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This article 
contributes to: 

  

Highlights: 

• This study investigates the heat transfer performance 
of Al2O3-TiO2-SiO2 ternary nanofluids in regular 
tubes with wire coil inserts. 

• The highest increase in thermal conductivity of 24.8% 
was observed for the ternary nanofluid at a volume 
concentration of 3.0%, which also showed the highest 
viscosity at all temperatures. 

• The maximum heat transfer increase in plain tubes 
with wire coil inserts (P/D-0.83) was achieved with a 
volume concentration of 3.0%. 

 

Abstract 

The ternary nanofluids are considered due to their advantages in overcoming the stability 
drawback of mono and binary nanofluids. This study aims to heat transfer performance of Al2O3-
TiO2-SiO2 ternary nanofluids in plain tube with wire coil under experimental. The ternary nanofluids 
were formulated using the composition ratio of 20:16:64 by volume in various volume 
concentrations ranging from 0.5 to 3.0%. Thermal conductivity and dynamic viscosity of ternary 
nanofluids were measured with KD2 Pro Thermal Properties Analyzer and Brookfield LVDV III 
Rheometer. Experimental forced convection heat transfer was carried out using a fabricated setup 
for Reynolds numbers from 2,300 to 12,000 at bulk temperature of 70 °C in plain tubes with wire 
coil inserts (0.83 ≤ P/D ≤ 2.50). Experimental results are highest thermal conductivity enhancement 
of 24.8% was obtained for ternary nanofluids at 3.0% volume concentration. The 3.0% volume 
concentration also shows the highest viscosity at all temperatures. The maximum heat transfer 
improvement for ternary nanofluids in a plain tube with wire coil (P/D-0.83), was attained by 3.0% 
volume concentration of up to 199.23%. The average TPF of the wire coil increases compared to 
the plain tube and improves further with volume concentrations in the range of 2.39 to 2.84.   

Keywords: Experimental; Heat transfer performance; Plain tube; Ternary nanofluids; Wire coil 

1. Introduction 
In recent years, nanofluids have attracted the attention of many researchers for various 

applications [1]–[9]. In general, hybrid nanofluids can be considered a new class of nanofluids that 
require more extensive research. According to the literature, hybrid nanofluids terminology can be 
divided into two major research topics, binary and ternary nanofluids.  However, in the previous 
study, most researchers have used the term hybrid to refer to binary nanofluids [10]–[15]. Heat 
transfer is the principal utilisation of binary nanofluids due to their ability to impart the optimal 
qualities of most of their constituents. It is believed that binary nanofluids are an extension of 
mono nanofluids, in which the single base fluid contains two or more nanoparticles that are 
suspended or dispersed in the fluid [16]. Carbon nanotubes, also known as CNTs, are a component 
of hybrid materials that have found application in sensors, including electrochemical, 
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nanocatalysts, and biosensors. Even so, there are still some limitations to how these nanomaterials 
can be used as binary nanofluids [17]. It has been revealed that the improved thermal conductivity 
of nanofluids is one of the most critical aspects in enhancing the performance of numerous heat 
transfer applications. Binary nanofluids have a significant increase in thermo-physical and heat 
transfer capabilities, allowing them to outperform conventional fluids and mono nanofluids in heat 
transfer applications [18]–[21].  

Research on hybrid nanofluids by combining three different nanoparticles into base fluids 
called ternary nanofluids was initiated by Mousavi, et al. [22]. Ternary nanofluids are developed to 
improve the thermo-physical properties much more than existing mono and binary nanofluids 
[22]–[24]. Several researchers investigated the ternary nanofluids by looking at their ability to 
sustain better stability, characterization, and thermo-physical properties to evaluate the heat 
transfer capabilities for applications in thermal engineering systems [22], [25]–[29]. The ternary 
nanofluid preparation uses a composition of three nanoparticles originating from metal and metal 
oxide by dispersing into several base fluids. Mousavi, et al. [22] investigated the thermo-physical 
properties of ternary nanofluids by incorporating three metal oxide nanoparticles dispersed in a 
base of water. Their study aims to improve nanofluids' stability and increase their thermal 
properties. The ternary nanofluids with dissimilar base fluids will outperform at different stability 
behaviour and thermal properties enhancement [23]. Therefore, the ternary nanofluids' 
characteristics for heating and cooling must be studied extensively for application in thermal 
engineering systems. According to Muzaidi, et al. [30], the ternary nanofluids increased the heating 
speed of the solar thermal system. Thus, the concept of ternary nanofluids has become an exciting 
topic of interest for current and future research works [27], [31]–[34].  

