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ARTICLE INFO ABSTRACT
ATﬁC{e history: Due to their superior thermophysical properties, there is a growing body of work on nanofluids in the field of
Received 1 June 2020 thermal systems. However, there is no specific review of the role of the nanoparticle shape, which has been
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found crucial to their performance adjustment. A comprehensive literature review of the effect of nanoparticle
shape on the hydrothermal performance of thermal systems utilizing nanofluids was compiled. The review cov-
ered the forced, mixed, and natural convection regimes and included heat exchangers, boundary layer flows,
channel flows, peristaltic flows, impinging jets, cavity flows, and flows of hybrid nanofluids. It indicated that

IN(ZV;?lﬁZ the control of nanoparticle shape is a promising technique for the optimization of heat exchange and the required
Nanoparticle shape pumping power. However, no uniform conclusion was reached for the role of nanoparticle shape on the hydro-
Convection heat transfer thermal performance of thermal systems. In most of the previous studies in the natural and forced convection re-
Pumping power gimes, the platelet-like nanoparticle acquired the highest heat transfer rate. However, most of the works in the
Hydrothermal performance mixed convection regime reported the best heat transfer performance for the blade-like nanoparticle. More
research studies are required in future to determine the role of nanoparticle shape for thermal management of

energy systems.
© 2020 Published by Elsevier B.V.
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Nomenclature f base fluid
p nanoparticle
Ag silver st static
A Ay constant coefficients
Al,03 aluminum oxide (alumina) Abbreviations
C specific heat EG ethylene glycol
CaCl, calcium chloride GNPs graphene nanoplatelets
Cu copper GO graphene oxide
Cr thermal conductivity enhancement coefficient H-C Hamilton-Crosser model
Cghape coefficient standing for the role of nanoparticle shape HFE human engineered fluid
on thermal conductivity K-K Koo-Kleinstreuer model
curface coefficient standing for the role of surface resistance on MHD magnetohydrodynamics
thermal conductivity MWOCNTs multi-walled carbon nanotubes
dp diameter of nanoparticles NEIL nanoparticle enhanced ionic liquid
f empirical function PEC performance evaluation criteria
H,0 water PG propylene glycol
k thermal conductivity SWCNTs single-walled carbon nanotubes
kg Boltzmann constant
KAC potassium acetate
m mass flow rate
MoS, molybdenum disulphide
n shape factor .
Ra Rayleigh number 1. Introduction
Re Reynolds number . . . . .
SiC silicon carbide Nanofluids have been discovered as novel working fluids, which are
Sio silicon dioxide produced through dispersion of nanoparticles into a base fluid. Owing to
2 . .. .
T temperature high thermal condu§t1v1ty of the ad.ded nanoparticles compar.ed to com-
Tio titanium oxide mon liquids (see Fig. 1), nanofluids are advantageous in improving
2 . . . .
7n0 Zinc oxide thermophysical properties and elevating the convective heat transfer
rate in comparison with conventional heat transfer fluids. Thus, it is
Greek symbols not surprising to see a growing body of work on nanofluids in the
y-AlOOH boehmite alumina field of thermal systems. ) . ) . :
A Latest developments in the modeling and simulation of nanofluid
u dynamic viscosity . .
0 density flows were reviewed by Mahian et al. [1,2] who stat}e that a deep knowl-
- . edge about hydrothermal performance of nanofluids and the parame-
o empirical function . . o
p volume fraction of nanoparticles ters affecting it, is of 1mp0rtan;e in heat trfmsfer appllcatlons..
y sphericity 'The con;equence of type, size, and loading of the nanoparticles, base
fluid material, temperature, presence of surfactant, and pH level on the
Subscripts thermophysical properties of nanofluids was discussed in the works of

Brownian related to Brownian motion

eff

effective nanofluid property

Paul et al. [3], Zahmatkesh [4], Esfe et al. [5], Ghaffarkhah et al. [6],
Dadwal and Joy [7], and Sharifi et al. [8,9].

Furthermore, the consequence of the abovementioned parameters
on the performance of various thermal systems utilizing nanofluids
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Fig. 1. Comparison of the thermal conductivity of conventional solids and liquids [1].

(Reprinted with permission from Elsevier)

were noted by Paul et al. [10], Bakthavatchalam et al. [11], Ghalandari
et al. [12], Abbas et al. [13], Ghalambaz et al. [14], and Zahmatkesh
et al. [15-20].

Although the above effects are important, experimental evidence
demonstrates that the shape of the nanoparticle can also alter thermal
conductivity and dynamic viscosity of the resulting nanofluid.

Xie et al. [21] were the first to report thermal conductivity alternation
due to the shape of the silicon carbide (SiC) nanoparticles suspended in
water or ethylene glycol. Addition of the nanoparticles having cylindrical
and spherical shapes with the loading of 4 vol% revealed a thermal con-
ductivity enhancement of 22.9% and 18.5%, respectively. The higher con-
ductivity of the cylindrical nanoparticles was most probably due to their
higher aspect ratio (nanoparticle surface area divided by its volume)
than that of the spherical ones.

The rod-shaped (cylindrical) and spherical nanoparticle shapes
were also discussed in the study of Murshed et al. [22] for TiO,-water
nanofluid. Similar to Xie et al. [21], they reported the dependency of
thermal conductivity enhancement of nanofluids to the nanoparticle
shape in such a way that the cylindrical nanoparticles led to a higher
thermal conductivity than the spherical ones.

Timofeeva et al. [23] experimentally examined the consequence of
nanoparticle shape on thermal conductivity and dynamic viscosity of
alumina nanofluids. Comparison of the results of the blade, platelet, cy-
lindrical, brick, and spherical-shaped boehmite alumina (y-AIOOH)
nanoparticles dispersed in a fluid consisting of equal volumes of ethyl-
ene glycol and water revealed that the highest thermal conductivity oc-
curred for the cylindrical nanoparticles while the lowest dynamic
viscosity (i.e., lowest pumping power) occurred for the spherical-
shaped nanoparticles. Based on their evidences, they proposed two cor-
relations for thermal conductivity and dynamic viscosity of nanofluids
containing different shapes of boehmite alumina nanoparticles dis-
persed in the ethylene glycol-water mixture.

Singh et al. [24] studied the consequences of SiC nanoparticles with
platelet, cylindrical, or spherical shapes on thermal conductivity enhance-
ment. Maximum elevation was reported for the platelet nanoparticles.

Jeong et al. [25] discussed the nanoparticle shape effect on the dy-
namic viscosity and thermal conductivity of zinc oxide (ZnO) nanofluids.
They found that the dynamic viscosity and thermal conductivity of the
nanofluid having rectangular-shaped nanoparticles were higher than
those with spherical nanoparticles.

Yu et al. [26] reported the outcomes of measurement of thermal con-
ductivity and dynamic viscosity of liquid paraffin-based suspensions in
the presence of short MWCNTSs, long MWCNTS, carbon nanofibers, or
GNPs. The highest thermal conductivity was reported for GNPs. This
was attributed to their low thermal surface resistance due to their
two-dimensional planar morphology with large contact area. Utiliza-
tion of the GNPs also led to the lowest value of dynamic viscosity.

