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Abstract 
 
The present work aims to investigate the thermo-hydraulic performance of a counter-current corrugated plate heat exchanger working 

with MgO/ethylene glycol nanofluid. MgO nanoparticles were dispersed in ethylene glycol at different weight (mass) concentrations of 
0.1 %, 0.2 % and 0.3 % and nanofluids were introduced to a heat exchanger in form of a counter-current flow to exchange heat with wa-
ter. The test rig provided conditions to measure the influence of different operating parameters such as fluid flow, mass concentration and 
inlet temperature of the nanofluid on heat transfer coefficient, pressure drop, and thermal performance index of the heat exchanger. Re-
sults showed that flow rate and mass concentration can intensify the convective heat transfer coefficient. However, they both increase the 
pressure drop of the system. The heat transfer coefficient, pressure drop was found to be enhanced by 35 % and 85 %, respectively at 
wt.% = 0.3. Interestingly, inlet temperature was found to only increase the heat transfer coefficient slightly (up to 9.8 % at wt.% = 0.3) 
and had no influence on the values of pressure drop. The presence of MgO nanoparticles was found to increase the thermo-hydraulic 
performance index of the heat exchanger by 34 %.  
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1. Introduction 

Heat exchangers are useful heat exchanging tools providing 
a large heat transfer transport in a small space. Heat exchang-
ers play a significant role in the operation of many systems 
such as power plants, industrial processes and heat recovery 
units [1, 2]. Design and development of heat exchangers, their 
efficiency and maintainability have always been a concern for 
heat transfer experts since these parameters directly influences 
the thermal performance of the systems. Depending on the 
energy demand, space available and type of the coolant, dif-
ferent types of heat exchangers can be used. Despite the plau-
sible application of heat exchangers, they are limited to the 
thermo-physical properties of coolant used in the heat ex-
changer and also the operating temperature of the system. 
Thereby, much effort has been made to enhance the thermo-
hydraulic performance of the heat exchangers using advanced 
engineering coolants [3-6]. 

Nanofluids are new generation of coolants with wide appli-
cations in the industrial and non-industrial applications [7-19]. 
A nanofluid is comprising of a 0-100 nm solid nanoparticles 
dispersed in a conventional coolant such as water. It has al-
ready been shown that the presence of the nanoparticles en-

