtained by four different
probes,

2.6. Grid independence study

In this paper, the grid independence study has been per-
formed with the help of grid adaptation technique. In order
to ensure that the grids were properly refined, the velocity
gradient adaptation with the refinement threshold of 10% of
its maximum value (ANSYS Inc. 2013b, 2013c) was performed
individually for different cases because the different setups
may present different jet spreading rates. The simulated over-
all mixing times of SM1 cases for different grid resolutions are
represented in Table 4.

In Table 4, the results showed that the maximum percen-
tage difference of mixing time is less than 6%. This means that
the grid independency is sufficiently achieved by using the
original grid obtained by GAMBIT. However, to eliminate any
uncertainty and to ensure that the grid convergence was
achieved, the finest grid level obtained by adapting an original
grid three times was adopted for all simulations.

Setup Description

Comment

Solver Double precision pressure-based solver
Turbulence model  RKE

p =998.2 kgm™’

= 0.001003 kgm s~

D=233%10"" m*s™" (Spyrou 2009)

Inlet (Steady state): velocity-inlet

Outlet (Steady state): pressure-outlet

Inlet (Transient): recirculation-inlet

Outlet (Transient): recirculation-outlet

Wall and base: wall (no-slip houndary condition}

Top water surface: symmetry

U, =44,66, 88 and 11 ms™"

k=15 l{ﬁl’lz where | = 10% (Patwardhan 2002)

£ = Cpk™ "/l (Celik 1999) where Cj; = 0.08 (Wilcox
1994) and | = 0.07d; {ANSYS Inc. 2013c)

SIMPLE

Material properties

Boundary
condition types

Boundary
conditions

Pressure-velocity
coupling
scheme

Spatial
discretization
scheme

Temporal FOI
discretization
scheme

Time step size

Convergence
criterion (Steady
state)

Convergence
criterion
(Transient)

50U

0.0025 5
The area weighted average of velocity magnitude at
plane x = 0 was monitored until it was constant,

The tracer scaled residual of 10°° was used.

Round-off error is omitted by this selected solver.

RKE ensures the positivity of normal stresses and Schwarz's inequality (Shih et al.
1995; Shih 1996).

The properties of water and tracer were assumed to be identical because the NaCl
solution was dilute.

The recirculation-inlet and recirculation outlet were enable by respectively typing the
additional text commands in TUI (Dange 2016), including (rpsetvar ‘icepak? #t)
and (models-changed).

The uniform jet discharge velocity was specified.

This scheme is widely used in various CFD studies.

This scheme was applied for all guantities.

Far FQI, the large time step size can be used.

This time step size was lower than residence time.
This criterion was used to ensure that the iterative convergence was achieved.

The lower residuals did not improve the results.
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3. Grid convergence index and model validation

Roache (1994) suggested the qualitative measurement of grid
convergence, which is known as grid convergence index (GCl).
The GCl is not only able to determine the grid convergence
but also to assess the discretization error in CFD studies (Celik
et al. 2008). The GCl can be computed by considering two grid
levels. However, in order to check the convergence condition
and asymptotic range of convergence, three or more grid
levels are recommended. From previous studies (Celik et al.
2008; Elsayed 2011), the comprehensive procedure of GCl can
be drawn as shown in Figure 3. In this paper, the GCl analysis
for overall mixing time and model validation of standard
model (SM1 case) are represented in Table 5.

From Table 5, for GCI analysis, the results reveal that
GCly, is less than GCly;, which indicates and confirms that
the grid independent solution has been achieved. This
means further grid refinement is unnecessary. In addition,
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the overall mixing time predicted by finest grid level is close
to its extrapolated value, So, the solutions are converged
with the refinement from medium to finest grid resolutions.
Further, for model validation, the overall mixing time of
finest grid level is an underprediction and is in good agree-
ment with experimental data. The error between simulation
and experiment is about 9%, So, it can be inferred that this
CFD model is reasonably adopted to study the pump-
around jet mixing tank.

4. Results and discussion
4.1. Suitable turbulence model and numerical methods

As mentioned earlier, the different k-epsilon turbulence models
and numerical methods as depicted in Table 1 were tested by
using the jet discharge velocity of 4.4 m-s™" with inlet turbulence
conditions (k =0.2904 m*s* and £ = 22.35614 m”s*) suggested

11D
=t B where

Determine the refinement factor (7):

i 1s finer grid level.

i+l is coarser grid level.
N is number of cells.

