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ABSTRACT: Climate change, rising fuel prices, and fuel security are some challenges that have emerged and have
grown worldwide. Therefore, to overcome these obstacles, highly efficient thermodynamic devices and heat recovery
systems must be introduced. According to reports, much industrial waste heat is lost as flue gas from boilers, heating
plants, etc. The primary objective of this study is to investigate and compare unary (AL, O3) thermodynamically, binary
with three different combinations of nanoparticles namely (ALOs; + TiO,, TiO, + ZnO, ALO; + ZnO) and ternary
(ALO; + TiO, + ZnO) as a heat transfer fluid. Initially, three different types of binary nanofluids were prepared by
dispersing two types of nanoparticles in individual trails, such as aluminum oxide, zinc oxide, and titanium dioxide
in various combined concentrations (e.g., 2%, 4%, and 6%) into the water as the base fluid, using an ultrasonicator to
ensure uniform suspension. The operating parameters such as nanoparticle concentration and flow rate are varied to
evaluate the performance of various hybrid nanofluids under counterflow configuration. The findings of this research
indicate that the binary nanofluid ALO; + ZnO exhibits the highest thermal performance factor (2.83), followed by
the ternary nanofluid ALO; + TiO, + ZnO (0.828), with the lowest performance observed for the unary nanofluid
AL O; (0.799). This research highlights the need for advancement into novel nanomaterial combinations, optimization
of required fluid properties, stability enhancement, and thermal performance to strengthen the utilization of hybrid
nanofluids in heat exchangers.

KEYWORDS: Hybrid nanofluid; shell and tube heat exchanger; heat transfer enhancement; thermal performance factor

1 Introduction

Several challenging issues such as fuel prices and energy affordability highlight the need for efficient
and cost-effective mechanical components in heat recovery systems for energy utilization. With the global
decline in fossil fuel supplies and the surge in energy consumption, there is an urgent demand for energy-
efficient and sustainable equipment to support economic and societal progress [1,2]. Heat exchangers,
being critical components in numerous industrial and technological processes such as power generation,
chemical processing, water desalination, refrigeration, and air conditioning, play a vital role in reducing
energy consumption through effective heat transfer [3]. Among the different kinds of heat exchangers shell
and tube heat exchangers are frequently utilized in industrial applications due to their robust design and
adaptability [4]. While significant advancements have been made to increase the thermal performance of
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heat exchangers, the potential of hybrid nanofluid fluids with multiple nanoparticles in combination remains
under explored.

The performance of heat exchangers can be improved by using active or the passive methods. The
active method requires an external power source while passive excludes external power requirements. The
passive techniques involve increasing the heat transfer surface by adding fins, artificial roughness, coiled
wires, blocks, or twisted tapes to create turbulence in the flow. This raises the thermal boundary layer, which
in turn increases the rate of heat transmission [5]. The thermal characteristics of the flowing fluid can be
easily improved by adding nanoparticles to the base fluid, which would increase HX’s overall efficiency
without causing a significant pressure decrease [6]. However, using hybrid nanofluids in heat exchangers
instead of basic nanofluids and conventional fluids like oil, water, and ethylene glycol is a more efficient
technique. A hybrid nanofluid is a novel fluid that is prepared by mixing multiple types of nanoparticles such
as metal, metal oxides, and carbon nanostructured materials into base fluids. As a result, the fluid’s thermal
conductivity increases, raising the heat transfer coefficient (HTC). This could contribute to heat exchangers
becoming more compact and efficient by reducing their size and weight [7]. Balakrishnan et al. [8] analyzed
the performance of AIO;-W and Cu-W nanofluids in a shell and tube heat exchanger experimentally. Analysis
was done on how the concentration of nanoparticles affected the thermal conductivity, Nusselt number,
viscosity, and heat transfer coefficient. The findings of the study indicate that Cu-W and AlO;-W nanofluids
increased their thermal conductivity by 29% and 39%, respectively, at 0.12 weight percent. Because of their
higher viscosity, nanofluids increased friction even as they enhanced convective heat transfer. Because of
its improved thermophysical characteristics, the AlO;-W nanofluid demonstrated greater pressure drop
performance. Abid et al. [9] analyzed the use of hybrid nanofluids in evacuated tube solar collectors to
improve heat transfer in solar thermal applications. Among the four absorption cycles, the quadruple effect
shows the highest performance, achieving a COP of 2.287. Hybrid nanofluids improve collector efficiency
but have the highest exergy destruction rate at 114.93 kW. Increased weak solution percentages enhance
COP, while higher generator temperatures reduce it. Mezrakchi [10] study investigates flow characteristics
and heat transfer of several hybrid nanofluids (like Al,O;-EG-Water and CuO-ZnO-Water) as coolants in a
shell and tube heat exchanger across the eight-inlet flow velocities. CuO-ZnO-Water showed the maximum
heat transfer, with an exceeding 9% temperature reduction, especially at lower velocities. Large Reynolds
numbers improved Nusselt numbers while lowering friction factors, with a 43% friction factor drop between
Reynolds numbers 10 to 40 K. Findings highlight the need to optimize nanoparticle types for enhanced
coolant performance in industrial heat exchangers. Rao et al. [I1] revealed that alumina nanoparticles
(22 nm) are used to investigate the heat transfer rate of alumina nanofluids in a shell and tube heat exchanger
under turbulent flow utilizing forced convection. Under parallel and counterflow settings, nanofluids with
different alumina contents (0.13%, 0.27%, 0.4%, and 0.53%) were investigated while keeping mass flow
rates and inlet temperatures constant. The computed characteristics and non-dimensional numbers show
enhanced heat transfer rates in comparison to traditional fluids. AbuGhanem et al. [12] investigate the use
of alumina nanofluids in turbulent flow to improve heat transfer in a shell and tube heat exchanger. The
findings indicate that, in comparison to traditional fluids, heat transfer rates are considerably enhanced
by raising the percentage of alumina and decreasing the size of the nanoparticles. Improved performance
in parallel and counterflow circumstances is confirmed by the experiment. Peyghambarzadeh et al. [13]
examined the AL O;/water nanofluid in automobile radiators and discovered half heat augmentation in
comparison to pure water. Nguyen et al. [14] experimented with a radiator-type heat exchanger with a 6.8%
volume nanoparticle concentration of AL, O3/water and discovered a 40% improvement in the heat transfer
coefficient. The performance of AlO; + TiO, + SiO,/water ternary nanofluids in heat transfer is examined
by Ramadhan et al. [15] work using wire coil inserts in plain tubes. At a 3.0% volume concentration, the
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ternary nanofluids exhibit a maximum thermal conductivity boost of 24.8%, improving heat transfer by up
t0 199.23%. The thermal performance is further improved by the addition of wire coil inserts, and when the
volume concentration rises, the thermal performance factor (TPF) also improves.

