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Abstract. This paper assesses the heat transfer performance of nanofluids containing low concentration of core-shell structure of SiO2@TiO2 

nanoparticles in a mixture of water and ethylene glycol (EG) in a commercially available heat exchanger. SiO2@TiO2 core-shell nanoparticles 
were prepared using modified Stöber method and characterized by using SEM, XRD, FTIR. Thermal properties of SiO2@TiO2 nanofluids, i.e. 

thermal conductivity, was determined by using transient hot wire experiments. For heat transfer analyses, 0 – 0.025% of SiO2@TiO2 nanofluids 

was employed in a finned-tube cross flow heat exchanger (automobile radiator kit). The results indicate that SiO2@TiO2 has an amorphous 
structure and is able to increase thermal conductivity as the fraction increases up to 0.04%. The thermofluid characteristics of nanofluid (Re, Nu, 

and Pr) increases leading to an increasing the convection coefficient. As the thermal conductivity and the convection coefficient increases, the 

total heat transfer coefficient improves. Finally, the heat transfer effectiveness increases linearly by 21% (from 0.203 to 0.246) upon using 
0.025% mass fraction of  SiO2@TiO2 to water/EG base fluid. 

 
Key words Nanofluid, SiO2@TiO2 core shell, water – ethylene glycol mixture, automobile radiator, heat transfer 

 

NOMENCLATURE   

 Mass fraction SiO2@TiO2 to water/EG  Th

 
Temperature of hot nanofluids 

V Flow rate (m/s) Tc Temperature of cold nanofluids 

Dh Hydraulic diamater (m) Greek Symbols  

Nu Nusselt number  Density (kg/m3) 

Re Reynold number  Dynamic viscosity (Ns/m2) 

Pr Prandtl number Subscripts  

k Conduction coefficient nf
 

Nanofluid 

h Convection coefficient bf 
 

Base fluid 

Q Heat in inlet 

U Overall heat transfer coefficient out outlet 

 Effectiveness    

TLMTD Log mean temperature different   

 

 

1.  INTRODUCTION 
 

Operational of heat exchanger in industry is often facing less optimal thermal properties of the working fluid 

used, such as water, ethylene glycol, or oil, leading to the lower heat transfer effectiveness [1,2]. Increasing the 

overall heat exchanger performance can be achieved by improving the thermal properties of working fluids, one of 

which is by adding micrometer or nanometer-sized particles into the working fluid [3,4]. However, blockages in the 

heat transfer process can occur in heat exchanger tubes when using working fluids with large particles and high 

particle concentrations [5,6]. Therefore, the use of nanoparticles dispersed in the base fluid (nanofluid) is considered 

an alternative solution that not only increases the thermal conductivity of the working fluid but also increases the 

long-term stability and mantains a low pressure drop [7]. The utilization of nanofluids enable the enhancement of 

heat transfer effectiveness in laminar flow as increasing concentration of nanofluids also increase the Reynolds 

number [3-7]. This suggests an increasing the nanofluid convection coefficient. 

Recent studies have been carried out to investigate the improved heat transfer mechanism in nanofluids bearing 

various metal oxide semiconductor nanomaterial, for example,  TiO2, Al2O3, CuO, and SiO2 [3-12]. Amongst these 

nanomaterial, TiO2 is one of the widely explored nanomaterials for the purpose of increasing heat transfer 

effectiveness due to its excellent chemical and thermophysical stability [6-11]. TiO2 nanoparticles dispersed in 

various base fluids are widely used in various forms of heat exchangers. In addition, TiO2 nanoparticles are cost-

effective and commercially available. Increasing the concentration of TiO2 is followed by an increase in the value of 



Nusselt numbers and without an increase in pressure drop to a concentration of 0.25% [12].  Beside the n-type 

semiconductor TiO2, other metal oxide such as SiO2 which is more electrically insulator in an oil emulsion based 

nanofluids also exhibits promising heat transfer effectiveness[13-19]. It is found that increasing the concentration of 

SiO2 nanofluid leads to the enhanced thermal conductivity without much changing its viscosity [14]. With 

concentration of only 0.5-3% SiO2, it is already found to increase the heat transfer effectiveness by 43.75%.  

In this study, we propose the utilization of SiO2 and TiO2 nanoparticles in the form of SiO2@TiO2 core-shell 

structure for nanofluids. Particularly, we evaluate the effect of low concentration of SiO2@TiO2 nanoparticles in 

water/ethylene glycol based nanofluid to the heat transfer effectiveness in cross-flow heat exchanger bearing finned 

tubes.  

 

 

2. EXPERIMENTALS 
 
2. 1. Synthesis of SiO2@TiO2 Core Shell Particle       

Spherical SiO2 particles were prepared using slightly modified Stöber method in a batch processed sol-

precipitation. An amount of 2.725 mL TEOS were added drop wise under stirring at room temperature into a 

mixture of 180 mL ethanol, 30 mL saturated ammonia solution and 9 mL MilliQ water. The addition of TEOS was 

repeated four times every 12 h. After additional stirring for 6 h, 200 µL APTMS were added. The reaction solution 

was heated to reflux and kept stirring for 4 h. The particles where extracted from the reaction solution by 

centrifugation (3000 rpm, 6 min) and re-dispersed in 25 mL ethanol by ultrasonication for 30 min. 100 mg of SiO2 

nanoparticles were dispersed in 100 mL ethanol by ultrasonication for 30 min. The nanoparticle solution was heated 

to reflux and a solution of 200 µL TTIP in 20 mL ethanol was added under stirring to the reaction solution with a 

dropping funnel. The mixture was kept under reflux for 2.5 h. The particles where extracted from the reaction 

solution by centrifugation (3000 rpm, 6 min) and re-dispersed in 25 mL water by ultrasonication for 30 min. 
 

2. 2. Characterization of SiO2@TiO2 Core Shell Particle   
The micromorphology of SiO2@TiO2 core-shell particles was analyzed by Scanning Electron Microscopy 

(SEM) FEI Inspect-S50 operating at 20.0 kV accelerating voltage. The crystal structure of nanoparticles was 

determined by powder X-ray diffraction (XRD) with PANalytical X-pert MPD. The diffractometer was operated at 

40kV and 20mA using a Cu-Kα radiation ( = 0.15406 nm). The thermal conductivity of the nanofluids was 

assessed by using the transient hot wire technique.  

 

 



 

Figure 1. (top) The heat exchanger apparatus and (bottom) the schematic its component. 

