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Algorithm 196 2017 2018 -
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Reliability Assessment 145 2022 2023 =
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Count Proportion (%)

Research Article 437 9161
Review 37 7.76
Conference Paper 1 021
Note 0 0.00
Editorial 0 000
Business article 0 000
Letter [ 0 000
Data Paper 0 000
Other [ 2 042

Total 477 100.00
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Web of science categories Count Proportion (% of 437)

Engineering 163 3730

Energy Fuels 8 1991

Science Technology 56 1281
Computer Science 2 503
Physics 19 435
Environmental Sciences Ecology 14 320
‘Thermodynamics 13 297
Materials Science 10 229
Mechanics 7 160
Telecommunications 7 160
Instruments Instrumentation 6 137
Automation Control Systems 5 114
Other Topics 28 641

Total 437 10000
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Flow field type

Conventional

Bio-inspired

Advantages

« Simple design and low-cost fabrication
« Proven reliability
+ Good water removal (serpentine, parallel)

« Uniform flow and temperature
« Low pressure drop
« Improved water management

Disadvantages

« No uniformity of distribution
« High pressure drop
« Risk of flooding and dry zones

« Complexity of design and fabrication

« Sensitive to operating conditions

« Still under development

« Limit adoption in industrial FC systems
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Fishbone-shaped design

Dimensions and operating
parameters

Active area: 49 cm2
Bipolar plate thickness:10 mm
Channel width:1 mm
Channel depth:1 mm
Operating temperature
333.15-353.15K

Pressure:1-5 bar

Active area: 25 cm?
Channel widt
Channel dept
Hydrogen flow rate: 350 em*/min
Air flow rate: 1900 cm?/min
Operating temperature: 353 K
Inlet relative humidity: 100%
Absolute pressure: 101 kPa

:0.8 mm

.8 mm

Active area: 2 cm?
Channel length: 20 mm
Channel width:
Channel height:l mm

Rib width: 1 mm

Operating temperature: 343.15 K

mm

Active area: 25 cm?
Depth of flow channel: 1 mm
‘Thickness of the FEP 8 mm (6 plates)

Active area: 50 cm?

Channel width: 0.8 mm

Channel depth: 1.1 mm

Operating temperature 55°C~75°C

Active area: 4 cm®

Channel depth: 1 mm

Channel width:1 mm
Operating temperature: 298.15K

Active area: 25 cm®

Inlet channel width: 5 mm
Outlet channel width: 1 mm
Channel depth: 1 mm

Width scale: @ = 0.917-0925
Number of the outlets: 64
Operating temperature: 353.15 K

Active area: 25 cm®

FFP dimensions: 51 x 51 mm
FFP thickness: 2.9 mm
Channel width: 1 mm
Channel height:l mm

Angle to the inlet channel:
15,18, 22.5, 30, 40°

Active area: 6.25 cm?

FFP thickness: 9.6 mm

Number of outlets: 256

Dimensions of the outlet channels:
400 x 800 pm with 1.18 mm spacing
between them

Active area: 9.84 cm?
FFP thickness: 3 mm
Channel depth: 0.4 mm

Active area: 25 cm®
Channel depth: 1.5 mm
Inlet diameter: 3.5 mm

Active area: 2500 mm?
Inlet channel width: 1 mm
Outlet channel width: 0.5 mm

Channel width: 0.6 mm
Outlet channel height: 1.2 cm
Circular rib width: 0.6 mm
Channel height: 1 mm

Active area: 49 cm?

