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Abstract: A comprehensive review of published works dealing with experimental studies of forced
convection heat transfer of nanofluids is presented. The survey is limited to straight, smooth, and
round tubes. Moreover, only mono nanofluids exhibiting Newtonian behaviour are considered.
Works on experimental research of forced convection in tubes are presented in a chronological order
in the first part of the article. In this part, attention was paid to the influence of nanoparticles on the
intensification of heat transfer. Information on the tested nanofluids, the measurement technique
used, and the measurement range are presented in tabular form. Correlation equations proposed by
individual researchers are also presented. In order to explain the controversy regarding the different
influences of nanoparticles on the intensity of heat transfer during forced convection of nanofluids,
the second part of the paper presents a comparison of the test results obtained by different researchers
for the same nanofluid, possibly under the same thermal and flow conditions. Finally, the main
conclusions are discussed.

Keywords: mono nanofluids; forced convection; heat transfer; experiment; round; straight
tubes; correlations

1. Introduction

Since the publication of Choi’s work [1] in 1995, nanofluids have been at the center
of interest of many research groups around the world. In the initial period, the properties
of nanofluids were studied, because nanofluids show completely different properties
compared to the base fluids after adding even a small amount of nanoparticles (NPs) [2,3].
In particular, the thermal conductivity of the nanofluids, which showed a significant
increase compared to the base fluid was studied intensively. The state of knowledge in this
field is well presented in [4-6].

At the same time, research was conducted on the use of nanofluids, especially in
systems with high heat flux such as nuclear reactors [7,8], microelectronics [9,10], gas tur-
bines [11], car radiators [12,13], and lasers [14]. Another field of application of nanofluids
is the cooling systems of vehicle engines [15], fuel cells [16,17], or thermoelectric genera-
tors [18]. High expectations are associated with the use of nanofluids in numerous solar
technologies [19-21]. Particularly interesting seems to be the use of nanofluids in various
types of heat exchangers [22-25]. Information on other applications of nanofluids can be
found in [26-28].

In the design of all thermo-hydraulic systems, correlation equations are used to calcu-
late heat transfer coefficients (HTC). The development of reliable equations for determining
the HTC requires—apart from theoretical work—a large number of experiments. In ex-
perimental studies, the essential parameters affecting heat transfer must be taken into
account. In the case of nanofluids, apart from the parameters that are essential for base
fluids, such as flow velocity, temperature, heat flux, and mass flow rate, the influence of
NPs concentration and their type, material, and size are also important. Due to the fact that
experimental research is tedious, time-consuming, and expensive, it is reasonable to ask
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whether the equations used for base fluids can also be applied to nanofluids. Therefore, it
is important to critically evaluate the results obtained in different research centers.

In contrast to the reviews published so far, e.g., [29-36], this paper focuses on the
results of experimental studies of heat transfer under forced convection for one geometry,
i.e., for horizontal, straight, smooth, and round tubes, and nanofluids referred to as mono
nanofluids or unitary nanofluids. It is also important to emphasize that the discussed
nanofluids exhibit properties of Newtonian fluids.

Due to the fact that round, smooth tubes are the basic geometry used in the construc-
tion of the extremely popular shell and tube heat exchangers, the process of heat transfer
during the flow inside the tubes has been studied for almost a hundred years [37-39].
Hence, the knowledge on this subject is well-established, and the proposed correlation
equations are the basis for the design of heat exchangers, as well as a benchmark in modern
laboratory research. Therefore, it is not surprising that there is a large number of research
papers on heat transfer under conditions of forced convection of nanofluids in horizontal,
smooth, and round tubes.

The aim of this paper is to create a possibly complete database obtained by researchers
for various tested nanofluids and for a wide spectrum of parameters related to forced
convection of nanofluids in horizontal, smooth, and round tubes. The main idea of this
study is the comparison of the measurement results obtained in different research centers
for the same nanofluids under the same flow conditions. The term “same nanofluid” means
a nanofluid consisting of the same base fluid and nanoparticles of the same type and
concentration. Unfortunately, there are too few published data to take into account such
parameters as the size and shape of nanoparticles, which undoubtedly affect convective
heat transfer. When comparing the results, attention was paid to the geometry of the tube,
i.e, its inside diameter and active length, as well as the material from which it was made.
The method of the tube heating is clearly indicated, too—see Table 1. It is important to note
which thermal boundary condition corresponds to the adopted method of heat supply. In
the case of electric heating, it is important whether it was direct current (DC) or alternating
current (AC), because the electric field can affect surface-charged NPs. Many researchers
limit themselves to the validation of the used apparatus and measurement procedure by
comparing them to classical correlations for base fluids and on this basis draw conclusions
about the intensification or deterioration of heat transfer in relation to the tested nanofluids.
However, a reliable evaluation of the obtained results is achieved by comparing them with
data from another center for a given nanofluid under specific thermal and flow conditions.
To the best of the authors” knowledge, no such exhaustive comparison of measurement
data on convective heat transfer of nanofluids has been published in the literature.

