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Abstract:

In large-scale applications, fluid flow with baffles is a multifaceted phenomenon
because it plays an important role in improving heat transfer and mixing in
addition to other fluid dynamics processes. To achieve the required heat transfer,
the design of triangular baffle models inside the channel is of great importance.
In the present work, the effect of the inclusion of baffles in the upper and lower
surface of a two-dimensional channel of a nanofluid flow (CuO+Water) with
volumetric fractions (5%) steady-state single-phase turbulence with Reynolds
number ranges of (7000-17000) is numerically studied. The channel is divided
into three main sections, the first and the last are thermally insulated, and the
second is subjected to a constant uniform heat flux of (30 kW/m?). Using the finite
volume method of the Ansys Fluent program, all the equations governing the fluid
flow inside the channel, including the conservation of mass, momentum, and heat
energy, were solved using the turbulent k-¢ for high Reynolds values. The
numerical results of the current study indicated that the heat transfer rate
gradually increases with an increase in the Reynolds number, while the friction
factor gradually decreases with an increase in the Reynolds number, moreover,
the values of the Nusselt number and the friction factor were affected by the
height of the baffles, where the increase in height both increases gradually, it
was also found that the height of (12 mm) gave the highest percentage of heat
transfer enhancement with a value of (82.69%) compared to the other heights (2,
4, 6, 8 and 10 mm), which gave a ratio of (60.46, 70.01 and 80.65%),
respectively. Finally, the pressure, temperature and velocity distribution of the
nanofluid differed when the baffles were placed to disturb the passing flow
compared to the normal empty channel.

Keywords: Triangular Baffles, Numerical Simulation, Forced Convection,
Channel, Fluid Flow, Nanoparticles

