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ABSTRACT

The radiatoris an important part of a car. It cools the
differentparts of the vehicle by indirect heat exchange,
by circulating coolant through the radiator. Heat
transfer conditions are a function of theflow, geometry,
and temperature characteristics. The present work
concerns the numerical study of two-dimensional
turbulent flow, with heat transfer in a corrugated
channel with and without vortex generators, using
Al1203-water nanofluid as a heat transfer liquid.

The governing equations of the flow are the continuity
equation, the momentum equation, and the energy
equation modeling the heat transfer. This partial
differential equation system was discretized and solved
using the Ansys-Fluent commercial software based on
thefinitevolumemethod. The standard k-¢ model was
used to model turbulence.

We analyzed the effect of parameters and the vortex
generators on thesolutions. The obtained results were
presented graphically.

1. Introduction

An efficient heatexchange is often synonymous with
increased performance, and the improvement of heat
exchange in many industrial sectors requires the
intensification of heat transfer by convection. To do
this, a large number of researchers have conducted
severalnumericaland experimental tests to increase the
exchange surface. Others, on the other hand, have
worked on heat transfer fluids, and the primary
parameter that allows us to evaluate the potential of heat
exchange is the thermal conductivity. The idea is then to
disperse particles of nanometric size in the base fluid to
increase its conductivity, hence thename of nanofluid.
M. FIEBIG. [1] Published papers about the effect of
Transverse and longitudinal vortex generators on heat
transfer. Longitudinal vortices are more efficient for
heat transfer enhancementthan transverse vortices. Heat
transfer enhancementincreases with Reynolds number
and increases for constant winglet aspect ratio with
angle of attack up to a maximum angle of attack; but it
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also increases up to limiting values for winglet height
relative to transverse and streamwise winglet spacing
and relative to boundary layer thickness.
S.Eiamsa-ard, P.Promvonge. [2] Have invested in an
experimental study enhancement of heat transfer by
means of helical tape inserts in a double pipe heat
exchangerusingcold waterandhotairas the testfluids.
Experimental results confirmed that enhanced heat
transfer. The full-length helical tape with rod provides
the highest heat transferrate, about 10% better than that,
without a rod. The pressure drop from the full-length
helicaltapeinsert decreases at low Reynolds numbers
due to weak swirling flow but increases substantially at
highervalues of Reynolds numbers. The different free-
spacingratio value should be about unity for Re <4000.
The regularly spacedhelical tapeinsertsats=0.5 yields
the highest Nusselt number yield, which is about 50%
above the plain tube.

M. Henze and all. [3] Have been experimentally
investigated. The heat transfer and flow field using a
transientmethod based on temperature measurement
with thermochromic liquid crystals was used to obtain
the heattransfer distributionbehind a tetrahedral, full-
body vortex generator. Turbulence promoters or vortex
generators (VGs) are often used to manipulate the flow
field and create turbulence. The heat transfer
enhancement at different positions behind the VG is
shown.

Veeranna Sridhara, Lakshmi Narayan Satapathy.[4]
They published a review aboutnanofluids and the most
important characteristics (kind and size of nanoparticles,
volume fraction). These characteristics a ffect properties
of the basefluid, increasethe thermal conductivity, and
viscosity. The A1203 nanoparticles varied in the range
from 13 to 302 nm to prepare nanofluids, and the
observed enhancementin the thermal conductivity was
2% to 36%.

S. R. Nfawa et al. [5] have numerically studied the
turbulentflow in a trapezoidal corrugated channel with
vortex generators for heat transfer enhancement. To
achieve this objective, four amplitude heights were
introduced: 1,2, 3 and 4 mm. A constant heat flow is
adopted as the thermal condition on the walls of the
lower and upper corrugations, with a Reynolds number
Re varying from 5000 to 17 500. The results found
show, that in the case of the configurations with vortex

GEP, LXXIV. évfolyam, 2023.



generators, a significant improvement of the Nu but
accompanied by an increase ofthe friction coefficient is
observed compared to the configuration without
generators. Therefore, the vortex generator could be
favorable in several heat transfer applications.
Raheem K. Ajeel and all. [6] They investigated the
forced convective turbulent flow of SiO2-water
nanofluid through different corrugated channels being
studied numerically and experimentally, using particle
volume fractions (1% and 2%). The numerical results
were close to the experimental results. [t shows that the
enhancement in heat transferis due to corrugations and
nanoparticles. The Nusselt number was increasing with
Reynolds number. Corrugation creates a vortex, and the
nanoparticles increase the conductivity of fluid, at the
same time, the vortex and nanoparticles increase the
friction, and this leads to a pressure drop.