D is domain dimension.

Calculate the difference in numerical solutions (&)
and relative error of numerical solutions (e):

ST Jin—=Jt; and Gl AT TG0

where fis the key variable.

__f:'-sl_ i

S In| (22

~ins,)| e,

p:wp+(l—m)]n(r ) n

Determine the order of the discretization method (p):

f‘:ajnl' f‘Sgn(‘gn’!gzl)

where sgn is a sign function

The iterative method is adopted to solve value of p as:
L WAL

&

where @ is a relaxation factor (w = 0.5)

p is the previous iteration of p
(The initial guess value is p =——F——)

(6 —sgn(&‘nf&‘ﬂ)

P — Sgn(532 (& )
rh _Sg“(gzz.-'fgzl)

‘Inign /&5,

In(r,)

‘F.'r ei+|.j
GC!:‘;L.-‘ = !,71
‘r;'-i—l.f - (F; =

Calculate the GCI:
where F is safety factor
3 for two grid levels

1.25 for three grid levels or more

Figure 3. GCI procedure. (Adapted from B gthaichaichan, N

isorn, and Watt

(2018))




Table 5. Grid convergence index and model validation of SM1 case.

12 N, f; GCly,py (%) % Error”

Patwardhan (2002) - 31.0000 - -

i - 28.1264 - -

1 1,739,978 28.1903 9.06
0.2834

2 1,486,046 283658 850
1.0550

3 1,184,437 29.7257 411
0.1362

4 1,087,312 29.6918 422

%=1, 2, 3, and 4 denote the finest, fine, medium and coarse mesh, respectively.
“The percentage error is a ratio of absolute difference between the predicted

overall mixing time and experimental mixing time to the experimental value,
Fegr = Fy 4 (i — )/ (F, — 1): The value at zero grid space.

by Bumrungthaichaichan, Namkanisorn, and Wattananusorn
(2018) to obtain the suitable CFD model for pump-around jet
mixing tank. The predicted overall mixing times and profiles of
normalized concentration, which is defined as the ratio of the
tracer concentration to the fully mixed value, for different models
were compared to the experimental data of Patwardhan (2002)
as shown in Table 6 and Figure 4, respectively.

From Table 6, the results reveal that the mixing times
and overall mixing times predicted by different cases are
lower than those observed experimentally because of the
overprediction in convective transport due to flat top liquid
surface assumption as reported by Bumrungthaichaichan,
Namkanisorn, and Wattananusorn (2018). TM1 and NM2
cases respectively show the lowest and highest predicted
overall mixing times, which correspond to the maximum
and minimum percentage errors of 23.71% and 3.58%.
Further, the overall mixing times predicted by other cases
are slightly different with percentage errors between 5
and 10%.

For turbulence models, in Figure 4(a), the results show that
the rise in predicted normalized concentration profiles of
three k-epsilon models are slightly different. But, the SM1
case presents the highest first peak value of normalized con-
centration profile, respectively followed by TM2 and TM1
cases. The decays of first peak values of simulated normalized
concentration profiles of TM1 and TM2 cases are faster than
SM1 case and experimental data because these CFD simula-
tions overpredict the turbulence dispersion levels inside the
tanks. That is, the TM1 case provides the highest predicted
turbulence diffusivity inside the tank with a value of
3.97 x 10* m%s " and followed by TM2 (3.60 % 107* m%s™")

Table 6. Mixing times and calculation times for different CFD models,
Mixing time (s)

% Calculation

Case Probe 1 Probe 2 Probe 3 Probe 4 Overall  Error time (h)*
EXP 385000 377000 N/A N/A 310000 - -
SM1 331779 295401 273008 227423 281903 9.06 39.77
TM1 214033 228855 289077 21.4038 23.6501 2371 39.58
TM2 293764 309891 296687 27.5838 294045 515 43.23
NM1 33779 295401 273008 227423 281903 906 39.85
NM2 319522 294013 263567 318529 298908 358 2845
NM3 324339 294551 27.1993 226358 279310 990 43.87
NM4 332556 29.5879 27.3138 227207 282195 897 3983

“Calculation time is the time required for performing the steady state and
transient simulations of final grid resolution.

