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Abstract A series of tests was conducted to unlock the potential application of MgO/water-
EG (ethylene glycol) nanofluids (NF) in a double-pipe heat exchanger (HEX). The overall heat
transfer coefficient (HTC), the inlet temperature of the working fluid, the fluid pressure drop
(FPD), friction factor (FF) and the hydraulic performance index of the NF within the HEX were
experimentally measured. Fouling of nanoparticles (NPs) within the Hex was also studied and
modelled using asymptotic particulate fouling model. Results showed that MgO NPs can
enhance the HTC by 39% at ReZ10,500 and wt.% Z 0.3 in the turbulent regime. Also, the
presence of MgO NPs augmented the FF and the FPD values. The former was enhanced
33.8%, while the latter was augmented by 37% both at wt.% Z 0.3 and at Reynolds
number Z 10,500. Results also revealed that the formation of porous particulate fouling layer
on the internal wall of the inner tube creates a fouling thermal resistance which changes asymp-
totically with time. Overall, MgO/water-ethylene glycol shows a great potential to be used as a
coolant within a HEX.
ª 2020 Beihang University. Production and hosting by Elsevier B.V. on behalf of KeAi. This is an open
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1. Introduction

Heat exchangers (HEXs) are essential tools in domestic
and industrial processes [1], cooling systems and power
cycles, providing conditions to transfer heat from a hot fluid
to a cold working fluid in a confined space [2e10].
Depending on the application, there are different types of
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HEX which are classified into several categories including
solid-solid, solid-liquid and solid-gas (air-side) HEXs
[11,12]. With the progress in high-temperature processes
such as waste heat recovery, the improvement in the effi-
ciency of the liquid-liquid HEXs has received a great
attention. One way to improve the efficiency of a HEX is to
apply the process intensification to the design and fabrica-
tion of the HEX. Process intensification is a chain of tech-
niques and methods by which the rate of heat transfer within
the HEX increases. Using the extended surface area such as
fins or thermal conductivity-enhanced material are the
common pathways to increase the thermal efficiency of the
HEX [13e15].

Parallel to the above-mentioned techniques, an
improvement in the thermo-physical properties of the
coolant in the HEX is one passive technique to plausibly
increase the efficiency of the HEX [4e6,8e10,16e20].
Nanofluids (NFs) are new engineered thermal fluids with
enhanced thermo-physical properties such as thermal con-
ductivity and density [21], which not only increase the heat
transfer coefficient (HTC) but also facilitate the heat trans-
port within the base fluid with micro-mechanisms such as
thermophoresis and Brownian motion [22]. A NF in com-
parison with the micro-fluids offers the low fluid pressure
drop (FPD) and FF values, which in turn decrease the
pumping power as well. Such advantageous features have
been a driver for heat transfer experts to make effort for
utilising the NFs in advanced thermal engineering systems
and other specific areas such as biomechanics and micro-
fluidics systems [23e27] and medical sciences [28,29].
Following section is a literature review conducting on the
state-of-the-art studies on the enhancement of the heat
transfer and thermal performance of the NFs.

2. Literature review

HEXs are designed and implemented depending on their
applications, type of the working fluid and the space
availability. Therefore, a literature review was conducted on
the application of the NFs in various configurations of the
HEXs including micro/compact, plate and double pipe.

