AMELIORATION OF POOL BOILING THERMAL PERFORMANCE UTILIZING GNP-
TIO; HYBRID NANOFLUID
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Hydrophobic graphene nanosheets were successfully modified with titanium dioxide
to create a pure and stable nanoparticle. The resulting material exhibited improved
heat transfer efficiency when used as nanofluid in pool boiling. We prepared graphene
nanofluid, titanium dioxide nanofluid, and graphene-titanium dioxide hybrid
nanofluid with varying concentrations to investigate their heat transfer characteristics.
The heat transfer coefficient of graphene-titanium dioxide hybrid nanofluid is higher
than that of water at the same heat flow density, especially in the low heat flow density
region( below q=4x10°W/m?). Additionally, by employing a high-speed camera, we
observed that the hybrid nanofluid displayed shorter bubble generation periods and
smaller bubble separation diameters.These findings highlight the exceptional heat
transfer performance of the covalently modified and hybridized nanofluid.Overall, our
comprehensive testing program confirms the enhanced heat transfer capabilities of
this modified nanofluid, positioning it as a promising choice for various heat transfer
applications.
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1. Introduction

Pool boiling is a critical heat transfer process in various fields such as power engineering [1],
desalination [2,3], electronic equipment cooling [4], and heating systems [5]. Traditional heat transfer
media like water, oil, and glycol have limited heat transfer performance due to their low thermal
conductivity. To address the limitation of traditional media, extensive research has been conducted to
optimize heat transfer processes [6].

In the late 18th century, Maxwell [7] proposed the addition of solid particles to liquids to enhance
thermal conductivity. Recent advancements in material science have allowed the addition of
nanoparticles in the nanometer range, leading to a groundbreaking achievement by Choi [8]. They
successfully stabilized the suspension of nanoparticles in a base solution, introducing the concept of
"nanofluid". nanofluid have superior thermal conductivity compared to traditional heat transfer media,
making them a promising and innovative transport medium[9].

Hybrid nanofluid, created by combining two distinct nanomaterials, have altered thermal
conductivity and stability, surpassing single-phase nanofluid [10]. Scholars have paid more attention to
high thermal conductivity materials [34,35]. Yang and Liu [11] investigated the behavior of silica
nanofluid under different atmospheric pressure conditions, while Park and Bang [12] conducted studies
on graphene oxide, which demonstrated that nanofluid offer significant advantages in heat transfer.
Same as titanium dioxide [13], zinc oxide [14, 15], copper oxide [16, 17], and silicon dioxide [18].



However, there is also evidence in the literature suggesting that nanoparticles have a negative impact on
the boiling characteristics of the fluid. Nanoparticles reduce heat transfer by 40% at 4% volume
concentration [19]. Similar findings were reported in studies by Das et a/ [20] and Milanova et a/ [21],
which investigated three different types of nanofluid (aluminum trioxide, silica, and cerium dioxide
(Ce0y)). Nanoparticle accumulation in Park ez al [22] affected surface wettability and bubble behavior.
These studies highlight the detrimental effect of nanoparticles on heat transfer efficiency in boiling
systems. At lower volume concentrations, the nanoparticles were observed to have a positive effect on
boiling.

Various studies have yielded inconclusive results on the impact of nanoparticles on boiling
properties. Narayan [23] showed that the surface interaction parameter influences boiling performance, it
can bring up to 70% enhancement. Chopkar et a/ [24] found that zirconia nanofluid enhances heat
transfer but diminishes with increasing concentration. Sarafraz and Hormozi [25, 26] observed a higher
CHF for low nanofluid concentration compared to pure water, decreasing with increasing concentration.
Bolukbasi and Ciloglu [27] reported no significant effect on the heat transfer coefficient for silica
nanofluid under specific conditions.

The impact of nanofluid on pool boiling characteristics is complex and influenced by factors such
as nanoparticle shape, size, heating surface, volume concentration, and experimental conditions.The
existing studies have focused on performance-oriented perspectives,but the lack of qualitative
comparisons hinders insights from classical disciplines like fluid dynamics. Previous studies have shown
that nanoparticles can enhance heat transfer by improving the thermal conductivity of fluids, but few
have analysed it from the perspective of bubble dynamics.

The distinctive structure and surface attributes of graphene (GNP) facilitate the effective dispersion
and stabilization of hybridized nanoparticles within nanofluid [28]. GNP and its complexes have
attracted the attention of many researchers [30-33]. While titanium dioxide (TiO) nanofluid have been
shown to have high pool boiling heat transfer efficiency[13]. The aforementioned advantages render
GNP-TiO; nanofluid a promising avenue for the advancement of heat transfer technology, with the
potential to enhance efficiency, curtail energy consumption, and facilitate sustainable development. The
objective of this study is to examine the thermophysical and rheological properties of GNP-TiO, dioxide
nanofluid, analyses their heat transfer characteristics, and gain a deeper understanding of the boiling
heat transfer behavior.