The literature review presented in this section indicates that hybrid nanofluids hold significant potential
for enhancing heat transfer efficiency due to their superior thermal conductivity and heat transfer rates.
Studies have shown that key factors such as particle size, nanoparticle concentration, and flow configuration
greatly influence their performance, making them ideal for advanced applications like heat exchangers and
solar thermal systems, where optimized thermal properties are crucial for improved efficiency.

The current study primarily focuses on unary, binary, and ternary nanofluids’ performance under
varying operating conditions. This creates a critical knowledge gap in leveraging the synergistic effects of
multiple nanoparticles to improve heat transfer performance.

The primary objective of this study is to bridge the gap in the existing literature by thermodynamically
investigating and comparing the thermal performance of unary, binary, and ternary hybrid nanofluids
and highlighting their suitability for industrial applications. The findings of this research contribute to the
development of energy-efficient and sustainable heat exchanger technologies, addressing the growing need
for improved thermal management systems.

This paper outlines several vital innovations and contributions:

+ The innovative combination of nanoparticles for the development of hybrid nanofluids for performance
enhancement of heat exchangers.

o The optimized combination of nanoparticles, pH levels, and surfactants for enhanced stability of
nanofluids in thermal applications.

«  Comprehensive performance analysis of heat exchangers based on unary, binary, and ternary nanofluids.

» Conducting a parametric study to analyze thermal performance factors for prepared hybrid fluids.

o The remaining section of the paper is organized as follows: Section 2 the materials, methods, modeling
assumptions, input parameters, and mathematical model. Section 3 presents the results and discussion
of the study. The study concludes with Section 5, consisting of the conclusions of the study.

2 Materials and Methods
2.1 Materials

In this study three types of nanoparticles were used namely AL, O3, TiO, and ZnO which were purchased
from Sigma-Aldrich, Petaling Jaya, Malaysia. The physical and chemical properties of these nanoparticles
are summarized in Table 1 [16]. The selection of these nanoparticles was based on criteria such as favorable
thermal characteristics, cost-effectiveness, and non-toxicity. To investigate the effects of various nanoparticle
combinations, binary and ternary nanofluids were formulated in six distinct combinations, as detailed
in Table 2. The primary objective of these combinations was to enhance the stability of the nanofluids. To
achieve this, multiple trials were conducted, both with and without the presence of surfactants, using pH-
adjusted water. Sodium dodecyl sulfate (SDS) was employed as the surfactant in this study, as it is commonly
used to improve the stability of nanofluids.

Table 1: Thermo-physical properties of nanoparticles

Properties ALO, TiO, ZnO
Color White White White
Shape Spherical Spherical Spherical

(Continued)
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Table 1 (continued)

Properties ALO, TiO, ZnO
Purity >0.99 >0.98 >0.89
Thickness 80 nm 18 nm 63 nm
Form Powder Powder Powder
Thermal conductivity 40 [17] 8.7 45 [18]
(W-m! K1)
Specific heat 880 [17] 689 440
(K kg™ K1)
Density (kg - m™) 3920 [9] 4230 5600

Table 2: Specifications of different combinations of hybrid nanofluid

Sample# TiO, ALO, ZnO Surfactant pH

6 10 mg 10 mg X X 11
7 10 mg X 10 mg X 11
8 X 10 mg 10 mg X 11
9 10 mg 10 mg X SDS 11
10 10 mg X 10 mg SDS 11
11 X 10 mg 10 mg SDS 11
12 10mg 10mg 10mg X 11
13 10mg 10mg 10mg SDS 11

2.2 Preparation and Characterization of NFs

The hybrid NFs were prepared by a wo-step method by dispersing various volume fractions, i.e., 2%,
4% and 6% into the base fluid. The main problem with two step method is the coagulation of nanoparticles
in base fluid. To prevent this ultrasonication, addition of surfactants and pH control techniques are used to
avoid agglomeration effect [16,19].