PEXP is the experi

| data of P.

(2002).
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Figure 4. Comparison of normalized concentration profiles at probe 1 for (a)
different turbulence models and (b) different numerical methods.

and SM1 (2.87 x 107" m%s™"), respectively. However, all pre-
dicted profiles approach the measured profile, most times.

In Figure 4(b), the results reveal that the first peak values of
the predicted normalized concentration profiles for different
numerical methods are slightly different and are higher than
those observed experimentally. The start of normalized concen-
tration profile for NM2 case is slightly faster than other CFD
models. Mostly, all simulated profiles are in good agreement
with the experimental data. The reasons for the discrepancy in
concentration profiles between CFD model and experiment were
clearly described by Bumrungthaichaichan, Namkanisorn, and
Wattananusorn (2018), Further, in order to select the appropriate
turbulence model and numerical methods for CFD simulation of
pump-around jet mixing tank, the jet axial velocity contours at
plane x; = 0 for these cases were also compared as depicted in
Figure 5.

From Figure 5, the results show that the jet spreading of
TM1 and TM2 cases are wider than that obtained in the SM1
case, The decays of centerline velocity predicted by SM1 and
TM1 cases are slightly different and are slower than that
achieved by TM2 case. Regarding to the previous work of
Bumrungthaichaichan, Namkanisorn, and Wattananusorn
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Figure 5. Contours of jet axial velocity at plane x; = 0 (yz - plane) for different cases.

(2018), the decay of centerline velocity for CFD model with the
same physical and numerical setups of SM1 case is in good
agreement with the experimental data. This means the decay
of centerline velocity of TM1 case should be also similar to the
experiment. Moreover, for TM2 case, the centerline velocity
decay is faster than the measured data. So, the wider jet
spreading with normal decay of centerline velocity of TM1
case results in higher convective transport, which can be
considered as another possible reason for the shortest pre-
dicted overall mixing time.

These results correspond to the fact that the SKE over-
predicts the round jet spreading (Pope 1978) and RNGKE is
not suitable for predicting the round jet (Marshall and Bakker
2004), However, the present results contradict the suggestions
of previous CFD works that SKE (Zughbi and Rakib 2004;
Zughbi and Ahmad 2005) and RNGKE (Rahimi and Parvareh
2005; Furman and Stegowski 2011) were suitable for simulat-
ing the jet mixing tanks. The discrepancy in results and sug-
gestions between present and previous CFD works may be
due to the fact that the previous works used a smaller number
of grids to simulate the jet mixing tanks, which may not be
sufficient to represent the correct solutions.

For NM2 case, the axial velocity tends to be smeared out at
y;/d; of about 12 as compared to the other cases because FOU
produces incorrect results when the flow is not aligned with

grids (Versteeg and Malalasekera 1995). Although the recom-
mended pressure-velocity coupling scheme for transient simu-
lation (PISO), higher order spatial discretization scheme
(QUICK), and higher temporal discretization scheme (SOI)
were respectively adopted in NM1, NM3, and NM4 cases to
simulate the pump-around jet mixing tanks, the results are
very similar to that predicted by SM1 case because the hex-
ahedral grids were controlled and aligned with the flow direc-
tion to minimize the truncation error and numerical diffusion
(Kim, Barbat, and Spicka 2005). Further, the computational
time of SM1 is shorter than NM1, NM3, and NM4 cases as
depicted in Table 6.

Hence, when these results are viewed together, it can be
seen that the turbulence model (RKE), pressure-velocity cou-
pling scheme (SIMPLE), spatial discretization scheme (SOU),
and temporal discretization scheme (FOI) of SM1 case are
suitable for simulating the pump-around jet mixing tank
because of accuracy and time efficiency.