Chen Yang and all. [7] Study the combination of the
smooth part and the corrugated part, the effect of
geometrical parameters on heat transfer, pressure loss;
the heat transfer enhancement, while the maximum
augmentation is found to be 258%. To evaluate the
pressure loss of a hybrid, smooth, and spirally
corrugated tube, the friction factor ratio is calculated
with the comparison of smooth tubes. Results show that
tube of the casewith p/D %4 4.5 generates less pressure
loss.

Filipe Nevesand all. [8] Focuses on the numerical study
of the performance of two nanofluids (AI203 waterand
TiO2-water) in heattransferby forced convection in a
flat tube of an automobile radiator. Increasing the
concentration of nanoparticles can improve the heat
transfer characteristics of nanofluids. The use of
alumina and titanium dioxide nanoparticles have a
similarbehaviorregarding heat transfer. The utilization
of nanofluids in the radiator of automobiles, enahnces
radiator performance, because the nanofluids can
improve the processes related to heat transfer and
consequently the performance of the engine.
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1 figuresome examples about corrugations and vortex
generators

GEP, LXXIV. évfolyam, 2023.

2. Mathematical formulation

The study of physical phenomenonis often formulated
by laws expressed in the form of mathematical
equations with partial derivatives which are elliptical
and nonlinear on the one hand, and complex and
coupled on the other hand, linking the various
parameters, namely speed, pressure and temperature,
which will be validated at each point of the field of
study.

These equations obtained from the fundamental laws of
mechanics and thermodynamics are:

1- The continuity equation, which translates the
principle of conservation of mass.

2- Theequations of Navier-Stokes which translate the
principle of conservation of the quantity of movement.
3- The energy equation based on the first principle of
thermodynamics.

2.1. General equations governing the flow

Simplifying assumptions
e Anincompressible fluid (p = cte).
e Aviscous Newtonian fluid (¢ # 0).
e Constant physical properties.

e Steady state (a% =0).
a
° 2D(a—xa—0and U; =0).

e Negligible volume forces.
e Turbulent flow.

Takinginto account these simplifying assumptions (e.g.
[8]), the general equations governing the flow and heat
transfer become:

2.1.1 Continuity equation

dy; N o4, 0 "
ox,  0x, @
o, N o, o, 0 )
— —_— = - —_—=
dx; 0Ox; ox; @)
ou, 0 3)
ox;
2.1.2- Equation of momentum
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2.1.3 Energy equation

a(pCpUjT) 0 (0T -
0% 0% (K 0xj pCpu]t) (6)

2.2 k-epsilon model

The k-epsilon modelis a two-equation model that gives
a generaldescription of turbulence using two transport
equations, one forturbulent kinetic energy (k) and the
other fordissipation (epsilon). The turbulentdissipation
is the rate at which velocity fluctuations dissipate. This
model uses the Boussinesq concept, based on the
analogy between the exchange of momentum by
molecularinteraction at the microscopic scale and the
exchange of momentum by turbulence at the
macroscopic scale. The k-¢ model uses the gradient
diffusion assumption to relate Reynolds stresses to
mean velocity gradients and turbulent viscosity.