The compact and the micro HEXs are two efficient types
of the HEXs which provide superior HTC and sufficient
residence time for the heat transfer, however, the FPD value
in these systems is very high, which limits their applica-
tions. However, the plate HEX is one common type of HEX
with wide applications in car cooling systems, lab-scale and
plant-scale processes and the refrigeration systems. Plate
HEXs offer high surface area and large HTC and also high
FPD value. Therefore, many experiments have been con-
ducted to assess the thermal performance of the plate HEXs.
For example, in a study performed by Z.J. Luan et al. [30],
they found a solution for the intensification of heat transfer
rate within the HEX. They designed a novel configuration
for the plate HEX and experimentally demonstrated that the
resistance of flow in the designed HEX is relatively smaller
than the common chevron-type HEXs (by 50%). However,
they found that there is a trade-off between flow resistance
and HTC. They reported a decreased by 26% in the HTC,
which significantly decreased the thermal performance of
the plate HEX. Also, thermal performance of the HEX was
found to be a function of physical properties of coolant in
the HEX. Lee et al. [31] assessed the thermal performance
and heat transfer in a sinusoidal form of a plate HEX for a
low-temperature application. They experimentally measured
the HTC of water together with the FPD of the system. It
was concluded that the plate HEX performance was poor
due to the low mass flux of refrigerant. They also concluded
that, the value for the FPD in water-side is the highest, while
the HTC was the lowest at refrigerant-side due to the for-
mation of vapor and two-phase flow. The thermal perfor-
mance of the HEX was attributed to the thermo-physical
properties of the coolant as well. Such findings were later
confirmed by Peyghambarzadeh et al. [32e34].

Recently, NFs have been nominated to be used inside the
HEXs to enhance the thermo-hydraulic performance of the
HEX. For example, in a study Sarkar et al. [35] demon-
strated that by using hybrid NF in a HEX system, the HTC
value was enhanced by 39.1%. Similarly, Vinod et al. [36]
showed that Fe2O3, Al2O3 and CuO NPs in a “cellulous
carboxymethyl” as a “generic base fluid” can promote the
performance of the thermal systems. Kumar et al. [37]
studied the energetic performance of a HEX cooled with a
NF. They showed that utilising CeO2/water and ZnO/water
can improve the performance of the system. Similar results
have been published somewhere else by Anoop et al. [38]
and the same conclusion were drawn.

Conventional coolers such as double-pipe HEX are
simple in design and can be employed in various processes
such as energy production, waste heat recovery, pharma-
ceutical and chemical process, food, and gas industries. The
FPD value in this type of HEX is not as high as the values
recorded for the plate or brazed HEX. Moreover, residence
time is sufficient for a great heat transfer between the
annulus and the inner tube. When it comes to the application
of NF within the double-pipe HEX, extensive studies can be
found in the literature. For example, Chun et al. [39] con-
ducted a set of experiments on the potential application of
alumina NF in a double-pipe HEX under the laminar flow
and at different operating parameters. They reported a 13%
enhancement in the HTC for alumina NF. They also noticed
that the HTC and Nusselt number do not follow the avail-
able correlations. Thus, they developed a new correlation
for predicting the Nusselt number based on the Reynolds
number. Zamzamian et al. [40] conducted a set of experi-
ments to analyze the thermal performance of the HEX
working with alumina/ethylene glycol and CuO/ethylene
glycol NFs on HTC in a double pipe HEX. They reported
that the HTC can be increased with the increase in the
operating temperature and NP concentration. Both param-
eters increased the HTC by 26% for alumina and by 37% for
CuO NF.
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Khedkar et al. [41] experimentally measured the heat
transfer properties of Titana/water NFs in concentric tube
HEX as a coolant. The NFs were the mixture of water and
Titana NPs. Results showed that the HTC is enhanced when
NPs are used within the double pipe HEX. An enhancement
of 14% was observed. No information was given on the
FPD of the system. In a similar work performed by Akhtari
et al. [42], the alumina-water NF heat transfer in a double-
pipe HEX with laminar flow was investigated. Several pa-
rameters including cold and hot flow rates (FR), NF tem-
perature and concentration were examined. The results
demonstrated that the rate of heat transfer enhances by
increasing the cold and hot volume FRs, as well as the
concentration of particles and the temperature of NF at the
inlet. The results showed that the HTC was enhanced by
13.2% over the base fluid. However, they did not study on
the FPD and pumping power of the NFs.

