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In this study, heat transfer and pressure drop characteristics have been experi-
mentally investigated by using Al2O3-water nanofluids in the chevron-type plate 
heat exchanger. The purpose of the experiments was to determine the heat transfer 
coefficient and pressure drop for different flow rates of  90, 120, 150, 180, 240, and 
300 kg/h and different volume concentrations of 0.25%, 0.5%, 0.75%, and 1% of 
the nanofluids. The Nusselt number of the nanofluids increased with the increasing 
volume concentration and flow rate at constant hot water flow rate and constant 
inlet temperatures. The increase in the Nusselt number is 42.4% when compared 
to distilled water at the maximum volume concentration and Reynolds number  
(600 ≤ Re ≤ 1900) in the nanofluids-plate heat exchanger. It has been concluded 
that nanofluids enhanced the heat transfer significantly and pressure drops at the 
maximum volume concentration and the Reynolds number increased by between 
6.4% and 8.4% compared to distilled water. 
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Introduction

In the studies conducted in recent years, miniaturization of the large heat transfer 
equipment and high performance heat transfer fluids have been needed to fulfill the industrial 
requirements. Current technology has reached its limits in terms of the miniaturization of the 
equipment that will ensure the heat transfer needed by the industry. The idea behind the im-
provement of the nanofluids is to increase the heat transfer coefficient by using these fluids as 
working fluids in the equipment that will ensure heat transfer and also to decrease the sizes of 
the large equipment that will ensure heat transfer. For this reason, it is required to improve the 
high performance heat transfer fluids. Flow and heat transfer characteristics of these fluids are 
changed by adding suspended solid particles into the working fluids (water, oil, ethylene gly-
col, etc.). High performance heat transfer fluids are obtained by changing the thermophysical 
characteristics of the working fluid (thermal conductivity, specific heat, density, and viscosity) 
and also through the addition of metallic and non-metallic particles with the sizes structurally 
varying between 1 and 100 nanometers, which are suspended in the working fluid [1-6]. In the 
literature, experimental studies have been extensively carried out to enhance the heat transfer 
by using nanofluids in the channels with various flow geometries.  Heris et al. [7] investigated 
nanofluids containing CuO and Al2O3 oxide nanoparticles in water as a base fluid in different 
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concentrations produced and the laminar flow convective heat transfer through a circular tube 
with the constant wall temperature boundary condition. The experimental results indicate that 
the heat transfer coefficient improves with increasing nanoparticles concentrations for both 
nanofluids systems. The heat transfer enhancement for 2.5% concentration of each nanofluid is 
higher than that of 3.0% and therefore the optimum concentration of Al2O3 and CuO nanoparti-
cles are between 2.5% and 3.0%. The experimental study by Anoop et al. [8] on the convective 
heat transfer characteristics in the developing region of the tube flow with the constant heat 
flux was carried out with Al2O3-water nanofluids. Two particle sizes were used in the study, one 
with the average particle size of 45 nm and another one with 150 nm. It was observed that both 
nanofluids showed higher heat transfer characteristics compared to the base fluid, while the 
nanofluid with 45 nm particles showed a higher heat transfer coefficient in comparison to the 
150 nm particles. It was further observed that the nanofluid with 45 nm particles shows higher 
heat transfer coefficient than that with 150 nm particles. For 45 nm particle based nanofluid  
(4 wt.%) the enhancement in heat transfer coefficient was around 25% whereas for the 150 nm 
particle based nanofluids it was found to be around 11%. Xu and Xu [9] investigated the flow 
