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Abstract 
The thermophysical properties of ZnO@TiO2/DW composite nanofluids with (0.1, 0.075, 0.05 and 0.025)mass% concentra-
tions have been experimentally studied. The equal and homogenous dispersion of both ZnO and  TiO2 nanoparticles with 50:50 
ratio each in distilled water (DW) was attained by the sonochemical method. The efforts are directed to examine the effective 
thermal conductivity of the different mass% concentrations of ZnO@TiO2/DW composite nanofluid for a selected range of 
temperatures at 20 to 45 °C. The maximum improvement in thermal conductivity for ZnO@TiO2/DW composite nanofluid 
was noticed for 0.1 mass% concentration, and the maximum enhancement was spotted 47% higher than the base fluid (DW). 
The heat transfer properties of ZnO@TiO2/DW composite nanofluids with (0.1, 0.075, 0.05 and 0.025) mass% concentrations 
and base fluid (DW) in a square heat exchanger were also investigated. Average and local heat transfer values and growth in 
Nusselt values were conquered for different velocities and corresponding to specific Reynolds numbers range from 4550 to 
20,360. The maximum improvement increases about 57% in average heat transfer (h) and Nusselt numbers correspondingly, 
while local heat transfer for 0.1 mass% is about 500 to 1750 W m−2 K, for 0.075 mass% is 500 to 1500 W m−2 K, for 0.05 
mass% is 500 to 1370 and for 0.025 mass% is 500 to 1150 of the composite nanofluid which is greater than base fluid (DW). 
The ZnO and  TiO2 mixture gives the best combination to enhance the overall heat transfer coefficient (h).
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Introduction

It is recognized, the particle size can change the proper-
ties of the material and it can be used for numerous appli-
cations. In this background, nanomaterials/nanoparticles 
have a vast scope and tremendous applications in daily life 
science. One of the fastly growing field of nanotechnology 
is the cooling and heating in engineering industries. The 
conventional base fluids are SAE oil, PALM oil, paraffin 
oil, diathermic oil, PAO oil, vegetable oil, transformer oil, 
water and ethylene glycol (EG). However, all these con-
ventional base fluids offer low thermal conductivity sig-
nificantly for an effective cooling system [22]. Due to the 

expanding worldwide energy challenges, there are many 
ventures that need proficient heat transfer fluids. As we 
know, solids have greater thermal conductivity compared 
to fluids, and various investigations were accomplished 
to produce small-scale and nanomaterial-dispersed fluids. 
Because of the issues identified with quick sedimentation, 
thermal conductivity, clogging and so forth, the endeavor 
was not completely fruitful. In 1993, Choi and associates 
have started thinking about another category of fluids uti-
lizing nanoparticles. Parallelly, a Japanese group of sci-
entists introduced metal oxide-based dispersed nanofluid. 
As the name demonstrates, these are the fluids made by 
dispersed nanoparticles in the traditional base fluid. As we 
know, the nanoparticle size is less than microparticles, so 
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the issues occurred in microfluids can not be happend into 
nanofluids [8, 49].

Nanoparticles offer higher dispersibility, greater sur-
face area and longer stability in base fluids as compared 
to microparticles. The nanoparticles provide thousands 
of time greater volume and surface area ratio than micro-
particles. The greater surface area of nanoparticles in base 
fluids improves heat transportation and conduction. There 
was a variety of hypothetical models for the calculation and 
improvement in thermal conductivity before nanofluids 
invention. However, those models deploy only on micropar-
ticles and microfluidics. There was a dissimilarity between 
experimental outcomes and hypothetical models due to the 
quick sedimentation [33, 18]. The major issue is that micro-
scale or microchannel particles lead to quick sedimentation, 
which drops down the thermal conductivity and heat transfer 
efficiency. The optimized use of nanofluids, their synthesis 
and characterization may approach to the higher efficiency 
level for all its thermophysical properties [13, 42]. Different 
researchers presented nanofluids offer not only higher ther-
mal conductivity but also higher heat transfer properties as 
compared to the base fluids. Nanofluids must contain equal 
and homogeneous dispersion, higher stability, enhanced 
thermal conductivity and greater heat transfer ratio [44, 
9]. Mainly, the rate of heat transfer is ever dependent upon 
viscosity, density, dynamic viscosity, thermal conductivity, 
shape, size of medium and particle morphology as well. 
Numerous studies on metal oxide-based nanofluids like 
ZnO,  Al2O3,  TiO2,  SiO2, MgO, CuO,  Fe2O3, etc., presented 
positive enhancement in thermal conductivity and heat trans-
fer efficiency also [31, 48].

To enhance the thermophysical properties of metal oxide, 
carbon nanoparticles and their composite base nanofluids, 
a lot of studies with a variety of nanoparticles and efforts 
were directed by different researchers [38, 1, 19, 35]. Many 
investigations in the engineering field have proven a posi-
tive improvement in heat transfer by using nanofluids for 
cooling, heat exchanger, solar energy, lubrication, etc. [34]. 
Nanofluids are the dilute suspension of nanoparticles having 
a particle size less than 100 nm which are equally distributed 
in the base fluid [25, 30, 7]. The improvement in nanofluids 
turns over to the hybrid- or composite-based nanofluids. A 
lot of experimentations have performed on the thermophysi-
cal properties of composite nanofluids for heat transfer aug-
mentation. But still, a research gap could not be filled to 
meet these challenges [5, 32, 17].

