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Abstract 

Intensive studies are being carried out in order to produce high-efficiency compact heat-exchanger devices to use energy more efficiently 
and to look for new working fluids for the purpose of enhancing heat transfer. Channels with corrugated surfaces and traditional fluids 
(water, oil ethylene glycol, etc.) ensuring heat transfer by convection are widely used in the industry. In this study, convection heat transfer 
by using nanofluids (distilled water + nanomaterial) was investigated experimentally in order to investigate the effect on Al2O3 
nanomaterials on heat transfer enhancement in a corrugated channel with a chevron geometry extensively used in plate heat exchanger. 
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1. Introduction 

Nanofluids have recently been interesting in that they enhance the 
heat transfer of traditional working fluids. Traditional fluids (water, 
glycol ethylene, oil, etc.) that are used up until now affect the 
dimension and heat efficiency of heat exchangers since they have 
low heat transfer coefficients. Enhancements have occurred in heat 
transfer as a result of the use of solid materials in nano-dimension 
as a suspension with the base fluid. Hence, enhancements were 
made in thermophysical properties of traditional fluids [1-4]. There 
are experimental studies about the flow and heat transfer in 
channels with corrugating surface with nanofluids in the literature. 
For examples: Tiwari et al. have compared the ratio of heat transfer 
coefficient and pressure drop of various nanofluids in wide range of 
concentrations and different flow rates in plate heat exchanger. The 
nanofluids, studied in this study, are CeO2, Al2O3, TiO2 and SiO2 at 
concentrations ranging from 0.5–3.0 (vol. %) with flow rates 
ranging from 1.0–4.0 lpm (liters per minute) while the flowrate of 
hot water was at 3 lpm. The experimental results showed that the 
heat transfer coefficient ratio varied from 1.14 to 1.36 for the 
aforementioned nanofluids at a particular coolant flow rate for its 
respective optimum volumetric fraction [5]. 

Pantzali et al. studied the performance of 4 % CuO–water nanofluid 
in a herringbone-type plate heat exchanger. At the beginning of the 
experimental, all the thermophysical properties were measured 
systematically. From the experimentation data, it has been reported 
that apart from the thermophysical properties, the flow behaviours 
inside the plate heat exchanger also have a significant role in the 
effectiveness of a nanofluid. If the heat exchanger works in a 
turbulent condition, the nanofluids will be effective only if the 
augmentation in thermal conductivity is accompanied by a nominal 
increase in viscosity. However, in practical sense, this will be very 
difficult to achieve [6]. 

Khairul et al. studied the effects of CuO/water nanofluids as 
coolants on heat transfer coefficient, heat transfer rate, frictional 
loss, pressure drop, and pumping power in the plate heat exchanger. 
Their analysis revealed that the enhancement in heat transfer 
coefficient were about 17.7 %, 21.8 % and 24.7 % for 0.5 %, 1.0% 
and 1.5 % volume fraction of nanofluids respectively [7]. 

Kabeel et al. investigated the influence of nano-particles on the 
performance of corrugated plate heat exchanger. Their 
investigations revealed that the heat transfer coefficient increased 
up to 13 % for 4 (vol. %) of Al2O3/water nanofluid in a laminar 
flow. The marginal rise in convective heat transfer coefficient was 
further reduced at a constant volume flow rate. The effectiveness of 
plate heat exchanger decreases by increasing the Reynolds number. 
The maximum rise in pressure drop of 45 % was reported to be 

greater with this nanofluid in comparison with the water at 4 % 
concentration [8]. From the reviews cites earlier, it is clear that 
experimental studies show a focusing on increase in heat transfer. 
This research will contribute determining heat transfer performance 
in an enhanced surface shown in Fig. 2 for Al2O3 nanomaterials 
added water flowing. 

2. Preparation of the Nanofluids 

In this study, alpha Al2O3 (Grafen Chemical Industries Co.) 
nanopowder materials with an average diameter of 40 nm, purity of 
99.9 %, white in color and with a nearly spherically shape were 
used. Agglomeration of nanomaterials was prevented by adding 
nanopowder materials in required volume ratio into distilled water 
and dispersion them homogenously in distilled water with a 
mechanical stirrer and ultrasonic bath (model Cneumaw) for 30 
minutes. No diluting agent and stabilizer were used during the 
preparation of the nanofluids in order not to change its fluid 
properties. Four different Al2O3/water nanofluid concentrations 
(0.25 %, 0.5%, 0.75 %, and 1 %) were prepared in this study. The 
amount of required nanomaterial to prepare 1 lt of nanofluid was 
calculated as in Ref. [9].  

