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In the present study, the effect of the heating pipe profile on natural
convection in a two-phase fluid inside a cavity has been investigated. This
geometry has been simulated with the LB Method based on the D2Q9
model for analyzing stream lines, dimensionless velocity field of fluid flow,
solid particles volume fraction, temperature arrangement, and Nusselt
number. These parameters have been studied in three different cases of the
cavity. The results are signified by changing the geometry from a horizontal
ellipse to a circular one and a vertical ellipse;the maximum particle volume
fraction is decreased. Also, by changing the geometry from a horizontal
ellipse to a circular and vertical ellipse, larger velocity vectors have been
formed around the geometry. The Nusselt number variations of circular and
vertical ellipse geometries are from 90° to 270°. The Nusselt number
variation of horizontal ellipse geometry is negligible from 90° to 270°.
Also, the Nusselt number of the circular geometry is larger than the other
geometries from 270° to 90°. The highest average Nusselt number belongs
to circular, vertical and horizontal ellipse geometries, respectively.

1. Introduction

be fueled is very important in determining the
conditions of fuel and storage tanks. Therefore,

Problems of heating fuel storage tanks are
always one of the main challenges of the
industry. Temperature arrangement, maintaining
thermal efficiency and reducing energy loss, and
preventing the deposition of suspended solid
particles are important issues in this field. On the
other hand, gravity causes particles to deposit on
surfaces. Over time and with the increase of
sediment, the heat transfer rate will decrease. As
a result, efficiency is reduced, and fuel
consumption increases. Of course, the system to

the simulation of fuel tanks and heating systems
will be wvery wuseful to reduce energy
consumption and costs.

To simulate the fuel storage tank, it can be
considered as a cavity with a heating system that
different methods have been used by researchers.
Esfahani and Alinejad [1] investigated the flow
rate and heat transfer effects in a chamber with a
movable wall by the LB method. Esfahani and
Alinejad [2] simulated the effect of entropy
production in a cavity by LBM. Alinejad et al.
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[3] investigated the effect of force convection on
multiple baffles by the LB method. Alinejad et
al. [4] simulated the effects of free convection on
cylinders with LBM. Esfahani et al. [5]
investigated the effects of free convection on
particles by the LB method. Alinejad and Fallah
[6] simulated the heat transfer of the nanofluid in
an enclosure. Alinejad et al. [7] investigated a
three-dimensional model in a cavity by LBM.
Maddah et al. [8] investigated the nanofluid
effect and fins layout on heat transfer in a cavity.
Peiravi et al. [9] studied heat transfer in a
channel by the LB method. Peiravi et al. [10]
simulated the effect of the nanofluid on
convection in a cavity by LBM. Wang et al. [11]
investigated the precipitation of petroleum. They
reported the impossibility of providing an
empirical relationship for the precipitation. Also,
the error of extracted equations is very high and
non-negligible. Haghshenasfard and Hooman
[12] investigated the sedimentation rate of
exchangers. They found that different
parameters affect the amount of precipitation.
Eventually, they compared the results with the
measured data. He and Wang [13] studied the
effect of particle attachment in turbulent
conditions and the effect of large eddies on the
modeling of particle dispersion and deposition
without considering the effects of the particles
on the field and other particles to determine the
path particles numerically. Kor and Kharrat [14]
investigated the flow characteristic of the
sedimentation. The drag force on the solid
boundary declined. Seyyedbagheri and Mirzayi
[15] carried out a 3D model. Thespeed of
sedimentation in a turbulent flow was studied.
Emani et al. [16] numerically investigated the
effect of the tension on sedimentation in
exchangers. They reported a negligible
fluctuation of the precipitation when the shear
force was increased. Peiravi and Alinejad [17]
investigated the diffusion of particles in a
chamber with installed barriers. Abbassi et al.
[18] investigated the heat transfer in garbage
incinerators. Safaei et al. [19] simulated the
natural convection of nanofluid in a chamber by
LB modeling. Goodarzi et al. [20] investigated
the moving lid enclosure with LBM.Zhou et al.
[21] simulated the convection of nanofluid in a
chamber. Shaker et al. [22] investigated the
effect of a magnetic field on mixed convection
inside an enclosure. The result of this study
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shows the positive effect of a significant increase
in the Nusselt number with an increase in the
magnetic number. Zhang et al. [23] investigated
the natural convection melting in a chamber with
a heat source. They observed the change in
melting time by moving the cylinder.
Rajarathinam et al. [24] investigated the
convection of nanofluid in a chamber. The result
of their study shows that the movable wall is
affected by the flow. Alsabery et al. [25]
investigated the free convection of nanofluid in
an enclosure. Jamesahar et al. [26] investigated
the particles and fluid interaction in free
convection in a chamber.

