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ABSTRACT – Nanofluids are used in heat exchanger system as efficient heat transfer fluids to
improve heat transfer performance by passive method. Besides, another special active technique
by implementing the low or high frequency vibration, which was used in heat exchanger to enhance
the heat transfer performance. This paper reviews the heat transfer augmentation in heat
exchanger by using nanofluids, vibration excitation of low and high frequency vibration. The use of
nanofluids in heat exchanger system can provide better effective thermal conductivity compared to
the conventional coolants. The presence of nanosize particles in nanofluids performed better
mixing flow with higher thermal properties compared to pure fluids. Additionally, the active method
by inducing low and high frequency vibration technology was applied in heat exchanger system.
The heat transfer augmentation by vibration excitation was resulted from the mitigation of the
fouling resistance on the surface of the tube wall. It was found that vibration excitation not only
increase the heat transfer rate, but also might be a solution for fouling reduction. Hence, there is a
great potential of using nanofluids together with vibration excitation simultaneously in heat
exchanger system to improve the heat transfer performance.
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INTRODUCTION
In a combustion system, heat exchanger played an essential role as a device that exchanges the circulated heated
coolant where heat is lost to the atmosphere to return into its ambient temperature. Conventional coolants such as water
and ethylene glycol mixture have been used primarily in automobile radiator for many years. However, these provided
low thermal conductivity. Recently, in an advanced fluids research area, the new types of coolant fluids, namely
nanofluids has been introduced. This nanofluids offer higher thermal conductivity compared to that of conventional
coolants. To improve the thermal properties of a liquid, solid particles less than 100 nm are dispersed to the
conventional coolants. This resulted in nanofluids being used instead of base fluids [1, 2]. The most commonly used
nanoparticles for nanofluids formulation are copper (Cu), aluminium (Al), magnesium (Mg), silicon (Si), silver (Ag),
iron (Fe), titanium (Ti), zinc (Zn), carbon nanotubes (CNTs), graphene, graphene oxide, and diamond. Also, the
commonly used of base fluids for nanofluid formulation are water, ethylene glycol (EG), EG – H2O mixtures, and oils
[3]. CuO water-based nanofluid has the potential to use as an effective heat transfer fluid as it has been discovered by
former research. As the volume fraction of CuO nanoparticles increase, the heat transfer performance increases by
92.71% for 1% CuO water-based nanofluid compared to base fluid water. Also, from the observation, the addition of
nanoparticles will increase the conductivity slightly and viscosity greatly [4]. The increased rate of heat transfer was
observed with an increase in volume flow rate, nanoparticle concentration. Rate of heat transfer was also found to be
increasing with a decrease in temperature of hot nanofluid at the inlet [5]. Moreover, increasing the fluid circulating
rate can improve the heat transfer performance. Meanwhile, in comparison with pure water, the application of
nanofluid with low concentrations can improve heat transfer efficiency up to 45% [6].
At present, more than 90% of worldwide energy utilisation involves heat transfer process. Therefore, it is a very
important researching point to improve heat transfer efficiency. It takes years for scholars to find several efficient
methods on the improvement of heat transfer performance, including active and passive technology [7, 8]. As an
example, flow-induced vibration enhancing heat transfer is a unique method in passive technology [9,10]. From the
literature, the work covered low and high-frequency vibrations, with the low-frequency work between 10 to 3000 Hz
and the high-frequency work at above 20 kHz. Despite the harmful factor for causing the heat exchanger damage, the
flow-induced vibration in heat exchanger is used by some researchers for its positive role on restraining the fouling,
thus reduce the fouling resistance [11, 14]. Additionally, the implemented of low-frequency vibration were found to
increase the thermal performance of the heat exchanger by its frequency and amplitude of vibration waves [15].
Vibration can materially increase the coefficient of heat transfer, a quadrupling of the coefficient having been obtained.
Holding other variables constant in turn, the heat transfer coefficient increased with both amplitude and frequency
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[16]. Overall, the objectives of this paper are to provide scientific and historical backgrounds to the future studies
concerning heat transfer enhancement by nanofluids and vibration applications in heat exchanger to bring forward the
evolution of this domain with several examples of applications.

BASIC PRINCIPLE OF HEAT EXCHANGER
The heat exchanger is a device that exchanges the heat between two fluids at different temperatures without mixing
each other. The heat exchanger covers a wide range of applications. Some of the applications are heating and airconditioning systems in a household, chemical processing, and power production in large plants. Heat transfer in a heat
exchanger commonly involves convection in each fluid and conduction through the wall separating the two fluids. In the
study of a heat exchanger, it is convenient to work with an overall heat transfer coefficient that accounts for the
contribution of all (convection and conduction) effects on heat transfer. In a heat exchanger, the rate of heat transfer
between the two fluids at a location depends on the magnitude of the temperature gradient at the location. Besides, the
rate of heat transfer varies along with the heat exchanger.
There are different types of heat exchanger in the industry or market. Different heat transfer applications need different
types of hardware and configurations of heat transfer equipment. Double-pipe heat exchanger is an example of simplest
type of heat exchanger. One fluid flows through the smaller pipe while the other fluid flows through the annular space
between the two pipes. Parallel flow, as shown in Figure 1(a) and counterflow, as shown in Figure 1(b) are the two types
of possible flow arrangement. Besides that, a compact heat exchanger is another type of heat exchanger that specifically
designed to detect a large heat transfer surface per unit volume. In advanced fluids research area, nanofluids have been
introduced in a heat exchanger to offer higher thermal conductivity hence increase the rate of heat transfer compared to
that of conventional coolants.
The heat exchanger also experienced with an accumulation of deposits on the heat transfer surface. The performance
of heat exchangers usually deteriorates with time because the layer of deposits creates additional resistance to the heat
transfer. The fouling layer in heat exchanger is shown in Figure 1(c). Over a transient study, low-frequency vibration was
implemented to mitigate the fouling of nanoparticles inside the heat exchanger. By applying the vibration into the system,
fouling thermal resistance can be decreased, and via low-frequency vibration, fouling of nanoparticles can be mitigated.
A new design of a heat transfer device is proposed in a novel approach to improve heat transfer. The convective heat
transfer coefficient can be significantly increased, and the fouling resistance can be decreased by using the new design of
heat exchanger.