According to the aforementioned literature, NFs can be
utilized as a heat transfer fluid (HTF) for enhancing the
thermal performance of the HEX. However, following
challenges need to be addressed before NF can widely be
commercialized within the heat exchanging devices: (1) The
presence of NPs enhances the HTC; however, the amount of
enhancement is different from NF to another NF. (2) The
FPD augmentation and FF enhancement are drawbacks of
the use of NFs in the HEXs. Recently MgO NPs have been
identified as a potential nano-powder for increasing the
thermal performance of various systems [43e46]. MgO NPs
have anomalous thermal conductivity, which in turn can
enhance the conduction heat transfer within the system [47].
However, in most of the studies, the base fluid was water
which has a limited boiling temperature of 100 �C, thereby,
limiting the application of the NF. Thus, in the present work,
Figure 1 Experimental test ri
MgO NPs were dispersed in water-ethylene glycol (WEG)
as the working fluid not only to improve the boiling tem-
perature but also to enhance the thermal features of the base
fluid. Thus, MgO/WEG was experimentally investigated in
a double pipe HEX to assess the influence of different pa-
rameters such as FR of NF, inlet temperature of NF, mass
fraction of NPs, on HTC, Nusselt number, FPD and FF of
the system. Also, a dynamic study was conducted to mea-
sure the fouling thermal resistance of the HEX.

3. Experimental

3.1. Test rig

In Figure 1, a schematic illustration of the test rig is
depicted. This setup consists of four general sections
including hot loop in which NF was circulated, cold loop in
which water was circulated, double pipe HEX and mea-
surement instruments. NF and water were circulated in the
loops with two centrifugal pumps manufactured by DAB
Company with stainless steel impeller and body. Water and
NF both were loaded inside two heavily-isolated tanks (with
glass wool K4) as shown in green and red colour. Tem-
perature and FR of water in the cold loop were set to 25 �C
and 2 l/min, respectively. Notably, to set the temperature of
water, a refrigeration system (R-134a) thermostat bath was
used. The FR of the NF in the hot loop was controlled with a
Flownetix 0e50 l/min ultrasonic flow controller connected
to the data logger. Also, a by-pass loop was implemented to
accurately control the FR of NF within the HEX. The FR of
water was controlled with a simple rota-meter (it has not
been shown in Figure 1). The NF pressure and temperature
were measured upstream and downstream of the test section
g used in the present work.
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via two pressure transmitters (manufactured by Omega and
accuracy of 1% of reading) and resistance temperature de-
tector, (RTD) thermo-meters (manufactured by Omega and
accuracy of 1% of reading). All thermocouples, thermo-
meters and pressure transmitters were connected to a data
logger manufactured by National Instruments (NI) to record
the data continuously with data point reading frequency of
1 kHz. The data logger was connected to a personal com-
puter using RS232 port with the setting of 8bit/parity: none.

The heart of the experimental setup was a double-pipe
HEX consisting of two small copper tubes with the length of
90 cm and diameters of 6 mm and 12 mm, respectively. Water
and NF were in counter-current contact within the HEX. NF
was introduced into the inner tube and water was introduced
into the annulus section. All other parts of the HEX were
fabricated from copper heavily-isolated with glass wool. Ex-
periments were conducted at various FRs, various mass
fraction of NPs, and three different inlet temperature of NFs.

3.2. Preparation of the NFs

It is essential to uniformly disperse the NPs within the water
ethylene glycol as the base fluid (WEG). This working fluid
was selected because the physical properties of this working
fluid are available and it has a wide application in cooling
loops, car radiators and other cooling systems. This is usually
done with adding a surfactant followed by using an ultrasonic
homogeniser to crack the potential agglomerated NPs. Notably,
agglomeration occurs due to the surface charge of the NPs
resulting in the attraction of NPs to each other. This also affects
the stability of NF. The higher, the amount of agglomeration is,
the stability of NF becomes weaker and NPs deposit on the
bottom of the vessel. To produce the NFs: (1) The NPs were
scaled and dispersed in the base fluid. (2) A magnetic stirrer
was used at 250 rpm to distribute the NPs within the base fluid.
For a better dispersion, nonyl phenol ethoxilate was added to
the nanofluid to reduce the rate of sedimentation. (3) Finally, a
homogeniser was used at 400 Watt and 40 kHz to further
disperse the NPs. (4) For the longest stability, the pH value of
the NFs was regulated with a buffer liquid to set the zeta
potential within the range of �20 mV to þ20 mV. Table 1
tabulates the stability analysis results for NFs. The NF at
wt.% Z 0.3 possess the longest stability for 8 days.