boiling heat transfer in a single micro-channel with pure water and nanofluid (weight concen-
tration of 0.2%, 40 nm) as the working fluids. The experimental results show the enhancement 
of the heat transfer with nanofluid compared to pure water. The heat transfer coefficient for 
nanofluid is about 17% higher than that for pure water. Edalati et al. [10] investigated the heat 
transfer of an equilateral triangular duct by employing the CuO/water nanofluid in a laminar 
flow and under the constant heat flux condition. The results of their study show that the exper-
imental heat transfer coefficient of the CuO/water nanofluid is more than that of distilled wa-
ter. Moreover, the experimental heat transfer coefficient of the CuO/water nanofluid is greater 
than the theoretical one. At 0.8% concentration of CuO/water nanofluid, the convective heat 
transfer coefficient ratio changes from 1.36 to 1.41. Hojjat et al. [11] investigated the forced 
convection heat transfer under the laminar flow conditions experimentally for three types of 
non-Newtonian nanofluids (γ-Al2O3, TiO2, and CuO) in a circular tube with the constant wall 
temperature. The results of their study show that the presence of nanoparticles increases the 
convective heat transfer of the nanodispersions in comparison with the base fluid. The average 
increases of the Nusselt number for nanofluids with 0.1, 0.2, 0.5, 1.0, and 1.5 volume percent 
of nanoparticles are about 8, 10, 12, 17, and 19% for γ -Al2O3 nanofluids, about 8, 11, 14, 17, 
and 21% for CuO nanofluids, and about 6, 9, 11, 15, and 16% for TiO2 nanofluids. In the study 
conducted by Sommers and Yerkes [12], dilute suspensions of 10 nm Al2O3 nanoparticles in 
propanol (0.5, 1, and 3 wt.%) were investigated. They found that for the 1 wt.% concentration, 
a small but significant enhancement (~15-20%) in the heat transfer coefficient was recorded for  
1800 < Re < 2800, which is attributed to an earlier transition to the turbulent flow. In the case 
of high particle loading (3 wt.%), the thermal performance was observed to deteriorate with 
respect to the baseline case. Tiwari et al. [13] have undertaken experimental investigations to 
explore the heat transfer and pressure drop characteristics in a chevron-type corrugated plate 
heat exchanger using CeO2/water nanofluids as the coolant. They found out that the heat trans-
fer coefficient of the nanofluids increases (~39%) with an increase in the volume flow rate of 
the hot water and nanofluids and also with a decrease in the nanofluids temperature. In the study 
conducted by Huang et al. [14], heat transfer and pressure drop characteristics of Al2O3/water 
and MWCNT/water nanofluids flowing in a chevron-type plate heat exchanger were experi-
mentally investigated and compared with those of water. Results showed that little heat transfer 
enhancement was observed.  The results of the study showed that heat transfer seemed to be 
improved by using nanofluids at the constant Reynolds number. However, little heat transfer 
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enhancement was observed based on a constant flow velocity. In this study, the increase in the 
heat transfer was researched by using nanofluids instead of distilled water in the gasket plate 
heat exchanger, a corrugated surfaced plate, which is one of the various passive techniques used 
for the enhancement of the heat transfer. The difference of this study from the previous nanoflu-
ids corrugated surface plate heat exchangers in the literature is its applicability to the systems 
operating below room temperature and in the cooling of the systems exposed to the low heat 
load at the operating temperature (not exceeding 50 oC), in which high heat transfer is desired 
at low temperature differences (electronic devices, in growing vegetables in greenhouses with 
geothermal fluid, etc.), in addition to the absence of an experimental study for the geometric 
dimensions, selected nanoparticle size, and concentrations for the plate heat exchanger.

