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Article history: Nanofluid flow through non-corrugated and corrugated channels is studied using a
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advantage. However, little information about its validity is available. The aim of this
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study is to explore to which extent 2D simulations can describe the flow within a 3D
geometry, and to investigate how effective the commonly used 2D numerical
simplification is in nanofluid flow through non-corrugated and corrugated channels. A
case study has implemented with 2D and 3D mesh models to compare their results
taking into consideration the analysis of heat transfer and pressure drop. A simulation
has been carried out using Ansys fluent software to compare the results for different
Reynolds Numbers ranges from 10000 to 30000 and different geometries non-

Keywords: corrugated, semicircle and rectangular channels. The results show that for non-
Nanofluid modelling; Numerical corrugated channel there is a slight difference between 2D and 3D results for all
simulation; Heat transfer; pressure drop Reynolds number ranges, while for both semicircle and rectangular corrugated
analysis channels, the difference becomes larger for high Reynold’s Number.

1. Introduction

Industries are constantly pushing to improve thermal performance of heat transfer devices in
recent years to increase efficiency, reduce cost, size and weight. In unmixed-flow devices with fluid-
carrying channels or conduits, the corrugated heat transfer surface can be used instead of the flat
surface. One of the most important advantages of using corrugated channels is that it reduces the
thickness of the thermal boundary layer. As a result of the appearance of secondary flow regions in
through of corrugated channel, the geometry of corrugated surface is considered an efficient way to
upgrade the heat transfer in these devices, which leads to improved blending of the fluid medium
and maximize the heat transfer exchange. Furthermore, using nanofluids can also enhance heat
transfer. Numerous works investigates these systems numerically an experimentally, aiming to
decide the best geometry and the proper nanofluid. Ajeel et al., [1] applied Computational Fluid
Dynamics (CFD) simulations to analyze heat transfer and friction factor in a turbulent flow through
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semi-circle corrugated channels with Al,Os-water nanofluid. The results were compared to those
from non-corrugated channels. Results showed that the Nusselt number (Nu) increased with the
increase of Reynold’s number (Re) and volume fraction of the nanoparticles (¢). The Nu was found
to rise as the diameter of the nanoparticles decreased. The maximum enhancement ratio of Nusselt
number was 2.07 at Reynolds number 30,000 and 6 percent volume fraction.

Ajeel et al., [2] applied a 3D numerical simulation to compare the thermal performance of
different corrugated channel geometries as well as non-corrugated channels in a turbulent flow of
ZnO—water nanofluid under constant heat flux. They employed finite volume method with the
SIMPLE pressure-velocity coupling technique to solve the mathematical model. They use several
forms of corrugated channels, including trapezoidal, house-shaped, and semicircle channels, were
tested using nanoparticles volume fractions and Reynolds number ranging from 0 to 0.08 and 10,000
to 30,000, respectively. The work demonstrated the high impact of corrugation shapes on both heat
transfer and pressure drop.

Over Reynolds number ranges of 10,000-30,000, Ajeel et al., [3] investigated numerically heat
transfer and flow characteristics of the symmetry semicircle-corrugated channel with (SiO;) water
nanofluid. They looked at A 3D numerical simulation of nanoparticles volume fractions ranging from
0 to 8.0% were conducted. The work investigates how geometrical parameters like pitch to length
ratio (pch/L) and height to width ratio (h/W) affected thermal and hydraulic properties. In
comparison to the pitch to length ratio, the results revealed that the height to width ratio has a
greater influence on heat transfer promotion.

