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In order to assess the profitability of an energy system, various factors such as fluid nature, geometry shape,
and operating conditions must be considered. This study focuses on the impact of sinusoidal rib shapes, with
different values of space ratio (e/b) ranging from 0 to 1, on heat transfer in nanofluid flow. The channel's upper
surface is subject to a uniformed heat flux, with AloO3 Nanofluid as the working fluid and Reynolds numbers
ranging from 5000 to 20000. The effect of the volume fraction of aluminum nanoparticle, ranging from 0 to 6 %, is
also analyzed. The simulation results demonstrate that the performance of the channel's corrugated surface is
greatly influenced by rib shapes and their geometrical parameters. The highest Performance Evaluation Criteria
index (PEC) is obtained for ribs with a space ratio (e/b) of 0 at Re = 5000 and at 6 % volume fraction. Furthermore,
the average Nusselt number increases with an increase in particle volume fraction and Reynolds.

Keywords: Nanofluid, Geometric factor, Turbulent flow regime, Nanoparticle volume fraction, Heat

convective transfer.
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1. INTRODUCTION

Energy systems used for thermal applications, such as
heating water systems, solar air conditioning, drying agro-
alimentary products, and refrigeration machines, require
materials that optimize their efficiency [1-3]. In particular,
the area that limits fluid flow in heat exchangers plays a
crucial role in their performance. To improve this
performance, coefficients of convective transfer between
the absorber layer and fluid must be optimized while
reducing the load loss among heat exchanger components
[4, 5]. Over the years, various energetic systems have been
developed in the industry, which rely on introducing solid
particles of high thermophysical properties, such as
aluminum oxide (Al203), to the basic fluid, and modifying
the internal surface of the fluid channel, to achieve high
heat transfer [4, 5].

The aim of this numerical investigation is to analyze
turbulent flow of Al2O3 nanofluid in a mini-channel with
a sinusoidal rib-shaped wall. The study examines the
effects of nanoparticle concentration and Reynolds
number, ranging from 5000 to 20000, on critical factors
such as the mean Nusselt number, coefficient of friction,
and performance index for both water and nanofluid.
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2. GEOMETRY AND THERMOPHYSICAL
PROPERTIES OF NANOFLUIDS

The geometry represented in Fig. 1 is the field of study
of this numerical research, it considered as horizontal tube
with inner hydraulic diameter Dr=10mm and a total
length L7 =340 mm. In the purpose of enhancing the heat
transfer and flow behavior of water/Al20s nanofluid in the
studied geometrics, the sinusoidal shapes of rib of the
inner surface of the wall had been used. The uniform heat
flux (Q") equal to 104 W/m?2 parallel to the Y axis is
imposed on the channel wall of the test section which has a
length Lz = 108 mm, the channel inlet length L1 =200 mm,
and the exit section has the length of Ls=32 mm. The
space ratio (e/b) equal to 0, 0.25, 0.5 and 1 mm are studied.
The inlet temperature of working fluid is Tin = 300 K, and
inlet velocity changes based on varying Reynolds number
ranging from 5000 to 20000, with a volume fraction of
aluminum nanoparticle ranging from 0 to 6 %. The
sinusoidal function used for drawing the corrugate shape
of the wall of the ribsis written as following:

y = asin(2n(x/b)) (1)

where a = 1 (mm) and b = 6 (mm).
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Fig. 1 — Studied configuration

We take note that:

—  If the ratio (e/b = 1) it means that e=b.

—  If the ratio (e/b = 0.5) it means that e = b/2.

This work analyzes a new displacement model for
sandwich plates on an elastic foundation under various
thermal loads. Analytical solutions are presented using a
New High Order Theory (HSDT).

A simply to calculate the thermophysical properties
of nanofluid such as density, specific heat, dynamic
viscosity and thermal conductivity by considering the
effects of nanoparticles and base fluid, the following
equations are used [6].

Density:
Prg = (1= @)pg + Ppny @
Specific heat:
(pCp),,; = (L= D)(PCy)s + B(PCy)up 3

Where (oCp); and (oCp)np are heat capacities of the
based fluid and the solid nanoparticles, respectively
Dynamic viscosity:

My = Ky (123¢* +73¢ + 1) (4)
Thermal conductivity:
ky = ky(497¢% +2.72¢ + 1) (5)

Table 1 below present properties of the nanofluid used
in this study.