(a) parallel flow

(b) counter flow

(c) fouling layer in heat exchanger
Figure 1. Double pipe heat exchanger.
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APPLICATION OF NANOFLUIDS IN HEAT EXCHANGER
Nanofluids have gained so much attention in these recent years. The nanofluids were proven with significant potential
for implementation in many systems and industries. The wide range of application especially in heat exchanger system
becomes the main reason for the development of the nanofluids. This section will review the application of nanofluids in
the heat exchanger. In addition, the section also highlights the method of preparation and stability mechanisms for
nanofluids, thermophysical properties and heat transfer performance of nanofluids specifically for the application in the
heat exchanger system.
Preparation of Nanofluids
The proper method of preparation is the key step to improve the thermal conductivity of the nanofluids. Recently, a
researcher has been trying to produce stable nanofluids with high capability of heat transfer characteristics based on a
different type of nanoparticles [17]. The effect of various chemical surfactants namely sodium dodecyl benzene sulfonate
(SDBS), sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), and gum Arabic (GA) on the
stabilisation of the graphene nanoplatelets in water have been investigated by Sarsam, Amiri, Kazi and Badarudin [18].
Ultrasonic has been used by them to homogenize the nanofluid. The results portrayed that the sample containing SDBS
surfactant with the ratio of 1:1 and ultrasonic duration of 60 minutes experienced good stability condition for up to 60
days.
Leela Vinodhan, Suganthi and Rajan [19] investigated the heat transfer performance of self-produced water-based
nanofluids by using copper oxide (CuO) nanoparticles in a U- shaped tube. The heat transfer rate and the Nusselt number
of nanofluids were higher than those of pure water. In another paper, Hemmat Esfe, Saedodin, Biglari and Rostamian
[20] did not use surfactants to stabilise the nanoparticles in the base fluids. However, the nanofluids underwent 400 W
ultrasonic waves for up to 3 hours to stabilise the suspended nanoparticles. They investigated thermo-physical properties
and heat transfer performance of the nanofluids of water and silver (Ag) nanoparticles. The Nusselt number was increased
up to 11.8% at 1.0% volume concentration. Imani Mofrad, Saeed and Shanbedi [21] improved the thermal performance
of a wet cooling tower by applying the nanofluids of water and zinc oxide (ZnO) nanoparticles. The thermal performance
of a wet cooling tower was improved with the use of nanofluids at 0.02 to 0.1% weight concentration. In advanced cooling
systems, Ilyas, Pendyala, Narahari and Susin [22] studied the stability and thermal properties of the nanofluids for thermal
oil and alumina (Al2O3) nanoparticles. Oleic acid has been used by them to stabilise alumina nanoparticles suspended in
the base oil.
Furthermore, Ettefaghi, Rashidi, Ahmadi, Mohtasebi and Pourkhalil [23] studied thermal and rheological properties
of the nanofluids for engine oil with various carbon nanoparticles, viz. carbon nanotubes, graphene, carbon nanoball, and
fullerene. The ultrasonic probe also has been used by them to normalize the suspended nanoparticles in the based fluids.
The results indicated a significant thermal conductivity enhancement for up to 18% for nanofluids containing the carbon
nanoball particles. Few studies have investigated car radiator coolant (CRC) performance by using nanofluids with a
different type of nanoparticles. One of the studies was undertaken by Ali, Ali, Liaquat, Bin Maqsood and Nadir [24].
They used zinc oxide nanoparticles to enhance the performance of a car radiator. For further clarification on the technique
of preparation, Table 1 shows the summary of the preparation method of nanofluids using different dispersing equipment
undertaken by various scholars in the literature [25-36].
Thermo-Physical Properties of Nanofluids
The convective heat transfer performance strongly depends to the thermo-physical properties such as thermal
conductivity, viscosity, density and specific heat of the working fluids. The dispersion of nanoparticles in nanofluids was
improved the thermo-physical properties of original based fluids. The level of enhancement was associated with the type
of nanofluids and also the physical characteristics of the nanoparticles. Some of the prime factors such as concentration,
level of purity, shape and size of suspended nanoparticles were reported by Zhao, Li and Yang [37] which significantly
alter the thermo-physical properties of the nanofluids. In addition, the heat transfer coefficient and pressure drop of
nanofluids can be characterized quantitatively as a function of thermo-physical properties and thermal-hydraulic
performances for application in automotive radiator [37]. The impact of variables namely nanoparticle properties, type,
size, concentration and temperature on thermal conductivity and viscosity of nanofluids has dependably been a vital issue
for both hypotheses contemplating and building application of nanofluids in an automobile radiator. Therefore, this
section presents the thermo-physical properties and heat transfer performance of nanofluids for various types of base
fluids and nanoparticles.
Thermal Conductivity of Nanofluids
Numerous experimental works, as well as theoretical investigation, have been performed to investigate the thermal
conductivity variation of nanofluids. The enhancement of the thermal conductivity was affected by the addition of
nanoparticles. The Brownian motion is found as a key mechanism to control the thermal behaviour of nanoparticles liquid
suspensions. Various methods were used to measure thermal conductivity of nanofluids such as transient hot-wire
apparatus and hot disk thermal constants analyzer. The measurements were performed for distinctive base liquids
(ethylene glycol, propylene glycol, methanol, glycerol, gear oil, engine oil and paraffin) with various type of
nanoparticles.
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Table 1. Summary of preparation method of nanofluids using different dispersing equipment.
Dispersing
equipment
Ultrasonic
vibrator

