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Abstract

In This study, an experimental study has been carried out to investigate Received: 9 May 2023
the effect of adding Al,Os, Al, and Cu nanoparticles to the base fluid Accepted: 11 July 2024
(water) on enhancement of heat transfer and heat transfer coefficients in Page Number: 8-30

a car radiator. The experiments have been done for distilled water and 3
types of nanofluids with different concentrations (0.5, 1 and 2 vol. %) and
in various operational conditions (temperature, flow rate, etc.). Thermal
Conductivities of these fluids have been measured experimentally and
other thermo-physical properties like density and viscosity are calculated
using related models. Results depicted that addition of nanoparticles to
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the base fluid increases its thermal conductivity, density and viscosity, Keywords:
and decreases its specific heat capacity. The performance evaluation of Car Radiator
nanofluids in a radiator system showed that will dramatically enhances Nanofluid

the heat transfer and decreases the heat transfer area required, so it is
highly recommended to use them in such systems.

Heat Transfer,
Heat Conduction
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Table 1. Thermal conductivity coefficient of solids and liquids [4].

Thermal
Physical State Material Cg;:fojicctizlri;y
(W/m.K)
Copper 401
Metallic Solids Silver 429
Aluminum 237
Diamond 3300
Non-Metallic N::c:ltjbcl)l?es 3000
Solids Silicon 148
Alumina 40
Metallic Liquids Mercury 8.3
Water 0.613
NOE;(’;?J?:“C Ethylene Glycol 0.253
Engine Oil 0z.145
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Table 2. The results of experimental studies on the thermal conductivity coefficient of nanofluids.

Reference Nano- Material Size (nm)
Hwang et al. [27] Al,Os/Water 30
Al Engi
Kole and Dey [38] 205/Engine <50
coolant
Sunder et al. [28] y-Al,O3/Water 47
h ki B
Chandrasekar and Bose AlLOJ/Water 43
[36]
Sommers and Yerkes ALOy/Water 10
[39]
Beck et al.[40] AlLOJ/EG 20
Wong and Kurma [41] Al,O3/Water 36
Timofeeva et al. [30] Al,O4/Water/EG
Teng et al. [42] Al,O3/Water 20, 50, 100
Xie et al. [17] Al,O4/Water/EG 12.2-302
Al,O3 11-45-150
Patel et al. [37] CuO 31
Al 80

Concentration
(vol.%)
0.01-0.3

Thermal Results

k increased with ¢ (up to 1.44%)
k increased with ¢ (up to 10%)
k increased with T (9-12%)

k increased with ¢ (up to 6.5%)

0.1-3.5
0.2-0.8

0.33-5 k increased with ¢ (up to 8%)

0.5-3 wt% k increased with ¢ (up to 10%)

Same enhancement behavior for NF with BF
k increased with ¢ (up to 13%)
k increased with ¢ (up to 22%)
k increased with T
k increased with ¢ (up to 30%,
cylinder>bricks>blades=platelets)
k decreased with pH
k decreased with particle size
(more in higher T)
k increased with T
(more in higher particle size)
k increased with difference between pH and
isoelectric point
k enhancement with base fluid k
k increased with ¢ almost linearly(up to 30%)
k increased with T
0-3 (more in smaller nanoparticles, nonlinear)
k increased with ¢ (more linear in low ¢)

0.92-3.99

3-85

0-8.5

0.5-2 wt%
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Reference

Duangthongsuk and
Wongwises [43]

Choi et al. [7]

Li etal. [44]

Eastman et al. [7]

Lee et al. [11]

Wang et al. [17]

Xuan and Li [29]

Eastman et al. [11]

Wang et al. [44]

Wang et al. [44]
Xuan and Li [5]
Patel et al. [37]
Kumar et al. [37]

Murshed et al. [15]
Hong et al. [12]
Kwak and Kim[45]

Li and Peterson[25]

Zhu et al. [46]
Hwang et al. [27]
Xuan et al. [29]
Murshed et al. [15]
Liu et al. [47]

Krishnamurthy et al.

[48]
Wen and Ding [49]

Putnam et al. [50]

Kang et al. [51]

Murshed et al. [15]

Nano- Material

Cu

TiO,/Water

CNT/Poly Alpha
Olefin Oil

Cu/Water

Al,Oz/water
CuO/water
Cu/oil
A|203/EG
CuO/EG
Al,Oz/water
A|203/ EG

Cu/water

Cu/EG
CuO/EG

Al,O3/EG
TiO,/EG

CuO/DIW
Cu/water
Aultoluene

Au/water

TiO,/DIW
TiO,/DIW

Fe/lEG

CuO/EG

CuO/water
Al,Oz/water

FesO./water
CuO/EG
Cu/water

Al,O3/DIW
CuO/EG

Al,Oz/water

TiO,/water

Aulethanol
Diamond/EG
Ag/water
TiO; (15)/EG
Al (80)/EG

Size (nm)