2. Characteristics of the Conducted Research

Pak and Cho [40] were the first to study the heat transfer of nanofluids under condi-
tions of forced convection. It was established that the Nusselt (Nu) number increased with
NP concentration and Reynolds (Re) number increase. However, for the highest examined
NP concentration, HTC of the nanofluid was about 12% smaller than that of base fluid
when compared for the same mean velocity. A correlation equation for turbulent regime
was developed. Li and Xuan [41] found that HTC of nanofluid increased by about 60%
compared to the base fluid at the same Re number. Correlation equations for laminar and
turbulent regimes were developed—see Tables 2 and 3. Xuan and Li [42] established that
the Nu number of the nanofluid for turbulent flow increased more than 39% compared to
the base fluid. Wen and Ding [43] established that the use of NPs significantly improved
heat transfer in the laminar flow regime, particularly in the entrance region. Wen and
Ding [43] concluded that the presence of NPs leads to a decrease in the thermal boundary
layer thickness. Yang et al. [44] observed that NPs increased the HTC in laminar flow of
low Re number, but the increase is much less than that predicted by correlation equation for
base fluids based on the thermal conductivity of nanofluid. Kabelac and Kuhnke [45] did
not observe any systematic relationship between NPs concentration and HTC. However,
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for the highest NPs concentration tested, HTC for nanofluid was lower by about 10%
compared to the base fluid at the same boundary conditions. Heris et al. [46] observed
heat transfer enhancement with an increase in NPs concentration and Peclet (Pe) number,
after which, for the optimal value of NPs concentration, HTC decreased. Heris et al. [47]
determined that HTC increased with increasing concentration of NPs and Pe number with
a maximum of about 43%. Ding et al. [48] observed enormous local HTC improvement, of
about 350%, during laminar flow and relatively small NPs concentration, which could not
be attributed purely to the thermal conductivity enhancement. Moreover, the effect of pH
on heat transfer of nanofluids was investigated for the first time. Heris et al. [49] found that
HTC of nanofluid increased with NPs concentration and Pe number increase and contrary
to the observation of Yang et al. [44], was significantly higher than that calculated from
a conventional correlation equation. Williams et al. [50] did not observe spectacular heat
transfer enhancement during fully developed turbulent flow of nanofluid. Moreover, it was
shown that correlation equations for base fluids predict HTC well, provided that thermo-
physical properties of nanofluids are used for calculations. Kulkarni et al. [51] established
that at a fixed Re number, HTC of nanofluid increased with NP diameter increase. Sommers
and Yerkes [52], like Heris et al. [47], observed the optimum concentration of NPs, for which
HTC reached the maximum enhancement—about 15-20%, compared to the base fluid. Kim
et al. [53] found that the HTC coefficient of nanofluids increased significantly more than
their thermal conductivity and depended on the type of NPs and the flow regime. For
example, for water—carbonic nanofluid, the thermal conductivity was the same as for water,
and the HTC for laminar flow was 8% higher than for water. Anoop et al. [54] determined
that the HTC in the laminar developing region was larger the smaller was the diameter of
the NPs. In addition, like Wen and Ding [43], they observed that NPs significantly intensify
the HTC in the entrance region. A correlation equation for local Nu number in the entrance
region was developed—see Table 2. Yu et al. [55] showed that for turbulent flow, HTC
increased by about 50-60% compared to the base fluid for the same Re number. In addition,
the experimental HTC were approximately 14-32% higher than those calculated from the
base fluid correlation. Liao and Liu [56] did not observe a significant effect of NPs on
heat transfer for low concentrations and lower nanofluid temperature, and the Nu number
calculated from the base liquid correlations did not differ from the experimental values
for laminar flow. However, for turbulent flow and higher temperature of the nanofluid,
the Nu number calculated from the correlation for the base fluid was lower by about 15%
for laminar flow and by about 24% for turbulent flow. Hwang et al. [57] determined that
for a fully developed laminar flow, HTC increased with the increase in NPs concentration
by about 8%, and the use of correlation for the base fluid did not allow them to calculate
this surplus. In addition, it was shown that the increase in HTC significantly exceeded the
increase in thermal conductivity of nanofluids. Asirvatham et al. [58] observed that even
for a very low concentration of NPs, the HTC increased by about 8% compared to the base
fluid. Important parameters affecting heat transfer were the velocity and inlet temperature
of the nanofluid. A correlation equation for local Nu number in the entrance region was
developed—see Table 2. Torii and Yang [59] determined that HTC increased with increasing
Re number and concentration of NPs. The maximum HTC rise was almost 25% in the
entrance region and decreased with distance from the inlet. Sharma et al. [60] observed an
increase in HTC with an increase in Re number and NPs concentration with a maximum of
about 23.7%. A correlation equation was proposed for transition flow of nanofluids—see
Table 3. Duangthongsuk and Wongwises [61], like Herris et al. [46] and Sommers and
Yerkes [52], showed that HTC increased only for a certain value of NPs concentration,
beyond which HTC decreased. The maximum increase in HTC for turbulent flow and
optimum NPs concentration was about 26%, while the decrease in HTC for higher concen-
tration of NPs was equal to 14%. Mosavian et al. [62] confirmed that, regardless of the type
of NPs, there was an optimum concentration of NPs for which the maximum intensification
of heat transfer was obtained during laminar flow. Fotukian and Esfahany [63] determined
that the enhancement ratio of HTC during turbulent flow of nanofluid decreased with
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Re number increase. Maximum increase in HTC for optimum NPs concentration was
48%. Fotukian and Esfahany [64] using the same procedures as in [63] but other types of
NPs, established that HTC enhancement was about 25%. Vajjha et al. [65] conducted a
comprehensive investigation for three types of NPs in a wide concentration range, which
confirmed that the HTC for nanofluids was higher than for the base fluid, and also allowed
the development of a more universal correlation for calculating the HTC for fully developed
turbulent flow—see Table 3. Amrollahi et al. [66] studied the effect of NPs concentration
and nanofluid temperature on heat transfer in the entrance region for laminar and turbulent
flow. It was found that both the increase in the concentration of NPs and the temperature of
the nanofluid caused the increase in HTC. Xie et al. [67] found that for laminar flow it was
possible to increase the HTC by up to 252% if the appropriate type, size, and concentration
of NPs was selected. Baby and Ramaprabhu [68] established that HTC enhancement in
the entrance region for turbulent flow increased with Re number and NPs concentration
increase and may be as high as 141% for higher tested NPs concentration. Asirvatham
et al. [69] studied the influence of inlet temperature, NPs concentration, and velocity on
HTC for laminar, transition, and turbulent flow of nanofluids. It was found that HTC
increased with NPs concentration increase, and the maximum increase compared to the
base fluid was 69.3%. The research results were generalized in the form of a correlation
equation—see Table 4. Sajadi and Kazemi [70] determined that the addition of NPs resulted
in a 22% increase in HTC for fully developed turbulent flow. It was significant that a
five-fold increase in NPs concentration resulted in only a 3% increase in HTC. A correlation
equation was proposed for transition and turbulent flow of nanofluids—see Table 3. Fer-
rouillat et al. [71] were the only ones who conducted research on both heating and cooling
of nanofluids for several inlet temperatures in a wide range of NPs concentration. It was
found that the HTC for the nanofluid was higher from 10% to 60% compared to the base
fluid. It was emphasized that the correlation equations for the base fluids in which the
thermophysical properties of the tested nanofluids were used correctly reproduced the
experimental results. Bearing in mind that the tests for the cooling and heating cases were
not carried out in identical thermal conditions, in the case of cooling the intensity of heat
transfer can be defined as equal to or better than that for heating. Ho et al. [72] noted that
in the entrance region HTC increased substantially compared to the base fluid, and then
decreased with distance from the inlet. In addition, HTC was very sensitive to mass flow
rate with a maximum increase of about 6% and practically was independent of heat flux.
Timofeeva et al. [73] showed that for the same velocity of base fluid and nanofluid, HTC
increased with the increase in NPs diameter, NPs concentration, and inlet temperature. For
the maximum values of the mentioned parameters, the increase in HTC was 14.2%. Chan-
drasekar and Suresh [74] observed HTC and Nu number increase with NPs concentration
and Re number increases with a maximum of about 53% and 100%, respectively. Empirical
correlation equations for laminar and turbulent flow were proposed—see Tables 2 and 3.
Abdulhassan et al. [75] demonstrated that the heat transfer enhancement ratio depended
on the material of NPs. Nanofluids that contain metallic NPs displayed better enhancement
compared to oxide nanofluids. The conducted tests showed that for metallic NPs, the
increase in Nu number was 45%, while for ceramic NPs it did not exceed 32% compared to
the base fluid. Shokouhi et al. [76] tested the impact of NPs concentration and Re number
on heat transfer in the entrance region under laminar flow. It was established that for
higher NPs concentration and the highest tested Re number, the maximum increase in
HTC was 23%. Moreover, it was determined that the correlation equation for base fluid
underpredicted the Nu number. Vishwanadula and Nsofor [77] found that the Nu num-
ber for nanofluid under turbulent flow was 20% higher compared to base fluid for the
same Re number. A correlation for calculating the Nu number was proposed—see Table 3.
Heyhat et al. [78] established that HTC increased with NPs concentration increase with a
maximum of about 23%. Moreover, like Williams et al. [50], Heyhat et al. [78] found that the
correlations for base fluids perfectly reflected the results for nanofluids, provided that the
thermophysical properties of nanofluids were applied. Kayhani et al. [79] observed only a
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slight increase in the Nu number—of about 8%—during the turbulent flow of nanofluids.
Nine et al. [80] found that the HTC increased with NPs concentration increase, up to the
value of about 37%, while thermal conductivity increased by about 5% for the same NPs
concentration. Yu et al. [81] found that the addition of NPs caused a significant increase in
HTC—up to about 108%—during laminar flow and cooling mode. Julia et al. [82] reported
300% HTC enhancement during turbulent flow of nanofluids. Despite such a significant
increase in HTC, the researchers believed that the correlation equations for the base fluids
can be used for the predictions of HTC for nanofluids, provided that the thermophysical
properties of the nanofluid were used. Saeedinia et al. [83] found that the increase in
the thermal conductivity of nanofluid with a high Prandtl (Pr) number was about 6%,
while the HTC increased by about 13%. Arani and Amani [84] observed an increase in Nu
number with increasing Re number and NPs concentrations with a maximum of about
80%. A correlation equation for calculating the Nu number was proposed—Table 3. Al-
mohammadi et al. [85] found an increase in HTC with increasing Re number and NPs
concentrations with a maximum of about 27%. The maximum heat transfer enhancement
was recorded in the entrance region. Kumaresan et al. [86] examined the influence of
the NPs concentration, the inlet temperature of the nanofluid, and the heating fluid on
heat transfer both in laminar and turbulent flow in the entrance region. It was found that
for the optimum combination of the three mentioned factors, HTC increased by about
150% compared to the base fluid. In addition, it was stated that the correlation equations
for base fluids could not be used to calculate the HTC for nanofluids for both laminar
and turbulent flow. Azmi et al. [87] like Herris et al. [46], Sommers and Yerkes [52], and
Duangthongsuk and Wongwises [61] previously, observed that HTC increased only for a
certain value of NPs concentration, beyond which HTC decreased. The maximum increase
in Nu number for turbulent flow and optimum NPs concentration varied between 30% and
39%. Valuable information from the study of Azmi et al. [87] was that the HTC decreased
when the viscosity to thermal conductivity enhancement ratio was greater than 5.0. Finally,
a correlation for calculating the Nu number was proposed—see Table 3. Meyer et al. [88]
showed that for turbulent flow and higher concentration of NPs, the increase in the Nu
number could be as much as 33.2% compared to the base fluid for the same Re number.
However, when comparing the HTC for the same velocity, the HTC for nanofluid was lower
by about 12.3% compared to the base fluid. For laminar flow, a slight HTC enhancement
of about 2.3% was observed. According to Meyer et al. [88], the use of nanofluids was
beneficial if the ratio of viscosity increase to thermal conductivity increase did not exceed
4. Ferrouillat et al. [89] conducted experiments for two types of NPs of different shapes.
A slight (8%) increase in the Nu number was observed for nanofluids with NPs with a
shape factor greater than 3. Abreu et al. [90] observed an increase in the Nu number with
NPs concentration increase under laminar flow with a maximum of about 47%, while the
thermal conductivity enhancement was only 7.4%. Haghighi et al. [91], taking into account
the criterion of the same pumping power, found that the five tested nanofluids showed a
lower HTC than the base fluid under laminar flow in a small diameter tube. Moreover, the
measurement results were within £15% band while using a correlation equation for the
base fluid. Paul et al. [92] found that for nanofluids with ionic base fluid, HTC increased
with Re number increase with a maximum of about 15% in the entrance region under
laminar flow. Sahin et al. [93] found that in turbulent flow, the addition of NPs caused an
increase in HTC and Nu number compared to the base fluid. They also found that there
was an optimum concentration of NPs below and above which heat transfer intensification
decreased. The maximum increase in HTC was about 40%. A correlation generalizing the
research results was also proposed—see Table 3. Wusiman et al. [94] studied heat transfer
of nanofluids during laminar, transition, and turbulent flow. They observed that only for
laminar flow was there a significant intensification of HTC, with HTC being twice as high
as for the base fluid. Significant deterioration of the HTC compared to the base fluid was
observed for the transition flow. For turbulent flow, HTC increased gently with increasing
NPs concentration and Re number. Heyhat et al. [95] found that for a fully developed
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laminar flow, the HTC increased with the increase in the Re number and NPs concentration,
and the maximum rise was 32%. Feng and Li [96] revealed that adding NPs to fluids with
a high Pr number significantly deteriorated heat transfer for laminar mixed convection.
The decrease in HTC was higher the higher was the concentration of NPs. However, for
the same Grashof (Gr) number, an increase in NPs concentration resulted in an increase in
HTC. Rayatzadeh et al. [97] observed a nonmonotonic dependence of Nu number against
NPs concentration. The maximum increase in Nu number was 8%, and for the highest
tested concentration of NPs, a decrease in Nu number of about 1% was recorded compared
to the base fluid. The use of sonication improved heat transfer intensity for each tested
NPs concentration, but still in the case of the highest tested concentration of NPs, the Nu
number was lower than for the other concentrations. Esmaeilzadeh et al. [98] recorded HTC
increase with NPs concentration increase with a maximum of about 19% in the entrance
region. A correlation equation generalizing the research results was also proposed—see
Table 3. Merildinen et al. [99] observed that the average HTC of water-based nanofluids
increased by about 40% regardless of the type of NPs. Azmi et al. [100] observed that HTC
enhancement depended on the type of NPs and their concentration. For the two tested
types of NPs, the maximum increase in HTC was about 33%, but there was also a decrease
in HTC compared to base fluid for some NPs concentration. Gupta et al. [101] recorded a
significant increase in HTC—up to 50%—with an increase in NPs concentration using the same
velocity criterion. However, for the highest tested NPs concentration, HTC deterioration was
detected compared to the base fluid. A correlation equation was proposed for laminar flow—see
Table 2. Mojarrad et al. [102] showed that the addition of NPs to the base fluid resulted in a
significant increase in both HTC (up to 24%) and Nu number. However, the ratio of the Nu
numbers for nanofluid and base fluid did not change as the Re number increased. A correlation
equation was proposed for laminar flow—see Table 2. Chiney et al. [103] established that
the addition of NPs may result in overall HTC improvement up to 54% under laminar
flow in a double tube system. It was also found that the degree of intensification of the
overall HTC decreased with the increase in the thermal conductivity of the heat transfer
wall material. Haghighi et al. [104] evaluated the results for nanofluids using two criteria:
the same Re number and the same pumping power. Using the criterion of the same Re
number, the results indicated an increase in HTC by about 51% compared to the base
fluid. However, comparing the results for nanofluids and base fluid using the criterion
of the same pumping power showed a decrease in HTC by as much as 63%. Researchers
recommended using the condition of the same pumping power as a criterion for heat
transfer enhancement in nanofluid systems. Sadeghinezhad et al. [105] reported an increase
in the HTC of nanofluids with a low concentration of NPs with increasing velocity and
heat flux for turbulent flow. The maximum increase in HTC was about 160%. Ghozatloo
et al. [106] determined that the HTC of nanofluid increased with increasing temperature
and NPs concentration, while the influence of NPs on the intensification of heat transfer
was more pronounced the higher was the temperature. The increase in HTC compared to
base fluid for the highest tested temperature was about 36%. Halelfadl et al. [107] studied
the influence of the type of base fluid, the aspect ratio of MWCNT, and the type of surfactant
on heat transfer under laminar flow. It was revealed that HTC increased with the aspect
ratio increase and thermal conductivity of base fluid decrease. The maximum increase in
HTC was about 12% compared to base fluid. Reddy and Rao [108] determined that Nu
number increased with Re number and NPs concentration increase. The maximum increase
in Nu number was about 11% compared to base fluid, however the measurement error was
about £10%. Ho and Lin [109] achieved the maximum increase in HTC for the minimum
studied concentration of NPs, amounting to about 40%. In addition, the HTC depended
heavily on the inlet temperature. With doubling the inlet temperature, the HTC increased
by about 44%. Heat transfer degradation compared to base fluid was observed for the max-
imum tested NPs concentration. Utomo et al. [110] conducted comparative studies of heat
transfer under laminar flow for the same flow rate, same velocity, same pumping power,
and same Re number. The obtained results show that in all tested cases, comparing HTC
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with the same Re number indicated heat transfer enhancement. In turn, the comparison of
HTC with the same pumping power indicated a slight heat transfer deterioration or heat
transfer enhancement depending on the aggregation of NPs. HTC comparison for the same
flow rate or velocity indicated a slight heat transfer enhancement in all tested cases. Esfe
et al. [111] noticed HTC increase up to 36% for the highest tested NPs concentration and
intermediate Re number. Nu number increased as well—up to 22%—but, as in the study
by Kayhani et al. [79], the increase did not depend on changes in the concentration of NPs.
Akhavan-Zanjani et al. [112] found that the addition of even a small amount of NPs caused
an increase in HTC to about 6%, which was almost constant over the entire range of the
Re number. The researchers determined that the Nu number reached the optimum for the
moderate Re number, for which it was slightly higher than for the base fluid, and for larger
and smaller Re numbers it was lower than for the base fluid by about 8%. Sahin et al. [113]
observed the optimum NPs concentration above which Nu number decreased for turbulent
flow. In addition, they determined the optimum Re number for which the increase in the
Nu number was the highest—about 20%. Moreover, regardless of the concentration of
NPs, no improvement in heat transfer was observed for the minimum Re number tested.
Akhavan-Behabadi et al. [114] found that the Nu number increased up to 26% with NPs
concentration increase. Moreover, for the measured thermophysical properties of the tested
nanofluids, the correlation equation for the base fluid correctly predicted the Nu number.
Mebhrali et al. [115] found an increase in thermal conductivity of the tested nanofluids in
the range of 12% to 28%, while maximum HTC increase was only 15%. Contrary to Feng
and Li [96], Amiri et al. [116] showed that the addition of even a small amount of NPs to
fluid of high Pr number resulted in HTC increase of about 48% compared to base fluid
at the same Re number. Colla et al. [117] showed that in the case of nanofluids whose
thermal conductivity and viscosity are almost identical to those of the base fluid, the Nu
number is lower by about 22%. Minakov et al. [118] showed that for the same mass flow
rate, HTC of the nanofluid was about 13% higher than for the base fluid, while for the
same Re number, HTC increase was about 40%. Sadeghinezhad et al. [119] found that
the Nu number increased with Re number and heat flux increase even for relatively small
concentrations of NPs. The maximum increase in the Nu number was about 83% compared
to the base fluid at the highest tested concentration of NPs and heat flux. Chavan and
Pise [120] found that HTC increased with increasing NPs concentration, and the maximum
increase was 36% compared to the base fluid for the minimum Re number tested. A cor-
relation equation generalizing the research results was also proposed—see Table 3. Usri
et al. [121] observed for turbulent flow HTC increase with the increase in NPs concentration
and Re number. The maximum increase in HTC was about 16% compared to the base fluid
at the highest tested concentration of NPs and Re number. Cabaleiro et al. [122] did not
observe any impact of NPs on heat transfer during laminar and transition flow, although
thermal conductivity was enhanced by about 4%. Moreover, experimental data were
reasonably reproduced by correlation equations for base fluid. Gémez et al. [123] found
HTC improvement of about 6% for the same mass velocity and about 30% for the same Re
number, compared to the base fluid. Patel and Subhedar [124] observed increase in the Nu
number and HTC with the increase in mass flow rate and NPs concentrations for laminar
flow. The maximum increase in the Nu number was 16% compared to the base fluid at the
highest tested concentration of NPs and mass flow rate. Esfe et al. [125] found that for fully
developed turbulent flow the maximum increase in the Nu number compared to the base
fluid was about 12%. Akhavan-Zanjani et al. [126] observed that the increase in thermal
conductivity and HTC compared to the base fluid was of the same order, i.e., 10% and
14%, respectively. The studied nanofluids should be treated as very diluted. Hatwar and
Kriplani [127] used nonmetallic NPs with two different thermal conductivities and found
that for the same concentration, the increase in HTC compared to the base fluid was higher
for NPs with a higher thermal conductivity. However, while the ratio of thermal conductiv-
ity was about 1.35, the ratio of HTC increments was about 1.80. Hekmatipour et al. [128]
showed that for laminar mixed flow in the developing region, the maximum increment of
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the Nu number was about 18%. In addition, a correlation equation for mixed convection
was proposed—see Table 2. Selvam et al. [129] studied heat transfer of nanofluids during
laminar, transition, and turbulent flow. Contrary to Wusiman et al. [94], Selvam et al. [129]
determined significant heat transfer intensification in the transition and turbulent regime
with maximum HTC enhancement of about 42%. Zarringhalam et al. [130] determined
that HTC and Nu number increased with NPs concentration an Re number increase. The
highest increases in both HTC and Nu number were observed for the minimum tested Re
number, and were 57% and 27%, respectively. Gupta et al. [131] found that HTC increased
with increasing velocity, NPs concentration, and heat flux, while the effect of velocity for
the same NPs concentration was small. The maximum HTC enhancement was about 78%
for the highest NPs concentration and heat flux. Mangrulkar et al. [132] determined an
optimum concentration of NPs for which HTC achieved a maximum increase of 52% to 60%
depending on the type of NPs. Solangi et al. [133] observed a significant increase in both
HTC and Nu number with increasing NPs concentration and heat flux with a maximum of
119% and 85%, respectively. Noghrehabadi and Pourrajab [134] observed an increase in
HTC with NPs concentration increase with a maximum of about 23%. The intensification
was particularly noticeable in the entrance region. Because the correlation equations for the
base fluid incorrectly predicted the obtained HTC, a dedicated correlation equation was
proposed—see Table 2. Saxena et al. [135] tested the influence of NPs concentration, mass
flow rate, and heat flux on heat transfer during laminar, transition, and turbulent flow. It
was established that the maximum HTC rise was 62% and for turbulent flow. It was also
shown that an increase in the heat flux for the same mass flow rate and NPs concentration
led to a significant increase in HTC. It was suggested that the use of nanofluids was more
efficient for turbulent than transition flow. A correlation equation was also proposed—see
Table 2. Azmi et al. [136] recorded Nu number increase with NPs concentration and inlet
temperature increase with a maximum of about 29%. A correlation equation for transition
and turbulent flow was developed—see Table 3. Martinez-Cuenca et al. [137] established
that HTC increased significantly as the concentration of NPs increased. For ceramic NPs,
the HTC increase was even 84% at high Re numbers. For carbon-based NPs, the increase
in HTC reached 48%. Singh et al. [138] observed HTC increase with NPs concentration
increase with a maximum of about 45%. A correlation equation for laminar flow was
developed—see Table 2. Selvam et al. [139] established a significant increase, as much as
170%, in HTC and 96% increase in Nu number for the maximum tested NPs concentra-
tion and for turbulent flow. These results confirmed earlier study by Selvam et al. [129].
Ranjbarzadeh et al. [140] found that for the same Re number, HTC increased with the
increase in NPs concentration with a maximum of about 40% for smaller tested Re numbers
under turbulent flow. Azmi et al. [141] investigated the effect of water content in the
water—EG base fluid mixture and found that the maximum HTC enhancement was for the
mixture with the highest water content. For maximum inlet temperature and the highest
tested NPs concentration, the maximum HTC increase was about 25% under turbulent flow
condition. A correlation equation for various base fluid mixtures for turbulent flow was
developed—see Table 3. Ilhan and Ertiirk et al. [142] found that the maximum increase
in HTC of about 15% was similar to the increase in thermal conductivity of nanofluid.
Furthermore, the change in Nu number was practically immeasurable in the tested range
of parameters. Jumpholkul et al. [143] recorded that Nu number increased with NPs con-
centration and inlet temperature increase with a maximum of about 35%. A correlation
equation generalizing the research results was also proposed—see Table 3. Sundararaj
et al. [144] found that the Nu number and HTC coefficient significantly increased with
the increase in NPs concentration, and for the maximum tested concentration and the
highest Re number, the HTC increase was about 16.3% and for turbulent flow. Cieslifiski
and Kozak [145] observed a decrease in the Nu number with increasing concentration of
NPs up to 25% for the same Re number. Ho et al. [146] observed no increase in the Nu
number compared to base fluid with a significant increase in the concentration of NPs.
Singh et al. [147] recorded enhancement of HTC with NPs concentration increase up to 24%.


