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Abstract
Different methods have been utilized to enhance the thermal efficiency of the heat exchangers (HEs). A widely used method 
to upgrade the thermal efficiency of HEs is upgrading the thermal properties of working fluid by utilizing nanoparticles. In 
this study, Al2O3 and CuO have been utilized to prepare Al2O3–CuO/water hybrid nanofluid. Accordingly, Al2O3 and CuO 
nanoparticles have been mixed into the water with 1% (50:50) weight concentration. The main objective of this work is test-
ing the prepared hybrid nanofluid in plate-type HEs (PHEs) with 8, 12 and 16 plates to determine the influence of number 
of plates on heat transfer improvement by hybrid nanofluid. Experimental findings of the present study demonstrated that 
utilizing Al2O3–CuO/water hybrid-type nanofluid in the PHE enhanced thermal efficiency notably in comparison with single-
type nanofluids. Using this hybrid nanofluid increased the thermal performance in all PHEs with different number of plates. 
However, it is observed that increasing number of plates led to more increment in thermal performance by utilizing hybrid 
nanofluid. The highest increment in overall heat transfer coefficient was obtained as 12%, 19% and 20% in PHEs with eight, 
12 and 16 plates, respectively. In addition, the highest enhancement in effectiveness was achieved as 10%, 11.7% and 16% 
in PHEs with eight, 12 and 16 plates, respectively.
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�	� Density (kg/m3)
�	� Dynamic viscosity (kg/m s)
�	� Volume fraction of nanoparticles
�	� Thermal diffusivity (m2/s)

Subscripts
av	� Average
bf	� Base fluid
cl	� Cold loop
hl	� Hot loop
hnf	� Hybrid nanofluid
hnp	� Hybrid nanoparticle
in	� Inlet
out	� Outlet
p	� Plate

1  Introduction

One of the most significant issues in energy conversion sys-
tems is efficient heat transfer that is investigated by many 
researchers. Heat exchangers (HEs) are apparatuses which 
are generally utilized to transfer thermal energy between two 
fluids. Various types of HEs are utilized in many applica-
tions. Plate heat exchangers (PHEs) are compact-type HE 
that are utilized in many applications such as food industry, 
chemical industry, cooling and heating, because of their high 
thermal efficiency. Plate shape, plate thickness and channel 
geometry are the major parameters that affect the efficiency 
of PHE [1]. There are lots of studies available that analyzed 
the effects of various factors on thermal behavior of PHE 
[2–5].

In addition, different methods have been utilized to 
raise the thermal performance of the HEs [6, 7]. Integrat-
ing extended surface areas like fins and baffles is a widely 
used method to improve heat transfer in HEs, while adding 
fins and baffles could raise pressure drop in HEs. Another 
method to raise the thermal performance of HEs is upgrad-
ing the thermal properties of working fluid by utilizing nano-
particles. The obtained fluids are called nanofluids, which 
are suspensions of nanoparticles in main working fluids. 
Using nanofluids can eliminate disadvantages of conven-
tional fluids because of their superior thermal conductivity 
in comparison with common fluids [8–12]. Particle ratio, 
particle size, particle shape and base fluid properties are 
the major parameters that affect nanofluid thermal behav-
ior [13–16]. Many researchers have investigated utilization 
of various types of nanofluids in PHE. Tiwari et al. [17] 
studied various nanoparticles and different volume fractions 
of them including CeO2/water, SiO2/water, TiO2/water and 
Al2O3/water. They aimed to find maximum values of the 
thermal performances in a commercial PHE. Their results 
revealed that optimum volume concentrations vary for each 

nanoparticle. In a similar study, Sun et al. [18] experimen-
tally analyzed the various mass volume ratios of different 
nanoparticles including Cu, Fe2O3 and Al2O3 in water as 
base fluid with the aim of increasing heat transfer proper-
ties of PHE. Their obtained findings demonstrate that the 
overall heat transfer coefficient (OHTC) and also resistance 
coefficient were meaningfully increased.