Ultrasonic bath

Ultrasonic
processor
Ultrasonic
disruptor
Ultrasonic
cleanser
Ultrasonicated

Authors

Durations

Nanofluids

stabilisers / pH control

Duangthongsuk and
Wongwises [25]

3-4

TiO2/water

CTAB / -

Zhu et al. [26]

≥1

Al2O3/water

Li et al. [27]

≥ 0.25

Cu/water

Ho et al. [28]
Kathiravan et al. [29]

≥2
≥ 10

Dong et al. [30]

≥ 0.5

Al2O3/water
Cu/water
CuPc-U (unsulfonated and
hydrophobic) and
CuPc-S (surface sulfonated
and hydrophilic)/(waterNaNO3 mixture)

Peng et al. [31]

1

Cu/R113 (refrigerant-based)

Yousefi et al. [32]

0.5

MWCNTs/water

Hwang et al. [33]
Yousefi et al. [34]

2
0.5

MWCNTs/water
Al2O3/water

Li et al. [35]

≥1

CuO/water

Wang et al. [36]

24

Single-walled carbon
nanotubes (SWNTs)/heavy
water (D2O)

0.1 wt.% SDBS / pH =
8.0-9.0
0.02 wt.% SDBS /
pH = 8.5-9.5
-/pH = 3
SDS / Triton X-100 / -

CTAB, SDS, Span-80 / Triton X-100 / pH = 3.5,
6.5, and 9.5
SDS / Triton X-100 / TX-10, CTAB, and
SDBS / pH = 9.5
Triton X-100 / -