In the earlier time, the scientist was focusing on the bet-
terment of different thermophysical properties of solo nano-
fluids. Here, the nanocomposites/hybrid-based nanofluids 
are introduced to achieve higher thermal conductivity and 
heat transfer properties [21, 23]. Some of the investigations 
have exposed composites nanoparticles mixed with water 
as a base fluid can increase the overall heat transfer and 

thermal conductivity. The rheological properties of  TiO2 
and  SiO2 nanoparticles dispersed in distilled water with dif-
ferent ratios are inspected consequently [14]. The efforts 
were conducted for 1 vol.% concentrations of  TiO2 + SiO2 
of the nanoparticles with 80:20, 60:40, 40:60, 50:50 and 
20:80 mass% ratios. The 20:80 mass% ratios give the high-
est value of thermal conductivity with temperature variation 
30–80 ℃, and then, finally 16% improvement was achieved 
greater than base fluid outcomes. With the same efforts, 
20:80 ratio gives us the highest heat transfer outcome as 
compared to others [4, 41]. Hybrid or composite nanofluids 
are a new idea to enhance the thermal conductivity and heat 
transportation in engineering field. The composite/hybrid 
is the mixtures of two or more nanoparticles, where they 
are mixed or physically blended by different procedures to 
disperse in base fluid. The mixing or blending process con-
tinuously runs, until equal dispersion and the homogeneous 
stable mixture could not achieve.

The significant intentions of this study are to prosper the 
real transportation of heat transfer in a square heat exchanger 
by using ZnO@TiO2/DW composite nanofluids with differ-
ent mass% concentrations like (0.1, 0.075, 0.05 and 0.025). 
The ZnO nanoparticles have been synthesized by using one-
pot sonochemical synthesis technique and prepared ZnO- 
and  TiO2-based composite nanofluids. Further, the experi-
ments were conducted to study the effect of sonochemically 
synthesized ZnO@TiO2/DW composite nanofluid on heat 
transfer growth in a square heat exchanger. The local heat 
transfer, average heat transfer, local Nusselt numbers, aver-
age Nusselt numbers and thermal conductivity in a square 
heat exchanger at different points are the major focus of this 
research by using a composite of two different metal oxides. 
To find the effective enhancement in heat transfer, the Reyn-
olds numbers from 4550 to 20,367 were selected with dif-
ferent velocities and constant heat flux boundary conditions.

Materials and methodology

One‑pot sonochemical synthesis route for ZnO

Single-pot sonochemical procedure was used to synthesize 
the zinc oxide. In this distinctive synthesis procedure, zinc 
acetate precursor is diluted in a 100-mL mixture of both 
distilled water and ethylene glycol (EG@DW) with equal 
mass% of 50:50 conferring to 2:1 molarity under constant 
magnetic stirring for 30 min. Sodium hydroxide was added 
in mixture of distilled water and ethylene glycol with (50:50) 
mass% ratio each under continuous stirring for 30 min. Fur-
ther, the sodium hydroxide solution was added dropwise 
into the zinc acetate solution under constant probe sonica-
tion. The sonicator power was maximum kept at 750 W, the 
wave amplitude was adjusted at 80% with 3/2 on and off 
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time, and the net distributed energy and input power were 
36,000 joules and 220 V correspondingly [14, 15]. During 
the addition of sodium hydroxide solution into zinc, white 
precipitates initially were seemed in the (DW) base solution. 
As time passes, it distorted into dense white precipitates. 
The bulk mixture was then sonicated for 2 h uninterruptedly 
deprived of using any other coolant. Finally, the reaction 
was completed and all the white precipitates become dense 
liquid. The formed white precipitates then washed with 
distilled water for several times with the help of centrifuge 
machine at 6000 rpm and lastly washed by ethanol. Then, 
precipitates were dried in a vacuum oven for 12 h at 60 °C 
temperature. To get a discrete morphology and a precise 
shape of the ZnO nanoparticles, the mixture was required 
to calcine for minimum 3 h sequentially at 200 °C [3, 37, 
40]. The Fig. 1 shows a line flow of soncohemical synthesis 
of ZnO. 