Table 1 — The properties of nanofluids [7]

[ o u Cp k
Type of fluid | % | Kg/m? | MPas | J/JKgK | W/m-K
Pure water 0 997.7 0.949 4178.90 | 0.600
Al2Os/water | 1 1027.4 | 1.020 | 4046.96 | 0.617
2 1057.2 | 1.130 | 3922.46 | 0.635
4 1116.6 | 1.410 | 3695.36 | 0.671
6 1176 1.780 | 3487.42 | 0.709

3. CODE VALIDATION

The numerical results have been validated with
correlations of Dittus—Boelter and Blasius, respectively in
terms of average Nusselt number and friction coefficients.
The results are plotted in Fig. 2(a) and Fig. 2 (b).
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Fig. 2 — Comparison of present results with equations of (a)
Dittus—Boelter and (b) Blasius. (Working fluid is the Water)

Dittus- Boelter correlation: [8].

Nu, = 0.023 Re"®pr®* (6)
Correlations of Blasius
f =0.316 Re~025 (7

For (3 x 103 <Re < 2 x 10%)

The comparison between the results of this study and
previous works shows that the present numerical
simulation is accurate because the results are in good
agreement with the previous studies.

4. RESULTS AND DISCUSSION

The results reported in terms of average Nusselt
number, friction coefficient, performance evaluation criteria
index, as a function of Reynolds number ranging from 5000
to 20000, roughness pitch values from e/b=0 to 1, and
particle volume concentrations of 1 %, 2 %, 4 % and 6 %.
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4.1 Results of Water Working Fluid

The variation of the Nusselt number profiles as a
function of Reynolds number and space ratio e/b is
presented in Fig. 3, the water is used as working fluid. It
can be seen that the Nusselt number increases with the
increase in Reynolds number for all values of space ratio
e/b in comparison with the smooth channel.
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Fig. 3 — Effect of space ratio on Average Nusselt number (a),
friction factor (b), (Working fluid is the Water)

In Fig. 3 (a) the results show that the Nusselt number
increases with 48,65 % in case the space ratio e/b =0 and
31,21 %, 24,86 %, 18,68 %, in cases e/b=0.25, e/b=0.5,
e/b =1 respectively. Thus, in Fig. 3 (b) we notice that there
is an inverse relationship between friction coefficient and
Reynolds number, the increase of the latter leads to the
reduction in the coefficient of friction, the maximum values
of the friction coefficient are noted for the space ratio case
e/b =0, where f = 0,041 for Reynolds number Re = 5000.

4.2 Results of Al:03-Water Mixture (Nanofluid)
Working Fluid

Case Smooth Channel

Fig. 4 shows the evaluation of the average Nusselt
number in smooth channel with different volume fraction
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of nanoparticles, and Reynolds number.

In influenced by the presence of Aluminum particles in
the water with different concentrations. It is clearly shown
that the heat transfer mechanism improves by increasing
volume fraction of nanoparticles.
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Fig. 4 — Effect of different volume fraction nanoparticles with
different Reynolds numbers on average. (a) Nusselt number, (b)
friction factor (Case smooth channel AloOs-water mixture)

In Fig. 4(a), the average Nusselt number increases as
Reynolds number increases, also that this quantity
influenced by the presence of Aluminum particles in the
water with different concentrations. It is clearly shown
that the heat transfer mechanism improves by increasing
volume fraction of nanoparticles. The Fig. 4(b) shows the
variation of friction factor with Reynolds number for
different volume fraction of nanoparticles. It is seen that
the particle volume concentrations of ¢=0.06 has the
highest effect on friction factor and it is followed by
@ =0.04, 0.02 and 0.01 respectively, and it is high at lower
Reynolds number Re=5000. The results of this
investigation study also shows that the average Nusselt
number increases with 21.54% in case ¢=0.06 in
comparison with ¢ =0.04, 0.02 and 0.01where the height of
values of Nusselt number is 21.54 %, 16.16 %, 10.18 % and
8.86 % respectively.
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Case Channel with Ribs

The combined effect of space ratio of ribs, @vales on the
average Nusselt number, and fraction factor are presented
in Fig. 5 and Fig. 6.
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It is observed that the distance between the
undulations of ribs of the wall contributed to the reduction
of the coefficient of friction. However, the average Nusselt
numbers result enhanced by the employment of
ribssurfaces and nanofluids. Also, it is observed that the
space ratio e¢/b =0 has the best heat transfer compared
with other space ratios e/b = 0.25, 0.5 and 1 respectively.
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The same indication for the PEC results was noticed in
Fig. 7 and Fig. 8. The continuity of undulation ribs of the
wall gave optimum performance in terms of thermal and
hydraulic behavior. It is noted that the increase in the
Reynolds number lead to the lowering of the PFC, as well as
the profiles of the variation of PFC are almost identical for
the two cases. We noted that the performance evaluation
criteria index PEC can be written as following [9].