For a long time, the computational power of 3D numerical simulations was limited, so 2D models
were preferred for flow structure analysis. Rostamani et al., [4] simulated the turbulent flow of
nanofluids with different nanoparticle volume fractions through a 2D duct under constant heat flux
condition. Using the 2D models, several interesting results were obtained, as well as several
innovative ideas. Because of the known limitations of the 2D approach, the validity of the models
used is questioned. Krishnappa et al, [5] compared three numerical models depends on the
assumption of one-dimensional flow, namely isothermal, adiabatic, and energy equation models,
with a (CFD) model based on a 2D flow approach to analyze a two-stage pulse tube cryocooler.
Various experimental parameters have been incorporated into the models to carry out the analysis.
The pulse tube cryocooler's various losses are calculated separately and incorporated into the 1D
models. For validation, the numerical results are compared to experimental results obtained for a
two-stage pulse tube cryocooler. The heat transfer due to laminar flow of copper—water nano-fluid
through a 2D channel with constant temperature walls is studied by Santra et al., [6]. They concluded
that the rate of heat transfer increases as the flow Reynolds number and the solid volume fraction of
the nano-fluid increase. Li et al., [7] simulated the forced convection heat transfer occurring in silicon-
based microchannel heat sinks by using a simplified 3D conjugate heat transfer model (2D for the
fluid flow and 3D for the heat transfer). Manca et al., [8] in a 2D channel, a numerical investigation
of forced convection with nanofluids composed of water and Al,O3 nanoparticles is carried out. On
the exterior walls, a uniform heat flux is applied. To model nanofluids, a single-phase approach is
used, and the fluid properties are assumed to be constant with temperature. The particle size is set
to 38 nm, and nanoparticle volume fractions ranging from 0% to 4% are taken into account. The flow
is turbulent, with Reynolds numbers ranging from 20,000 to 60,000. In addition, different
arrangements of ribs and square and rectangular shapes are analyzed in terms of different
dimensionless heights and pitches of elements. Temperature and velocity fields, as well as profiles of
average Nusselt number, average heat transfer coefficients, and required pumping power, are
presented. Heat transfer efficiency improved as particle volume concentration raised, but so did the
amount of pumping power require. As the Reynolds number raised, heat transfer improved, but
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pumping power must also rise. Ahmed et al., [9] studied heat transfer and pressure drop numerically
using 2D corrugated channels and a Cu-water nanofluid over low Reynolds number ranges of 100—
1000. The findings of this study showed that increasing the nanofluid volume fraction and Reynolds
number had a similar effect on heat transfer when combined with a small increase in pressure drop.
Al-Shamani et al., [10]. investigated the numerical study of heat transfer due to turbulent nanofluid
flow through rib—groove channels, they used different types of nanofluids, different nanoparticle
volume fractions, and different nanoparticle diameters, which were dispersed in base fluids (water)
over a horizontal channel with different rib—groove shapes. The Trapezoidal with increasing height in
the flow direction rib—trapezoidal groove has the best heat transfer rate and a high Nusselt number,
according to the results. In comparison to other types of nanofluids, the SiO; — nanofluid has the
highest Nusselt number. The Nusselt number rises with increasing volume fraction and falls with
increasing nanoparticle diameter. Using single-phase flow, Kriby et al., [11] studied the thermal and
hydrodynamic behavior of a nanofluid flowing in turbulent conditions through the pipe. Analyses
were performed on Al;O3 and Copper oxide nanoparticles to determine how they affected the
Nusselt number and pressure drop. As a result, Al,O3 nanofluid performed better than CuO nanofluid.
Trapezoidal, sinusoidal, and straight counter heat exchangers with water and engine oil were
investigated by Khata et al., [12]. Nusselt number was found to be more affected by trapezoidal
channels than by sinusoidal and straight channels, respectively. The most straightforward way to
determine the applicability of 2D models is to compare 2D and 3D results. Unfortunately, because
they used different numerical techniques and considered different boundary parameters, comparing
results obtained by previous authors in 2D and 3D models is difficult. It is necessary to verify the
results of a comparison by running a series of 2D and 3D simulations for the same binary system and
boundary conditions using the same numerical technique.

2. Channel Description

To analyse the difference between 2D modelling and 3D modelling, this study looks at three
different geometries, the first is a non-corrugated model, which has dimensions of length of channel
L = 700mm, width of the channel W = 50mm, and channel hight H = 10mm. The second geometry a
channel with semi-circular corrugations. The corrugation geometrical properties are represented by
corrugation width (Wc) = 5mm, radius (r) = 2.5mm, and channel pitch (Pcx) = 21.5 mm. The third
channel comprises rectangular corrugations, with a height (hc) = 2.5mm, width (Wc) = 10mm, and a
pitch (Pch) = 21.5mm. Schematic representations of the channels shown in Figure 1 and Figure 2.
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Fig. 1. Schematic diagram of; (a) computation domain, (b) test section, (c) geometry of semi-
circle and corrugated channels
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Fig. 2. Physical domain of the present study; (a) non-corrugated channel, (b) semi-circle-corrugation
channel, (c) rectangular-corrugation channel

Corrugations are placed on the top and bottom walls of the channel, with the sides remaining
flat. The flow domain is divided into three sections: a test section with corrugations heated from the
upper and lower surfaces and an upstream and downstream flat and adiabatic section following an
experimental setup [2].

3. Numerical Setup

The flow in the domain of interest is assumed to be steady, incompressible, and fully developed.
The fluid is single phase, Newtonian and homogeneous. The wall has the surface roughness of
stainless steel with constant thermal conductivity. The governing equations for this type of flow are
as follows [13,14,22,23]:

Continuity equation:

V. (pnsV) =0 (1)
Momentum equation:

V. (pnfVV) ==V P+V.T (2)
Energy equation:

YV (PnfVCpns) = = V. (kns VT = Cpnppnsvt) (3)

Where ps is Density of the nanofluid, (kg/m?), V is dimensionless velocity vector, VP Pressure
gradient (Pa), T is wall shear stress(N/m?), VT temperature gradient, (K), Cp, nf is Specific heat of the
nanofluid at constant pressure, (J/Kg K) and knsis thermal conductivity of the fluid, (W/m. K).