2.3 Experimental Setup

Fig. 1 represents the experimental setup used for the validation purpose of this research, employing the
Armfield HT30XC shell and tube heat exchanger model. The setup comprises counter flow arranged heat
exchanger, pumps, a storage tank, flow controller, temperature sensors, control panel, and heater. This setup
also illustrates the detailed working mechanism of the shell and tube heat exchanger, with each component
numbered to represent its specific function in the system’s operation. The hot fluid enters the tube side
through the hot fluid inlet (1), flows through the tubes, and exits via the hot fluid outlet (2) after transferring
its heat. Simultaneously, the cold fluid enters the shell side through the cold fluid inlet (2), flows across the
shell, absorbs heat from the hot fluid, and exits through the cold fluid outlet (3). The circulation of both fluids
is maintained using dedicated pumps and flow controller (5 and 6), while a reservoir (8) stores the fluid under
controlled conditions to ensure continuous operation. The main heat exchange occurs in the shell and tube
section (10), where thermal energy is transferred from the hot fluid to the cold fluid across the tube walls,
ensuring the fluids remain separated to prevent any mixing. Table 3 shows the specifications and operating
conditions of shell and tube heat exchanger.



Front Heat Mass Transf. 2025;23(3) 837

Figure 1: Experimental setup of shell and tube heat exchanger. (1) Hot fluid inlet; (2) Hot fluid outlet; (3) Cold fluid
inlet; (4) Cold fluid outlet; (5) Cold fluid flow controller; (6) Hot fluid flow controller; (7) Hot fluid pump; (8) Hot fluid
storage tank; (9) Cold fluid supply from overheat tank; (10) Effective heat transfer area

Table 3: Specifications and operating conditions

Parameters Values
Shell inner diameter, D; 39 mm
Shell wall thickness, t, 3mm
Tube outer diameter, d, 6.35 mm
Tube wall thickness, t 0.6 mm
Number of tubes, N 7
Shell/Tube length, L 150 mm
Shell inlet/outlet length, L. 10 mm
Baffle height, hg 34.5 mm
Baffle thickness, tg 3 mm
Tube side mass flow rate, m ", 9L-min!
Shel side mass flow rate, m ' 12L - min~!
Hot fluid inlet temperature, Ty, i 60°C
Cold fluid inlet temperature, T ; 30°C

2.3.1 Modelling Assumptions and System Input Parameters

Mathematical modeling of the shell and tube heat exchanger driven by hybrid nanofluid is presented in
this section. To solve the various system models, an engineering equation solver (EES) is used. Table 3 lists
the input parameters for the shell and tube heat exchanger, as depicted in Fig. 1 of the reference model [20].
Considering the following assumptions, the mathematical models of the proposed systems which include
unary, binary, and ternary nanofluids are analyzed:

o The process is assumed to be steady state.
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o The potential and kinetic energy changes are negligible.

o Pressure losses in pipes are ignored.

o  Fluids (hybrid fluid and water) are assumed to be incompressible
o System is assumed to be adiabatic.

2.3.2 Modelling

Thermophysical properties, including density (p,,) specific heat capacity (Cp,,), and thermal conduc-
tivity (K,,,) of the nanoparticles, are determined using the equations provided below. The model equations
utilized for calculating the properties of nanofluids are reported in this section and have been adapted from
the source [21,22].

The volume fraction of different configurations of hybrid nanofluids can be determined by using Eq. (1).

Muypr  Mupz  Myp3
np+np+np

Pnp1 Pnp2 Pnp3
¢= Myp1 Myp2 Myp3 (1)
+ +
Pnp1 Pnp2 Pnp3
where @, My, pnp and Viasefiuia are volume fraction, mass of nanoparticles, density of the nanoparticles and
volume of base fluid, respectively.

+ Vbasefluid

Density of nanofluid with different particle concentrations can be determined using Eq. (2).
Puf=Pof (L= @1) + pupt - @1+ Prup2* P2+ Pup3 - 93 2)

Specific heat of nanofluid can be determined by using Pak and Cho model as shown in Eq. (3). Where,
the subscripts bf and nf represent the base fluid and nanofluid, respectively.

_ (1=9) - pos-CPur+ @1 Pupt* CPupt + @2 Pupa* CPupa + @3+ Prps - CPups
Pnf

(3)

Cpnf

Thermal conductivity of nanofluid for each type of nanoparticle can be determined by using Maxwell
model as shown in Eqs. (4)-(6).

kot +2kyr =201 - (kpr—k

an1=kbf><( p 2Ky~ 291 (K Pl)) (4)
kpl+2kbf+¢1'(khf_kpl)
koo +2kpr =20, (kyr—k

Kypr = kpg % 2+ 2hoy =202 Koy — kyn) (5)
kpo +2kpf+ @2+ (ki = kp2)
kos +2kyr — 205 - (kpr—k

Kops = ki 3 bf =203 (kps —kp3) ©)
kp3+2kbf+(P3'(kbf_kp3)

The effective thermal conductivity for a nanofluid with multiple types of nanoparticles can be calculated
using Eq. (7).

Kup = (Kupt)" - (Ku2) " - (Kigs) ™ 7)
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The dynamic viscosity of a hybrid nanofluid can be determined using Batchelor model as shown
in Eq. (8) [23].

nf = tpf X (1 +2.5.(@1+ @2+ @3) +6.2. ((/)12 + (/)22 + q)32)) (8)
The heat transfer rate (Q) can be calculated using Eq. (9) [24].
Q=U.A A& Timrp %)

Log mean temperature difference (LMTD) for counter flow can be determined using Eq. (10).