The NFs showed a good stability (above a week). Also,
the quality of NPs and dispersion procedure were also
Table 1 The test conditions used for stabilizing the prepared
NFs.

Mass
fraction

Stirrer
/rpm

Sonication
/min

pH
setting

Zeta
potential/mV

Stability
/day

Buffer
/ml

0.1 250 10 7.6 �26 5 1.5

0.2 300 15 8.1 �31 7 2.5

0.3 400 15 8.7 �34 8 4
examined using scanning electron microscopy (SEM), par-
ticle size distribution analyser and transmission electron
microscopy (TEM). As represented in Figure 2(a), the SEM
image revealed the mean size of 45e50 nm, which was in
accordance with the results of particle size test (Figure 2(b)).
The TEM image, Figure 2(c), showed that NPs are dispersed
uniformly within the liquid phase.

3.3. Thermo-physical properties of NF

Thermo-physical properties of the NF was measured with
high-fidelity instruments and was compared with the equations
represented in Table 2. The deviation value was also reported
in Table 2. Density slightly increases by increasing the tem-
perature (see Figure 3(a)). However, heat capacity (Figure 3(b))
and thermal conductivity (Figure 3(c)) enhance by increasing
the temperature, while viscosity is suppressed by increasing the
temperature (Figure 3(d)). Likewise, increase in the mass
concentration of the particles resulted in the augmentation of
the density, thermal conductivity and viscosity.

3.4. Formulation of the experiments

To obtain the HTC value, it is necessary to calculate the
quantity of heat in the cold and hot loops, which are as
follows:

QcZmw�Cp;w � ðTout�TinÞ ð1Þ

here, Qc is the total amount for heat transfer occurring in the
cold side, Cp,w is the heat capacity of water at 25 �C. For the
hot side:

QH Zmnf �Cp;nf � ðTout�TinÞ ð2Þ

QH is the total heat exchanged in the hot side, which is also
shown as Qnf as well. Then, the arithmetic average of the
heat exchanged between cold and hot sides is estimated with
the following equation:

Qave:Z
QH þQc

2
ð3Þ

And the overall HTC:

HTC or UZ
Qave:

A�DTLMTD
ð4Þ

here, A is the circumference of the interior pipe of the HEX.
Also, to facilitate evaluating the results, following non-
dimensional groups were used including Nusselt and Rey-
nolds and Prantdl numbers [50]:

NuZ
hnf �Dhydraulic

knf
ð5Þ

Renf Z
rnf � unf � dhydraulic

mnf

ð6Þ



Figure 2 (a) Scanning electron microscopy, (b) particle size distribution, and (c) transmission electron microscopy image taken from the MgO/
water-EG nanofluids [1].

Table 2 The equations utilized to calculate and compare the density, thermal conductivity, heat capacity and viscosity of the nanofluid [1].

Correlation Temperature
/�C

A.A.D
/%

Ref

Densitya rnf Z 4$rp þ ð1 � 4Þrbf
4Z volume f raction

20e100 3.8 [48]

Heat capacityb Cp;nf Z 4$Cp;p þ ð1 � 4ÞCp;bf 20e100 2.9
Viscosityc

mnf Z A

�
1

T

�
� B

AZ 2058742 þ 158574þ 1078:3
BZ � 107:1242 þ 53:554þ 2:8715

20e100 4.9 [48]

Thermald

conductivity
knf
kbf

Z0:8937�
�
1þ 4

100

�1:37
�
�
1þ T

70

�0:277

�
�
1þ d

150

��0:0336

� ap

abf

[49]