hances the thermo-physical features of the base fluid including 
thermal conductivity, density and viscosity of nanofluid [20-
23]. Hence, recent researches are directed to assess the ther-
mal performance of single-phase and two-phase flow systems 
[8, 9, 12, 14, 15, 24-28]. For example, in a study conducted by 
Raja et al. [29], maximization of overall heat transfer coeffi-
cient (HTC) and minimization of the total pressure drop were 
investigated using multi-objective optimization. They consid-
ered eight different geometric designs to analyze the pressure 
drop and heat transfer coefficient. The results showed that 
8.87 % deviation in overall heat transfer coefficient and 
9.96 % deviation in total pressure drop are observed between 
optimization and experimental results. In another study con-
ducted by Huang et al. [30], heat transfer characteristics to-
gether with pressure drop was assessed for a nanofluid, which 
consists of two different nanoparticles namely carbon nano-
tube and alumina. The experiments were conducted in a plate 
heat exchanger and it was found that the HTC for the nan-
ofluid with two different nanoparticles was higher than that of 
measured for the alumina or carbon nanotube nanofluid. 
Smaller pressure drop was also recorded for nanofluid with 
two different nanoparticles. Tiwari et al. [31] conducted a set 
of experiments to assess a corrugated plate heat exchanger 
heat transfer characteristics using cesium nanofluid. They 
optimized the concentration of nanoparticles in order to 
achieve the highest enhancement in HTC. The optimized con- 
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centration of nanoparticles was 0.75 vol.% for which en-
hancement by 39 % was achieved. They also demonstrated 
that the enhancement in heat transfer coefficient occurs for the 
case in which the temperature of nanofluid decreased. Kabeel 
et al. [32] implemented an experimental loop to assess the 
HTC and pressure drop for a heat exchanger with corrugated 
surface. A sensitivity analysis was performed on the volumet-
ric concentration of nanofluid and it was found that the HTC 
and also the pumping power increases with an increase in the 
concentration of particles. An enhancement of 13 % was reg-
istered for the HTC at vol.% = 4. However, the physical 
mechanism for the enhancement was not revealed and the 
enhancement was not justified. In another study conducted by 
Nema [33], fluid flow and hydraulic parameters were experi-
mentally investigated in a plate heat exchanger working with 
alumina nanofluid. They demonstrated that HTC is a strong 
function of Reynolds and Peclet numbers. Importantly, it was 
revealed that alumina nanoparticles can improve the rate of 
heat transfer in the heat exchanger. However, this enhance-
ment is in line with an increase in pumping power of the sys-
tem. Sarafraz et al. [14] conducted some tests to explore the 
potential application of CuO nanoparticles in a heat exchanger. 
They also investigated the formation of particulate fouling in 
the heat exchanger. Results indicated that although nanoparti-
cle increase the HTC, they also form a scale layer inside the 
heat exchanger. They proposed the low-frequency vibration to 
remove the fouling layer and also to intensify the heat transfer 
within the heat exchanger. Likewise, overall thermal perform-
ance of the system is intensified in comparison with pure liq-
uids [34-36] and when vibration is continuously applied into 
the heat exchanger. Abed et al. [37] studied the transport phe-
nomena and heat transfer of nanofluids in a heat exchanger. 
They assessed the effects of four different nanofluids includ-
ing alumina, CuO, silica, and ZnO, for various fraction of 
nanoparticles. Influence of different geometrical factors of the 
heat exchanger on HTC was examined. They demonstrated 
that silica nanofluid represents the largest Nusselt number in 
comparison with other nanofluids. Likewise, enhancement of 
HTC increased with an increase in the concentration of 
nanoparticles. However, small penalty was reported for the 
pressure drop due to the presence of particles. The HTC was 
enhanced by 35 % in comparison with water. Barzegarian et al. 
[38] examined the potential influence of titana-water nano-
suspension on HTC and pressure drop in a heat exchanger. 
Titana nanoparticles were utilized for preparing nanofluids at 
various mass fractions of 0.3, 0.8 and 1.5 %. they reported that 
the HTC was enhanced by 6.6 %, 13.5 % and 23.7 % for 
nanoparticle fractions of 0.3 %, 0.8 % and 1.5 %, respectively. 
Faced with the above-reviewed literature, extensive researches 
have been performed to experimentally assess the plausible 
application of nanofluid in heat exchangers. However, still 
there is a question that “does a nanofluid increase the thermal 
performance of a plate heat exchanger?”. Thereby, this is a 
driver for further research on the potential application of nan-
ofluid. In the present work, MgO nanoparticles are targeted as 

they have plausible thermo-physical properties such as high 
thermal conductivity, density and viscosity of nanofluid. Us-
ing the fabricated test rig, influence of various operating pa-
rameters such as rate of fluid flow, inlet temperature to the test 
rig, and weight (mass) fraction of nanofluid on the HTC, value 
of pressure drop, and performance index of the heat exchanger.   

 
2. Experimental 

2.1 Test rig  

Fig. 1 shows the test rig utilized in the present research. It 
consists of three main units including pumping and circulation 
loops, test section and measurement instruments. The circula-
tion loops consist of a hot and a cold loop for nanofluid and 
water, respectively. Two tanks were employed to keep the 
nanofluid and water In them. Both tanks were heavily isolated. 
Two centrifugal pumps manufactured by DAB Company 
were used to pump the water and nanofluid to the heat ex-
changer. Temperature and pressure of each loop was meas-
ured with two RTDs thermo-meters and two pressure trans-
mitters (both manufactured by OMEGA Company with accu-
racy of 1 % of reading) just before the test section and after it. 
The flow rate of each loop was controlled using an ultrasonic 
flowmeter (manufactured by Flownetix with accuracy of 
0.1 % of reading). The heart of the test rig was a plate heat 
exchanger made by Danfus Company. Experiments were con-
ducted three times to ensure about the repeatability and repro-
ducibility of the data.  

 
 
Fig. 1. A schematic diagram of the experimental setup implemented in 
the present work. 
 