 
2.3. Heat Transfer Apparatus and Analysis     

The effectiveness of heat transfer was assessed in the experimental heat transfer system, i.e., automobile 

radiator training kit, including a closed loop of hot and cold flow (Fig. 1). The heat exchanger was finned-tube cross 

flow heat exchanger (Suzuki). The SiO2@TiO2 in a mixture of EG:water (1:1 v/v) nanofluid was employed as the 

hot fluid in the system. The concentration was varied in the range of 0 – 0.025% mass fraction of SiO2@TiO2 to 

EG:water base fluids. The system was functionalized with the calibrated thermocouples, flow meter and pressure 

gauges. The schematic diagram of the automobile radiator training kit is shown in Fig. 1.  
Performance of heat exchanger using different concentration of SiO2@TiO2 was evaluated by the heat tranfer 

effectiveness.  Heat transfer parameters of nanofluids were determined by joint experimental and theoretical 

approach, i.e. only conductivity is directly determined from transient hot wire measurements. The other parameters 

are determined as follows [1,2,17-22]: 

• Density  of nanofluids  

(1 )nf bf bf = −   +   (1) 

 

• Viscosity  of nanofluids (Einstein equation) 

(1 2,5 )nf bf = +  
 

(2) 

 

• Reynold number (Re)    

Re hV D 
=

  
(3) 

 

• Nusselt number (Nu) of external flow 
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• Nusselt number (Nu) of internal flow 

0,8 0,360,0265 Re PrNu =   (5) 

 

• Convection coefficient (hnf) of nanofluids  
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• Convection coefficient (h) of air  

f

h

Nu k
h

D

 
=

 

(7) 

 

Once all above parameters were determined, the overal heat transfer coefficient (U) was estimated. For a single tube 

heat exchanger, U was determined as follows: 

1
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(8) 

Finally, the heat transfer rate which involves convection and conduction was evaluated by the following:  

LMTDQ U=  
 (9) 
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Figure 2. (a) Scanning electron micrograph and (b) XRD pattern of SiO2@TiO2. Inset of (b) indicates FTIR spectra of 



SiO2@TiO2. 

 

3. RESULTS AND DISCUSSION 
 

3.1. Physical Properties of  SiO2@TiO2 Core Shell Particle       
The morphology of SiO2@TiO2 core-shell particles is displayed in Fig. 2a. The average size of SiO2@TiO2 

is 640 nm and the particle size distribution indicates that the resulting SiO2@TiO2 particles is considered 

monodisperse. To understand the underlying structure of SiO2@TiO2 core-shell particles XRD patterns of the 

SiO2@TiO2 core-shell and TiO2 after calcination at 500◦C for 3 h are recored (Fig. 2b). All the SiO2/TiO2 core-shell 

particles started to show clear anatase peaks corresponding to the planes (1 0 1), (0 0 4), and (200) at 2θ = 25.3, 

37.8, and 48.1, respectively. With increasing the number of coating steps, the FWHM (full width at half max-imum) 

of anatase peaks decreased indicating larger crystallite sizes. Nonetheless, higher X-ray diffraction background 

indicates that the nanoparticle is amorphous. Inset of Fig. 2b shows FT-IR patterns of SiO2@TiO2 core-shell 

particles. The absorption band at 460 cm−1 is assigned for Si-O-Si bending modes which appears in the same range 

of Ti-O-Ti band (400–600 cm−1) for SiO2@TiO2 core-shell particles. The absorption peak at 940 cm−1 is observed in 

the spectrum of SiO2@TiO2 core-shell particles indicating the characteristic vibration of Ti-O-Si. 

 

3.2. Thermal Properties of SiO2@TiO2 Nanofluids        
To aid the heat transfer analysis, the thermal conductivity of the prepared SiO2@TiO2 core-shell nanofluids 

is assessed by transient hot-wire measurements and summarized in Fig. 3. The thermal conductivity of water-EG 

mixture is 13.2 Wm-2K-1 and increases by 19.7% with inclining mass fraction of SiO2@TiO2 core-shell 

nanoparticle up to 0.04%. However, the thermal conductivity further decreases upon higher fraction of SiO2@TiO2 

core-shell nanoparticle.  

 

 

Figure 3. Thermal conductivity of SiO2@TiO2 nanofluids determined from transient hot wire measurements. 

 

The increasing and decreasing thermal conductivtiy in SiO2@TiO2 nanofluid can be described as follows: The 

nanoparticles, which has large surface area for energy exchange, acts as energy absorber and storage which are 

transported by diffusion or forced convection (flow). Therefore, a maximum thermal transport will be achieved  

when sufficient amount of  SiO2@TiO2 particles, whose thermal conductivity and heat capacity is higher than the 

base fluid, is reached. Nonetheless, the there is saturated concentration of nanoparticles in nanofluid which behaves 

like turning point (global maximum), in which higher concentration of nanoparticles will result in the worse particle 

diffusion and possible agglomeration/aggregation and hence, reduces the overal thermal conductance of the 

nanoparticle/fluid system. 

 

3.3. Heat Transfer Analysis      
The heat transfer performance of SiO2@TiO2 nanofluids can be indirectly assessed by dynamic of 

temperature changes in the hot (Th) and cold (Tc) stream upon varying the nanofluid concentration, i.e. mass fraction 

of SiO2@TiO2 to water/ethylene glycol, from 0 – 0.025% as shown in Fig. 4. The results show that outflow of Th 

and Tc is decreasing and increasing, respectively, with increasing concentration of SiO2@TiO2 nanofluids. This 

further indicates that the higher the concentration of nanofluids, the higher the heat is transferred. In addition, this 

seemingly increasing heat transfer upon increasing nanofluid concentration up to 0025% is in a good agreement with 



the thermal properties of investigated nanofluids as discussed earlier. It should be noted that the thermal 

conductivity of SiO2@TiO2 increases up to 0.040% mass fraction.  

 

 

Figure 4. Inlet and outlet temperature of (a) hot and (b) cold stream of nanofluids in heat exchanger apparatus. 

 

The SiO2@TiO2 nanoparticles also affects the density of nanofluid determining the Reynold number (Re). 

Higher Re implies a dominant inertial force which speeds up the movement of molecules accelerating the rate of 

heat transfer. In addition, thermal conductivity depends on the mass fraction of the nanofluid, the size and 

morphology of the particles, and the base fluid characteristics. The addition of SiO2@TiO2 nanoparticles results in 

an increase in the work surface of the heat transfer area. Nonetheless, agglomeration of nanoparticles should be 

avoided in practical application [20-22], since this can change the thermal characteristics of the nanoparticles 

themselves, which affects the heat transfer process. 