20e100 5.8 [48]

arp Z 3580 kg/m3, rbf Z 1108 kg/m3.
bCp,p Z 880 J/(kg$K), Cp,bf Z 3400 J/(kg$K).
cmbf Z 2.8 cp.
dkp Z 112 W/(m$K), kbf Z 0.44 W/(m$K).
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PrZ
cp;nf � mnf

knf
ð7Þ

h for the cold loop is calculated with the following equation:

hw �Dhydraulic

kw
Z0:2302�Re0:745 �Pr0:4 ð8Þ

Dhydraulic for the present research is DhydraulicZDo‒Di which
are 12.0 mm and 6.0 mm (nominal size), respectively. kw, is
thermal conductivity water-ethylene glycol (purity>99%).
Likewise, for calculating h in the hot loop, following
equation was implemented:

1

U or ½HTC�Z
1

hnf
þ d

k
þ 1

hw
ð9Þ

here, d is the inner tube thickness which is 0.001 m,
k Z 401 W/(m$K) as HEX is copper-made, hnf and hw are
attributed to HTC value (forced convective) of MgO/water-
ethylene glycol nano-fluid and cold water, respectively.

To understand the influence of NP fouling in HEX,
fouling thermal resistance parameter was defined as follows:

Rf ðiÞZ 1

hf
ðtZ tiÞ � 1

hc
ðtZ0Þ ð10Þ

here, h is the HTC, c and f stand for clean surface and
surface with fouling. hf is HTC measured at time I when
NPs deposited on the surface and hc is HTC when surface is
clean (at initial time of the experiments when t Z 0).
Likewise, Rf is the thermal fouling resistance of the NPs on
the surface of inner tube of HEX. Using energy balance, a
heat loss of 9.5% was calculated using Eq. (11):

Qnf ZQw þQheat loss ð11Þ

here, Qnf and Qw are obtained with Eqs. (1) and (2).



Figure 3 Thermo-physical properties of MgO/WEG NFs, (a) density, (b) heat capacity, (c) viscosity, and (d) thermal conductivity.

80 H. Arya et al.
To calculate the FF of the system, following correlation
was employed:

f Z
DP�

l
d

�� 2�u2

r

ð12Þ

here, f is the FF, DP is the FPD of the system. l is the total
length of the HEX and d is the mean value for the tube
diameter, u is the velocity of the heat transfer fluid (HTF). The
Figure 4 Dependence of HTC on Reynolds number at inlet tem-
perature 50 �C.
uncertainty of the experiments was estimated with Kline-
McKlintock [51] equation and the uncertainty of the HTC
was 6.1%.

4. Result and discussion

4.1. Fluid flow

In Figure 4, variation of HTC with Reynolds number is
depicted. To validate the results, the heat transfer coefficient
measured for water/ethylene glycol was compared to the
modified Gnielinski correlation which is well-known for
turbulent fluid flow in tubes and pipes. As shown, a fair
agreement is seen between the results and the correlation
with �13% deviation showing the reliability of the results
for water. For water/ethylene glycol (WEG 50:50) at
ReZ500, the HTC is 1255 W/(m2$K), while it is 10,385 W/
(m2$K) at ReZ9500. Interestingly, by increasing the mass
fraction of NF, the HTC increases. For an instance, for a
given Reynolds number e.g. ReZ3400, at wt.% Z 0.1, the
HTC is 3702 W/(m2$K), while it is 4127 W/(m2$K) and
4469 W/(m2$K), for wt.% Z 0.2 and wt.% Z 0.3,
respectively. Importantly, the enhancement in HTC is
attributed to the following reasons.

As previously shown, NPs intensifies the base fluid
thermal conductivity. Brownian motion and thermophoresis
are two main mechanisms involved in the enhancement of
the HTC. When more NPs are within the base fluid, more



Figure 6 Variation of Nusselt number with Reynolds number at
temperature of 50 �C.

Figure 7 Variation of HTC at wt.% Z 0.1 with Reynolds number
for various temperatures.
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particle collision occurs within the base fluid resulting in the
augmentation in Brownian motion and energy transport
from one point in the base fluid to another point.

Presence of NPs within the thermal boundary layer re-
duces its thickness resulting in the enhancement of the HTC.
One of the phenome involved in the enhancement of the
HTC is the “thermophoresis phenomena” such that the NPs
close to the hot region can receive thermal energy by con-
duction mechanism. By increasing the temperature of the
particles, the kinetic energy is promoted and NPs move
towards colder regions inside the liquid phase. Such a
movement facilitate the transport of thermal energy and heat
transfer in the HEX.