2.Experimental methodology

2.1.Materials and Manufacturing

In this study, GNP was employed as the primary material, and hybridised nanoparticles were
prepared by modifying functionalised GNP with TiO,.The preparation process of GNP-TiO: hybrid
nanoparticles involved addressing the issue of poor dispersion by introducing oxygen-containing
functional groups through acid treatment (as shown in Fig.1).Nanofluid were prepared using a two-step
method with concentrations ranging from 0.001% to 0.005%.

The stability of the nanofluid was assessed by macroscopic observation, with no significant
precipitation at the bottom of the reagent bottles after 36 h. The GNP-TiO, hybrid nanofluid showed
higher dispersion stability due to the presence of oxygen-containing functional groups introduced during

the functionalisation process.
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Figure 1. Schematic diagram of hybrid GNP preparation

2.2.Material phase and structure analysis

The crystalline purity of the GNP-TiO, hybrid nanoparticle was meticulously evaluated through X-
ray diffraction (XRD) analysis. Concurrently, the identification of functional groups inherent to the
hybrid material was ascertained via Fourier-transform infrared spectroscopy (FTIR). The synthesis of
these analytical findings facilitated a comprehensive assessment of the interfacial adhesion strength and
the degree of contamination between functionalized graphene and titanium dioxide nanoparticles. This
integrative characterization approach underpins the determination of the hybrid material's viability for
intended applications.

2.2.1. X-ray test

As shown in Fig.2, the X-ray Diffraction (XRD) pattern of GNP nanoparticles shows only one
broad peak at about 26=24.44° indicating high purity. GNP-TiO; hybrid nanoparticles exhibits a similar
pattern but with reduced intensity due to the tight binding between the two types of nanoparticles. This
suggests that the hybridized nanoparticles are highly purified. TiO» nanoparticles exhibits prominent
peaks at 20=25.04°, 20=37.97°, 20=47.88°, and 20=54.35°, corresponding to the crystalline indices
(101), (004), (200), and (105), respectively, indicating a highly crystalline anatase phase structure.
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Figure 2. XRD profile of nanoparticles

2.2.2. FTIR test
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Figure 3. FTIR spectra of nanoparticles

As shown in Fig.3,TiO, nanoparticles exhibits absorption peaks at 1619.75cm™ (-OH vibration),
3430.73cm™ (water of crystallization), and 500.03cm™ (crystal structure). GNP nanoparticles shows
absorption peaks at 587.96cm™ (C-O single bond), 1355.73cm™ (C=C bond in benzene-like ring),
1605.23cm™ (C=0 bond in carboxyl group), and 3456.42cm™ (-OH bond). The spectra of GNP-TiO,
shows hybrid nanoparticles indicated chemical bonds at characteristic peaks. These results confirm the
successful doping of TiO; into the carbon skeleton and the functionalization of GNP through covalent
reactions validated by FTIR spectroscopy.

2.3. Pool boiling experiment
2.3.1. Experimental setup

This study is the same as the previous experimental setup of Xiang L et al [30,36] (as shown in Fig.
4).

Figure 4. Experimental setup for pool boiling

2.3.2. Data uncertainty analysis

To ascertain the heat flow density of the heated fluid, it is essential to determine both the
temperature of the heated surface (Tw) and the saturation temperature of the work fluid (Ts). However,
the direct arrangement of thermocouple to read the temperatures produces considerable errors due to the
presence of numerous nucleation sites on the heated surface and the significant fluctuations in the gas-

liquid phase during the boiling process. In this study, extrapolation was employed to determine the
boiling surface temperature.



Figure.5 Diagram of Thermocouple Location
From the values of Ti~Ts(as shown in Fig.5), the heat flow density and wall temperature at the
heated surface can be calculated. The experimental data uncertainty analysis have been clarified in
previous articles [30].
The calculation formula is provided below:
1 T,—-T, T3—-T, T;-T.
q== A( I S R 3 1)
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Where, q represents the heat flow density, W/m?; T\, T2, T3, represents three temperature measurement

eV
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points of the thermocouple number, K:, respectively, &; , &, represents the distance between T, and
Ti, T3, m; A represents the heating of the copper column of thermal conductivity, W/meK; T, represents
the heating of the copper column of the temperature of the surface of the heat transfer, K.