Sundar et al. [38] investigated thermal conductivity of Fe3O4 nanofluids. The experiments were performed at volume
concentration up to 2.0% and the temperature range of 20 to 60 °C. Their results were displayed clearly the reliance on
thermal conductivity on the particle volume concentration and temperature. A maximum enhancement of thermal
conductivity was recorded up to 48% higher than the base fluids with 2.0% volume concentration and 60 °C temperature.
The thermal conductivity was increased with increasing of the particle volume concentration. The thermal conductivity
of NH3 and H2O mixtures (ammonia mass fractions from 0.10 to 0.50) at temperatures between 20 and 40 °C were studied
experimentally by Cuenca et al. [39]. The results showed that the thermal conductivity of NH3+H2O mixtures was
increased with the increase in the temperature and vice versa with the mass fraction.
The thermal conductivity enhancement of ZnO-EG nanofluids with temperature was investigated by Yu et al. [40].
The thermal conductivity was increased with the increase of temperatures from 10 to 60 °C however with constant
enhancement ratios of nanofluids. In addition, the thermal conductivity augmentation of ZnO-EG nanofluids was
increased nonlinearly with the volume concentration. The maximum improvement of 26.5% was observed for thermal
conductivity of ZnO-EG nanofluids with 5.0% volume concentration. In another paper, the thermal conductivity of
TiO2/water nanofluids studied by Duangthongsuk and Wongwises [41]. The TiO2 nanoparticles were dispersed in water
for volume concentration of 0.2 to 2.0%. Similarly, the thermal conductivity of TiO2 nanofluids was increased with
increasing temperature.
The variation of thermal conductivity enhancement for CuO–gear oil nanofluids at different temperature was
examined by Kole and Dey [42]. The enhancement of 10.4% was obtained at room temperature and 0.025 volume fraction
of CuO nanoparticles. Further, the augmentation of thermal conductivity was increased up to 11.9% for 80 °C
temperature. Table 2 summarises thermal conductivity investigation of various nanofluids for a different type of
nanoparticles from other scholars [43-63]. The table presents variation of thermal conductivity enhancement for different
types of nanofluids, based fluids and particle size from previous researchers.
Dynamic Viscosity of Nanofluids
The viscosity of nanofluids is an important parameter in the heat transfer system. The viscosity of the working fluids
directly associated with the pressure drop and the pumping power of the system. The amount of particle loading into the
conventional base fluids will increase the relative viscosity of the nanofluids. Besides, the viscosity of nanofluids also
influenced by the particle diameter, temperature, and the type of material. Thus, further study on the parameters affecting
the viscosity of nanofluids was carried out by various researcher [64]. Some of the instruments are the piston-type
rheometer, rotational rheometer and the capillary viscometer were used to measure the viscosity of nanofluids. This
section highlights the viscosity of nanofluids for different base fluids.
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Table 2. Summary of thermal conductivity of nanofluids for different type of nanoparticles.
Enhancement of
Nanoparticles
Based fluid
Particle size (nm)
thermal conductivity
Researchers
(%)
43
9.7
Chandrasekar [43]
9
29
Mintsa et al. [44]
30
1.44
Lee et al. [45]
36
29
Li and Peterson [46]
Water
11-150
47
Chon et al. [47]
38.4
24
Das et al. [48]
Al2O3
13
32.4
Masuda [49]
53
35
Vajjha and Das [50]
8–282
20
Beck et al. [51]
Water/EG
60.4
23/29
Xie et al. [52]
28
41
Wang et al. [53]
EG
12-282
19
Beck et al. [51]
Transformer oil
650-1000
20
Choi et al. [54]
50–100
24
Liu et al. [55]
Water
100–200
12
Liu et al. [55]
Cu
5–10
46
Yu et al. [56]
EG
23
34/54
Wang et al. [53]
< 10
41
Eastman et al. [57]
100
52
Zhang et al. [58]
CuO
Water
29
24
Mintsa et al. [44]
10-30 (dia)×(10–50) μm
30
Ding et al. [59]
270
7
Karami et al. [60]
MWCNT
Water
10(diameter) 5–10 μm length
41
Natrajan et al. [61]
40(diameter)
32
Hwang et al. [62]
TiO2
Water
15
79
Murshed et al. [63]
The viscosity can be interpreted as the internal resistance of nanofluids to flow [65]. Both the pumping power and
convective heat transfer coefficient are affected by viscosity in heat transfer applications [66]. For future understanding
on the rheological characteristics of nanofluids, it is important to investigate the influence of nanoparticle on the relative
viscosity of the nanofluids. Aladag et al. [67] investigated the effect of temperature and shearing time on viscosity for
Al2O3 and CNT nanoparticles dispersed in water at low particle loading and temperatures. The hysteresis behaviour is
depending on shearing time when the stress was steadily loaded and unloaded. The CNT-water nanofluids showed
Newtonian behaviour at a high shear rate, whereas Al2O3-water nanofluids exhibited non-Newtonian behaviour in the
range of low temperatures.
Elias et al. [68] demonstrated an increase in viscosity with particle loading of Al2O3-water and Al2O3-water/EG
mixture nanofluids, while diminishment in viscosity with increasing of temperature. Moghaddam et al. [68] were prepared
the graphene–glycerol nanofluids and experimentally measured the rheological properties of the nanofluids. The viscosity
of graphene–glycerol nanofluids increased with increasing the mass fraction and decreased with increasing of
temperature. In their investigation, the relative viscosity of glycerol with nanoparticles experienced an enhancement of
up to 401.49% at a shear rate of 6.32 s−1 and temperature of 20 °C when loading with 2% graphene nanosheets. In another
paper, Alawi et al. [69] presented an increase in viscosity with particle loading and decrease with temperature for
CuO/R134a nanofluids. Later, Sundar et al. [38] were showed the maximum viscosity ratio of 2.96 times higher than
water at 2.0% volume concentration of the Fe3O4-water nanofluids. Table 3 shows the summary of viscosity for different
nanofluids from other researchers [70-77]. The table presents the viscosity increment of nanofluids for different based
fluids, volume concentrations, particle sizes and temperatures undertaken by various scholars.
Heat Transfer Performance using Nanofluids
Numerous experimental investigations have been conducted for vehicle system cooling using nanofluids or
nanocoolants with ethylene glycol as the base fluids by different researchers. Teng and Yu [79] investigated the
performance of MWCNT nanocoolant. They observed an improvement of efficiency for up to 14.1% by using
performance factor ratio of heat exchange capacity to pumping power. Besides, the 50:50 ratio between nanofluids and
ethylene glycol was reported as the optimum ratio for the best performance, and it was restricted to a low volume fraction
of nanoparticles. The performance was dropped at a high concentration of nanocoolant due to the stability problem of the
suspended nanoparticles. In another study, Nieh et al. [80] was achieved an efficiency factor of 27.2% at 0.2% volume
concentration of TiO2 nanofluid in ethylene glycol with 50:50 ratio. Raja et al. [81] and Zhong et al. [82] have examined
the performance of alumina water at a different range of nanoparticle volume fractions. Raja et al. [81] obtained the
maximum improvement of the heat transfer coefficient up to 25% at 2.0% volume concentration.
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Based
fluid

Water

Ethylene
glycol

Water
and EG

Base oil

Gear oil

Table 3. Summary of viscosity for various types of nanofluids by using different based fluids.
Nanoparticles
Particle
Temperature
(volume
size
Viscosity Increment
Authors
range (°C)
concentration)
(nm)
Dynamic viscosity is directly
Al2O3
proportional to particle loading, but
Nguyen et al. [70]
36,47
22–75
(1–9.4%)
inversely proportional with the rise of
temperature.
When volume concentrations of
nanoparticles increased, the viscosity
Al2O3
Chandrasekar et
Room
also increased. Viscosity and particle
43
(0.33–5%)
al. [71]
temperature
loading nonlinear relationship was
identified in this study.
Viscosity improvement depends on
Al2O3
volume fraction of nanoparticles and
Mena et al. [72]
13-131
5–20
(0–1%)
its temperature.
Viscosity of nanofluids depends upon
volume
concentration
and
Duangthongsuk
TiO2
temperature. In this study, when
and Wongwises
21
15–35
particle concentration increased, the
(0.2– 2%)
[73]
viscosity increased but decreased
when the temperature increased.
Viscosity of nanofluids increased
233% compared with deionized water
MWCNT
Hung and Chou
Room
where it is consisting of MWCNTs
20–30
(0.25–1.5 wt%)
[74]
temperature
and chitosan with particle loading 0.4
wt% and 1.5 wt%.
Viscosity increased 2.96 times with
Fe3O4
2.0% volume concentration at 60 °C Sundar et al. [38]
40
20–60
(0–2%)
compared to base fluid.
The temperature and volume
ZnO
fractions affects the Newtonian and
Yu et al. [40]
10–20
10–60
(0–5%)
non-Newtonian behavior of the
nanofluids.
Viscosity increased 4 times with
Namburu et al.
CuO
6.12% volume concentration of the
29
−35–50
[75]
(0–6.12%)
CuO at -35 °C compared to base fluid.
Viscosity increased with the increase
Al2O3
of volume concentrations but
Elias et al. [78]
13
10–50
(0 to 1 vol%)
decreased at high temperature.
Viscosity increased about 20% with
CuO
Saeedinia et al.
weight fraction of 2% at the lowest
50
20–70
(0.2–2 wt%)
[76]
temperature of 20 °C.
Viscosity increased about 71% by 2
Kole and Dey
Cu
vol% of the Cu nanoparticles in gear
~40
10−80
[77]
(0.11–2%)
oil at 30 °C.
Viscosity increased around 3 times
CuO
with 0.025 volume fraction of CuO
Kole and Dey
40
10–80
but then decreased when the
(0.005–0.025)
[42]
temperature increased.