Previous research has examined the use of binary nanofluids in heat transfer applications, 
with several studies conducted by various researchers [18], [35]–[42]. In one of these studies, Baby 
and Ramaprabhu [42] looked at how well binary f-MWNT/f-HEG nanofluids mixed with water-
based fluids transferred heat at different Reynolds numbers and volume concentrations. Their 
analysis was mainly about turbulent flow with a constant heat flux at the edges. The tested volume 
concentrations were 0.005% and 0.01%, and their Reynolds numbers were 4500, 8700, and 15,500. 
At a Reynolds number of 4500, the results showed that the heat transfer coefficient went up by 
181% for volume concentrations of 0.005% and by 264% for concentrations of 0.01% at the 
entrance of the test section. At the end of the test section, heat transfer was improved by 166% 
and 206% for the same volume concentrations and Reynolds numbers. Also, the increase in heat 
transfer was more considerable at a high Reynolds number. This result was measured at both the 
beginning and end of the test sections. It is important to note that the heat transfer coefficient of 
EG-based fluids increased as volume concentrations and Reynolds numbers increased. This finding 
contrasts with the behaviour of water-based nanofluids, where heat transfer enhancement was 
observed to be greater at high Reynolds numbers. These results provide valuable guidelines for 
determining optimal volume concentrations of binary nanofluids in heat transfer applications. 

Keklikcioglu and Ozceyhan [43] investigated the influence of wire coil on heat transmission 
and pressure loss in a tube. The setup with P/D = 1 yielded the best overall efficiency of 
augmentation. The Nusselt number and pressure drop decreased with the wire coil's separation 
from the tube wall. While this happened, Promvonge [44] provided experimental data for heat 
transmission and flow friction in a circular tube of square-sectioned wire coils. Several studies 
examined the heat transmission and frictional qualities of tubes with wire coil inserts and various 
nanofluid varieties as working fluids [19], [45]–[47]. The performance of the thermo-hydraulic 
system in a tube with a snail entry and wire coil insert was examined by Promvonge, et al. [48]. 
Saha [49] investigated the friction coefficient and heat transfer parameters of laminar oil flow in 
rectangular and square ducts with transverse ribs and wire coils. Feng, et al. [50] evaluated the 
performance of a rectangular microchannel heat sink (MCHS) with wire coil inserts regarding 
coupled laminar liquid flow and heat transmission. 

Chougule, et al. [51] investigated the heat transmission and friction factor properties of 
MWCNT/water nanofluid flowing through a horizontally heated tube with and without a wire coil. 
The overall flow pattern and heat transfer enhancement in oscillatory-baffled reactors with helical 
coil inserts are investigated using numerical analysis. The increased heat transfer rate was 
addressed while the combined impact of oscillatory motion and helical coil inserts was considered 
[52]. A wire coil inserts in a circular tube was tested for its thermal performance in laminar and 
transitional flow fields by García, et al. [53]. It has been proven that heat transmission may be 
explored experimentally and numerically by placing a wire coil within the tube. These findings are 
supported by several previous works connected to the topic. Wire coils are utilized during testing 
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to enhance heat transfer and decrease pressure drop. Heat exchangers, radiators, microchannel 
sink cooling, solar collectors, solar thermal evaporation, green building,  Lithium-ion battery 
thermal, and other applications are used [14], [54]–[56].  

As already reviewed, pressure drop and convection heat transfer behavior from ternary 
nanofluids in plain tube with wire coil at a constant heat flux have not been investigated much by 
previous research either experimentally or numerically. In this research, a study was conducted to 
find out the magnitude of heat transfer performance from Al2O3-TiO2-SiO2 nanoparticles dispersed 
into W/EG in plain tube with wire coil, under a constant wall heat flux that was studied 
experimentally. 

2. Methods 

2.1. Preparation of Al2O3-TiO2-SiO2 Ternary Nanofluids 

In this present study, three types of nanoparticles are employed, namely Aluminium oxide 
(Al2O3), titanium oxide (TiO2), and silicon dioxide (SiO2). Sigma Aldrich (USA) supplied the Al2O3 
nanoparticles in powder form. At the same time, US Research Nanomaterials, Inc. (USA) supplied 
the TiO2 and SiO2 nanofluids, which are premixed with water. Polychem Indonesia supplied the EG, 
and distilled water was generated using water distiller equipment. Al2O3, TiO2, and SiO2 
nanoparticles were 13, 50, and 22 nm in size, respectively, with correspondingly purity levels of 
99.8%, 99%, and 99.99%. Table 1 and Table 2 describe the relevant properties of Al2O3, TiO2, SiO2, 
water, and EG in the current investigation.   
 

Table 1.  
Al2O3, TiO2, and SiO2 

nanoparticle properties 
[57], [58] 

Properties Unit Al2O3 TiO2 SiO2 

Density (ρ) kg m-3 4000 4230 2220 
Thermal conductivity (k) W m-1 K-1 40 8.4 1.4 

Specific heat (Cp) J kg-1 K-1 773 692 745 
Average particle diameter (d) nm 13 50 22 

Molecular mass (M) g mol-1 101.96 79.86 60.08 

 
Table 2.  