http://mostwiedzy.pl

A\ MOST

Energies 2023, 16, 4415

9 of 49

A correlation equation was proposed for laminar flow—see Table 2. Singh et al. [148] found
an increase in HTC with NPs concentration increase up to 25%. A correlation equation for
two base fluid mixtures was proposed for laminar flow—see Table 2. Solangi et al. [149]
established that the Nu number for turbulent flow of nanofluid increased by 54% and
84% for lower and higher examined heat flux, respectively. Singh et al. [150] found that
the HTC increased with increasing concentration of NPs, with a maximum of about 40%
for laminar flow. Nikulin et al. [151] observed that for the same Re number, the HTC for
nanofluids increased with the increase in the concentration of NPs, both for laminar and
turbulent flow. However, when the same product of the mass flow rate and specific heat
was used as a comparative criterion, it turned out that the addition of NPs had no effect
on HTC in laminar flow, while for turbulent flow it caused deterioration of heat transfer.
Karabulut et al. [152] found that for turbulent flow, the HTC increased with increasing NPs
of concentration up to 48%. Kong and Lee [153] found that HTC increased by about 19%
compared to base fluid for the same Re number and maximum NPs concentration and
inlet temperature for turbulent flow. Demirkir and Erttirk [154] studied laminar, transition,
and early turbulent flow of nanofluids. It was established that the NPs concentration did
not affect the local Nu number for the same Re number and distance from the inlet, while
the local HTC increased with NPs concentration increase to about 22%. The maximum
increase in the average HTC was about 36%. Like Sharma et al. [60], Asirvatham et al. [69],
Meyer et al. [88], Wusiman et al. [94], Selvam et al. [129], and Saxena et al. [135], Demirkir
and Ertiirk [154] observed that the transition from laminar to turbulent flow occurred at
lower Re number with NPs concentration increase. Ebaid et al. [155] observed an almost
17% increase in the Nu number with an increase in NPs concentration compared to base
fluid for turbulent flow. Siddiqi et al. [156] determined that for the same concentration of
NPs, the average HTC decreased from a maximum of about 29% by more than half with a
doubling of the tube diameter.

A more detailed summary of the literature results discussed above is presented in
Table 1.
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Table 1. Review of experimental studies inside straight, round tubes.

Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
Water-Al,O3 1-3%vol. D =10.66 mm SS; q = const. 4 105
Pak and Cho [40] Water-TiO, 13 < dp <27 No L = 4800 mm Resistively heated (DC) 10°-10
. 0.3-2%vol. D =10 mm brass; q = const. 4
Li and Xuan [41] Water-Cu dp <100 FAS L = 800 mm Resistively heated (DC) 800-2.5 x 10
. 0.3-2%vol. D =10 mm brass; q = const. 4 4
Xuan and Li [42] Water—Cu dp <100 SL L =800 mm Resistively heated (DC) 1072510
. 0.6-1.6%vol. D=45mm Cu; q = const.
Wen and Ding [43] Water-Al,05 27 <dp <56 SDBS L =970 mm Silicone rubber heater 500-2100
. 2-2.5%wt.
Yang et al. [44] Pg"g:_—%rapﬁite 1 <day [um] <2 No ? B 1577 r;nrrr? Double tube 5-110
graphite 20 < & [nm] < 40 -
D=8 mm
0.5-1%vol.
Water-Al,O3 o L =500 mm Cu; ty = const. 4
Kabelac and Kuhnke [45] EG-Al,O5 1%vol. No D=07mm Steam condensation Up to 3 x 10
dp, =28
p L =500 mm
0.2-3%vol.
Heris et al. [46] Water-Al,Os d, =20 No D=6 mm Cu; ty = const. 650-2050
Water-CuO P L =1000 mm Steam condensation
50 <dp <60
. 0.2-3%vol. D=6 mm Cu; tyy = const.
Heris et al. [47] Water-CuO 50 < dp < 60 No L = 1000 mm Steam condensation 650-2050
SDBS
. 0.1-0.5%wt. D=45mm Cu; q = const.
Ding etal. [48] Water-MWCNT 1/d > 100 éf L =970 mm Silicone rubber heater 800-1200
. 0.2-2.5%vol. D=6 mm Cu; ty = const.
Heris et al. [49] Water-Al,O3 dp =20 No L = 1000 mm Steam condensation 700-2050
0.9-3.6%vol.
- Water-Al,O3 dp =46 D=94mm SS; q = const. 3 3
Williams et al. [50] Water-ZrO, 0.2-0.9%vol. No L =2820 mm Resistively heated (DC) 9% 10°-63 x 10
dp =60
. . 2-10%vol. D=3.14 mm Cu; q = const. 3 3
Kulkarni et al. [51] Water/EG(40/60)-SiO, 20 < dp, < 100 No L = 1000 mm Strip heaters 3 x 10°-12 x 10
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Table 1. Cont.

Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
0.5-3%wt Yes—P D =19.05 mm
Sommers and Yerkes [52] Propanol-Al;O5 dp=10+5 L = 4572 mm Double tube 500-5500
3-3.5%vol.
. Water-Al,O3 D =4.57 mm SS; q = const. g
Kim etal. [53] Water—carbonic 20 i d_p 2% >0 No L =2000 mm Resistively heated (DC) 800-6500
p=
1-6%wt D =4.75mm Cu; q = const.
Anoop et al. [54] Water-Al,O3 45 < dp < 150 No L = 1200 mm Heater wire 500-2000
. 3.7%vol. D =227 mm SS; q = const. 3 3
Yu et al. [55] Water-SiC dp = 170 No L = 580 mm Resistively heated (DC) 3.3 x 10°-13 x 10
0.5-2%wt
Liao and Liu [56] Water-MWCNT 1<1[um] <2 No D=102mm 55, q = const 500-10*
10<d<20 L =221 mm Resistively heated
0.01-0.3%vol. D=1.812mm SS; q = const
Hwang etal. [57] Water-Al,0; dp=30+5 No L = 2500 mm Resistively heated (AC) 390-800
. 0.003%vol. D=8 mm Cu; q = const
Asirvatham et al. [58] Water—-CuO dp = 40 No L = 1500 mm Heating tape 1350-2170
0.1-1%vol.
. D=4mm SS; q = const 3 3
Tori and Yang [59] Water-ND 2<dp <10 No L = 1000 mm Resistively heated (DC) 3 x 10°-6 x 10
0.02-0.1%vol. D =19 mm Cu; q = const. 3 3
Sharma et al. [60] Water-Al,O3 dp = 47 SDBS L = 1500 mm Heater wire 3.5 x 10°-8.5 x 10
Duangthongsuk and T 0.2-2%vol. D =8.13mm 3 3
Wongwises [61] Water-TiO, dp =21 No L = 1500 mm Double tube 3 x 10°-18 x 10
0.2-3%vol.
dp =20
Water—-Al, O3 L 3 L
Mosavian et al. [62] Water—CuO 0.2-8%vol. No D=6 mm Cu; tw = COHSt.' 600-2000
dp, =50 L =1000 mm Steam condensation
Water-Cu P
0.2-2.5%vol.
dp =25
Fotukian and Esfahany 0.2%vol. D=5mm Cu; ty = const. 3 3
[63] Water-Al,0; dp =20 No L =1000 mm Steam condensation 6> 10°-31 < 10
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Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
Fotukian and Esfahany 0.015-0.24%vol. D=5mm Cu; ty = const. 3 3
[64] Water-CuO 30 <dp <50 No L =1000 mm Steam condensation 5.2 10°-31.1 % 10
Water/EG(40/60)— 2-10%vol.
. AlL,O3 dp =45 D =3.14 mm Cu; q = const. 3 3
Vajjha et al. [65] Water/EG(40/60)-CuO dp =29 No L=1168 mm Strip heaters 6> 10°-16 x 10
Water/EG(40/60)-SiO, 20 <dp <100
. 0.1-0.25%wt D=11.42 mm Cu; q = const 3
Amrollahi et al. [66] Water-MWCNT 150 < d < 200 No L = 1000 mm Resistively heated (AC) 1600-6 x 10
Water /EG(55:45)-AL,05 1%5;2; & <"210
. Water /EG(55:45)-TiO, =P _ Cu; ty = const. .
Xie etal. [67] Water /EG(55:45)-ZnO jp : gg i g ns D=27mm Cooling bath 150-1500
AE)_ p=
Water /EG(55:45)-MgO dp=30%5
Baby and Ramaprabhu Water-graphene 0.005-0.05%vol. D =23 mm SS; q = const 3 3
[68] EG-graphene ns No L =1080 mm Coil (DC) 4.5 X 10°-15.5 > 10
. 0.3-0.9%vol. D=43mm 3 3
Asirvatham et al. [69] Water-Ag dp <100 No L = 2940 mm Double tube 10°-11 x 10
.. . . 0.05-0.25%vol. D=5mm Cu; tyy = const. 3 3
Sajadi and Kazemi [70] Water-TiO, dp =30 No L = 1200 mm Steam condensation 5 x 10°-30 x 10
5-34%wt D=4 mm
Ferrouillat et al. [71] Water-SiO, 2.3-18.9%vol. No B Double tube 200-10*
L =500 mm
dp =22
2-10%wt
_ D=34mm Cu; q = const.
Ho et al. [72] Water-Al,O3 dp =33 ApH L = 700 mm Coil (DC) 195-1801
. . . 1-4%vol D =227 mm SS; q = const. 3 3
Timofeeva et al. [73] Water /EG(50:50)-SiC 16 < dp < 90 ApH L = 580 mm Resistively heated (DC) 45 x 10°-7.5 x 10
0.1-0.2%vol.
Chandrasekar and B D =4.85mm Cu; q = const. 3
Suresh [74] Water-ALOs dp =43 No L =1200 mm Heater wire 600-7 > 10
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Table 1. Cont.

Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
Water-AL O3 0-25;’1—2;5 B/BVOL D=4mm Pyrex, q = const
Abdulhassan et al. [75] Water-Al P No L = 2500 mm yrex, q = ’ 100-900
dp =25 Coil (AC)
Water—-CuO
dp =50
. 0.5-1%vol. D =124 mm Cu; tw = const.
Shokouhi et al. [76] Water-Al,O3 20 < dp < 30 SDBS L = 1460 mm Water bath 650-2300
Vishwanadula and 0.5-4.5%vol. 3 3
Nisofor [77] Water-Al,O3 dp = 45 No ns Double tube 9.5 x 10°-21 x 10
3 0.1-2%vol. D=5mm Cu; tyy = const. 3 3
Heyhat et al. [78] Water-Al,O3 dp = 40 No L = 2000 mm Steam condensation 3 x 10°-13.5 x 10
. . 0.1-2%vol. D=5mm Cu; q = const 3 3
Kayhani et al. [79] Water-TiO, dp =15 FNPs L = 2000 mm Coil (DC) 6 x 10°-16 x 10
Cu; q = const
. 0.5-1.5%vol. D=45mm - !
Nine et al. [80] Water-Al,O3 30 < dp < 50 No L = 1000 mm Silicone rubber heater 300-1100
(DC)
) 0.01-0.02%vol. B Cu; ty = const. 3
Yu et al. [81] Water/EG(55:45) —-Al,O3 dp =30 No D=27mm Cooling bath 100-2 x 10
1-5%vol.
. Water-Al,O3 _ D =24 mm Al; q = const 3 4n5
Julia et al. [82] Water-SiO, (Cilp _ }; No L = 1000 mm Band heaters 3 x10°-10
p=
0.2-2%wt D = 14 mm Cu; q = const
Saeedinia et al. [83] EO-CuO dp =50 No D Silicone rubber heater 20-120
L =1200 mm
(AC)
. . . 0.2-2%vol. D =8.18 mm 3 3
Arani and Amani [84] Water-TiO, dp = 30 CTAB L = 1288 mm Double tube 8 x 10°-51 x 10
. 0.5-1%vol. D=7mm Cu; q = const
Almohammadi et al. [85] Water-Al,O3 dp =15 No L = 1000 mm Heater wire 500-1500
0.15-0.45%vol. D =10.7mm 3
Kumaresan et al. [86] Water/EG-MWCNT d< 100 SDBS L = 2500 mm Double tube 500-5.2 x 10
. . 0.5-4%vol. D =16 mm Cu; q = const 3 3
Azmi et al. [87] Water-SiO, dp =22 No L = 1500 mm Heater wire 5 x 10°-27 x 10
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Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
0.33-1%vol.
- 3<din, <5 D =5.16 mm Cu; q = const 3 3
Meyer et al. [88] Water-MWCNT 10 < dgy; < 20 AG L = 1000 mm Coil heater (DC) 10°-8 x 10
10< 1[pum] < 30
2.5%wt. = 1.08%vol.
Water-SiO; (spherical) ns
Wa"/c\e/z;;eSrl_Ozzn(éod) 4%wt. Eni.ZS Yovol. bt Double tube
Ferrouillat et al. [89] o _ o FNPs B Cooling mode 200-15 x 103
(polygonal) 4.4%wt. = 0.82%vol. L =500 mm Heatine mode
Water-ZnO ns J
(rod-like shape) 5%wt. = 0.93%vol.
ns
0.25-0.5%vol. D= 6mm SS, q = const
Abreu et al. [90] Water-MWCNT 50 < dout < 80 FNPs L= 1200 mm Silicone rubber heater 1240-2060
10 <1[um] <20 B (DC)
9%wt.
Water-Al,O3
o . dp =10 PACSS D=0.5mm SS, q = const
_ P ’ .
Haghighi etal. [91] e 1102 20 < dpy < 30 PAAS L = 300 mm Resistively heated (DC) 380-1050
2 50 < dp < 100
Ionic liquid—-Al,O3 0.5%wt D =3.86 mm SS, q = const g
Pauletal. [92] Spherical /whiskers dp <50 No L =990.6 mm Heating tape (DC) 583-2193
. 0.5-4%vol. D=11.7 mm Al; q = const 3 3
Sahin et al. [93] Water-Al,O3 ns No L = 770 mm Heating tape 4 x 10°-20 x 10
. 0.1-1%vol. D =45mm Cu, q = const 3
Wusiman et al. [94] Water-Cu dp = 50 No L = 1000 mm Heater wire (AC) 300-16 x 10
0.1-2%vol. D=5mm tw = const.
Heyhat et al. [95] Water-Al,O3 dp = 40 No L = 2000 mm Steam condensation 330-2100
. EG-SiO, 0.2-2%vol. D =10 mm Cu; q = const
Feng and Li [96] Water/EG(50:50)-Si0, 15 < dp < 50 L = 900 mm Resistively heated (DC) 9450
. 0.1-0.25%vol. D=42mm Cu; q = const
Rayatzadeh et al. [97] Water-TiO, dp =30 CTAB L = 2740 mm Heater wire 850-1950
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Table 1. Cont.

1=15um

Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
. 0.5-1%vol. D=7mm Cu; q = const 3
Esmaeilzadeh et al. [98] Water-Al,O3 dp =15 No L = 1000 mm Heater wire 300-2 x 10
0.5-4%vol.
dp=82+31
14 <d, <53
- —¥p =
Merilii tal. [99] V‘\//\;;tfr _A512003 dp=65+18 AoH D=7mm tw = const. 3 % 103-10%
erramnen et at ater—oit dp=65+34 P L =1500 mm Steam condensation
Water-MgO 14<d, < 53
dp=21£10
16 <dp <47
0.5-3%vol.
. Water-TiO, _ D =16 mm Cu, q = const 3 3
Azmi etal. [100] Water-SiO, 3}’ :gg No L = 1500 mm Heater wire 5x10°-25 % 10
p=
. 0.05-0.5%wt D =8 mm Cu, q = const
Gupta et al. [101] Water-TiO, 30 < dp <50 No L = 1050 mm Heater wire 1663-2433
. . 0-0.7%vol. D=124mm Cu; tw = const.
Mojarrad et al. [102] Water/EG(50:50)-Al,O3 20 < dp < 30 SDBS L = 1460 mm Heating bath 650-2300
Water—-Al,O3 o _
Chiney et al. [103] EG-AlL,O3 885< 11'25 /01091'5 Yes—ns LD—_SSOHIInHIIn Double tube Laminar
Water /EG(50:50)-A1,05 = "ps0 = -
Water—-Al,O3 d9 /o:w6tS Yes—ns D =37 mm
Haghighi et al. [104] Water-TiO, P PAAS ' Double tube 100-9 x 10°
d, =300 L =1500 mm
Water-ZrO, dp 37 PAAS
p=
. 0.025-0.1%wt. D =10 mm B
Sadeghlﬁfé}]‘ad etal Water-GNP day =2 um No L = 1400 mm Heitsi'n q ;a“;“(sltj o) 5 x 103-22 x 10°
6=2nm SS, q = const & tap
Ghozatloo et al. [106] Water—-GNS 0.05-0-1%wt. AOM with KPS D =10.7mm Cujq= co'nst. 1940
ns L =1000 mm Heater wire
0.05%wt. = 0.026%vol Lignin D = 18.7 mm
Halelfadl et al. [107] Water-MWCNT dout = 9.2 nm Sp L = 660 mm Double tube 500-2050
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Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
) . 0.0004-0.02%vol. D =8.13 mm 3 3
Reddy and Rao [108] Water/EG(60:40)-TiO, dp =21 No L = 1500 mm Double tube 4 x 10°-15 x 10
2-10%wt =
. o D=34mm Cu; q = const. 3 3
Ho and Lin [109] Water-Al,O3 0.56-2.98%vol. No L = 700 mm Coil (DC) 3 x 10°-13 x 10
dp =33
9%wt = 2.4%vol.
100 < dp <200
Water-Al,O3 10<dp <20 _ L
Ut tal. [110] Water—TiO, 20 < dp <50 PVP LD _‘142‘% ’;’; Ssé(?ﬂ‘(gg“ 400-2200
omo et al. Water—CNT 0.3%wt = 0.14%vol. =
20 < dout < 40
10 <1[um] <20
9%wt = 0.2.4%vol.
100 < dp <200
Water-Al,O3 10<dp <20 B o
W T LSRN s IO
Water-CNT 0.3%wt = 0.14%vol. - y
20 S dout S 40
10 <I1[um] <20
Esfe et al. [111] Water-MgO 0'066125‘_1 4/5"01' CTAB L=1110 mm Double tube 3.2 x 103-19 x 103
p =
.. 0.005-0.02%vol. Cu; q = const.
Akhavan[—lzlaz?]am etal. Water—graphene 04<6<13nm PVA D=42mm Heater wire 5 x 103-11 x 10°
270 nm x 1.5 pm (AQC)
. 0.5-4%vol. CTAB D=11.7 mm Al; q = const 3 3
Sahin et al. [113] Water-CuO dp =33 SDBS L = 770 mm Heating tape 4 x 10°-20 x 10
Akhavan-Behabadi et al. 0.5-1.5%wt. D =8.62 mm tw = const.
[114] HTO-Cu® dp =40 No L =500 mm Steam condensation 200-750
0.025-0.1%wt
. _ D=45mm SS; q = const.
Mehrali et al. [115] Water—-GNP dgv_—ZZHLI;m No L = 1404 mm Resistively heated (DC) 290-2300
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Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
0.001-0.1%vol. Cu: q = const
Amiri et al. [116] TO-MWCNT dout < 30 HA L =1300 mm 1 q = const. 300-1000
5<1[um] <15 Electrical resistances
. 1-2.5%wt D=8 mm Cu; q = const.
Colla et al. [117] Water-TiO, 0.6 nm < dp < 6 um AA L = 2000 mm Heater wire 400-1600
. 0.25-2%vol. D=4mm Cu; q = const.
Minakov et al. [118] Water—-CuO dp = 55 XGP L = 1000 mm Heater wire 50-3500
Sadeghinezhad et al. 0.025-0.1%wt D =10 mm SS; q = const. 3 3
[119] Water-GNP ns No L = 1400 mm Heating tape 4.6 x 10°-18.2 x 10
. 0.1-1%vol. D =10.6 mm Cu; tw = const. 3 3
Chavan and Pise [120] Water-Al,O3 dp =30 No L = 1000 mm Heating bath 6 x 10°-14 x 10
. . 0.2-0.6%vol. D =16 mm Cu, q = const 3 3
Usri et al. [121] Water/EG(60:40)-Al,O3 dp =13 No L = 1500 mm Heater wire 2.5 x 10°-18 x 10
. . 1%wt. D=8 mm Cu, q = const 3
Cabaleiro et al. [122] Water/EG(50:50) -ZnO 40 < dy < 100 No L = 2000 mm Heater wire 800-3 x 10
0.12-0.24%vol.
Gémez et al. [123] Water-CNT 15 < dout < 30 No Do o3t mm Brass; 4 = const; 3 x 10%-20 x 103
8 <1[um] <36 - g tap
Water/EG(50/50)- 0.2-0.6%vol. D =10 mm Cu; q = const. .
Patel and Subhedar [124] Al,Os dp =20 No L = 1000 mm Coil heater Laminar
0.125-1%vol. _ 3 3
Esfe et al. [125] Water-Ag 30 < dp < 50 No L=1110 mm Double tube 3.1 x 10°-31 x 10
0.005-0.02%vol.
Akhavan-Zanjani et al. D=42mm Cu; q = const
[126] Water-graphene 04<6<13nm PVA L = 27402 mm Heater wire (AC) 600-1900
270 nm x 1.5 pm
Hatwar and Kriplani Water-Al,O3 O'l(;o'z 2;01' No D=95mm Cu; q = const 28 x 1035 x 103
[127] Water-CuO dp : 45 L =1000 mm Heater wire (AC) ’
p =
. 0.5-1.5%wt. D =8.62 mm tw = const.
Hekmatipour et al. [128] HTO-CuO dp = 40 No L = 500 mm Steam condensation 113-730
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Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
0.05-0.45%vol. D=43mm 3
Selvam et al. [129] Water/EG(70/30)-Ag dp < 100 SDS L = 2970 mm Double tube 500-12.5 x 10
Zarringhalam et al. [130] Water-CuO 0'0325__2 4/5V°1' No L=1110 mm Double tube 29 x 103-185 x 103
p=
0.05-0.5%wt D=8mm Cu; q = const
Gupta et al. [131] Water-MWCNT 7 < dout <20 No - Fa ) 1300-2300
75 < 1 [nm] < 88 L =1050 mm Heater wire (DC)
0.3-0.7%vol.
Water—-Al,O3 - D =9.52mm Cu; q = const. g
Mangrulkar et al. [152] Water-CuO 3}) B gg No L =800 mm Heater wire (AC) 500-2750
p=
. 0.025-0.1%wt D=4mm Cu; q = const. 3 3
Solangi et al. [133] PG-Water-GNP ns FGNP L = 1500 mm Heating tape 3.9 x 10°-11.7 x 10
0.1-0.9%vol.
Noghrehabadi and ~ D =11.1mm Cu; q = const. »
Pourrajab [134] Water-Al,05 dp =20 No L =2380 mm Heater wire (AC) 1057-2070
0.1-0.5%vol. D=11.7 mm Cu; q = const. 3
Saxena et al. [135] Water-Al,O3 dp = 40 No L = 1400 mm Heater wire 1500-6 x 10
. . 0.5-1.5%vol. D =16 mm Cu, q = const 3 3
Azmi et al. [136] Water /EG(60/40)-TiO, dp = 50 No L = 1500 mm Heater wire 4 x 10°-22 x 10
1-5%vol.
dp =127
Martinez-Cuenca et al. Water—A1'203 1-5%vol. ApH D =24 mm Al; q = const 3 .45
[137] Water 510, dp =201 SDS L = 1000 mm Band heaters 5 x 10710
Water-MWCNT 0.125-1%vol. B
dout =30
I=15mm
0.25-1%vol D =996 mm
Singh et al. [138] Water /PG(40:60)-CuO ’ o No D =129 mm Double tube 750-1600
dp =33 _
D=19.24 mm
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Table 1. Cont.

Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
0.1-0.5%vol. D =43 mm
Selvam et al. [139] Water/EG(30/70)-GNP day = 15 pm SD s Double tube 10%-11 x 10°
5<5<10 L =2970 mm
0.025-0.1%vol. t. = const
Ranjbarzadeh et al. [140] Water-GO day =2 pm FGO D =85mm W " 5.2 x 103-36.5 x 10°
34<5<7nm Steam condensation
Water/EG(60/40)-
Al O3
. Water/EG(50/50)- 0.2-1%vol. D =16 mm Cu; q = const. 3 3
Azmi et al. [141] ALO; dp =13 No L = 1500 mm Heater wire 3 x 10°-25 x 10
Water/EG(40/60)-
Al,O5
. . 0.1-1%vol. D=6mm Cu; q = const.
Ilhan and Erttirk [142] Water-hBN 60 < d,y < 80 pPvP L = 2000 mm Heater wire (AC) 800-1700
. 0.5-2%vol. D=7mm SS; q = const. 3 3
Jumpholkul et al. [143] Water-SiO, dp =7 No L = 2000 mm Resistively heated (DC) 3.8 x 10°-12 x 10
. 0.01-0.05%vol. D=4mm Cu; q = const. 3
Sundararaj et al. [144] Kerosene-Al,O3 32 < dp < 50 No L = 1000 mm Heater wire 500-5.5 x 10
Water/EG(60/40)-
Cieslinski and Kozak AlL,O3 0.1-1%wt No D=8mm SS; q = const. 3 % 103-8 x 10°
[145] Water/EG(50/50)— dp <50 L = 2000 mm Resistively heated (AC)
Al,O3
10%wt D=34mm Cu; q = const.
Ho et al. [146] Water-Al,O3 22<dy <477 No L = 800 mm Coil (DC) 189-2087
, 0.3-0.66%vol. D =996 mm
Singh et al. [147] Water /PG(40:60)-MgO d. =22 No D =129 mm Double tube 1100-2050
P L = 1600 mm
1-2.5%vol. D =9.96 mm
Singh et al. [148] nggggg;gggzﬂzg 0.6-1.5%vol. No D =129 mm Double tube 1000-3250
' 2 19 <dp <59 D=19.24 mm
. 0.025-0.1%wt D=4mm Cu; q = const. 3 3
Solangi et al. [149] Water-GNP ns FGNP L = 1500 mm Heating tape 3.9 x 10°-11.7 x 10
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Table 1. Cont.

Executor Nanofluid NPC/dy [nm] Surfactant Geometry Heating Method Re
. 0.3-0.7%vol.
Singh et al. [150] Water/PG(40/60)-CuO d. =38 Yes—ns D =13 mm Double tube 750-1600
p=
s 0.387-4.71%wt D =3.5mm SS; q = const. 3
Nikulin et al. [151] Isopropanol-Al,O3 dp < 50 No L = 2400 mm Resistively heated 200-8 x 10
Karabulut et al. [152] Water—-GO 0.01-0.02%vol. No D=8 mm Cu; q = const. 2371-3167
ns L =1830 mm Heater wire
0.38-1.3%vol. D =12.573 mm Cu; q = const. 3 3
Kong and Lee [153] Water-Al,O3 dp = 30 No L = 1200 mm Heater wire (AC) 5.3 x 10°-19.5 x 10
s N 0.025-0.2%vol. B o
Demirkir and Ertiirk Water—graphene 5<65<10nm PVP D=6mm Cu; q = const. 1.4 x 103-4 x 103
[154] L =2100 mm Heater wire
5<1[um] <10
. . 0.3-1.2%wt NH,OH D=11mm Cu; q = const. 3 3
Ebaid et al. [155] Water-Fe; Oy dp =103 Ethanol L = 1200 mm Heater wire 2.2 x10°-9.2 x 10
o D=1mm L
Siddigqi et al. [156] Water-ZnO 0.012-0.048%wt No D=2mm . S.S’ q = const. Laminar
dp =20 L Resistively heated (DC)
=330 mm
Table 2. Empirical correlation equations for laminar flow of nanofluids.
Authors Correlation Nanofluid Range
— 800 < Re < 2200
i — 0.754 p,0.218 0.333 p,.0.4 -
Li and Xuan [41] Nu = 0.4328 (1.0 +11.285¢ Ped,, >Re Pr Water-Cu 0.3%vol < ¢ < 2%vol
Nu =436 +
3,—1.1522 0.1533 2.5228 d —02183 200 < Re <2000
Anoop et al. [54] 6.219 x 10 3x 1 (1 + 01533 exp (2 xﬁ)} [1 n 0.57825(d,ff) } Water-Al,O; 50 < x/D < 200
1%wt < @ < 6%wt
dyep =100 nm; X, = prip: WhS @ =bw
1350 < Re <2170
Asirvatham et al. [58] Nu = 0.155Re®% Pr035(D /x)*3 Water-CuO ¢ =0.003%vol
D=8 mm

Chandrasekar and Suresh [74]

N = 05560348 (1 1 )18143
Nt = 9.4 x 10 5Re!42p04(1 1 ¢)3715

Water-Al,O3

600 <Re <7 x 10
0.1%vol < @ < 0.2%vol
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Table 2. Cont.

Authors

Correlation

Nanofluid

Range

Esmaeilzadeh et al. [98]

N = 436+ 0.8437[0.2315(x, )04 (14 g0123¢(- 23530 ) |

— X
X+ = DRePr

Water-Al,O3

300 <Re <2 x 10°
0.5%vol < @ < 1%vol

Gupta et al. [101]

Nu = 0.00414Re%55 py21

Water-TiO,

1663 < Re < 2433
0.05%wt < @ < 0.5%wt

Mojarrad et al. [102]

Nu = 0.1899 Re0-37 p0-496 (}70'67

Water/EG(1:1) —Al,O3
Water-Al,O3

650 < Re <2300
Pr>4
@ <0.7%vol

Hekmatipour et al. [128]

Nuyp = Nubf{0.68(zif;)o'14(1 + g0)1.6 {1 n (%)0.3}

1/6
Nuyp = 2.67[Gz§ L 0.00872(Grpr)1~5]
Gz = %RePr—GraetZ number

0.5

HTO-CuO

113 < Re <730
215 < Pr <233
7700 < Gr < 32,000
0.5%vol < @ < 1.5%vol

Noghrehabadi and Pourrajab [134]

Nu = 4.36 + (3 + 4)0'442)REO'288P70‘0185(D/x)0'3851

Water-Al;,O3

900 < Re <2100
0.1%vol < @ < 0.9%vol
40 <x/D < 180

Saxena et al. [135]

Nu = 0.309Re%45 (1 + 100¢) 427 W:203
Wi, —electrical heating power

Water-Al,O3

1500 < Re < 6000
0%vol < @ < 0.5%vol

Singh et al. [138]

P 0.45
Nu = 1.86P¢!/3 [1 +1.87( ;) }

S

Water/PG(40/60) —-CuO

750 < Re < 1600
8 x 10 <Pe <123 x 103
0.3%vol < @ < 0.7%vol.

Singh et al. [147]

N 0.576
Nt = 1.86Pe!/3 [1 +4.90( ;) }

Water /PG(40:60) -MgO

1100 < Re < 2050
4 x 103 <Pe< 1114 x 103
0.3%vol < @ < 0.66%vol

Singh et al. [148]

o 0.622
Nii = 1.86P¢!/3 {1 +2536 (%) ]

Water /EG(40:60) —Al, O3
Water /PG(40:60) —Al, O3

1000 < Re < 3250
485 x 10° < Pe < 83 x 103
0.3%vol < @ < 0.66%vol

Singh et al. [157]

Nu = 1.86 (pe%>1/3( i )0'14 [1+0316(pA)°2]

Ho
A = 6 for Water-EG based nanofluids
A =~ 11 for Water-PG based nanofluids

Water/PG-CuO
Water/PG-MgO
Water/EG-Al,O3
Water/PG-Al,O3

Laminar flow
0.3%vol < @ < 0.7%vol.
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Table 3. Empirical correlation equations for transition and turbulent flow of nanofluids.

Authors Correlation Nanofluid Range
10* < Re < 10°
Pak and Cho [40] Nu = 0.021Re"8 P05 Water-AlLO; 6.5<Pr<12.3
Water-TiO,
1%vol < ¢ < 3%vol
Li and Xuan [41] Nu = 0.0059 (1,0 +7.6286,¢0-6886 p32-001> Re0-9238 p 0.4 Water—Cu 10% < Re < 2.5 x 10°
v

Sharma et al. [60]

Nu = 3.13 x 10" 3RePr%6(1 4 )

Water-Al,O3

35 x 10° <Re < 8.5 x 10°
45<Pr<5.5
35 <t [°C] < 40
0.02%vol < @ < 0.1%vol

Vajjha et al. [65]

Nu = 0.065(Re%%® — 60.22) (1 + 0.0169¢"-1%) pr0-542

Water/ EG—A12 03
Water/EG-CuO
Water/EG-SiO,

3 x 103 <Re < 16 x 103
@ < 10%vol-Al,O3
@ < 6%vol-CuO, SiO,

Sajadi and Kazemi [70]

Nu = 0.067Re%71 Pr9-35 1 0005Re

Water-TiO,

5 x 10% < Re < 30 x 103
¢ < 0.25%vol

Chandrasekar and Suresh [74]

Nt = 0.556Pe0348(1 4 ) 18143
N = 9.4 x 10-5Re142Pr04(1 4 )3715

Water-Al,O3

600 <Re <7 x 10°
0.1%vol < ¢ < 0.2%vol.

Vishwanadula and Nsofor [77]

Nu = 1.752Re!618 py—8819

Water-Al;,O3

9.5 x 103 <Re <21 x 103
0.5%vol < ¢ < 4.5%vol

Arani and Amani [84]

Nu = 0.041Re"83pr1-35 (1 4 p043)

Water-TiO,

8 x 10° <Re <51 x 103
0.2%vol < @ < 2%vol

Azmi et al. [87]

Nu = 0.00896Re” 7406pr1/ 3(,/8) 3% (0.1 + /100)>%4!
fr= J}Bf {(Zr M } and fp = 0.3164Re 0%

Water-5iO,

5 x 10% < Re <27 x 103
0.5%vol < ¢ < 4%vol

Sahin [93]

Nu = 0.1O6R€0'588P7’0'258(1 + 4070.1096)

Water—Al, O3

4 x 10% <Re <20 x 10°
5<Pr<7
0.5%vol < ¢ < 4%vol

Esmaeilzadeh et al. [98]

Nu = 4.36 + 0.8437 [0.2315(x*)*°-4991 (1 + g00'123e(*23453x*))}

— X
X+ = DRePr

Water-Al,O3

300 <Re <2 x 10°
0.5%vol < @ < 1%vol

Chavan and Pise [120]

Nu = 0.508358Re0-7401 py—0-7026

Water-Al,O3

6 x 10° <Re <14 x 103
0.3%vol < ¢ < 1%vol
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Table 3. Cont.

Authors

Nanofluid

Range

Saxena et al. [135]

Nu = 0.309Re®# (1 + 100¢)**° p0203
P—electrical heating power

Water-Al;,O3

15 x 10° <Re < 6 x 103
0%vol < @ < 0.5%vol

Azmi et al. [136]

Nit = Nupj [4227(1 + Pr)~*"!(0.0001 + ¢/100)15]
Nupg = 0.023Re%8pr04

Water/EG(60:40) ~TiO,

4 %x 103 <Re <22 x 103
0.5%vol < ¢ < 1.5%vol.