1. Introduction

Contributing to raising the efficiency of thermal devices for various engineering applications is an important research
area because it results from increasing and improving heat transfer. Without reducing the overall efficiency of these
devices to increase heat transfer, passive methods are used for various configurations, including vortex generators,
corrugated channel geometry, channel baffles, fins and ailerons.
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Engineering industrial applications include nuclear reactors, transportation, air conditioning systems, refrigeration,
solar air heaters, heat exchangers, as well as food or chemical processing. Compared to other technologies, this
method is considered reliable and economical because it does not require external energy and also does not involve
dynamic movement [1-8 ]. To improve the thermal-hydraulic performance in the petrochemical, biomedical,
chemical, biological and other industries, specifically the heat exchangers widely used in those industries, one of the
passive improvement techniques is used, including baffles. The working fluid is directed from the side of the casing
to move back and forth through the inner tube, which leads to increased turbulence while providing a good mixing
of fluid layers in addition to eliminating dead spots, this is the reason why baffles are often used in heat exchangers
and channels to increase the heat transfer rate [9 and 10]. Suvanjan Bhattacharyya et al. [11] presented a numerical
study to analyze the properties of heat transfer and laminar flow with low Reynolds numbers in a small corrugated
microchannel of the upper wall in the presence of an external magnetic field. Recent studies have proven that
corrugated walls give the best heat transfer compared to straight walls. Laminar flow was used because it gives less
energy consumption compared to turbulent flow. The basic fluid (water) was mixed with nanoparticles of fractional
size (2%) under the influence of a magnetic field to generate the nanofluid. Pranita Bichkar et al. [12] studied
numerically using a simulation program by including three different types of baffles, including single, double and
spiral sectional, to show their effect on the pressure drop of the heat exchanger tube. The formation of dead zones
appears using single sectional baffles in which heat transfer is ineffective, while vibrational damage is significantly
reduced when using double sectional baffles, moreover, dead zones disappear using spiral sectional baffles, which
produces a good effective heat transfer. Younes Menni et al. [13] presented a numerical characterization and
investigation of the mass transport of heat and (Al,O3+H>O) nanofluid across a two-dimensional conduit with
connected and removed baffle plates. Using the energy equation and the typical k-epsilon turbulence model, the
Reynolds-averaged Navier-Stokes equations control the physical component. This study employs the Finite Volume
Method using the Semi Implicit Method for Pressure Linked Equations (SIMPLE) method and the Quadratic
Upstream Interpolation for Convective Kinetics (Quick) numerical scheme using the commercial computational fluid
dynamics program (ANSYS FLUENT). M. Nithya et al. [14] presented a research study on the impact of the
introduction of baffles on the performance of the heat exchanger, namely heat transfer, pressure drop and fluid flow
characteristics. To obtain the optimal configuration of baffles Computational Fluid Dynamics was used. To get the
calculation algorithm working correctly, a detailed study was carried out to validate the results, including the
turbulence model and the number of optimal mesh. The findings indicate that the wedge and aerofoil types'
Performance Evaluation Criterion is around 1.24 to 1.3 and 1.22 to 1.24, respectively, in comparison to the
conventional one. Selma Akgay [15] studied a numerical simulation using the finite volume method to demonstrate
the effect of Central ailerons with a flow of nanofluid (A1203 + Water) inside a corrugated channel. Using a simple
algorithm, Computational Fluid Dynamics-based analyses are performed within low Reynolds numbers for ranges
(200-1200). The fractional sizes of nanomaterials vary by ranges (1-5%). A constant temperature of (350K) is applied
to the upper and lower surfaces. At different Reynolds number numbers, the velocity and temperature distribution of
the winding channel with and without ailerons is obtained. The results of the study indicated the inclusion of nanofluid
with ailerons in the corrugated channel significantly contributes to enhancing heat transfer, but the friction factor
increases compared to the empty channel. In addition, the heat transfer represented by the Nusselt number increases
with increasing fluid flow velocity and the ratio of volumetric fractions. Dipankar De et al. [16] presented a numerical
investigation of improving the heat transfer rate and flow characteristics using helical-type baffles in a heat exchanger
for comparison against straight-type baffles. The Ansys program was used as a simulation tool, while all the model
designs are by CATIA software. Seven copper tubes, each measuring 20 mm in external diameter and 17 mm in
internal diameter, are included in the model. They are 600 mm long, with an inner diameter of 90 mm and an outside
diameter of 110 mm for the steel shell. Six straight or helical aluminum baffles, with helix angles ranging from 0 to
30 degrees, retain seven tubes. T. Lima-Téllez et al. [17] numerically indicated the study of the effect of different
types of nanomaterials (Al,O3, ZnO and CuO) on the thermo-hydraulic performance of the solar PV panel system.
To simulate the interaction between the fluid in motion and the plate material the method of Computational Fluid
Dynamics was used. The concentrations of different nanoparticles were examined at the ranges and values of solar
radiation and Reynolds numbers (0.2 -1 kW/m?) (18-1800), respectively. At the lowest Reynolds number range, the
numerical results showed the CuO-type nanofluid improved thermal efficiency by 5.67% compared to other types. P.
Nithish Reddy et al. [18] using the finite volume method numerically studied under different operating conditions
and design parameters evaluate, understand and visualize the inclusion of baffles inside the channel on heat transfer
rates with Reynolds number range (1800-22000). For various engineering configurations to check the thermal
performance of the channels, Computational Fluid Dynamics investigations were carried out, including baffles with
the shape (V), circular and triangular. A V-shaped baffle case has a higher friction factor even if its thermal
performance is generally good. Ali, Sarmad A. and Suhad A. Rasheed. [19] presented a numerical analysis of the
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optimization of forced convection heat transfer and laminar flow characteristics in a two-dimensional horizontal
channel with a square cross-section (12 x12 c¢cm). A uniform constant heat flux with a value of (1500 W/m?) was
projected onto the surface of the upper and lower walls of the channel towards the flow axis. The improvement
process included the inclusion of a porous medium inside the channel to increase heat transfer, as well as studying
the effect of changing the angle (0°, 15°, 30° and 45°) test model on the distribution of temperature, pressure and
speed. The numerical results showed that the Nusselt number increases gradually by increasing the Reynolds number
while the friction factor decreases gradually, moreover, the Nusselt number values increased using the porous medium
compared to the empty channel. Ali SA et al. [20] touched upon the inclusion of various shapes of square, circular,
and triangular dimples in a three-dimensional turbulent flow tube at a Reynolds number range (3500-7000) to enhance
the thermal performance of the heat exchanger tube. The flow-governing equations of continuity, momentum and
thermal energy have been solved numerically. The results indicated the dimples improved heat transfer compared to
the smooth tube, where the best improvement is when using the round shape among other shapes.