Fang et al. [27] focused on the improvement of thermal conductivity
of ethylene glycol through suspending silver nanoparticles with wire,
flake, or spherical shapes. The nanowires with high aspect ratio caused
up to about 15.6% elevation in thermal conductivity whereas the other

two shapes of nanoparticles improved the thermal conductivity up to
about 5%. Moreover, they stated that the presence of the nanowires sub-
stantially raised the fluid viscosity.

Kim et al. [28] studied the suspension stability and thermophysical
properties of boehmite alumina-water nanofluid having various nano-
particle shapes. At the nanoparticle volume fraction of 7%, up to about
16, 28, and 23% thermal conductivity elevations were recorded for
changing the spherical nanoparticles to the blade, brick, and platelet
nanoparticle shapes, respectively. They reported that thermal conduc-
tivity was associated with the stability of the nanofluid that was depen-
dent to the shape of the dispersed nanoparticles.

The consequence of nanoparticle shape on thermal conductivity and
dynamic viscosity of TiO,—water nanofluid was analyzed by Maheshwary
etal. [29]. They compared the results of cube (brick), rod (cylindrical), and
spherical-shaped nanoparticles and reported the highest thermal con-
ductivity for the cylindrical nanoparticles and the lowest dynamic viscos-
ity for the spherical ones. More recently, they extended their work to CuO,
MgO, TiO,, ZrO,, and Al,O3 nanoparticles [30].

Zhang et al. [31] reported the outcomes of measurement of thermal
conductivity of silver-water nanofluids having nanowires or spherical
nanoparticles. At the nanoparticle volume fraction of 0.46%, the thermal
conductivities of nanofluid containing nanowires and nanofluid con-
taining spherical nanoparticles were 0.2843 W/m.K and 0.2619 W/m.
K, respectively.

More recently, the alternation of thermophysical properties of mol-
ten salt due to the addition of the cylindrical and spherical-shaped alu-
mina nanoparticles was discussed by Nithiyanantham et al. [32]. The
experimental measurements demonstrated 12% and 16% elevations in
thermal conductivity in conjunction with 37% and 25% rises in the fluid
viscosity due to the addition of 1 wt% of the cylindrical and spherical-
shaped alumina nanoparticles, respectively.

The shape of the nanoparticles has exhibited prominent conse-
quences on the hydrothermal performance of thermal systems utilizing
nanofluids. In spite of that, to the authors' knowledge, there is no spe-
cific review of the subject. Therefore, this is the aim in the present
work. In the following section, researches on the nanoparticle shape
considered by various researchers are presented. Afterwards, methods
utilized for incorporating the effect of the shape of nanoparticle into
the thermophysical properties of nanofluids are outlined. Thereafter,
an overview of the published works on the effect of nanoparticle
shape on the hydrothermal performance of thermal systems utilizing
nanofluids is presented. The review covers forced, mixed, and natural
convection regimes and includes boundary layer flows, channel flows,
peristaltic flows, impinging jets, cavity flows, flows in heat exchangers,
and flows of hybrid nanofluids. Finally, concluding remarks and future
works are provided.

2. Nanoparticle shapes

Our literature survey demonstrates that various researchers
considered brick, blade, platelet, cylindrical, spherical, oblate
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spheroid, prolate spheroid, hexahedron, tetrahedron, and lamina
shapes for the nanoparticles suspended in different base fluids.
Schematics of these shapes are shown in Fig. 2. Furthermore, SEM
images of TiO, nanoparticles with several nanoparticle shapes are
given in Fig. 3.

z 1 ade

Journal of Molecular Liquids 321 (2021) 114430
3. Models for the incorporation of the nanoparticle shape effect
In this section, some well-known models utilized for the incorpora-

tion of the nanoparticle shape effect into the thermal conductivity and
dynamic viscosity of nanofluids are presented.
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Fig. 2. Schematics of the nanoparticle shapes considered by various researchers.
(Reprinted with permission from Elsevier and Taylor & Francis)
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100nm

Fig. 3. SEM images of the TiO, nanoparticles having (a) spherical, (b) brick (cubic), (c) cylindrical (rod) shapes [30].

(Reprinted with permission from Elsevier)

3.1. Thermal conductivity

Former researchers employed the Maxwell equation [37] for the
evaluation of the thermal conductivity of nanofluids having spherical
nanoparticles as:

_kpt 2ke—2¢ (ke —kp) ’
T Ry + 2k + bk —ky)

(1)

Here, ¢ is the volume fraction of the nanoparticles while kfand k;, are
thermal conductivities of the base fluid and the nanoparticles, respectively.

An alternative way has been the Koo-Kleinstreuer (K-K) model [38]
with the form of:

knf = kst + kBrwom‘an (2)

Here, kg is the static part of thermal conductivity which is obtained
through Eq. (1). Nevertheless, the second part stands for the contribu-
tion of Brownian motion on the thermal conductivity, which is given by:

kgT
Kgrwonian = 5 % 1040¢pfc de(T, ¢) 3)
pPp

with o'and fbeing empirical functions and kg being the Boltzmann constant.

For nanofluids with non-spherical-shaped nanoparticles, some
studies employed the Hamilton-Crosser (H-C) model [39], which is
an extended Maxwell model as:

K _kp+ (n—1)ke—(n—T1)p (ks —ky)
T+ (ks + (ke —ky)

ke (4)

Here, n is the emiprical shape factor. This factor is defined as n = 3/
with ¢ being sphericity, which is the ratio of the surface area of a
similar-volume sphere to the surface area of the non-spherical-shaped
nanoparticle. Table 1 reports the shape factor and sphericity of several

nanoparticle shapes. Note that by setting n = 3 or ¢y = 1 (i.e,, spherical-
shaped nanoparticles), one arrives from the Hamilton—-Crosser model to
the Maxwell model.

An alternative way to incorporate the nanoparticle shape effect on
thermal conductivity goes back to the use of the Timofeeva et al. [23]
correlation for nanofluids containing different shapes of boehmite alu-
mina nanoparticles dispersed in an ethylene glycol-water mixture
(50:50) as:

Ky = ks {1 i (Ci(hape i Ci(urface)d)] — k(1 + Crp) (5)

with G standing for the role of nanoparticle shape on thermal conduc-
tivity (positive) and G*#“¢ standing for the role of surface resistance to
thermal conductivity (negative). Numerical values of C{"®P¢ and Gj/ace
are reported in Table 2. The value of thermal conductivity of the ethylene
glycol-water mixture at 25 °Cis 0.3799 W/m.K [40].

3.2. Dynamic viscosity
The Brinkman model [41] was utilized by researchers to compute

the dynamic viscosity of nanofluids having spherical-shaped nanoparti-
cles as:

Table 1
Shape factor and sphericity of several nanoparticle shapes.

Nanoparticle shape  Aspect ratio Sphericity () Shape factor (n) Ref.
Brick 1:1:1 0.81 3.7 [40]
Blade 1:6:1/12 0.36 8.6 [40]
Platelet 1:1/8 0.52 5.7 [40]
Spherical - 1 3 [40]
Cylindrical 1:8 0.62 49 [40]
Lamina - 0.33 16.1576 [35]
Hexahedron - 0.87 3.7221 [35]
Tetrahedron - 0.25 4.0613 [36]
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Table 2

Constant coefficients in Egs. (5) and (7).
Nanoparticle shape Cihape Cjurface C A A,
Brick 3.72 —0.35 337 1.9 4714
Blade 8.26 —5.52 2.74 14.6 1233
Platelet 5.72 —3.11 2.61 371 612.6
Cylinder 4.82 —0.87 3.95 135 904.4

Table 3

Thermal conductivity of the boehmite alumina nanofluid for different shapes of the nano-
particles based on the Timofeeva correlation.