 
 
Fig. 2. Detailed specification of the internal plates of the heat ex-
changer. 
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The cooling loop temperature was set at 20 °C and 1 lit/min. 
three times distillated water was used in the cooling cycle. All 
the pipes, joints, valves and sensors for hot and cooling loops 
were heavily insulated using glass wool to prevent from any 
heat loss to environment. Detailed specifications of the heat 
exchanger have been presented in Table 1. 

 
2.2 Data reduction and uncertainty 

To calculate the HTC for the hot loop following equation 
was used: 

 
, , ,. ( ) .hot

nf nf p nf in nf out nfQ m C T T= -  (1) 

 
Similar equation was used for the cold loop: 
 

, , ,. ( ) .cold
w w p w in w out wQ m C T T= -  (2) 

 
Here, Qnf is the rate of heat transfer in the hot loop, mnf is 

mass flow rate of nanofluid. Qw is the rate of heat transfer in 
the cold loop, mw is the mass flow rate in the cold loop. The 
mean rate of heat transfer within the heat exchanger is calcu-
lated using the following equation:   
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Here, Q awe is the mean heat transfer rate between the heat-

ing and cooling loops. The HTC, U, was calculated using 
following equation: 
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The hydraulic diameter of heat exchanger was calculated 

with Eq. (6) with the consideration of plate depth = 4 mm and 
surface enhancement coefficient = ~ 1.19: 

 
2 Plate depth

Surface enhancement parameterhydrualicD ´
=  (6) 

 
three main dimensionless numbers utilized in the present re-
search were Nusselt and Reynolds and Prantdl numbers that 
can be calculated using following equations: 
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It is worth saying that the HTC was calculated separately 

for cold and hot loops. To estimate the HTC for the cold loop, 
the correlation introduced by Huang et al. [4] was utilized:   
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Also, for calculating the HTC in hot loop, following equa-

tion was implemented:  
 
1 1 1 .

nf copper wU h k h
d

= + +  (11) 

 
Here, d is plate thickness, k is the copper thermal conduc-

tivity as heat exchanger is copper-made, hnf and hw are convec-
tive HTC of MgO/water nano-fluid and cold water, respec-
tively. A simple energy balance on heat loss showed that sys-
tem has 9.5 % of heat loss to the environment. The energy 
balance equation has been represented in Eq. (12): 

 
.nf w heat lossQ Q Q= +  (12) 

 
Here, Qnf and Qw are obtained with Eqs. (1) and (2). Impor-

tantly, reproducibility of tests was ensured with three times 
running the experiments, which revealed a 5.8 % deviation for 
three times data recording, which is reasonable. To check the 
uncertainty of the experiments, Kline-McKlintock [39] equa-
tion was applied and the uncertainty for the HTC was 9.8 %, 
and for the pressure drop it was 4.5 %. The tests were per-
formed at three different flow rates, three different mass con-

Table 1. Detailed specification of plates in heat exchanger. 
 

Parameters Value Unit 

Size 

A:11.5 
B:70 
C:380 
D:500 
E:130 

mm 

Plate length  400 mm 

Plate width  125 mm 

Depth of plate 5 mm 

No. of plates 36 - 

Offered heat transfer area,  
heat transfer area/no of plates 2.9, 0.08 m2 

Fabrication Copper-made - 

Corrugation pitch 5 mm 

Corrugation angle 45 Degree 
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centrations, and two different inlet temperatures, which were 
sufficient for the sensitivity analysis. 

 
2.3 Nanofluid preparation and characterization 

To prepare nanofluids, MgO nanoparticles were purchased 
from USNANO and was used as purchased. Nanoparticles 
were uniformly distributed within the ethylene glycol using 
following procedure: (1) Desired weight of MgO nanoparti-
cles were dispersed in desired weight of ethylene glycol. Then, 
nonyl phenol ethoxilate at 0.1 % of general volume of nan-
ofluid was added to the base fluid to enhance the stability of 
nanofluid. Ultrasonic at 40 kHz and 400 W for 15 minutes 
was used to homogenize the nanoparticles’ dispersion within 
the base fluid. Nanofluids were prepared at wt.% = 0.1, 0.2 
and 0.3 % by weight. MgO nanoparticles were sent for scan-
ning electron microscopy to analyze the morphology and par-
ticle size of the nanoparticle. Fig. 3(a) shows the morphology 
and size of the nanoparticles. As can be seen, particles are 
identical in terms of size and morphology. The morphology is 
spherical and nanoparticles are uniform in terms of size. To 
confirm the size of nanoparticle, the particle size count test 
was performed using digital scattering light device as repre-
sented in Fig. 3(b). As can be seen, the main size of the 
nanoparticles is 50 nm, which is in accordance with the results 
obtained with the scanning electron microscopic image. Fig. 
3(c) shows the transmission electron microscopic image for 
the dispersion of nanoparticles in oil. As can be seen, the nan-
ofluids are uniform and there is no agglomeration within the 
base fluid confirming the suitability of the technique used for 
the nanofluid preparation.   