Nevertheless, Zhong et al. [82] reported a lower improvement of 6.52% compared to water at 5.0% volume
concentration. Hence from the two observations indicate the declination of heat transfer performance at high volume
concentration. Further, Table 4 provides a summary of experimental studies for vehicle cooling system using nanofluids
from other researchers [83-98].
Advanced growth in numerical methods nowadays has gathered the attention of many researchers in computational
analysis. Computational or numerical predictions give more comprehensive research to be conducted at low cost to
support and extend the conventional experimental approach. Recently, the numerical and simulation studies of nanofluids
were increased significantly to prove the better performance of nanofluids than traditional heat transfer fluids. Lv, Zhou,
Bai, Liu and Xu [99] estimated the enhancement of heat transfer in internal combustion engine by the application of 5.0%
volume concentration of Cu nanofluids. They found that the enhancement of the heat transfer coefficient was 46% higher
than pure fluids by using Star-CD commercial software. Later, Vajjha et al. [100] carried out a numerical prediction on
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the fluid dynamics and heat transfer performance of Al2O3 and CuO nanofluids in the flat tubes of a radiator by using
Fluent software. The results revealed an improvement of heat transfer coefficient up to 94% at Reynolds number of 2000
with 10% volume concentration of Al2O3 nanofluids. Whereas they presented 89% improvement of heat transfer
coefficient using 6.0% volume concentration of CuO nanofluids when compared to pure water. The summary of numerical
studies for vehicle cooling system using nanofluids from other scholars [101-106] is shown in Table 5. The table presented
the best performance of the cooling system for different nanofluids.
Authors
Zhong et al.
[82]
Ali et al.
[83]
Chougule
and Sahu
[84]
Tzeng et al.
[85]

Table 4. Summary of experimental studies for vehicle cooling system using nanofluids.
Coolants (nanofluids)
Best findings
Al2O3-water, Al2O3Increased 6.52% of heat transfer coefficient by 5.0 vol% of nanoparticles
EG, Al2O3-EG/water
concentration compared to pure water.
Increased 14.72% of heat transfer coefficient by 1.0 vol% of nanoparticles
concentration.
Al2O3-water
Heat transfer rate and Nusselt number increased by 14.79% and 9.51%
respectively.
Al2O3-water, CNTwater

Thermal conductivity increased 76% of the CNT-water and 18% of the
Al2O3-water by 1.0 vol% of nanoparticles concentration.

CuO, Al2O3, antifoamtransmission oil

At various speed, CuO enhanced until maximum heat transfer effect and had
the lowest heat transfer distribution.
Thermal conductivity increased 75.23% of the AlN nanofluid, 37.49% of
the γ- Al2O3 (20 nm) nanofluid, 31.47% of the α-Al2O3 (20 nm) nanofluid
and 26.10% of the α-Al2O3 (100 nm) by 3.0 vol% of nanoparticles
concentration.
Lower coolant and engine temperature are resulted from heat transfer
coefficient enhancement and hence improved the automotive engine cooling
system.
Increased 12.7% of thermal conductivity of the MWCNT by 0.5 vol% of
nanoparticles concentration at 20 °C.

Vasheghani
[86]

AlN-engine oil, αAl2O3-engine oil, γAl2O3-engine oil

Saripella et
al. [87]

CuO-EG/water(50:50)

Ettefaghi et
al. [88]
Peyghambar
zadeh et al.
[89]

MWCNT-engine oil
Al2O3-water

Chavan and
Pise [90]

Al2O3-water

Elias et al.
[78]
Peyghambar
zadeh et al.
[91]

Al2O3-EG/water
(50:50)
Al2O3-water, Al2O3EG, Al2O3-EG/water
(5–20 vol% of EG)

Nieh et al.
[80]

Al2O3-EG/water (50
vol% of EG), TiO2
EG/water (50 vol% of
EG)

Sarkar and
Tarodiya
[92]

CuO, SiC, Al2O3, TiO2EG/water (80% water,
20% EG)

Liu et al.
[93]
Ebrahimi et
al. [94]
Naraki et al.
[95]
Hussein et
al. [96]
Hussein et
al. [97]
Hussein et
al. [98]
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Nanodiamond-engine
oil
SiO2−water
CuO−water
SiO2−water
SiO2−water,
TiO2−water
TiO2−water,
SiO2−water