Preparation of ZnO@TiO2/DW composite nanofluids

The presented research is about the composites of ZnO- and 
 TiO2-based nanofluids for the enhancement of heat transfer 
in a square heat exchanger. The ZnO was synthesized by a 
single-pot sonochemical technique, while  TiO2 was procured 
by chemical provider company Sigma-Aldrich. Further, the 
ZnO@TiO2/DW composite nanofluids were prepared for  
0.1 mass% concentration by mixing both ZnO and  TiO2 with 
equal amount in the base fluid (DW). Both ZnO and  TiO2 
were physically blended with equal quantity (50:50) each in 

base fluid (DW) with the mass% concentrations (0.1, 0.075, 
0.050 and 0.025) correspondingly. This composite mixture 
was sonicated for 3 h consecutively to attain well and homo-
geneous dispersion of nanoparticles in base fluid (DW) [41]. 
The examinations were directed at four different nanoparti-
cle composite ratios (0.1, 0.075, 0.050 and 0.025) mass%, 
respectively. Additionally, the offered outcomes show the 
well-dispersed and -suspended ZnO and  TiO2 in the base 
fluid (DW). Later, the dilution process is started with the 
aid of Eqs. (1) and (2), where V1 and V2 are documented to 
verbalize the nanofluid samples at different mixture ratios 
and 0.1 mass% concentrations [20, 43]. The detailed prepa-
ration procedure is shown in Fig. 2, while Fig. 3 shows the 
four different (0.1, 0.075, 0.05 and 0.025) mass% concentra-
tions of ZnO@TiO2/DW-based nanofluids as labeled on it.

Test section geometry

Figure  4 shows the schematic view of square heat 
exchanger made up of stainless steel with 1.2-m total 
length and 0.01-m diameter. All the surfaces of the given 
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Fig. 1  One-pot sonochemical synthesis of zinc oxide nanoparticles
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heat exchanger are equal and well polished with particular 
coating materials. Five highly sensitive K-type thermo-
couples were attached to the heat exchanger surface apart 
from each other with an equal distance of 0.2 m. Close to 
the heat exchanger input and output, an inlet and outlet 
temperature sensors are also attached with this test section 
to compute the incoming and outgoing temperature values.

Zinc acetate

Pre-cursor

NaOH

ZnO nanoparticles synthesis

ZnO
ZnO + TiO2/DW

ZnO + TiO2 composites nanofluids

Nanofluids

ZnO + TiO2
Nanoparticles

 Nanoparticles

Physical
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Fig. 2  Preparation of ZnO@TiO2/DW composite nanofluid by using two-step technique

Fig. 3  Different mass concentrations of ZnO@TiO2/DW composite nanofluids
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Fig. 4  Geometric view of the square heat exchanger with five K-type 
thermocouples
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Experimental

To see the effects of heat transfer on ZnO@TiO2/DW com-
posite nanofluid in the square heat exchanger, a well-cal-
ibrated and accurate experimental apparatus is needed. In 
Fig. 5a, a complete test rig with different measuring and 
calibrating instruments has shown. The experimental setup 
includes chiller, power panel, control panel, voltage regula-
tor, circuit breakers, control valves, flow meter, fluid control 
valve, opening and closing valves, circular and square test 
sections, data logger, pressure meter and sensitive thermo-
couples on to the surface of the test section. Before start-
ing the experiment, proper calibration and arrangements of 
each part are necessary to make ensure the proper instal-
lation. Further, we attached the thermocouples at various 
positions with equal distance distribution along the square 
heat exchanger by following the Wilson model [28, 24]. 
Moreover, by using this detailed setup we can measure the 
thermophysical characteristics of ZnO@TiO2 composites 
nanofluid by scheming the pressure drop (Pa/m), Nusselt 
numbers, local and average convective heat transfer (h) and 
friction factor. By implementing the Newton law for cooling 
for input and output temperatures and their difference, test 
section surface temperature and nanofluid temperature, we 
can calculate the total heat transfer amount.

Characterizations of ZnO@TiO2/DW binary 
composite nanofluids

UV–Vis spectra analysis

UV–Vis analysis was conducted to comprehend the opti-
cal performance of the sonochemically synthesized ZnO, 
 TiO2 and binary composites of both ZnO@TiO2 discretely. 
The UV–visible outcomes for all samples with mass% of 
0.025 concentration are shown in Fig. 6. The prominent peak 
at 370 nm stipulates the accurate synthesis of Zinc oxide, 
which is owed to the shifting of blue lateral to the zinc oxide 
particles in the majority. The maximum absorption level for 
ZnO was recorded 2.1%. Similar examinations of nanofluids 
stability and dispersion by UV–Vis analyzer were previously 
recommended [45, 47]. The absorbance peaks for  TiO2 and 
binary composites of both ZnO and  TiO2 can also be seen 
in Fig. 6 correspondingly. The highest peak between 300 
and 400 nm and the 1.5 absorbance  % show the nature of 
 TiO2 nanoparticles. Same as this, the obtained peak behind 
300 nm and absorbance  % about 3.5 show the nature of both 
Zno@TiO2 composites. The outcomes confirm the good dis-
persion and suspension of all nanoparticles in the base fluid 
(DW). The composite nanofluids give the highest absorbance 
level as compared to other particles due to their extended 

1. Data logger

2. Main valve

3. Control panel

4. Test sections

5. Fluid tank

6. Chiller
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8. Thermocouples

9. Inlet valves

10. Flow meter

11. Triangle section
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15. Outlet valves
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Fig. 5  Experimental setup with different parts for heat transfer measurements
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interfacial zone among all particles. The longer stability and 
suspension of nanoparticles in a base fluid depend upon the 
use of any surfactant or sonication time as well [39, 51].