𝑚𝑝 = ∅𝑛𝑝𝑥1𝑥10−3𝜌𝑝                                                                             (1) 

The density of the nanomaterial in calculations is 3700 𝑘𝑔/𝑚3 as 
Referred in [10]. 

3. Determination of thermophysical properties of the 
nanofluids 

Extensively used expressions that are suggested for the calculation 
of the thermophysical properties in the literature were used in order 
to obtain reliable experimental results. The following expressions 
were used in this study.  

𝜌𝑛𝑓 = �1 − ∅𝑛𝑝�𝜌𝑠 + ∅𝑛𝑝𝜌𝑝                                                                (2) 

Pak and Cho and Ho et al. proved the validity of Equation (2) with 
the experiments they conducted on the density of Al2O3-water 
nanofluid at room temperature [11, 12].  

𝜇𝑛𝑓 = �1 + 2.5∅𝑛𝑝�𝜇𝑠                                                                           (3) 

Equation (3) is Einstein equation and can be accepted for low 
sphere particles at a volume concentration of 2 % [13]. 

𝑐𝑛𝑓 =
�1 − ∅𝑛𝑝�𝜌𝑠𝑐𝑠 + ∅𝑛𝑝𝜌𝑝𝑐𝑝

𝜌𝑛𝑓
                                                        (4) 
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Zhou and Ni showed the validity of equation (4) with the 
experiments they conducted on the density of Al2O3-water 
nanofluid at room temperature [14]. The specific temperature of the 
nanomaterial is 880 𝐽/𝑘𝑔𝐾 and was taken from Ref [15]. 

Yu and Choi used the following equation in order to determine the 
thermal conductivity of the nanofluids [16]. 

 𝑘𝑛𝑓 = �𝑘𝑛𝑝+2𝑘𝑠+2�𝑘𝑛𝑝−𝑘𝑠�(1+𝛽)3∅𝑛𝑝

𝑘𝑛𝑝+2𝑘𝑠−�𝑘𝑛𝑝−𝑘𝑠�(1+𝛽)3∅𝑛𝑝
� 𝑘𝑠                                               (5) 

In equation (5), 𝛽 is the thickness of the nano-layer and it is 
considered that the diameter of the nanomaterial in general is 
between 19 % and 22 % [17].  In the calculation of thermal 
conductivity, 𝛽 was taken as 0.2 and the thermal conductivity of 
the nano-material was taken as 𝑘𝑛𝑝  = 35 𝑊/𝑚𝐾 from Ref. [15]. 
Furthermore, temperature-depended equations were obtained from 
Ref. [18] as follows using the properties of the water between 0 ℃ 
and 100 ℃ for temperature-depended thermophysical properties of 
distilled water. 

For density, 

𝜌𝑠 = 1001.07 −  0.0885789𝑥𝑇 −  0.00346617𝑥𝑇2 

(𝑅2 = %99.94)                                                                                        (6) 

For dynamics viscosity, 

𝜇𝑠 = 0.00175015 − 0.0000517503𝑥𝑇 + 8.65854𝑥10−7𝑥𝑇2 

−7.53662𝑥10−9𝑥𝑇3 + 2.58918𝑥10−11𝑥𝑇4    

 (𝑅2 = %99.99)                                                                                       (7) 
For specific heat, 

𝑐𝑝,𝑠 = 4217.25 − 3.01528𝑥𝑇 + 0.0780849𝑥𝑇2 − 

8.10854𝑥10−4𝑥𝑇3 + 3.32379𝑥10−6𝑥𝑇4  

(𝑅2 = %99.61)                                                                                        (8) 

For thermal conductivity, 

𝑘𝑠 = 0.559434 + 0.00215742𝑥𝑇 − 0.00000965824𝑥𝑇2 

 (𝑅2 = %99.98)                                                                                       (9) 

4. Experimental Setup 

The schematic picture of the experimental setup of the plate with 
corrugating surface set up for the purpose of examining heat 
transfer and pressure drop characteristics under different flow 
conditions is shown in Fig. 1. The plate with corrugating surface is 
a gasket plated heat exchanger and supplied from Alfa Laval (T2 
model) company. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Schematic picture of the experimental setup 

The main dimensions of the plate used in the experimental study are 
shown in Fig. 2, and geometric details of the plate are shown in 
Table 
1. 