Ethylene glycol 
characteristics [59]  

 

Properties Unit Ethylene Glycol 

Boiling point °C 195–198 
Melting point °C -13 

Vapour pressure at 20 °C mmHg 0.08 
Density at 25 °C g ml−1 1.113 

 
A two-step preparation method was used in this investigation to create the ternary nanofluid. 

The first step in obtaining the predetermined volume of ternary nanofluid is to calculate the 
volume of each nanofluid. The base fluid was pre-mixed with a 60:40 volume ratio of water and 
EG. Then, the Al2O3-TiO2-SiO2 ternary nanofluids were created by combining the base fluid of 
water/EG with individual Al2O3-TiO2-SiO2 nanofluids. In addition, all the mono nanofluids were 
mixed at an optimum composition ratio of 20:16:64 on a scale of 100% by volume to form ternary 
nanofluids. The optimum value for the acquired hydrodynamic characteristics was used to 
determine the best composition ratio of the present ternary nanofluids. The infographic process 
flow in preparation for the Al2O3-TiO2-SiO2 ternary nanofluid sample is depicted in Figure 1. 
 

Figure 1. 
The preparation of 
ternary nanofluids  

 
This study produced 100 mL total volumes for thermo-physical characteristics of ternary 

nanofluids, whereas 20 L was used for the forced convection experiment. Various past publications 
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utilized volume concentration units. However, the manufacturer procured the TiO2 and SiO2 
nanofluids in suspended form, with concentration given in weight percent (wt.%). Eq. (1) is utilized 
to convert from weight concentration to volume concentration. Further, using Eq. (2), the 
nanofluids are diluted to a predetermined low-volume concentration. The mono nanofluids are 
prepared at different volume concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0% in the first step.  

∅ =
𝜔𝜌𝑏𝑓

(1 −
𝜔

100) 𝜌𝑝 +
𝜔

100 𝜌𝑏𝑓

 (1) 

∆𝑉 = (𝑉2 − 𝑉1) = 𝑉1 (
∅1

∅2
− 1)  (2) 

2.2. Measurement of Thermal Conductivity and Dynamic Viscosity 

The thermal conductivity of 
ternary nanofluids was measured 
using the KD2 Pro thermal property 
analyzer by The Decagon Devices, 
Inc. USA, a widely accepted and 
accurate instrument in the field of 
thermal conductivity measurement. 
As depicted in Figure 2, the analyzer 
consists of a portable controller 
equipped with a microprocessor, 
power control, and a sensor for 
measuring the thermal conductivity 
of liquid samples. This device can 

measure thermal properties through a transient line heat source, and it meets IEEE 442-1981 and 
ASTM D5334 standards. To maintain temperature accuracy between 30 and 70 °C, a Memmert 
water bath was utilized during the measurement process. Before measuring ternary nanofluids' 
thermal conductivity, the sensor was validated using glycerine, which the manufacturer provided 
with a thermal conductivity of 0.285 W/m.K at 25 °C. The sensor measured the thermal 
conductivity of glycerine at 0.283 W/m.K, with only a 0.7% deviation. This condition demonstrates 
the reliability and accuracy of the KD2 Pro thermal property analyzer. The study used 40 ml sample 
containers to hold the ternary nanofluids, and measurements were taken at various temperatures. 
Later, the sample container was placed in a water bath to maintain a temperature of 30 °C. The KS-
1 needle was placed vertically into the sample container and secured with tape to prevent 
movement during the measurement. At least five measurements were taken for each sample over 
15 minutes, and the average values were used for analysis. This method ensures the accuracy and 
reliability of the thermal conductivity measurements. 

This study measured the dynamic viscosity of ternary nanofluids using a Brookfield LVDV-III 
Rheometer, a specialized instrument designed for viscosity measurements. The instrument has a 
broad range of viscosity measurements from 1 to 6×106 mPa.s. The present study tested the 
viscosity measurement for the temperature ranges between 30 and 70 °C. The LVDV-III Rheometer 
operates by regulating the spindle using a calibrated spring essential for its effective operation. 

The deflection of the calibrated spring is used to 
calculate the viscous drag of the fluid against the spindle 
speed, and the deflection is measured using rotating 
transducers. It is important to note that the torque of 
the calibrated spring, spindle size, the turn spindle 
container's form, and rotational speed will significantly 
affect the viscosity reading. It is recommended that only 
laminar flow conditions be utilized to measure viscosity 
percentage torque, which should be between 10 to 
100%. The manufacturer states that the viscosity spindle 
speed may be adjusted between 0.01 to 250 rpm. Figure 

3 depicts the apparatus used for viscosity measurement. 
Overall, the Brookfield LVDV-III Rheometer is an 
essential tool for accurately measuring the dynamic 
viscosity of nanofluids in this study. A 16 ml ternary 