Experimental investigation

Preparation of the nanofluids

Nanopowders were added into the distilled water at the desired volumetric proportion 
to prepare the nanofluid suspension. In this study, alpha Al2O3 nanopowders with the average 
diameter of 40 nm and the purity of 99.9% were used. Furthermore, no dispersant and stabilizer 
were used not to change the fluid characteristics. In this study, four different Al2O3-water nano-
fluids concentrations were prepared. The amount of nanoparticles required to prepare 1 L of the 
nanofluid was calculated as in [15]:

 31 10np np npm φ ρ−= ⋅ ⋅  (1)

where  npφ  refers to the volume concentration of the mixture and npρ  indicates the density of the 
nanoparticles, while npm  symbolizes the mass of the nanoparticles which must be added to the 
mixture. Nanoparticle density was 3700 kg/m3 in the calculations and taken from [16]. Nano-
powders were added into the distilled water at the calculated amount and dispersed homoge-
nously and prevented from agglomeration by using the ultrasonic bath (model Cneumaw) and 
mechanic mixer for 1 hour. No sedimentation was observed in the prepared mixtures for 6 hours 
on average [17-19].

Determination of the thermophysical characteristics  
of the nanofluids

In order to obtain reliable experimental results, the expressions suggested in the litera-
ture for the calculation of the thermophysical characteristics of the nanofluids were used.  These 
characteristics consist of the pre-derived density, viscosity, specific heat and thermal conduc-
tivity equations. Thermophysical characteristics of the nanofluids were calculated with classic 
approach formulas using the average temperature values with the assumption that nanoparticles 
dispersed homogeneously in the distilled water. The next stated equations were used in this 
study.

Density of nanofluids:

 ( )nf s1 np np npρ φ ρ φ ρ= − +  (2)

Pak and Cho [20] and Ho et al. [21] showed the validity of eq. (2) and the density of 
Al2O3-water nanofluids at the room temperature with their experiments. They concluded with 
the experimental results that the nanofluids were in excellent concordance with eq. (2) used for 
the estimation of its density [22, 23].
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Dynamics viscosity of nanofluids:

 nf s(1 2.5 )npµ φ µ= +  (3)

Equation (3) is the Einstein equation and can be accepted for less spherical particles 
at 2% volume concentration [23-25].

Specific heat of nanofluids:

 s ,s ,
,nf

nf

(1 )np p np np p np
p

c c
c

φ ρ φ ρ
ρ

− +
=  (4)

Zhou and Ni [26] showed the validity of eq. (4) and the specific heat of the Al2O3-wa-
ter nanofluids at the room temperature with their experiments. They concluded that the nano-
fluids were in a very good concordance with eq. (4) used for the estimation of its specific heat 
[23, 27]. Specific heat of the nanoparticle was 880 J/kgK in the calculations and taken from 
[16, 28]. Yu and Choi [29] used the equation below to determine the thermal conductivity of 
the nanofluids.

Thermal conductivity of nanofluids:

 
3

s s l
nf s3

s s l

2 2( )(1 )
2 ( )(1 )

np np np

np np np

k k k k
k k

k k k k
β φ
β φ

 + + − +
=  

+ − − +  
 (5)

In eq. (5), lβ  refers to the nanolayer thickness and the nanoparticle radius is consid-
ered between 19% and 22% in general [30]. In the calculation of the thermal conductivity, 

l 0.2β =  was considered and the thermal conductivity of the nanoparticle was taken as 
 35npk =  W/m2K from [28]. For the temperature-dependent thermophysical characteristics of the 

distilled water, temperature-dependent equations were obtained from [31] by using the charac-
teristics of the water between 0-100 °C: 

For density:

 2 2
s 1001.07  0.0885789   0.00346617    ( 99.94%)T T Rρ = − − =   (6)

For dynamic viscosity:

 
7 2 9 3

s
11 4 2

0.00175015 0.0000517503 8.6585410 7.53662 10

.58918 10     ( 99.99%)2

T T T

T R

µ − −

−

= − + − ⋅

⋅ =

+

+
 (7)

For specific heat:

 
2 4 3

,s

6 4 2

4217.25 3.01528 0.0780849 8.10854 10

3.32379 10    ( 99.61%)
pc T T T

T R

−

−

= − + − ⋅

+ ⋅ =

+
 (8)

For thermal conductivity:

 2 2
s 0.559434 0.00215742 0.00000965824    ( 99.98%)k T T R= + − =  (9)

where the subscripts nf, np and s express nanofluid, nanoparticle, and distilled water, respectively. 

Experimental set-up and procedure

The experimental set-up of the corrugated surfaced plate, which was established to 
investigate the heat transfer and pressure drop characteristics under different flow conditions, 
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has been given in fig. 1. Corrugated surfaced plate stands for a gasket plate heat exchanger and 
is supplied from Alfa Laval (T2 model) Lund, Sweden. Geometrical details of the corrugated 
surfaced plate are given in tab. 1, and the basic dimensions have been given in fig. 2.

There are two loops in the experimental 
set-up as heat remover (hot fluid) and heat ab-
sorber (cold fluid) fluids, as in fig. 1. Hot fluid 
(hot water) is provided from an insulated tank 
with the capacity of 90 L and immersion heater 
resistance at 2 kW. Moreover, this tank sets the 
desired temperature value of the hot fluid at the 
inlet to the plate heat exchanger with a tempera-
ture controlled device. A float rotameter was used 
to measure the flow rate of the hot fluid. The cold 
fluid (nanofluids) was stored in a 16 L tank mixed 
mechanically for the homogenous dispersion of 
the nanoparticles during the experiments. A tem-
perature controlled cooler has been used to ensure 
the constant temperature of the nanofluids at the 
inlet to the plate heat exchanger, and its flow rate 
was measured by an indicator connected to the 
turbine-type flow meter. A differential diaphragm 
pressure gauge was placed between the inlet and 

