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ABSTRACT: Nanofluids are stable suspensions of nanoparticles in a conventional fluid. They  

have shown superior potential in heat transfer enhancement. In this research, ZnO/water nanofluids 

were prepared at various concentrations from 0.2 to 1.5vol%, and their thermal conductivity  

was measured. The results showed that the thermal conductivity of ZnO/water nanofluids depends  

on particle concentration and increases non-linearly with the volume fraction of nanoparticles. The effects 

of particle size and temperature on the thermal conductivity were also investigated at 1.5vol%. The results 

indicated that thermal conductivity enhanced with decreasing particle size and increasing  

with temperature. For nanofluids containing 10-15 nm and 45-50 nm particle sizes, the enhancements 

were 26.3 and 22.8% at 40oC, respectively. In this research, the convective heat transfer coefficient 

of ZnO/water nanofluids with the above particle sizes was also measured under laminar flow  

in a horizontal tube heat exchanger. It was observed that both nanofluids showed higher heat transfer 

coefficients compared to the base fluid at a constant concentration (1.5 vol%). For nanofluids with 

10-15 nm and 45-50 nm particle sizes, the average heat transfer coefficient enhancement was 18.1 

and 14.9% at Re=1115, respectively.   
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INTRODUCTION 

One of the most important ways to enhance the thermal 

performance of cooling or heating equipment such as heat  

 

 

 

exchangers and electronic devices is to use heat transfer 

fluids with high thermal properties. Conventional fluids,  
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including water, ethylene glycol (EG), and oil, have been 

widely used as heat transfer fluids in different types of heat 

exchangers for several decades. These fluids have poor 

thermal properties compared to those of most solid 

materials. Researchers have improved the thermal 

conductivity of conventional fluids by adding millimetre 

or micrometer sized metallic particles to them, which were 

named micro fluids. Disadvantages of macro fluids such as 

instability, sedimentation of large particles, corrosion and 

clogging of flow channels and also pressure drops [1-3] led 

to the introduction of nanofluids as new fluids for heat 

transfer by Choi in 1995 [4]. 

Nanofluids are stable suspensions of solid particles 

with diameters below 100 nm in a conventional fluid. The 

small diameters and very large specific surface areas of 

nanoparticles not only increase the stability and thermal 

properties of nanofluids but also decrease the above 

mentioned problems often associated with micro fluids. 

Long–term stability and anomalous enhancement of 

thermal performance of nanofluids led to a number of 

studies on these fluids [5-10]. It has been found that the 

thermal conductivity and convective heat transfer 

coefficient of nanofluids are notably higher than those of 

base fluids [11-15]. 

Among the metal oxides nanofluids, alumina (Al2O3), 

copper oxide (CuO), and titanium oxide (TiO2) are the most 

common particles whose thermal properties such as thermal 

conductivity and heat transfer coefficient have been widely 

investigated by many researchers[8, 12, 16, 17  ]. Studies on 

the thermal performance of ZnO/water nanofluids compared 

to those of the above mentioned nanofluids are limited [14,18 

- 20]. Most of the studies on ZnO nanofluids have been 

carried out on ZnO/EG ones [21-25].   

In this research, the effects of different nanoparticles 

concentrations, particles size and temperature on the thermal 

conductivity of water-based ZnO nanofluids have been 

investigated. Furthermore, the convective heat transfer 

coefficient of ZnO/water nanofluids has been measured under 

laminar flow in a horizontal tube heat exchanger. The effects 

of particles size and Reynolds number on the heat transfer 

coefficient have also been investigated. 

 

EXPERIMENTAL SECTION 

Materials 

Deionized water, ZnO nanoparticles, and a terpolymer 

dispersant were used to prepare nanofluids. ZnO 

nanoparticles with 10-15 and 45-50 nm and density of 

5.106 g/cm3 were supplied from Nanoshel Company 

(USA, Indian branch). The three functional groups 

terpolymer containing polyacrylic acid-based dispersant 

(AcumerTM 3100) was purchased from Rohm and Haas 

Company (Germany) to prevent the agglomeration of ZnO 

nanoparticles in the base fluid. This is a 

carboxylate/sulfonate/nonionic functional terpolymer with 

an average molecular weight of 4500. 