Figure 5 shows a schematic diagram of the above-
mentioned plausible mechanisms. Notably, collision of
NPs with each other within the base fluid changes the mean
free path and also the direction of migration of NPs. Also, in
a collision point, conduction heat transfer is the likely
mechanism for the heat transfer between NPs.

In Figure 6, variation of the non-dimensional Nusselt
number (Nu) with Reynolds number is depicted at different
mass fractions of MgO NPs at 50 �C. As seen, Nusselt
number lies within the range of 50e450 which has already
been validated with the literature. Importantly, similar trends
were seen for Nu number such that by increasing the FR and
mass fraction of NF, the Nu number increases. The
maximum enhancement for Nu number was 32.3% (in
comparison with the base fluid). The enhancement for
Nusselt number of NFs at wt.% Z 0.1%, 0.2% and 0.3% (in
comparison with the base fluid) was 15.9%, 26.2% and
32.3%, respectively at 50 �C. The highest Nu number was
achieved at turbulent region, which was 432 at ReZ10,500.

4.2. Inlet temperature

In Figure 7, the change in HTC value at various Rey-
nolds number is depicted. As shown, by increasing the inlet
Figure 5 Illustration of the plausible mechanisms involved in the enhancement of the heat transfer in HEX.



Figure 9 Effect of Reynolds number on FF value and a comparison
against equation of “64/Re” extracted from the literature [54].
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temperature of the NF, higher HTC value was recorded.
This is because temperature of NF can promote some of the
physical properties such as thermal conductivity. However,
this is not significant in the laminar region and the
maximum enhancement of HTC in this region was 6.5%.
However, for turbulent region, the enhancement was pro-
nounced up to 18.7%. Notably, the temperature was
increased in a way that the NF remain in the single-phase at
all times and flow conditions. Moreover, according to the
literature [52,53], Brownian motion and thermophoresis,
both are intensified with the increase in temperature of NF,
which is in accordance with the results obtained in the
present research.

4.3. Fluid pressure drop

Figure 8 presents the dependence of FPD on Reynolds
number for different NFs. As can be seen, for the base fluid,
by increasing the Reynolds number, the FPD value in-
creases. For example, at ReZ500, the FPD value for water/
ethylene glycol is 11 kPa, while at ReZ3400 and
ReZ10,500, it is 55 kPa and 143 kPa, respectively. The
maximum enhancement for the FPD value is 1200%, which
is largely due to the small diameter of the tube. Interestingly,
presence of the MgO NPs within the base fluid augments the
FPD value at any mass fractions. For example, at a given
ReZ1700, at wt.% Z 0.1, the FPD is 28 kPa, while it is
36 kPa at wt.% Z 0.2 and at the same Reynolds number.
This is because, presence of NPs increases the friction
forces and shear between the layers of the base fluid in NF,
resulting in the increase in the viscosity of NF. Since FPD is
a strong function of the viscosity, thereby higher viscosity
means higher FPD value. Therefore, when it comes to the
influence of mass fraction of NF, it can be stated that there is
a penalty for the FPD and consequently, there is a trade-off
behaviour between the mass fraction of NPs and the
enhancement in the FPD. The higher, the mass fraction of
NPs is, the higher the thermal conductivity, HTC and also
the higher value for the FPD is registered. This trend is seen
for all the inlet temperatures. Noticeably, the value for the
Figure 8 Effect of the Reynolds number on the value of the FPD.
FPD in laminar region is considerably lower than that of
registered in the turbulent region, which is largely due to the
formation of eddies, intensification of Brownian motion and
particle collision in turbulent regime. Regardless of the NP’s
mass fraction, the FPD value for all the NFs was higher than
that of registered for the WEG base fluid.