(Thf,in - ch,out) - (Thf,out - ch,in)

LMTD = (10)
In (Thf,in - ch,out)
(Thf,out - ch,in)
Tube side flow area, A can be determined by Eq. (11) [25].
A=Za2N (1)
4
The Reynolds number (Re,,¢) for nanofluid can be determined using Eq. (12).
v D
Renf _ Pnf Vuf tube (12)
Unf
The effectiveness (¢) of a heat exchanger can be determined using Eq. (13).
€= Q‘.uctual (13)
Qmax
The Prandtl number of nanofluid can be determined using Eq. (14).
.C
Pr,y = L (14)
K, 1
The Nusselt number (Nu, ¢) for nanofluid can be determined using Eq. (15).
1+10 x ¢
Nu, s =0.086.Re’7.Pro? | ————~
Unf €nf LTy T+2x09 (15)
Friction factor (F) for nanofluid flow in heat exchanger can be calculated by:
If, flow situation is laminar:
64
F= (16)
Ren f
If the flow is turbulent, then Reynolds number can be calculated by Blasius correlation using Eq. (17).
F = 0.316Re% 7 17)

nf
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Mean velocity of nanofluid U, can be determined by using Eq. (18).

4mnf

. 18
pusnd; (1

Pressure drop, AP of nanofluid can be determined by using Eq. (19).

X —Pf’lf Ufn X

AP =F
2d,

L (19)

Pumping power, P can be determined by using Eq. (20).

P =V, xAP (20)

Thermal performance factor (TPF) of nanofluids can be determined by using Eq. (21).

Nu,,f
Nubf

()"

where Nuyg, Nuyg, Fy and Fyf are Nusselt number of base fluid, Nusselt number of nanofluid, friction factor
of base fluid and friction factor nanofluid, respectively.

TPF =

(21)

3 Results and Discussion
3.1 Model Validation

The thermodynamic model of the shell and tube heat exchanger using nanofluids in this study is com-
pared and validated against findings from existing literature, for different range of volume fraction, density is
illustrated in Fig. 2a. Density of the present study is closely align with [23,26] at all the concentrations, with
minimal average difference error 2.23%.

Similarly, Fig. 2b represents comparison of Nusselt number of nanofluid with reference models [23,27].
The results of the current study show a close alignment with references literatures across all flow rates, with
a minimal average difference error of 6.8% at reference designed conditions, confirming the accuracy of the
proposed model.

3.2 Stability of Hybrid NFs

The stability of nanofluids (NFs) and the behavior of nanoparticles in the base fluid remain unresolved
challenge, as each type of nanoparticle interacts differently with various base fluids. Nanoparticle agglomer-
ation not only leads to agglomeration and clogging but also reduces thermal conductivity. Surfactants and
pH are commonly used to stabilize nanofluids. surfactants addition reduces the surface tension of the base
fluids, enhancing the dispersion of nanoparticles [22]. The stability of the hybrid nanofluids was determined
by evaluating the zeta potential () of the nanofluid. In this study, zeta potential was measured by using
Malvern Zeta sizer to assess their stability. Zeta potential is determined by the electrophoretic movement of
charged particles in response to an electric field. Strong repulsive forces are indicated by higher absolute zeta
potential values (¢ > +30 mV), which hinder aggregation and ensures long-term dispersion stability.
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Figure 2: (a) Model validation by comparison of density of nanofluid with reference models [23,26]. (b) Model
validation by comparison of Nusselt number of nanofluid with reference models [23,27]

Fig. 3 presents the zeta potential curves for a binary nanofluid sample (TiO, + ZnO) with and without
the presence of a surfactant. The presence of the surfactant enhances nanofluid stability, as indicated by the
higher-intensity zeta potential peak. Experimental results show that the zeta potential increases from —44.2
to —47.8 mV with the inclusion of the surfactant.
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Results

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -47.8 Peak 1: -47.8 100.0 524
Zeta Deviation (mV): 524 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0281 Peak 3: 000 0.0 0.00
Result quality : Good
Zeta Potential Distribution
4000001
300000t
5‘ A
© 200000
3
1000001
1]
-100 0 100 200
Apparent Zeta Potential (mV)
Record 9773 Zeta_TI02_ZnO_S0S_S10 1 ———— Record 9774 ze:n_'no:_zno_sos_smzl
Record 9775 Zeta_TIO2 ZnO_SOS_S103
(a)
Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -44.2 Peak 1: -442 100.0 6.90
Zeta Deviation (mV): 6.20 Peak 2: 000 00 0.00
Conductivity (mS/cm): 0.259 Peak 3: 000 0.0 0.00
Result quality : Good
Zeta Potential Distribution
4000001 . .
e e e o ] O Y | B . e .
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© 200000 : :
] . .
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T Record 9768: Zeta_TiO2_Zn0O_S7 :1
Record §769° Zeta_TiO2_ZnO_S7 3

(b)

Figure 3: Zeta potential curves for binary TiO, + ZnO nanoparticles (a) with surfactant (b) without surfactant

Fig. 4 displays the zeta potential curves for a binary nanofluid sample (ALO; + ZnO) with and
without the presence of a surfactant. The addition of the surfactant improves stability, as evidenced by
the higher-intensity zeta potential peak. Experimental results indicate an increase in zeta potential from
—42.4 to —44.1 mV with the surfactant addition.
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Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -44.1 Peak 1: -44.1 100.0 588
Zeta Deviation (mV): 533 Peak 2: 0.00 00 0.00
Conductivity (mS/cm): 0273 Peak 3: 000 0.0 0.00
Result quality : Good
Zota Potential Distribution
m .......................
400000t
" L
'§ 3000001
(%7 3
3 200000t
100000t
° 2 2 : i
-100 0 100 200
Apparent Zeta Potential (mV)
Record 9797 Zeta_AI203_ZnO_SDS_S11 1 Record 9798 Zeta_ARO3_ZnO_SDS_S112
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(a)
Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -42.4 Peak 1: -458 923 726
Zeta Deviation (mV): 136 Peak 2: -2.11 77 267
Conductivity (mS/cm): 0264 Peak 3: 000 0.0 0.00
Result quality : Good
Zeta Potential Distribution
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(b)