80

21 nm

25*5e4

25

33
36
35
38
23.6

28

100

<10
85

29
40

50
10
10-20

15
10-40

10

12

29
36

10
35.4
35.4

80

29

20

34

30-40
8-15
15
80

Concentration
Thermal Results

(vol.%)
k decrease with nanoparticle size
(more in smaller sizes)
k enhancement decrease with increase in bf k
bigger k enhancement with metallic
nanoparticles
0.2-2 k increase with T & ¢ (up to 6%)
0-1 k increased with ¢ (up to 150%)
k-pH curve had a maximum (unique pH)
0-0.1 k increased with addition of small amount
of SDBS
5 k increased with ¢ (up to 29%)
5 k increased with ¢ (up to 60%)
0.052 k increased with ¢ (up to 44%)
4 k increased with ¢ (up to 18%)
5 k increased with ¢ (up to 22%)
8 k increased with ¢ (up to 12%)
5 k increased with ¢ (up to 26%)
5) k increased with ¢ (up to 54%)
03 k increased with ¢ (up to 40%)
A.l k increased with ¢ (up to 22%)
greater k enhancement with thioglycolic acid
4 k increased with ¢ (up to 18%)
5 k increased with ¢ (up to 13%)
0.4 k increased with ¢ (up to 17%)
3 k increased with ¢ (up to 70%)
0.008 k increased with ¢ (up to 5.5%)
0.00013 k increased with ¢ (up to 20%)
5 k increased with ¢ (up to 30%)
5 k increased with ¢ (up to 33%)
0.55 k increased with ¢ (up to 18%)
1 k increased with ¢ (up to 6%)
6 k increased with ¢ (up to 52%)

10 k increased with ¢ (up to 30%)

4 k increased with ¢ (up to 38%)
1 k increased with ¢ (up to 9%)
2 k increased with ¢ (up to 24%)
5 k increased with ¢ (up to 24%)
5 k increased with ¢ (up to 23%)
1 k increased with ¢ (up to 16%)
0.66 k increased with ¢ (up to 6%)
0.018 k increased with ¢ (up to 1.3+ 0.8%)
1.32 k increased with ¢ (up to 75%)
04 k increased with ¢ (up to 11%)
5 k increased with ¢ (up to 18%)
5 k increased with ¢ (up to 45%)
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Table 3. Presented models for thermal conductivity coefficient of nanofluids.
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Model Equation

Ky _ 1+ 7.47¢)
Ky
kng ks + 2ky + 2¢(AK)
kpp ks + 2kyp — $(AK)
Ak = kg — ki

Pak and Cho [4]

Maxwell [31]

knp 1+ 2a)+2¢p(1 —a)
Maxwell-Garnett [32] koy 1+2a)-¢p(1-0a)
a = 2Rykyp/d
knp _ 1 4 3¢ (kp — ky)
kys ky + 2kpr — d(kp — kpf)

Hamilton-Crosser [33
[33] kif_kp+(n—1)kbf+(n—1)(kp—k,,f)¢

kof k, + (n — Dkyy — (ky — koy )

k k
ke = Tb[(3¢ — Dk, + (2 - 3¢)k,] + Tbx/Z

Bruggman [34] ko2 K
= —1)2(=2 _ 2 _op2) [P
A [(3¢> D) (kb) +(2—3¢)% +2(2+9¢ — 9 )(kb)]

Y
Webber [35] k = 3.59 x 10°C,p (%) :
32 9% a+2
— 2 - 2
keff_k,,[1+3/3¢+<3/3 e e |

k Cor\" Pur\P [ M \©
Chandrasekar [36] Lf=< nf) ( ﬂ) (_)

kbf Cp 4 Mnf

Jeffrey A. Eastman [13]

feng _ Kpe + 2Ky + 2(kpe — kyp) (1 + B)*¢

kpr  kpe + 2kyp — (kPe - kbf)(l +B)3¢p
kpe _[20=p)+ A +pPA+20)ly

Yu and Choi [14]

k,  —A-p+@+p3A+2y)
knr—k
nfk bf:C,upk r?f—dﬂ
Kumar et al. [37] o 8K 177{ ’
_ b
U = 2
k 1+2a)+2¢4(1 —
R, = (L ARETPE%) [((1 R
Prasher [20] o
o = ZRokus
dy
kny —k

bf
= 0.764481464¢ + 0.018688867(T — 273.15
Li and Peterson [25] kys ¢ ( )

—0.462147175
ky + 2kys + 26p(Ak) \ KT
ey = kv ks + 2Ky — ¢ (Ak) 510 ﬁqbpbfcpbf Ppdy A

Koo and Kleinstreuer [8] T
f(T,¢) = (2.8217 x 1072¢p + 3.917 x 10-3)T—
0

+ (—3.0669 x 1072¢p — 3.91123 x 1073)