Figure 2. 
   Schematic diagram 

for thermal conductivity 
measurement  

Figure 3. 
    Arrangement of 

sample ternary 
nanofluids for dynamic 
viscosity measurement  
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nanofluid sample was inserted into a cup inside the cylinder jacket and attached to the rheometer. 
The water bath was switched on to regulate or maintain the operating temperature. For the goals 
of this investigation, the dynamic viscosity was evaluated for temperatures from 30 and 70 °C. The 
temperature of ternary nanofluids was measured using a thermocouple connected to the 
Rheometer, and the results were displayed on the computer. The RheoCal application was loaded 
into the computer for data measurement at different torques and temperatures. Every time it 
switched on the machine, the auto-zero setting was carried out. The spring must be reset to auto-
zero for each measurement to minimize error. Thus, the spindle was coupled to the spring to take 
the measurement. Each sample at different temperatures and concentrations was measured for 
up to five measurements. 

2.3. Force Convection Experimental Setup 

In this study, a modified experimental setup based on previous work by Azmi [60] was 
employed to evaluate forced convection heat transfer. Specifically, a custom experimental system 
was designed to examine forced convection heat transfer under turbulent flow conditions. The 
experimental setup used for convective heat transfer in this study is based on the design by Azmi 
[60], with several improvements and adjustments. The test section, which consists of a copper tube 
covered with fibreglass and glass wool insulators, was the first component to be developed. The 
schematic diagram is depicted in Figure 4. The setup comprises several components: a 
thermocouple, pressure transducer, data recorder, flow rate meter, collecting tank, heater 
regulator, and chiller. Calibration of each component in the test rig is essential to ensure that the 
settings are precise and suitable for this research. Table 3 provides a summary of each component 
of the experimental configuration.  

 

Figure 4. 
Schematic diagram of 

forced convection 
experimental setup  

 
Table 3.  

 Description of 
components in forced 

convection setup 

Main Section Description Function  

Test section Copper tube with D
in

 16 mm and D
out

 19 

mm, length 1.5 m. 

Test section for the heat transfer 
analysis 

Pump 1.0 HP Distribute working fluid throughout 
the entire system 

Pressure transmitter Differential type, 2.0 psi Measure the fluid flow's pressure drop 

Bypass regulator Two units Control the fluid flow 

Data logger LUTRON BTM-4208SD Record the experimental data of 
temperature and pressure 

Chiller  2.8 kW For the cooling process of the system. 

Collecting tank Volume: 0.02 m3
 
(20 L) Store the fluid 

Flow rate meter Range: 0 to 30 LPM To measure the fluid flow rate 

Voltage regulator 2 kW Supply power for the heating process 
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2.4. Design of Wire Coil Inserts 

To make wire coils, a lathe machine is used to wound a thin, light steel wire with a thickness 
of 3 mm along a tube with a diameter of 6 mm. This investigation uses wire coil inserts for three 
pitch-to-diameter ratios, P/D of 0.83, 1.50, and 2.50. The consideration of the equalization of heat 
transfer value and friction factor between pitch ratio (P/D) and twist ratio (H/D) follows the steps 
studied by Naik, et al. [61]. A fixed wire coil diameter, D = 12 mm, and thickness, e = 3 mm, are 
employed while winding the wire coil pitch on the lathe machine. The parameters of the wire coil 
and P/D selected from the wire coil utilized in this investigation are shown in Figure 5 and Table 4. 
 

Figure 5. 
Wire coil inserts design: 

a) Wire coil 
characteristics; and 

b) Wire coil with 
different pitch ratio 

(P/D)  
 

Table 4.  
Characteristic 

dimensions of the wire 
coils 

Wire coil number 
Diameter,  

D (mm) 
Thickness,  

e (mm) 
Pitch,  

P (mm) 
e/D 

(mm/mm) 
P/D 

(mm/mm) 

WC1 12 3 10 0.25 0.83 
WC2 12 3 18 0.25 1.50 
WC3 12 3 30 0.25 2.50 

2.5. Experiment Procedure 

The experimental investigation began by validating the test setup with water: EG (60:40) 
mixture to investigate forced convection heat transfer. A total of 20 L of water: EG-based fluids 
were transferred to the collecting tank, and the pump was activated to circulate the fluids flow 
throughout the system. The bypass valve regulator was used to regulate the flow of fluids in the 
system ensure proper connections and avoid pipe leaks. Flow rates ranging from 4 to 18 LPM were 
employed in this investigation. The input power of 750 W was supplied by turning on the voltage 
regulator on the control screen. To maintain the bulk temperature of the working fluid at 70 °C, a 
system chiller was used. The thermocouple and differential pressure transducer were connected 
to the data recording system to record the temperature and pressure drop of the experimental 
data. The flowmeter, which measures the flow rate of working fluid flows in litres per minute 
(LPM), was regulated by a regulator. A LUTRON BTM-4208SD data logger was used to record the 
experimental data to ensure the accuracy and precision of the data. 