In addition, lots of nanoparticles have been investigated 
in many base fluids by many researchers. Their obtained out-
comes revealed that mixing nanoparticles to the base working 
fluid generally has positive impact on the performance of HE 
[19–24]. Recently, hybrid nanofluid solutions have become 
a popular research area because of their advantages such as 
improved thermal properties and heat transfer performance. 
Han et al. [25] investigated hybrid-type nanofluid’s thermal 
behavior including carbon nanotube particles. They stated that 
adding carbon nanotubes has an important effect on improving 
the thermal performance. Suresh et al. [26] prepared Al2O3–Cu/
water hybrid nanofluid with a concentration of 0.1%. The results 
showed that using this nanofluid increased Nusselt number as 
13.56%. In another experimental research performed by Huang 
et al. [27], the effect of utilization of a nanofluid consisting of 
carbon nanotubes–Al2O3 on heat transfer characteristics of PHE 
was investigated. They reported that by using hybrid nanofluid, 
the heat transfer rate increased compared to Al2O3/water nano-
fluid and water. Kumar et al. [28] analyzed the impact of spacing 
between the plates in PHE and utilization of different nanoflu-
ids including TiO2, graphene nanoplate, MWCNT, Al2O3, ZnO, 
CeO2 and hybrid CuO/Al2O3. The results indicated that 5 mm 
spacing exhibited the best thermal performance. Moreover, it 
found that using the MWCNT/water nanofluid in PHE gave the 
highest heat transfer coefficient (HTC) which was almost 53% 
higher than the water. In another study, Kumar et al. [29] experi-
mentally tested thermal behavior of utilizing TiO2 + MWCNT/
water, CeO2 + MWCNT/water, Al2O3 + MWCNT/water and 
ZnO + MWCNT/water, hybrid nanofluids in PHE. Their find-
ings showed that CeO2 + MWCNT/water nanofluid led to max-
imum performance improvement in PHE. Bhattad et al. [30] 
experimentally analyzed AL2O3/multiwalled carbon nanotube 
(MWCNT) hybrid nanofluid usage in different concentrations 
in PHE. Their results showed a maximum increment of 15.2% 
in HTC.

Al2O3 and CuO are widely used as nanoparticles in dif-
ferent base fluids to upgrade the thermal performance. Ana-
lyzing available works in the literature showed the ability of 
Al2O3/water and CuO/water nanofluids in enhancing thermal 
performance of different types of HEs. Also, some research-
ers showed the advantages of using hybrid nanofluids in 
comparison with single nanofluids [31, 32]. The main aim 
of using hybrid nanofluids is utilizing physical and chemi-
cal properties of two or more various types of nanoparticles 
that can better impact on the thermophysical and rheological 
properties of nanofluids. Therefore, in this study, Al2O3 and 
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CuO have been utilized to prepare Al2O3–CuO/water hybrid 
nanofluid. Accordingly, Al2O3 and CuO nanoparticles have 
been mixed into the water with 1% (50:50) weight concen-
tration. In addition, Al2O3/water and CuO/water nanofluids 
have been prepared at the same concentration to compare 
with hybrid nanofluid. The main objective of this research 
is testing the prepared hybrid nanofluid in PHEs with eight, 
12 and 16 plates to determine the influence of number of 
plates on heat transfer improvement by hybrid nanofluid. It 
should be stated that there is not any study in the literature 
which investigates the influence of number of plates on heat 
transfer characteristics of nanofluids. Figure 1 shows main 
steps of this work.

2 � Materials and methods

In this section, test setup, preparation of CuO/water, Al2O3/
water and Al2O3–CuO hybrid nanofluids and also experi-
mental steps have been explained.

2.1 � Test setup

The schematic diagram of utilized test rig is presented in 
Fig. 2. The setup contains seven main parts: PHE, circula-
tion pump, K-type thermocouples, coiled heat exchanger, 
heater, and two flow meters. Two circuits are available in 
the experimental apparatus: cold and hot circuits (Fig. 2). 
Hot fluid circuit is closed, and hot fluid is heated up in coiled 

HE and transferred to the PHE. Nevertheless, the cold fluid 
circuit is open and heated water in the cold side of PHE is 
drained from the system. It is better to state that to achieve 
accurate temperature values, thermocouples have been sub-
merged in the outlet and inlet of the PHE in the experimental 
apparatus. In this study, three PHEs with same plate corru-
gation design and various plate numbers have been tested. 
The plate heat exchangers are made from stainless-steel 
plates with 60° chevron angle and have 8, 12 and 16 plates. 
A view of utilized plate-type heat exchangers is shown in 
Fig. 3. Plate length and plate width are 208 mm and 76 mm, 
respectively. Port-to-port distance and port-to-port width are 
172 mm and 42 mm, respectively. In addition, plate thick-
ness is 0.4 mm.