Channel dimensions: 1 x 1 mm
Operating temperature: 20,35, 50, 65,
80°C

Active area: 10.24 cm®
Channel depth:1 mm
Inlet channel area:16 mm*

Active area: 25 cm?®
Channel length:1 mm
Channel widt

Badduri etal. (2019)
Exp

Kang etal. (2019)
Exp

Cai etal. (2020)
CFD and Exp

Bethapudi et al. (2021)
Exp

Sudrez etal. (2022)
Exp

Ke et al. (2023)
CFD and Exp

Sauermoser etal. (2021)
Exp

Chen et al. (2023)
CFD and Exp

Bethapudi et al. (2019)
Exp

Ghadhban et al. (2021)
Exp

Lietal. (2022a)
CFD and Exp

Jang etal. (2012)
CFD and Exp

Lietal. (2023a)
CFD

Huang et al. (2020)
CFD and Exp

Yao etal. (2022)
CFD

Wang et al. (2021)
CFD
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Type of study and
operating

parameters

CFD andexp”
Active area: 26.95 cm®

(55 mm x 49 mm)

‘Thicknesses of the bipolar

plate, GDL, CL, and Wang et al. (2020)
membrane: 1.5 mm,

02mm, 0.01 mm, and

0.0508 mm, respectively

Operating Temperature:
34815K
Parallel Trapezoid
Baffle
CFD and exp

Active area: 25 cm?

‘The flow rates were

maintained at 0.2 L/min Vijayakrishnan et al.
at the anode and (2020)

0.5 L/min at the cathode

Operating temperature:

333.15K

Sinusoidal channels at the cathode side

CFD and exp

Active area: 25 cm’

Flow rate: 2.05e-7 kg/s at

the anode inlet, and

1.67e=6 kg/s at the Velisala and Srinivasulu
athode (2018)

Operating pressure: 1 bar

Operating temperature:

323K

CFD

Length L =30 mm

() Schematic illustration of the M-like channel W =0.25,035,05 mm
H=0.15,035,0.55 mm
§=0.15,0.25,0.35mm

5 Velocity: 0.2 m/s

Wan etal. (2020)

s Operating Temperature: Dhahad et al. (2019)

40°C-100°C

Pressure: 0.4-0.7 bar
Voltage: 7-11.4 V
Flow rate of hydrogen:

Parallel Z-shape FEP (top left) :“’“‘“ o
Serpentine of Z -2Z -3Z - § -25 ~W shapes tamp olEG =38
Novel modified W-shaped FF(bottom right)

1 iniet CFD
Active area: 510.4 mm*

serpentine Inlet mass flow rates

channel anode: 3.07x 10" 7 kg/s

cathode: 8.15 x 10”6 kg/s

Hu etal. (2023)
1 out
parallel

channel

! )

parallel and parallel-serpentine-parallel flow field

Exp
‘The channel width was

limited to 0.6 mm Choi et al. (2022)
Depth:l mm

Active area: 20 cm? (10 x

2cm)

095t
2

Exp
Length of channel: 50 mm

Width of channel: 1 mm

Height of channel: 2 mm Lu etal, (2024)
Width of Rib: 1 mm

Height of Rib: 2 mm

Inlet mass flow rates

Hydrogen: 1.6 x 107 kg/s

Air: 24 x 107 kg/s

3D stepped flow fields

Exp
Active area: 5 cm?

“The flow rate of hydrogen
and air Yoo etal. (2022)

0.2L/min
‘Thickness of the flow
plate: 10mm

3days-printed serpentine FF

®) s
¥,
Cathode current collector
CFD

Channel length: 90 mm
Channel widt}
Channel height: 1 mm Zhou et al. (2022)
Rib width: 1 mm

Cathode channel

2mm
10

Cathode catalyst layer,

Membrane

Anode catalyst layer Anode channel

Anode gas diffusion layer Anode current collector

sinusoidal wave flow channel

Flow channel

Exp
Active area: 2 cm?

Operating temperature: Mojica et al. (2021)
343.15K

Depth of channel: 0.6 mm

11

GDL

shifted sinusoidal wave flow channels

cFD

Channel length (L,):

50 mm

Channel width (W,,):

1mm Ramin etal. (2019)

Channel height (H,,

1 mm

Trap length (L

11, 14 mm

Trap width (W,

025mm

<h Land or shoulder width
“Trap-shape channel (Wip): 1 mm

Operating temperature:

353K

12

):2,5,8,

rap

Exp

Active area: 25 cm?