The first step is to confirm the reliability of the test setup. Initially, the flow rate was set to 
the maximum in LPM at a constant operating temperature of 70 °C. The flow or bulk temperature 
is calculated using the average inlet and outlet temperatures at 70 ± 1 °C. Further, the flow rate of 
working fluids was reduced from a maximum LPM to a minimum. The data logger is set up to record 
the pressure drop and temperature reading for one minute after the temperature of the data 
logger and the flow meter has stabilized under steady-state conditions. Then, the experiment was 
repeated for ternary nanofluids in a plain tube. The Al2O3-TiO2-SiO2 ternary nanofluids were tested 
at 70 °C and various volume concentrations of 0.5 to 3.0%. After the completion of forced 
convection heat transfer of a plain tube, the experiment was repeated for wire coils with ternary 
nanofluids. The experimental work was undertaken for a wide range of Reynolds numbers from 
2,300 to 12,000 at the bulk temperature of 70 °C. Experiments were performed at constant heat 
flux boundary conditions for flow in plain tubes with wire coil inserts (0.83 ≤ P/D ≤ 2.50). 

2.6. Heat Transfer Performance 

According to Newton's law of cooling, Eq. (3) can express the heat transfer rate to or from a 
fluid flowing in a tube. 
 

𝑄 = ℎ 𝐴𝑠(𝑇𝑠 − 𝑇𝑏) (3) 
 
where, 𝑇𝑠 is the average surface temperature and 𝑇𝑏 is the bulk temperature. 
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The power supply, Q in Watt, is produced by the heater using electrical energy and is 
expressed by Eq. (4). 

𝑄 = 𝑉𝐼 (4) 

Eq. (5) assumes that there is no heat loss to maintain energy balance and expresses the heat 
from the tube equal to the heat in fluid flow. The heat supplied to the tube equals the heat in fluid 
flow. 

𝑄 = ℎ 𝐴𝑠(𝑇𝑠 − 𝑇𝑏) = �̇�𝐶𝑝(𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡) = 𝑉𝐼 (5) 

 
Hence, the heat transfer coefficient and Nusselt number derived are expressed by Eq. (6) and 

Eq. (7).  
 

ℎ𝑒𝑥𝑝 =
𝑄

𝐴𝑠(𝑇𝑠 − 𝑇𝑏)
 (6) 

𝑁𝑢𝑒𝑥𝑝 =
ℎ𝑒𝑥𝑝 𝐷

𝑘
 (7) 

Eq. (8) estimates nanofluids' average heat transfer enhancement in percentage (%). 

ℎ̅𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑 =

[∑
ℎ𝑛𝑓 − ℎ𝑊 𝐸𝐺⁄

ℎ𝑊 𝐸𝐺⁄
𝑥100%𝑁

1 ]

𝑁
 

(8) 

The Reynolds number, Prandtl number, and Nusselt number equations are presented in Eq. 
(9) to Eq. (11), respectively [62]. The properties of ρ, μ, k and Cp were estimated at bulk 
temperature, Tb, and obtained from the measurement and mixture relation. 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
 (9) 

𝑃𝑟 =
𝜇𝐶𝑝

𝑘
 (10) 

𝑁𝑢 =
ℎ𝐷

𝑘
 (11) 

In this study, the experimental Darcy friction factor was calculated using Eq. (12), where the 
pressure drop data from the pressure transducer was utilized. The calculated friction factor was 
then compared to the theoretical value derived from the Blasius [63] equation to validate the 
water/EG mixture results. The Blasius [63] equation, shown in Eq. (13), estimates the friction factor 
for single phase flow in a tube and applies to Reynolds numbers in the range of 3,000 to 5×106. The 
comparison between the experimental and theoretical friction factors is essential to ensure the 
experimental results' accuracy and the experimental setup's reliability. 

𝑓𝑒𝑥𝑝 =
∆𝑃𝑒𝑥𝑝

(
𝐿
𝐷

) (
𝜌𝑣2

2
)

 
(12) 

𝑓𝐵𝑙 =
0.3164

𝑅𝑒0.25
 (13) 

Dc is the coil diameter, and Dh is the hydraulic diameter calculated using Eq. (14), as proposed 
for wire coils in the previous literature [18], [64]. In this study, the pitch ratio symbol is denoted by 
P/D rather than P/Dc. 