FESEM analysis of ZnO@TiO/DW composite 
nanofluids

The FESEM analysis was conducted to perceive the mor-
phology of particles and their equal dispersion in the base 
fluid (DW). The equal ratio of both nanoparticles ZnO and 
 TiO2 (50:50) of each was dissolved in a base fluid and soni-
cated for 2 h. The FESEM images for ZnO and  TiO2 com-
posite nanofluids at 0.1 mass% concentration are given in 
Fig. 7. From the FESEM images, the morphology and dis-
persion of ZnO,  TiO2 and their composite can be observed, 
respectively. Figure 7a shows the ZnO nanoparticles by 
using 10.00 kV HV, max magnification 50,000 setup, (b) 
shows the  TiO2 nanoparticles cloud, and (c) shows the com-
posites of both nanoparticles with equal dispersion in the 
base fluid. The average particle size of ZnO nanoparticles 
is 17 nm and  TiO2 is 21 nm, respectively. Generally, the 
proper coordination of both nanoparticles highly depends on 
the mass% ratios of the composites, which describes the  % 
of each nanoparticle in the base fluid (DW). The smaller 
nanoparticles help to fill the space among large size nano-
particles, and this may enhance the thermophysical prop-
erties, specific heat and thermal conductivity of compos-
ite nanofluid. Further, due to this condition viscosity and 
density can also be changed. However, to find the specific 
characteristics of both nanoparticle dispersion and stability, 
the current research offers the mixture ratio of nanoparticles’ 

thermal conductivity and heat transfer through a square heat 
exchanger [16, 46].

Result and discussions

Thermal conductivity of ZnO@TiO2/DW composite 
nanofluids

Figure 10 shows the relations among thermal conductivity of 
ZnO@TiO2 composites with different values of temperature 
for (0.1, 0.075, 0.05 and 0.025) mass% concentrations. The 
thermal conductivity outcomes of ZnO@TiO2/DW com-
posite nanofluids for each mass% ratio have increased with 
the increase in temperature degree and deliberately more 
than associated with base fluid. Also, it has been observed 
that the highest thermal conductivity was recorded with a 
mass ratio of 50:50 of both zinc oxide and titanium oxide for 
0.1 mass% concentration. In the meantime, the 0.025 mass% 
carried the lowest thermal conductivity among all other 
composites mass% concentrations. The outcomes inveter-
ate that the increase in mass% of both metal oxide nano-
particles pays an equal contribution to the higher thermal 
conductivity of ZnO@TiO2/DW composite nanofluids as 
shown in Fig. 8a. In the present efforts, the relation between 
nanoparticle composites mass% to the thermal conductivity 
development may be due to the different sizes of each nano-
particle and the mass quantity of the smaller nanoparticles 
present in the composite. The confirm particle size of ZnO 
is 17 nm, which is less than the  TiO2 particles of 21 nm. The 
ZnO particles help to enhance the thermal conductivity by 
filling the space among the large size  TiO2 nanoparticles, as 
shown in FESEM images in Fig. 7. The mixing process of 
both nanoparticles in the composite liquid will increase the 
interactions area for thermal conduction among the unlike 
molecules and hence influence the higher thermal heat 
transfer which occurs during the colloidal suspension due 
to Brownian motion [26, 36, 27].

The rise in effective thermal conductivity of ZnO@TiO2/
DW composite nanofluids with different mass% ratios asso-
ciated with a series of temperatures can be seen in Fig. 8b 
disparately. The results reveal that the effective thermal 
conductivity is increasing with an increase in the mass% 
of ZnO and  TiO2 nanoparticles in the mixture of ZnO@
TiO2/DW composite nanofluids, except 0.025 mass% ratio 
which shows the lowest value of the thermal conductivity. 
The effect of temperature variations on thermal conductivity 
can be seen in the below graph. Furthermore, the maximum 
47% enhancement is achieved with the highest value of tem-
perature 45 °C for 0.1 mass% of the composite nanofluid. 
This improvement is led by the kinetic energy between both 
nanoparticles and their Brownian motion effects in the base 
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fluid [50, 2]. Effective thermal conductivity can be expressed 
mathematically by the following equation.

Stability of ZnO@TiO2/DW composite nanofluids

The ZnO@TiO2/DW composite nanofluid solution was 
imperiled to a continuous probe sonication process for 2 h 
to increase the dispersion and stability of nanoparticles and 
to minimize the agglomeration. Four samples of 50 mL were 
prepared according to (0.1, 0.075, 0.05 and 0.025) mass% 
concentrations and sonicated for 2 h each to get good stabil-
ity and dispersion [11]. As per Yu et al. [10], the nanofluids 
seem to be more stable when the nanoparticle size remains 
small and constant. The physical observations for sedimen-
tation of the ZnO@TiO2/DW-based composite nanofluids 
can be seen in Fig. 9. After preparation of the samples, dur-
ing the week 1 and  week 2 all the nanofluids are well dis-
persed and stable. The maximum stability was noticed for 
0.1 mass% owing to the greater amount of nanoparticles. In 
the week 3, it starts to sediment and slightly goes to settled 

(3)keff =
knf

kbf

down. Figure 10 shows the maximum stability time for 
each concentration without using any surfactant. The com-
plete observations were carried upto 14 days maximum from 
its preparation time and few images have been shooted dur-
ing experiment.  