 

Preparation and characterization of nanofluids 

ZnO/water nanofluids were prepared at various 

concentrations of nanoparticles from 0.2 to 1.5% volume 

fractions in deionized water (DW) containing terpolymer 

dispersant. The weight ratio of nanoparticles to dispersant 

was fixed at 1:0.5, following the optimization experiments. 

To prepare stable nanofluids, at first, nanoparticles were 

suspended into base fluid using a high speed shearing 

mixer (IKA, Ultra-Turrax T25, Germany) at 

approximately 13500 rpm for 10 min. Then, an ultrasonic 

disruptor (24KHZ, 400W, Hielscher GmBH, model UP 

400S) was used to sonicate the suspended solution 

continuously for about 1 hour in order to improve the 

uniform dispersion of nanoparticles and break down the 

agglomerated particles in the base fluid. 

The Zeta potential of nanofluids was measured at 25 ± 

0.1oC using Zetasizer (Nano ZS, Malvern Instrument Inc., 

UK) to investigate the stability of particles in suspensions. 

The thermal conductivity of ZnO/water nanofluids was 

measured by KD2 thermal analyzer (Decagon – Devices, 

Inc. USA), which is based on the transient hot-wire 

method. The KD2 analyzer with an accuracy of ± 5% from 

0.2-2 W/(m.K) and ± 0.01% from 0.02-0.2 W/(m.K) was 

calibrated by distilled water before any set of 

measurements. In order to investigate the effect of 

temperature on the thermal conductivity of nanofluids, a 

circulating bath (PolyScience, model 9712, USA) was 

employed, which was able to maintain temperature 

uniformity within ±0.1oC during measurements. The 

dynamic viscosity and density of nanofluids were 

measured at bulk temperature using a viscometer and 

densitometer (DMA 602, Anton Paar Inc. USA). 

 

Experimental set-up 

The experimental set-up for measuring the convective 

heat transfer coefficient of ZnO/water nanofluids in the 
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Fig. 1: Schematic diagram of experimental set-up. 

 

laminar flow regime is shown schematically in Fig. 1. It 

consists of a test section, a pump, a shell and tube heat 

exchanger and a three lit collection tank. The test section 

is a horizontal circular copper tube with an 11.42 mm inner 

diameter and 793 mm length. The tube surface was 

electrically heated by an AC Power supply to generate 

constant heat flux (6430 w/m2) and is thermally insulated 

by an about 150 mm thick blanket to minimize the heat 

loss from the tube to the ambient temperature. To measure 

the wall temperature of the copper tube, five calibrated K-

type thermocouples with standard error of ± 0.75%T from 

-62 to 125oC are soldered on the test section at axial 

positions in mm of 55 (T1), 220 (T2), 390 (T3), 565 (T4), 

and 735 (T5) from the inlet of the test section. Two K-type 

thermocouples are inserted into the flow at the inlet and 

outlet of the test section for measuring the bulk 

temperatures of nanofluids. The laminar flow rates are 

controlled by a pump (HV–77921-40). There is a three-

way valve in the flow loop for flow rate calibration. To 

preserve a constant temperature at the inlet of the test 

section, the heated fluids return to the collection tank 

passing through a cooling unit, which is a shell and tube 

heat exchanger.  

To establish various laminar flows, volumetric flow 

rates of 0.56, 0.83, and 1.1 lit/min were fed to the system, 

and the temperatures during experimental runs were 

recorded with a data acquisition system. The heat transfer 

rate (q) from the tube wall to the nanofluid and constant 

heat flux (q") were obtained as follows: 

 P i n o u t
q m C T T                      (1) 

q " q / D L                        (2) 

Where m, D, and L are the mass flow rate, the inner 

diameter of the tube and length of the tube, respectively. 

The local heat transfer coefficient h(x) was calculated by: 

      w f  
h x q " / T x T x                    (3) 

Where Tw (x) and Tf (x) are the local wall and fluid 

temperature, respectively. Tf  (x) is evaluated from the heat 

balance energy [26,27] given below: 

 
f i n P

T x T  q " .P .x /( )m .C                    (4) 

Where P and Cp are the surface perimeter and the 

specific heat of nanofluid. The specific heat of nanofluid 

was calculated [27] by: 

     P P Pn f b f n p
( )C 1 j C j C


                      (5) 

Where   is the volume fraction of nanoparticles in a 

nanofluid. 