𝐷ℎ =
𝐷2 − 𝜋𝑒2 𝐷𝑐 𝑃⁄

𝐷 + 𝜋𝑒𝐷𝑐 𝑃⁄
 (14) 

2.7. Thermal Performance Factor 

The thermal performance factor (TPF) equations, as in Eq. (15) are the foundation for the 
thermal-hydraulic performance analysis, which considers the increase in heat transfer over 
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increasing friction. These parameters allow for the analysis of the effectiveness of ternary 
nanofluids with inserts made of wire coil. If the modified method improves heat transfer more than 
the friction factor increment, it is more effective when the TPF value is greater than 1. Therefore, 
the heat transfer enhancement technique with a higher TPF ratio will perform more efficiently. 
Subsequently, this section is highlighted the TPF comparison for ternary nanofluids flow in a plain 
tube, flow with a wire coil. The TPF used in this study also complies with previous literature [47], 
[65].  

Incorporating nanofluids into straight tubes using various inserts can improve heat transfer 
but may also increase pressure loss. Previous studies have shown that using twisted tape and wire 
coil inserts enhances the heat transfer performance of nanofluids [19], [66]–[69]. However, the 
modified system experiences losses due to a higher pressure drop. Therefore, analyzing the 
hydraulic performance is crucial to determine the effectiveness of the modification approach. 
Thermal-hydraulic performance, or the thermal performance factor (TPF), measures the increase 
in heat transfer over friction. It is essential in evaluating the performance of the system. 

The TPF is calculated by taking the ratio of Nusselt number to friction factor to the power of 
1/3. Using the 1/3 index ensures a fair comparison under the same pumping power, consistent 
with previous studies [18], [45], [47], [70]. A TPF value greater than one (1) indicates that the heat 
transfer improvement is greater than the increase in friction factor when using wire coils. The ideal 
condition is high TPF values for thermal applications, as this indicates that wire coils successfully 
improve heat transfer with minimal friction factor increase, making them effective [51]. 
 

𝑇𝑃𝐹(𝑊𝑖𝑟𝑒 𝐶𝑜𝑖𝑙) =

𝑁𝑢𝑛𝑓,𝑊𝐶

𝑁𝑢𝑏𝑓,𝑃𝑇

(
𝑓𝑛𝑓,𝑊𝐶

𝑓𝑏𝑓,𝑃𝑇
)

1
3

 (15) 

2.8. Uncertainty Analysis 

The uncertainty analysis results for both instrumentation and physical quantities are 
summarized in Table 5 and Table 6, respectively. The maximum uncertainty for the instruments used 
in the experiment was 0.73%, while the maximum uncertainty for the experimental parameters 
was 0.89%. Overall, the uncertainty analysis provides essential information on the accuracy of the 
experimental results, and the low uncertainties found in this study suggest that the measurements 
were precise and reliable. 
 

Table 5.  
 Summary of 
instruments 
uncertainty 

No Instruments Variables Uncertainty (%) 

1 Thermocouple, °C Bulk temperature, Tb 0.19 – 0.48 
2 Thermocouple, °C Average surface temperature, Tw 0.29 – 0.73 
3 Flow meter, LPM Volume flow rate, �̇�  0.05 – 0.24 

4 Voltage, V Voltage, V 0.01 
5 Current, A Current, I 0.13  
6 Pressure transducer, Psi Pressure drop, ΔP 0.00014-0.0029 

 

Table 6.  
 Summary of physical 
quantities uncertainty 

No. Parameters Uncertainty (%) 

1 Reynolds number, Re 0.12 – 0.28 
2 Heat flux, q 0.13 
3 Heat transfer coefficient, h 0.38 – 0.89 
4 Nusselt number, Nu 0.39 – 0.89 
5 Friction factor, f 0.13 – 0.36 

3. Results and Discussion 

3.1. Thermal Conductivity and Dynamic Viscosity of Al2O3-TiO2-SiO2 
Ternary Nanofluids 

The enhanced thermal conductivity of the ternary nanofluid is due to the increased volume 
concentration and temperature. In addition, it is always higher than the water: EG-based mixture. 
The highest thermal conductivity enhancement of 24.8% was obtained for a volume concentration 
of 3.0%, as shown in Figure 6. Meanwhile, the volume concentration of 0.5% provided the lowest  
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thermal conductivity for 30 °C. The present ternary nanofluid was formulated by the composition 
ratio of 20:16:64 for three nanoparticle elements of different sizes. The three nanoparticles 
influenced the effective thermal conductivity of the ternary nanofluid. The diameter of TiO2 

nanoparticles with a size of 50 nm is larger 
than that of SiO2 and Al2O3 nanoparticles 
with 22 and 13 nm, respectively. In 
addition, Al2O3 and SiO2 nanoparticles fill 
the space gap between the larger TiO2 
nanoparticles to improve the conduction 
process. Hamid, et al. [71] discussed a 
similar observation for binary nanofluids. 
The Brownian motion will result in a 
higher heat transfer rate during the 
collision. Increasing the contact area for 
intermolecular conduction requires a 
unique and different arrangement of 
three nanoparticles. 