RENEY

For solid-liquid suspensions

Sphere: n=3
Cylinder: n=6

For liquids

Based on Maxwell Eq. and ordered
layer theory
_ ordered layer thickness

nanoparticle radius
_ kordered layer

knanoparticle

Considering Brownian motion
r = radius of base fluid molecules
1, = radius of nanoparticles
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Table 4. Nanoparticles Physical Properties.
Specific

Average

Nanomaterial Real Denssity Bulk Denssity Morphology
(g/cm*) (8/cm*)
Copper 8.954 0.23 Spherical
Aluminum 2.707 0.6 Spherical
Alumina 3.6 = Spherical

Surface Area particle size Purity
(m?/g) (nm) %)
10-20 50-80 99+ Dark Brown
6-10 70 99.9 Gray
200 < 60 99+ White

(b)
290 91T warust &l 53 93U () ¢y & 53 93U (2) (5 9 SN 39S g ;S0 i g N JSih

Figure 1. Transmission Electron Microscope image (TEM) (a) Copper Nanoparticles, (b) Aluminum Oxide Nanoparticles.
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Figure 2. (a) General schematic design, (b) Picture of the components of the set of measuring devices in the experimental system,
(¢) The overall geometry of the radiator and the flow channel.
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Figure 3. Variations of the water thermal conductivity coefficients versus the temperature.
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Figure 4. The ratio of Thermal conductivity coefficients of nanofluids to the base fluid versus the volume concentration in conditions
that include: (a) Water-alumina nanofluid at different temperatures, (b) water-aluminum nanofluid at different temperatures,
(c) Water-Copper nanofluid at different temperatures, (d) Nanofluids (all three) at 50°C.
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Figure S. The inlet and outlet radiator temperatures difference versus the flow rate at different inlet temperatures
for distilled water at two fan velocities: a- minimum and b- maximum.
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Figure 6. The inlet and outlet radiator temperatures difference versus the flow rate of nanofluids in conditions that include: (a) Water-
Alumina nanofluid at 50°C and maximum fan velocity, (b) Water-Aluminum nanofluid at 50°C and maximum fan velocity, (c) Water-
Copper nanofluid at 50°C and maximum fan velocity, (d) Nanofluids (all three) at a temperature of 50°C.
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Figure 7. The inlet and outlet radiator temperatures difference versus the temperature of the water-copper nanofluid and at different
flow rates and maximum fan velocity by nanofluids volume concentration that include: (a) 0.5 percent, (b) 1 percent, (c) 2 percent.
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Figure 8. Changes in the convection heat transfer coefficient
of distilled water.
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Figure 9. The percentage of changes in the convection heat transfer coefficient of nanofluids compared to the base fluid at different
temperatures and a volume concentration of 2% for: (a) Water-Alumina nanofluid, (b) Water-Aluminum nanofluid,
(c) Water-Copper nanofluid.
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Figure 10. The percentage of changes in the convection heat transfer coefficient of water-copper nanofluid compared
to the base fluid at the volume concentration of 0.5%.
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Figure 11. Variations of Nusselt number versus the flow rate for distilled water.
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Figure 12. The percentage of changes in the Nusselt number compared to the base fluid in terms of the flow rate at different
temperatures and volume concentration of 2% for nanofluids: (a) Water-Alumina nanofluid,
(b) Water-Aluminum nanofluid, (¢) Water-Copper nanofluid.
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Figure 13. The ratio of the thermal conductivity coefficient of nanofluids to the base fluid in terms of the volume concentration and at
temperature of 50°C by: (a) Water-Alumina nanofluid, (b) Water-Aluminum nanofluid, (c) Water-Copper nanofluid.
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Figure 14. The ratio of thermal conductivity coefficient of nanofluids to base fluid in terms of the volume concentration at different
temperatures in: (a) water-alumina nanofluid, (b) water-aluminum nanofluid, (c) Copper-water nanofluid.
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Figure 15. Comparison of experimental data and Nusselt models in terms of Reynolds-Numbers in volume concentration of 0.02 by:
(a) Water-Alumina nanofluid, (b) Water-Aluminum nanofluid, (¢) Copper-Water nanofluid.
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Table 6. The Improvement percentage in the average convection
heat transfer coefficient of nanofluids compared to the base
fluid at the volume concentration of 2% and flow rate
of 5 liters per minute.

Temperature Copper Aluminum Alumina
©) (%) (%) (%)
35 52.94 48.48 26.99
40 60.04 55.99 30.72
45 66.32 61.71 35.92
50 70.68 66.51 40.83

Oleuls daculas (sl s (Sulghciog daal y sladadidio & Jgua

Table 5. Parameters of the proposed relationship
for Nusselt Number.

Nanoparticle A m N
Alumina 0.608 0.289 -0.84
Aluminum 0.747 0.274 -0.99
Copper 0.628 0.28 -0.93
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