The external forced convection in this study is supported by blowers with an average speed of 6.8 m⸱s-1 and 

a temperature of 30°C. Addition of SiO2@TiO2 mass fraction to the base fluid can result in an increase in the value 

of the convection coefficient of nanofluid (Fig. 5). Furthermore, the change in fraction affects the convection 

coefficient of the air since there is a change in temperature indicating an increasing contact surface area during the 

heat transfer process. The addition of SiO2@TiO2 nanoparticles at a concentration of 0.025% can increase the heat 

transfer coefficient by up to 9.15%. The convection coefficient increases with increasing mass fraction of 

nanoparticles is also reported by other study [6]. The earlier study indicates that the convection coefficient is 

improvey by 6.6% at a TiO2 mass fraction of 0.3%.  

 



 

Figure 5. The estimated convection coefficient of air (ha) and  SiO2@TiO2 nanofluids (hnf). 

 

Referring to the calculation of thermal conductivity and convection coefficient in the earlier discussion, the 

total heat transfer coefficient value is evaluated and the results are described as follows: The total heat transfer 

coefficient does not significantly increase, that is ca. 0.03-0.07% for each increment of mass fraction. This results is 

also in line with other study [8], that the total heat transfer coefficients in the fractions of 0.3%, 0.8%, and 1.5% (at a 

certain Re) only slightly increases. The overall heat transfer evaluation is based on the Newton equation. As the heat 

exchanger used in this study using cross-flow configuration, the log man temperature difference (TLMTD) is used to 

calculate the heat transfer rate (Fig. 6).   

At the same flow rate, i.e. 8 litre per min (LPM), increasing the concentration of SiO2@TiO2 nanoparticles 

up to 0.025% results in an increase of heat transfer rate up to 18.11% (from 2168 W⸱m-2 to 2344 W⸱m-2). This result 

is found higher than the heat transfer rate of water based nanofluid containing TiO2 nanoparticles: At a concentration 

of 0.25%, the heat transfer rate is only enhanced by 11% [22]. Other study reported that at the flowrate of 1.8 LPM 

the TiO2-based nanofluids are able to produce a heat transfer rate of around 5000 W⸱m-2 and increased to 8000 W⸱m-

2 when the flowrate is doubled. This implies that the heat transfer rate of the investigated low concentration 

SiO2@TiO2 nanofluids can be improved by increasing the flowrate of nanofluids in the heat exchanger. 

 

 

Figure 6. The overal heat transfer coefficient (U), heat rate (W), and  heat transfer effectiveness () in heat exchanger using 

different concentration of SiO2@TiO2 nanofluids. 

 

In general, according to the energy conservation law, the effectiveness of heat transfer using different SiO2@TiO2 

concentration is linearly enhanced when  the mass fraction of nanoparticles to base fluid is increased [Fig. 6]. It is 



shown that the effectiveness of heat transfer increases by 1.6 - 2% for increasisng mass fraction by 0.005%. Overall, 

there is an increase in the effectiveness of heat transfer by 21%, i.e. from 0.203 to 0.246, when the concentration of 

0% is added to 0.025%. The results at hand indicate that the investigated system, i.e. EG:water based nanofluid 

containing SiO2@TiO2 nanopartices, is better than other study using EG:water (3:2) based nanofluid containing 

0.02% TiO2 which is only able to increase the effectiveness of heat transfer by 13% [19].  
 
 

4. CONCLUSIONS 
 

It has been successfully prepared and evaluated EG:water based nanofluids containing SiO2@TiO2 core-

shell nanoparticles for application of finned tube cross-flow heat exchanger. Increasing mass fraction of SiO2@TiO2 

nanoparticles to EG:water base fluid can improve the thermophysical characteristics and thermal characteristics of 

nanofluid. The saturation concentration of SiO2@TiO2 nanoparticles in nanofluid is 0.04%. From the mass fraction 

of 0% to 0.025%, the total heat transfer coefficient increases from 22.77 W⸱m-2⸱K-1 to 22.89 W⸱m-2⸱K-1 resulting in 

the enhancing heat transfer rate in the exchanger from 2168 W⸱m-2 to 2344 W⸱m-2. Furthermore, the effectiveness of 

heat transfer also increases from 0.203 to 0.246. 
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Abstract. This paper assesses the heat transfer performance of nanofluids containing low 9 

concentration of core-shell structure of SiO2@TiO2 nanoparticles in a mixture of water and 10 

ethylene glycol (EG) in a commercially available heat exchanger. For heat transfer analyses, 0 11 

– 0.025% of SiO2@TiO2 nanofluids was employed in a finned-tube cross flow heat exchanger 12 

(automobile radiator kit). The results indicate that SiO2@TiO2 has an amorphous structure 13 

and enable increasing thermal conductivity as the fraction increases up to 0.04%. The 14 

thermofluid characteristics of nanofluid (Re, Nu, and Pr) increases leading to an increasing 15 

the convection coefficient. As the thermal conductivity and the convection coefficient 16 

increases, the total heat transfer coefficient improves. Finally, the heat transfer effectiveness 17 

increases linearly by 21% upon using 0.025% mass fraction of SiO2@TiO2 to water/EG base 18 

fluid.  19 

 20 

Keywords: Nanofluid, SiO2@TiO2, EG/water mixture, Automobile radiator, Heat transfer. 21 

 22 

Introduction. Operational of heat exchanger in industry is often facing less optimal thermal 23 

properties of the working fluid used, such as water, ethylene glycol, or oil, leading to the 24 

lower heat transfer effectiveness [1,2]. Increasing the overall heat exchanger performance can 25 

be achieved by improving the thermal properties of working fluids, one of which is by adding 26 

micrometer or nanometer-sized particles into the working fluid [3,4]. However, blockages in 27 

the heat transfer process can occur in heat exchanger tubes when using working fluids with 28 

large particles and high particle concentrations [5,6]. Therefore, the use of nanoparticles 29 

dispersed in the base fluid (nanofluid) is considered an alternative solution that not only 30 

increases the thermal conductivity of the working fluid but also increases the long-term 31 

stability and mantains a low pressure drop [7]. The utilization of nanofluids enable the 32 

enhancement of heat transfer effectiveness in laminar flow as increasing concentration of 33 



 

 

 

 

nanofluids also increase the Reynolds number [3-7]. This suggests an increasing the nanofluid 1 

convection coefficient. 2 

Recent studies have been carried out to investigate the improved heat transfer mechanism 3 

in nanofluids bearing various metal oxide semiconductor nanomaterial, for example, TiO2, 4 

Al2O3, CuO, and SiO2 [3-12]. Amongst these nanomaterials, TiO2 is one of the widely 5 

explored nanomaterials for the purpose of increasing heat transfer effectiveness due to its 6 

excellent chemical and thermophysical stability [6-11]. TiO2 nanoparticles dispersed in 7 

various base fluids are widely used in various forms of heat exchangers. In addition, TiO2 8 

nanoparticles are cost-effective and commercially available. Increasing the concentration of 9 