Azmi et al. [141]

— 0.
Nu = 0.025Re%70Pr*43 (14 1) 7 (0.01 + BR) ™"
BR—Dbased ratio of water to EG

Water/EG(60/40) —Al,O3
Water/EG(50/50) —Al,O3
Water/EG(50/50) —Al,O3

3 x 10° <Re <25 x 103
0.2%vol < ¢ < 1%vol
0.6667 < BR < 1.6

Jumpholkul et al. [143]

Nu = 0.001142Re!26 pr=019 (1 4 )1445 (1, /25)704

Water-5iO,

3.8 x 10° <Re <12 x 103
0.5%vol < @ < 2%vol

Singh et al. [148]

Nu = 1.86Pel/3 {1 + 2.536(

Water/EG(40:60) —Al,O3
Water /PG(40:60) —Al, O3

1000< Re < 3250
48.5 x 103 <Pe< 83 x 10°
0.3%vol < ¢ < 0.66%vol

Table 4. Empirical correlation equations for laminar, transition, and turbulent flow of nanofluids.

Asirvatham et al. [69]

Nu = 0.023Re%8Pr03 +
(0617¢ _ 0'135)Re(0.445(p70.37) Pr(1.081¢71.305)

Water-Ag

0.8 x 10° <Re <12 x 103
4<Pr<10
0%vol < @ < 2%vol
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3. Discussion

In this section, a comparison of the measurement results obtained by different research
groups for selected water-based nanofluids is presented. Comparisons in graphical form are
made for the same tested nanofluids, under the same measurement conditions, in order to
answer the fundamental question about the possibility of intensifying heat transfer through
a given fluid under specific thermal and flow conditions. Three groups of nanofluids based
on ceramic, metallic, and carbonaceous nanoparticles were distinguished.

3.1. Ceramic Nanofluids

This is the most studied category of nanofluids due to the availability of ceramic NPs
both in terms of price and quantity. An important feature of ceramic materials is their
chemical stability. Ceramic materials include oxides, carbides, and nitrides.

3.1.1. Water-Al,O3 Nanofluids

Figure 1 compares available experimental data for water—Al;O3 nanofluid in laminar
flow in the form of average and local HTC, average and local Nu number as a function of
Re number, and dimensionless distance from the tube inlet.

1200 1100
water - AL,O, ° water - ALO,
¢ =0.5% vol o ¢ =1% vol % X
° s =
925 825 X - ®
= A =
¥ A o g x*x 2
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B A s L
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z A 2 ° A A A
P
& ° 3 A A
g A ° H
< A B Anoop et al. x/D=147, d ,=150nm
375 ° 215 X Anoop et al. x/D=147, d =45nm
° A Shokouhietal. @  Almohammadi et al. x/D=71.07
®  Mangrulkar et al. A Esmaeilzadeh et al. x/D=99.5
100 0
500 1000 1500 2000 2500 3000 400 800 1200 1600 2000 2400
Re number [-] Re number [-]
(@ (b)
2000 40
water - Al,0, 4 Anoopetal, Re=1588 watzrs-:\,o‘; - A shokouhi etal.
=1% vol ©=0.5% vol
T I e ¥ Nine etal. Re=1100 35 Saxena etal.
v @ Almohammadi et al. Re=900 . B p=a76W
B Esmaeilzadeh et al. Re=1300 .30 E o p=313W
£ 1400 A Noghrehabadi et al. Re=1020 5 P=218 W
£ 3
§ E25
2 v S
1100
= ™ + v v v v 2
B + v 920
3 - + g
S 800 , g A A
,, + <15 .
- ! t + A
500 ¢ ] A A
g . . /
200 5
10 70 130 190 250 600 1075 1550 2025 2500
x/D [] Re number [-]
(9 (d)
10
water - Al,0,
¢ =1% vol A
T 8 A
8 A
€
5
2
S
z A A -
=
3
Ss A
A A Wen and Ding x/D=116
A Anoop et al. x/D=147
4
600 950 1300 1650 2000

Re number [-]

(e)
Figure 1. Comparison of water-Al,O3 studies during laminar flow: (a) 1 = f(Re); (b) h = f(Re);
(¢) h = f(x/D); (d) Nu = f(Re); and (e) Nu = f(Re) [43,54,76,80,85,98,132,134,135].
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Figure 1a shows the average HTC as a function of the Re number. As shown in Figure 1a,
the agreement between the results of Shokouhi et al. [76] and Mangrulkar et al. [132] is very
good, even though different thermal boundary conditions were used—see Table 1. Figure 1b
shows the dependence of the local HTC as a function of the Re number for the closest possible
dimensionless distance from the inlet. Concordance of the results of Anoop et al. [54] and
Almohammadi et al. [85] is satisfactory considering the fact that they refer to a significantly
different x/D. Local HTC in research by Esmaeilzadeh et al. [98] is much lower than that of
Almohammadi et al. [85], although tests were carried out on the same test stand. Lower
local HTC for study by Esmaeilzadeh et al. [98] may be due to the fact that they refer to a
greater dimensionless distance from the inlet, and it is known that local HTC decreases with
increasing x/D [43,48,53,57,80,86,88,92,101,115,126,131,134,144]. Moreover, according to a
study by Anoop et al. [54], the smaller the diameter of the NPs, the higher the local HTC.
Figure 1c shows the dependence of the local HTC as a function of dimensionless distance
from the inlet for the closest possible Re number. As can be seen from Figure 1c, there
are clearly two groups of results. In the group of results with about twice as much local
HTC, there are studies by Anoop et al. [54] and Nine et al. [80], while in the second group
there are studies by Almohammadi et al. [85], Esmaeilzadeh et al. [98], and Noghrehabadi
and Pourrajab [134]. The analysis shows that the obtained results do not depend on the
boundary condition used in the research. The difference may be due to the diameter of
the tube, which in the case of Anoop et al. [54] and Nine et al. [80] was about 56% lower
than in the studies by Almohammadi et al. [85] and Esmaeilzadeh et al. [98], and over 144%
lower than in the study of Noghrehabadi and Pourrajab [134]. This comparison shows that
the smaller the diameter of the tube in the laminar flow of nanofluid, the higher the local
HTC. Figure 1d shows the relationship between average Nu number against Re number.
As can be seen from Figure 1d, Shokoubhi et al. [75] obtained an average Nu number almost
three times lower than that of Saxena et al. [135] for a Re number of about 1550 for very
similar heater section geometries. It is true that the temperature of the nanofluid at the
inlet was, in the study of Saxena et al. [135], higher than in study by Shokouhi et al. [75]
by =35 °C and 28 °C, respectively, but this does not explain such a difference in average
Nu number. It seems that the reason lies in the measurement procedure used by Shokouhi
et al. [75], based on the energy balance, which is extremely sensitive to the temperature
measurements. It is worth noting that the results obtained by Saxena et al. [135] for the
transition flow—Figure 2c—are similar to those obtained by other researchers, which will
be discussed below. Figure 1e illustrates the relationship between local Nu number against
Re number for the closest possible dimensionless distance from the inlet. As shown in
Figure 1e, the agreement of the results obtained by Wen and Ding [43] and Anoop et al. [54]
is very good for the smallest Re numbers. For higher Re numbers, Wen and Ding [43]
obtained higher Nu numbers than Anoop et al. [54], which may be due to the fact that in the
case of the Wen and Ding study [43], the dimensionless distance from the inlet was lower.

Figure 2 compares available experimental data for water-Al,O3 nanofluid in transition
flow in the form of average HTC and average Nu number as a function of Re number for
various NPs concentrations.

Figure 2a illustrates the relationship of average HTC as a function of Re number. As
shown in Figure 2a, the results presented in the literature are very divergent. Fotukian
and Esfahany [63] and Heyhat et al. [78] conducted tests for the same diameter of the tube
and using the same measurement procedure. The higher local HTC obtained by Fotukian
and Esfahany [63] compared to Heyhat et al. [78] can be explained by a slightly higher
concentration of NPs, —0.135% vol and 0.1% vol, respectively. The HTC values obtained by
Hatwar and Kriplani [127] are significantly lower than those of Fotukian and Esfahany [63]
and Heyhat et al. [78], which may result from the applied calculation method based on the
energy balance. Figure 2b illustrates the relationship of average HTC as a function of Re
number for higher NPs concentration. As shown in Figure 2b, the average HTC obtained
by Haghighi et al. [104] is much higher than in the study of Heyhat et al. [78], which may
be due to the very small diameter of the tube used in the tests (3.7 mm). The very well-
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10000

documented measurements seem to justify the extremely high HTC obtained by Haghighi
et al. [104], bearing in mind that they relate to single-phase convection. Figure 2c illustrates
the relationship of average Nu number as a function of Re number. As shown in Figure 2c,
the average Nu number obtained by Sharma et al. [60], Fotukian and Esfahany [63], and
Saxena et al. [135] shows good agreement both qualitatively and quantitatively, despite
different diameters of the tested tubes and different measurement techniques. It is worth
noting the increase in the Nu number with the increase in the electrical heating power,
which was shown by Saxena et al. [135]. Figure 2d illustrates the relationship of average Nu
number as a function of Re number for higher NPs concentration. As shown in Figure 2d,
the average Nu number obtained by Chavan and Pise [120] is higher than in the study of
Kong and Lee [153], which may be due to much higher temperatures of the nanofluid at
the inlet, i.e., 2040 °C, compared to 10-30 °C in the study by Kong and Lee [153]. It is
worth noting the increase in the Nu number with the increase in Pr number, which was
shown by Kong and Lee [153].
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Figure 2. Comparison of water-Al,Oj3 studies during transition flow: (a) i1 = f(Re); (b) h = f(Re);
(¢) Nu = f(Re); and (d) Nu = f(Re) [60,63,78,91,120,127,135,153].

Figure 3 compares available experimental data for water—Al,O3 nanofluid in turbulent
flow in the form of average HTC and average Nu number as a function of Re number for
the same NPs concentration.

As shown in Figure 3a, the average HTC obtained by Julia et al. [82] is significantly
lower than in the studies of Pak and Cho [40], Heyhat et al. [78], Sahin et al. [93], and Chavan
and Pise [120]. There seem to be several reasons why HTC is so different. Julia et al. [120]
used an unusual heating section, i.e., tube with a large internal diameter (31.2 mm) and
thick wall (3.6 mm), and that was relatively short (L/D = 32). Moreover, the used NPs with
an initial diameter of 11 nm tended to strongly agglomerate. As a result, the real average
diameter of the agglomerates was 127 nm, and the maximum agglomerate diameter was
as much as 218 nm. Therefore, the deposition of such large particles on the wall of the
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Average HTC [W/(m?K)]

20,000

tube cannot be ruled out, which leads to the creation of additional thermal resistance and
explains the lower HTC compared to other tests.
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Figure 3. Comparison of water-Al,O3 studies during turbulent flow: (a) & = f(Re); and
(b) Nu = f(Re) [40,78,82,93,120,137,153].

As shown in Figure 3b, the average Nu number obtained by Pak and Cho [40], Sahin
et al. [93], Chavan and Pise [120], Martinez-Cuenca et al. [137], and Kong and Lee [153]
show very good agreement for the early range of turbulent flow, i.e., lower Re numbers. For
Re numbers higher than 19,000, only the results of Pak and Cho [40] and Martinez-Cuenca
et al. [137] can be compared, whereby Pak and Cho [40] obtained a higher average Nu

number than Martinez-Cuenca et al. [137], which may be due to the smaller diameter of
the tube used in the study.

3.1.2. Water-TiO, Nanofluids

Figure 4 compares available experimental data for water-TiO, nanofluid in laminar
flow in the form of local Nu number as a function of dimensionless distance from the inlet
for the same Re number.
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Figure 4. Comparison of Nu = f(x/D) distribution for water-TiO; nanofluid during laminar
flow [97,101].

As shown in Figure 4, the local Nu number obtained by Rayatzadeh et al. [97] and
Gupta et al. [101] shows very good agreement for the dimensionless distance from the inlet
higher than x/D > 100. For x/D < 100, i.e., for a region with a developing boundary layer
of high heat transfer intensity, Gupta et al. [101] obtained a much higher local Nu number
than Rayatzadeh et al. [97], which may result from sedimentation of NPs. It is worth noting
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15,000

the positive influence of continuous sonication (CS) on local Nu number, which was shown
by Rayatzadeh et al. [97].

Figure 5 compares available experimental data for water-TiO, nanofluid in transition
flow in the form of average HTC and average Nu number as a function of Re number for
various NPs concentrations.

water - TiO,
¢ =2% vol
12,200 —

9400 —

6600 —

Average HTC [W/(mK)]

3800 —

100

<

A

Duangthongsuk and Wongwises
Kayhani et al.

Azmi et al.

3
a

~
o

Average Nu number [-]

o
a

1000 |
4000 5000

18,000

6000

7000
Re number [-]

8000 9000

10,000

water - TiO,
@ =1%vol

4000 5000

O
A

Duangthongsuk and Wongwises

Kayhani et al.

T T

T

T

6000 7000 8000 9000
Re number [-]

10,000

(a) (b)

Figure 5. Comparison of water-TiO, studies during transition flow: (a) h = f(Re); and
(b) Nu = f(Re) [61,79,100].