Increased 3.0% of thermal conductivity of the Al2O3 by 1.0 vol% of
nanoparticles concentration.
Increased 3.0% of thermal conductivity of the Al2O3-water by 1.0 vol% of
nanoparticles concentration.
Increased 40-45% of heat transfer of the Al2O3-water by adittion of 1.0 vol%
of nanoparticles concentration when compared to pure fluid.
Increased 8.3% of thermal conductivity of the Al2O3 by 1.0 vol% of
nanoparticles concentration at 50 °C.
Increased 40% of heat transfer of the nanofluids by 1.0 vol% of
nanoparticles concentration when compared to pure fluid.
Increased around 24-39% of thermal conductivity of the Al2O3 and similar
to TiO2 at all nanoparticles concentrations.
Increased 27.2% of efficiency factor of the TiO2-EG/water by 2.0 vol%
nanoparticles concentrations also increased 14.4% when using
Al2O3−EG/water compared to EG/water.
I Increased 15.34%, 14.33% and 14.03% of heat transfer rate of the SiC,
Al2O3, and TiO2 respectively by 1.0 vol% of nanoparticles concentration
when compared to base fluid.
Increased up to 1.15% of engine power and 1.18% of the torque by using
nanofluid hence decreasing 1.18% fuel consumption compared to the engine
oil.
Increased 9.3% of heat transfer of the nanofluid by 0.4 vol% of
nanoparticles concentration at 60 °C.
Increased 8.0% of heat transfer coefficient of the CuO by 0.4 vol% of
nanoparticles concentration compared to pure water.
Increased 46.0% of heat transfer of nanofluid by 2.5 vol% of nanoparticles
concentration.
Increased 11.0% of Nusselt number of the TiO2 and 22.5% of SiO2
compared to pured water.
Increased 20.0% of heat transfer rate of the TiO2 and 32.0% of SiO2
nanofluid.
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Authors
Lv et al. [99]
Vajjha et al.
[100]
Huminic and
Huminic
[101]
Vajjha et al.
[102]

Table 5. Summary of numerical studies for vehicle cooling system using nanofluids.
Coolants (nanofluids)
Best findings
Increased up to 46% of heat transfer coefficient and 43.9% of heat
Cu−water, Cu−oil
dissipating capacity of the Cu-water nanofluid by 5.0 vol% of nanoparticle
engine
concentration when compared to pure water.
Al2O3-EG/water
I Increased up to 94% of heat transfer coefficient by addition of 10 vol%
(60:40), CuO-EG/water
Al2O3 and achieved up to 89% by 6 vol% CuO compared to base fluid.
(60:40)
Cu-EG
Al2O3-EG/water
(60:40), CuO-EG/water
(60:40)

Huminic and
Huminic
[103]

CuO-EG

Abbasi and
Baniamerian
[104]

Al2O3, Au, CuO, TiO2water/vapor

Hatami et al.
[105]
Delavari et
al. [106]

CuO-water, Fe2O3
water, TiO2-water,
EG/water (50:50)
Al2O3-water, Al2O3-EG

Increased up to 82% of heat transfer coefficient of the nanofluid when
Reynolds number was 125.
Increased up to 36.6% and 49.7% of heat transfer coefficient of the Al2O3
and CuO nanofluid respectively by 3 vol% of nanoparticle concentration
when Reynolds number was 5500.
The convective heat transfer coefficient of nanofluid is higher compared to
pure EG.
The heat transfer coeﬃcient for flattened tubes was higher than circular
and elliptic tubes in all nanoparticle concentrations and Reynolds number.
As the vapor quality increases, the heat transfer coefficient decreases
along the flow. Al2O3 has highest heat transfer coefficient followed by TiO2,
Au, and CuO nanofluids in two-phase flow.
Increased up to 10% of heat transfer rate by using TiO2-water followed by
Fe2O3-water and CuO-water nanofluid compared to EG/water without any
pressure drop.
About 10–45% of Nusselt number for two-phase approach was greater than
the single phase approach hence two-phase approach was closer to the
experimental data.

APPLICATION OF VIBRATION EXCITATION IN HEAT EXCHANGER
Flow-induced vibration generated by the high flow velocities in a flow system. The vibration will cause problems by
decreasing the structural rigidity. Tube failures by fretting-wear or, less likely, by fatigue, can be caused by excessive
flow-induced vibration. At the tube supports or midspan, the fretting-wear might happen if the tubes vibrate at appropriate
amplitude when contacting each other. Most flow-induced vibration problems can be avoided although there are still areas
of uncertain. The components of heat exchanger need to be analysed properly at the design stage and supported by
adequate testing and development work.
Low Frequency Vibration in Heat Exchanger
The vibration amplitude is strongly influenced by structural parameters. Duan et al. [11] reported the average
fluctuation of 81.85% and 19.55% for vibration amplitude and frequency, respectively. Vibrational Reynolds number is
a dimensionless parameter with a combination of amplitude and frequency. The parameter controls the heat transfer
enhancement. Duan et al. [11] presented the minimum heat transfer coefficient ratio of 1.08 and the maximum heat
transfer coefficient ratio of 1.29. Later, Ji et al. [107] stated that the out-plane vibration was mainly vibration of each tube
bundle and induced by the shell-side fluids. The vibration amplitudes of the two stainless steel blocks are essentially
predictable when the shell-side fluids inlet velocity is lower. The vibration amplitude of the stainless steel block III is
more extreme when the shell-side fluids inlet with high velocity. Furthermore, the heat transfer coefficient of each elastic
tube bundle has increased significantly at a low flow rate (low Reynolds number) when the shell-side flow-induced the
elastic tube bundle vibration.
Mechanical force vibration greatly influences the heat transfer in a heated pipe flow, as suggested by Duan et al. [11].
The Nusselt number increased indistinctively with the vibration acceleration augmentation. Meanwhile, the enhancement
in the Nusselt number was weakened with increasing of the inlet velocity. The Nusselt number increased rapidly when
increasing vibration frequency up to resonance frequency value of 400 Hz. Then the Nusselt number decreased sharply
at the frequency of 1500 Hz. Finally, a new correlation was obtained by using the key parameters of vibration frequency,
vibration acceleration, and Reynolds number. From the previous discussion, it should be noted that flow-induced vibration
can play an important role in heat transfer enhancement, although it also contributed a negative impact on the fatigue life
of planar elastic tube bundle. Heat transfer can be improved by increasing vibration intensity, but the fatigue life of the
vibrating structure will be decreased. Therefore, flow-induced vibration should also satisfy the requirement of fatigue
strength along with the enhancement of the heat transfer. Table 6 shows a summary of low-frequency vibration
applications for heat transfer enhancement from other researchers [10, 11, 13, 15, 16, 107, 108].
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Duan et al.
[11]