2.2 � Preparation of nanofluid

Al2O3 and CuO nanoparticles are widely used in various 
applications. In many researches, Al2O3 and CuO includ-
ing single nanofluids were experimentally and numeri-
cally analyzed. Also, in the recent years, hybrid nanofluids 
are utilized to obtain higher thermal performance. In this 
study, Al2O3 and CuO have been utilized to prepare Al2O3/
water and CuO/water and Al2O3–CuO/water hybrid nano-
fluids. In this regard, ball milling process has been used to 
attain homogeneous nanoparticles and also to decrease the 
nanoparticle size. Then, to obtain hybrid nanofluid, CuO 
and Al2O3 nanoparticles were mixed by using a mechani-
cal mixer with 1% weight concentration. Al2O3–CuO/water 

Fig. 1   Main steps of this work
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nanofluid was prepared with 1% (50:50) particle weight 
concentration. Also, CuO/water and Al2O3/water single-
type nanofluids have been prepared in order to compare with 
hybrid nanofluid. The obtained nanoparticles were added 
into the water and mechanically mixed. There are various 
techniques to prevent sedimentation and aggregation prob-
lems. In this study, Triton X-100 surface-active agent was 
mixed into the prepared nanofluid solutions. Adding surface-
active agent enhances wetting ability and reduces surface 
tension and consequently leads to achieve stable nanofluid. 
In addition to using surface-active agent, ultrasonication 

process has been utilized to enhance the stability of prepared 
single and hybrid nanofluids.

Determining thermophysical properties of the utilized 
nanofluids is another important issue. Densities of Al2O3/
water, CuO/water and Al2O3–CuO/water nanofluids have 
been determined by taking weight of a specified volume of 
solutions by utilizing an analytical balance. Using nanopar-
ticles improves heat transfer by upgrading thermal conduc-
tivity of base fluid. But, adding nanoparticles increases the 
viscosity of base fluid which can increase pressure drop. 
The viscosity of prepared nanofluids has been achieved by 
using AND SV-10 viscometer device. In the present work, 
heat capacity of the working fluid has been attained with 
differential scanning calorimetry (DSC) technique. Accord-
ingly, Perkin Elmer Diamond DSC device has been used 
in obtaining heat capacity of single and hybrid nanofluids. 
Finally, thermal conductivity of prepared nanofluid samples 
has been determined by utilizing TPS 500S thermal conduc-
tivity measuring device which uses hot-disk method.

2.3 � Test procedure

The performance tests of single and hybrid nanofluids have 
been done utilizing three different PHEs with eight, 12 and 
16 plates. The tests have been performed in various config-
urations to specify the thermal behavior of the nanofluid in 
PHEs. In this context, the performance tests have been done 
in five various flow rates in the range of 3–7 lpm. The experi-
ments have been conducted by using water, CuO/water, Al2O3/
water and Al2O3–CuO/water hybrid nanofluids with the aim of 
specifying the effect of using single and hybrid nanofluids on 

Fig. 2   Schematic view of test 
rig

Fig. 3   A view of utilized plate-type heat exchangers
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the efficiency. Moreover, all experiments were repeated three 
times to achieve reliable results.

As mentioned above, the experiments have been conducted 
at five different flow rates. Before starting each experiment, 
flow rate and outlet temperature were adjusted to the set val-
ues. Then, the experiment started and system worked until 
it reached steady-state conditions. The temperature values at 
inlet and outlet of two fluid loops were recorded when steady-
state conditions were obtained. It should be stated that pressure 
drop in the HE was not obtained experimentally.

3 � Theoretical analysis

The heat transfer in PHE can be expressed as the detracted 
energy in hot loop ( Q̇hl ) or as the gained energy by the cold 
loop ( Q̇cl ) and found by utilizing the following equations:

Mean value of the detracted and gained heat can be found 
as follows:

The effectiveness of the PHE can be defined by Eq. (4):

Heat capacity rate of hot fluid ( Chl ) can be calculated as 
follows:

Heat capacity rate of cold fluid ( Ccl ) can be found as 
follows:

Heat transfer coefficient can be found by utilizing Nusselt 
number [33]:

There are different correlations available for Nusselt num-
ber in PHE [34]:

(1)Q̇hl = ṁhl × cp,hl ×
(

Thl,in − Thl,out
)

(2)Q̇cl = ṁcl × cp,cl ×
(

Tcl,out − Tcl,in
)

(3)Q̇av =

(

Q̇hl + Q̇cl

)

2
.