AT =T, —T, 3
where T, represents the saturation temperature of the work mass, K.
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2.3.3. Setup reliability verification

The boiling curves of deionised (DI) water on a smooth copper surface were compared with the
Rohsenow’s correlation curve [29]. The experimental correlation curve proposed by Rohsenow can be

expressed as:
0.33
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Where C,; represents the specific heat capacity of saturated liquid at constant pressure, J/(kgxK); r

represents the latent heat of vaporisation of the heat transfer medium, J/kg; C,; represents empirical
constant that depends on the heating surface-liquid combination; 1, represents the kinetic viscosity of
the saturated liquid, Paxs; o represents the surface tension at the interface of liquid-vapour, N/m; p; and
p, represent the densities of saturated liquid and saturated vapour, kg/m*; P, represents the Prandtl
number of the saturated liquid; and s represents the empirical exponent, with s=1 for water.

From the results of the validation experiments, it can be seen in Fig. 6 that the boiling curve of DI
water on a smooth plane in the experimental system has a very similarity with the Rohsenow correlation
curve, and the two curves do not differ by more than 5% in the range of AT between 10~18 K.
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Figure 6. Comparison chart between experimental results and Rohsenow's correlation [29] equation
3.Results and discussion

3.1. Influence of different mass fractions

As shown in Fig.7, the Critical heat flux density (CHF) of GNP nanofluid with different mass
fractions were 1.138x10°W/m?, 1.273x10°W/m?, 1.312x10°W/m?, ~ 1.210x10°W/m?, and
1.430x10°W/m?, with an enhancement of 7.6%, 20.4%, 24.1%, 14.5%, and 36.2% respectively
compared to DI water. The heat flow density of GNP nanofluid was approximately linearly related to
the AT.

The highest HTC of GNP nanofluid with different mass fractions were 5.23x10*W/m’xK,
5.4x10°W/m?xK, 5.47x10°W/m?xK, 6.10x10°W/m?xK, and 6.02x10°W/m?xK, with an enhancement of
2.5%, 5.7%, 7.1%, 19.3%, and 17.8 % ,respectively compared to DI water.
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Figure 7. (a) boiling curves (b) heat transfer coefficient curves of GNP nanofluid

As shown in Fig. 8, the AT of TiO; nanofluid is lower than that of DI water at the same heat flux
density, resulting in a left shift of the boiling curve, which suggests that TiO2 nanofluid requires a smaller
AT to initiate nucleation boiling. The Onset of Nucleate Boiling (ONB) of the TiO; nanofluid slightly
fluctuates with concentration, and the ONB of TiO» nanofluid with different mass fractions is 9K, 8K,
8.9K, 8.6K, and 9.1K, which is lower than that of DI water by 2.2K, 3.2K, 2.3K, 2.6K, and 2.1K
respectively.

The CHF of TiO, nanofluid with different mass fractions are 1.247x10°W/m?,
1.318x10°W/m?,1.319x10°W/m?,1.313x10°W/m?, and 1.370x10°W/m”. Showing an enhancement of
17.9%, 24.7%, 24.8%,24.2%,and 36.2% ,respectively compared to DI water.

The highest HTC of TiO, nanofluid with different mass fractions are 5.47x10*W/m’xK,



5.81x10*W/m?xK, 5.85x10*W/m*xK, 5.37x10*W/m’xK, and 5.44x10*W/m’xK, with an enhancement
of 7%, 13.6%, 14.5%, 5.1%, and 6.4 % ,respectively compared to DI water.

The heat transfer coefficient curves of the TiO, nanofluid indicated a diminishing growth with
increasing heat flow density, and a decline at higher heat flow density. This suggests that although high
heat flow density leads to increased surface AT, which makes bubble formation and detachment more
frequent, but the process of bubble attachment and detachment triggers bubble aggregation phenomenon,
which reduces the heat transfer effect. Besides nanoparticles may lead to deposition or clogging

phenomenon under high heat flow density, which further reduces the heat transfer efficiency.
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Figure 8. (a) boiling curves and (b) heat transfer coefficient curves of TiO2 nanofluid

As shown in Fig.9, the CHF of GNP-TiO, nanofluid with different mass fractions were 1.109x10°
W/m?, 1.153x10° W/m?, 1.223x10° W/m?, 1.282x10° W/m?, and 1.295x10° W/m?. Showing 4.9%,
9.8%,15.7%,21.3% and 22.5%,respectively compared to DI water.