Channel depth: 2 mm

Operating temperature: Chadha etal. (2021)
333.15K

Stoichiometry for

hydrogenis 1.4

oxygen is set to 1.2

13

(a) Traditional serpentine design (b) multi-serpentine design (c) hybrid design

CFD and exp
Active area: 80 cm’
" Channel depth: 1.5 mm Xuetal. (2024)
Width: 2 mm
Length: 2m

() Novel A (b) Novel B (c) Serpentine channel

»

CFD
Active area:6 cm®

‘The length of channel:
50 mm

Width and height of
channel:1 mm

‘The inlet and outlet

15 Dong et al. (2021)

angle:120°

L
Discontinuous $-shaped
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Anode: 40l = O, + 21,0 + 4¢ ,E" = +0.401 V (Va.5HE)
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Hybrid

nanoparticle

Base fluid

Concentration
range

Temperature
(C)

Thermal conductivity results

Kumar et al. (2024)

Li et al. (2024)

Kanti et al. (2024)

Jin et al. (2024)

Alsangur et al. (2024)

Alfellag et al. (2024)

Sreekumar et al.
(2024)

Ibrahim et al. (2024)
Selvarajoo et al.

(2024)

Al-Rabeeah et al.
(2024)

Singh et al. (2024)

Srinivasan and
Ponnusamy (2024)

Kumar Kanti et al.
(2023)

Razavi Dehkordi etal.
(2023)

Bao et al. (2023)

Kanti et al. (2023a)

Virdaru et al. (2023)

Kanti et al. (2023b)

Kumar Kanti et al.
(2023)

Kanti et al. (2022)

Virdaru et al. (2022)

Kanti and Maiya.
(2022)

Shajan et al. (2021)

Siddiqui et al. (2021)

Balaji et al. (2021)

Bakhtiari et al. (2021)

Said et al. (2020)

Kazemi et al. (2020)

GO-MXene

GNPs/Al20a

Red Mud (RM)-GO
(50:50)

GO/MXene (1:1)

FesO4/ONT, FesOd/
Graphene

CT-MWCNTS/TiO2

MXene/Carbon-dot

Alz20s-MWCNT

Alz05-GO (80:20)

Graphene-FesOs

Graphene-ZrOz

Oxygen-functionalized
GNP-CuO

CuO-GO

WOs-nG

MWCNT/SIiC

GO-MXene

AgTGO (50:50)

GO-ALOs (20:80 and
50:50)

GO-CuO

GO-Si02
GO-TiO:2

GO-Si

GOJcoal fly ash (CFA)

Al20s-GNP

Ag-Graphene

Graphene-MWCNT

TiOz-Graphene

1GO coated over F-CNF

Graphene-SiOz (70:30)

Vanadium
electrolyte

Oleic Acid

Water

Ethylene glycol
(EG)/water-based
(50:50)

Water

Water

Water

Water

Deionized water

Water

Water

DI water

Water

Liquid Paraffin

Water

Water

Water

Water

Water

Water

Water

Water

Therminol” 55

Water

Water

Water

Water

Water

0-0.1 wt%

GNPs: 0.1 wt%-0.4 wt%

AROx: 1 Wt%-4 wt%

0.1-0.75 vol%

0.01 Wt%-0.3 wi%

1-5 widh

0-0.1 wi%

0.01-02 wt%

03 vol%

025-1.0 vol%

0.01%-0.2%

0.05%-0.125%

0.1 wt%

0.1-1 vol%

0.005%-5%

10 ppm MWCNTSs,
80 ppm SiC

0.5 vol%

0.05-0.1 wt%

0.1-1.0 vol%

0.1-1.0 vol%

0.05-1.0 vol%

0-025 wt%

0.1-1.0 vol%

0.01-0.1 wt% (GNP),
1.0 wi% (AL:0s)