Figure 4: Zeta potential curves for binary AL O; + ZnO nanoparticles (a) with surfactant (b) without surfactant

Fig. 5 highlights the zeta potential curves for binary nanofluid sample (AL O; + TiO,) with and without
presence of surfactant. Based on experimental results the zeta potential decreases slightly from —477 to
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—44.9 mV with the addition of surfactant. Moreover, the selected binary nanofluid (ALO; + TiO,) without
any addition of surfactant illustration good dispersion, this is due to phenomena that, in polar liquids AL O;
is able to improve a substantial amount of surface charge that can increase dispersion stability by electrostatic
repulsion [16,28].

Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -44.9 Peak 1: -449 100.0 7.80
Zeta Doviation (mV): 7.80 Peak 2: 0.00 00 0.00
Conductivity (mS/cm): 02286 Peak 3: 000 0.0 0.00
Result quality : Good
Zeto Potential Distribution
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500000t
g 4000001
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2 2000001
1000001
0 ¢ * + ¢ 4
-100 ] 100 200
Apparent Zeta Potential (mV)
| Record 9785 Zeta_TIO2_AI20X.SDS_S9 1 Record 9786 Zeta_TIO2_ARROX-SDS_S9 2]
Record §787: Zeta_TiIO2 _AI20J.SDS_S6 3
(a)
Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -47.7 Peak 1: -47.7 100.0 5.30
Zeta Deviation (mV): 520 Peak 2: 0.00 00 0.00
Conductivity (mS/cm): 0258 Peak 3: 000 0.0 0.00

Result qunllty : Good

Zeta Potential Distribution

i

—tr—t—r—t—r—tr—rr

-100 v ] 100 200
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Reocord 9779 Zeta_TIO2_AI2O0I_S6 1
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Rocord §781° Zets_TIO2_AI203_S6 3

(b)

Figure 5: Zeta potential curves for binary AL Oj; + TiO, nanoparticles (a) with surfactant (b) without surfactant
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Fig. 6 shows the zeta potential curves for the ternary nanofluid sample (AL O; + TiO, + ZnO), both with
and without the addition of a surfactant. The stability improves with the addition of the surfactant, indicated
by a higher-intensity zeta potential peak. Experimental results reveal that the zeta potential increases from
—34.3 to —40.9 mV with the addition of surfactant.

Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -40.9 Peak 1: -40.9 100.0 7.39
Zeta Deviation (mV): 7.29 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0371 Peak 3: 0.00 0.0 0.00
Result quality : Good
Zeota Potential Distribution
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%‘ L
© 200000t
- 1000001 -
o H . . H i
-100 0 100 200
Apparent Zeta Potential (mV)
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——  Reocord $824: Zeta_AI203_ZnO_TKO2-S0S-S12 2
—— Record §835 Zets_AI203 ZnO_T¥02.SDS.-S12 3
(a)
Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -24.3 Peak 1: -343 100.0 490
Zeta Deviation (mV): 490 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0353 Peak 3: 0.00 0.0 0.00

Result quality : Good

Zeta Potential Distribution

-100 [+] 100 200
Apparent Zeta Potential (mV)

Rocord 9827: Zota_AI203_ZnO_TI02_512 1 ——— Record 9828: Zeta_AIRO3_ZnO_TIO2_512 :l
Record 8829 Zeta AIZO3 ZnO_TiO2_S12 3
(b)

Figure 6: Zeta potential curves for ternary AL O; + TiO, + ZnO nanoparticles (a) with surfactant (b) without surfactant
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According to the zeta potential study, surfactant addition typically improves the stability of binary and
ternary nanofluids, as evidenced by higher zeta potential values. The improved stability of binary nanofluids
is particularly noticeable in the situations of TiO, + ZnO and ALO; + ZnO, where the zeta potential values
reached —47.8 and —44.1 mV, respectively. The ternary nanofluid (AL O; + TiO, + ZnO) also showed slightly
good stability, with its zeta potential increasing from —34.3 to —40.9 mV when surfactant was added.

3.3 Effect of Concentration of Nanoparticle on Density of Nanofluid

The study examines the impact of nanoparticle concentration on the density of various nanofluids as
shown in Fig. 7, demonstrating a clear trend where density increases with higher nanoparticle fractions,
ranging from 0.01 to 0.09. This is because the quantity of nanoparticles dispersed in the base fluid has
increased. Deionized (DI) water serves as a base fluid with a density of 1000 kg/m’, while the density
of ALO; nanofluid rises from 1027 to 1261 kg/m’ as concentration increases. Notably, among the three
binary combinations, the TiO, + ZnO nanofluid demonstrates the most substantial increase in density,
with values ranging from 1076 to 1706 kg/m’ as the nanoparticle concentration increases. The ternary
nanofluid composed of AL O3, TiO,, and ZnO achieves the highest density, ranging from 1106 to 1972 kg/m”,
highlighting the cumulative effect of multiple nanoparticles.
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Figure 7: Effect of volume fraction of nanoparticles on density of different nanofluids

3.4 Effect of Concentration of Nanoparticle on Reynolds Number of Nanofluid

Fig. 8 demonstrates the variation of volume fraction on Reynolds number for DI water, unary, binary
and ternary nanofluids. The results demonstrate a clear decrease in Reynolds number as nanoparticle
concentration increases across all nanofluid. This is because the addition of nanoparticles increases the
dynamic viscosity (y) of the fluid, which reduces the Reynolds number as given by the Fq. (12). While DI
water maintains a constant Reynolds number of 82 at all concentrations due to absence of nanoparticles,
thereby preserving its flow properties.