Nanoparticle shape Nanoparticles volume fraction Rank
0.005 0.01 0.015 0.02
Brick 0.386 0.393 0.399 0.406 2
Blade 0.385 0.390 0.396 0.401 3
Platelet 0.385 0.390 0.395 0.400 4
Cylindrical 0.387 0.395 0.402 0.410 1
Hy
:unf = 25 (6)
(1=¢)~

For nanofluids having non-spherical-shaped boehmite alumina
nanoparticles suspended in an ethylene glycol-water mixture (50:50),
Timofeeva et al. [23] proposed the following viscosity correlation:

s = Hy (1 + A +A2¢2) (7)

The coefficients of A; and A, for different nanoparticle shapes are
given in Table 2. The dynamic viscosity of the ethylene glycol-water
mixture at 25 °C is 0.00339 kg/m.s.

3.3. Discussion

Thermal conductivity of several nanoparticle shapes obtained from
the Timofeeva correlation (i.e., Eq. (5)) and the Hamilton-Crosser
model are given in Tables 3 and 4, respectively, to provide a picture
about the nanoparticle shape effect. Notice that both approaches predict
that a rise in the nanoparticles volume fraction leads to thermal conduc-
tivity elevation, which is expected. Table 3 indicates that the Timofeeva
correlation estimates that the highest values of thermal conductivity ap-
pear for the cylindrical nanoparticles while the lowest values occur for
the platelet ones. Nevertheless, the results of the Hamilton-Crosser
model are entirely different in both the thermal conductivity and the
rank values. To demonstrate this effect further, percentages of deviation
of the Hamilton-Crosser model from the Timofeeva correlation in the
prediction of thermal conductivity of the boehmite alumina nanofluid
are provided in Table 5. It is evident that the Hamilton-Crosser model
predicts higher thermal conductivity values, especially for the blade
and platelet nanoparticle shapes. The maximum discrepancy between
the outcomes of these two approaches is about 10%. The observed

Table 4
Thermal conductivity of the boehmite alumina nanofluid for different shapes of the nano-
particles based on the H-C model.

Nanoparticle shape Nanoparticles volume fraction Rank
0.005 0.01 0.015 0.02

Brick 0.387 0.393 0.400 0.407 4

Blade 0.395 0.410 0.425 0.440 1

Platelet 0.390 0.400 0.411 0.421 2

Spherical 0.385 0.391 0.397 0.402 5

Cylindrical 0.389 0.398 0.407 0.416 3
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Table 5
Percentages of deviation of the H-C model from the Timofeeva correlation in the predic-
tion of the thermal conductivity of the boehmite alumina nanofluid.

Nanoparticle shape Nanoparticles volume fraction

0.005 0.01 0.015 0.02
Brick 0.088 0.190 0.305 0.433
Blade 2.486 4.941 7.365 9.761
Platelet 1.346 2.682 4.009 5.327
Cylindrical 0.334 0.677 1.028 1.388

Table 6

Dynamic viscosity of the boehmite alumina nanofluid for different shapes of the nanopar-
ticles (the results of the spherical nanoparticles are based on the Brinkman model while
the others are based on the Timofeeva correlation).

Nanoparticle shape Nanoparticles volume fraction Rank
0.005 0.01 0.015 0.02

Brick 0.00346 0.00362 0.00386 0.00417 4

Blade 0.00366 0.00394 0.00424 0.00456 3

Platelet 0.00408 0.00487 0.00576 0.00675 1

Spherical 0.00343 0.00348 0.00352 0.00357 5

Cylindrical 0.00370 0.00416 0.00478 0.00554 2

difference is attributed to the fact that the total surface area of the
solid/liquid interface rises with an increase in the shape factor at a con-
stant nanoparticles volume fraction [23]. This deteriorates the thermal
conductivity enhancement due to the elevated surface resistance. How-
ever, this effect is ignored in the Hamilton-Crosser model. Therefore,
the results of this model closely obey the shape factor values in such a
way that a higher shape factor results in a higher thermal conductivity.

The numerical values of the dynamic viscosity of the boehmite alu-
mina nanofluid for various nanoparticle shapes are reported in Table 6.
Here, the viscosity values of the spherical nanoparticles are based on
the Brinkman model while the others are based on the Timofeeva corre-
lation (i.e., Eq. (7)). Notice the viscosity elevation due to the rise in the
nanoparticles concentration in such a way that this elevation is faster
for the non-spherical nanoparticles. The table shows that the highest
and the lowest values of the nanofluid viscosity belong with the platelet
and spherical nanoparticle shapes, respectively. In order to analyze this
effect further, the percentages of deviation of the dynamic viscosity of
the non-spherical nanoparticles from that of the spherical ones are
listed in Table 7. The table indicates an elevation of up to about 90% for
the dynamic viscosity of the non-spherical nanoparticles, as compared
with the spherical ones. This indicates that the nanoparticle shape has
prominent consequences on the viscosity of nanofluids. However,
most of the researchers included the nanoparticle shape effect by chang-
ing the thermal conductivity through the Hamilton-Crosser model
while ignoring the dependence of the fluid viscosity on the nanoparticle
shape, which may not be valid.

Another shortcoming in the literature goes back to the fact that
several authors employed the Timofeeva correlations proposed for
the boehmite alumina nanofluid for the prediction of thermal con-
ductivity and viscosity of other types of nanofluids, which is not
accurate.

Table 7
The percentages of deviation of dynamic viscosity of non-spherical nanoparticles from
that of the spherical ones.

Nanoparticle shape Nanoparticles volume fraction

0.005 0.01 0.015 0.02
Brick 0.842 4214 9.507 16.890
Blade 6.519 13.225 20.335 27.827
Platelet 18.866 40.002 63.536 89.363
Cylindrical 7.908 19.785 35.705 55.505
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4. Nanoparticle shape effect in the forced convection regime

In this section, contributions relating to the nanoparticle shape effect
on the forced convection regime are reviewed. The literature survey re-
veals that most of the previous works on the nanoparticle shape effect
have been undertaken in this regime.

4.1. Boundary layer flow

Lin et al. [36] examined nanoparticle shape effect on heat transfer
of copper-water nanofluid during Marangoni boundary layer flow
over an interface under the influence of gradient of surface tension.
Comparison of the results of several shapes of the nanoparticles in-
cluding sphere, hexahedron, tetrahedron, column, and lamina indi-
cated that the spherical-shaped nanoparticles with low thermal
conductivity had a better heat transfer elevation than other nanopar-
ticles. Marangoni boundary layer flow of the suspension of different-
shaped nanoparticles was also analyzed by Ellahi et al. [42] who
compared the results of disk-shaped (platelet), needle-shaped (cy-
lindrical), and spherical copper nanoparticles suspended in ethylene
glycol.