0.10%

0.01%-0.2%

0.005%-0.5%

0.04 vol%

0.05%-1%

15-45

30

60

20-60

24

30-50

20-60

10-30

30-50

20-60

30C-70°C

30-60

30-60

25-70

25

25-60

20-50

30-60

30-60

30-60

25-50

30-60

20-90

20-100

20-60

25-75

25-55

25°C-50°C

1.57% and 6.81% enhancement for 0.01wt%
and 0.1 wt% HNF at 45°C, respectively

A 10% GNP addition in the Al20s HNF
resulted in the maximum enhancement of
12.84% at 4 wt%

Decrease in TC with increased addition of
GNP to 15%

Mono-GNP NF of 0.4wt% has a maximum
enhancement of 9.04%

0.75v0l% HNF has the highest TC of 0.93 W/
mK at 60°C

‘This HNF has a higher TC than mono RM
NE of 075 vol%

TC increased with GO/MXene dosage

0.3 wi% HNF shows the greatest TC
improvement of 33.49% at 60°C

The TCof FesOu/Graphene is up t0.2-3 times
‘more than that of FesOs/CNT

Under the external magnetic field effect, the
‘maximum TC enhancement results were
around 12% and 51% for 5 wt% of FesOa/
CNT-water and FesOu/Graphene-water,
respectively

Without an external magnetic field, TC
enhancement for the HNFs is 6.7% and
14.6% for FesOa/CNT-water and FesOa/
Graphene-water, respectively. at 5 wi%

TC increased with an increase in CT-
MWCNT proportion from 20:80 to 60:40,
and then it experienced a slight decrease for
the HNF ratio of 80:20

HNF 60:40 has the highest augmentation of
18.24% at 50°C

MXene has the highest TC enhancement
(50%) over water, followed by hybrid (42.2%)
and C-dot nanofluid (33.29)

TC is enhanced by about 48.86% at a volume
concentration of 0.3%

4.30% higher HNF TC than Alz0s, 4.34%
higher than GO

4.87% enhancement for 0.2% HNF at 20°C

The TC of the nanofluid is enhanced by
16.87% at 70°C with 0.125% Graphene-ZrOz
nanofluid

The 50:50 ratio of hybrid NFPCM had the
highest enhancement: 17.69% (liquid state)
and 30.75% (solid-state) compared to the
base PCM

HNFs with a higher proportion of GO
demonstrate greater TC enhancement than
those with more CuO

GO mono-NF has the highest augmentation
of 52.4% at 60°C for 1 vol%

HNF (50:50) has a 48.3% enhancement at
1 vol% and 60°C

Increased with the increment of mass
fraction percentage and temperature,
optimum value observed at 5% and 70°C

TC is enhanced by 0.43% at 0.1 wt%
(10 ppm) of nanoparticles

GO mono-NF showed the highest TC
enhancement of 35.2% at 60'C

GO-MXene (80:20) HNF has a 33.9%
enhancement at 60°C

TC enhancement decreased with increasing
MXene concentration in the HNF

10.69% enhancement at 0.1 wt% and 50°C

GO NF has a higher TC than the HNFs when
compared with water

GO-Al20s HNF with 20:80 and 50:50 ratio
has an enhancement of 39.6% and 46.6%,
respectively, at 1.0 vol% and 60°C

GO NF has  higher TC than the HNFs when
compared with water

GO-CuO HNF with 20:80 and 50:50 ratio has
an enhancement of 41% and 48.3%,
respectively, at 1.0 vol% and 60°C

Mono GO NF has a higher TC (52.8%) than
the HNFs when compared with water

‘The HNFs havea TC enhancement of 43.0%
and 38.4% for GO-SiOz and GO-TiO2 HNF
at 10 vol% and 60°C, respectively