The current work focuses on the enhancement of heat transfer by forced convection with turbulent nanofluid flow
(CuO with water) in Reynolds number ranges of (7000-17000) in a two-dimensional channel inserted inside baffles
with triangular configurations as a means of optimization. The effect of several parameters on the hydrothermal
performance, including the height (4, 6, 8, 10 and 12 mm) and Reynolds number, was numerically analyzed using
the Ansys fluent software based on the finite volume method (FVM). The use of combined methods to improve the
flow properties with increased heat transfer by nanomaterials and baffles obstructing the flow is the research gap of
the current study, as many previous studies deal with enhancing heat transfer using a single method.

2. Mathematical of Numerical Model
2.1 Description of Physical Problem

Figure (1) highlights the basic geometry of the two-dimensional channel of the current numerical study. The channel
is two parallel boards with a length and height (0.5 and 0.02 m), respectively. Three main sections of the channel
consist of an adiabatic section with a length of (0.3 m), a hot section with a length of (0.17 m) and another adiabatic
section with a length of (0.03 m). Two baffles for better heat transfer were installed inside the channel and one on the
upper wall at different distances (0.03, 0.05, 0.07, 0.09 and 0.12 m) towards the axis of the flow of the other fluid on
the lower wall by a distance of (0.015 m). The dimensions of the baffles used are equal for both with different heights
(0.004, 0.006, 0.008, 0.01 and 0.012 m) with a fixed width (0.008 m). The upper and lower walls of the heated channel
have a uniform constant heat flux of (30 kW/m?). The hypotheses of the study are single-phase steady-state turbulent
flow with a Reynolds number range (7000-17000). The homogeneous mixture consists of water with spherical
nanoparticles (CuO).
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Fig. 1. Physical model of current study with triangular baffles.
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2.2 Thermal-physical characteristics of CuO/ Water Nanofluid
All thermophysical properties related to the basic fluid (water) and nanoparticles represented by calcium oxide (CuO),
as well as the properties of the nanomaterial (CuO+ Water) at a volumetric fraction (5%) are listed in Tables (1 and

2), respectively.

Table 1: Thermophysical properties for working fluid and nanoparticles at (298 K) [21 and 22].

Properties Unit Water CuO
p kg.m 997 6400
Cp Jkgl K 4180 535.6
A W.m!. K! 0.607 76.5
0 Pa. s’! 0.000891 e

The thermophysical properties of the nanomaterial are calculated according to the following mathematical equations
[23-26]:

The calculation of the density of a nanomaterial is:

py =(1-D)p,, =Dp,, M
The heat capacity of a nanomaterial is calculated by:

Cp,, =(1-9)Cp,, —2Cp,, 2

Finding the thermal conductivity of nanomaterials from:

_ Ay + Ay 20 =200, ~4,,)
T A, 424, +D (A, —4,)

np

G)

The definition of the viscosity of a nanomaterial is:
= (12307 +7.30 +1) 4)

Table 2: Thermophysical properties of nanofluid.
[0) p (kg.m>) Cp (Jkg'. K L(W.m'. K u (Pa. s
5% 627.15 3944.22 1.1622 0.00149

2.3 Flow Governing Equations and Boundary Conditions

The governing equations of forced heat flow inside the channel for a two-dimensional turbulent nanofluid can be
written in Cartesian form according to the following [27-30]:

The continuity equation is:
0 0
—(pu)+—(pv)=0 )
7 (P &> (pv)
The momentum equation in the X-direction is:

0 0 —-0p O ou, 0 ou
— +— =—+—[(u+pu)—]+—[(u+u)—
e (pu) & (puv) % o [(u+ ) ax] & [(ae+ 1) ay]

0 ou 2 0
Pt ) =5 pAL
Ox Ox

ov
o 6
3 8y[(#ﬂt,)ax] (6)
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The momentum equation in Y-direction is:

0 0 —-Op O ov., 0 ov

5 P+ (o) = — =l ) 1+ — (et 1) =]
5)’ 5)’ oy oy

2
“u+u)=-=p M+ )= 7
+5 [( + z)ay 3 ] [( + ;)ay] ( )

The heat energy equation is:

9 9 O XK, p)or, oK, myor 8
(puT)+6y(va) pelvem el el ol ®)

This work estimates the turbulent dynamic viscosity using the Launder-Sharma k-¢ model. These models are
described as [31]:

The calculation of the equation of turbulent kinetic energy (k) is:

d d o . ok, 0 . ok
= (puk)+—(pvk) =—I[T, =]+ —|[T, =]+ P, — p(¢ — (9)
ax(,ou) ay(/OV) ax[ kax] 6y[ kay] L —ple—¢,)

Where ¢ is the dissipation rate in the wall can be expressed as follows:

pp@dky, | ok (10)

g, =
P Ox oy

The equation of dissipation turbulence kinetic energy () is:

2 pue) + 2 (pve) = 2T 1+ 2, SR ~pC ) o, an

where;

9, = [( ) +( 2 2Jr(a—zz)z] (12)
o oy

The equation of turbulence kinetic energy production rate is calculated from:

R =1 UG + G G S = pkGe ) (13)

The turbulent viscosity can be calculated from the following relation:
2
w=C, 10" (14)
£

The perturbative Prandtl number and the empirical constants can be expressed as follows:

C,=0.09,C, =1.44,C, =192,0, =1.0,0, =1.3,Pr=0.9

According to the following the wall damping functions were expressed as well as the perturbed Reynolds number
[32]:

=10 (15)
f, =1=0.3exp(-Re}) (16)
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f =exp[-3.4/(1+0.02Re,)’] (17)

2
Re, = 2K (18)
e p

The boundary conditions corresponding to the two-dimensional channel expressed are as follows [33]:

e At the portion of the inlet:

3 3

v=0,T =T, k:k,.n:%(lu )Y,&=Cu*k2 /(0.07D,) (19)

in> in? o”in

u=u

e At the portion of the outlet:

ou_g v g 0T ok _oe
ox Oox ox ox ox
(20)

Along the total length of the channel walls:

u=0,v=0,k=0,6=0 (21)
or| _ 4. For the heated wall (22)
ay w k‘?ff

or -0 For the adiabatic wall (23)
|,

The properties of the thermal field/flow are obtained after solving the governing mathematical equations because they
are used to determine the local and average Nusselt number, the local skin friction factor, the friction factor as well
and the hydraulic thermal performance factor [34]. The following equation is used to calculate the local Nusselt
number:

— h

C Ay (IL-T)

_D, 4, 4)

The fluid bulk temperature can be calculated from the following equation:

J;I puCpTdA 25)

h= ” puCpdA
A

By integrating the local Nusselt number along the axis of the channel wall, the average Nusselt number can be
evaluated as follows:

1 L +L,
Nu,,=— I Nu dx (26)
L

h Ly

The thermal performance factor and the friction factor can be defined according to the following equations,
respectively [35]:

B (Num, / Nuaw)

TPF =~—"——2°2 27)
S/ 1)
f= ZApDz (28)
Lpr!/'uin
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3. Numerical Solution of Computational Model

To perform the numerical solution in the current work, the Computational Fluid Dynamics code was developed based
on the Fortran language (90). Using the finite volume method, the flow governing equations with appropriate
boundary conditions were estimated to achieve the coupling between velocity and pressure, a simple algorithm was
used [36]. The downwind plot is used in the governing equations to estimate convection terms, while the second-
order central divergence plot is used to estimate diffusion terms. Moreover, the development of the computational
mesh is carried out by solving Poisson's equations. Additionally, a collocated grid structure has been used to store all
of the physical variables at the same nodes of the computational mesh [37]. To achieve the best numerical
convergence on all physical variables, a low relaxation is applied, so with a limit of (10°) for each variable, the
convergence is set as shown in Figure (2).