Kandasamy et al. [43] investigated the effect of nanoparticle shape
on squeezed nanofluid flow over a porous sensor surface under the in-
fluences of magnetic field and radiative heat exchange. Water, engine
oil, and ethylene glycol were utilized as the base fluid while copper, alu-
mina, and single-walled carbon nanotubes (SWCNTs) having lamina,
cylindrical, or spherical shapes were employed for the nanoparticles.
The spherical-shaped SWCNTs dispersed in engine oil had the most de-
sirable heat transfer performance. In another attempt, Kandasamy et al.
[44] employed these nanoparticle types and shapes suspended in water
for MHD flow over a stretched surface. They led to the same conclusion
regarding the shape of the nanoparticles.

Khan et al. [45] discussed MHD forced convection heat transfer of
Cu-water nanofluid in a rotating stretching channel in the attendance
of wall suction/blowing, radiative heat exchange, and viscous dissipa-
tion. The brick, platelet, and cylindrical-shaped nanoparticles were con-
sidered in this study. The three nanoparticle shapes led to almost the
same skin friction coefficients but the platelet-shaped nanoparticles ac-
quired the highest heat exchange rate.

Maraj et al. [46] assessed the hexahedron and lamina-shaped
graphene oxide (GO) nanoparticles dispersed in ethylene glycol (EG)
or propylene glycol (PG) in an MHD stagnation point flow over a
stretching cylinder in the attendance of internal heat generation as
well as thermal deposition. It was found that the shape of the nanopar-
ticle played a vital role in the heat transfer mechanism. The highest
Nusselt number was observed for the lamina-shaped nanoparticles dis-
persed in EG.

Shaiq et al. [47] evaluated the role of the nanoparticle shape factor
on an MHD stagnation point flow towards a stretching cylinder for tita-
nium dioxide or copper nanoparticles dispersed in ethylene glycol.
Brick, blade, platelet, and cylindrical nanoparticles were utilized for
this aim. The strong dependence of the heat transfer rate on the shape
and size of the nanoparticles was clarified during this investigation.
The outcomes showed that the blade-shaped copper nanoparticles led
to the highest temperature. These nanoparticles also produced the max-
imum values of surface heat flux. Additionally, the skin friction was
higher for the copper nanoparticles than for the titanium dioxide ones.

Ganesh et al. [48] investigated fluid dynamics and heat transfer in
Blasius and Sakiadis slip flows of boehmite alumina nanoparticles
with various shapes (brick, blade, platelet, cylindrical, and spherical)
suspended in an ethylene glycol-water mixture. Excluding the
spherical-shaped nanoparticles, direct relation was reported be-
tween the Nusselt number and the nanoparticle loading.

In another study, Saleem et al. [49] focused on heat transfer im-
provement using different shapes of copper nanoparticles in the bound-
ary layer flow of a water-based nanofluid over a flat surface. To this aim,
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blade, platelet, and spherical nanoparticle shapes were analyzed. Re-
sults showed that the nanoparticle shape affected the skin friction and
the Nusselt number, substantially. The platelet-shaped nanoparticles
contributed to the maximum rise in velocity and temperature and the
most considerable improvement in heat transfer.

Kumar et al. [50] explored the effect of nanoparticle shape on hydro-
dynamics and heat transfer of Cu-water nanofluid over a moving plate.
They observed that among the disk-shaped (platelet), needle-shaped
(cylindrical), and spherical nanoparticles, the highest temperature
level appeared for the disk-shaped ones.

4.2. Channel flow

Arani et al. [51] evaluated the nanoparticle shape effect on the hy-
drothermal performance of turbulent nanofluid flow through a wavy
minichannel. The nanofluid was made up of boehmite alumina nano-
particles suspended in an ethylene glycol-water mixture with brick,
blade, platelet, cylindrical, spherical, oblate spheroidal, and prolate
spheroidal nanoparticle shapes. Outcomes are displayed in Fig. 4. A
comparison of the cylindrical, brick, blade, platelet, and spherical nano-
particles indicated that the brick-shaped nanoparticles contributed to
the highest heat transfer rate. Nevertheless, nanofluid containing the
blade-shaped nanoparticles had the lowest friction factor. In terms of
PEC (Performance Evaluation Criteria), however, the brick-shaped
nanoparticles exhibited the best overall performance. They also deter-
mined optimum configurations for the oblate spheroidal and prolate
spheroidal nanoparticle shapes and compared these responses with
the outcomes of the pure base fluid as well as the blade-shaped and
the spherical-shaped nanoparticles. It was concluded that the addition
of the non-spherical nanoparticles to a base fluid could not improve
the hydrothermal performance of the minichannel.

A similar study, but in the laminar flow regime was undertaken by
Vo et al. [52]. They compared the outcomes of the brick, blade, platelet,
and cylindrical-shaped nanoparticles. However, they reported that the
platelet-shaped nanoparticles led to the highest heat transfer rate. The
lowest pressure drop also appeared in the nanofluid containing the
brick-shaped nanoparticles. Moreover, in terms of PEC, the platelet-
shaped nanoparticles achieved the best overall performance.

Nguyen et al. [53] examined the effect of shape of copper oxide
nanoparticles suspended in water on laminar flow of nanofluid through
a sinusoidal channel with obstacles. To this aim, they considered brick,
platelet, cylindrical, and spherical nanoparticle shapes. The heat transfer
rate was improved more than 55% when they replaced the spherical
nanoparticles with the platelet ones.

Khan et al. [54] discussed MHD flow and heat transfer of copper-
water nanofluid through a parallel-plates channel for several nanopar-
ticle shapes (i.e., brick, platelet, and cylindrical). In this study, the shape
of the nanoparticles had no significant effect on the velocity distribution
but it affected the temperature profile substantially. The platelet-
shaped nanoparticles maximized the temperature level but the brick-
shaped nanoparticles minimized it. The highest heat transfer rate was
detected in a fluid containing the platelet-shaped nanoparticles.

Nanoparticle shape effect on molybdenum disulfide-water nanofluid
during an unsteady MHD channel flow in the attendance of radiative heat
exchange as well as wall suction/blowing was clarified by Raza et al. [55].
Accordingly, lamina, cylindrical, and spherical nanoparticles were ana-
lyzed. The outcomes demonstrated that the spherical nanoparticles ele-
vated the heat transfer rate more than the other ones.

Gireesha et al. [56] simulated the slip flow of nanofluids through a
microchannel in the attendance of internal heat generation, convective
boundary conditions, and various shapes of nanoparticles. The nanofluid
was MoS; or TiO, nanoparticles suspended in water. They reported that
the blade-shaped nanoparticles boosted the heat exchange more than
the brick, platelet, cylindrical, and spherical ones. Furthermore, their en-
tropy generation investigation revealed that the highest entropy gener-
ation rate belonged to the spherical nanoparticles.
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Bahiraei et al. [57] assessed the nanoparticle shape effect on en-
tropy generation during turbulent flow and heat transfer of boehm-
ite alumina-water nanofluid through a channel having conical ribs.
To this aim, they considered brick, blade, platelet, cylindrical, and ob-
late spheroid nanoparticle shapes. It was shown that the platelet-
shaped nanoparticles led to the lowest value of the total entropy
generation rate.

4.3. Impinging jets

Selimefendigil and Oztop [58] discussed how the nanoparticle shape
might alter the heat removal from a corrugated plate cooled with an
impinging jet of a SiO,-water nanofluid. Inspection of the results of
the brick, blade, cylindrical, and spherical nanoparticle shapes showed
that the cylindrical-shaped nanoparticles offered the highest values of
the stagnation and mean Nusselt numbers. They found that for the
spherical-shaped nanoparticles, the Nusselt number was a linear func-
tion of the nanoparticles volume fraction. However, deviations from lin-
earity were reported when the cylindrical-shaped nanoparticles were
employed.