 

 

 

 

 

 

 

 

Fig. 2. Main dimensions of the plate heat exchanger 

Table 1. Geometric details of the plate 

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, t (mm) 0.5 
Plate pitch, p (mm) 3.05 
Corrugation pitch, Pc (mm) 11.57 
Mean channel spacing, b (mm) 2.55 
Chevron angle, β 30o 
There are two cycles on the experimental setup as heat remove (hot 
fluid) and heat absorption (cold fluid) as shown in Fig. 1. The hot 
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fluid (hot water) is supplied from an insulated tank with a capacity 
of 90 L and an immersing type heating resistance with the power of 
2 kW. This tank regulates the heat required in the inlet to the plated 
heat exchanger of a hot fluid with a heat controlled device. A 
floating type rotameter was used in order to measure the flow rate 
of the hot fluid.  

On the other hand, the cold fluid (nanofluids) was stored in a 16 L 
vessel mechanically throughout the experiments in order to ensure 
the homogenous distribution of the nanomaterials. It is cooled with 
a heat control chiller in order to ensure the stable temperature value 
of the nanofluid prepared in its inlet to plated heat exchanger and its 
flow rate was measured from a turbine type flow meter. A diagram 
type difference pressure meter was placed between inlet and outlet 
ports in order to measure the difference pressures of hot water and 
nanofluids. 

Pt-100 type thermo-element couple with high sensitivity was used 
in order to measure the temperature of each fluid in their inlet and 
outlet from the plated heat exchanger. The circulation of hot water 
and nanofluids was ensured with centrifugal pumps that are 
resistant to a temperature of 120 oC. Furthermore, the test section 
and pipes were insulated in order to minimize heat losses. The 
experiments were conducted at room temperature and steady state 
conditions. The temperature and difference pressure values 
measured during the experiments were recorded on the computer. 
Throughout the experiments, the flow rate of hot water was 90 kg/h 
and the inlet temperature into the plated heat exchanger is stable at 
40 oC. While the flow rate of the nanofluids varies between 90 kg/h 
and 300 kg/h, the inlet temperature of the cold fluid is 17.5 oC.  

4.1. Calculation of the convection heat transfer coefficient of 
the nanofluids 

Heat transfer and pressure drop characteristics in the plated heat 
exchanger were calculated as follows with the help of the data 
obtained from the experiments. Reynolds numbers of hot water and 
nanofluids are as follows depending on the hydraulic diameter of 
the plated heat exchanger and the mass flow rate of the channel.  

𝑅𝑒ℎ = 𝐺ℎ𝐷ℎ 𝜇ℎ⁄                                                                                     (10) 

𝑅𝑒𝑛𝑓 = 𝐺𝑛𝑓𝐷ℎ 𝜇𝑛𝑓⁄                                                                              (11) 

Where 𝐷ℎ = 2𝑏/𝜙 is the hydraulic diameter, 𝐺𝑛𝑓 and 𝐺ℎ are the 
mass flow rate of the channel for cold and hot fluid, 

𝐺ℎ = �̇�ℎ 𝑁𝑐𝑝𝑏𝐿𝑤⁄                                                                                 (12) 

𝐺𝑛𝑓 = �̇�𝑛𝑓 𝑁𝑐𝑝𝑏𝐿𝑤⁄                                                                             (13) 

The heat given by the hot water and absorbed by the nanofluids 
using equation (14) with the use of specific temperature values were 
calculated with the measured temperature and flow rate values. The 
average heat transfer values were used in the calculations due to 
heat losses in both fluids. 

𝑄ℎ = �̇�ℎ𝑐𝑝,ℎ�𝑇ℎ,𝑖 − 𝑇ℎ,𝑜�  
𝑄𝑛𝑓 = �̇�𝑛𝑓𝑐𝑝,𝑛𝑓�𝑇𝑛𝑓,𝑖 − 𝑇𝑛𝑓,𝑜�  

 � 𝑄𝑎𝑣𝑒 = (𝑄ℎ + 𝑄𝑛𝑓) 2⁄          (14) 

The thermodynamic properties of both fluids were calculated using 
average temperature inlet and outlet from the plated heat exchanger.  