In the present study, the effects of the profile of
heating pipes on the natural convection of two-
phase flow are investigated. These cases are
simulated with the LBM based on a two-
dimensional model and studied in 3 cases of the
fuel tank with different profiles of floor heating
pipes. The simulation in this method is Fortran
Software.

2. Problem definition

The profile of heating pipes’ effects on the
stream lines, dimensionless velocity field of
fluid flow, temperature arrangement, Nusselt
number, and distribution of suspended particles
in cavities is presented. The dimensions of the
shape, boundary conditions, and different
profiles of heating pipes in 3 cases of the fuel
heating tank are illustrated in Fig. 1. The profile
of heating pipes is simulated at an equal cross-
section. Except for the lower wall where the
temperature is constant, other walls are
adiabatic.

3. Simulation methodology
3.1. Lattice Boltzmann Method

In CFD simulation, the governing equations of
two-phase flow (continuity, momentum, energy)
are expressed as follows:

v.V=0 1
4
P = ~Vp+pg +uviv 2
Dh Dp )
Por= E+dw(kVT) +0 3
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Fig. 1. Fuel heating tanks schematics and
boundary conditions
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The Lattice Boltzmann model is based on a
mesoscopic view and is different from CFD
models. Variety of Lattice Boltzmann methods
dependent on the number of velocity vectors. In
this work, a fuel heating tank with nine velocity
vectors (cg ... cg), in two-dimension is illustrated
in Fig. 2, where | and ¢ = Ax /At are direction of
Lattice velocities. By solving the LBE, the DFs
are obtained. It is a discretization of the LB
equation. The multi-phase BE is as follows [27]:

fZ(x + e;At, t+AD) — f2(x, 1)

= _la P, 0— £, )
=1 )

2t =1\ (F? - e;At
+ ( ) + AIF, 4)

219 B;c?

where o =1 2 are the indicator of each
component and 77 is the relaxation time and e is

the ith direction of velocity vector. Also, ;”“? is
the particle equilibrium distribution function
which is related to the movement ith direction in
the velocity space. The equilibrium density
distribution functions of the oth component,

£,7¢? in two-dimensional space are as follows:

..,0.€q
£ = wip” |1+ 25—+
9(ei_ua,eq)2 _ 3(ua,eq)2]
2¢c* 2¢? (5)
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al (0,0) | (1,0 | (0,1)c | (1,0 | (0,-D)c | (1) | (1,1 (-1,-1)c (1,-1)e

Fig. 2. Two-dimensional model of velocity lattice.
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Also, dx is the lattice space and o is the lattice
time step. They are taken as unity and their ratio
= ox/6t. The macroscopic density, kinematic
viscosity and velocity of the ath component are
given by  pP(xt) =T f7(xt), Vo=
(2‘[]9 —1/6)c*At  and  u® =3; f(xt)e;
respectively. In this equation, the equilibrium
velocitiesu?1 is calculated as follows:

seq_ 1 ,  FTiAt
u’=FZﬂ%+pa ©)

Similarly, the thermal equation is calculated as
follows:

97 (x+ eAr, A1) — g7 (x, ) = == (g7 (x. D) —
97%(x.9) (7)

where g/ is the ith energy distribution function
and 72 is the thermal relaxation time of the
component. The energy equilibrium distribution
functions are calculated as follows:

..,,0.eq ..,,0.eq\2
g7 ) = w07 [1 4 LT T
3(“0',81.1)2
2¢2 ] 8
Finally, the macroscopic temperature is

calculated as follows [27]:

T=Xgk 9)

The weight values of each velocity vectors are

shown in Table 1.

In the present work, the applied forces between

fluid and solid particles are Brownian, gravity

and drag forces.

So, based on stokes law, the drag force applied

on the suspend particles is calculated as follows:
Fp = 3mud,(V —Vp) (10)
Table 1. The weight values of velocity vectors.

i 1 2 3 4 5 6 7 8 9

1 1 1 1

1 1
9 9 36 36 36 36

Wi

O »
Nel e
O
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where, V is the fluid velocity and V, is the
suspend particles velocity. The force of the
gravity is calculated as follows [27]:

_ n:(dp)3gAp

FG: 6

(11)

where d,, is solid particles diameter and Ap is a
mass density difference  between two
components. The Brownian force applied on the
suspend particles is calculated as follows [27]:

2kpT
Fgp=c
B B dp

(12)

where, Cg is the Brownian diffusion coefficient.
This is equal to 1 x 10** for spherical particles.
Kg is the Boltzmann constant and T is the
absolute temperature of base fluid.