‘The addition of GO to TiOz and SiOz NF
improves its TC

'HNEs with a higher proportion of GO exhibit
greater TC enhancement than those with
more Si

0.8 GO- 0.2 Si HNF has the maximum
enhancement of 7.97% at 0.25 wt% and 50°C

‘GO mono NF has the highest TC increment
of 52.4% for 1 vol% at 60°C

Increased addition of GO in the HNF
increases TC

GOJCFA (50:50) and GO/CEA (30:70) HNF
have an increment of 45.6% and 41.3%,
respectively, at 60°C for 1.0 vol% relative to
the water

Higher HNF TC than mono NF

10.28% HNEF TC enhancement compared to
THS5-Al20s, 3.03% enhancement compared
to TH55-GNP

2%-8% enhancement for MR-2 SGHF from
20C 10 70°C

25% enhancement for 0.2%

Graphene mono N has higher TC than TiOz
‘mono NF and the HNF

The HNF has a TC increase of 27.84% at a
volume fraction of 0.5% and 75°C compared
to the base fluid

Enhanced TC of 0.798 W/m.K at 55°C when
compared to mono NFs

Maximum TC enhancement of 36.12% for
1 vol% HNF at 50°C

Moghadam et al.
2020

Soltani et al. (2020)
Kishore et al. (2020)
Taherialekouhi et al.

(2019)

Rostami et al. (2019)
Dalkilig et al. (2018)
Van Trinh et al.
(2018)

Askari et al. (2017)
Syam Sundar et al.
(2017)

Mehrali et al. (2017)
Sarbolookzadeh

Harandi et al. (2016)

Yarmand et al.
(2016b)

Yarmand et al.
(20162)

Yarmand etal. (2015)

GO-TiO:2

WOs-MWCNTs

Cu-GNPs

Graphene Oxide-A20s

GO-CuO

CNT-$i02

Gr-CNT

FesO«-Graphene

GO-Co,0,

1GO-FesOs

F-MWCNT - FesOa

GNP-Pt

Activated Carbon - GO

GNP-Ag

Water

oil

Water

Water

EG/Water (50:50)

Water

Ethylene Glycol

Water

Water

Water

EG

Water

EG

Water

0.05%-1%

0.05%-0.6%

0.01%-0.02%

0.1%-1%

0.1%-1.6%

0.1-1 vol%

0-0.07 vol%

0-1 wi%%

0.05%-0.2%

05 wt%

0-2.3 vol%

0-0.1 wt%

0.02%-0.06%

0.02%-0.1%

20C-50°C

20-60

Up to 100

25°C-50°C

25-50

25-60

30-50

20-40

20-60

10-40

25-50

20-40

20-40

20-40

The TC of the nanofluid is enhanced by
32.8% at 50°C with a 1% volume fraction

Maximum TC enhancement of 19.5% with
HNF of 0.6% and 60°C

0.02% HNF has the largest TC enhancement
of 9.95% in comparison to distilled water

The TC of the nanofluid increased by 33.9%
at 1% volume fraction and 50°C

A maximum enhancement of 43.4% was
observed at the highest volume fraction

Maximum enhancement of 26.29% was
observed in TC.

The enhancement in TC is 18% and 50% at
30°C and 0°C, respectively

Maximum TC enhancement of 32% for
1.0 wt% HNF at 40°C

19.14% enhancement for 0.2% at 60°C
TC of rGO-Fe;0,4 nanofluid enhanced up
to 11%

Max TC augmentation of 30% for 2.3% HNF
at 50°C

The HNF has a 17.77% enhancement at
0.1 wt% and 40°C

‘The enhancement of TC is 6.47% at 40¢C
and a weight fraction of 0.06%

For 0.1% weight concentration of GNP-Ag,
the enhancement of TC is 16.94% at 20Cand
nearly 22.22% at 40°C