 

RESULTS AND DISCUSSION 

The effect of nanoparticles concentration on the thermal 

conductivity 

 Fig. 2 shows the effect of nanoparticle (10-15nm) 

volume fraction on the thermal conductivity enhancement 

of ZnO/water nanofluids at different temperatures.  
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Table 1: The highest thermal conductivity enhancement for ZnO nanofluids. 

Reference Base fluid Particle size (nm) Concentration (vol%) Thermal conductivity enhancement (%) 

Yu et al. 2009 EG 10-20 5.0 26.5 

Lee et al. 2012(90oC) EG <100 5.0 23 

Saleh et al. 2013 EG 23 0.5 15.5 

Jeong et al. 2013 DW 20-40 5.0 16.0 

Chaitanya et al. 2018 DW <100 1.5 11.5 

Topuz et al. 2020 (40oC) DW 18 0.5 3.9 

Present work (40oC) DW 10-15 1.5 26.3 

Present work (40oC) DW 45-50 1.5 22.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Thermal conductivity ratio of ZnO/water nanofluids as 

a function of volume fraction. 

 

According to Fig. 2, the thermal conductivity ratio of 

nanofluids depends on particle concentration and increases 

with an increase in the volume fraction of nanoparticles at 

different temperatures. For example, for nanofluids at 0.2 

and 1.5vol%, thermal conductivities were enhanced by 

15.0 and 24.6% at 30oC, respectively. From Fig. 2, it is 

clear that the relation between thermal conductivity 

enhancement and ZnO nanoparticle concentrations is non-

linear, as reported by other researchers for nanofluids 

[21,24,28]. 

Table 1 shows the highest thermal conductivity 

enhancement for ZnO nanofluids prepared by the two-step 

method. According to table 1, the thermal conductivity 

value in the present work is higher than that previously 

reported and is similar to the value obtained by Yu et al. 

[21]. Comparison of thermal conductivity enhancement in 

the present study with that obtained by Jeong et al. [18], in 

which the nanofluid was also prepared in deionized water 

containing dispersant (ammonium polymethacrylate), 

indicates that a significant enhancement of thermal 

conductivity is achieved in the present work in spite of the 

lower concentration of the ZnO nanoparticles. The 

observed difference could be due to the physical treatment 

technique used in this study, which was an ultrasonic 

disruptor. To prepare nanofluids, Jeong et al. employed a 

stirrer, the mechanical energy of which is not sufficient to 

break down the initial particle clusters in the base fluid 

compared with ultrasonic disruptor [29,30]. 

 

The effect of dispersant concentration on the thermal 

conductivity. 

Zinc oxide nanoparticles are not easily dispersed in 

water due to their high surface energy, which causes the 

agglomeration of particles. Therefore, it is required to use 

a suitable dispersant for preparing stable suspension. It was 

found that acrylic acid-based polymers can be used as ZnO 

nanoparticle dispersants in water-based nanofluids 

[18,31,32]. The thermal conductivity ratio of ZnO/water 

nanofluids (0.5vol%) at different temperatures and 

concentrations of Acumer 3100 dispersant has been shown 

in Fig. 3. The result indicates that the thermal conductivity 

ratio decreases with increasing dispersant concentration at 

15, 20, and 30oC. For example, thermal conductivity 

enhancement at dispersant concentrations of 0.5 and 2.0 

are 16.9 and 10.5% at 30oC, respectively. According to this 

result, the optimizing concentration of Acumer 3100 

dispersant can be half of the nanoparticle weight. 

In general, a nanofluid with a zeta potential absolute 

value larger than 30mV is considered to have good 

stability [13]. Zeta potential of nanofluids with dispersant 

(half of the nanoparticles weight) and without dispersant  
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Table 2: Zeta potential of ZnO/water nanofluids with and without dispersant. 

nanofluid Without dispersant With dispersant after preparation With dispersant 4 days later 

Zeta potential(mV) -19.0 -35.4 -33.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Effects of dispersant concentration on the thermal 

conductivity at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Effect of elapsed time on thermal conductivity of 

ZnO/water nanofluid (10-15 nm). 