(b)

(a)

Hot water 
tank with 

temp. 
controler

Chiller

Figure 1. (a) Photo of test rig, (b) 
schematic of the experimental set-up; 
1 – power panel, 2 – hot water tank,  
3 – nanofluid tank, 4 – pumps,  
5 – test section, 6 – pressure difference, 
7 – thermocouple, 8 – hot water tank 
temperature indicator and frequency 
control panel of pumps, 9 – data logger, 
10 – hot water flow meter, 11 – cold 
nanofluid flow meter and indicator,  
12 – power panel, 13 – nanofluid 
temperature control and indicator,  
14 – computer, 15 – chiller

Table 1. Geometrical properties of the gasket 
plate heat exchanger used in the study

Plate length, [mm] 350
Plate width, [mm] 102
Plate width inside gasket, Lw, [mm] 70
Vertical distance between  
centers of ports, Lv, [mm] 298

Horizontal distance between 
centers of ports, Lh, [mm] 50

Port diameter, Dpt [mm] 20
Number of plates, [–] 3
Heat transfer area, A, [m2] 0.02
Gap between two  
consecutive plate, [mm] 2.4

Plate thickness, [mm] 0.5
Plate pitch, p, [mm] 3.05
Corrugation pitch, Pc, [mm] 11.57
Mean channel spacing, b, [mm] 2.5
Chevron angle, β, [°] 30
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outlet ports to measure the differential pres-
sures of the hot water and nanofluids. A highly 
sensitive Pt-100 thermocouple pair was used 
to measure the temperatures of each fluid at 
the inlet and outlet of the plate heat exchang-
er. Circulation of the hot water and nanofluids 
was ensured with centrifugal pumps which are 
120 oC heat resisting. Moreover, test section 
and pipes were insulated to minimize the heat 
loss. 

Experiments were conducted at the 
room temperature and under steady-state 
conditions. Also temperature and differential 
pressure values measured during the experi-
ments were recorded on the computer. During 
the experiments, the flow rate of the hot water 
was 90 kg/h and the plate heat exchanger inlet 

temperature was constant at 40 °C. While the flow rate of the nanofluids varied between 90 and 
300 kg/h, the inlet temperature of the cold fluid was 17.5 °C. 

Data analysis

Heat transfer and pressure drop characteristics of the plate heat exchanger were cal-
culated by means of the experimental data. When the hydraulic diameter of the plate heat ex-
changer and the mass flow rate of the channel are based on, Reynolds numbers of the hot water 
and nanofluids are:

 hw
hw

hw

Re hG D
µ

=  (10)

 nf
nf

nf

Re hG D
µ

=  (11)

whre hD  refers to the hydraulic diameter, nfG  and hwG  stand for the mass velocities of the chan-
nel for the cold and hot fluids, respectively:

 hw
hw

wcp

mG
N bL

=


 (12)

 nf
nf

wcp

mG
N bL

=


 (13)

Heat removed by the hot water and absorbed by the nanofluids has been calculated 
with eqs. (14) and (15) by using the measured temperature and flow rate values and calculating 
specific heat values:

 hw hw ,hw hw,i hw,o( )pQ m c T T= −  (14)

 nf nf ,nf nf ,i nf ,o( )pQ m c T T= −  (15)

Figure 2. Basic dimensions of the gasket plate 
heat exchanger
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Theoretically, these two values are equal, but the difference between these values is 
maximum 5%. Therefore, the average heat transfer values were used in the calculations due to 
the heat loss of both fluids:

 hw nf
ave 2

Q QQ +
=  (16)

Thermodynamic characteristics of both fluids were calculated by using the average 
temperature values at the inlet and outlet of the plate heat exchanger:

 hw,i hw,o
ave,hw 2

T T
T

+
=  (17)

 nf ,i nf ,o
ave,nf 2

T T
T

+
=  (18)

In many studies carried out in the literature on the plate heat exchanger, the Nusselt 
number is regarded as a function of the Reynolds number, the Prandtl number and as the ratio of 
the dynamic viscosities at the average fluid temperature and the wall temperature. The general 
correlation expression for the turbulent flow is [32, 33]:

 Nu Re Pr
d

n m b

w

C µ
µ

 
 
 

=  (19)

Heat transfer coefficient of the hot fluid in the plate heat exchanger hwh  was calculated, 
(assumption, w  bµ µ≅ )

 hw hw hwNu Re Prn mC=  (20)

Here, C = 0.348, n = 0.663, and m = 0.33, they change according to the flow char-
acteristics and the chevron angle. General expressions for eqs. (21) and (22), the Nusselt and 
Prandtl numbers are:

 Nu hhD
k

=  (21)

 Pr pc
k
µ

=  (22)

When the experimental data are based on, the overall heat transfer coefficient is:

 ave

lm

QU
A T

=
∆

 (23)

Here

 ,i nf ,o hw,o nf ,i

hw,i nf ,o

hw,o nf ,i

( ) ( )

ln

hw
lm

T T T T
T

T T
T T

− − −
∆ =

 −
 −  

 (24)

The heat transfer coefficient of the nanofluids has been found from the relationship (25):
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 w

hw w nf

1 1 1t
U h k h

= + +  (25)

The pressure drop of the nanofluids and hot water was calculated depending on the 
experimental data. The friction factor is calculated from the next relationship. The pressure 
drop at the ports of the heat exchanger (26):

 pt
pt 1.4

2p

G
P N

ρ
∆ =  (26)

 pt 2
pt

4

mG
D

=
π


 (27)

where ptD  refers to the inlet diameter and, pN  stands for the number of passes, while ptG  sym-
bolizes the mass flow rate of the inlet port.

 experimental ptP P P∆ = ∆ − ∆  (28)

 2
eff 2

h

Pf
L G
D ρ

∆
=  (29)

where  f  is the friction factor, effL  – the vertical distance at the inlet and outlet of the heat ex-
changer, and the enlargement factor of the corrugated surface, φ, is taken into account, since 

eff vL L= . Rheological and thermophysical characteristics of the nanofluids were calculated 
using the average temperature. Then, the Nusselt number and heat transfer coefficient were 
obtained for different volume concentrations.

Experimental uncertainties

In the plate heat exchanger, temperature, pressure drop, and flow rate values were 
measured with the appropriate equipment during the experiments.  While measuring these val-
ues, uncertainties appeared because of the friction and electronic releases. These errors were 
calculated using the equating expressed by Kline and McClintock in [34].

 
22 2

1 2
1 2

 R n
n

R R RW w w w
x x x

    ∂ ∂ ∂
= + + +     ∂ ∂ ∂     

  (30)

For an R function given here, x1, x2, …, xn give the independent variables, w1,w2, …,wn 
gives the ratio of the independent variable and WR gives the total uncertainty. Relative errors of 
uncertainties during the measurements of the measuring equipment are: ±0.4%, ±0.4%, ±5%, 

±3%, ±1%, and ±0.5% for hot fluid inlet and outlet 
temperature, nanofluids inlet and outlet temperature, 
turbine flow meter, rotameter, differential pressure, 
plate dimensions, respectively. Uncertainty values 
that emerged during the experiments were calcu-
lated and illustrated in tab. 2. It was observed that 
all the experimental data, which were obtained with 

Table 2. Results of total uncertainty
Hot fluid side Reynolds number 2.42%
Nanofluids side Reynolds number 3.07%
Heat transfer 7.39%
Overall heat transfer coefficient 6.52%
Friction factor 8.74%
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the repeated experiments, existed within the 
limits of uncertainty.

Results and discussions

In the experimental set-up (fig. 1), 
testing experiments were performed for 
heat transfer from hot water to cold distilled 
water in order to evaluate the accuracy and 
reliability of the measurements before cal-
culating the heat transfer coefficient of the 
nanofluids. After all the measurements, the 
overall heat transfer coefficient was estimat-
ed from eq. (23) and the heat transfer coef-
ficient for the hot fluid was estimated from 
eq. (20). The heat transfer coefficient for the 
cold fluid was obtained from eq. (25). As 
shown in fig. 3, it can be observed that the 
experimental overall heat transfer coefficient calculated for distilled water from eq. (23) and the 
overall heat transfer coefficient calculated theoretically are in concordance, and the error is 3% 
on average.