The HTC of GNP-TiO; nanofluid is higher than that of DI water at the same heat flow density,
especially in the low heat flow density region( below q=4x10°W/m?). This suggests that GNP-TiO,

hybrid nanofluid are excellent for industrial applications in the low heat flow density region, especially
in the boiling initiation stage.
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Figure 9. (a) boiling curves and (b) heat transfer coefficient curves of hybrid nanofluid
3.2. Influence of nanofluid type

As shown in Fig.10, at lower mass concentrations, TiO> nanofluid exhibit slightly better heat
transfer performance due to their higher thermal conductivity, enhancing the overall boiling heat transfer
capability. However, at higher mass concentrations, GNP nanofluid consistently outperform TiO:
nanofluid and hybrid nanofluid. GNP nanofluid, especially at a mass concentration of 0.004%,

demonstrate a 13.5% increase in maximum heat transfer coefficient compared to TiO» nanofluid and an



8.9% increase compared to hybrid nanofluid at the same concentration.
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Figure 10. Boiling curves and HTC curves of nanofluid at the same mass concentration

At g=2x10°W/m?, the GNP-TiO; nanofluid with a mass concentration of 0.0003% has the highest
HTC of 2.71W/m’K, which is a 42.4% enhancement with respect to water. The HTC of GNP-TiO,
nanofluid with 0.0005% mass concentration has the highest HTC of 3.75 W/m’K at qg=4x10°W/m?,
which is 30.3% higher than that of DI water.Therefore, GNP-TiO, can enhance heat transfer more
effectively in the low heat flow density region, and the advantageous interval of this nanofluid is
2x10°~4x10°W/m?.In this range of heat flux density, the formation of vaporized cores is the main
influencing factor of nanoparticles on cell boiling, which indicates that GNP-TiO; hybrid nanofluid can

provide a better vaporization core in the initial stage of boiling.

3.3. Bubble generation characteristics

Both three type nanofluid demonstrate effective bubble cluster separation, reducing the bubble
growth cycle and exposing the heated surface at a heat flow density of q = 8x10°W/m2. This suggests
that both nanoparticles enhance the affinity of the heated surface for water molecules,the small cross-
sectional area at the bottom of the bubbles on the hydrophilic surface that favours lateral replenishment
of the liquid near the heated surface,which can improve the fluid supply mechanism.

In order to investigate the effect of concentration on bubble detachment, the present study compares
the bubble departure diameters at different nanofluid concentrations (wt% = 0.001, 0.003, 0.005, Fig.
11). At q = 8x10°W/m?, the bubble detachment diameter increased with increasing heat flow density and
decreasing nanofluid concentration. The formation, growth and detachment of individual bubbles follow
a regular cycle during the heating process. The smaller the detachment diameter, the shorter the
evolutionary cycle and the stronger the microfluidic interference. The smaller bubble departure diameter
and higher detachment frequency of GNP-TiO; hybrid nanofluids compared to the other two nanofluids
are attributed to the introduction of some oxygen-containing functional groups into the hybrid
nanoparticles during the functionalisation process.

Higher concentration of nanofluid reduces the surface nucleation barrier, promoting the formation
of nucleation sites through smaller cavities. However the tight build-up of bubbles under high heat flow
density prevents the liquid from flowing back towards the surface,this leads to a reduction in the HTC.
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(a) TiO2 wt=0.001% (b) TiO2 wt=0.003% (¢) TiO2 wt=0.005%

(g) GNP wt=0.001% (h) GNP wt=0.003% (i) GNP wt=0.005%
Figure 11. The bubbles on the heating surface of three nanofluid (red circles mark bubbles that are

about to detach from the heating surface)

4. Conclusions

This study employed TiO,, GNP nanoparticles to prepare the novel GNP, TiO, and GNP-TiO,
composite nanofluid. Subsequently, boiling heat transfer characteristics were compared among GNP,
TiO; and GNP-TiO, composite nanofluid at different mass fractions (wt% = 0.001, 0.002, 0.003, 0.004,
0.005). Moreover, the heat transfer performance among different types of nanofluid at the same
concentration was evaluated, leading to the following conclusions:

(1) Incorporating TiO,, and GNP-TiO, hybrid nanoparticles in deionized water shifted the
advance and reduced the AT. wt%=0.002 of TiO, nanofluid AT at ONB is 3.2 K lower than that of DI
water.

(2) At low heat flow density, GNP-TiO, hybrid nanofluid shows excellent boiling heat transfer
performance. The heat transfer coefficient of GNP-TiO; hybrid nanofluid with wt%=0.002 is 17.9%
higher than that of DI water at g=4x10°W/m?.

(3) The GNP-TiO, hybrid nanoparticles exhibited smaller detachment diameter and higher
detachment frequency during boiling onset, due to oxygen-containing functional groups. Smaller
bubbles require less energy to form on the heated surface and can be generated and disengaged more
quickly. This increases the frequency of bubble generation, which in turn increases the overall rate of
heat transfer.

Nomenclature
CHF Critical heat flux density
HTC Heat transfer coefficient
ONB Onset of Nucleate Boiling
h Heat transfer coefficient

10



q Heat flux density
Ty Saturation temperature of the heated wall
T Saturation temperature of the work mass
GNP Graphene
TiO» Titanium dioxide
DI Deionized
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