(4)

�PHE =
Chl ×

(

Thl,in − Thl,out
)

Cmin ×
(

Thl,in − Thl,out
) =

Ccl ×
(

Tcl,out − Tcl,in
)

Cmin ×
(

Thl,in − Thl,out
)

(5)Chl = ṁhl × cp,hl.

(6)Ccl = ṁcl × cc,hl.

(7)Nu =
h × Dh

k

(8a)Nu = 0.348 × Re0.663 × Pr0.33

where Reynolds number and Prandtl number can be found 
by utilizing Eq. (9) and Eq. (10), respectively:

OHTC can be found by utilizing Eq. (11):

Logarithmic mean temperature difference can be 
defined by the following expression:

The HTC of nanofluid can be found by Eq. 13:

Each channel has an equivalent flow area. The following 
formulas are used for calculation of a wetted perimeter:

The hydraulic diameter of the channel can be obtained 
by utilizing Eq. (16) [35]:

Thermal diffusivity and specific flow rates for fluids can 
be estimated utilizing Eqs. (17)–(18), respectively:

The Peclet number can be estimated as follows:

The friction factor in PHE is obtained from Eq. (20) [36]:

(8b)Nu = 0.471 × Re0.5 ×
0.33

Pr

(9)Re =
G × Dh

�

(10)Pr =
� × cp

k
.

(11)U =
Q̇av

A × LMTD
.

(12)

LMTD =
[(

Thl,in − Tcl,out
)

−
(

Thl,out − Tcl,in
)]

/

ln

(

Thl,in − Tcl,out

Thl,out − Tcl,in

)

.

(13)U =
1

(

1∕hhl
)

+
(

1∕hcl
)

+
(

Δx∕kp
) .

(14)A0 = HW

(15)P = 2(W + H)

(16)Dh =
4A0

P

(17)� =
k

�cp

(18)G =
m

A0

(19)Pe =
uDh

�
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Pressure drop value of a PHE can be calculated by utiliz-
ing the friction factor in Eq. (21) [36]:

Pumping power can be estimated from the following 
formula:

Experimental uncertainty can be calculated as follows 
[37, 38]:

4 � Experimental findings

In this part, the experimental outcomes of utilizing water, 
single and hybrid nanofluids in three PHEs with different 
number of plates are presented and concluded.

Single and hybrid nanofluids have been tested with 1% 
weight concentration. It must be indicated that prepared 
CuO and Al2O3 nanoparticle sizes are 77 nm and 78 nm, 
respectively, with purity of 99.5%. In the first step of the 
experiments, water has been used in hot fluid loop of PHE. 
In the second stage of the experiments, single and hybrid 
nanofluids have been used as working fluid and the obtained 
results have been compared to the deionized water. The 
obtained thermophysical properties of single and hybrid 
nanofluids are presented in Table 1. As it is seen, thermal 
conductivity of nanofluids is higher in comparison with the 
water, which is the main reason for upgrading the thermal 
performance of nanofluids.

Figure 4 presents heat transfer rate via Reynolds num-
ber in PHE with eight plates. As it is seen in Fig. 4, utiliz-
ing Al2O3–CuO/water nanofluid enhanced the heat transfer 

(20)f =
(

2.9 + 5.6� + 0.12�2
)

Pe−0.13

(21)Δp = f

[

LG2

2Dh�gc

]

(22)Pc =
ṁΔp

𝜌
.

(23)

WR =

[

(

�R

�x1
w1

)2

+

(

�R

�x2
w2

)2

+⋯ +

(

�R

�xn
wn

)2
]
1∕2

. notably in comparison with water, CuO/water and Al2O3/
water. A mean enhancement of 9.5% in the heat transfer was 
achieved by utilizing hybrid-type nanofluid. Also, average 
improvement in the heat transfer by using Al2O3/water and 
CuO/water was obtained as 4.6% and 8.9%, respectively. 
It is better to state that increasing Reynolds number which 
is directly related to flow rate led to improvement in heat 
transfer as seen in Fig. 4.