 

for the 1.5 vol% of ZnO nanoparticles (10-15 nm) have 

been shown in Table 2. According to Table 2, zeta 

potential values of nanofluid without dispersant were 

found to be –19.0 mV, which indicated that the nanofluid 

was unstable, while the absolute value for nanofluids with 

dispersant after preparation and four days later were found 

to be -35.3 and -33.5 mV, respectively showing that the 

nanofluid was stable with elapsed time. 

The effect of elapsed time on thermal conductivity was 

also investigated for nanofluids 15 days after preparation 

at different concentrations at 30oC. The results have been 

shown in Fig. 4. 

According to Fig.4, the thermal conductivity of 

nanofluids decreases with elapsed time, which indicates 

that ZnO nanoparticles slowly agglomerate over the time. 

A similar trend was observed in nanofluids by other 

researchers [28,30,33]. 

 

The effects of particles size and temperature on the 

thermal conductivity  

Fig. 5 presents the effect of particles size on the thermal 

conductivity ratio of ZnO/water nanofluid for 1.5vol% at 

different temperatures. The results clearly indicate that the 

thermal conductivity ratio enhances with decreasing 

particles size. For ZnO nanofluids containing 10-15 and 

45-50 nm particle sizes, the enhancements were 26.3 and 

22.8 % at 40oC, respectively. This is similar to previous 

reports about nanoparticles size [34-36]. For example, 

Vajjha and Das [37] investigated the effect of particles size 

on the thermal conductivity ratio for two ZnO 

nanoparticles (29,77 nm) in EG/water (40:60) base fluid. 

Their experimental results demonstrated that as particles 

size decreases, the thermal conductivity ratio of nanofluids 

increases, which is similar to our results. It is believed that 

the Brownian motion of nanoparticles is one of the key 

factors to enhance the thermal conductivity of nanofluids 

[38]. The Brownian motion in smaller particles is stronger 

than that in larger ones, so the nanofluids with smaller 

particles show higher thermal conductivity ratio 

enhancement. 

From Fig. 5, it is apparent that for both ZnO nanofluids, 

the thermal conductivity ratio slightly enhances with 

increasing the temperature as reported for nanofluids in the 

literature [22,23,39]. For example, this was 22.8 and 

25.0% for ZnO/water nanofluid with 10-15 nm particle 

sizes at 15 and 60oC, respectively. It is well known that the 

Brownian motion intensifies with increasing temperature, 

which results in the thermal conductivity enhancement of 

nanofluids. 

 

Heat transfer coefficient of ZnO/water nanofluids 

Fig. 6 shows the local convective heat transfer 

coefficient of ZnO/water nanofluids at a constant 

concentration (1.5vol%) for 10-15 and 45-50 nm particle  
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Fig. 5: Thermal conductivity ratio with temperature for ZnO 

/water nanofluids at different particle sizes. 

 

sizes at various axial locations in laminar flows at different 

Reynolds numbers. From Fig. 6, it was found that the heat 

transfer coefficient of both nanofluids is higher than that 

of the base fluid, and it decreases with axial distance from 

the entrance region of the test section. For example, at 

X=55 mm, for 10-15 nm nanofluid at Re=1115, the 

enhancement is 32.7%, while at X=390 mm, it is 10.9 %. 

In fact, at the beginning of the test section, the thickness of 

the thermal boundary layer is very low. Therefore the 

thermal resistance reduces, and the heat transfer 

coefficient increases. With the movement of the nanofluid 

along the axial direction of the test section, the boundary 

layer becomes developed, and the thermal resistance 

enhances, which results in decreasing the heat transfer 

coefficient. This finding of greater enhancement of the 

heat transfer coefficient at the entrance region agrees with 

the reported investigations for nanofluids [27,40]. 

Comparison of Fig. 6a with Figs. 6b-c indicates that the 

trend of the local heat transfer coefficient for ZnO/water 

nanofluids is similar at different Reynolds numbers (1115, 

1650, 2190) in laminar flow conditions, but it increases 

with increasing the Reynolds number. 