Figure 10 shows the stability and dispersion of ZnO@
TiO2/DW composite nanofluids. Four different mass% con-
centrations of ZnO@TiO2/DW composite nanofluids like 
(0.025, 0.05, 0.075 and 0.1) are observed for a couple of 
weeks. The Fig. 10 shows from week 1 to week 2 all the 
samples looks well stable and dispersed, and after week 2 it 
starts to sediment. The sedimentation rate for each sample 
depends upon the mass% loading of both ZnO and  TiO2 
nanoparticles in base fluid (DW) and their sonication time. 
As the sonication time increased, the dispersion and stability 
of nanoparticles increased up to a certain level. The declin-
ing trend showing the 0.1 mass% still has less sedimenta-
tion as compared to other samples, because it has a greater 
amount of nanoparticles.

Fig. 7  FESEM images showing 
equal dispersion of ZnO and 
 TiO2 and their composites

ZnO nanoparticles TiO2 nanoparticles

TiO2
 nanoparticles

ZnO
 nanoparticles
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Thermophysical and hydrodynamics properties 
of ZnO@TiO2/DW composite nanofluids

To evaluate the pumping power and pressure drop variations 
in the square pipe heat exchanger, intentions are accom-
plished to find out the friction loss for both distilled water 
and ZnO@TiO2/DW composite nanofluids by using math-
ematical Eq. (4). The assessed outcomes were coordinated 
with two different models Petukhov [29] and Blasius’s [6] 
with empirical co-relation, respectively. The tentative fric-
tion factor (ff) and output results were promising, since the 
variances were almost ≤ 5% as associated with the statis-
tics from both Blasius and Petukhov empirical correlations, 
which shows the square heat exchanger is steady to quantify 
the change in total pressure drop at different values of the 
Reynolds numbers specified in this investigation.

The variations in pressure drop alongside the square heat 
exchanger for ZnO@TiO2/DW composite nanofluids with 
different mass% concentrations against the constant Reyn-
olds numbers are given in Fig. 11a. The mounting trend 
of the graph designates as the Reynolds Numbers values 
increased and the pressure drop will increase as well. The 
graph shows the pressure drop for each concentration and 
distilled water also, and in case of base fluid the pressure 
drop is less across the test section due to nonavailability of 
the nanoparticles loading. Addition of nanoparticles in the 
base fluid may cause too little friction, and due to this fric-
tion pressure drop will increase alongside the square pipe. 
Each of ZnO@TiO2/DW composite nanofluid concentration 
like (0.1, 0.075, 0.05 and 0.025) was treated separately, and 
the highest pressure drop value noticed for 0.1 mass% is 
2400 Mpa. This highest pressure drop amount is subjected 
due to the greater amount of both ZnO and  TiO2 nanoparti-
cles inside the base fluid.

During experimentation, when nanofluid is running 
inside the square heat exchanger the internal friction 
will definitely affect to pressure drop, and it may cause 
to increase or decrease the pressure drop. Basically, this 
friction effect occurs due to the presence of nanoparticles 
in the base fluid (DW). The pertinent friction factor (ff) 
results attained by using mathematical Eq. (10) are also 
offered against a specific range of Reynolds) numbers in 
Fig. 11b. The friction factor for base fluid and each of 
the mass% concentration of ZnO@TiO2/DW composite 
nanofluid is the main concern of this test. In case of dis-
tilled water, a base fluid shows maximum friction factor in 
square heat exchanger up to 0.037, while it can be noticed 
in below graph that the friction factor (ff) has augmented 
about 0.046 for ZnO@TiO2/DW composite nanofluids for 
0.1 mass% in concentration. This behavior speculated that 
it happens due to the presence of the mass% concentra-
tions of both ZnO and  TiO2 nanoparticles in the base fluid 
(DW). The declining trend for friction factor shows once 
the Reynolds numbers vary from low to higher than fric-
tion factor, it will be drop down linearly. Due to the load-
ing of ZnO@TiO2 nanoparticles in the base fluid (DW), 
its overall viscosity will be increased, which ended the 
obligation of a minor increase in velocity of nanofluid to 
maintain the Reynolds numbers constant. At this point, the 
velocity of ZnO@TiO2/DW composite nanofluids displays 
a dynamic role to raise the pressure drop value and friction 
factor in a square heat exchanger. Finally, the highest fric-
tion factor and pressure drop were noticed for 0.1 mass% 
of the ZnO@TiO2/DW composite nanofluids, which hap-
pened due to the maximum amount of the nanoparticle 
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in the base fluid. Figure 11c shows the required pumping 
power for each of the mass% concentration of the ZnO@
TiO2/DW composite nanofluid during experiment run-
ning. The growing trend describes that as the amount of 
the nanoparticles in the base fluid will increase, the setup 
needed more power to run the fluid. The maximum pump-
ing power was noticed 1.41 for 0.1 mass% in concentra-
tion. As compared to the base fluid, the nanofluid having 
particle inside shows the need for a greater amount of 

pumping power. Mathematically, pumping power can be 
calculated by using the following equation.