4.4. Friction factor

Influence of NPs on the FPD is a clear sign for its in-
fluence on the FF. In Figure 9, variation of the FF value with
Reynolds number is depicted. For validating the results,
Darcy formula was utilized for BOTH laminar and turbulent
regions. The trend seen for the FF value was found to follow
the Darcy equation, which in turn shows that the FF
measured for the WEG and NFs is reasonably valid. Also,
by increasing the FR of flow, the FF decreases. Interestingly,
by increasing the mass fraction of NF, the FF increases. This
is also due to the enhancement in the viscosity of NF.
Moreover, presence of NPs within the layers of the base
fluid increases the friction forces between particle-fluid,
particle-particle and particle-wall of the HEX. The
maximum augmentation for the FF was recorded at
wt.% Z 0.3 by 33.8% over that of registered for WEG.
Notably, reduction in the FF with Reynolds number showed
Table 3 Well-known correlations used in the present research to
estimate the heat transfer coefficient against the experimental data
[2].

Correlation Author Correlation A.A.D
/%

Corr. 1 Pantzali
et al. [55]

NuZ 0:247� Re0:66 � Pr0:3 14.2

Corr. 2 Huang
et al. [56]

NuZ 0:3762� Re0:6681 � Pr0:3 28.7

Corr. 3 Rabienataj
et al. [57]

NuZ 1:25� ðRe� 1500Þ0:357 �
Pr0:07 � ð1 þ 2:5 � 40:54Þ

19.1



Figure 10 A rough comparison between the predicted HTC and the
experimental HTC.

Figure 11 Dependence of fouling thermal resistance on time of the
experiments for different NFs.
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a nonlinear relationship and also the maximum reduction
was seen in turbulent heat transfer regime.

4.5. Correlation of experimental data

To validate and to correlate the experimental data gath-
ered for the heat transfer coefficient, first the data were
examined against three well-known correlations given in
Table 3.

Figure 10 presents the comparison between the results
obtained with the above correlations and those of experi-
mentally measured. As can be seen, the results predicted
with the correlations are in a fair agreement with the
experimental data within the 30% and 20%, respectively.

This significant difference between the correlations and
the experimental data is largely due to the considerable
change in thermo-physical properties of the water/ethylene
glycol due to the presence of MgO nanoparticles. Thereby,
for better estimation of the heat transfer coefficient, with the
help of regression analysis and dimensional analysis, a new
correlation was developed to predict the Nusselt number,
which is presented in the following correlation:

NuZ0:3722�Re0:631 �Pr0:29 ð13Þ

here, Re, Pr are Reynolds and Prandtl numbers, respec-
tively. As can be seen in Figure 9, the correlation enables
one to estimate the Nusselt number for MgO/water-ethylene
glycol with the reasonable accuracy of 10% against the
experimental data and other correlations. Notably, for Re
and Pr numbers, the thermo-physical properties of NF
should be used. For the present research, the experimental
thermo-physical properties were used, which resulted in a
reasonable accuracy of the equation.

Due to the interaction of NPs with the base fluid and also
walls of the HEX together with temperature difference
within the base fluid, particles can lose their stability and
stick to the walls of the HEX. This phenomenon is referred
to as particulate fouling. In particulate fouling, time is the
key parameter and the determining factor. Time can deter-
mine whether or not nanoparticles form the fouling layer on
the surface. Also, there are two other main parameters
influencing the rate of fouling namely mass fraction of NPs
and FR of the nano-suspension.

4.6. Particulate fouling

Figure 11 represents the dependence of fouling thermal
resistance on time of the experiments for various mass
fraction of NPs. By increasing the mass fraction of the NPs,
the fouling thermal resistance parameter increases. Rf fol-
lows an asymptotic trend with time. It means that at initial
time of the experiment, the fouling resistance is relatively
small in comparison with other times. Then, with an in-
crease in time, fouling thermal resistance dramatically in-
creases reaching to a point in which Rf does not change
with time. This is because at first, there is no NPs on the
surface and stickability of surface for NPs on walls is very
small since fluid flow velocity vector on the walls is very
small (approximately equals to zero). Therefore, NPs are
exposed to a small kinetic energy coming from the base
fluid. Thereby, due to the roughness and irregularity of
surface, NPs stick to the wall of the heat exchanger. How-
ever, with an increase in time, more NPs attach to the sur-
face creating a porous layer of fouling on the wall. With
time, the thickness of the fouling increases and the outer
layer of NPs are exposed to the fluid flow with higher ve-
locity vector, resulting in the removal of the NPs from the
fouling layer. Therefore, fouling formation reaches to an
equilibrium in which the rate of particle deposition on wall
equals to the particle removal from the fouling layer
(equilibrium region), which has been shown in Figure 10.