𝑇𝑎𝑣𝑒,ℎ = (𝑇ℎ,𝑖 + 𝑇ℎ,𝑜) 2⁄                                                                       (15) 

𝑇𝑎𝑣𝑒,𝑛𝑓 = (𝑇𝑛𝑓,𝑖 + 𝑇𝑛𝑓,𝑜) 2⁄                                                                (16) 

In many studies in the literature on plated heat exchanger, Nusselt 
number (Nu) is specified as a function of the ratio of the dynamic 

viscosities at the wall temperature and average fluid temperature, 
Reynolds number (Re), Prandtl number (Pr). The general 
correlation expression for turbulent flow is as follows [19, 20]: 

𝑁𝑢 = 0.348𝑅𝑒ℎ
0.663𝑃𝑟ℎ

0.33 (𝜇𝑏 𝜇𝑤⁄ )𝑑                                                (17) 

And the heat transfer coefficient ℎℎ of the hot fluid in plated heat 
exchanger was obtained from equation (17) with the assumption of 
𝜇𝑏 ≅ 𝜇𝑤. Nusselt and Prandtl numbers are as follows: 

𝑁𝑢 = ℎ𝐷ℎ 𝑘⁄                                                                                          (18) 

𝑃𝑟 = 𝜇𝑐𝑝 𝑘⁄                                                                                            (19) 

Based on experimental data, the total heat transfer coefficient is; 

𝑈 = 𝑄𝑎𝑣𝑒 𝐴∆𝑇𝑙𝑚⁄                                                                                   (20) 

Where, 

∆𝑇𝑙𝑚 =
�𝑇ℎ,𝑖 − 𝑇𝑛𝑓,𝑜� − �𝑇ℎ,𝑜 − 𝑇𝑛𝑓,𝑖�

𝐼𝑛��𝑇ℎ,𝑖 − 𝑇𝑛𝑓,𝑜� �𝑇ℎ,𝑜 − 𝑇𝑛𝑓,𝑖�� �
                                      (21) 

The heat transfer coefficient of the nanofluids is found from the 
following relation 

1
𝑈

=
1

ℎℎ
+

𝑡
𝑘 +

1
ℎ𝑛𝑓

                                                                                (22) 

The friction factor is calculated from the following relation 
depending on the pressure drop of the nanofluids and hot water. The 
pressure drops in the ports in the heat exchanger: 

∆𝑃𝑝 = 1.4𝑁𝑝(𝐺𝑝 2𝜌⁄ )                                                                           (23) 

𝐺𝑝 = (�̇� (𝜋𝐷𝑝
2 4⁄⁄ ))                                                                             (24) 

Where; 𝐷𝑝 is the inlet diameter, 𝑁𝑝 is the passage number and 𝐺𝑝 is 
the mass flow rate of the inlet port. 

∆𝑃 = ∆𝑃𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − ∆𝑃𝑝                                                                (25) 

𝑓 = ∆𝑃 [(𝐿𝑒𝑓𝑓 𝐷ℎ⁄ )(2𝐺2 𝜌⁄ )]⁄                                                           (26)   

Where 𝑓 is the friction factor and 𝐿𝑒𝑓𝑓 is the vertical distance inlet 
and outlet from the heat exchanger and the increase factor of the 
corrugating surface 𝜙 is taken into consideration as 𝐿𝑒𝑓𝑓 = 𝐿𝑣. 
Rheological and thermophysical properties of the nanofluids were 
calculated using average temperature. Then, heat transfer 
coefficient by convection and Nusselt number were obtained for 
different volume concentrations.  

5. Experimental Result 

Heat transfer tests from hot water to cold water were performed in 
order to assess the accuracy and reliability of the measurements 
before calculating the heat transfer coefficient of the nanofluids. 
After all measurements, total heat transfer coefficient was obtained 
from equation (20), and the heat transfer coefficient of the hot fluid 
was estimated from equation (17). And heat transfer coefficient of 
the cold fluid was obtained from equation (22). Moreover, the 
experimental total heat transfer coefficient calculated from equation 
(20) for water and theoretically calculated total heat transfer 
coefficient are comparison and the average error is 3 %. As seen in 
Fig. 3, constant inlet temperatures and the mass flow rate that 
increased at the fix volumetric concentration caused the high overall 
heat transfer coefficient. 
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Fig. 3. Change in the overall heat transfer coefficient of water and 
Al2O3 nanofluids depending on flow rate 

In this study, Nusslet numbers and pressure drops of the nanofluids 
were obtained for the flow rate of 90 kg/h of hot water, Reynolds 
number varies between 600 and 1900 and the volume concentration 
of Al2O3/water nanofluids in 0.25%, 0.5%, 0.75% and 1%. In Fig. 
4, the Nusselt number change of the nanofluids against Reynolds 
number is seen for the concentrations prepared. As seen in Fig. 4, 
the Nusselt number increases with the increase in the concentration 
of nanoparticles in constant Reynolds number, and the Nusselt 
number of the nanofluids is higher than the Nusselt number of 

water.  