Figure 7 presents the dynamic 
viscosity of ternary nanofluids in the 
temperature range of 30 to 70 °C for 
various volume concentrations. The 
dynamic viscosity of the ternary 
nanofluids for all volume concentrations 
follows the based fluid trend, which 
decreases exponentially with temperature 
and increases with volume concentration. 
The 3.0% volume concentration shows the 
highest value for viscosity at all 
temperatures. The dynamic viscosity of 
Al2O3-TiO2-SiO2 ternary nanofluids is 
affected by temperature for all volume 
concentrations, which decreases with 
temperature and is well agreed with Asadi 
and Asadi [72]. 

3.2. Validation of Experimental 

Figure 8a and Figure 8a demonstrate the experimental Nusselt number and friction factor data 
validation for water/EG mixture at a bulk temperature of 70 °C, respectively. The estimation values 
by the equations of Dittus and Boelter [73] and Blasius [63] confirm the validity of the experimental 
data arrangement. The figures demonstrate that Dittus and Boelter [73] and Blasius [63] 
relationship and the experimental value of the water/EG mixture are in good agreement. For Dittus 
and Boelter [73], the average difference in the Nusselt number between the experimental value 
and the corresponding estimation is 1.91%. In contrast, 3.52% is the highest deviation for the 
experimental friction factor compared to the estimation by Blasius [63]. Other researchers also 
used similar equations by Dittus and Boelter [73] and Blasius [63] as validation standards [43], [57], 
[74]. The heat transfer coefficient and Nusselt number are higher than the water/EG-based mixture 
for each wire coil pitch ratio, and they rise with increasing Reynolds number. Additionally, as the 
wire coil pitch ratio falls, the heat transfer coefficient and Nusselt number rise. 

3.3. Heat Transfer Performance with Wire Coil Inserts 

Figure 9 show the heat transfer coefficient and Nusselt number, respectively, for flow in a tube 
with wire coil inserts at different volume concentrations of ternary nanofluids. A pitch ratio of 0.83 
led to the most significant heat transfer coefficient increase and complied with all volume 
concentrations. However, the lowest increase value is shown for the ternary nanofluid with a pitch 
ratio of 2.50 for each volume concentration. Compared to the water/EG mixture in a plain tube 
(without coil wire), the heat transfer coefficient increases significantly and rises by more than 100% 
when the pitch ratio is reduced from 2.50 to 0.83. The 3.0% volume concentration of ternary 
nanofluid performed with the highest increase in heat transfer and is applicable for all pitch ratios.  

Figure 6. 
     The variation of 

thermal conductivity for 
ternary nanofluids at 

different temperatures 
and volume 

concentrations  
  

Figure 7. 
      Dynamic viscosity 

for ternary nanofluids at 
different temperatures 

and volume 
concentrations  
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Figure 8. 
Validation for Nusselt 

number and friction 
factor of water/EG 

mixture with the wire 
coil: 

a) Nusselt Number; 
b) Friction factor  

 

Figure 9. 
Heat transfer coefficient 

for ternary nanofluids 
with the wire coil: 

a) P/D = 0.83; 
b) P/D = 1.50; 
c) P/D = 2.50;  

and Nusselt number for 
ternary nanofluids with 

the wire coil: 
d) wire coil; P/D = 0.83; 
e) wire coil; P/D = 1.50; 
f) wire coil; P/D = 2.50;  

 
At a pitch ratio of 0.83, the heat transfer enhancement is up to 199.23% higher than the water/EG 
mixture in a plain tube. The ternary nanofluids at 0.5% volume concentration performed at the 
lowest heat transfer value than others. The increase in heat transfer coefficient occurs due to the 
thermal conductivity of ternary nanofluid. Average enhancement in heat transfer coefficient of 
ternary nanofluids with wire coil for pitch are shown in Table 7. The eddy flow created by the wire 
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coil inside the tube causes the liquid to mix. Energy can be transferred more quickly in this state 
[75]. Furthermore, the mixing flow develops the temperature distribution and increases the 
steepness of the temperature gradient between the fluid and the wall [70]. 
 

Table 7.  
Average enhancement 

in heat transfer 
coefficient of ternary 
nanofluids with wire 
coil for pitch ratio of 

0.83 ≤P/D ≤ 2.50 

Volume concentration, 
ϕ (%) 

Pitch ratio, P/D 

0.83 1.50 2.50 

0.5  114.47 112.45 101.37 
1.0 122.77 116.33 104.51 
1.5 137.80 126.24 111.77 
2.0 145.67 128.37 114.22 
2.5 156.02 139.09 117.79 
3.0 199.23 152.75 121.90 

3.4. Friction Factor with Wire Coil Inserts 

The effect of the volume 

concentration of ternary nanofluids on the 

friction factor at different pitch ratios of 

0.83 to 2.50 is shown in Figure 10. The 

friction factor decreases with increasing 

Reynolds number, which follows the trend 

observed in water/ethylene glycol (EG)-

based mixtures. At all volume 

concentrations and specific wire coils, the 

friction factors are closely distributed 

without significant differences. The increase 

in the friction factor across all volume 

concentrations is relatively consistent. 