As shown in Figure 5a, Kayhani et al. [79] recorded much higher average HTC than
Duangthongsuk and Wongwises [61] and Azmi et al. [100], which may result from the
use of NPs with a very small diameter—15 nm, which were additionally functionalized,
thus protected against agglomeration. Duangthongsuk and Wongwises [61] and Azmi
et al. [100] used in their research NPs with primary diameters of 21 nm and 30-50 nm,
respectively. In addition, no surfactants were used to stabilize the fabricated nanofluids.

As shown in Figure 5b, the relationship between average Nu number in the studies
of Kayhani et al. [79] and Duangthongsuk and Wongwises [61] is quite different than
the relationship between average HTC presented in Figure 5a. For average Nu number,
Duangthongsuk and Wongwises [61] obtained much higher values than Kayhani et al. [79],
contrary to the average HTC. The main difference between the results shown in Figure 5a,b
results from the fact that they present data for different concentrations of NPs. In their
research, Duangthongsuk and Wongwises [61] determined that there is an optimum con-
centration of NPs, which for water-TiO, nanofluids in transition flow is 1%vol.

Figure 6 compares available experimental data for water-TiO, nanofluid for turbulent
flow in the form of average HTC and average Nu number as a function of Re number for
various NPs concentrations.
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Figure 6. Comparison of water-TiO, studies during turbulent flow: (a) i = f(Re); and (b) Nu =
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As shown in Figure 6a, the average HTC for turbulent flow of water-TiO, nanofluid is
very divergent. It is clear that the results of Kayhani et al. [79] significantly differ from those
obtained by Pak and Cho [40], Duangthongsuk and Wongwises [61], and Azmi et al. [100],
which are basically the same. It should be emphasized that for an NPs concentration
of 2%vol, Pak and Cho [40], Duangthongsuk and Wongwises [61], and Azmi et al. [100]
observed a decrease in the average HTC compared to the base fluid (water), while Kayhani
et al. [79] determined an increase in the average HTC compared to the base fluid for this
NPs concentration. It is significant that in the case of the average Nu number for the
concentration of NPs equal to 1%vol, the results of Kayhani et al. [79] do not differ from
other researchers—see Figure 6b.

3.1.3. Water-SiO, Nanofluids

Figure 7 compares available experimental data for water-SiO, nanofluid in transition
flow in the form of average HTC and average Nu number as a function of Re number for
various NPs concentrations.
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Figure 7. Comparison of water-SiO, studies during transition flow: (a) 1 = f(Re); and

(b) Nu = f(Re) [71,82,87,99,143].

As shown in Figure 7a, the average HTC for transition flow of water-SiO, nanofluid
is very divergent. The results of Merildinen et al. [99] are significantly higher than those
obtained by Azmi et al. [87] and Julia et al. [82], which are convergent. According to
Merildinen et al. [99], the decisive factor in heat transfer enhancement is the average size of
NPs. As already discussed above, NPs in the Julia et al. study [120] showed a tendency to
form agglomerates with dimensions above 200 nm. Contrary to average HTC results, the
Nu = f(Re) relationship obtained in research by Ferrouillat et al. [71], Azmi et al. [87], and
Jumpholkul et al. [143] are very consistent—see Figure 7b.

Figure 8 compares available experimental data for water-SiO, nanofluid in turbulent
flow in the form of average HTC and average Nu number as a function of Re number for
the same NPs concentration.

As shown in Figure 8a, Azmi et al. [87] obtained a much higher average HTC than
Julia et al. [82], although they carried out measurements at a much lower temperature of the
nanofluid. The bulk temperature in [87] was 30 °C while in [82] the inlet temperature was
60 °C. It seems that the reason for the much lower HTC in the study of Julia et al. [82] was
the agglomeration of NPs and their deposition on the surface of the tube, which resulted
in an increase in thermal resistance. The comparison of the Nu = f(Re) relationship for
turbulent flow was possible only for the early range of Re number, because no one except
Martinez-Cuenca et al. [137],conducted research for such large Re numbers. As shown in
Figure 8b, results achieved by Jumpholkul et al. [143] show very good agreement with the
research of Martinez-Cuenca et al. [137].
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Figure 8. Comparison of water-SiO, studies during turbulent flow: (a) # = f(Re); and

(b) Nu = f(Re) [82,87,137,143].

3.1.4. Water—-CuO Nanofluids

Figure 9 compares available experimental data for water-CuO nanofluid in laminar
flow in the form of average HTC as a function of Re number.
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Figure 9. Comparison of # = f(Re) relationship for water-CuO studies during laminar flow [118,132].

As shown in Figure 9, for Re < 1700, average HTC obtained by Mangrulkar et al. [132]
is clearly lower than in the study by Minakov et al. [118]. However, for Re > 1700, the
results of Mangrulkar et al. [132] follow the same trend as the data of Minakov et al. [118].
The abrupt increase in average HTC for Re ~ 1700 in the case of Mangrulkar et al. [132]
may result from the change of laminar to transition flow [129].

Figure 10 compares available experimental data for water-CuO nanofluid in transition
flow in the form of average HTC and average Nu number as a function of Re number for
various NPs concentrations.

As shown in Figure 10a, the average HTC obtained by Fotukian et al. [64] for Re = 8100
is about 28% lower than in the study by Zarringhalam et al. [130]. Bearing in mind that
this is a transitional region, this compliance can be considered satisfactory. As shown in
Figure 10b, agreement between average Nu number determined by Sahin et al. [113] and
Zarringhalam et al. [130] is very good.

Figure 11 compares available experimental data for water-CuO nanofluid in turbulent
flow in the form of average HTC and average Nu number as a function of Re number for
various NPs concentrations.
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Figure 10. Comparison of water-CuO studies during transition flow: (a) h = f(Re); and
(b) Nu = f(Re) [64,113,130].
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Figure 11. Comparison of water—-CuO studies during turbulent flow: (a) 1 = f(Re); and

(b) Nu = f(Re) [64,113,130].

As shown in Figure 11a, average HTC obtained by Fotukian et al. [64] and Zarringha-
lam et al. [130] shows qualitative agreement, however HTC determined by Zarringhalam
et al. [130] is about 30% higher in the whole Re number range. The difference in the re-
sults of Fotukian et al. [64] and Zarringhalam et al. [130] may result from the method of
preparing the nanofluid. Fotukian et al. [64] used sonication for 10 h, while Zarringhalam
et al. [130] used sonication for only 3 h. As results from [158-161], sonication time has a
significant impact on both the stability of nanofluids and thermophysical properties, such
as thermal conductivity and viscosity. As shown in Figure 11b, both Sahin et al. [113] as
well as Zarringhalam et al. [130] found that average Nu number increases linearly with
Re number increase. However, the Nu = f(Re) relationship obtained by Zarringhalam
et al. [130] is much steeper than that of Sahin et al. [113], hence, for the highest Re number,
i.e.,, Re &~ 20,000, the average Nu number in the Zarringhalam et al. [130] study is about
45% higher. The difference may result from the use by Sahin et al. [113] of surfactants to
improve the stability of the produced nanofluids. As results from [162-166], the appli-
cation of surfactants can significantly affect the stability and thermophysical properties
of nanofluids.

3.2. Metallic Nanofluids

This class of nanofluids is not as often studied as ceramic nanofluids due to cost
of precious metal nanoparticles (Ag, Pt) and limited oxidative stability (Al, Cu). The
conducted literature research made it possible to carry out a comparison only for the
nanofluids containing Cu and Ag nanoparticles.


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Energies 2023, 16, 4415

32 of 49

1500

3.2.1. Water-Ag Nanofluids

Figure 12 compares published experimental data for water-Ag nanofluid in transition
and turbulent flow in the form of average Nu number as a function of Re number.
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Figure 12. Comparison of Nu = f(Re) relationship for water-Ag nanofluids during transition and

turbulent flow [69,125].

As shown in Figure 12, results achieved by Asirvatham et al. [69] show very good

agreement with the research of Esfe et al. [125].

3.2.2. Water—-Cu Nanofluids

Figure 13 compares published experimental data for water-Cu nanofluid in laminar,

transition, and turbulent flow.
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Figure 13. Comparison of the studies for water-Cu nanofluid: (a) 1 = f(Re) relationship during
laminar flow; (b) i = f(Re) relationship for transition flow; and (c) Nu = f(Re) relationship for

turbulent flow [41,42,94].
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As shown in Figure 13a, average HTC obtained by Wusiman et al. [94] is almost
constant against Re number and about two times higher than measured by Li and Xuan [41].
For transition flow and higher NPs concentration, the average HTC obtained by Wusiman
etal. [94] and Li and Xuan [41] increases linearly with Re number increase; however, the
increase in HTC in the Wusiman et al. [94] study is more significant—see Figure 13b. As
shown in Figure 13c, the average Nu number obtained by Wusiman et al. [94] is about
two times higher than that determined by Xuan and Li [42]. Higher average HTC and
average Nu number for studies by Wusiman et al. [94] may result from two reasons—half
the diameter of the tested tube and the use of surfactants by Li and Xuan [41] and Xuan
and Li [42], respectively, which could adversely change the thermophysical properties of
the produced nanofluids.

3.3. Carbonaceous Nanofluids

This category of nanofluids raises high hopes due to the excellent thermal conductivity
of carbon-based nanoparticles, such as graphite, graphene, CNT, etc.

3.3.1. Water—-MWCNT Nanofluids

Despite numerous works in which the water-MWCNT nanofluid was used [48,56,66,
88,90,107,131,137], due to significant discrepancies in the concentration of NPs, as well as
the tested range of the Re number, only the results of two studies could be compared.

Figure 14 compares published experimental data for water-MWCNT nanofluid in
laminar and transition flow in the form of average Nu number as a function of Re number.
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Figure 14. Comparison of Nu = f(Re) relationship for water-MWCNT nanofluid during laminar
and transition flow [88,137].

As shown in Figure 14, average Nu number obtained by Martinez-Cuenca et al. [137]
is about an order of magnitude higher than measured by Meyer et al. [88]. The most
likely reason for such low Nu numbers in the Meyer et al. [88] study was the instability
of the produced nanofluid, the pH of which was 7.1, while Xie et al. [167] found that the
iso-electric point for water-MWCNT(1%vol) is 7.3.

3.3.2. Water-Graphene Nanofluids

Figure 15 compares published experimental data for water—graphene nanofluid in
laminar, transition, and turbulent flow.
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Figure 15. Comparison of the studies for water-graphene nanofluid: (a) 1 = f(x/D) relationship
for laminar flow; (b) Nu = f(x/D) relationship for laminar and transition flow; and (c) Nu = f(Re)
relationship for laminar flow [68,112,154].

As shown in Figure 15a, the change of local HTC against dimensionless distance from
the inlet obtained by Akhavan-Zanjani et al. [112] and Demirkir and Ertiirk [154] shows
good agreement both qualitatively and quantitatively, despite different Re numbers.

As shown in Figure 15b, the local Nu number against dimensionless distance from
the inlet obtained by Baby and Ramaprabhu [68] is higher than recorded by Demirkir
and Ertiirk [154], which results from a much higher Re number in the case of Baby and
Ramaprabhu [68]. However, it is worth emphasizing the qualitative consistency of the
research results in both cases.

As shown in Figure 15¢, average Nu number obtained by Demirkir and Ertiirk [154] is
about 20% higher than determined by Akhavan-Zanjani et al. [112]. The geometry of the
heating section, heating method, and nanofluid preparation were very similar in both cases.
However, the graphene structure used in both studies was different. Akhavan-Zanjani
et al. [112] determined the thickness of the studied graphene sheets as 0.4-1.3 nm, while
Demirkir and Ertiirk [154] reported, after the manufacturer, the thickness of the studied
graphene nanoplatelets as 5-10 nm, and with a much larger lateral size, i.e.,, 5-10 pm,
compared to 270 nm-1.5 pm in the study by Akhavan-Zanjani et al. [112].

3.3.3. Water—-GNP Nanofluids

Figure 16 compares published experimental data for water-GNP nanofluid in transi-
tion and turbulent flow in the form of average Nu number as a function of Re number.
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Figure 16. Comparison of Nu = f(Re) relationship for water-GNP nanofluid during transition and
turbulent flow [119,133].

As shown in Figure 16, the Nu = f(Re) relationship obtained by Sadeghinezhad
etal. [119] and Solangi et al. [133] is linear with the maximum discrepancy between both
studies of about 40% for turbulent flow. The higher Nu number achieved by Sadeghinezhad
et al. [119], despite the lower heat flux, may result from the higher purity of the GNP used.
In the case of Sadeghinezhad et al. [119], the carbon content was greater than 99.5%, while
in the study of Solangi et al. [133], it was about 95%.

3.4. Nanofluids with Different Base Fluids

In this subsection, a comparison of the measurement results obtained by different
research groups for different nanofluids is presented. Comparisons in graphical form are
made for the same type of nanoparticles but different base fluids, under the same flow
conditions, in order to find the answer to which of the base fluids is the most favorable for
the same thermal and flow conditions.

Figure 17 compares available experimental data for Al,O3 nanoparticles of different
NPs concentration in laminar flow in the form of average HTC as a function of Re number.