1e+01
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1e-01
1e-02 \

16-03 \'\""'*7 ———

1e-04

1e-05

1e-064
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Iterations

‘ continuity — x-velocity — y-velocity —energy —k — epsilon

Fig. 2. Numerical convergence of the governing equations in the computational model.
4. Numerical Mesh Independence Test

The use of small cell sizes to set the optimization of the numerical results of the model is what is known as mesh
independence as shown in Figure (3). The correct result should be obtained by numerical calculation for a mesh of
extremely small size. In a coarse grid with which the ordinary CFD technique begins and gradually improves, the
detected numerical values become small. This is problematic in two ways. First of all, using alternative CFD software
to gain even in a single coarse mesh can be quite challenging, leading to various issues. Second, it may take longer
to refine a mesh by a factor of two or more. For software meant to be utilized as an engineering tool with limited
production capabilities, this is disrespectful. Furthermore, the other problems have greatly contributed to the idea that
CFD is a very challenging, expensive and time-consuming approach. Finally, to achieve the network independence
of the computational model in each case the Nusselt number was recorded and sequenced. Figure (4) shows the
generation and selection of the appropriate grid type on the surface of the empty tube and the tube supported by
triangular barriers, where the edges of the surface were divided into very small pieces to achieve accuracy in
numerical results and numerical convergence. Choosing the right grid plays an important and effective role in the
process of improving heat transfer and numerical results.

5. Results and Discussions

A numerical study investigates the effectiveness of changing the height of baffles with triangular configurations in
enhancing the rate of heat transfer by forced convection with turbulent nanofluid flow inside the two-dimensional
channel. This section will deal with the analysis and discussion of the results of current physical problems. Figures
(5, 6 and 7) show, respectively, the pressure, temperature and velocity distribution of the nanofluid flow inside the
horizontal channel at Reynolds (11000) by changing the height of the triangular baffles with values of (4, 6, §, 10 and
12 mm) for comparison against the empty channel. It can be observed that the pressure value at entry is recorded
higher, after which it gradually decreases to the outlet, while in the presence of baffles, there is a high value up to the
thermal overflow zone as a result of the collision of the nanofluid with the listed baffles obstructing the flow, after
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which it also decreases with increasing height, the amount of pressure at entry increases and decreases at the outlet.
The temperature distribution without baffles increases as the fluid flows along the flow axis, when baffles are inserted
and the height changes, the percentage of increase with temperature distribution increases. In a normal channel, the
velocity of the nanofluid registers the highest value in the middle and decreases down to the surface of the channel
wall, while with the inclusion of baffles, a change in the velocity gradient was observed as a result of obstruction and
turbulence of the fluid, where the highest value of the velocity appeared at the distance separating the upper and lower
baffles, moreover, by increasing the height, the passage of the nanofluid between the baffles decreases and slows
down, therefore the shape of the contiguous layer changes.

3062
3060
3058
3056

3 3054
3052

3050

5000 6000 7000 8000 9000 10000 11000 12000
Number of Element

Fig. 3. Test of mesh independence for the numerical model.
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Fig. 4. Generation mesh of numerical model: (a) smooth pipe without baffles (b) pipe with triangular baffles.
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Fig. 6. Contour temperature of a computational model without/ with different height triangular baffles
at Re of (11000).
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Fig. 7. Contour velocity of a computational model without/ with different height triangular baffles
at Re of (11000).