In contrast, unary, binary, and ternary nanofluids display progressively lower Reynolds numbers as
the nanoparticle concentration rises from 0.01 to 0.09. The unary AL, O; nanofluid has a modest decline,
while the binary nanofluids (ALOs + TiO,, TiO, + ZnO, and ALO; + ZnO) exhibit a similar trend with
slightly greater reductions, showing more impact of the added particles on flow characteristics. The ternary



Front Heat Mass Transf. 2025;23(3) 847

ALO; + TiO, + ZnO combination sees the steepest drop, with Reynolds numbers falling from 43.23 at a
0.01 concentration to 21.5 at 0.09. These findings suggest that higher nanoparticle concentrations generally
increase viscosity and reduce flow velocity, resulting in lower Reynolds numbers. The binary nanofluids,
particularly ALO; + TiO,, TiO, + ZnO, and ALO; + ZnO, also exhibit significant improvements in heat
transfer rates. For instance, the heat transfer rate for ALO; + TiO, nanofluid progresses from 1180 W at 0.01
concentration to 6840 W at 0.09 concentration, while TiO, + ZnO shows a similar trend, starting at 1190
W and reaching 6402 W. AL O3 + ZnO slightly outperforms TiO, + ZnO with values ranging from 1225 to
6695 W.
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Figure 8: Effect of volume fraction on Reynolds number of different nanofluids

3.5 Effect of Concentration of Nanoparticles on Viscosity of Nanofluid

Fig. 9 demonstrates the variation of volume fraction on viscosity for DI water, unary, binary and ternary
nanofluids. The results indicate that viscosity increases with rising volume fraction in all hybrid fluid cases,
while DI water shows no change due to the absence of nanoparticles. This increase in viscosity of nanofluids
increases with nanoparticle concentration due to enhanced interparticle interactions, increased solid volume
fraction, and greater resistance to fluid motion.

In comparison, the unary nanofluid (AL, Os) shows an initial increase in viscosity due to single particle
fluid interactions. Binary nanofluids further amplify viscosity compared to unary nanofluids, likely due
to two particle interactions. The ternary nanofluid (ALO; + TiO, + ZnO) displays the highest viscosity
at all volume fractions, suggesting more complex interactions among three nanoparticle types. This rise
in viscosity with added nanoparticle types and concentrations implies improvement in thermal properties
but also indicates increased flow resistance, which may impact pumping power and system design in
practical applications.

3.6 Effect of Concentration of Nanoparticles on Heat Transfer Rate

Fig. 10 demonstrates how the heat transfer rate varies with volume fraction for deionized (DI) water,
unary, binary, and ternary nanofluids. The results indicate a significant increase in heat transfer rate as the
concentration of nanoparticles increases across all cases of nanofluids, this is due to enhancement of thermal
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conductivity of the fluid, improving heat transfer efficiency. Additionally, increased nanoparticle interactions
and Brownian motion enhance convective heat transfer, leading to higher energy transport.
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Figure 9: Effect of volume fraction of nanoparticles on viscosity of different nanofluids
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Figure 10: Effect of volume fraction of nanoparticles on Heat transfer rate for different nanofluids

For deionized (DI) water, the heat transfer rate increases gradually reaches to its highest value 52 W
at 0.09 concentration, highlighting its limited thermal performance as a base fluid. In contrast, the unary
AL O; nanofluid demonstrates much higher heat transfer rates, starting at 584.2 W at 0.01 concentration
and reaching 3806 W at 0.09 concentration. This dramatic enhancement showcases the effective thermal
conductivity of A, O; nanoparticles. The binary nanofluids, exhibit significant improvements in heat transfer
rates. For instance, the heat transfer rate for ALLO; + TiO, nanofluid progresses from 1180 W at 0.01
concentration to 6840 W at 0.09 concentration, while TiO, + ZnO shows a similar trend, starting at 1190 W
and reaching 6402 W. ALO; + ZnO slightly outperforms TiO, + ZnO with values ranging from 1225 to

6695 W.
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Notably, the ternary nanofluid ALO; + TiO, + ZnO exhibits the highest heat transfer rates among all
cases, with a remarkable increase from 1705 W at 0.01 concentration to 8300 W at 0.09 concentration. This
indicates that combining multiple nanoparticles results in enhanced thermal performance, underscoring
the advantages of using multi-component nanofluids in heat transfer applications. Overall, the data suggest
that increasing nanoparticle concentration significantly boosts heat transfer rates, with ternary combinations
providing the most effective thermal performance.