Dynamic viscosity of nanofluids is most important as 
same as thermal conductivity. Plenty of studies have per-
formed on the thermal conductivity of nanofluids as com-
pared to the dynamic and kinematic viscosities of nanoflu-
ids. Different viscosity formulas and models deliberated 
the mass% concentrations of present nanoparticles in the 
base fluid to show the effects of viscosity on nanofluids. 
Figure 11c–d displays the dynamic and kinematic viscos-
ity outcomes of ZnO@TiO2/DW composite nanofluids 
with different mass%. The overall dynamic viscosity will 
decrease with the increase in temperature values. Simi-
larly, the kinematic viscosity will also decrease with the 
increase in temperature, and the trend is nonlinear due to 
different particles.

Improvement in average heat transfer and average 
Nusselt numbers of ZnO@TiO2/DW composite 
nanofluids with different mass% concentrations 
and distilled water

The previous literature which exposes the growth of dif-
ferent kinds of nanoparticles in any type of base fluids 
shows enhanced convective heat transfer properties. The 
stated investigations of the effects of ZnO@TiO2/DW 
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Fig. 9  Stability and dispersion of ZnO@TiO2/DW composite nanofluids with different mass%
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composite nanofluids with different mass% (0.1, 0.075, 
0.05 and 0.025) concentrations on the local and average 
heat transfer coefficients values and effective thermal con-
ductivity for given Reynolds numbers from 4550 to 20,360 
were conducted. The experimentation was led to evaluate 
the heat transfer coefficient and thermophysical properties 
of our ZnO@TiO2/DW composite nanofluids flowing in a 
closed square heat exchanger. Calibration of experimental 
setup is necessary prior to see the inner surface tempera-
ture of the test section in order to calculate the maximum 
presence of heat conduction in the square tube wall as well 
as convection of the composite nanofluid flowing through 
the square heat exchanger. Here, we follow the Wilson plot 
procedure [12], by equating the overall resistance among 
different points along the direction of heat transfer and 
inner surface temperature of the square heat exchanger by 
using some mathematical calculations. We considered the 
different thermophysical properties of the composite nano-
fluids and distilled water by using following factors: heat 
transfer coefficient (h), Nusselt numbers, pumping power 
and pressure drop. To govern the heat transfer coefficient 
(h), the Newton law of cooling based on a bulk amount 
of inlet and outlet temperature and surface is tempera-
ture measured from the experimentation. Furthermore, the 
average heat transfer coefficient was projected for ZnO@
TiO2/DW composite nanofluids in a square heat exchanger 
separately of the specified mass% for the conclusion with 
the base fluid (DW). In Fig. 10a, the rising trends are obvi-
ously depicting the convective heat transfer (h) which is 
increasing as the ZnO@TiO2/DW composite-based nano-
fluids mass% is increasing. For the base fluid (DW), it can 
be understood that the heat transfer (h) was less due to the 
absence of both ZnO@TiO2 nanoparticles in the water, by 
means of when nanoparticles were mixed it augmented the 
average heat transfer coefficient. From Fig. 12a, it can be 
easily seen at 0.1 mass% concentration, the heat transfer 
coefficient was higher as compared to distilled water data. 
In the case of the base fluid (DW), the maximum succes-
sive heat transfer was from 600 to 850 (W m−2 K), and on 
the other side with same 0.1 mass% of ZnO@TiO2/DW 
composite-based nanofluids the heat transfer coefficient 
was mounted greater and the outcome varied from 600 to 
1250 (W m−2 K).

 
Experimentation data have been used to calculate the heat 

transfer coefficient (h) and the total pressure drop values for 
ZnO@TiO2/DW composite nanofluids. Reynolds numbers 
of distilled water and ZnO@TiO2/DW composite nanofluids 
with different variations in mass% concentrations like (0.1, 

(6)Re =

(
�vD

�

)

0.075, 0.05 and 0.025) can be restrained based on the com-
plete experimental setup for heat transfer, mass, velocity and 
hydraulic diameter of the square heat exchanger by using fol-
lowing mathematical equations.
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On the basis of successive measurement of heat transfer 
coefficient (h), it is easy to optimize the growth in Nusselt 
numbers for each concentration of the detailed composite 
fluid. Figure 12b describes the development in average Nus-
selt numbers of each mass% concentration of ZnO@TiO2/DW 
composite nanofluids according to the variations in Reynolds 
numbers from 4550 to 20,367 separately. It can be observed 
that the average Nusselt numbers for the base fluid (DW) 
varied from 9 to 14 with the rise in Reynolds (Re) values. 
After mixing both ZnO and  TiO2 nanoparticles in the base 
fluid (DW), the optimistic enhancement in the Nusselt num-
bers was professed, which is definitely accredited to the rise in 
nanoparticles mass% concentrations. With 0.1 mass% ZnO@
TiO2/DW composite-based nanofluid concentration, the high-
est growth in Nusselt numbers was noticed differing to the 
Reynolds numbers varying from 4550 to 20,367. The obtained 
Nusselt numbers were higher as compared to that noted for 
distilled water due to the addition of nanoparticles in the base 
fluid. The succeeded Nusselt values were estimated by using 
the following mathematical relation.