Nimmagadda et al. [59] analyzed the nanoparticle shape effect on the
hydrodynamics and heat transfer of MHD jet impingement over a station-
ary/vibrating plate. To this aim, they considered several shapes of carbon
nanoparticles, which included nanotubes, nanorods, and nanosheets. At
the nanoparticle volume fraction of 3%, the percentage enhancements in
the average Nusselt number with the nanotubes, nanorods, and nano-
sheets were recorded to be 26.85, 26.86, and 47.53, as compared with
the pure water.

44. Cavity flow

Sheikholeslami and Rokni [60] and Nguyen et al. [61] simulated the
hydrodynamics and heat transfer of Fe;04—ethylene glycol nanofluid in
lid-driven porous cavities under the influence of Coulomb force. The
brick, platelet, cylindrical, and spherical nanoparticle shapes were con-
cerned. The maximum heat transfer rate was reported for the platelet-
shaped nanoparticles.

4.5. Flow in heat exchangers

Elias et al. [40] studied analytically the effect of nanoparticle shape
on heat transfer as well as entropy generation in a shell and tube heat
exchanger. The analysis was conducted for an ethylene glycol-water
mixture containing brick, blade, platelet, cylindrical, or spherical shapes
of boehmite alumina nanoparticles. The best heat transfer performance
appeared for the cylindrical-shaped nanoparticles followed by the
bricks, blades, platelets, and spherical ones. Meanwhile, entropy gener-
ation of a nanofluid containing the cylindrical-shaped nanoparticles
was just about 1% higher than the other nanoparticle shapes. Thereby,
the cylindrical-shaped nanoparticles were recommended to elevate
the overall performance of the heat exchanger. In another attempt,
Elias et al. [62] extended their work to a shell and tube heat exchanger
having baffles, which led to the same conclusions regarding the nano-
particle shape.

Mabhian et al. [33] reported first and second laws analysis for the ef-
fect of nanoparticle shape and tube material on a minichannel-based
solar collector, working with a suspension of boehmite alumina nano-
particles in ethylene glycol-water mixture. Several nanoparticle shapes
(brick, blade, platelet, and cylindrical) and two materials for the tubes
and the absorber plate (copper and steel) were examined. As indicated
in Fig. 5, excluding the highest volume fraction (i.e., 4%), the brick-
shaped nanoparticles displayed the highest Nusselt number. Moreover,

Fig. 4. Effect of nanoparticle shape on the outcomes of Arani et al. [51] for the nanoparticle
volume fraction of 4%.
(Reprinted with permission from Elsevier)
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the Nusselt number for the steel tubes was higher than that of the cop-
per ones. The undertook second law analysis for the copper tubes re-
vealed that when one utilized the brick-shaped nanoparticles with
the volume fraction of 2%, the entropy generation rate was minimized.
For the steel tubes, however, the minimum entropy generation rate
was attained for the blade-shaped nanoparticles with the nanoparticle
volume fraction of 4%.

Shahsavar et al. [63] undertook a hydrothermal analysis of laminar
nanofluid flow in a double-pipe minichannel heat exchanger. Boehmite
alumina nanoparticles with brick, blade, platelet, cylindrical, or spheri-
cal shapes suspended in a mixture of water-ethylene glycol was chosen
as the nanofluid. Outcomes are displayed in Fig. 6. Notice that the
platelet-shaped nanoparticles and the spherical-shaped nanoparticles
represented the maximum and the minimum values of both heat trans-
fer rate and pumping power, respectively. However, in terms of the per-
formance index, the spherical-shaped nanoparticles offered the best
overall performance. Alsarraf et al. [64] extended this work to the turbu-
lent flow regime. As depicted in Fig. 6, they reached similar conclusions
regarding the nanoparticle shape effect (Fig. 7).

In another attempt, Al-Rashed et al. [65] discussed how nanoparticle
shape might affect entropy generation rate in laminar nanofluid flow
through a double-pipe minichannel heat exchanger. As shown in
Fig. 8, nanofluids having the platelet-shaped nanoparticles and the
spherical-shaped nanoparticles had the highest and lowest rates of en-
tropy generation, respectively. More precisely, the rate of entropy gen-
eration for a nanofluid having the platelet-shaped nanoparticles was
up to about 519.16% higher than that containing the spherical-shaped
nanoparticles. Meanwhile, the highest Bejan number (i.e., the ratio of
heat transfer irreversibility to total global entropy generation rate
[66]) was reported for the platelet-shaped nanoparticles. An extension
of this work to the turbulent flow regime was provided by Monfared
etal. [67]. Conversely, they reported the highest and lowest rates of en-
tropy generation for the spherical-shaped nanoparticles and the
platelet-shaped nanoparticles, respectively. Moreover, the maximum
value of the Bejan number was associated with the nanofluids having
the spherical-shaped nanoparticles (see Fig. 9).

Sadripour and Chamkha [68] compared heat transfer and entropy
generation of nanofluids made up of different shapes of copper (Cu),
silver (Ag), alumina (Al,03), boehmite alumina (y-AlIOOH), molyb-
denum disulfide (MoS,), and silicon dioxide (SiO,) nanoparticles in
a water-based heat sink solar collector. Regarding the heat transfer,
the spherical-shaped nanoparticles displayed the best performance
both for the metallic and non-metallic nanoparticles. However, the

minimum entropy generation rate was achieved for the spherical
shapes and the brick shapes in the metallic and non-metallic nano-
particles, respectively.

Liu et al. [69] simulated heat transfer, entropy generation, and
heat flow path of CuO-water nanofluid in a finned multi-pipe
heat exchanger. They focused on exploring the effect of nanoparti-
cle shape on the simulation results by comparing the outcomes of
cylindrical, platelet, brick, and spherical-shaped nanoparticles.
The platelet-shaped nanoparticles acquired the best heat transfer
performance.

Bahiraei and Monavari [70] performed a hydrothermal analysis of a
micro plate heat exchanger operating with nanofluid as the hot fluid
and pure water as the cold fluid. The nanofluid was made up of an eth-
ylene glycol-water mixture containing brick, blade, platelet, cylindrical,
or oblate spheroid shapes of boehmite alumina nanoparticles. The
platelet-shaped nanoparticles and the oblate spheroid nanoparticles
showed the highest and lowest values of heat transfer rate, respectively.
In spite of that, the oblate spheroid nanoparticles caused the lowest
pressure drop and the highest performance index.

5. Nanoparticle shape effect in the mixed convection regime

Several types of research were performed to explore the nanoparti-
cle shape effect on mixed convection heat transfer, which are reviewed
in this section.

5.1. Peristaltic flow

Akbar and Butt [71] obtained the exact solution for MHD mixed
convection in the peristaltic flow of copper-water nanofluid for
cases having a low Reynolds number and long wavelength. Thereaf-
ter, they compared the outcomes of brick, platelet, and cylindrical
nanoparticle shapes. Scrutiny of their results indicated that chang-
ing the nanoparticles from bricks to cylinders or platelets raised
the temperature. The highest pressure gradient was found in the
platelet-shaped nanoparticles.