Boundary conditions are applied at the inlet, exit and test sections. These include a velocity inlet
condition along with fluid temperature of 300°C, as well as a pressure outlet condition. The no-slip
condition is imposed at the walls. Uniform heat flux (q = 10000 W/m?) are imposed on the corrugated
surfaces, whereas the remaining walls are subjected to an adiabatic condition. The following are the
specific flow and boundary conditions for the flow and the boundary conditions:

Inlet:

Uu=up,,v=w=0,T, =300K,k=Fky,,c=¢n
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Where u, v, w, are velocity components (m/s) at x-direction, y-direction, z-direction respectively, k is
turbulence kinetic energy and € is turbulence dissipation rate.
The properties are assumed to be spatially uniform at the outlet boundary in the current study.

an_ au_av_aw ok 66_

=0,—=—= =0, i
0x dx Ox Ox an Jdx Ox
Wall:

u:U:WZOrq:CIWall

The turbulent kinetic energy (kin) and turbulent dissipation (gin) at the inlet are calculated using
the turbulent intensity / as follows [15]:

3
kin = E(uinl )2 (4)
3 3/,
e = /42 5)

where the turbulent intensity (/) is [15]:
[=0.16Re 8% (6)
The flow is characterized by the Reynolds number (Re), which is defined as:

PnfuDp
Re =2
Unf

where, Dy is the hydraulic diameter of the channel and uysis the dynamic viscosity. The heat transfer
capability of the channels is evaluated through the average Nusselt number (Nugy) defined as follows:

Nug, = h%;)h (7)

where hgy is the mean heat transfer coefficient. The hydraulic diameter in the corrugated section is
calculated using the cross-sectional area (Across) and the wetted perimeter (P) as [15]:

4Across

Thermophysical properties of nanofluid (Water + SiO3) is calculated based on empirical equations
from the literature with p = 1094 (kg/m3), Cp = 3022 (J/kg K), k = 0.634 (W/m K) and p = 0.004795
(kg/ms) [16-19].

The CFD commercial software ANSYS-FLUENT (V16.1) is used to solve the governing equations
with corresponding boundary conditions using the finite volume method discretization scheme. The
pressure-velocity system coupled using the SIMPLE algorithm, and the convective terms are handled
using a 2nd order upwind scheme. The realizable k-standard wall function turbulent model is chosen,
with 2nd order upwind being used to approximate the diffusion term in the momentum and energy
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equations. For the continuity, momentum, and turbulence equations, residues of 10~ are considered
converged, while residues of 10 are considered converged for the energy equation.

For validation, the friction factor and average Nusselt number are compared to the empirical
correlations of Pethukov et al., [20] and Dittus-Boelter respectively [21] as shown below. Figure 3
shows that the numerical predictions are in good agreement with the empirical correlations:

Pethukov [17]: f =0.79In(Re) — 1.64) 2 (9)
Dittus-Boelter [18]:  Nug,, = 0.023Re%8Pr04 (10)

Where fis friction factor and P, is Prandtl No.
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Fig. 3. Comparison of (a) friction factor (b) Average Nusselt No. with the empirical correlations
4. Results and Discussion

The study compares the prediction of pressure drop and heat transfer characteristics of flow in
corrugated channels with 3D and 2D numerical approaches. Figure 4 compares the Nu predictions
for different types of corrugations with 2D and 3D numerical setups. Nu is seen to increase with Re
for all cases. This is expected since higher Re results in stronger mixing of the fluids, hence the higher
energy transfer. It can be observed that there is good agreement between the Nu predictions for
smooth (non-corrugated) channels with less than approximately 5% maximum difference. The
predictions for semi-circular corrugated channel show good agreement between 2D and 3D
predictions at Re up to 20000. Beyond this range of Re, a larger difference (appr. 17%) can be seen.
Figure 5 and Figure 6 show the temperature and velocity contoursfor2D and 3D (x = 0.025 at the
middle) at Re = 25000 respectively, it can be seen clearly the difference between the two models,
the temperature counters show that the max temperature for 2D model is 301.7k while the maximum
temperature which detected by 3D model is 302.259k, from this it can be said that 3D model more
capable or more cocurate for high Reynolds Number. Moreover, velocity contours illustrate that 3D
model is more resolution than 2D model and can mounter in-depth details. For rectangular
corrugation, the prediction of Nu by 2D and 3D models are almost similar withing less than 7%
difference with 2D prediction lower Nusselt numbers.
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Fig. 6. Velocity contours for (a) 2D and (b) 3D at x = 0.025mm (middle plane), models at Re =
25000