TiO2 is followed by an increase in the value of Nusselt numbers and without an increase in 10 

pressure drop to a concentration of 0.25% [12].  Beside the n-type semiconductor TiO2, other 11 

metal oxide such as SiO2 which is more electrically insulator in an oil emulsion based 12 

nanofluids also exhibits promising heat transfer effectiveness [13-19]. It is found that 13 

increasing the concentration of SiO2 nanofluid leads to the enhanced thermal conductivity 14 

without much changing its viscosity [14]. With concentration of only 0.5-3% SiO2, it is 15 

already found to increase the heat transfer effectiveness by 43.75%.  16 

In this study, we propose the utilization of SiO2 and TiO2 nanoparticles in the form of 17 

SiO2@TiO2 core-shell structure for nanofluids. Particularly, we evaluate the effect of low 18 

concentration of SiO2@TiO2 nanoparticles in water/ethylene glycol based nanofluid to the 19 

heat transfer effectiveness in cross-flow heat exchanger bearing finned tubes.  20 

 21 

Materials and Method. Spherical SiO2 particles were prepared using slightly modified 22 

Stöber method in a batch processed sol-precipitation. An amount of 2.725 mL TEOS were 23 

added drop wise under stirring at room temperature into a mixture of 180 mL ethanol, 30 mL 24 

saturated ammonia solution and 9 mL MilliQ water. The addition of TEOS was repeated four 25 

times every 12 h. After additional stirring for 6 h, 200 µL APTMS were added. The reaction 26 

solution was heated to reflux and kept stirring for 4 h. The particles where extracted from the 27 

reaction solution by centrifugation (3000 rpm, 6 min) and re-dispersed in 25 mL ethanol by 28 

ultrasonication for 30 min. 100 mg of SiO2 nanoparticles were dispersed in 100 mL ethanol 29 

by ultrasonication for 30 min. The nanoparticle solution was heated to reflux and a solution of 30 

200 µL TTIP in 20 mL ethanol was added under stirring to the reaction solution with a 31 

dropping funnel. The mixture was kept under reflux for 2.5 h. The particles where extracted 32 

from the reaction solution by centrifugation (3000 rpm, 6 min) and re-dispersed in 25 mL 33 

water by ultrasonication for 30 min. The micromorphology of SiO2@TiO2 core-shell particles 34 
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was analyzed by Scanning Electron Microscopy (SEM) FEI Inspect-S50 operating at 20.0 kV 1 

accelerating voltage. The crystal structure of nanoparticles was determined by powder X-ray 2 

diffraction (XRD) with PANalytical X-pert MPD. The diffractometer was operated at 40kV 3 

and 20mA using a Cu-Kα radiation (λ = 0.15406 nm). The thermal conductivity of the 4 

nanofluids was assessed by using the transient hot wire technique. 5 

The effectiveness of heat transfer was assessed in the experimental heat transfer system, 6 

i.e., automobile radiator training kit, including a closed loop of hot and cold flow (Fig. 1). The 7 

heat exchanger was finned-tube cross flow heat exchanger (Suzuki). The SiO2@TiO2 in a 8 

mixture of EG:water (1:1 v/v) nanofluid was employed as the hot fluid in the system. The 9 

concentration was varied in the range of 0 – 0.025% mass fraction of SiO2@TiO2 to EG:water 10 

base fluids. The system was functionalized with the calibrated thermocouples, flow meter and 11 

pressure gauges. The schematic diagram of the automobile radiator training kit is shown in 12 

Fig. 1. Performance of heat exchanger using different concentration of SiO2@TiO2 was 13 

evaluated by the heat tranfer effectiveness.  Heat transfer parameters of nanofluids were 14 

determined by joint experimental and theoretical approach, i.e. only conductivity is directly 15 

determined from transient hot wire measurements. The other parameters are determined as 16 

follows [1,2,17-19]: 17 

• Density of nanofluids  18 

(1 )nf bf bf = −   +   (1) 19 

• Viscosity of nanofluids (Einstein equation) 20 

(1 2,5 )nf bf = +  
 (2) 21 

• Reynold number (Re)   22 

Re hV D 
=

  (3) 23 

• Nusselt number (Nu) of external flow 24 

0,25

0,38 0,37 Pr
0,683 Re Pr

Prs

Nu
 

=    
   (4) 25 

• Nusselt number (Nu) of internal flow 26 

0,8 0,360,0265 Re PrNu =   (5) 27 

• Convection coefficient (hnf) of nanofluids  28 

0,64 0,320,295 Re Pr
2

w
nf

h

k
h

D

   
=    

    (6) 29 



 

 

 

 

• Convection coefficient (h) of air  1 

f

h

Nu k
h

D

 
=

 (7) 2 

Once all above parameters were determined, the overal heat transfer coefficient (U) was 3 

estimated. For a single tube heat exchanger, U was determined as follows: 4 

1

1 1

i w o

U
x

h k h

=


+ +

 (8) 5 

Finally, the heat transfer rate which involves convection and conduction was evaluated by the 6 

following:  7 

LMTDQ U=  
 (9) 8 

where 9 

, , , ,

, ,

, ,

( ) ( )

( )
ln

( )

h in c out h out c in

LMTD

h in c out

h out c in

T T T T

T T

T T

− − −
 =

 −
 

− 

 (10) 10 

 11 

Physical Properties of SiO2@TiO2 Core Shell Particle. The morphology of SiO2@TiO2 12 

core-shell particles is displayed in Fig. 2a. The average size of SiO2@TiO2 is 640 nm and the 13 

particle size distribution indicate that the resulting SiO2@TiO2 particles is considered 14 

monodisperse. To understand the underlying structure of SiO2@TiO2 core-shell particles 15 

XRD patterns of the SiO2@TiO2 core-shell and TiO2 after calcination at 500◦C for 3 h are 16 

recored (Fig. 2b). All the SiO2/TiO2 core-shell particles started to show clear anatase peaks 17 

corresponding to the planes (1 0 1), (0 0 4), and (200) at 2θ = 25.3, 37.8, and 48.1, 18 

respectively. With increasing the number of coating steps, the FWHM (full width at half 19 

maximum) of anatase peaks decreased indicating larger crystallite sizes. Nonetheless, higher 20 

X-ray diffraction background indicates that the nanoparticle is amorphous. Inset of Fig. 2b 21 

shows FT-IR patterns of SiO2@TiO2 core-shell particles. The absorption band at 460 cm−1 is 22 

assigned for Si-O-Si bending modes which appears in the same range of Ti-O-Ti band (400–23 