In this study, the Reynolds number has been found to range between 600 and 1900 at 
the 0.25%, 0.5%, 0.75%, and 1% volume concentration of the Al2O3-water nanofluids, and the 
overall heat transfer coefficients, heat transfer coefficients, Nusselt numbers and pressure drops, 
which belonged to the nanofluids, were obtained for 90 kg/h flow rate of the hot water. 

The constant inlet temperatures and the mass flow rate that increased at the fix volu-
metric concentration caused the high heat transfer coefficient. An efficient mechanism for this 
increase, the particles added to the fluid enhanced the heat transfer. Another efficient mecha-
nism for the enhancement of the heat transfer is the thermal conductivity that increases as a re-
sult of the collision between the water molecules on the wall surface of the plate heat exchanger 
and the nanoparticles. Equation (5) used in the calculation of the thermal conductivity of the 
nanofluid is also considered in the intermediate surface between the fluid and the particles since 
heat transfer between the particles and the fluid occurs in the intermediate surfaces of the parti-
cle. Breakdown occurs in the thermal boundary-layer and its thickness decreases depending on 
the movement of the particles in the areas close to the surface, the continuous change in the di-
rection, and velocity of the particles within the channel and decrease in the effect of viscosity in 
the areas close to the surface in the plate heat exchanger. While these interactions enhanced the 
heat transfer, they also increased the friction between the plate heat exchanger surface and the 
nanofluids. The highest increase in the overall heat transfer occurs at 1% volume concentration 
against the flow rates of the nanofluid and the fix hot fluid. This increase is 29.42%, 24.34%, 
18.02%, 15.37%, 11.74%, and 9.43% for the 90, 120, 150, 180, 240, and 300 kg/h nanofluids 
flow rate, respectively. Furthermore, the difference between the inlet and outlet temperatures 
of the plate heat exchanger decreases and the amount of transferred heat increases while the 
flow rate and volume concentration of the nanofluids increase. Specific heat of the nanofluids 
decreases with the addition of the particles into the water. This change is inversely proportional 
to the volume concentration of the particles. 

The decrease in the specific heat caused rapid temperature changes in the plate heat 
exchanger. Results obtained for the overall heat transfer coefficient indicate that the presence 
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Figure 3. Comparison of the theoretical and 
experimental overall heat transfer coefficients 
calculated for water
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of nanoparticles in water increased the overall 
heat transfer coefficient. In fig. 4, the change 
in the Nusselt number against the Reynolds 
number of the nanofluids is observed for the 
prepared concentrations. As seen in fig. 4, the 
Nusselt number increases with the increase in 
the nanoparticle concentration in case of the 
constant Reynolds number, and the Nusselt 
number of the nanofluids is higher than that of 
the water. As the mass flow rate of the nanoflu-
ids increased and the collision interactions of 
the nanoparticles increased on the surfaces of 
the plate heat exchanger, the amount of the heat 
transferred to the nanofluids increased accord-
ingly. Figure 5 shows the ratio of the calculated 

Nusselt number of the nanofluids to the Nusselt number of the water at different concentra-
tions and Reynolds numbers. This ratio increases with an increase in the Reynolds number and 
volume concentration. For example, the increase rate in the Nusselt number of the nanofluids 
ranges between 1.52 and 2.07 while the Reynolds number varies between 600 and 1900 at 
1% volume concentration. Another result obtained from this study is the change in the densi-
ty and viscosity of the nanofluids due to the particles added to the water. As the nanoparticle 
concentration increases, the viscosity and density of the fluid increase, too and this leads to the 
pressure drop.  

The pressure drop of the nanofluids was calculated with eq. (29), and the change in 
the friction factor was obtained in fig. 6 against the Reynolds number. Pressure drop increased 
with the increasing volume concentration in the constant Reynolds number. Minimum pressure 
drops were obtained for water, and pressure drop increases in high Reynolds numbers. Such a 
pressure drop is also valid for the prepared nanofluids. The pressure drop of the nanofluids pre-
pared at maximum Reynolds numbers presents an increase between 6.4% and 8.4% compared 
to water. Viscosity has a low effect on the pressure drop and friction factor, and the density has a 
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Figure 4. Change in the Nusselt number against 
the Reynolds number of the water and the Al2O3 
nanofluids