—y = v, (G +52) ~ ks, ()

2.2.1 Turbulent kinetic energy transport equation
% _ 2 ()2 4 —

22 (pkt)) = = | (1 + ) 22| + G = e ®)
2.2.2 Transport equation for the dissipation rate € of
turbulent kinetic energy
% LT (L PR

a_xi pkljj) - 0x; I:(Il + 0’5) 6Xj] + Clg (k) Gk

2
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= — U T2 = oy 2 4 25|20
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2.3 Calculation of the thermo-physical properties of
the nanofluid

The thermo-physical properties of the nano fluid AL, O;
are calculated from the following equations:

e Effective Density

pur = (1= ®)ps +Bp, (11)
e The volume fraction
@ — solid volume nanoparticle — Vp (12)

totalvolume of the nanofluid  vg+vy

e Effective specific heat (Xuan and Roetzel
correlation)
(PCpng = A =D)(pCp)r +B(PCp)y (13)

e Effective dynamic viscosity (Corcione

e Effective thermal conductivity
(Maxwell's correlation)

knp kot 2k, +2(k, — k)0
ke ky+2k,—(k,— k)8

(15)
The properties are determined from the properties of

waterandthe AL, 0;at298 K, with a fraction @ = 3%

1. Table. Thermo-physical properties of the base fluid
water and the nanoparticle AL, O5.

Water AL, 04
p(kg/m3) 998.2 3600
Cp(j Jka. oK) 4182 765
KW/ o) 06 36
ulkd /) 0.001003 -

2.4 Adimensional numbers

Reynolds Number:
p.u.D,
R, = m (16)
Nusselt number:
h.Lc
Ny = == (17)
Coefficient of friction:
T
C,= v 18
f 0,5.p.u? (18)
Coefficient of thermal performance:
( Numox )
N
PEC= % (19)
(f ) /3
ref
3.Numerical Modeling

In the following, the different geometries, the
generation of their mesh and the incorporation of
boundary conditions as developed in the Ansys-Fluent
preprocessor are described.

200mm

e

2. Figure Geometry without vortex generators.

correlation)
1
l;ﬂ - d 14
f — —P\-03 3103
1 —34.87( df) ?
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3. Figure Central part showing the corrugations with
vortex generators.

4. Figure Different dimensions on vortex generator and
corrugation

The boundary types of the geometries considered in this
work are summarized in the table below.

2. Table Types of boundaries.

Region Type
Input Velocity
Output Pressure

Wall (smooth channel) Adiabatic

Wall (corrugations) Heat flow

Vortex generator ~ Adiabatic

4 .Results and Discussion
4.1 Effect of the Grid:
Figures (5)below, represent, the pressure and velocity
profilesata position x=287.5mm and y vary from -7 to
+7mm. The different curves were obtained with meshes
madeof 9141, 12883,37191 and 55302 nodes fora
IReynolds r}‘}llmber of 17530. |

5. Figure Pressureand Velocity profile on a line at the
Sth corrugation.

4.2 Numerical Simulation:

Figure (6) represents the velocity profile on a line from
[-7mm to 7mm]in the middle of the 5th corrugation
with a vortex generator and this for different
amplitudes. We noticethatthe velocity was parabolic in
the middle and changes direction until it became
negative under the effect of the vortex generator.
Also, on figure (7), we notice that the temperature
increases significantly with the increase of the
amplitude.

GEP, LXXIV. évfolyam, 2023.

Velocity (m/s)

6. Figure Velocity profile on a line at the 5th
corrugation for different amplitudes
0,008

Temperature

——all

208,08 3081 208,1% 2083 I9823%5 I983

Temperature(°k})

7. Figure Temperature profile on a line at the 5th
corrugation for different amplitudes

Figures (8) represent the contours and velocity vectors
fora Reynolds number equalto 5000 with and without
vortex generators. In the case of corrugations without
vortex generators, anacceleration ofthe fluidis noted at
the central section of the channel, and which weakens as
one moves away from and towards the wall. On the
other hand, in the case of corrugations with vortex
generators, and eachtime theamplitude increases, there
is elimination ofthestagnationzone of the fluid at the
wall, to go to concentrate in the middle. Moreover, this
behavioris confirmed by the recirculation zones on the
figures of the speed vectors.

At the level of the upperand lower walls, the behavior
is almost identical.
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8. Figure Contour andvelocityvector withand without
vortex generators.