Figure 5 illustrates transferred heat via Reynolds num-
ber in PHE with 12 plates. Utilizing Al2O3–CuO/water in 
this HE improved the heat transfer rate averagely as 11.4%. 
Also, average increment in the heat transfer by using CuO/
water and Al2O3/water was obtained as 10.5% and 4.9%, 
respectively.

Figure 6 shows transferred heat via Reynolds number 
in PHE with 16 plates. Using hybrid nanofluid in this HE 
increased transferred heat averagely as 13.1%. Also, average 
increment in the transferred heat by utilizing CuO/water and 
Al2O3/water was obtained as 11.3% and 5.2%, respectively. 
It is clearly seen that increasing the number of plates in PHE 
led to higher enhancement in heat transfer rate by utilizing 
nanofluid. The obtained results for heat transfer clearly show 
that utilizing hybrid-type nanofluid caused more enhance-
ment in comparison with single-type nanofluids.

Obtained heat transfer rate in this research varied in 
the range of 7102–19.532 W. In a study done by Ozdemir 

Table 1   Thermophysical 
properties of single and hybrid 
nanofluids at 40 °C

Fluid Viscosity 
(mPa s)

Density (kg/m3) Heat capacity (J/
kg K)

Thermal 
conductivity 
(W/m K)

Water 0.62 998 4180 0.61
Al2O3/water 0.77 1012 4090 0.65
CuO/water 0.73 1044 3950 0.69
Al2O3–CuO/water 0.74 1031 4020 0.72

Reynolds number
1500 2000 2500 3000 3500 4000

Q
 (W

)

6000

8000

10000

12000

14000
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18000

20000
Water
Al2O3-CuO/water
CuO/water
Al2O3/water

Fig. 4   Heat transfer rate via Reynolds number (eight plates)
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and Ergun [5], Al2O3/water nanofluid was experimentally 
tested in PHE with 16 plates and achieved heat transfer 
rate between 3000 and 14,000 W. In another study con-
ducted by Variyenli [3], the performance of using fly ash 
nanofluid in PHE with 16 plates was analyzed and heat 
transfer rate obtained was 2500–10,800 W. Also, Khanlari 
et al. [2] experimentally tested TiO2/water and Kaolin/
water nanofluids in PHE and found heat transfer rate in 
the range of 5000–20,000 W.

Figure  7 demonstrates the variation in OHTC with 
respect to Reynolds number in PHE with eight plates. 
Hybrid nanofluid utilization in this HE increased the 
OHTC averagely as 10.5%. Also, average increase in the 
OHTC by using CuO/water and Al2O3/water was obtained 
as 6.6% and 3.2%, respectively.

Figure 8 demonstrates the change in OHTC with respect 
to Reynolds in PHE with 12 plates. Hybrid nanofluid uti-
lization improved the OHTC averagely as 17%. Also, 

average increase in the OHTC by using CuO/water and 
Al2O3/water was obtained as 11.2% and 4.3%, respectively.

Figure 9 demonstrates the change in OHTC via Reynolds 
number in PHE with 16 plates. Hybrid nanofluid utiliza-
tion improved the OHTC averagely as 18.6%. Also, aver-
age increment in the OHTC by using CuO/water and Al2O3/
water was obtained as 11.8% and 4.9%, respectively. Utili-
zation of Al2O3–CuO/water hybrid nanofluid enhanced the 
OHTC significantly. Moreover, increasing the number of 
plates in PHE caused higher increase in OHTC by using 
this hybrid nanofluid. It should be indicated that higher flow 
rates lead to higher Reynolds numbers and consequently tur-
bulent flows, which increases OHTC. The achieved results 
for OHTC clearly present that utilizing hybrid nanofluid 
caused more improvement in comparison with single-type 
nanofluids.

Obtained OHTC in this study varied in the range of 
2123–4503 W/m2 K. In a research done by Sarafraz et al. 
[39], CuO/water nanofluid was tested in PHE with 36 plates 

Reynolds number
1500 2000 2500 3000 3500 4000

Q
 (W

)
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8000
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12000

14000

16000

18000

20000
Water
Al2O3-CuO/water
CuO/water
Al2O3/water

Fig. 5   Heat transfer rate via Reynolds number (12 plates)
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Fig. 6   Heat transfer rate via Reynolds number (16 plates)
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Fig. 7   Change in OHTC with Reynolds number (eight plates)
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Fig. 8   Change in OHTC with Reynolds number (12 plates)
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and OHTC was obtained up to 12,000 W/m2 K. In another 
work conducted by Variyenli [3], the performance of using 
fly ash nanofluid in PHE with 16 plates was analyzed and 
OHTC was obtained between 1400 and 2600 W/m2 K. Teng 
et al. [40] investigated the utilization of carbon-based nano-
fluid in PHE and found OHTC in the range of 2700–3300.