Akbar et al. extended their work to incorporate flow unsteadiness
[72] and magnetic field insertion [73]. Both studies demonstrated
that the platelet-shaped nanoparticles acquired the highest velocity.
In the attendance of the magnetic field (i.e., [73]), maximum values
of temperature and pressure gradient were associated with the
shape of brick, which was in contrast with what they observed in
its absence (i.e., [71]).
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In a recent investigation, the consequences of nanoparticle shape on
MHD mixed convection during peristaltic flow in an asymmetric channel
were discussed by Khan et al. [74], who compared the results of the disk
(blade), cylindrical, and spherical nanoparticles.
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5.2. Boundary layer flow

Ellahi et al. [75] studied the shape effect of Nimonic 80a nanoparti-
cles suspended in HFE (Human Engineered Fluid) in mixed convection
over a wedge within a porous medium. The analysis was undertaken
for the needle-shaped (cylindrical), disk-shaped (blade), and spherical
nanoparticles. The highest values of temperature, velocity, and entropy
generation rate were reported for the disk-shaped, spherical, and
needle-shaped nanoparticles, respectively. It was reported that the
non-spherical shaped nanoparticles were more stimulated for heat
transfer enhancement.

Zeeshan et al. [76] employed different shapes of nanoparticles in an
unsteady mixed convection of nanofluid over a rotating disk. For the
nanofluid, copper nanoparticles with the disk (blade), cylindrical, or
spherical shapes suspended in water were considered. Scrutiny of the
outcomes demonstrated that the spherical-shaped nanoparticles
gained the maximum fluid temperature. However, nanofluid having
the cylindrical-shaped nanoparticles offered the highest velocity. The
maximum irreversibility was found for the disk-shaped nanoparticles,
followed by the cylindrical and spherical shapes.
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Ellahi et al. [77] discussed the nanoparticle shape effect on mixed
convection heat transfer of Nimonic 80a-HFE nanofluid over a vertical
stretching permeable plate. Comparison of the results of the needle-
shaped (cylindrical), the disk-shaped (blade), and the spherical-
shaped nanoparticles led to the conclusion that the lowest values of
temperature and wall shear stress occurred for the needle-shaped
nanoparticles.

Mahanthesh et al. [78] focused on the effect of nanoparticle shape
on unsteady mixed convection heat transfer of nanofluids over a
rotating plate in the attendance of Hall current, chemical reaction,
porous medium, and temperature-dependent heat generation. Cop-
per, copper oxide, aluminum, alumina, and titanium oxide nanopar-
ticles having column, lamina, tetrahedron, hexahedron, or spherical
shapes suspended in blood, ethylene glycol, engine oil, or glycerin
were considered as the nanofluid. Among the 20 nanofluids ana-
lyzed, the Cu-EG nanofluid achieved the highest heat transfer rate.
Furthermore, the temperature level of the lamina-shaped nanopar-
ticles was largest.

Izadi et al. [79] analyzed MHD mixed convection heat transfer of a
micropolar nanofluid over a stretching plate within a porous medium.
The nanofluid had a magnetic field-dependent viscosity, which was
made up of copper nanoparticles dispersed in water. The brick, platelet,
cylindrical, and spherical nanoparticle shapes were concerned and the
corresponding results were compared. The results showed that the
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maximum and minimum values of both temperature and velocity ap-
peared in the fluid containing the spherical and platelet nanoparticles,
respectively.

5.3. Cavity flow

Selimefendigil et al. [80] focused on mixed convection heat transfer
occurring as a result of rotation of a cylinder inside a flexible-wall cavity
filled with SiO,-water nanofluid in the attendance of heat generation.
They considered several nanoparticle shapes including brick, blade,
spherical, and cylindrical. Among them, the cylindrical nanoparticles
and the spherical ones exhibited the best and the worst performance
for heat transfer enhancement, respectively.

In another attempt, Selimefendigil et al. [81] simulated MHD mixed
convection of SiO,—water nanofluid in a cubic cavity having a conductive
partition for several nanoparticle shapes (i.e., blade, brick, spherical, and
cylindrical). The blade-shaped nanoparticles exhibited the worst heat
transfer performance while the cylindrical-shaped ones exhibited the
best heat transfer performance. However, the results of these nanoparti-
cle shapes in terms of the mean Nusselt number were less than 3% apart.

5.4. Other flow problems

Khan [82] discussed the shape effect of MoS, nanoparticles suspended
in water on MHD mixed convection through a vertical porous channel in
the slip flow regime. Molybdenum disulfide nanoparticles were utilized
in different shapes including brick, blade, cylindrical, platelet, and spher-
ical. Inspection of the results showed that nanoparticles having the
blade shape led to the highest heat transfer rate. The heat transfer rate
of nanofluids containing the blade, platelet, cylindrical, brick, and spheri-
cal nanoparticle shapes were found 8.1, 5.7,4.7, 3.7, and 2.9% higher than
the base fluid, respectively.

[jaz et al. [83] studied the importance of nanoparticle shape on electro-
osmosis mixed convection of nanofluid in a curved channel. To this aim,
alumina-water nanofluid with blade, brick, platelet, and cylindrical-
shaped nanoparticles was considered. The best thermal performance
was recorded for the blade-shaped nanoparticles.

6. Nanoparticle shape effect in the natural convection regime

In the literature, several studies were reported relating the nanopar-
ticle shape effect on natural convection heat transfer as follows.

6.1. Boundary layer flow

Zaraki et al. [84] focused on the consequence of size, shape, and
type of nanoparticles as well as the type of base fluid and tempera-
ture level on natural convection boundary layer heat and mass
transfer of nanofluids. Regarding the nanoparticle geometry, they
compared the rectangular and spherical shapes of ZnO nanoparti-
cles. It was found that the maximum velocity of the nanofluid hav-
ing the spherical nanoparticles was slightly higher than that the
velocity of the rectangular nanoparticles. The temperature profiles
were, however, almost identical. The nearly negligible effect of the
nanoparticle shape on the heat transfer improvement was also ob-
served in the analysis of Sabour et al. [85], who discussed similar pa-
rameters but for cavity flows.

Ghadikolaei and Gholinia [35] simulated three-dimensional
MHD natural convection of nanofluids over a porous vertical
stretching plate under the influences of radiative heat exchange
and suction/blowing. The nanofluid was produced by suspending
copper nanoparticles in the hexahedron or lamina shapes within
an ethylene glycol-water hybrid base fluid. It was noticed that
the lamina-shaped nanoparticles had a more significant effect on
elevating temperature and the heat transfer rate compared with
that of the hexahedron ones.

12

Journal of Molecular Liquids 321 (2021) 114430
6.2. Cavity flow

Paul et al. [86] performed an experimental study on natural convec-
tion heat transfer of a nanoparticle enhanced ionic liquid (NEIL) in rect-
angular cavities. They synthesized the NEIL by dispersing alumina
nanoparticles with spherical or whisker shapes into an ionic liquid.
The whisker-shaped nanoparticles had slightly higher Nusselt number
than the spherical-shaped nanoparticles.

Shirvan et al. [87] analyzed the consequences of nanoparticle shape
on natural convection heat transfer as well as entropy generation char-
acteristics of nanofluids in a wavy-wall cavity through response surface
methodology. The blade, cylindrical, and spherical nanoparticles were
compared. The highest values of heat exchange and entropy generation
rate were recorded for the spherical-shaped nanoparticles.