4. Validation for LBM

In this section, the LBM simulation and
reference results are compared. In Fig. 3, the
variation of dispensation of solid particles in a
cavity is compared with the research of Ahmed
and Eslamian [27]. There is an acceptable match
between the results of this work and the
reference data.

5. Results and discussion

In this study, three different cases of the fuel tank
with various profiles of heating pipes are
investigated. The Characteristics of particles and
fluid are shown in Table 2.

Fig. 4 shows the stream lines in each cavity. In
all three cases, the stream lines are formed
around the center between the profiles and the
side walls. The direction of movement is such
that the flow comes down from the side walls
and then moves upwards parallel to the
geometries and in the center of the cavities. By
comparing the stream lines, it can be seen that by
changing the geometry from a horizontal ellipse
to a circular and vertical ellipse, the stream lines
near the profile become closer, which indicates
that the velocity is increased.

©)
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Table 2. Characteristics of particles and fluid.

: Densi Viscosi
Materlal (Kg/mt:}S (mzls)ty
Qil 870 1.07 x 10°°
Particle 8940 7.0x10°%

—&— Ref-Ra=10"4
—@— Ref-Ra=10"6

—£— Present Work-Ra=1074

—— Present Work-Ra=10"6

y/H

Fig. 3. Comparison between the present study and
reference results.
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Casel Case2 Case3

Fig. 4. Comparison between streamlines.

Fig. 5 illustrates the dimensionless velocity
contours in the cavities. The rotating path
formed on both sides of the profiles. In all of the
cases, the flow passed through the same path
whereas the stream line near the profile was
different. By changing the geometry from a
horizontal ellipse to a circular and vertical

Vol. 13, No. 1

ellipse, a larger velocity was created over the
profile.

Dispersion of suspended solid particles for three
cases is shown in Fig. 6. As shown in the picture,
by changing the geometry from vertical ellipse
to circular and horizontal ellipse, the volume
fraction of solid particles and the thickness of the
layer on the profile increases. Also, for all three
cases, the distribution of particles in the middle
of the profile and the upper wall is the same.

In Fig. 7, the temperature arrangement of each
cavity is illustrated. In the cavity with circular
geometry, the upper wall has three temperature
ranges, but in other two cavities, this wall is
completely isothermal.

Casel Case2 Case3

Fig. 5. Comparison of dimensionless velocity.

Casel Case2 Case3
Fig. 6. Comparison dispersion of suspended solid
particles.

[ERETENT [ ]
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Casel Case2 Case3
Fig. 7. Comparison of the dimensionless temperature
arrangement.
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Fig. 8 shows the changes of Nusselt number of
circular and horizontal and vertical ellipse
geometries. The maximum Nusselt humber of
the circular and vertical ellipse geometries are at
angle of 180 degrees. The vertical ellipse and
circular geometry have a similar behavior from
angle of 60 degree to 330 degree. Its maximum
Nusselt number is equal to 72% of the circular
geometry. But the behavior of the horizontal
ellipse is different from the other two
geometries. The changes of the Nusselt number
on the lower surface of the horizontal ellipse are
negligible. Also, the changes of the Nusselt
number on the upper surface of the circular
geometry are insignificant compared to other
geometries.  Based on three geometries, the
minimum Nusselt number rises at angle of 30
degrees, at this point the Nusselt numbers for
vertical and horizontal ellipse geometries have
the same value and are equal to 56% of the
Nusselt of circular geometry. The maximum
Nusselt number of the horizontal -ellipse
geometry, which is between 70 and 108 angles,
is higher than the Nusselt number of the circular
and vertical ellipse geometry in that area,
respectively. The average Nusselt number of
circular, vertical ellipse and horizontal ellipse
geometries are equal to 37.94, 28.76 and 25.58,
respectively.

80
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Fig. 8. Comparison of Nusselt number on the
environment of geometries.
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5. Conclusions

In this study, three cases of the cavity with
different profiles of heating pipes were
investigated. Also, the profile change of the
tubes effects on stream lines, dimensionless
velocity field of fluid flow, solid particles
volume fraction, temperature arrangement and
Nusselt number with two-dimensional model of
Boltzmann method were simulated. Eventually,
some of the most important points are
summarized below:

e Based on three cases, the Maximum
volume fraction of solid particles in horizontal
ellipse is the highest. In addition, the volume
fraction of the circular is more than that of the
vertical ellipse shape.

e The average Nusselt number increases from
a horizontal ellipse geometry to a circular
geometry. Also, in a horizontal ellipse geometry,
the average Nusselt number increases by moving
away from the angle of 180 degrees, whereas this
difference is less than 1%. Furthermore, the
Nusselt number of the vertical and the horizontal
ellipse geometries have the same value. It is
around 56% of the circular geometry.
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