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Mixing tanks equipped with mechanical stirrer are broadly applied in chemical and
petrochemical industries, due to their variety of industrial process requirements. In this
study, helical single blade mixer was designed applying CATIA and then mixing of fluid and
solid particles, in a tank with this agitator was examined by OpenFOAM. For velocity
distribution in the mixing tank, continuity, momentum equations, boundary conditions and
coding were performed applying C++ language scripts in the software. The results of velocity
distributions in three directions coordinates indicated that the efficiency of helical blade
mainly correlated to axial and tangential flows. The radial flow has less important role in
mixing operation. Moreover, solid particles concentration distribution were computed in the
fluid phase .It was exhibited that the particles were distributed homogeneously in the tank.
In addition, temperature distribution was obtained applying continuity, momentum and
energy equations as well as utilizing necessary code and boundary conditions in the software.
Consequently, a correlation for Nusselt number as a function of Re, Pr and Vi was acquired by
using temperature profile and dimensional analysis. The results achieved are in good

agreement with those available in literature.
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1. Introduction

Tanks equipped with mechanical stirrer are broadly
applied in the chemical and petrochemical industries. The
temperature of the fluid inside the reactor is one of the
most important factors that need to control the output
products. Therefore, in order to control the quality of
products, it is necessary to explore the heat transfer in
stirred tanks. The heat transfer rate of fluid in the mixing
tank depends on the parameters such as tank design, mixer
type, and process conditions. Moreover, the flow pattern
in a stirred tank relies on the impeller type, physical
properties of the fluid, geometrical characteristics of the
tank, and propeller specifications [1-6]. Laboratory
researches were demonstrated on hydrodynamic
characteristics of fluids in the tanks with different forms of
agitators [7-10]. Nowadays, the studies done by advanced
numerical simulations are based on computational fluid
dynamics (CFD) methods [11-15]. Also, in recent years,
the numerical calculation of mixing in the stirred tank has
attracted much attention. The rapid development and wide
numerical techniques and application capabilities at the

moment can use very complex engineering techniques.
Computational fluid dynamics is an essential tool in order
to understand the mixing process in stirred tanks [15-17].
Jahangiri [18-22] acquired the velocity distribution of
impeller in the mixing of viscoelastic fluids in the
transition region applied laser Doppler anemometry. Liu

[23] has investigated fluid flow with different impellers in
mixing tanks applying CFD and compared finding with
experimental values. Recently, Rosa and Junior [24], were
reviewed the heat transfer of non-Newtonian fluids in
agitated tanks. An equation proposed by Coyle et al. [25]

assumes that, for viscous fluids, heat transfer is by steady
conduction through a static film near the vessel wall as
follows:

hj = k(c/2)™* 1)
hj, k, and c are film heat transfer coefficient, thermal

conductivity, and clearance, respectively.
Overall heat transfer rate Q is giving by

Q= AT, - T,) @)
Their study displayed that the heat transfer coefficient
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was affected by impeller speed.

Harriott [26] and Latinen [27] independently solved the
one-dimensional transient heat conduction and proposed
the following equation to describe the average heat
transfer coefficient, hj, for the scraped surface (based upon
the temperature difference between the wall and the bulk
fluid):

ho= 2 |@P 3)

The contact time, t, is equal to 1/Nnp, where np is the
number of blades, and N is the rotational speed of the
impeller. Thus:

C,pkNn
h =2 22220 4)

T
Equation (4) may also be put in the dimensionless form:

hf;T =1.1 pNTZ v (Cp_‘u)l/z n1/2 (5)
k ' U k b

However, the simple penetration theory, Eq. (4), was
found to overestimate laminar heat transfer data for close
clearance mixers by as much as 700% [28]. Rautenbach
and Bollenrath [28] modified the film penetration model
of Harriott [26] proposed the following relationship for
heat transfer to viscous materials at low Reynolds
numbers:

2] O

Canb T

Nu = 0.
u=0.568 T

In dimensional analysis, convective heat transfer data
may be correlated in the following form:

Nu = fn(Re, Pr, Vi, shape factors) @)

Where Nu, Re, Pr, and Vi are Nusselt, Reynolds, Prandtl
numbers, and viscosity ratio, respectively. The functional
relationship between the variable in Eq. (7) is usually
established from experimental work and have reported as
[27-31] follows:

Nu = ARe®Pr’Vi¢(shape factor)® (8)

Negata et al. [32], presented the correlation for ribbons
in the range Re >1000 as
Nu = 0.37Re?/3prt/3yi0o14 9)

It was reported that impeller geometry had little effect
on heat transfer as well.