However, the friction factor decreases as 

the wire coil's pitch ratio increases. For pitch 

ratios of 1.50 and 2.50, the average 

increment of the friction factor for ternary 

nanofluids was 3.1 and 3.7 times, 

respectively, compared to the water/EG-

based mixture in the plain tube. In contrast, 

the friction factor at a pitch ratio of 0.83 

increased significantly, reaching 5.9 times 

higher than that of the base fluid in the plain 

tube. This substantial increase is attributed 

to fluid dynamic pressure dissipation, as the 

insertion of wire coils causes high fluid 

friction. Moreover, a smaller pitch ratio 

results in a larger surface area due to the 

increased number of coils. This leads to 

greater blockage of the coil flow through 

the flow field, contributing to the higher 

friction observed. Consequently, the 

interplay between pitch ratio and friction 

factor highlights the complex dynamics of 

fluid behavior in the presence of wire coils 

[45].  

 

3.5. Thermal Performance Factor  

Figure 11 presents the local TPF at a particular Reynolds number with the variation of volume 
concentration for ternary nanofluids. Like the previous plain tube, the local TPF for the wire coil is 
also greater than 1.0 and performs higher than that. The local TPF trend occurs similarly by almost  

Figure 10. 
 Friction factor of 

ternary nanofluids 
with the wire coil : 

a) P/D = 0.83; 
b) P/D = 1.50; 

c) wire coil; P/D = 2.50;  
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constant with the Reynolds number at a 
specific volume concentration. In 
addition, the average TPF increases with 
volume concentration. The average TPF of 
the wire coil increases compared to the 
plain tube and improves further with 
volume concentrations in the range of 
2.39 to 2.84. The minimum and maximum 
average TPF happened at 0.5 and 3.0% 
volume concentrations for ternary 
nanofluids with a wire coil. The average 
TPF for the wire coil was improved 
significantly due to enhancement in the 
Nusselt number is more dominant than 
the increase in friction factor. 
Subsequently, the TPF is expected with a 
higher ratio. 

Figure 12 shows the ternary nanofluid's average thermal performance factor at different pitch 
ratios and volume concentrations. This figure evaluates the pitch ratio's influence on the TPF 
performance for a wide range of volume concentrations of ternary nanofluids. Figure 12a confirms 
that the TPF at a certain pitch ratio is higher than the plain tube for a particular volume 
concentration. The TPF increases with a decreasing pitch ratio of more than 2.0 for all volume 
concentrations and pitch ratios. At a pitch ratio of 0.83, 3.0% volume concentration performs 
better TPF than other 0.5 to 2.5% volume concentrations.  

Meanwhile, Figure 12b presents the effect of the TPF on the volume concentration at different 
pitch ratios. The TPF ratios slightly increase with volume concentration for a particular pitch ratio. 
The figure shows that the 0.83 pitch ratio performs with the highest TPF ratio and applies to all 
volume concentrations. The 3.0% volume concentration has the highest TPF compared to the other 
concentrations. This circumstance occurs because the increase in the Nusselt number is more 
significant than the friction factor. Therefore, the heat transfer performance dominates the overall 
system performance. 

 

Figure 12. 
 Friction factor of 

ternary nanofluids 
with the wire coil : 

a) P/D = 0.83; 
b) P/D = 1.50; 

c) wire coil; P/D = 2.50;  
 

Figure 13 presents to compare the TPF of this 
research with the TPF available in the literature. 
Naik et al. [61], Goudarzi and Jamali [19], used air 
and EG and a single nanofluid as the working fluid 
in their research. Azmi et al. [18], using TiO2-SiO2 
nanofluids with EG/Water working fluid. The 
comparison is considered to be a previous 
experimental study with a pitch ratio of less than 
2.0. From the Figure, there is no data comparable 
to the data of the current research done. This 
observation can confirm that the ternary 
nanofluid flow with wire coils in the tube is 
suitable for heat exchanger applications. 

Figure 11. 
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Figure 13. 
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4. Conclusion 
In the present study, highest thermal conductivity enhancement of 24.8% was obtained for 

ternary nanofluids at 3.0% volume concentration. The 3.0% volume concentration also shows the 
highest viscosity at all temperatures. Based on experimental, the maximum heat transfer 
improvement for ternary nanofluids in a plain tube, with wire coil (P/D-0.83), was attained by 3.0% 
volume concentration of up to 199.23%. The average TPF of the wire coil increases compared to 
the plain tube and improves further with volume concentrations in the range of 2.39 to 2.84. The 
minimum and maximum average TPF happened at 0.5 and 3.0% volume concentrations for ternary 
nanofluids with a wire coil. 
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