As shown in Figure 17a, Yu et al. [81] obtained for water—-EG(55/45)-Al,O3 nanofluid
higher average HTC than that determined by Sundararaj et al. [144] for kerosene—-Al,O3
nanofluid for very low NPs concentration and the same Re number. Figure 17b shows that
average HTC obtained by Shokoubhi et al. [76] and Mangrulkar et al. [132] for water-Al,O3
nanofluid was higher than that determined by Mojarrad et al. [102] for water-EG(50/50)-
Al,O3 nanofluid. Contrary to Shokouhi et al. [76] and Mangrulkar et al. [132], Mojarrad
et al. [102] established lower average HTC for water—Al,O3 nanofluid than that for water—
EG(50/50)-Al,O3 nanofluid. Figure 17c shows that for laminar flow, regardless of the
inlet temperature, average HTC determined by Nikulin et al. [151] for the isopropanol-
Al,O3 nanofluid was lower than that for water—Al,O3 nanofluid determined by Shokouhi
etal. [76]. For Re > 1940, average HTC for isopropanol-Al,O3 nanofluid was higher than for
water—Al, O3, which results from the change of the flow regime from laminar to transition,
while the flow of water—-Al,O3; nanofluid was still laminar.

Figure 18 compares available experimental data for Al,O3 nanoparticles of different
NPs concentrations in transition—turbulent flow in the form of average HTC as a function
of Re number and average Nu number as a function of Re number.
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Figure 17. Comparison of different base fluid—Al,O3 studies during laminar flow: (a) h = f(Re);
(b) i = f(Re); and (c) h = f(Re) [76,81,102,132,144,151].
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Figure 18. Comparison of different base fluid—Al,O3 studies during transition-turbulent flow;
(@) = f(Re); and (b) Nu = f(Re) [65,78,93,111].

Figure 18a shows that HTC obtained by Vajjha et al. [65] for water-EG(40/60)-Al,O3
nanofluid was distinctly higher than that determined by Heyhat et al. [78] for water—
Al,O3 nanofluid for the same NPs concentration and the same Re number. Figure 18b
displays that for Re < 7800, so for transition flow, regardless of the water—EG ratio, i.e.,
water content in the water-EG mixture, the average Nu number determined by Azmi
et al. [111] for water—-EG mixture-Al,O3; nanofluid was lower than that determined by
Sahin et al. [93] for water—Al,O3 nanofluid. However, for Re > 10,000, so for turbulent
flow, the average Nu number determined by Azmi et al. [111] for water—-EG mixture-Al,O3
nanofluid with lower water content was higher than that determined by Sahin et al. [93]
for water—Al,O3 nanofluid.
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Figure 19 compares available experimental data for TiO, nanoparticles in transition—
turbulent flow in the form of average Nu number as a function of Re number.
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Figure 19. Comparison of Nu = f(Re) relationship for different base fluid-TiO, studies during
transition—turbulent flow [61,79,136].

Figure 19 shows that regardless of the inlet temperature, the average Nu number
determined by Azmi et al. [136] for water-EG(60/40)-TiO; nanofluid was higher than
that determined by Duangthongsuk and Wongwises [61] and Kayhani et al. [79] for water—
TiO, nanofluid.

Figure 20 compares available experimental data for SiO, nanoparticles in transition—
turbulent flow in the form of average Nu number as a function of Re number.
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Figure 20. Comparison of i = f(Re) relationship for different base fluid-SiO, studies during
transition—turbulent flow [51,100].

Figure 20 shows that the average HTC determined by Kulkarni et al. [51] for water—
EG(40/60)-SiO; nanofluid was almost an order of magnitude higher than that determined
by Azmi et al. [100] for water-5iO; nanofluid for the same NPs concentration and the same
Re number.

Figure 21 compares available experimental data for CuO nanoparticles in laminar flow
in the form of average HTC as a function of Re number.
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Figure 21. Comparison of i1 = f(Re) relationship for different base fluid—-CuO studies during laminar
flow [83,118,132].

Figure 21 shows that the average HTC determined by Saeedinia et al. [83] for BO-
CuO nanofluid was distinctly lower than that determined by Minakov et al. [118] and
Mangrulkar et al. [132] for water-CuO nanofluid. Due to the very high viscosity of the base
oil (BO), i.e., almost two orders of magnitude higher than that of water, Saeedinia et al. [83]
conducted their research for very small Re numbers.

Figure 22 compares available experimental data for Ag nanoparticles in transition—
turbulent regime in the form of average Nu number as a function of Re number.
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Figure 22. Comparison of Nu = f(Re) relationship for different base fluid-Ag studies during
transition—turbulent flow [125,129].

Figure 22 shows that the average Nu number determined by Selvam et al. [129] for
water—-EG(70/30)-Ag nanofluid was in good agreement with that determined by Esfe
et al. [125] for water-Ag nanofluid and for lower Re number. However, for higher Re
number, the average Nu number determined by Esfe et al. [125] was higher than that
determined by Selvam et al. [129], and the discrepancy increased with Re number increase.

Figure 23 compares available experimental data for MWCNT nanoparticles in laminar—
transition flow in the form of average HTC as a function of Re number.
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Figure 23. Comparison of i = f(Re) relationship for different base fluid-MWCNT studies during
laminar—transition flow [66,116].

Figure 23 shows that the average HTC determined by Amrollahi et al. [66] for water—
MWCNT nanofluid, regardless of the inlet temperature, displayed the same slope as the
results determined by Amiri et al. [116] for very viscous TO-MWCNT nanofluid.

4. Conclusions

As the presented analysis shows, despite research conducted for almost three decades,
there is still no consensus as to the effect of NPs on heat transfer under conditions of
forced convection.

Most studies indicate an intensification of heat transfer as a result of adding nanopar-
ticles to the base fluid. However, there are studies that indicate a deterioration of heat
transfer as a result of adding nanoparticles to the base liquid, particularly during laminar
mixed convection [96,117]. There are also studies that show that there is a certain optimum
concentration of NPs, above or below which heat transfer deteriorates compared to the base
fluid [45,52,61,87,100,101]. Finally, there is a group of researchers who have not observed
any effect of nanoparticles on the intensity of heat transfer [50,56,113,122,142].

It should be clearly stated that there are several methods to assess the effect of NPs on
the intensification of heat transfer. The ratio of the average Nu number for the nanofluid
to the average Nu number for the base liquid for the same Re number is most often
compared. The ratio of average HTC for nanofluid to average HTC for base fluid for
the same Re number or mean fluid velocity is less frequently compared. However, as
demonstrated by the pioneering research of Pak and Cho [40], while the Nu number
indicated the intensification of heat transfer with increasing concentration of NPs, the
HTC for the highest tested concentration of NPs was lower than for the base fluid for
the condition of the same velocity. This relationship was also confirmed by the research
results presented in [88]. Therefore, some investigators postulate using average velocity as
a benchmark [101,105,110,131]. There is also a group of researchers who believe that the
comparison criterion should be the same pumping power in the case of nanofluids and
base fluids [91,104,110]. Other researchers suggest using as a comparative criterion the
same flow rate [118,124,135] or product of the mass flow rate and specific heat [151] as a
parameter in the design of heat exchangers.

There is also disagreement among researchers whether the conventional correla-
tions used for calculations for base liquids can be applied to nanofluids. One group
of researchers believes that classical correlation equations can be used in the case
of nanofluids, provided that the effective thermophysical properties of nanofluids
are correctly determined [50,71,78,79,82,91,110-112,118,122,137,142,156]. The second
group of researchers is convinced that classical correlations incorrectly predict the Nu
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number of nanofluids, even when effective thermophysical properties for nanofluids
are used [42-44,46,55,57,62,95]; therefore, new correlations dedicated to nanofluids
have been developed—see Tables 2—4.

An important research problem is also the mutual relationship between the influence of
NPs on thermal conductivity and HTC. A large group of researchers found that the increase
in HTC is much higher than the increase in thermal conductivity [53,57,80,83,89,90,127]. In
turn, in [115] it was found that the increase in thermal conductivity was greater than the
increase in HTC. In [122] it was found that there was an increase in thermal conductivity,
while HTC remained unchanged. Finally, in [126,142] it was found that the increase in
thermal conductivity and HTC is of the same order within the measurement error accuracy.

There is also no consensus among researchers as to the impact of NPs on the intensification
of heat transfer for individual flow regimes. For laminar flow, an increase in HTC was most
frequently observed, especially in the entrance region [43,44,48,53,57,62,67,76,81,90,92,94,95,107,
124,150]. However, if the same pumping power was used as a comparative criterion instead
of the same Re number or the same velocity, it turned out that the HTC was lower for the
nanofluid than for the base fluid [91,110]. In the case of applying the comparative criterion in
the form of product of the mass flow rate and specific heat, the HTC for the nanofluid and
the base fluid was the same [151]. For the transition flow regime, both an increase [60,129]
and a decrease [94] and no change of HTC were observed. In the case of turbulent flow, the
vast majority of studies indicate a significant intensification of heat transfer compared to base
fluids [42,55,61,63,68-70,74,77,82,87,88,93,105,121,129,135,140,141,144,149,152-155]. Only a few
studies show no HTC change or a slight improvement [50,79,94,125]. However, the use of the
product of the mass flow rate and specific heat as a comparative criterion shows a deterioration
in heat transfer for nanofluids [151].

From the point of view of the division into laminar, transition, and turbulent
flow, the results show that critical Re number corresponding to the onset of turbulence
is for nanofluids lower than for base fluids and decreases with NPs concentration
increase [88,151,154]. This is very important information due to the more intense heat
transfer during turbulent flow.

The available test results achieved in different centers for the same nanoparticles, with
the same concentration, and for the same flow conditions, but with different base fluids
were compared.

The created database should also allow for the development of reliable correlation
equations for calculating the HTC.

5. Future Research Directions

As can be seen from the presented literature review, heat transfer under conditions
of forced convection of nanofluids has been studied in many aspects. Unfortunately, only
some of the results of these studies were used in the comparative analysis. The main reason
for not including others was the insufficient description of the conditions of the experiment.
While the description of the test procedure is usually sufficient, the descriptions of the
heating section do not always include all information regarding, for example, the length of
the tube or wall thickness.

The thermal conditions of the experiment are extremely important. Mandatory infor-
mation should include the temperature at the inlet to the heating section, as well as the
average temperature from the inlet and outlet. In the case of electric heating, information
on the difference between the energy balance from the nanofluid side and the supplied
electric power should be provided. The basic information that should be provided includes
the nanofluid mass flow rate or, directly, the average velocity. It is extremely important to
determine the degree of intensification of heat transfer in relation to the condition of not
only the same Re number or the same velocity, but also the same pumping power.

The issue of fundamental importance is the development of a universal test for the
stability of the produced nanofluids.
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Due to the role of thermophoresis as a mechanism of intensification of convective heat
transfer, it is important to carry out systematic studies in the case of cooling and heating of
the same nanofluid, in the same tube, and under the same hydrodynamic conditions.

Intercomparative tests as presented in [110] should be preferred.
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Nomenclature
a Thermal diffusivity (m?/s)
d Diameter (m)
D Inside tube diameter (m)
h Local heat transfer coefficient (W/(m2K))
h Average heat transfer coefficient (W/(m2K))
k Thermal conductivity (W/(mK))
) Length of nanotube (m)
L Length of tube (m)
Nu = hTD Local Nusselt number ()
Nu = hTD Average Nusselt number )
p Electrical heating power W)
Pe = RePr Peclet number ()
Pr=17 Prandtl number )
q Heat flux (W/m?)
Re = % Reynolds number -)
t Temperature (°O)
T Temperature x)
u Velocity (m/s)
X Distance from the tube inlet (m)
Greek symbols
o Thickness (m)
v Kinematic viscosity (m?/s)
@ Nanoparticle concentration )
Subscripts
av Average
B Blasius
DB Dittus-Boelter
in Inlet; inside
nf Nanofluid
out Outside
4 Particle
r Reduced
ref Reference
w Wall
Abbreviations
AA Acetic acid
AC Alternating current
AG Arabic gum
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AOM Alkaline oxidation media

ApH Adjusted pH

ATF Automatic transmission fluid
BO Base oil

BR Based ratio of water to EG
CNT Carbon nanotubes

(@) Continuous sonication

CTAB Cetyl trimethyl ammonium bromide
DC Direct current

EG Ethylene glycol

EO Engine oil

FAS Fatty acid salt

FGNP Functionalized GNP

FGO Functionalized GO

FNPs Functionalized nanoparticles
GNP Graphene nanoplatelet

GO Graphite oxide

GNS Graphene nanosheets

HA Hexylamine

hBN Hexagonal boron nitride

HTO Heat transfer oil

P Isopropanol

KPS Potassium persulfate

MWCNT Multi-walled carbon nanotubes
ND Nanodiamond

NPs Nanoparticles

NPC Nanoparticle concentration

ns Not specified

OHTC Overall heat transfer coefficient
p Proprietary

PAAS Polyacrylic acid ammonium salt
PACSS Polyacrylic acid copolymer sodium salt
PG Propylene glycol

PVA Poly vinyl alcohol

PVP Poly vinyl pyrrolidone

SD Sodium deoxycholate

SDBS Sodium dodecylbenzene sulfonate
SDS Sodium dodecyl sulfate

SL Sodium laurate

SO Synthetic oil

SP Sodium polycarboxylate

SS Stainless steel

TO Turbine oil

vol. Volume

wt Mass

W Water

WS Without sonication

XGP Xanthane gum biopolymer
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