600 cm−1) for SiO2@TiO2 core-shell particles [20,21]. The absorption peak at 940 cm−1 is 24 

observed in the spectrum of SiO2@TiO2 core-shell particles indicating the characteristic 25 

vibration of Ti-O-Si. 26 

 27 

Thermal Properties of SiO2@TiO2 Nanofluids. To aid the heat transfer analysis, the thermal 28 
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conductivity of the prepared SiO2@TiO2 core-shell nanofluids is assessed by transient hot-1 

wire measurements and summarized in Fig. 3. The thermal conductivity of water-EG mixture 2 

is 13.2 Wm-1K-1 and increases by 19.7% with inclining mass fraction of SiO2@TiO2 core-3 

shell nanoparticle up to 0.04%. However, the thermal conductivity further decreases upon 4 

higher fraction of SiO2@TiO2 core-shell nanoparticle. The increasing and decreasing thermal 5 

conductivtiy in SiO2@TiO2 nanofluid can be described as follows: The nanoparticles, which 6 

has large surface area for energy exchange, acts as energy absorber and storage which are 7 

transported by diffusion or forced convection (flow). Therefore, a maximum thermal transport 8 

will be achieved when sufficient amount of SiO2@TiO2 particles, whose thermal conductivity 9 

and heat capacity is higher than the base fluid, is reached. Nonetheless, the there is saturated 10 

concentration of nanoparticles in nanofluid which behaves like turning point (global 11 

maximum), in which higher concentration of nanoparticles will result in the worse particle 12 

diffusion and possible agglomeration/aggregation and hence, reduces the overal thermal 13 

conductance of the nanoparticle/fluid system. 14 

 15 

Heat Transfer Analysis. The heat transfer performance of SiO2@TiO2 nanofluids can be 16 

indirectly assessed by dynamic of temperature changes in the hot (Th) and cold (Tc) stream 17 

upon varying the nanofluid concentration, i.e. mass fraction of SiO2@TiO2 to water/ethylene 18 

glycol, from 0 – 0.025% as shown in Fig. 4. The results show that outflow of Th and Tc is 19 

decreasing and increasing, respectively, with increasing concentration of SiO2@TiO2 20 

nanofluids. This further indicates that the higher the concentration of nanofluids, the higher 21 

the heat is transferred. In addition, this seemingly increasing heat transfer upon increasing 22 

nanofluid concentration up to 0025% is in a good agreement with the thermal properties of 23 

investigated nanofluids as discussed earlier. It should be noted that the thermal conductivity 24 

of SiO2@TiO2 increases up to 0.040% mass fraction.  25 

The SiO2@TiO2 nanoparticles also affects the density of nanofluid determining the 26 

Reynold number (Re). Higher Re implies a dominant inertial force which speeds up the 27 

movement of molecules accelerating the rate of heat transfer. In addition, thermal 28 

conductivity depends on the mass fraction of the nanofluid, the size and morphology of the 29 

particles, and the base fluid characteristics. The addition of SiO2@TiO2 nanoparticles results 30 

in an increase in the work surface of the heat transfer area. Nonetheless, agglomeration of 31 

nanoparticles should be avoided in practical application [23-25], since this can change the 32 

thermal characteristics of the nanoparticles themselves, which affects the heat transfer 33 

process. 34 



 

 

 

 

The external forced convection in this study is supported by blowers with an average 1 

speed of 6.8 m⸱s-1 and a temperature of 30°C. Addition of SiO2@TiO2 mass fraction to the 2 

base fluid can result in an increase in the value of the convection coefficient of nanofluid (Fig. 3 

5). Furthermore, the change in fraction affects the convection coefficient of the air since there 4 

is a change in temperature indicating an increasing contact surface area during the heat 5 

transfer process. The addition of SiO2@TiO2 nanoparticles at a concentration of 0.025% 6 

increase the heat transfer coefficient by 9.15%. The convection coefficient increases with 7 

increasing mass fraction of nanoparticles is also reported by other study [6]. The earlier study 8 

indicates that the convection coefficient is improved by 6.6% at a TiO2 mass fraction of 0.3%. 9 

Referring to the calculation of thermal conductivity and convection coefficient in the 10 

earlier discussion, the total heat transfer coefficient value is evaluated, and the results are 11 

described as follows: The total heat transfer coefficient does not significantly increase, that is 12 

ca. 0.03-0.07% for each increment of mass fraction. This result is also in line with other study 13 

[8], that the total heat transfer coefficients in the fractions of 0.3%, 0.8%, and 1.5% (at a 14 

certain Re) only slightly increases. The overall heat transfer evaluation is based on the 15 

Newton equation. As the heat exchanger used in this study using cross-flow configuration, the 16 

log man temperature difference (ΔTLMTD) is used to calculate the heat transfer rate (Fig. 6).  17 

At the same flow rate, i.e. 8 litre per min (LPM), increasing the concentration of 18 

SiO2@TiO2 nanoparticles up to 0.025% results in an increase of heat transfer rate up to 19 

18.11% (from 2168 W⸱m-2 to 2344 W⸱m-2). This result is found higher than the heat transfer 20 

rate of water based nanofluid containing TiO2 nanoparticles: At a concentration of 0.25%, the 21 

heat transfer rate is only enhanced by 11% [25]. Other study reported that at the flowrate of 22 

1.8 LPM the TiO2-based nanofluids are able to produce a heat transfer rate of around 5000 23 

W⸱m-2 and increased to 8000 W⸱m-2 when the flowrate is doubled. This implies that the heat 24 

transfer rate of the investigated low concentration SiO2@TiO2 nanofluids can be improved by 25 

increasing the flowrate of nanofluids in the heat exchanger. 26 

In general, according to the energy conservation law, the effectiveness of heat transfer 27 

using different SiO2@TiO2 concentration is linearly enhanced when the mass fraction of 28 

nanoparticles to base fluid is increased (Fig. 6). It is shown that the effectiveness of heat 29 

transfer increases by 1.6 - 2% for increasisng mass fraction by 0.005%. Overall, there is an 30 

increase in the effectiveness of heat transfer by 21%, i.e. from 0.203 to 0.246, when the 31 

concentration of 0% is added to 0.025%. The results at hand indicate that the investigated 32 

system, i.e. EG:water based nanofluid containing SiO2@TiO2 nanopartices, is better than 33 
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other study using EG:water (3:2) based nanofluid containing 0.02% TiO2 which is only able 1 

to increase the effectiveness of heat transfer by 13% [19].  2 

 3 

Conclusion. It has been successfully prepared and evaluated EG:water based nanofluids 4 

containing SiO2@TiO2 core-shell nanoparticles for application of finned tube cross-flow heat 5 

exchanger. Increasing mass fraction of SiO2@TiO2 nanoparticles to EG:water base fluid can 6 

improve the thermophysical characteristics and thermal characteristics of nanofluid. The 7 

saturation concentration of SiO2@TiO2 nanoparticles in nanofluid is 0.04%. From the mass 8 

fraction of 0% to 0.025%, the total heat transfer coefficient increases from 22.77 W⸱m-2⸱K-1 to 9 