Trodi and Benhamza [34] focused on the roles of nanoparticle shape
and aspect ratio of alumina-water nanofluid on natural convection in a
square cavity. Three different nanoparticle shapes (spherical, oblate
spheroid, and prolate spheroid) with several aspect ratios were com-
pared. The nanoparticle shape and aspect ratio possessed prominent
consequences on the natural convection heat transfer. The oblate spher-
oid nanoparticles offered the largest enhancement in the heat transfer.
For the prolate spheroids, direct relation was reported between the
heat transfer rate and the nanoparticle aspect ratio.

Sheikhzadeh et al. [88] discussed the effect of nanoparticle shape on
natural convection heat transfer of SiO,-water nanofluid in a partitioned
square cavity. They utilized the nanoparticles having brick, blade, platelet,
cylindrical, or spherical shapes. It was observed that when 10> < Ra < 10°,
the nanoparticle shape produced minor consequences on the heat trans-
fer rate. However, for higher values of the Rayleigh number, the nanopar-
ticle shape effect became evident in such a way that the platelet-shaped
nanoparticles acquired the highest Nusselt number.

Alkanhal et al. [89] compared the results of brick, platelet, cylindri-
cal, and spherical nanoparticles suspended in water in MHD natural
convection heat transfer within a wavy-wall porous cavity having a
square obstacle and a radiative heat source. The highest Nusselt number
occurred in the fluid containing the blade-shaped nanoparticles.

Dogonchi et al. [90] studied the shape effect of CuO nanoparticles on
natural convection heat transfer in a partially-heated rhombus cavity
having a circular barrier at its center. They considered the cylindrical,
platelet, and spherical nanoparticle shapes. It was noticed that the heat
transfer rate reached its maximum value when using the platelet-
shaped nanoparticles. The minimum heat transfer rate belonged to the
spherical-shaped nanoparticles. Similar outcomes were obtained when
they extended their work to incorporate the magnetic field insertion [91].

Rahimi et al. [92] focused on natural convection heat transfer in a
finned/multi-pipe cavity filled with CuO-water nanofluid. They exam-
ined the consequences of the nanoparticle shape on the simulation re-
sults. The brick, platelet, cylindrical, and spherical-shaped nanoparticles
were considered. The most proper nanoparticles in terms of heat transfer
improvement were platelet-shaped.

Nguyen et al. [93] employed a two-temperature model to simulate
MHD natural convection of copper oxide-water nanofluid flow in a per-
meable cavity. They compared the results of brick, platelet, cylindrical,
and spherical nanoparticle shapes. The best nanoparticles were the
platelet-shaped ones.

The consequence of nanoparticle shape on MHD natural convection
of copper-water nanofluid in an irregular triangular cavity was discussed
by Dogonchi et al. [94]. They compared the results of platelets, cylindri-
cal, and spherical nanoparticles and noticed that the nanoparticle
shape factor possessed prominent consequences on the heat transfer
rate in such a way that the shape factor elevation improved the heat
transfer rate. Therefore, the platelet-shaped nanoparticles exhibited
the highest heat transfer rate.

Shahsavar et al. [95] analyzed how the nanoparticle shape may affect
natural convection and entropy generation in a finned concentric hori-
zontal annular cavity filled with nanofluid. The nanofluid was made
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up of brick, blade, platelet, cylindrical, or spherical-shaped boehmite
alumina nanoparticles dispersed in a 50:50 mixture of ethylene glycol
and water. The cylindrical and platelet-shaped nanoparticles acquired
the best performances regarding the first and the second laws of ther-
modynamics, respectively.

Gholinia et al. [96] compared the outcomes of the tetrahedron,
cylindrical, and spherical CuO nanoparticles in MHD natural convec-
tion of binary-based nanofluids (ethylene glycol-water mixture)
within a porous cavity in the attendance of radiative heat exchange.
The cylindrical-shaped nanoparticles demonstrated a greater effect
on heat transfer enhancement compared with the other shapes.

In another attempt, Gholinia et al. [97] simulated natural convection
within an intricate-shaped porous cavity and compared the heat trans-
fer performance of brick, platelet, lamina, and tetrahedron TiO, nano-
particles suspended in an ethylene glycol-water mixture. The highest
Nusselt number was recorded for the lamina-shaped nanoparticles.

Shape effectiveness of alumina nanoparticles on the MHD natural
convection heat transfer in a porous cavity was discussed by Vo et al.
[98]. To this aim, outcomes were presented for the brick, platelet, cylin-
drical, and spherical-shaped nanoparticles. Inspection of the results in-
dicated that a direct relation existed between the nanoparticle shape
factor and the heat transfer rate in such a way that the platelet-
shaped nanoparticles acquired the best performance.

6.3. Other flow problems

KhakRah et al. [99] considered the brick, platelet, cylindrical, and
spherical-shaped nanoparticles for natural convection of CuO-water
nanofluid in a I'-shaped heat exchanger. Among them, the platelet-
shaped nanoparticles led to the highest heat transfer augmentation.

Sowmya et al. [100] studied thermal behavior of a radial porous fin
wetted with a suspension produced by dispersing brick, blade, platelet,
or cylindrical shapes of molybdenum disulfide nanoparticles within
water. The brick-shaped nanoparticles yielded the highest heat transfer
performance compared with the other shapes.

7. Nanoparticle shape effect in hybrid nanofluids

Some researchers discussed the nanoparticle shape effect on the
flows of hybrid nanofluids. Examples in the forced, mixed, and natural
convection regimes are discussed in the following.

7.1. Forced convection regime

Ghadikolaei et al. [101] compared the results of brick, platelet,
and cylindrical-shaped TiO,-Cu hybrid nanoparticles dispersed in
water in an MHD stagnation point flow over a horizontal stretching
plate. The highest heat transfer rate was reported for the platelet-
shaped nanoparticles.

Ghadikolaei et al. [102] analyzed the effect of the nanoparticle shape
factor on three-dimensional squeezing flow of hybrid nanoparticles
(Fe304-Ag) dispersed in a binary base fluid (ethylene glycol-water).
Accordingly, three shapes of nanoparticles including brick, platelet,
and cylindrical were utilized. They noticed that raising the shape factor
reduced the temperature level but elevated the heat transfer rate.
Therefore, the highest heat transfer rate was reported for the platelet-
shaped nanoparticles with the highest value of the shape factor.

Dinarvand et al. [103] investigated how nanoparticle shape in TiO,/
CuO-water hybrid nanofluid may alter fluid flow and heat transfer
over a static/moving wedge or corner. The platelet-shaped nanoparti-
cles led to the highest local Nusselt number in comparison with other
shapes including brick, cylindrical, and spherical.

Bhattad and Sarkar [104] assessed the effect of the shape and size of
hybrid nanoparticles on the hydrothermal performance of a plate evap-
orator using nanofluids. Water-based solutions of ethylene glycol (EG),
propylene glycol (PG), calcium chloride (CaCl,), and potassium acetate
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(KAC) were utilized as the base fluid while the hybrid nanoparticles
were considered as combinations of copper oxide, alumina, titania, or
silica with copper nanoparticles. The PG and EG-based Cu-CuO hybrid
nanofluids gave the highest heat transfer rates while the Cu-SiO, hybrid
nanoparticles performed well in terms of the exergetic efficiency.
Among the brick, platelet, cylindrical, and spherical nanoparticles, the
brick-shaped ones showed the maximum alternation in the performance
index while the platelet-shaped ones led to the worst performance.