3.7 Effect of Flow Rate on Heat Transfer Coefficient

The Fig. 11 represents the heat transfer coefficient (U) as a function of volume flow rate for DI
water, unary, binary and ternary nanofluids at three different nanoparticle concentrations: 2%, 4%, and
6%. The results illustrate that, in all subgraphs (a), (b) and (c), increasing the flow rate and nanoparticle
concentration enhances heat transfer performance. This improvement is attributed to increased turbulence,
better nanoparticle dispersion, and reduced thermal boundary layer thickness, resulting in a higher heat
transfer coefficient for nanofluids compared to DI water. In contrast, the introduction of unary AL Os;
nanoparticles leads to a significant rise in the heat transfer coefficient, demonstrating the positive impact of
nanofluids on convective heat transfer and thermal conductivity.
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Figure 11: Effect of concentration of nanoparticles on Heat transfer coefficient against volume flow rates for different
nanofluids. In all subgraphs (a-c), increasing the flow rate and nanoparticle concentration enhances heat transfer
performance
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When investigating binary nanofluids, the combinations of ALO; + TiO,, TiO, + ZnO, and
AL O; + ZnO show even higher heat transfer coefficients than unary AL, Os, suggesting that the interactions
between different nanoparticles can result in enhanced thermal performance. The heat transfer coefficients
for these binary mixtures indicate improved thermal behavior due to the combined effects of multiple
nanoparticles, which may enhance particle dispersion and reduce thermal resistance.

The ternary nanofluid (ALO; + TiO, + ZnO) achieves the highest heat transfer coeflicients among
all cases, reaching up to 537.8, 1065 and 1592 at 2%, 4% and 6% vol. concentration, respectively. This
is attributed to the blending different nanoparticles can lead to synergistic effects that further improve
thermal performance. This suggests that utilizing a combination of multiple nanoparticles not only enhances
the thermal conductivity but also facilitates superior convective heat transfer compared to unary and
binary combinations.

It is clear indication from graphs that with the increment of concentration of nanoparticles the heat
transfer coefficient increases.

3.8 Effect of Flow Rate on Nusselt Number

The Fig. 12 represents the Nusselt number (Nu) as a function of volume flow rate for DI water, unary,
binary and ternary nanofluids at three different nanoparticle concentrations: 2%, 4%, and 6%. The results
clearly demonstrate that that as the flowrate increases along with concentration of nanoparticles, the Nusselt
number of the prepared nanofluid samples also increases as shown in subgraphs (a), (b) and (c). This is due
to the fact that an increase in flowrate causes the Reynolds number to rise, which is proportional to the fluid’s
Nusselt number according to the correlation in Fq. (15). DI Water serves as the baseline and exhibits the
lowest Nusselt numbers, indicating relatively poor heat transfer capabilities compared to nanofluids.
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Nusselt number

15 15

Flowrate (/m) Flowrate (I/m)

Figure 12: (Continued)
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Figure 12: Effect of concentration of nanoparticles on Nusselt Number against volume flow rates for different
nanofluids. As the flowrate increases along with concentration of nanoparticles, the Nusselt number of the prepared
nanofluid samples also increases as shown in subgraphs (a—c)

In contrast, the binary nanofluids, specifically ALO; + TiO,, TiO, + ZnO, and ALOs + ZnO exhibit
considerably higher Nusselt numbers, indicating a marked improvement in convective heat transfer perfor-
mance. The Nusselt numbers out of these three cases, ALO; + ZnO reaches to its highest value (2.061) at
6% vol. concentration due to synergistic effects that enhance thermal conductivity and flow characteristics,
optimized particle size and distribution that improve dispersion and stability and favorable interactions
between the nanoparticles and the base fluid that enhance convective heat transfer efficiency.

The ternary nanofluid (AL O; + TiO, + ZnO) yields a mixed performance with Nusselt numbers reaches
to its value (1.306) at 6% vol. concentration. While this is an improvement over unary Al,Os; but weakness
over binary, it does not reach the levels seen in the binary combinations, suggesting that the combination of
three nanoparticles may lead to increased interaction and viscosity that could hinder optimal convective heat
transfer performance. The behavior of the ternary nanofluid indicates that while the combination of AL, Os,
Ti0O,, and ZnO may provide some benefits, the complexities of multiple particle interactions and potential
increases in viscosity can limit its effectiveness compared to binary nanofluids. It highlights the need for
careful consideration of the nanoparticle types and concentrations used in ternary combinations to optimize
their convective thermal performance in practical applications.

3.9 Evaluation of Thermal Performance Factor (TPF)

Fig. 13 highlights the thermal performance factor for hybrid nanofluids selected in this study. The
thermal performance factor (TPF) of binary nanofluids is higher than ternary nanofluids because binary
nanofluids provide a better balance between thermal conductivity enhancement and low to moderate viscos-
ity. In contrast, ternary nanofluids tend to have higher viscosity due to increased nanoparticle interactions,
leading to greater flow resistance and reduced convective heat transfer efficiency.

The thermal performance factor (TPF) analysis for various nanofluids indicates distinct differences in
heat transfer efficiency across unary, binary, and ternary combinations. The unary ALO; nanofluid, with
a TPF of 0.799, shows limited improvement over deionized (DI) water, suggesting modest heat transfer
enhancement. Binary nanofluids, however, display substantial gains in thermal performance: ALO; + TiO,
reaches a TPF 0f 2.083, TiO, + ZnO achieves 2.8, and AL, O; + ZnO slightly surpasses this with a TPF of 2.835,
this is due to fact that, ZnO and AlO; both have higher thermal conductivities than TiO,, their combination
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probably improves heat transmission by increasing effective thermal conductivity more than other mixes. In
contrast, the ternary nanofluid (AL O; + TiO, + ZnO) yields a TPF of 0.828, indicating that while the addition
of a third nanoparticle does not enhance performance as compared to the case of binary. Ternary nanofluids
can sometimes exhibit diminished TPF due to complex inter particle dynamics, viscosity-related drawbacks,
and reduced synergistic effects, suggesting that binary combinations may often provide an optimal balance
for thermal enhancement.