Figure (8) indicates the change of the heat transfer rate represented by the Nusselt number against the Reynolds
number at different scales of the turbulent nanofluid flow. The increase in the number of Nusselt can be observed
gradually by increasing the Reynolds number to continue increasing the height of the triangular baffles included in
the upper and lower surfaces of the channel, moreover, the number of Nusselt increases by a percentage (60.46, 70.01,
80.65 and 82.69 %) at a height of (4, 6, 8,10 and 12) respectively, compared to the normal empty channel. It found
that the height at a value of (12 mm) gave the best enhancement of heat transfer compared to other heights, this
happened as a result of good mixing of the nanofluid passing inside the horizontal channel.

400
—o—without baffles

—0—5=4mm
350

—&—S=6mm
——5=8mm
—X%—S=10mm
—0—5=12mm

300

250

150

100

50

6000 8000 10000 12000 14000 16000 18000
Re

Fig. 8. Variation of Nusselt number with Reynolds number at different channel triangular baffles height.
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By increasing the Reynolds number, the friction factor gradually decreases to show a change in values, as shown in
Figure (9). The noticeable effect of the baffles of triangular configuration can be observed with the walls of the upper
and lower surfaces of the channel. It was found that with an increase in height, the friction factor increases compared
to the flow of the nanofluid in the empty channel, this happens as a result of the turbulence of the passing fluid
colliding with the baffles, where the higher the height, the higher the values of the friction factor were recorded,
which is considered a negative phenomenon for the use of baffles.

0.3

o O O O o] 0
0.25
0.2 —o— without baffles
—0— S=4mm
A— S=bmm
+ 015 % X x x X X % S=8mm
—%— $=10mm
o1 —0—5=12mm
0.05
A & A rAS AS A
[m) 0 u} O 0 a
0 < < T oS res ZeS
6000 8000 10000 12000 14000 16000 18000
Re

Fig. 9. Variation of friction factor with Reynolds number at different channel triangular baffles height.
6. Conclusions

The present paper deals with a numerical study using the Ansys Fluent program based on the finite volume method
to achieve thermal properties of nanofluid (CuO/Water) with volume fractions of (5%) with turbulent single-phase
internal flow at Reynolds number ranges of (7000-17000). All the governing equations (continuity, momentum, and
heat energy) are solved numerically using the (k-€) turbulence model. The influence of flow and geometric parameters
(height of baffles) on the thermophysical properties and the thermal field were considered. The results of the study
showed that the heat transfer rate improves when including baffles that cause flow obstruction compared to the
smooth channel, where it was found that the height of (12mm) recorded the highest rate of heat transfer enhancement
by (82.69%) Also the friction factor decreases gradually with an increase in the number of Reynolds and increases
with the increase in the height of triangular baffles. The baffles adhering to the surfaces of the upper and lower walls
of the channel caused a change in the shape of the boundary layer, therefore, the distribution of pressure, temperature,
and velocity completely changed compared to the normal empty channel.

Nomenclature

Width of triangular baffle (m)

Specific heat at constant pressure (J/’kg. K)

Channel Diameter (m)

Dimensionless friction factor

Total channel height (m)

CoefTicient of heat transfer (W/m?. K)

Turbulence kinetic energy (m?/s’)

Total channel length (m)

Lajand La, Adiabatic length of parts one and two, respectively (m)
Ly Total heated channel (m)

Laand L,  The distance between the heating start of the baffle site of the upper and lower wall respectively (m)
Nu Dimensionless Nusselt number

o

oOxxEFE DO QW
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) Fluid pressure (N/m?)

Pr Dimensionless Prandtl number

Re Dimensionless Reynolds number

S Height of triangular baffle (m)

TPF Thermal Performance Factor

XandY Cartesian two-dimensional channel (m)

Ap Channel pressure drop (N/m?)

u Working fluid dynamic viscosity (Pa. s)

0] Nanoparticle volume fraction (%)

£ Dissipation rate of turbulence model (m?/s°)

A Working fluid thermal conductivity (W/m. K)

p Working fluid density (kg/m?)

c Turbulent model constant

Subscript

ave Average

b Bulk

bf Base fluid

eff Effective

h Hydraulic

in inlet

nf Nanofluid

np nanoparticle

0 Without

t Turbulence

W Wall
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