Benkhedda et al. [105] considered the nanoparticle shape effect on
the heat transfer performance of hybrid nanofluids flowing through a
tube. The tube was filled with water, TiO,-water nanofluid, or Ag/
TiO,-water hybrid nanofluid. Four different types of nanoparticle
shapes were considered which include platelet, blade, cylindrical, and
spherical. The highest heat transfer rate belonged to the blade-like
nanoparticles followed by the platelet, cylindrical, and spherical ones.
In addition, the highest friction factor was reported for the platelet-
shaped nanoparticles.

Ghobadi and Hassankolaei [106] studied the role of nanoparticle
shape on MHD convection heat transfer of Al,03/TiO,-H,0 hybrid
nanofluids over a stretching cylinder in the presence of heat generation
and nonlinear thermal radiation. They compared the hexahedron and
lamina-shaped nanoparticles and found that changing the hexahedron
nanoparticles to the lamina ones elevated the temperature level. More-
over, the lamina-shaped nanoparticles were more influential on the
Nusselt number.

Aziz et al. [107] focused on heat transfer as well as entropy genera-
tion of Maxwell hybrid nanofluid over a porous stretching disk in the
attendance of inclined magnetic field, Joule heating, radiative heat ex-
change, and nanoparticle shape factor. Comparison of the results of
Cu/EG and Fe304-Cu/EG nanofluids showed higher heat transfer perfor-
mance for the hybrid nanoparticles. Meanwhile, inverse relation was re-
corded between the heat transfer rate and the nanoparticle shape factor.

7.2. Mixed convection regime

Ghadikolaei et al. [108] examined the effect of shape factor on MHD
non-Newtonian hybrid nanofluid flow and heat transfer over a rotating
cone under the influence of buoyancy force, heat generation/absorp-
tion, radiative heat exchange, and variable thermal conductivity. The
nanofluid was a suspension of TiO, and CuO hybrid nanoparticles in
an ethylene glycol-water mixture with the brick, blade, cylindrical, or
platelet-shaped nanoparticles. They reported that raising the shape fac-
tor elevated the temperature level as well as the Nusselt number. There-
fore, the blade-shaped nanoparticles had the highest heat transfer rate.
It was also noticed that the hybrid nanoparticles produced more prom-
inent consequences on temperature distribution than the single nano-
particles. Similar conclusions were drawn when Ghadikolaeia and
Gholinia [109] studied three-dimensional MHD mixed convection of
GO-MoS; nanoparticles dispersed in an ethylene glycol-water mixture
in the attendance of radiative heat exchange, slip factor, and shape factor.

Maraj et al. [110] presented a shape effect investigation for MHD
flow and heat transfer of MoS,-SiO,/H,0 nanofluid in a semi-vertical
inverted cone with porous wall in the attendance of viscous dissipation
and radiative heat exchange. The highest and the lowest values of the
skin friction coefficient and the Nusselt number were reported for the
blade and brick-shaped nanoparticles, respectively.

7.3. Natural convection regime

Ghadikolaei et al. [111] simulated three-dimensional MHD natu-
ral convection of nanofluid over a vertical stretching plate under the
effect of variable thermal conductivity, radiative heat exchange, and
the nanoparticle shape factor. The nanofluid consisted of MoS,-Ag
hybrid nanoparticles suspended in an ethylene glycol-water mix-
ture. They considered the brick, blade, platelet, and cylindrical nano-
particle shapes. The hybrid nanoparticles led to higher values of heat
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transfer rate and thermal boundary layer thickness, as compared
with the single ones. Shape factor showed an incremental conse-
quence on the temperature profile as well as the Nusselt number
in such a way that the blade-shaped nanoparticles had the highest
values of the Nusselt number.

Sahu et al. [112] conducted both energetic and exergetic analysis for
anatural circulation loop operating with water-based hybrid nanofluids.
To this aim, A1203—Ag, A1203—CNT, A1203—Ti02, A1203—CUO, A1203—CU,
and Al,05-GNPs hybrid nanoparticles having platelet, cylindrical, or
spherical-shapes were considered. The nanoparticle shape had promi-
nent consequences on the performance of the system. The hybrid
nanofluids having platelet-shaped GNPs yielded the lowest mass flow
rate compared with the other nanofluids, which was attributed to an
enormous rise in the dynamic viscosity.

8. Discussion

The presented literature survey indicated that there was no uniform
conclusion on the effect of nanoparticle shape on the hydrothermal per-
formance of thermal systems. In this section, we try to collect the out-
comes of the previous studies to determine statistically how each of
the mentioned nanoparticle shapes has led to the highest heat transfer
performance in different flow regimes. To this aim, Fig. 10 is plotted. No-
tice in Fig. 10(a) that in about 42% of the previous studies in the forced
convection regime, the platelet-shaped nanoparticle acquired the
highest heat transfer rate. The second and the third nanoparticles
were spherical and cylindrical, respectively. The trend in the natural
convection regime (i.e., Fig. 10(c)) is similar. However, about 35% of
the previous studies in this flow regime have reported the platelet
shape as the optimum nanoparticle shape for heat transfer enhance-
ment. [nspection of Fig. 10(b) and (d) demonstrates that in the mixed
convection regime as well as the flow of hybrid nanofluids, the blade-
shaped nanoparticle led to the best heat transfer performance. This is
in contrast with what we observed in the natural and forced convection
regimes and reveals that the role of nanoparticle shape on the heat
transfer elevation is dependent to the regime of the flow.

Brick

8%

Blade

8%

Cylindrical
13%

(a) Forced convection regime

Whisker

(c¢) Natural convection regime
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9. Concluding remarks and future works

This paper offered an overview of the nanoparticle shape effect on the
hydrothermal performance of thermal systems utilizing nanofluids. The
conclusions and future research directions of this review are as follows:

(1) Toinclude the nanoparticle shape effect, both thermal conductiv-
ity and dynamic viscosity of the nanofluid must be modified.

(2) Incorporation of the nanoparticle shape effect with alternation of
thermal conductivity through the Hamilton-Crosser model may
not be accurate.

(3) Identifying a suitable nanoparticle shape for each system could
effectively improve its hydrothermal performance and decrease
its entropy generation rate.

(4) There is no uniform conclusion on the role of nanoparticle shape
on the hydrothermal performance of thermal systems.

(5) The effect of nanoparticle shape on the heat transfer enhance-
ment is dependent to the regime of the flow.
In most of the previous studies in the natural and forced convec-
tion regimes, the platelet-like nanoparticle led to the best heat
transfer performance. However, most of the works in the mixed
convection regime reported the highest heat transfer rate for
the blade-like nanoparticle.
Future researches should further strengthen the studies on fluid
dynamics and heat transfer of different shapes of nanoparticles.
Most of the efforts on the nanoparticle shape effect on the hydro-
thermal performance of thermal systems are theoretical through
incorporating it in thermophysical properties while experimen-
tal verification is relatively lacking. Hence, future experimental
measurements are required for different nanoparticle shapes in
various nanofluids having single and hybrid nanoparticles.
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