Table 1 illustrates some experimentally based heat
transfer correlations [33]. Critical impeller speed, Nc, is a
function of fluid properties and system geometry, it may
be written as follows:

N; = fn(p, 1, Cp, k, C, p,ny,, other shape factor) (10)

Consequently, by dimensional analysis, it is possible to
display that:

N (M) (G B ]

The literature review indicates that few works were
inspected for the agitating and heat transfer for helical
ribbon impeller in two-phase flow in the mixing tank.
Despite that, two-phase heat transfer in conventional tubes

and channels is an ongoing research topic, especially for
the refrigeration and air-conditioning fields [34].
Therefore, this study explores the heat transfer of the
jacketed tank in which the hot fluid is in the jacket. The
OpenFOAM was employed for simulation. The coding
was contemplated taking into account the effect of
interaction between solid particles, solid-fluid particle,
continuity equation, energy equation, momentum
equation. The solution approach in the present work was
chosen by multiple reference frames (MRF) method [4,9].

2. Model Development

2.1. OpenFOAM

The OpenFOAM can be employed for a wider range of
physical Phenomena such as compressible and
incompressible flows, two-phase flow (gas-particle, fluid-
fluid), flow in porous materials, gas dynamics,
combustion, turbomachinery, etc. The main gift of
OpenFOAM is resulting from the clever use of the
capabilities of the C++ scripting language. This is an
object-oriented  scripting language. In  addition,
encountering some pre-written solvers for different
problems, the OpenFOAM program employs the skills of
the language C++, regular structure of classes, libraries,
and in general provided objects enable the development
and customization of the code in order to solve any
particular problems.

2.2. Problem assumptions

The steady-state flow mixing was deliberated in 3-D
directions. The model consists of two-phase without
reactions. Therefore, the governing equations are as
follows.

2.3. Governing equations

The governing equations are as follows:

2.3.1. Particle phase

The motion of particles in the fluid is assumed as the
Lagrangian approach, in which the system of differential
equations is pondered for calculation of particles
displacement and changes of velocity component. On that
account, paying attention to all forces that were affected
on the particles is required. Moreover, the motion of
spherical particles in a fluid may be described by the
following relationships:

X, —

P _ 12

dt ;‘é’ (12
V. N

Where Xp and Vp are the local coordinate and particles
velocity, respectively. The right side of equation (13) is the
summation of forces acting on the particle. Depending on
flow type and particle size, different forces may be lead to
a problem. Forces that are regulator the motion of the
particles may be divided into three kinds:
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Table 1. Heat transfer correlations for helical ribbons (single-phase) [33-37].

D T p/D  w/D c/T Nb Rerange Correlation
0.28 0.3 0.5 0.18 0.033 1 8-10-5 Nu = 0.633Rel/2pr1/3y018
0.240 0.3 1 0.12 0.100 2 0.1-Rec
0.264 1 0.108 0.060 2 Rec=39T/(T-D) 11 T — D\~ 1/3
Nu = 1.75Re3Pr3s Vi0? (T)

0.280 1 0.102 0.033 2
0.284 1 0.10 0.027 2 0.8<D/T<0.97
0.290 1 0.98 0.017 2 Rec-106 Nu = 0.52Re?/3pr1/3y/j0.14
0.264 0.3 1 0.108 +Scraper 2 0.1-Rec Nu = 5.4Rel/3pyl/3yi02
0.148  0.155 1 0.11 0.023 2 5-50 Nu = 2.0Rel/3py1/3yi014

4 50-500 Nu = 1.0Rel/2prl/3y;014

500-8 *104

Nu = 0.35Re?/3pr1/3y;014

1. The forces which are between the levels contact the
particles with the fluid act.

2. Forces that arise as the outcome of the interaction
between particles.

3. Forces applied to an external field.

The first kind is contained of forces such as drag,
saffman, pressure gradient, buoyancy. The second type
comprises van der Waals forces, electrostatic and force of
collisions between particles in the four-sided correlation
are investigated. Forces such as gravity and magnetic
forces are the third form. The forces applied to the particles
defined as:

2.3.1.1. Drag force

In fluid-particle systems, drag is the most important
force applied to the particles and computed by the equation
below.
— 3
Fp = Zmp,quD/pp\/E (14)
2.3.1.2. Pressure gradient