Figure 12 shows the variation of fouling thermal resis-
tance with time at different Reynold numbers. As can be
seen, at lower Reynolds numbers, the fouling thermal
resistance is lower and with an increase in flow rate of NF,



Figure 12 Dependence of fouling thermal resistance on time of the
experiments for different FRs.
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the fouling thermal resistance increases. For example, for
wt.% Z 0.1, the fouling thermal resistance reaches the
equilibrium region with the value of 0.051 (m2$K)/W.
Likewise, the same trend is seen at other Re numbers.
However, at ReZ5000, the highest fouling thermal resis-
tance was observed which is 0.447 (m2$K)/W. Again, by
increasing the Reynolds number, the fouling thermal resis-
tance of the system decreases. This is because at higher Re
numbers, the velocity vector close to the wall is sufficient
for removing the particulate fouling layer of the nano-
particles. Therefore, there is a point in which role of fluid
flow (fluid velocity) changes from deposition flow flux to
removal flow flux. It is highly-recommended to conduct
further research to understand the exact behaviour of par-
ticulate fouling and develop the knowledge and know-how
behind the particulate fouling of the nanoparticles. This
will be a step-change and a game changer in commerciali-
zation of the nanofluids for high-temperature applications.

4.7. Thermal performance index

To further clarify the trade-off between the heat transfer
enhancement and the pressure drop penalty due to the
Figure 13 Effect of Reynolds number on PI value at different mass
fractions of MgO NPs.
presence of nanoparticles within the base fluid, a new
parameter is defined as follows [58e61]:
PIZ
Nunf
Nubf

�
 
Dpbf
Dpnf

!0:33

ð14Þ

nf and bf stand for nanofluid and the base fluid, respectively
and Nu is the Nusselt number. Figure 13 presents the
dependence of thermal performance index on Reynolds
number and mass fractions of nanofluid. As can be seen,
despite the trade-off trend between the influence of mass
fraction of nanofluid on heat transfer enhancement and
penalty for pressure drop, still thermal performance index
increases with an increase in the mass fraction of nanofluid.
This is because, the rate of enhancement in heat transfer
coefficient is several times higher than increase in the
pressure drop value resulting in the total increase of the
thermal performance index. Thereby, with some reserva-
tions, it can be concluded that presence of NPs can plausibly
increase the heat transfer coefficient within the heat
exchanger. However, detailed assessment of the pumping
power is still required to draw the final conclusion, which is
beyond the scope of the present work.

5. Conclusion

In light of above discussions, following conclusions were
drawn:

(1) Mass concentration of NF promoted the HTC value of
the HEX considerably. The largest recorded
enhancement was 39% at wt.% Z 0.3, which was
associated with two micro-scale mechanisms of
Brownian motion and thermophoresis.

(2) The inlet temperature slightly enhanced some of the
physical properties of NF. Which led to the slight
increase in the HTC value.

(3) FPD of and FF of the system were augmented by
increasing the mass fraction of the NPs in the liquid
phase. For any tests, the NPs augmented the FPD and
FF values when comparing to the base fluid. This was
because of the enhancement in the viscosity of NF and
friction forces due to the enhancement in the friction
between the layers of the fluid.

(4) The existing correlation failed to accurately estimate
the HTC. Thereby, using a regression analysis, a new
equation was developed which estimates the HTC for
MgO-water-ethylene glycol with accuracy of �10%.
Note that the applicability of this model against other
NFs need to be researched.

(5) Investigating the PI value of the system showed that
despite the increase in FPD and FF values, the PI
value was still plausible showing that MgO/WEG NFs
can be a potential coolant for thermal engineering
systems.
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