Fig. 4. Change in Nu number versus Reynolds number of water and 
Al2O3 nanofluids 

The increase in the mass flow rate of the nanofluids and the 
collision effects of the nanoparticle on the surfaces of plated heat 

exchanger lead to the increase of heat that passes through the 
nanofluids. 

Fig. 5. Increase in Nusselt number of Al2O3 nanofluids when 
compared to water 

The ratio of the Nusselt number of the nanofluids calculated to the 
Nu number of water is shown in Fig. 5. This ratio increases with the 
increase in Reynolds number and volume concentration. Pressure 
drops of the nanofluids depending on the flow rate under different 
experimental conditions are shown in Fig. 6. The pressure drop of 
the nanofluids was calculated with the help of equation (26), and the 
change of friction factor was obtained against Reynolds number. 
Pressure drop increased with the increasing volume concentration in 
constant Reynolds number.  

 

Fig. 6. Change in friction factor of water and Al2O3 nanofluids 
against Reynolds number 

Consequently, it is seen that an enhancement took place in the 
coefficient of heat transfer by convection as a result of the change in 
the properties of the working fluid that ensures heat transfer using 
nanofluids in plated heat exchanger. An increase takes in heat 
transfer by convection takes place with the increasing volume 
concentration and flow rate of Al2O3/water nanofluid in 90 kg/h hot 
water flow rate. The use of nanofluids in plated heat exchangers 
created an advantage in improving heat transfer and the 
performance of the systems, and thus, increasing system efficiency. 
An effective mechanism in this increase improved the heat transfer 
of the nano material added to the fluid. Another effective 
mechanism in enhancing the heat transfer is the thermal 
conductivity that increases with the collision of water molecules 
and nanomaterials on the wall surface of the plated heat exchanger. 
The internal surface between liquid and nanomaterials is taken into 
consideration in equation (5) that is used in the calculation of the 
thermal conductivity of the nanofluids because the heat transfer 
between the particles and liquid occurs on the internal surfaces of 
the nanomaterial. Breaking occurs in heat boundary layer, and its 
thickness decreases with the movement of the nanomaterial in areas 
close to the surface, continuous change of the direction and velocity 
of the nano-particles in the channel and the decrease of the viscosity 
effect in areas close to the surface in plated heat exchanger. While 
these interactions ensure an increase in heat transfer, it also 
increased the friction between plated heat exchanger and nanofluid. 
While the performance of the plated heat exchanger increased with 
the use of nanofluids, this led to the increase in pressure drops. 
Nanofluids may be a reasonable solution in increasing heat transfer, 
but an opposite situation is in question in terms of the pressure drop 
subject to chosen volume concentration. This potential of the 
nanofluids is interesting in heat transfer.  

6. Conclusion  

It was concluded that Nusselt number increases depending on the 
increasing Reynolds number and volume concentration of the 
nanofluids. In the enhancement of heat transfer, the distribution of 
nanomaterials in the fluid, irregular movement of the nanomaterial 
and the transport of this material are factors that increase heat 
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transfer, in addition to increasing the thermal conductivity of the 
nanofluids.  

The fluctuation of the nano particles and their effects with the fluid 
led to the change of the flow structure, especially in high Reynolds 
numbers. The highest increase in Nusselt number occurs in 1 % 
volume concentration. This increase is 29.42 %, 24.34 %, 18.02 %, 
15.37 %, 11.74 % and 9.43 % respectively for nanofluid flow rates 
of 90, 120, 150, 180, 240 and 300 kg/h. 

The difference between the inlet and outlet temperatures to the 
plated heat exchanger decreases and the amount of temperature that 
passes increases as the flow rate and volume concentration of the 
nanofluid increases. 
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Nomenclature 
A heat transfer area, m2 
b mean channel space , m 
cp specific heat at constant pressure, J/kg K 
Dh hydraulic diameter, m 
G mass velocity, kg/m2 s 
k thermal conductivity, W/m K 
ΔTlm logarithmic mean temperature 

difference, K 
 

Leff effective flow length between inlet and 
outlet port, m 

Lw effective channel width, m 
�̇� mass flow rate, kg/s 
m mass, kg 
Ncp number of channels per pass 
Q heat transfer rate, W 
Re Reynolds number 
T temperature, oC 
t thickness of plate, m 
U overall heat transfer coefficient, W/m2 K 
W total uncertainty in the measurement 
Greek symbols 
β chevron angle, degree 
φ volume concentration, enlargement 

factor 
μ viscosity, Ns/m2 
ρ density, kg/m3 
Subscripts 
h hot 
i inlet condition 
nf 
np 

nanofluid 
nanomaterial 

o outlet condition 
p particle 
s water 
w wall 
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