The local pressure gradient in flow makes an additional
force in the reversed path of the pressure gradient. This
force for a spherical particle is deliberated as follows:

Fp=——"VP (15)
That
F,=m,Lx—L
p = Mp p, . Dt (16)

2.3.1.3. The weight and buoyancy

The gravity is effective in a solid-fluid system like
buoyancy force. The total gravity effects are the sum of
weight and buoyancy forces that is achieved as below:

— md? | p
Fgr = (pp - pf)Tg = mpg< - p_f> 7)
p

2.3.1.4. The force Saffman lifting

In areas where the shear stress is high such as near the
wall, the velocity gradient is large. In this case, a force can
exist in the direction perpendicular to the flow. This force
is known as Saffman that is given as below

— my,dp
Fo=C— L((r - U,) x 0) (18)
14

2.3.2. Fluid phase

In the Euler-Lagrange method, the fluid phase can be
simulated with the Eulerian view. At steady state in
Cartesian coordinates the governing equations of fluid
include the equations of continuity, momentum, and
energy as follows:

Continuity equation:

V. (aplU) =0 (19)
Momentum equation:
9(aly) . .
—5 TV (aUgU;) = V. (nefsVU;)
d - — —_—
=V—Exr—QXUR (20)
_P, F,
p

The ﬁ; is absolute velocity and F,{ is the relative
velocity. If O is zero, then Ur = Ui. Source term (Fs) in the
equation (20) may be contemplated as the effect of the
particle phase to the fluid phase.

Energy equation:

M + V. (T U) = V. (a T, U) 20
% + V. (2, TLU) = V. (D, VTy) &)

The variation of the physical parameters such as
viscosity, density, thermal conductivity, and heat capacity
can be calculated by the following relationships:

When the temperature changes, the value of viscosities
(u), are varied, we have [38]:
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h = 179exp (36100 + 3607, (22)

Where p is cP, T1 is in °C, and the temperature range is
between 0 < T1 < 100.
For density [39]:
p = 1258 — 0.654T; (23)
The temperature range is 17 < T1< 83.
For Cpwe have [40]:
C, =90.983 + 0.4335T; (24)
Where Cp and T are as J/mol.K and Kelvin,
respectively.
Furthermore, for thermal conductivity, k, the following
equation is applied [41]:

(-1230 — Tl)Tl)

k = 0.00074 + 0.00000008T; (25)

The unit of k is [cal.sect.cm™. °C 1.cm].
Now each of these variables is defined in the
creatFields.H of OpenFOAM.

3. Simulation procedure
3.1. Mesh geometry

The computational regions were divided into several
sub-sections to make the geometry. The unstructured
tetrahedral mesh was employed for moving zones consist
the tank volume, agitator, and hexahedral meshes that
were applied for walls where they were stationary sections.
The total number of cells was 235949. Figure 1 depicts the
mesh view for the agitating apparatus. The finite volume
procedure and the second-order modified algorithm were
used to solve the Navier-Stokes equations. Figure 1 reveals
a mesh picture of the agitator used in the mixing tank.

In order to create geometry, it is applied to the
SnappyHex- Mesh tool. The file stl is created with the
software Catia which is presented in Figure 2.

The mixing system may be divided into two parts:
moving reference frames and static tank in Figure 3.

As it was portrayed in Figure 3, moving areas that are
included the impeller and environment that it is sweeping
by the impeller.

3.2. Solving strategies

The first step in problem-solving is solver selection.
Therefore, the DPMFoam Lagrangian solver was
employed in this work. The best solver is sensitive to the
mesh. Mesh quality has an important impact on the rate of
convergence (or non-convergence), accuracy solving, and
time calculations.

3.2.1. Boundary conditions

The helical ribbon impeller is centered in a flat-
bottomed cylindrical tank with diameter T =0.276 m, and
a liquid height, H=0.21 m. The diameter and height of the
impeller are D =0.255m, h=0.14m, respectively. The
important dimensionless parameters governing the vessel
were: h/D = 0.549, w/D = 0.118, and T/D = 1.082, where
D, h, ¢, w, and T, are the ribbon outer diameter, ribbon

Figure 1. A mesh view of the tank and agitator.

(a)

(b)

Figure 2. Impeller geometry from Catia, (a) top, (b) side view.

height, ribbon to wall clearance, ribbon width, and tank
diameter, respectively.