Ji et al.
[107]

Liu et al.
[108]

Sarafraz et
al. [15]

Cheng et
al. [13]
Yakut and
Sahin [10]
Lemlich
[16]

Table 6. A summary of low-frequency vibration applications for heat transfer enhancement.
Frequency, Hz
Findings
Research description
(amplitude, mm)
Heat transfer enhancement increased by
Numerical
study,
flow-induced
the combination effect of vibration
vibration
for
heat
transfer
16.26 to 23.23
amplitude and frequency. Maximum heat
enhancement and fatigue life of heat
transfer coefficient ratio is 1.29 and
exchanger.
minimum is 1.08.
Heat transfer coefficient of each elastic
Numerical study, shell-side flowtube bundle increases with increasing
induced vibration, heat transfer
21.24 to 29.8
shell-side water inlet velocity and at low
characteristics of elastic tube bundle.
Reynolds number.
Heat transfer enhancement increased by
Experimental study, effects of
mechanical force excitation of vibration
mechanical vibration, characteristics
158 to 3000
in a heated pipe flow. Vibration frequency
of tubular laminar flow.
increases to 400 Hz caused the Nusselt
number increased.
Experimental study, a plate heat
Heat transfer enhancement increased
exchanger, flow-induced vibration for
30 and 60
when the fouling of nanoparticles is
fouling mitigation and intensification
mitigated hence decreased the fouling
(1 and 5)
of thermal performance, working with
thermal resistance.
CuO/water nanofluid as coolants.
Heat transfer coefficient can be increased
Experimental and theoretical study,
by pulsation flow of flow-induced
flow-induced vibration application for
8.75 to 192.6
vibration for nonlinear heat transfer
new designed heat transfer device.
device.
Maximum heat transfer enhancement
Experimental study of conical rings,
increased when conical-ring turbulators
200 to 220
occur with small pitches produced
flow-induced vibration
maximum amplitudes.
Heat transfer enhancement increased
Experimental, effect of vibration on
39 to 122
when the coefficient of heat transfer
natural convective heat transfer
(0.0076)
increased by vibration.

High Frequency Vibration Application in Heat Exchanger
High-frequency vibration or ultrasound is beneficial in engineering applications for improvement of system efficiency.
There are various possible applications of ultrasonic waves, such as intensifying chemical reactions, drying, welding, and
cleaning. Since the last decades, ultrasound application has gained attention from the industry. Hence, it resulted in the
development of several specific applications. It appeared as an interesting way to improve the process productivity. In
heat transfer studies, ultrasound can also be used as a possible technical solution for heat exchange improvement [109].
Benzinger et al. [110] developed an electrically heated microstructured heat exchanger. They applied an ultrasonic
pulse of 1 min duration into the system to mitigate the fouling layer. The layer occurred because of the precipitation of
solid calcium carbonate on the surface of the microstructured device which related to temperature. They found that the
heat transfer coefficient of the heat exchanger was recorded similar to the original values when the fouling layer was
eliminated by ultrasonic pulse. Bott and Tianqing [111] investigated the effects of mutuality between 20 kHz of ultrasound
and oxidizing biocide ozone for the control of biofouling. The results indicated that the biofilm accumulation was reduced
up to 70%. Table 7 shows a summary of numerous high-frequency vibration (ultrasound) studies [112-116] for heat
transfer enhancement.