Finally, the experimental results were compared with 
Gnielinski and Dittus models data, which show promising 
comparison among experimental data and model data. The 
combination of ZnO@TiO2/DW composite/hybrid nanofluids 
shows promising heat transfer improvement as compared to 
model data. Figure 12c shows all the experimental and mod-
els data showing growing trend with the increase in Reynolds 
numbers. Here, these composite/hybrid nanofluids are con-
sidered to be the suitable choice for heat transfer applications.
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Growth in local heat transfer for different mass% 
concentrations of ZnO@TiO2/DW composite 
nanofluids

The experimentation was led to measure the effects of 
ZnO@TiO2/DW composite nanofluid on heat transfer coef-
ficient in the square heat exchanger. The constant heat flux 
boundary condition and variable flow rate basis strategy have 
been adopted during the experiment. The effect of compos-
ite nanofluids with four different mass% concentrations was 
recorded locally on different points of square heat exchanger. 
Figure 13 signifies the local behavior of the heat transfer 
coefficient for each ZnO@TiO2/DW composite nanofluids 
mass% concentration at different points of the square heat 
exchanger. Each concentration was individually treated by 
square heat exchangers with different flow rates, and varia-
tions in Reynolds numbers were also subjected. During the 
experimentation, the outcome arises 0.025 mass% concen-
tration of ZnO@TiO2/DW composite-based nanofluids, and 
the local heat transfer coefficient (h) was noticed from 600 
to 1100 W m−2 K at the Reynolds numbers from 4550 to 
20,367. In the case of 0.075 mass%, ZnO@TiO2/DW com-
posite-based nanofluids concentration, the local heat transfer 
coefficient (h) was perceived from 600 to 1300 W m−2 K at 
the specific range of Reynolds numbers. For 0.05 of ZnO@
TiO2/DW composites based nanofluids mass% concentra-
tions, the heat transfer coefficients (h) were documented 
from 600 to 1500 W m−2 K at the same values of Reyn-
olds numbers. The maximum enhancement in heat transfer 
coefficient (h) was recorded 600–1750 W m−2 K when the 
mass% concentration of ZnO@TiO2/DW composite-based 
nanofluids arises up to 0.1% with the same Reynolds num-
bers. The conclusion from the current experiment portrays 
that the presence of both nanoparticles in base fluid (DW) 
and their mass% increment up to 0.1 mass% imperiled to 
linear growth in heat transfer in the square heat exchanger.

Growth in local Nusselt numbers for different 
mass% concentrations of ZnO@TiO2/DW composite 
nanofluids

On the basis of the heat transfer coefficient, it is easy to 
elaborate the changes in Nusselt numbers along the square 
heat exchanger on different points. Nusselt numbers were 
estimated for all mass% concentrations by using numeric 
calculations with the heat transfer coefficient results. Fig-
ure 14 articulates the different growing trends in local Nus-
selt numbers with a specific range of Reynolds numbers 
from 4550 to 20,367 and different mass% of ZnO@TiO2/
DW composite-based nanofluids like (0.1, 0.075, 0.05 and 
0.025) concentrations. Throughout the experiment, it pro-
fessed that the local Nusselt numbers improved with the 
increase in Reynolds numbers in a square heat exchanger 
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with the same hydraulic diameter. Also, this growing effect 
is subjected to change in mass% of both nanoparticles in 
the base fluid. It can be perceived in Fig. 12 that in all of 
the presented mass% concentrations of ZnO@TiO2/DW 
composite-based nanofluids, the local Nusselt numbers are 
linearly growing with the change in mass% and variations 
in Reynolds numbers. For the 0.025 mass% ZnO@TiO2/

DW composite-based nanofluid, the local Nusselt num-
bers were noticed from 8 to 16 corresponding to the heat 
transfer coefficient at a given range of Reynolds numbers 
prolonged from 4550 to 20,367. In the case of 0.05 mass% 
ZnO@TiO2/DW composite nanofluid, a growing trend in 
local Nusselt numbers was noticed from 8 to 21 for the 
same Reynolds numbers. For the 0.075 mass% of ZnO@
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TiO2/DW composite nanofluid, the observed local Nus-
selt numbers were spotted from 8 to 24 along with the 
Reynolds series. Last of all, for the 0.1 mass% of ZnO@
TiO2/DW composite nanofluid mass concentrations a sur-
prising improved trend was seen in the Nusselt numbers 
ranging from 8 to 28 with specified Reynolds numbers 
discussed previously. This deteriorating behavior for lower 
concentrations and Reynolds numbers is accredited to the 
agglomeration of both ZnO and  TiO2 particles for less 
value of Reynolds numbers and lower metal oxide surface 
area for mass% concentrations. With the greater value of 
Reynolds numbers, the agglomeration for both ZnO and 
 TiO2 drops down which supports the good dispersion and 
stability of each nanoparticle in the base fluid (DW) due 
to its appropriate mixing. Finally, the conclusion comes 
up with projecting enhancement in Nusselt numbers due 
to the particles loadings into the base fluid (DW). The 
outcomes show a maximum improvement with 0.1 mass% 
of the nanoparticles composite nanofluids.