4.2. Discretization error

As mentioned earlier, the CFD was adopted to address the
experimental problem that the universal jet mixing time cor-
relation is unavailable (Bumrungthaichaichan 2016). However,
even when the appropriate simulation setups were employed,



the discrepancy in concentration profiles between CFD model
and experiment was still present as shown previously, So, in
order to show that the present CFD madel is a reliable model
for predicting overall mixing time, the discretization errors of
pump-around jet mixing tank simulations for different jet
discharge velocities, including 4.4, 6.6, 8.8, and 11 ms,
were assessed with the help of GCI. From the recommended
GCI procedure, the GCI analyses of these pump-around jet
mixing tank simulations are shown in Table 7.

From Table 7, for jet discharge velocities of 44 and
11 mss~', the monotonic convergences (0 < R < 1) of the
grid refinement from medium to finest grid levels are
observed. The oscillatory convergences (R < 0) are found in
the grid refinement from medium to finest grids for other jet
discharge velocities. The overall mixing times predicted by
finest grid levels are close to their extrapolated values; this
confirms that the solutions are converged with the refinement
from medium to finest grid resolutions. The results also show
that the predicted overall mixing times are found to decrease
with increasing the jet discharge velocities, Based on the
predicted overall mixing times of the finest grid levels, the
minimum and maximum percentage errors between CFD
models and experimental data for these jet discharge veloci-
ties are 5.64% and 12.35%, respectively.
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From Celik et al. (2008), it is recommended that the numer-
ical uncertainty can be identified by using GCl,,. Based on this
suggestion, the discretization errors for pump-around jet mix-
ing tank simulations with jet discharge velacities of 4.4, 6.6, 8.8,
and 11 m:s™' are 0.2834%, 0.0134%, 0.0032%, and 0.0213%,
respectively. These discretization errors correspond to the
uncertainties in predicted overall mixing times of £0.0799 s,
+0,0027 s, £0.0005 5, and £0.0025 s. The maximum uncertainty
in predicted overall mixing time is three orders of magnitude
smaller than the predicted results. The small values of discreti-
zation errors or uncertainties in predicted overall mixing times
may be due to the appropriate grid arrangement and numerical
methods. So, the difference in overall mixing times between
simulation and experiment may be due to the model assump-
tions, for example turbulence maodel, flat top liquid surface, etc.

According to these results, it can be seen that the present
CFD models successfully predict the overall mixing times of
pump-around jet mixing tanks with circular nozzle for jet
discharge velocities of 44, 66, 88 and 11 m-s! (jet
Reynolds numbers (Re; = pdiUy/u) of about 35,000-87,500)
with the maximum percentage error between CFD simulation
and experiment of about 12.5% and the maximum uncertainty
in predicted overall mixing time of about +0.08 s. Therefore, it
can be stated that the present CFD models for pump-around

Table 7. Grid convergence index analyses for different jet discharge velacities.

Velocity (ms™) i N; % Error GCly,q (96) S
4.4 Expb - 31.0000 - - -
0 - 281264 - - -
1 1,739,978 281903 9.06
02834
2 1,486,046 283658 850 0.1299
10550
3 1,184,437 29.7257 411 -42,0382
0.1362
4 1,087,312 296918 422
6.6 EXPY . 21,0000 .
0 R 19,8132 :
1 1,744,115 19,8153 564
00134
2 1,521,347 19.8208 5.62 -0.1168
0.0332
3 1,189,897 197737 584 23974
0.0036
4 1,087,312 19.7541 593
8.8 EXP® - 17.0000 - # .
0 - 14.8994 - - -
1 1,740,804 14.8998 1235
0.0032
2 1,544,223 14,5011 12.35 ~0.0473
0.0096
3 1,191,941 14.8736 1251 1.1631
0.0931
4 1,087,312 14.8500 12.65
1 EXP" . 13.0000 -
0 . 11.8688 .
1 1,747,930 11.8708 8.69
00213
2 1,557,838 11.8729 867 0.1207
0.0434
3 1,192,676 11.8903 854 -0.2723
0.8710
4 1,087,312 11.8263 9.03

R = €1 /€201 Monotonic convergence for 0 < R < 1, oscillatory convergence for R < 0, and divergence for R > 1.
BEXP is the experimental data of Patwardhan (2002),
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jet mixing tank are reliable to predict the overall mixing times
for these tested conditions. Further, the present CFD model
can also be used to predict the overall mixing time for higher
jet Reynolds numbers because RKE is developed for high
Reynolds number turbulent flows.