 
3. Results and discussion 

3.1 Flow rate  

Fig. 4 shows the variation of HTC with Reynolds number 
for various mass fractions of nanofluids and also the base fluid 
at inlet temperature = 50 °C. As can be seen, with increasing 
the flow rate of nanofluid, the HTC increases. For example, at 
Re = 1500 and wt.% = 0.1, the heat transfer coefficient is 
1560 W/m2. K, while it is 8970 W/m2. K at Re = 6000. This is 
because at higher flow rates, more local agitations occur and 
free mean path of particles increases resulting in better heat 
transport within the base fluid. Interestingly, with an increase 
in the mass concentration of nanofluid, the heat transfer coef-

ficient increases, which is discussed in the following section.  

 
3.2 Mass concentration 

In the present research, it was found that an increase in 
mass concentration of MgO nanoparticles increases the HTC 
of nanofluid. For example, for a given Reynolds number such 
as ~4000, at wt.% = 0.1, the HTC is 4890 W/m2. K, while it is 
9620 W/m2. K at wt.% = 0.2 and 10790 W/m2. K at wt.% = 
0.3. This is largely due to the presence of nanoparticles within 
the base fluid, which not only increases the Brownian motion 
inside the base fluid, but also enhances the thermal conductiv-
ity of base fluid. Importantly, presence of nanoparticles results 
in the intensification of thermophoresis phenomena. In ther-
mophoresis, particles migrate from a cold side and hot walls to 
the hot side and cold walls and also due to the creation of a 
micro-stream and micro-convection streams, local agitation of 
fluid occurs leading to the enhancement of the heat transfer 
coefficient. Notably, nanoparticles are energy carrier in the 
base fluid. They absorb thermal energy and transport it to 
another location using Brownian motion and bulk movement 
of the base fluid. The higher the Brownian motion is, the 
higher heat transfer can be achieved.  

 
3.3 Inlet temperature 

Fig. 5 shows the variation of HTC on fluid flow rate (Rey-
nolds number) for two inlet temperatures of nanofluid. As can 
be seen, the trend shown in Fig. 4 is seen again for different 
inlet temperature. Interestingly, with an increase in the inlet 
temperature of nanofluid, the heat transfer coefficient in-
creases. However, the influence of flow rate on the HTC is 
significantly larger than that of observed for the inlet tempera-
ture. Importantly, an increase in temperature of nanofluid re-
sults in the enhancement in thermo-physical properties of 
nanofluid such as thermal conductivity, viscosity and density. 
The average enhancement in heat transfer coefficient for 
laminar and turbulent regions at 40 °C were 4.8 % and 9.6 %, 
respectively. Likewise, the augmentation in HTC was 5.1 % 

 
         (a)                  (b)               (c)  
 
Fig. 3. Characterization of nanoparticles used in the present research. 

 

 
 
Fig. 4. Variation of HTC with nanofluid flow rate at 50 °C. Error bars 
show ±10 % of standard errors. 
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and 9.8 % for inlet temperatures of 50 °C and 60 °C, respec-
tively. Noticeably, for other mass concentrations of nanofluid, 
the same trend was seen.  