From Fig. 6, it was furthermore found that the 

nanofluid with a smaller particles size shows the higher 

local heat transfer coefficient enhancement. For instance, 

at x=55 mm, this was 32.7 and 26.2% at Re=1115 for 

nanofluids with 10-15 and 45-50 nm, respectively. A  

similar result was found for Al2O3/water nanofluids 

containing 45 and 150 nm particle sizes by Anoop et al., 

who investigated the local heat transfer coefficient 

enhancement for both nanofluids under laminar flow 

conditions (Re=1550) in a horizontal tube heat exchanger[27]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Local heat transfer coefficient of ZnO/water nanofluids. 

 

Fig. 7 demonstrates the average heat transfer 

coefficient of ZnO water nanofluids as a function of 

Reynolds number for two different particles size at a fixed 

concentration (1.5vol%). The results indicate that this 

enhances with increasing the Reynolds number and 

decreasing the particles size. The average heat transfer 

coefficient ratio for nanofluids with10-15 and 45-50 nm  
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Fig. 7: Heat transfer coefficient of ZnO/water nanofluids as a 

function of the Reynolds number. 

 

particle sizes at Re=1115 was found to be 18.1% and 14.9 

% higher than that of the base fluid, respectively. There is 

no experimental data in the literature on the heat transfer 

coefficient of ZnO/water nanofluid in horizontal tube heat 

exchangers to compare with those of the present work, but 

such behaviour has been observed for water-based 

functionalized multi-walled carbon nanotubes by 

Amrollahi et al. [26] and Meibodi et al. [41]. 

 

CONCLUSIONS  

In this research, stable water-based ZnO nanofluids at 

different concentrations were prepared, and the effects of 

dispersant concentration, elapsed time, volume 

concentration, particles size, and temperature on the 

thermal conductivity were investigated. The effects of 

particles size and Reynolds number on the local and 

average convective heat transfer coefficient were also 

studied under laminar flow conditions. Some important 

conclusions have been drawn as follows: 

● The thermal conductivity ratio of ZnO/water 

nanofluids enhances non-linearly with increasing the 

volume fraction of nanoparticles. For nanofluids with 

particles size 10-15 nm at 0.2 and 1.5vol%, thermal 

conductivities were enhanced by 15.0 and 24.6% at 30oC, 

respectively. 

● The dispersant concentration could play a key role in the 

thermal conductivity enhancement and stability of ZnO/water 

nanofluid. The optimizing concentration of Acumer 3100 

dispersant can be half of the nanoparticle weight. 

● The thermal conductivity ratio of ZnO nanofluids 

slightly decreased 15 days after preparation, which indicates 

that ZnO nanoparticles slowly agglomerate over time. 

● It was clearly observed that the thermal conductivity 

ratio slightly enhanced with increasing the temperature. 

For ZnO nanofluid (1.5 vol%) with 10-15 nm particles size 

at 15 and 60oC, the enhancements were 22.8 and 25.0%,  

respectively. 

● The thermal conductivity ratio enhances with 

decreasing particles size. For ZnO nanofluids containing 

10-15 and 45-50 nm particle sizes, the enhancements were 

26.3 and 22.8 % at 40oC, respectively.  

● The local heat transfer coefficient of ZnO/water 

nanofluid decreases with axial distance from the entrance 

region of the test section. 

● The average heat transfer coefficient of ZnO 

nanofluids enhances with increasing the Reynolds number 

and decreasing the particles size. For nanofluids (1.5 

vol%) with 10-15 nm and 45-50 nm particle sizes, the 

average heat transfer coefficient enhancements were 18.1 

and 14.9% at Re=1115, respectively.   

 

NOMENCLATURES   

Cp                Heat capacity, KJ/KgK 

D               Tube inner diameter, m 

H                    Convective heat transfer coefficient, W/m2k 

k                    Thermal conductivity, W/mk 

L                            Tube length, m 

m                    Mass flow rate, Kg/S 

P            Tube surface perimeter, m 

q"                    Heat transfer rate, W 

q               Heat flux, w/m2 

Re                         Reynolds number 

Tw             Tube wall temperature, oC 

Tf                     Fluid temperature, oC 

 

Greek symbols 

                                Nanoparticle volume fraction 

Ρ              Density, Kg/m3 

 

Subscripts 

bf                       Base fluid 

in                                Inlet 

nf                       Nanofluid 

np                 Nanoparticles  

out               Outlet 
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