Shahsavar et al.
(2015)

CNT/FesOa

Water

0.1-09 vol% FesOa
0-135 vol% CNT

25-55

Increasing the proportion of CNT in the
HNE enhances TC

The HNF with 0.9% FeaOs and 1.35% CNT
showed the greatest improvement of 45.41%
and 152.95% in TC, respectively, withoutand
with exposure to a 470 mT magnetic field
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Hybrid nanoparticle

Concentration
range

Findings

Hussein et al. (2020)

Ahmed et al. (2022)

f-MWCNTs, f-GNPs, h-BN

CF-CNTs, hBN (40:60 ratio)

Water

Water

0.05 wt%, 0.08 wt%, 0.1 wtd%

0.05 wt%, 0.08 wt%, 0.1 wtd%

0.1 wt% HNF increased TC by 64% at 60°C

thermal efficiency peaked at 85% at 4 L/min flow rate (20%
improvement over base fluid)

0.1 wt% HNF improved TC by 34.36% at 60°C

‘maximum thermal efficiency of 87% at 4 L/min flow rate

Verma et al. (2018)

CuO/MWCNTSs (80:20), MgO/
MWCNTS (80:20)

Water

025-2.0 vol%

Increased nanoparticle concentration enhanced TC and
viscosity

optimal conditions: 0.75%-1.0% concentration, 0.025-0.03 kg/
s flow rate, resulting in exergy and energy efficiencies of 71.54%
and 70.55% for MgO HNF, and 70.63% and 69.11% for
CuO HNF.

Lee et al. (2020)

Lee et al. (2021)

Henein and
Abdel-Rehim (2022)

Saleh and Sundar
(2021)

Hug et al. (2023)

Negeed et al. (2023)

Ibrahim et al. (2022)

Ibrahim et al. (2021)

Khetib et al. (2022)

Nabi et al. (2022)

Elshazly et al. (2022)

MWCNTS, FesOs

MWCNT/CuO,
MWCNT/FesOa

MgO/MWCNTSs (various ratios)

MWCNTS, FesOa

GNP, GO (various ratios)

Cu, GO

SWCNT-Cu

AlOs-MWCNT (70:30)

DWCNTSs, TiOz

SWCNTSs-CuO,
MWCNTSs-CuO

MWCNT/ALOs

Water

Water

Water

Water

Water

Water

Water

Water

Water

Water

Water

0.005 vol% MWCNT, 0.01 vol

% FesOa

0.06, 0.08, 0.1 vol%

0.02 Wt%

0.05%-03%

0.1 wt% total

1-4 vol%

1-3 vol%

1-3 vol%

1-3 vol%

1-5 vol%

0.005%, 0.01%, 0.025%,
and 0.05%

Optimal mixture improved FPSC efficiency by 17.6%
compared to water

increasing mass flux from 420 to 598 kg/s-m” further enhanced
efficiency by 7.8%

MWCNT showed the highest efficiency; binary nanofluids
improved collector efficiency by 2%-50%

MWCNT/CuO outperformed MWCNT/FesOs

Energy and exergy efficiencies improved with higher MWCNT
ratios and flow rates; MgO/MWCNT (50:50) HNF showed the
best performance

‘The enhancement in the energy and exergy efficiencies of the
collector s 55.83% and 77.14%, respectively, for MgO/
MWCNT (50:50) hybrid nanofluid

28.46% increase in TC at 0.3% concentration and 60°C;
viscosity increased by 50.4%; Nusselt number improved by
18.68%

‘The heat transfer coefficient improved by 39.22%, the friction
factor increased by 18.91%, and the collector thermal efficiency
enhanced by 28.09% at 0.3% concentration

4:4 GNP to GO ratio exhibited the best stability; none of the
HNEs significantly improved thermal efficiency

‘Turbulator enhanced Nuyy. and heat transfer; energy efficiency
improved with Reynolds number and concentration; exergy
efficiency increased with Reynolds numbers but decreased at
higher pitch ratios