 
3.4 Pressure drop 

Fig. 6 shows the change of pressure drop with nanofluid 
flow rate for various mass fractions of nanofluid and the also 
the base fluid. As can be seen, increasing the Reynolds num-
ber results in the enhancement in the values of pressure drop. 
Importantly, the change in the values of the pressure drop with 
Reynolds number is almost linear and at higher Reynolds 
number values, higher pressure drops were recorded. Results 
also showed that with an increase in mass concentration of 
nanofluids, the value for the pressure drop increases. For ex-
ample, for wt.% = 0.1, at Re = 3500, pressure drop is 89 kPa, 
while it is 235 kPa at Re = 10200. In fact, presence of 
nanoparticles results in the increase in viscosity of nanofluid. 
As pressure drop in tubes and pipe is a direct function of vis-
cosity, thereby, an increase in the viscosity of nanofluid en-
hances the values for the pressure drop. The maximum en-
hancement of ~89 % for pressure drop was registered at wt.% 
= 0.3. Noticeably, the pressure drop registered for the nanoflu-
ids, regardless of the mass concentration of nanofluid, was 

higher than that of registered for the base fluid.  
Noticeably, an increase in the temperature of nanofluid had 

no influence on the pressure drop. For example, at wt.% = 0.3, 
at T = 50 °C and Re = 1000, the pressure drop value was 
50 kPa, while for the same conditions and at T = 70 °C, the 
same value of pressure drop was measured. This is because 
the influence of temperature on viscosity is not significant and 
as a result pressure drop is not a strong function of tempera-
ture.   

 
3.5 Performance index 

As shown in previous sections, an increase in mass concen-
tration of nanofluid increases the heat transfer coefficient to-
gether with the pressure drop value. Therefore, there is a 
trade-off between heat transfer coefficient and pressure drop. 
For better evaluation, thermal performance index is defined 
as: 
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Here Nu is the Nusselt number that can be calculated from 

the following equation: 
 

Nu = h´ d
k

. (14)
 

 
Her h is the HTC, d is the inlet diameter port of the heat ex-

changer, k is the working fluid thermal conductivity, which 
can be calculated for the nanofluid or the base fluid. Likewise, 
nf and bf stand for nanofluid and base fluid, respectively. Fig. 
7 presents the performance index of the system at different 
mass concentration and flow rate of nanofluid.  

As can be seen, the highest thermal performance index can 
be obtained at wt.% = 0.3, which is 34 %. Thereby, it can be 
concluded that although presence of nanoparticles increase the 
pressure drop, the amount of increase in heat transfer compen-
sate the penalty for pressure drop resulting in the enhancement 
of thermal performance index. P.I was also found to be en-
hanced anomalously in turbulent regime rather than laminar. 

 
 
Fig. 5. Variation of HTC with the Reynolds number at various inlet 
temperatures of nanofluid at wt.% = 0.2. Error bars show ±10 % of 
standard errors. 
 

 
 
Fig. 6. Dependence of pressure drop on Reynolds number for various 
nanofluids and the base fluid. Error bars show ±10 % of standard er-
rors. 
 

 
 
Fig. 7. Dependence of performance index on mass concentration and 
flow rate of nanofluid. 
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This is because, in turbulent regime, Brownian motion and 
local agitation within the fluid intensify the energy transport 
by particles from one side of the base fluid to another side.  

 
4. Conclusions 

An experimental investigation was conducted on the heat 
transfer and fluid pressure drop in a plate heat exchanger and 
MgO/ethylene glycol was used as the working fluid. Follow-
ing conclusions were made: 

(1) Flow rate and nanofluid inlet temperature were found to 
increase the heat transfer coefficient of the nanofluid. The 
reason was attributed to the enhancement in the local agitation, 
Brownian motion and also enhancement in thermo-physical 
properties of nanofluid.  

(2) Nanoparticles were found to increase the pressure drop 
over the base fluid. The maximum enhancement in pressure 
drop was found at wt.% = 0.3 by ~89 %.  

(3) Performance index was found to be largely increased in 
turbulent regime rather than laminar. Also, it was understood 
that although the addition of MgO nanoparticles increases the 
value of pressure drop, the rate of enhancement for heat trans-
fer coefficient is higher than pressure drop. As a result, higher 
performance index was seen. Overall, MgO nanofluid shows a 
promising future for cooling applications. However, more 
evaluations are still required for other systems and heat ex-
changers to draw a final conclusion and a general trend for 
MgO/EG nanofluid.  

(4) Investigations on the potential fouling formation of MgO 
nanoparticles within the heat exchanger showed that after 500 
minutes of operation, no layer of fouling was seen within the 
heat exchanger, which was attributed to the high stability of 
MgO in ethylene glycol. However, further investigations on the 
fouling of MgO nanofluid is highly recommended.  
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