TPF

Figure 13: Thermal performance factor for different nanofluids

4 Uncertainty Analysis of the Experimental Setup

In this section, an uncertainty analysis of the thermal parameters of the experimental setup has been
performed. The total uncertainty du of a parameter u is made up of the uncertainty from equipment error
(du,) and uncertainty of repetition error (du,) and [29].

8u =/ (Ottrep)? + (Ottegy)? (22)

If U is the function of n independent linear parameters as U = U of (u1, Uy, us, ...u, ) and let the parame-
ters uy, Uz, Uz, ..., Uma - - - Uy, are calculated with uncertainties Suy, us, Ous, ..., Sy, Oyt . . . O, Where
U is stated as: U = “>*25 0" then the uncertainty of U will be [30].

U1 X

2 2 2 2
SU = (a—Usul) +(8—U6u2) +(a—U6u3) +...+(aU6un) (23)
du; du, ou; u,

where 60U is the uncertainty of the function U, du; the uncertainty of ; and S—Z is the partial derivative of U
with respect to u;.

Hence, fractional uncertainty of the U (given that uncertainties in uy, uy, U3, ..., Uy, Up1s ..., Uy, are
independent of each other) will be [31].

2

5U=\J (a—Uau1)2+(a—Uau2)2+ (a—Usu3)2+...+ (a—Uaun) (24)

ouy ou, ous du,
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Using Eq. (24), fractional uncertainties can be estimated. By using the aforementioned approach, the
greatest absolute uncertainty for every parameter is computed and, for every experiment, it is less than
5%. Uncertainty values quantifies within this limit confirm the reliability of the measured data [29]. The
uncertainties related to the experimental setup’s measuring devices are listed in Table 4.

Table 4: Measurement ranges and uncertainty of the instruments

Instrument Range Maximum uncertainty in measurement
Datalogger  0°Cto 200°C +2%
Flow meter 0 to 3.0 L/min +0.5

Thermocouple 0°C to 200°C +0.5

5 Conclusions and Future Work

The objective of this study is to improve the stability of hybrid nanofluids and thermodynamic
comparative analysis of various hybrid nanofluid used as heat transfer fluids. This includes unary nanofluid
(ALO3), three binary combinations (ALO; + TiO,, TiO, + ZnO, ALO; + ZnO), and a ternary blend
(ALO; + TiO, + ZnO). Following are the major findings of this study:

o  The stability of nanofluid was found to improve in pH-adjusted water compared to deionized (DI) water,
with optimal stability observed at a pH of 11, with additional enhancement observed upon the use of
a surfactant.

« Increasing nanoparticle concentration results in a decline in Reynolds number across all cases, excluding
DI water, which remains constant. This decrease in Reynolds number with higher volume fractions
is likely due to the higher density and viscosity imparted by the nanoparticles, which can hinder
flow velocity.

« Inacomparison of hybrid nanofluids, binary nanofluids, especially ALO; + ZnO exhibited the highest
TPF (2.835), indicating superior thermal performance.

» Despite of higher heat transfer rate and specific heat, the ternary nanofluid exhibits a modest TPF (0.828)
due to increased density and viscosity. These properties can raise the fluid’s resistance to flow, thereby
increasing the required pumping power and diminishing overall energy efficiency gains.

The results reveal that binary nanofluids, particularly AL O; + ZnO, offer an optimal balance of thermal
enhancement and flow stability, outperforming unary and ternary combinations. The findings highlight
the importance of careful selection of nanoparticle types and concentrations to optimize heat transfer
applications, as well as considering the trade-offs associated with viscosity and flow properties. The findings
of this study can be easily scaled up and applied to shell and tube heat exchangers for enhanced thermal
performance. Furthermore, this work suggests future directions for engineers to incorporate pressure drop
analysis due to addition of multiple particles in the base fluid and computational fluid dynamics (CFD)
simulations approach alongside experimental approaches.
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Nomenclature

Variables

A Area of heat exchanger (m?*)

G Specific heat (J - kg™! - K)

D Diameter (m)

F Friction Factor

H Heat transfer coefficient (W - m™2 - K)
K Thermal-Conductivity of nanoparticles (W - m™ - K™')
L Length of tube (m)

‘m Mass flow rate (L - min~!)

Nu Nusselt numbers (-)

NTU Number of heat transfer units

P Pumping power (W)

Pr Prandtl number (-)

Re Reynolds number

Q Heat transfer rate (W)

T Temperature (°C)

U Overall heat transfer coefficient (W - m? - K1)
U Velocity (m - s7')

\Ys Volumetric flow rate (m? - s71)
Greek Symbols

p Density (kg - m™)

0] Volumetric fraction (%)

£ Effectiveness of heat exchanger (-)

U Dynamic viscosity of nanofluid (Pa-s)
ATimrp  Logarithmic mean temperature difference (°C)
AP Pressure drop (Pa)

Subscripts

B Bafile

bf Base fluid

h Height

i Inner

In Inlet

np Nanoparticle

nf Nanofluids

0] Outer
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t Tube

Acronym

Al 05 Aluminum oxide

EES Engineering equation solver

DI Deionized water

HTF Heat Transfer Fluid

TPF Thermal performance factor

HTC Heat transfer coefficient

SDS Sodium dodecyl sulfate

TiO, Titanium oxide

ZnO Zink oxide
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