Figures (9) show the temperature contours for a
Reynolds number of 5000 with and without vortex
generators. [tisclearthat thevortex generators have a
great influence onthe temperature gradient in the walls;
as the amplitude of the vortex generators increases, the
thermalboundary layer becomes thinner and the heat
transfer is better.

a=lmm a=2mm

a=4mm

a=3mm

9. Figure Temperature contours (Re=5000)

Figures (10) represent, the variation of the Nusselt
numberandthe friction coefficientasa function of the
Reynolds number without and with vortex generators at
differentamplitudes. It can be seen that the Reynolds
numberandthe amplitude have a significant influence
on the Nusselt number. The latter increases with the
increase of the amplitude, so the heat transfer is better.
Also, the friction coefficient increases contrary to what
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it should be because the velocity gradient is importantat
the wall.

150 1 =
100 | -3

0y

250 5000 7500 10000 12500 15000 17300
Re

coeff friction

E ¥ B E
=
11 =
REEEEEEE
1
1

B0 WD TS0 N0 s M0 7RG

Y

10. Figure Variation of the Nusselt number and friction
coefficient as a function of the Reynolds number

Figure (11)represents the performance criterion PEC,
which represents here the ratio of the Nusselt of the
corrugations with the generator to that without the
vortex generator to the friction ofthecorrugations with
the generator to that without the vortex generator:

(N GV/NSGV)

O

GV;SGV: it mean with and without vortex
generators respectively.

PEC =

We notice that this factor increases with the increase of
Reynolds number until reaching a value of 1 foran
amplitude of 4mm, so it is an optimal amplitude which
is chosen to pass to the second partof study, that of the
nanofluid.
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11. Figure Variation of theperformance criterion as a
function of the Reynolds number.

4.3 Comparison between: base fluid (water) and
nanofluid (Al1203 / water):

In the following results for the studied configuration
with vortex generators (amplitude =4 mm) using the
base fluid (water), the nanofluid (A1203 / water) will be
shown.

Figure (12;13) shows the variation of the Nusselt
number, the friction coefficient as well as the
performance criterion as a function of the Reynolds
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number, with vortex generators. [t can be seen that the
Nusselt number increases significantly with increasing
Reynolds number, with larger values for the A2O3 /
water nanofluid compared to pure water, which is in
favor of improved heat transfer.

Moreover, the coefficient of friction results for both
fluids used are identical, which means that nanoparticles
havenoeffect on the coefficient of friction. Also, the
PECis around 1 (figure 13), which clearly shows that
the nanofluidis much better than purewater, in favorof
an improvement of the heat transfer.

(2]
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12. Figure Variation of the Nusselt number and the
friction coefficient as a function of Reynolds. For
water and AI203 /water (9 = 3%) With vortex

generators
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13. Figure Variation of PEC as a function of Reynolds.
With vortex generators

5.CONCLUSION

The numerical study ofthe turbulent flow of a nanofluid
through a corrugated channel with a trapezoidal base
with and without vortex generators was the objective of
the present work.
Initially, the basic fluid flow (water) without vortex
generators was studied and then the flow with vortex
generators at different amplitudes was considered.
This study reveals:
e Theeffectof Reynolds numberon the thermal
and dynamic fields.
e The increase of the amplitude of the vortex
generators leads to the increase in pressure.
e In the case of corrugations with vortex
generators, eachtime the amplitude increases,
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there is an elimination ofthe stagnation zone of
the fluid at the wall, to be concentrated in the
middle of the channel.

e As the amplitude of the vortex generators
increases, thethermal boundarylayerbecomes
thinner, and the heat transfer is better.

e TheReynolds numberandthe amplitude have
a significant influence on the Nusselt number,
but the friction coefficient increases contrary to
what it should be.

e The PEC factor increases with increasing
Reynolds numberuntilit reaches a value of 1
foran optimal amplitude of 4mm.

e The Nusselt number values are higher for the
A1203 / waternanofluid than for pure water.

The nanoparticles have no effect on the friction
coefficient.
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