CHALLENGES AND POTENTIAL OF NANOFLUIDS WITH VIBRATION EXCITATION
Numerous engaging properties of nanofluids have been presented in the literature. Thermal conductivity has received
the maximum interest in the previous studies, but many researchers have recently started studies on other heat transfer
properties as well. The use of nanofluids in various thermal applications appears engaging. Yet, the challenges in the
development of the nanofluids for engineering applications are ruined by (i) absence of agreement of results acquired by
various scholars; (ii) poor portrayal of suspensions; (iii) lack of hypothetical comprehension of the components in charge
of changes in properties. So, this paper deduces some important matters that should receive greater attention in the near
future [117].
One of the factors that hinder the application of nanofluids in the industry is the high production cost. This has also
emphasised by Lee and Mudawar and Pantzali et al. [118, 119]. There are two methods to produce nanofluids. It is either
one step or two steps methods. Yet both methods require advanced and sophisticated equipment. Past endeavours to
produce nanofluids have frequently utilised either a solitary advance that all the while makes and scatters the nanoparticles
into base liquids or a two-advance approach that includes creating nanoparticles and in this manner scattering them into
7727
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a base liquid. Utilising both methodologies, nanoparticles are inalienably created from reduction reactions or ion
exchange. Besides, the base fluids contain different ions and reaction that are troublesome or difficult to isolate from the
liquids.
Table 7. Summary of high-frequency vibration (ultrasound) applications for heat transfer enhancement.
Frequency
Power /
Interesting Result
Authors
Research Description
(kHz)
Intensity
Experimental study,
Fouling layer decreased by 1 min of
Benzinger investigations of antifouling,
20
35 W
pulses hence increased the heat transfer
et al. [110] microstructured heat
coefficient.
exchanger
Experimental study,
Bott and
Biofilm thickness reduced up to 70 %
ultrasound and ozone
2357.8
20
Tianqing
by 2357.8 kWm−2, 3 × 1min pulse/day.
application to clean heat
kWm−2
[111]
exchangers
Experimental study, acoustic
Nusselt number increase about 4 times.
Larson
streaming of a sphere within a
up to 6
20–1000
However, it is not adequate to warrant
[112]
cavitation, cylinder, toluene,
Wcm−2
authorise the technology.
and water
Experimental study, intensity
Ultrasound increased turbulence
Nomura et
of turbulence, square channel,
25
0–50 W
intensity about 3 times and increased
al. [113]
transducer at the bottom
locally up to 5 times.
Experimental study, vibration
Gondrexon
Overall heat transfer coefficient
application for shell-and-tube
35
80 W
et al. [114]
enhanced up to 257%.
heat exchanger
Experimental study, natural
convection, acoustic
Nomura et
Heat transfer increased up to 3 times
60.7
5–20 W
streaming, obstacle in front of
al. [115]
with using acrylic plate at 20W.
a heating surface using
different materials
Experimental study, acoustic
Nomura et streaming, downward facing
Heat transfer coefficient enhanced up
60.7
5–20 W
al. [116]
surface, ultrasound from
to 10-fold.
below, and cavitation
Vibration waves show up as a fascinating method to enhance forms efficiency particularly to beat transfer limitations.
For the concerns in heat transfer, vibration can likewise be viewed as a conceivable specialized answer for heat exchange
enhancement. Subsequently, a great deal of productions managing basic investigations can be found in the literature. Be
that as it may, the majority of these works are performed at the research facility scale, including scholarly setups and as
a rule utilising established low-frequency vibration. Surely understood ultrasonically initiated effects, for example,
acoustic cavitation, acoustic streaming, and fluid particles oscillations are in charge of heat transfer enhancement. It is
likewise imperative to note here that it is extremely hard to recognize the impact of these effects since they frequently
happen all the while. One may along think about the positive impact of ultrasound as a general impact.
The deposition of nanoparticles is a major problem in the application of nanofluids in the heat exchanger system. The
nanoparticles might cause a fouling effect and attach on the inner wall in the tube, especially in a tube of a heat exchanger.
If so, the nanoparticle deposit layer might present an additional thermal resistance at the wall and thus deteriorates the
heat transfer performance. In addition, the fouling layer apparently can increase the surface roughness, friction factor and
pressure drop of the heat exchanger system. In order to overcome this problem, the low-frequency vibration can be
introduced in the heat exchanger system to lessen the fouling of nanoparticles from the inner wall. The use of frequency
of vibration at higher values is not only capable of eliminating the fouling from the inner wall of the heat exchanger but
also will cause local agitation of adjacent fluids to the wall. Consequently, this condition will enhance the overall heat
transfer coefficient. Higher thermal performance of the system was achieved with increasing of vibration amplitude [15].
In recent work, the vibration induced by the pulsation flow was increased the convective heat transfer coefficient of
the nonlinear heat transfer device at low flow velocity [13]. Additional energy is not required by the flow-induced
vibration. The heat transfer coefficient on the heat surface is less dependent on the flow velocity, although the vibration
may increase the flow friction coefficient. Hence, the low flow velocity could be utilised, which would bring about low
energy consumption [13]. Therefore, the heat transfer coefficient can be increased by vibration. Heat transfer coefficient
increased with both amplitude and frequency when other variables are kept constant. The bearing of vibration was without
critical effect [15].
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FUTURE RECOMMENDATION
Heat transfer enhancement by nanofluids, low and high frequency vibrations was investigated in this article. All of
the experimental, numerical and theoretical approaches were considered in this paper. Since the nanofluids and vibration
frequency and amplitude can influence the heat transfer augmentation results, the future research can be extended by the
combination of using high thermal conductivity of nanofluids and the application of vibration frequency. Also, a new
design of heat exchanger using vibration can be modelled by a moving boundary and dynamic mesh modelling.

CONCLUSION
Amid the most recent decades, nanofluids and vibrations application either low or high-frequency excitation have
picked up a developing enthusiasm from industry, bringing about the improvement of a few particular applications. This
audit exhibited logical and chronicled foundations to the future studies concerning heat transfer enhancement by
nanofluids and vibration applications in the heat exchanger to present the advancement of this space with a few cases of
utilisations. It can be reasoned that the heat transfer coefficient can be enhanced up to half contrasted with the original
coolant. Be that as it may, there are still a few issues and difficulties with respect to the systems of heat transfer
enhancement and the real applications on the heat exchanger. Despite the fact that vibration waves show up as an
intriguing method to enhance processes productivity particularly to defeat transfer limitations. For what concerns heat
transfer, flow-induced vibration and ultrasound can likewise be viewed as a conceivable specialized answer for heat
exchange enhancement. Local heat transfer coefficient was appeared to be increased in the vicinity of 2 and 5 times within
sight of an ultrasonic field. Therefore, in the literature, a great deal of productions dealing with fundamental studies can
be found. Be that as it may, the greater part of these works is performed at the research centre scale, including scholastic
setups. As nitty-gritty in this paper, the impact of ultrasound on convection remains the significant subject of intrigue.
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