22.89 W⸱m-2⸱K-1 resulting in the enhancing heat transfer rate in the exchanger from 2168 10 

W⸱m-2 to 2344 W⸱m-2. Furthermore, the effectiveness of heat transfer also increases from 11 

0.203 to 0.246. 12 

 13 

Notations. Dh, hydraulic diameter, m; h, convective heat transfer coefficient, Wm-2K-1; k, 14 

conductive heat transfer coefficient, Wm-1K-1; Nu, Nusselt number; Pr, Prandtl number;  Q, 15 

heat rate, W; Re, Reynold number; U, overall heat transfer coefficient, Wm-2K-1; T, 16 

temperature, K; V, flow rate, m/s; ΔTLMTD,log mean temperature different, K; ε, heat transfer 17 

effectiveness; φ, mass fraction SiO2@TiO2 to water/EG; Indices: h, hot nanofluids; c, cold 18 

nanofluids; nf, nanofluid; bf, base fluid; in, inlet; out, outlet. 19 
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Figure Caption: 6 

Figure 1. (top) The heat exchanger apparatus and (bottom) the schematic its component. 7 

Figure 2. (a) Scanning electron micrograph and (b) XRD pattern of SiO2@TiO2. Inset of (b) 8 

indicates FTIR spectra of SiO2@TiO2 9 

Figure 3. Thermal conductivity of SiO2@TiO2 nanofluids determined from transient hot wire 10 

measurements. 11 

Figure 4. Inlet and outlet temperature of (a) hot and (b) cold stream of nanofluids in heat 12 

exchanger apparatus. 13 

Figure 5. The estimated convection coefficient of air (ha) and SiO2@TiO2 nanofluids (hnf). 14 

Figure 6. The overal heat transfer coefficient (U), heat rate (W), and heat transfer 15 

effectiveness (ε) in heat exchanger using different concentration of SiO2@TiO2 nanofluids. 16 

 17 

Figures: 18 
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Figure 1. 2 
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Figure 3. 5 
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Figure 5. 5 
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NANOSTRUCTURES 

 
ENHANCED HEAT TRANSFER EFFECTIVENESS USING 

LOW CONCENTRATION SiO2–TiO2 CORE–SHELL 

NANOFLUID IN A WATER/ETHYLENE GLYCOL MIXTURE 

 
I. M. Arsana,a L. C. Muhimmah,b G. Nugroho,b UDC 536+544 

and R. A. Wahyuonob 

 
This paper assesses the heat transfer performance of nanofluids containing a core–shell structure of SiO2 –TiO2 

nanoparticles of low concentration in a mixture of water and ethylene glycol (EG) in a commercially available 

heat exchanger. For heat transfer analysis, 0–0.025% of SiO2 –TiO2 nanoparticles were employed in a finned-tube 

cross-flow heat exchanger (automobile radiator kit). The obtained results indicate that SiO2 –TiO2 particles have 

an amorphous structure and make it possible to increase the thermal conductivity as the nanoparticle fraction 

increases up to 0.04%. The nanofluid characteristics (Reynolds, Nusselt, and Prandtl numbers) increase, leading 

to an increase in the convection coefficient. As the thermal conductivity and the convection coefficient increase, the 

total heat transfer improves. Finally, the heat transfer effectiveness increases linearly by 21% with 0.025% mass 

fraction of SiO2 –TiO2 in a water/EG-based fluid. 

 

Keywords: nanofluid, SiO2 –TiO2, EG/water mixture, automobile radiator, heat transfer. 
 

Introduction. The operation of heat exchangers in industry is often characterized by the thermal properties of a 

used working fluid, such as water, ethylene glycol, or oil, that are worse than optimal ones, which leads to the lower heat 

transfer effectiveness [1, 2]. An increase in the overall heat exchanger performance can be achieved by improving the thermal 

properties of working fluids, for example, by the introduction of micrometer- or nanometer-sized particles into the working 

fluid [3, 4]. However, a blockage of the heat transfer process can occur in heat exchanger tubes with the use of the working 

fluids with large particles and high particle concentrations [5, 6]. Therefore, the use of nanoparticles dispersed in a base fluid 

(i.e., of nanofluids) is considered an alternative solution that not only increases the thermal conductivity of the working fluid, 

but also increases the long-term stability and mantains a low pressure drop [7]. The utilization of nanofluids results in the 

enhancement of the heat transfer effectiveness in a laminar flow, as an increasing concentration of nanoparticles increases the 

Reynolds number [3–7]. This suggests that the nanofluid convection coefficient increases. 

A number of recent studies were carried out to investigate the improved heat transfer mechanism in nanofluids 

with the use of various metal oxide semiconductor nanomaterials, for example, TiO2, Al2O3, CuO, and SiO2 [3–12]. 

Among these nanomaterials, TiO2 is one of the widely explored ones for increasing the heat transfer effectiveness due 

to its excellent chemical and thermophysical stability [6–11]. TiO2 nanoparticles dispersed in various base fluids are 

widely used in heat exchangers of various forms. In addition, TiO2 nanoparticles are cost-effective and commercially 

available. An increase in the TiO2 concentration up to 0.25% is followed by an increase in the value of the Nusselt number 

without increase in the pressure drop [12]. Beside the n-type semiconductor TiO2, other metal oxides, such as SiO2, 

with greater electrical insulating properties in an oil emulsion-based nanofluids also exhibit the promising heat transfer 

effectiveness [13–19]. It is found that an increasing concentration of SiO2 leads to the enhanced thermal conductivity 

without a noticeable change in the viscosity [14]. With a concentration of only 0.5–3% SiO2, the increase in the heat transfer 

effectiveness is as great as 43.75%. 
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In this study, we propose the utilization of SiO2 and TiO2 nanoparticles in the form of the SiO2–TiO2 core–shell 

structure for nanofluids. Particularly, we evaluate the effect of low concentrations of SiO2–TiO2 nanoparticles in a water/ 

ethylene glycol-based nanofluid on the heat transfer effectiveness in a cross-flow heat exchanger consisting of finned tubes. 

Materials and Method. Spherical SiO2 particles were prepared using a slightly modified Stöber method in batching 

sol precipitation. Tetraethylorthosilicate (TEOS) in an amount of 2.725 mL was added dropwise under stirring at room 

temperature into a mixture of 180 mL ethanol, 30 mL saturated ammonia solution, and 9 mL MilliQ water. This addition of 

TEOS was repeated four times every 12 h. After additional stirring for 6 h, 200 μL (aminopropyl)trimethoxysilane (APTMS) 

was added. The solution was heated to reflux and kept stirring for 4 h. Then 100 mg of SiO2 nanoparticles were dispersed 

in 100 mL ethanol by ultrasonication for 30 min. The nanoparticle solution was heated to reflux, and then a solution of 

200 μL tetraisopropoxide (TTIP) in 20 mL ethanol was added under stirring to the reaction solution with a dropping funnel. 