Figure 5. Change in the Nusselt number of the 
Al2O3 nanofluids compared to water
(for color image see journal web site)

Figure 6. Change in the friction factor of the 
water and the Al2O3 nanofluids against the 
Reynolds number
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higher effect as it can be observed in eq. (29). Thus, it is clearly understood that the convection 
heat transfer coefficient increased because of the change in the characteristics of the work-
ing fluid that enables the heat transfer by using the nanofluids in the plate heat exchanger. At 
90 kg/h hot water flow rate, an increase occurs in the heat transfer of the Al2O3-water nanofluids 
together with the increasing volume concentration and the flow rate. The usage of the nanoflu-
ids in the plate heat exchangers enhanced the heat transfer and the performance of the systems 
and hence presented advantages for increasing the energy efficiency. Besides, pressure drops 
increased while the performance of the plate heat exchanger was increased by using nanoflu-
ids. Nanofluids can be reasonable solutions for enhancing the heat transfer. However, a totally 
opposite situation emerges in terms of the pressure drop depending on the selected volume 
concentration. This potential of the nanofluids draws attention in the heat transfer.

Conclusions

In this study, the Nusselt number and pressure drops in the plate heat exchanger were 
experimentally investigated for the Al2O3-water nanofluids. Experiments were conducted at four 
different volume concentrations (0.25%, 0.5%, 0.75%, 1%), fix hot fluid flow rate and tempera-
ture. It was concluded that the Nusselt number increased depending on the increasing Reynolds 
number of the nanofluids and the volume concentration. In enhancing the heat transfer, disper-
sion of the nanoparticles within the fluid, irregular movement of the particles and the transport 
of the particles are the factors leading an increase in the heat transfer besides an increase in the 
thermal conductivity of the nanofluids. Fluctuation of the particles and their effects with the fluid 
especially led to a change in the flow structure in high Reynolds numbers. When the pressure 
drop of the nanofluids was compared with the pressure drop of the water in the Reynolds number 
and at the selected volume concentration, an increase varying between 6% and 20% occurred. 
For this reason, the selected concentration and the flow rate can be appropriate for practical 
applications. The experimental results indicate that the increase was achieved between 7.72%, 
12.07%, 26.91%, and 42.4%, respectively, on average in the Nusselt number for the nanofluids at 
the selected 0.25%, 0.5%, 0.75%, and 1% volume concentrations and Reynolds number varying 
between 600 and 1900. The pressure drop of the nanofluids is approximately the same as those of 
water maximum Reynolds number. For the studies operating ranges, average 22% improvement 
of heat transfer coefficient has been found by using nanofluids.
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Nomenclature
A – heat transfer area, [m2]
b – mean channel space, [m]
cp – specific heat at constant pressure, [Jkg–1K–1]
Dh – hydraulic diameter, [m]
D – diameter, [m]
f – friction factor, [–]
G – mass velocity, [kgm–2s–1]
h – convective heat transfer  

 coefficient, [Wm–2K–1]
k – thermal conductivity, [Wm–1K–1]
Leff – effective flow length between inlet  

 and outlet port, [m]

Lw – effective channel width, [m]
m  – mass flow rate, [kgs–1]
m – mass, [kg]
Ncp – number of channels per pass, [–]
Nu – Nusselt number, [–]
Q – heat transfer rate, [W]
Pr – Prandtl number, [–]
ΔP – pressure drop, [Pa]
Re – Reynolds number, [–]
T – temperature, [oC]
ΔTlm – logarithmic mean temperature  

 difference, [K]



Unverdi, M., et al.: Characteristics of Heat Transfer and Pressure Drop in ... 
2390 THERMAL SCIENCE: Year 2017, Vol. 21, No. 6A, pp. 2379-2391

t – thickness of plate, [m]
U – overall heat transfer coefficient, [Wm–2K–1]
w – total uncertainty in the measurement, [–]

Greek symbols

β – chevron angle, [°]
βl – nanolayer thickness
μ – viscosity, [Nsm–2]
ρ – density, [kgm–3]
φ – enlargement factor
φ  – volumetric concentration

Subscripts

hw – hot water
i – inlet condition
nf – nanofluid
np – nanoparticle
o – outlet condition
p – passes
pt – port
s – distilled water
w – wall
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