(Nu/Nug)

PEC= "G/

(®)

Profile of Velocity

In Fig. 9, the axial velocity profile it’s plotted for different
position of x, 0.218, 0.236, 0.254 and 0.272 (m) respectively,
these calculation positions are located in the same test
section (L), It is observed that there is an increase in the
axial velocity values each time the fluid goes deeper into the
test channel, it is clear that the fluid flow acceleration is due
to the effect of the presence of the wall ribs.

0,104 2
Hh
%!
0.08 TR
~ v.,’:S:
g &Y
:’006 —=—x=0,218(m) B '
£ —+—x=0,236(m) 1y
B x= 0,254(m) i J;
= o0 v x=0,272(m) lji
: o
6 0,02 S
u—"‘”ﬁ(
0,00 -f""ﬂﬂ‘
T T T T T T

T T T
-0,1 0,0 0,1 0.2 03 0.4 05 08 07 038

Axial velocity (m/s)
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The profiles of static temperature are shown in
Fig. 10 for different values of Reynolds number ranging
from 5000 to 20000 and fraction volume of thermal en-
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5. CONCLUSION

In this study, turbulent flows in forced convection with-
in a channel with a ribbed wall and uniformed heat flow
were simulated using the finite volume method with the
SIMPLE algorithm. The results indicate that utilizing
sinusoidal micro-channels with nanoparticles is a more
efficient approach for enhancing heat transfer compared to
using nanoparticles with the base fluid in smooth micro-
channels. The highest Nusselt number values were
observed for nanofluid with a concentration of 1 %, with
the minimum temperature at the side surfaces of the
channel walls and higher values at the channel center,
indicating that heat exchange can be intense in areas close
to the wall. Furthermore, the friction factor decreases as
Reynolds number increases for all channel cases, but
increases with higher nanofluid particle concentrations.
Lastly, ribbed channels with a rib distance of 0 mm
(e/b = 0) produced the highest average Nusselt number for
all Reynolds numbers.
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Jl71s1 OIIHKN peHTa0eIBHOCTI €HepPreTUYIHOI CUCTEMU HeOOXITHO BPpaxXxOBYBATH PIi3HI (paKTOpH, TakKi K IPUpPOIa
pinuH", TeoMeTpuyHa dopMa Ta yMOBH ekciutyararrii. [le mocimkeHHs 30cepeskeHO HA BIUIMBI CHHYCOIMABHIX
dopm pebep 3 pisHUMHU 3HAUEHHSIMHU IIPOCTOPOBOTO criBBimHOMEeHHs (e/b) Bim 0 mo 1 Ha Temsomepeaady B IOTOIN
HaHOplWMHYU. BepxHs moBepxHsi KaHAJy IiJyiaeThCsi PIBHOMIPHOMY TEIJIOBOMY IOTOKY 3 HaHopimuHoo AlOs3 sk
pobouoro pimuHOK Ta umcaamu Petirombaca Big 5000 mo 20000. Taxoxx aHamidyeTbess BIUIUB 00'€MHOI YaCTKH
HAHOYACTUHOK aJIOMIHII0 B aianadoHi Big 0 1o 6 %. Pesyibrat Mo/ie Il0BaHHS TOKA3YIOTh, 1110 HA XaPAKTEePUCTUKHA
ropoBaHoOI IOBEPXHI KaHAJIy 3HAYHO BILIMBAIOTH popMu pebep Ta ix reomeTpmdHi mapamerpu. HadBumumit iH1eKC
kpurepiiB orinku npoxykrusHocti (PEC) orpumano niist pebep 3 mpocroposum crriBBigHomenssM (e/b) 0 mpu Re <
5000 Ta mpu 06'emuiit yactii 6 %. Kpim Toro, cepemue uncio Hyccenbra 36ibIryeThess 31 30LIBIIEHHAM 00'€MHOT
YACTKU YACTUHOK Ta umcia PeitHosbaca.

KirouoBi ciosa: Hawmopimuua, [eomerpmunwnit darrop, TypOynenrtHuit pesum teuii, O6'emHa dwacrra
HAHOYACTUHOK, TeIIOKOHBEKTUBHUM IIepeHOC.
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