Figure 10 shows HTC variation with Reynolds num-
ber in PHE with eight plates. It is observed that utilizing 
Al2O3–CuO/water nanofluid improved heat transfer coef-
ficient in all Reynolds numbers significantly. Average 
improvement of 8.2% in HTC was achieved by utilizing 
hybrid-type nanofluid. In addition, average increment in the 
HTC by utilizing CuO/water and Al2O3/water was obtained 
as 6.2% and 3.4%, respectively.

Figure 11 illustrates HTC variation with Reynolds num-
ber in PHE with 12 plates. Hybrid-type nanofluid utilization 
enhanced the HTC averagely as 14.9%. In addition, average 
improvement in the HTC by using CuO/water and Al2O3/
water was obtained as 9.7% and 4.7%, respectively.

Figure 12 shows HTC change with Reynolds number 
in PHE with 16 plates. Average improvement of 19% in 
HTC was achieved by using hybrid-type nanofluid. Also, 
average enhancement in the HTC by using CuO/water and 
Al2O3/water was achieved as 12.9% and 6%, respectively. 
Experimental results showed that increasing number plates 
led to more increment in HTC by using hybrid-type nano-
fluid because it increases the presence time of fluid inside 
the HE. The achieved results for HTC present that utilizing 
hybrid nanofluid led to more enhancement in comparison 
with single-type nanofluids.

Obtained HTC in this study varied in the range of 
3084–6890 W/m2 K. In a work conducted by Huang et al. 
[27], multiwalled carbon nanotubes and Al2O3-based hybrid 
nanofluids were tested in PHE and HTC was obtained in 
the range of 2500–10,000 W/m2 K. In another study done 
by Variyenli [3], fly ash containing nanofluid was tested in 
PHE and HTC was achieved in the range of 1600–3000 W/
m2 K. Also, Sun et al. [18] analyzed the performance of Cu/
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Fig. 9   Change in OHTC with Reynolds number (16 plates)
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Fig. 10   HTC variation with Reynolds number (eight plates)
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Fig. 11   HTC variation with Reynolds number (12 plates)
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Fig. 12   HTC variation with Reynolds number (16 plates)
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water, Fe2O3/water and Al2O3/water nanofluids in PHE and 
obtained HTC between 300 and 2000 W/m2 K. Shirzad et al. 
[41] tested Al2O3/water, CuO/water and TiO2/water nano-
fluids in PHE and found HTC in the range of 3000–28,000. 
However, it should be stated that mentioned studies were 
done in various Reynolds numbers which makes it hard to 
make an accurate comparison.

There are some correlations available in the literature 
which are proposed to obtain Nusselt number and conse-
quently HTC. Figure 13 presents a comparison between 
experimentally obtained HTC and the obtained HTC by 
using a correlation suggested by Kakaç and Liu [34]. As it 
can be seen, experimentally obtained HTC values for water 
are lower than those obtained by using correlation.

Figure 14 shows HE effectiveness variation with Reyn-
olds number in PHE with eight plates. It is clear that 
utilizing CuO/water, Al2O3/water and Al2O3–CuO/water 
hybrid nanofluid improved effectiveness in all Reynolds 

numbers. Average enhancement of 8.1% in effectiveness 
was obtained by using hybrid-type nanofluid. Moreover, 
average increment in the effectiveness by using CuO/
water and Al2O3/water was obtained as 5.8% and 3%, 
respectively.

Figure 15 illustrates effectiveness variation with Reynolds 
number in PHE with 12 plates. Hybrid nanofluid utiliza-
tion improved the effectiveness averagely as 9.3%. In addi-
tion, average enhancement in the effectiveness by utilizing 
CuO/water and Al2O3/water was obtained as 6.7% and 4.3%, 
respectively.