Spherical particles with a diameter of 2.1mm, density
2,500 kg/m? and glycerin with a density of 1258 kg/m?®and
the viscosity 1.41Pa.s were applied as fluid in the tank. The
roof of the vessel was closed by one polymer sheet.
Moreover, the impeller rotational speed is 16 rpm. We
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Figure 3. Specifying area of moving reference frame.

Figure 4. Distribution of concentration in the final time step.

assumed the temperature of the tank wall was kept at
400K, and inside the tank and impeller were set to 300K.
The initial position of the particle was generated by Excel
software in the form of random points. The solver would
not start unless the points being set inside the
computational domain. Further, clearance, which
represents the distance of the impeller from the tank
bottom, was set ¢ = 0.1 [33-42].

Since for Newtonian liquids, any vortex reveals for
revolution velocity less than 300 rpm [4,39], the free
surface is defined as a symmetrical boundary condition for
both Newtonian and non- Newtonian liquids where the
normal velocity vector is zero and no velocity slip
condition assumed for solid walls. For more information,
see [4].

3.2.2. Validation

Flow patterns produced by helical ribbon impellers
have been deliberated in some studies[4,38]. In spite of
some impeller geometries, the primary circulation patterns
are almost similar. Usually, the liquid between the agitator
and the wall flows upwards, inwards along the surface.
Further detailed information could be found in reference
[4].

The distribution of concentration in the final time step
is portrayed in Figure 4. This figure revealed that the final

Figure 5. 3-D contour velocity.
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Figure 6. Dimensionless Velocity versus dimensionless
radius.

time step is dispersed uniformly.

Furthermore, the 3-D contour velocity for the model is
demonstrated in Figure 5. This figure displayed that the
impeller has flow suction in the tank bottom and flow
discharges in the upper section of the tank.

In addition, acquired velocity against the dimensionless
radius are presented in Figure 6.

In the present model in order to make sure that the heat
transfer is done correctly, two assumptions were
considered: 1) The temperature of the outer wall of the
tank which is associated with the environment should be
400 K, 2) The temperature of the inner wall of the tank and
impeller should be kept at 300K for the first time step.

Figure 7 indicates the temperature distribution for the
last time step. The temperature distribution is achieved as
follows:

In order to acquire the heat flux according to the
following equation, we considered:

Q = —kVT, (26)

Applying the command foamCalc magGrad T and also
plotOverLine provided the variation of temperature
gradient and heat flux, which is indicated in Figure 8.

Considering Figure 8, we find that the value of grad T
(heat flux) is enhanced from the beginning of the impeller
shaft to the sidewall of the tank. Moreover,for the
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Figure 7. Temperature distribution.
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Figure 8. The amount of Grad T relative to the radius.

calculation Nusselt dimensionless number (Figure 9) that
is the ratio of convective to conduction heat transfer,[24]:

VT, @)

(Tl - Tref)

In this case, the characteristic length is the radius.
Moreover, the reference temperature is ambient.

Furthermore, Nusselt number variations with respect to
the z-axis of the tank wall are shown in Figure 10.

In which, the characteristic length is the radius, and
thereference temperature is the ambient one. Many of the
equations acquired by the researchers are devoted to
single-phase mode. Hamidi and Postchi [43] were
obtained the relationship for the Nusselt number for a
three-phase mixture.

Nu = 1.2467Re%8% py033

(&7

The exact form of the relationship in Eq. (28) will be
established by inspecting the contribution of each group
separately, resulting in simple forms for the functional
dependencies. Of course, in practice, it is desirable to
avoid operating conditions that give rise to steep
temperature gradients; it would, therefore, be beneficial in
order to have predictive equations for the onset of such
conditions.

Nu

o,

16

14

12

10

Nu
o0

0 01 02 03 04 05 06 07 08 03
r/R

Figure 9. Variations of Nusselt number relative to
dimensionless radius. (h/D = 0.549, w/D =0.118,and T/D =
1.082, Re < 300, Pr < 1000)

20
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2
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Figure 10. Nusselt number variations relative to the z - Axis
in the tank wall. (H=0.21m, h/D = 0.549, w/D = 0.118, and
T/D = 1.082, Re < 300).

In order to provide a new correlation between Nu and
Re numbers, one may be applied Nu at three vertical points
in the mixing tank [24, 33, 42-44] as the data of Table 2.