However, for lower jet Reynolds numbers, the present CFD
model should be modified by using low Reynolds number k-epsi-
lon model as suggested by Phapatarinan, Bumrungthaichaichan,
and Wattananusorn (2018). Moreover, for pump-around jet mix-
ing tanks with non-circular nozzles, the grid generation idea and
numerical setups of this work can be employed. But, the appro-
priate turbulence model and turbulence conditions for non-
circular pump-around jet mixing tanks must be investigated.

5. Conclusions

In this work, the appropriate turbulence model and numerical
methods for CFD model of an open 457 inclined side entry pump-
around jet mixing tank were properly investigated. The suitable
turbulence madel for this system was RKE. Further, the proper
pressure-velocity coupling scheme, spatial discretization scheme,
and temporal discretization scheme of the present CFD model
respectively were SIMPLE, SOU, and FOI because these setups
accurately predicted the overall mixing time with reasonable
computational time. Although the appropriate CFD setups were
adopted to simulate the jet mixing tank, discrepancy in concen-
tration profiles between CFD simulation and experiment was still
observed because the flat top liquid surface assumption was
employed as reported by Bumrungthaichaichan, Namkanisorn,
and Wattananusorn (2018).

From GClI analyses, the discretization errors of jet mixing
tank simulations for different jet discharge velocities, including
4.4, 66, 88, and 11 m:s ', were successfully assessed. The
maximum discretization error of these CFD models was
about 0.3%, which corresponded to the maximum uncertainty
in predicted overall mixing time of about +0.08 s. Further, this
maximum uncertainty was three orders of magnitude lower
than the predicted overall mixing times. Hence, it can be
concluded that the present CFD model provided high reliabil-
ity for predicting the overall mixing times of pump-around jet
mixing tanks over a wide range of jet Reynolds numbers (Re; =
35,000-87,500). However, for lower jet Reynolds numbers, the
low Reynolds number k-epsilon model was recommended to
predict the overall mixing time of pump-around jet mixed
tank (Phapatarinan, Bumrungthaichaichan, and
Wattananusorn 2018), Further, for non-circular jet mixing
tank, the present CFD model should be modified. In future
work, the universal CFD model that can be used to predict the
overall mixing times for all jet Reynolds numbers and nozzle
geometries should be investigated. Furthermore, the fractional
calculus and other mathematical techniques, which are suc-
cessfully employed to describe the nonlinear behaviors, phy-
sics, mechanics, and so on (Xu et al. 2015; Li et al. 2017), can
be adopted to study the pump-around jet mixing tank.

Nomenclature

c concentration
4 fully mixed concentration
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G Ca Che

Caw G constants for k-epsilon turbulence models

Cp constant for turbulence kinetic energy dissipation rate
correlation

d; jet nozzle diameter

dy tank outlet diameter

D tank diameter

Dim mass diffusion coefficient for species i in the mixture

D, turbulent diffusivity

e relative error of numerical solutions

fi numerical solution of key variable for i grid level

[ generation of k due to buoyancy

Gy production of turbulence kinetic energy

H height of liquid

li turbulence intensity

k turbulence kinetic energy

! length scale

N; number of grids for | grid level

P order of the discretization method

P mean pressure

r refinement factor

A, additional term due to interaction between turbulence
dissipation and mean shear in &-transport equation of RNGKE

5 modulus of the mean rate-of-strain tensor

S source term for species transport equations

Sk source term for k-transport equation

Sadi source term for momentum equation in i direction

s source term for &-transport equation

L source term

5¢; turbulent Schmidt number

t time

tgges 95% mixing time

u mean velocity vector

U jet discharge velocity

U, mean velocity in i direction

Y: local mass fraction of species |

Y dilatation dissipation

ay inverse effective Prandtl number for turbulence kinetic
enerqy

a, inverse effective Prandtl number for turbulence kinetic
energy dissipation rate

Te diffusivity

E turbulence kinetic energy dissipation rate or difference in
numerical solutions

H fluid viscosity

Hi turbulent viscosity or eddy viscosity

Vi turbulent kinematic viscosity

I fluid density

T turbulent Prandtl numbers for k

0 turbulent Prandtl numbers for &

] universal independent variable
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