The mixture was kept under reflux for 2.5 h. The particles were extracted from the reaction solution by centrifugation 

(3000 rpm, 6 min) and redispersed in 25 mL water by ultrasonication for 30 min, and 100 mg of SiO2 nanoparticles were 

dispersed in 100 mL ethanol by ultrasonication for 30 min. The micromorphology of SiO2–TiO2 core–shell particles was 

analyzed by a scanning electron microscope (SEM) FEI Inspect-S50 operating at an accelerating voltage of 20 kV. The 

crystal structure of nanoparticles was determined by powder X-ray diffraction (XRD) with a PANalytical X-pert MPD 

diffractometer. This diffractometer was operated at a voltage of 40 kV and a current of 20 mA with the use of CuKα radiation 

(λ = 0.15406 nm). The thermal conductivity of nanofluids was assessed by using the transient hot-wire technique. 

The effectiveness of heat transfer was assessed in the experimental heat transfer system, i.e., in an automobile radiator 

training kit, including a closed loop of hot and cold flows (Fig. 1). As a heat exchanger, a finned-tube cross-flow heat exchanger 

(Suzuki) was used. Particles of SiO2–TiO2 in a mixture of water/EG (1:1) nanofluid was employed as a hot fluid in the system. 

The SiO2–TiO2 concentration varied in the mass fraction range 0–0.025% in water/EG-based fluids. The system included 

calibrated thermocouples, flowmeter, and pressure gauges. The schematic diagram of the automobile radiator training kit is 

shown in Fig. 1. The heat exchanger performance at different concentrations of SiO2–TiO2 was evaluated by the heat tranfer 

effectiveness. The heat transfer parameters of nanofluids were determined by joint experimental and theoretical approaches, and 

only the conductivity was determined directly from the transient hot-wire measurements. Other parameters are determined as 

follows [1, 2, 17–19]: 

density of nanofluids 

nf = (1 − )bf + nf ; (1) 

 

viscosity of nanofluids (Einstein equation) 

 

nf 

 

= (1 + 2.5)bf ; 

 

 
(2) 

 

Reynolds number 

 

 

 
Nusselt number of an external flow 

 
 

Re = 

 
VDh ;

 

 

 

 
(3) 

                     Nu = 0.683 Re0.38 Pr0.37 (Pr/Prs)
0.25 

 

where Prs is the static Prandtl number calculated for the average of the inlet and outlet temperatures;      

Nusselt number of an internal flow 

Nu = 0.0265 Re0.8 Pr0.36; 
 

(5) 
 

convective heat transfer coefficient of nanofluids 

 
hnf 

= 0.295 
knf   Re0.64 Pr0.32  

; 
Dh 2 

(6) 
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Fig. 1. Heat exchanger apparatus (a) and its schematic (b). 

 

convective heat transfer coefficient of air  

ha = 

 
Nu ka .

 

Dh 

 

 
(7) 

Once all the above parameters were determined, the overall heat transfer coefficient U was estimated. For a single-tube heat 

exchanger, U is determined as follows: 

U = 
1 

, 
 

 
(8) 

1 

hnf 

+ 
 x 

+ 
1 

kw ha 
 

where Δx is the tube wall thickness. Finally, the heat transfer rate which involves convection and conduction was evaluated: 
 

Q = U TLMTD , (9) 
 

where  

LMTD 

 
= 

(Th,in − Tc,out ) − (Th,out − Tc,in ) 
.
 

ln 
Th,in − Tc,out 

 

 

 

(10) 

Th,out − Tc,in 

 

Physical Properties of SiO2–TiO2 Core–Shell Particles. The morphology of SiO2–TiO2 core–shell particles is 

displayed in Fig. 2a. The average size of the particles is 640 nm, and the particle size distribution indicates that they can be 

considered monodisperse. To understand the structure of SiO2–TiO2 core–shell particles, XRD patterns of these particles and 

TiO2 particles after calcination at 500oC for 3 h were recorded (in Fig. 2b the intensity is given in counts, i.e., in the numbers 

of X-ray diffraction photons). All the SiO2–TiO2 core–shell particles started to show clear anatase peaks corresponding to the 

(101), (004), and (200) planes at 2θ = 25.3, 37.8, and 48.1o, respectively. With increase in the number of coating steps, the 

full width at half maximum (FWHM) of the anatase peaks decreased, suggesting that crystallite sizes increase. Nonetheless, a 

higher X-ray diffraction background indicates that the nanoparticles are amorphous. Inset in Fig. 2b shows the FTIR (Fourier 



  

 
 

Fig. 2. Scanning electron micrograph of SiO2–TiO2 nanoparticles (a), their XRD pattern (b), 

and the upper inset with their FTIR spectrum. 

 

 
 

Fig. 3. Thermal conductivity of SiO2–TiO2 nanofluids determined by the transient hot-wire 

measurements vs. the nanoparticle concentration. 
 

transform infrared spectroscopy) patterns of SiO2–TiO2 core–shell particles. The absorption band at 460 cm−1 relates to Si–

O–Si bending modes which appear in the same range of Ti–O–Ti band (400–600 cm−1) for SiO2–TiO2 core–shell particles 

[20, 21]. The absorption peak at 940 cm−1 is observed in the SiO2–TiO2 core–shell particles spectrum, which is indicative of 

the characteristic vibrations of Ti–O–Si. 

Thermal Properties of SiO2–TiO2 Nanofluids. To aid the heat transfer analysis, the thermal conductivity of the 

prepared SiO2–TiO2 core–shell nanofluids is assessed by the transient hot-wire measurements. The measurement results are 

summarized in Fig. 3. It is seen that the thermal conductivity of a water/EG mixture increases by 19.7% with increase in 

the mass fraction of SiO2–TiO2 core–shell nanoparticles up to 0.04%. However, further the thermal conductivity decreases 

with increase in the nanoparticle fraction. The increasing and decreasing thermal conductivtiy in a SiO2–TiO2 nanofluid 

can be explained as follows. The nanoparticles with a large surface area for energy exchange act as energy absorbers and 

storages and are transported by diffusion or forced convection (i.e., by flows). Therefore, the maximum thermal transport 

will be achieved when sufficient amount of such particles, whose thermal conductivity and heat capacity are higher than 



427  

 

Fig. 4. Inlet and outlet temperatures of hot (a) and cold (b) nanofluid flows in the heat 

exchanger apparatus vs. the nanoparticle concentration. 