Applying the above data, variations of Nusselt against
Reynolds numbers are protrayed in Figure 11.

In consonance with the figure above and compare it

with the research work of Rai and Devotta [44], one may
be observed that the trend will be confirmed as well. As a
result of small changes in the geometry of the simulation
system and applying Matlab software, the following
correlation is yield:
Nu = 0.37Re%92pr0333y0.14 (29)
It is noteworthy to mention that due to changes in the
physical properties of the fluid versus temperature and also
the existence of solid particles and its unpredictable
behavior, Nusselt values vary in each region. In Table 3,
we see three relationships acquired for the Nusselt number.
The viscosity ratio (Vi) and Pr number are nearly similar
to the References [33, 40, 42, 43]. This may have arisen
from the suitable selection from the low concentration of
solid particles in this work. On the other hand, the physical
properties of two-phase very close to one in this work.



M. Jahangiri / JHMTR 7 (2020) 1-10

Table 2. Nusselt and Reynolds values at three levels of the

tank.
Vertical distance from
bottom of mixing tank Nu Re
0.131474 16.0842 3.43405
0.132934 14.3348 3.10007
0.134395 14.158 2.75458

3.3. The effect of solid particles on the
temperature profile

The temperature profiles for one and two-phase flow in the
tank are displayed in Figure 12. This figure revealed that

the level of the temperature is higher for one phase. Then

the level of the temperature is higher for one phase. Then
again, the particles may help to the heat transfer rate
enhancement in the fluid of the tank.

Conclusion

The two-phase fluid, including glycerine and solid
particles, was mixed by the helical impeller. This mixing
process was simulated by applying the Catia and
OpenFOAM. Velocity Contour, solid particle profiles, and
temperature distribution in the tank are studied. Following
results are acquired:

1. Total velocity contour for three-dimensional
simulation in the tank indicated that the impeller had
pumped the fluid from bottom to upper section of the
tank.

2. The results suggested that solid particles properly
had distributed in the mixing tank.

3. It was observed that the temperature gradient and heat
flux are increased from the impeller shaft to the

50

200

150

Nu
.

0 5 10 15 20 5

Figure 11. Variations of Nusselt relative to the Reynolds
numbers. (H=0.21m, h/D = 0.549, w/D = 0.118,and T/D =
1.082, Pr < 1000)

T T
400

380

360

tempreture

340

320
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Figure 12. A comparison of the temperature distribution, T
(two-phase), and T’ (single-phase).

walls of the mixing tank.

4. A new correlation for the Nusselt number as a
function of Re, Pr, and Vi in the laminar region are
presented (Re < 10).

Table 3. A Comparison of Nusselt number in the literature.

Researchers Nu

Ayazi shamlou, single phase [33]

Hamidi and Postchi, Three-phase [43]

Ishibashi et al., single-phase [42]

Negata et al., single-phase [32]

In this work, two-phase

c
_ 0.23 p,.0.23,,0.23 [~
Nu = 0.568Re"**Pr®*°n, (T)

Nu = 1.2467 Re%8%py0:33 ((ﬁ)o-l‘*) <(c;_p)0.238> (<%)0.393)

Nu= 2.0 Re?33 Pro33 o4

-0.54

Nu= 0.42 Re0.67 pro.33|/j-0.14

Nu= 0.37 Re092 Pro333 yjo14
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Nomenclature
c clearance
Cp heat capacity
Cs saffman coefficient
d, dp particle diameter
D impeller diameter
D1 diffusion coefficient
Dur/ Dt total velocity derivative
F force
Fp drag force
Fgr gravity force
Fp particle force
Fs saffman force
g gravity constant
hj heat transfer coefficient
k thermal conductivity
mp particle mass
nb number of blades
N rotational speed of the impeller
NC critical impeller speed
Nu Nusselt number
p impeller pitch
VP pressure gradient
Q overall heat transfer rate
Pr Prandtl number
Re Reynolds number
t contact time
T tank diameter
T1 temperature
Tb bulk temperature
Tref reference temperature
Tw wall temperature
Uf fluid velocity
Up particle velocity
UR relative velocity
Ul absolute velocity
Vi viscosity ratio
Vp particles velocity
w impeller width
Xp local coordinate
Greek letter
o constant
o1 diffusivity (= k/pT1)
neff effective viscosity
p density
pp particle density
pf fluid density
n viscosity
uf fluid viscosity
Lw water viscosity
® angular velocity

Q rotation velocity
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