Figure 16 shows effectiveness change with Reynolds 
number in PHE with 16 plates. Average improvement of 
10.8% in effectiveness was achieved by using hybrid-type 
nanofluid. Also, mean increment in the effectiveness by 
using Al2O3/water and CuO/water was obtained as 4.1% and 
7.4%, respectively.
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Fig. 13   HTC variation of water with Reynolds number (eight plates)
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Fig. 14   Change in the effectiveness of PHE with respect to Reynolds 
number (eight plates)
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Fig. 15   Change in the effectiveness of PHE with respect to Reynolds 
number (12 plates)
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It was observed that effectiveness of HE was reduced by 
raising Reynolds number value. It should be said that Reyn-
olds number rises by increasing flowing fluid flow rate. In 
addition, it must be said that heat capacity rate of working 
fluid improves by rising flow rate and consequently tem-
perature change in working fluid reduces, which lead to fall 
in effectiveness of HE. Moreover, in higher fluid flow rates, 
temperature change will be lesser because working fluid’s 
presence period is limited in the HE and leads to reduction 
in the effectiveness of HE.

The obtained effectiveness of PHE in this study varied in 
the range of 0.69–0.92. Khanlari et al. [2] experimentally 
tested TiO2/water and kaolin/water nanofluids and found 
effectiveness between 0.7 and 0.91. Bhattad et al. [30] con-
ducted a study on a PHE with Al2O3 + MWCNT/water and 
obtained effectiveness between 0.45 and 0.75.

The variation in the OHTC ratio (Unanofluid/Uwater) via 
Reynolds number in PHE with eight plates is presented in 
Fig. 17. This figure shows the positive impact of utilizing 
nanofluid on the performance enhancement of PHE. OHTC 
ratio varied between 1.025 and 1.125 in various Reynolds 
numbers. Figure 18 presents the variation in the OHTC ratio 
via Reynolds number in PHE with 12 plates. OHTC ratio 
varied between 1.04 and 1.19 in different Reynolds numbers. 
The variation in the OHTC ratio with Reynolds number in 
PHE with 16 plates is shown in Fig. 19. OHTC ratio var-
ied between 1.04 and 1.20 in different Reynolds numbers in 
PHE with 16 plates. As it can be seen in Figs. 16, 17 and 
18, higher performance enhancement was achieved by using 
hybrid nanofluids in comparison with single-type nanofluids.

Experimental findings of the present study demonstrated 
that utilizing Al2O3–CuO/water hybrid nanofluid in the PHE 
increased thermal performance notably. Using this hybrid 
nanofluid increased the thermal performance in all PHEs 
with different number of plates. However, it is observed that 

increasing number of plates led to more increment in the 
performance by using hybrid nanofluid.

Uncertainty values of some parameters are given in 
Table 2. Obtained values are in a good agreement with the 
similar studies in the literature [2, 3, 45]. In a research con-
ducted by Tu et al. [46], uncertainty value for transferred 
heat was found as ± 10.4%. Also, Afshari et al. [47] obtained 
uncertainty value for temperature as 1.2%.
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Fig. 17   Variation in OHTC ratio via Reynolds number (eight plates)
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Fig. 18   Variation in OHTC ratio via Reynolds number (12 plates)

Reynolds number
1500 2000 2500 3000 3500 4000

O
ve

ra
ll 

he
at

 tr
an

sf
er

 ra
tio

1.00

1.05

1.10

1.15

1.20

1.25

1.30
UHybrid/UWater
UAl2O3/UWater
UCuO/UWater

Fig. 19   Variation in OHTC ratio via Reynolds number (16 plates)

Table 2   Uncertainty values of some parameters

Parameter Unit Uncertainty

Temperature oC ± 0.53
Flow rate lpm ± 5.24%
Transferred heat W ± 8.2%
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Figure 20 presents average pressure drop in PHE with 
different number of plates. It is better to state that pressure 
drop in the HE was not obtained experimentally. The pres-
sure drop in this work was achieved by utilizing a widely 
used correlation. As it can be seen in Fig. 20, using nano-
fluid led to an extra pressure drop in PHE. However, the 
difference between pressure drops of water and nanofluid 