Uncertainties in experimental setup

Proper arrangement and calibration of experimental setup 
before running it are the basic need of an experiment. Elec-
trical or electronic equipment may cause to lead the little 
errors during experiments due to their accuracy limits. To 
figure out, the total magnitude of this error is necessary 
during the experiment. The contemporary examinations of 
ZnO@TiO2/DW composite nanofluids with different mass% 
concentrations for heat transfer coefficient measurement, the 
net velocity, changes in temperature, volume flow, pressure 
drop, Reynolds numbers, Nusselt numbers, heat transfer 
coefficient, supplied voltage, current, heat flux, pumping 
power, ambient temperature, differential pressure, thermal 
conductivity and effective thermal conductivity were exam-
ined with appropriate measuring equipments. All over the 
experimental measurements of the detailed parameters, the 
uncertainties/fluctuations happened are offered in Table 1 
Seeing the associated errors in each aspect signified by (xn) 
error calculations of dependent constraints was taken out by 
using mathematical Eq. (13). During all experimentations, 
different inconsistencies were noticed repeatedly which 
are given in the table with outcome values. Frequent time 
reiteration approach to express each constraint of proposed 
experimentations significances, all the values were within 
the limits of uncertainties.

 

(13)W =
[(x1)2 + (x2)2 +…+ (xn)2]

2

Conclusions

The effects of thermal diffusivity and momentum of com-
posite nanofluids over thermal conductivity on heat trans-
fer growth in square heat exchanger were investigated here 
numerically and experimentally. Prior to run the nanoflu-
ids, the experimentation has been directed for the base fluid 
(DW) to validate the numerical model of fluid flow in a 
square heat exchanger. To validate the experimental setup, 
the average Nusselt numbers of experimental data were 
compared with Gnielinski and Dittus models which showed 
the good connection with experimental data. In the stated 
investigation, single-pot sonochemical-assisted technique 
was adopted to synthesize the ZnO nanoparticles, and then, 
 TiO2 nanoparticles were mixed all together in the base fluid 
(DW) with 50:50 ratio each to synthesize the ZnO@TiO2/
DW composite nanofluids.

• The four different mass% concentrations of ZnO@TiO2/
DW composite nanofluids like (0.1, 0.075, 0.05 and 
0.025) were inspected for heat transfer and other ther-
mophysical properties and their growth in a square heat 
exchanger.

• Effective thermal conductivity analysis for all mass% 
concentration of ZnO@TiO2/DW composite nanofluid 
was conducted by using advanced KD-2 Pro thermal ana-
lyzer. The experiment exposes that the equal quantity of 
each ZnO and  TiO2 particle in the base fluid (DW) sig-
nifies the positive enhancement in the effective thermal 
conductivity, where the equal amount of ZnO and  TiO2 
particles gives the controlled parameters and improves 
the heat convection in square heat exchanger. The ther-
mal analyzer shows that the maximum enhancement in 
thermal conductivity was 0.40–0.54 W m−2 K and the 

Table 1  Uncertainties tallied during the experiment of the ZnO@
TiO2/DW nanofluids

Parameters Symbols Uncertainty/%

Ambient temperature Te ± 0.16
NF mass flow rate v ± 1.92
NF differential pressure hh ± 2.22
NF thermal conductivity knf ± 3.41
NF specific heat measurement Cpnf ± 3.92
Voltage V ± 1.15
Current I ± 1.15
Heat flux Q ± 1.15
Reynolds numbers Re ± 3.33
Convective heat transfer h ± 3.22
Nusselt numbers Nu ± 3.41
Pumping power PP ± 2.44
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47% enhancement was noticed in effective thermal con-
ductivity.

• Further investigations on heat transfer properties of com-
posite nanofluids with a specific range of Reynolds num-
bers from 4550 to 20,367 were conducted for all mass% 
concentrations. 0.1 mass% of ZnO@TiO2/DW composite 
nanofluids gives the higher thermal performance of the 
composite nanofluids as compared to other concentra-
tions and the base fluid (DW). Subsequently, average 
and local heat transfer outcomes for these all mass% 
concentrations and the base fluid (DW) were assessed 
with different thermal and hydrodynamic parameters in 
a square heat exchanger. Positive enhancement in average 
heat transfer coefficient (h) and average Nusselt numbers, 
concerning ZnO@TiO2/DW composite nanofluids, was 
exposed for the 0.1 mass% concentration which is about 
500–1750 W m−2 K.

• The research outcomes explained the presence of both 
ZnO and  TiO2 nanoparticles in the base fluid cause to 
enhance the heat transfer properties, which is the best 
combination for cooling and other applications.
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