Figure 7 displays the predicted pressure drop (AP) along the length of the channels for three

different corrugation geometries. It can be noticed that the predictions using 2D and 3D approaches
show similar trends in that AP increases with the increase in Re. For non-corrugated channel, the 2D
simulation predicts lower AP compared to 3D simulations. The differences are less noticeable for
corrugated surfaces. The 2D model predicts higher AP at Re = 25000 resulting in a 18% difference
with the 3D prediction. In the case of rectangular corrugations, the two models are seen to be within
10% agreement with each other with the 2D model predicting slightly lower AP over the range of Re.
Figure 8 shows pressure contours for 2Dand 3D (center plane) models at Re = 25000, it can be noted
that 3D mode gives more details and clearly displays several different pressure regions.
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Fig. 7. Pressure drops vs Reynold’s no. (a) non-corrugated (b) semi-circle corrugation (c) rectangular-
corrugation
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Fig. 8. Pressure contour for (a) 2D and (b) 3D at x = 0.025mm (middle plane), models at Re = 25000

Figure 9 shows the velocity contours for 2D and (3D at 3 different longitudinal planes x = 0.001, x
=0.025, x = 0.049) for semicircle-corrugation for Reynold’s No. = 10000, it can be noted that the max
velocity occurs at the middle plane and it decreases as the flow becomes near the wall and that
because of the fully developed flow, moreover 2D contour is almost similar to the middle plane of 3D
model at x = 0.025. The same behaviour for rectangular corrugation which is illustrated by Figure 10.
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Fig. 9. Velocity contour for semi-circle channel at Re = 10000
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From the results above we can note the following: For all types 2D modelling shows results for
only one plane which is similar to the mid plane of the 3D. The other planes if we go closer to the
wall 2D modelling unable to give any information about it. Also, for lateral cross-sections cannot be
visualized by 2D modelling. The results were not significantly different for, the two-dimensional
However, when using a three-dimensional turbulence model, slightly different results were obtained
that were qualitatively closer to those obtained experimentally, possibly justifying the use of a three-
dimensional approach when precision is required. When simulating fluids with CFD tools on a
2D/planar mesh and a 3D/volume mesh, the flow will obviously differ depending on the cross-section.
If the cross-section of each channel is rectangle, a planar mesh solution gives similar results to a 3D
mesh in a flow mixing simulation, whereas if the channel is of any other cross-section, the flow
physics will vary. Aside from the geometry, the difference between 2D and 3D is determined by
several factors. The first thing that comes to mind is turbulence. Mixing and, more broadly, diffusion
is never purely 2D phenomena. When using Reynold’s averaged Navier Stocks RANS models and
turbulent conditions, 3D diffusion may be accounted for by the turbulence transport equation
guantities. If the conditions are laminar, everything is dependent on the geometry.

5. Conclusions

A comparison between 2D and 3D modelling for the turbulent forced convection flow of nanofluid
through different shapes of corrugation (semi-circle and rectangular) besides to non-corrugated
channels was implemented numerically to investigate the difference between both two models.
Ansys fluent software was used to study the effect of suspension of nano particles of SiO; into water
as a base fluid and to determine to what extent 2D modelling is sufficient to display the behaviour of
thermohydraulic characteristics of the convective heat transfer flow through the channels. 2D and
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3D simulations were conducted for Reynold’s numbers range from 10000 to 30000. The results show
the following:

i.  For non-corrugated channel, the variation of average Nusselt’s No. with Reynold’s No. is
almost the same for both 2D and 3D for all Reynold’s Numbers and this can be said for
pressure drop.

ii.  For semi-circle and rectangular corrugated channels, the difference between 2D and 3D
simulation for the two studied parameters, increased at high Reynolds number.

iii.  Nu is seen to increase with Re for all cases, there is good agreement between the Nu
predictions for smooth (non-corrugated) channels with less than approximately 5%
maximum difference. The predictions for semi-circular-corrugation channel show good
agreement between 2D and 3D predictions at Re up to 20000. Beyond this range of Re, a
larger difference (appr. 17%) can be seen. For rectangular corrugation, the prediction of
Nu by 2D and 3D models are almost similar withing less than 7% difference with 2D
prediction lower Nusselt numbers.

iv.  For semi-circle corrugation channel. The 2D model predicts higher AP at Re = 25000
resulting in a 18% difference with the 3D prediction.

v.  Visualization of velocity, temperature, pressure contours show that the 2D simulation can
display only one plane which is similar to the middle plane that of 3D simulation while for
other longitudinal planes the 2D simulation unable to give any information.
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