is not high. Using hybrid nanofluid increased the pressure 
drop as 6%, 5% and 4.3% in PHEs with eight, 12 and 16 
plates, respectively. A research done by Kabeel et al. [42] 
used Al2O3 nanofluid with different volume concentrations 
(1–4%) in PHE and obtained pressure drop between 1200 
and 1800 Pa. Tiwari et al. [17] experimentally analyzed 
thermal performance of Al2O3/water in PHE and obtained 
pressure drop in the range of 30–520 Pa. Also, Sun et al. 
[18] analyzed the performance of Cu/water, Fe2O3/water 
and Al2O3/water nanofluids in PHE and obtained pressure 
drop between 30 and 160 Pa. Behrangzade et al. [43] uti-
lized Ag–water nanofluid as the working fluid in PHE and 
achieved pressure drop of 400–1800 Pa. Kwon et al. [44] 
studied ZnO and Al2O3 nanofluids in a PHE and found 
pressure drop between 250 and 2500 Pa.

In addition, Fig. 21 presents average pumping in PHE 
with different number of plates. As it is seen in Fig. 21, 
using nanofluid led to an increase in pumping power in 
PHE. However, the difference in pumping of water and 
nanofluid is not high. Utilizing hybrid nanofluid increased 
the pumping as 12%, 10.5% and 9% in PHEs with eight, 
12 and 16 plates, respectively.

Table 3 shows summary of studies about CuO/water 
and Al2O3/water nanofluids utilization in various types of 
HEs. As it is clear, utilizing Al2O3/water and CuO/water 
nanofluids separately enhanced the efficiency. In the pre-
sent research, the thermal performance of PHE improved 
by utilizing CuO–Al2O3/water hybrid nanofluid because 
single nanoparticle cannot supply all intended properties. 
The obtained results in the present study show successful 
utilization of hybrid-type nanofluid. However, it is better 
to state that in studies given in Table 3, nanoparticle con-
centration is not the same in all studies.
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Fig. 20   Average pressure drop in PHE with different number of plates
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Fig. 21   Average pumping in PHE with different number of plates

Table 3   Summary of studies about Al2O3/water and CuO/water nanofluids usage in various types of HEs

References Nanoparticles Type of study HE Results

Bahmani et al. [48] Al2O3 Numerical Tubular type 30% maximum improvement in the efficiency
Chun et al. [49] Al2O3 Experimental Tubular type HTC enhanced 13% in comparison with the base fluid 

by 0.5% particle ratio
Sözen et al. [50] Al2O3 Experimental Tubular type 5.1% improvement in the thermal performance
Srinivas and Venu Vinod [51] CuO, Al2O3 Experimental Shell and helically Coiled CuO/water and Al2O3/water enhanced HTC as 32.7% 

and 30.37%, respectively
Pandey and Nema [31] Al2O3 Experimental Plate type Increase in the heat exchanger performance between 

4.6 and 10%
Kabeel et al. [42] Al2O3 Experimental Plate type 13% improvement in thermal performance
Kumar et al. [52] CuO Experimental Shell and tube Transferred heat raised by increasing nanoparticle 

concentration
Sarafraz et al. [39] CuO Experimental Plate type OHTC increased between 3.4 and 8.6%
This study Al2O3–CuO Experimental Plate type Highest enhancement in effectiveness achieved as 

10%, 11.7% and 16% in PHEs with eight, 12 and 16 
plates, respectively
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5 � Conclusions

In the present work, Al2O3 and CuO have been utilized 
to prepare Al2O3–CuO/water hybrid nanofluid. Accord-
ingly, Al2O3 and CuO nanoparticles have been added to the 
water with 1% (50:50) weight concentration. The prepared 
single and hybrid nanofluids have been tested PHEs with 
eight, 12 and 16 plates to determine the influence of num-
ber of plates on heat transfer improvement by hybrid-type 
nanofluid. Experimental outcomes of the present work 
demonstrated that utilizing Al2O3–CuO/water nanofluid 
in the PHE enhanced thermal performance notably. Using 
this hybrid nanofluid increased the thermal performance 
in all PHEs with different number of plates. However, it 
is observed that increasing number of plates caused more 
increment in thermal efficiency by using hybrid nanofluid. 
Maximum increment in OHTC was obtained as 12%, 19% 
and 20% in PHEs with eight, 12 and 16 plates, respec-
tively. In addition, the highest enhancement in effective-
ness was achieved as 10%, 11.7% and 16% in PHEs with 
eight, 12 and 16 plates, respectively.
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