 

 

Fig. 5. Convection coefficient of air and SiO2–TiO2 nanofluids vs. the nanoparticle 

concentration. 
 

those of the base fluid, is reached. Nonetheless, there is the saturated nanoparticle concentration which is a turning point (the 

global maximum), so that a higher nanoparticle concentration results in worse particle diffusion and possible agglomeration/ 

aggregation, and thus the overal thermal conductance of the nanoparticles–fluid system reduces. 

Heat Transfer Analysis. The heat transfer performance of SiO2–TiO2 nanofluids can be indirectly assessed by 

dynamics of the temperature changes Th and Tc in the hot and cold flows with the nanofluid concentration, i.e., the mass 

fraction of SiO2–TiO2 in a water/ethylene glycol mixture, from 0 to 0.025% (see Fig. 4). The results show that the outlet 

temperature Th and Tc decreases and increases, respectively, with increasing concentration of SiO2–TiO2. This indicates 

that the greater is the nanoparticle concentration, the higher is the heat transferred. In addition, this seemingly increasing 

heat transfer with increasing nanoparticle concentration up to 0.025% is in a good agreement with the thermal properties of 

the investigated nanofluids discussed earlier. It should be noted that the thermal conductivity of SiO2–TiO2 increases with 

increase in the mass fraction up to 0.04%. 

The presence of SiO2–TiO2 nanoparticles also affects the nanofluid density determining the Reynold number Re. 

A higher value of Re implies a dominant inertial force which speeds up the molecule movement, increasing the heat transfer 

rate. In addition, the thermal conductivity depends on the mass fraction of nanoparticles, particle size and morphology, and on 



  

 

Fig. 6. Heat transfer effectiveness (a), overall heat transfer coefficient, and the heat 

transfer rate of SiO2–TiO2 nanofluids in the heat exchanger (b) vs. the nanoparticle 

concentration. 
 

the base fluid characteristics. The addition of SiO2–TiO2 nanoparticles results in an increase in the working area of the heat 

transfer surface. Nonetheless, agglomeration of nanoparticles should be avoided in practical applications [22–24], since this 

can change the thermal characteristics of the nanoparticles themselves, which affects the heat transfer process. 

External forced convection in this study was supported by blowers with an average speed of 6.8 ms–1 and a 

temperature of 30oC. The addition of SiO2–TiO2 nanoparticles to the base fluid can result in an increase in the value of 

the nanofluid convection coefficient (Fig. 5). Furthermore, a change in the nanoparticle fraction affects the air convection 

coefficient, since a temperature change takes place, suggesting that the contact surface area during the heat transfer process 

increases. The addition of SiO2–TiO2 nanoparticles at a concentration of 0.025% increases the heat transfer coefficient by 

9.15%. An increase in the convection coefficient with the nanoparticle mass fraction was also reported in [6]. It was shown 

that the convection coefficient increased by 6.6% at a TiO2 mass fraction of 0.3%. 

The calculations showed that the total heat transfer coefficient does not increase significantly (the increase is 0.03–

0.07%) with increase in the nanoparticle mass fraction. This result is in line with the results of [8], where the total heat 

transfer coefficient for the fractions 0.3, 0.8, and 1.5% (at a certain Re) was shown to increase only slightly. The overall 

heat transfer evaluation is based on the Newton equation. For the studied heat exchanger with cross-flow configuration, the 

logarithmic mean temperature difference ΔTLMTD is used to calculate the heat transfer rate, and the calculation results are 

given in Fig. 6. 

At the same flow rate, namely, 8 L/min, the increase in the concentration of SiO2–TiO2 nanoparticles up to 0.025% 

results in the increase of the heat transfer rate up to 18.11% (from 2168 to 2344 Wm–2). This value is found to be higher 

than that for a water-based nanofluid containing TiO2 nanoparticles, where the heat transfer rate is enhanced by only 11% 

[24]. It was reported that at the flow rate 1.8 L/min, TiO2-based nanofluids are able to produce a heat transfer rate of around 

5000 Wm–2 which increased to 8000 Wm–2 when the flow rate was doubled. This implies that the heat transfer rate of the 

investigated low-concentration SiO2–TiO2 nanofluids can be increased by increasing the nanofluid flow rate in the heat 

exchanger. 

In general, according to the energy conservation law, the effectiveness of heat transfer with the use of nanofluids 

with different SiO2–TiO2 particle concentrations is enhanced linearly with the mass fraction of nanoparticles (see Fig. 6). 

It is shown that the effectiveness of heat transfer increases by 1.6–2% with increase in the mass fraction by 0.005%. 

Overall, there is the increase in the heat transfer effectiveness by 21%, namely, from 0.203 to 0.246, when the concentration 

rises up to 0.025%. The results at hand indicate that the investigated system, i.e., water/EG-based nanofluid containing 

SiO2–TiO2 nanoparticles, is preferred than water/EG (2:3)-based nanofluid containing 0.02% TiO2 which is able to increase 

the effectiveness of heat transfer only by 13% [19]. 

Conclusions. Water/EG-based nanofluids containing SiO2–TiO2 core–shell nanoparticles have been successfully 

prepared and evaluated for the application in finned tube cross-flow heat exchangers. It was shown that an increase in the 

mass fraction of SiO2–TiO2 nanoparticles in an water/EG-based fluid can improve the thermophysical characteristics of 



429  

the nanofluids. The saturation concentration of SiO2–TiO2 nanoparticles in the nanofluid is 0.04%. With increase in the 

nanoparticle mass fraction from zero to 0.025%, the total heat transfer coefficient increases from 22.77 to 22.89 Wm–2K–1, 

resulting in the increase in the heat transfer rate in the exchanger from 2168 to 2344 Wm–2. Furthermore, the effectiveness of 

heat transfer also increases from 0.203 to 0.246. 

 
NOTATION 

A, total heat transfer surface area, m2; Dh, hydraulic diameter, m; h, convective heat transfer coefficient, Wm– 2K–

1; k, thermal conductivity, Wm–1K–1; Nu, Nusselt number; Pr, Prandtl number; Q, heat rate, W; Re, Reynolds number; T, 

temperature, K; t, temperature, oC; U, overall heat transfer coefficient, Wm–2K–1; V, flow rate, m/s; ΔTLMTD, logarithmic 

mean temperature difference, K; ε, heat transfer effectiveness; θ, angle between a reflected beam and a crystallographic plane, 

deg; μ, viscosity, kgm–1s–1; ρ, density, kgm–3; φ, mass fraction of SiO2–TiO2 in water/EG. Indices: a, air; bf, base fluid; 

c, cold nanofluids; h, hot nanofluids; in, inlet; nf, nanofluid; out, outlet; w, wall material. 
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