Nu increased with Re and ¢; twisted turbulator with PR of
4 enhanced Nu by 74.95%

energy efficiency increased by 41.75%; exergy efficiency
improved by 33.09%

Exergy efficiency increased with Re and volume fractions
turbulator height and torsion ratio impacted exergy efficiency

Nuye increased with Re and ¢; TIG with PR of 4 increased
Nuyye by 63.46%

energy efficiency improved by 22.19%; exergy efficiency
enhanced by 23.26%

Turbulence elements increased HTC; HNEs outperformed
water; SWCNT-CuO/water and MWCNT-CuO/water hybrids
increased HTC by 8% and 4.1% at Re 10,000; 5.16%
improvement in thermal efficiency with SWCNT-CuO at 1%
concentration

Hybrid MWCNT/ALzOs nanofluids increased efficiency by
26%, 29%, and 18% at flow rates of 1.5 L/m, 2.5 L/m, and 3.3 L/
m, respectively

MWCNT nanofluid at 0.05 wt% and 3.5 L/s flow rate showed
the highest efficiency, approximately 20% higher than Al2Os
under the same conditions

Exergy efficiency was enhanced by 40.5% and 34% for hybrid
MWCNT/ALOs and Al:Os/water nanofluids, respectively,
compared to distilled water
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Hybrid nanoparticle

Base fluid

Concentration
range

Findings

Khaledi et al. (2022)

Khan et al. (2021)

Saddouri et al.
(2023)

Al-Rabeeah et al.
(2024)

Alnagi et al. (2021)

Almitani et al.
(2022)

Mohammed et al.
(2021)

‘Tahmasebi et al.
(2023)

Hosseini Esfahani
etal. (2023)

SiO2/MWCNTS (90:10)

MWCNTs, TiO2

MWCNTSs, ALOs

Graphene-FesOx

MgO/MWCNTs (80:20)

MWCNTSs/MgO (80:20)

Ag-SWCNT, Ag-MWCNT,
Ag-MgO (50:50)

Water/MWCNT-iron oxide

CuO, SWCNT

10% ethylene glycol,
90% distilled water

Therminol-VPI oil

Water

Water

“Thermal oil

Water

Syltherm oil 800

Water

Water

05-15 vol%

1.5% HNF, 3% Mono NF

1.5%

0.01-0.2 vol%

025-2 wt%

1%, 2%, 3%

1%-3%

1%

2%-6%

© TC increased with temperature and nanoparticle
concentration (12.5% improvement at 1.5 vol% and 80°C);
thermal efficiency improved by up to 14.27%; exergy
efficiency improved by 45%

© HNFs in converging-diverging tubes improved thermal
efficiency by 5.27% at 600 K; the heat transfer coefficient
increased by 197.09% at 400 K

© Increased nanoparticle concentration enhanced thermal
efficiency; 1.5% MWCNT/1.5% AlzOs-water HNFachieved
maximum outlet fluid temperature and energy output

® TC increased with temperature and concentration (14.4%
higher than water at 0.2 vol% and 60°C); viscosity decreased
with temperature

@ The highest efficiency (45.46%) was achieved with a 0.2%
volume concentration of the HNE. Efficiency decreased
with lower concentrations (0.1%, 0.05%, 0.01%)

® Different twisted tape inserts and HNFs enhanced PTSC
thermal performance; optimal configuration depended on
the Reynolds number

 Nuave increased with Re and nanoparticle volume
fractions; twisted turbulators with specific PR improved
Nuave and thermal efficiency

 Conical turbulators and HNFs significantly enhanced
thermal performance; Ag-SWCNT/Syltherm oil showed a
233.4% improvement

® Tuwisted tape enhanced thermo-hydraulic performance;
magnetic NFs improved thermal performance; entropy
generation decreased with increasing Reynolds number
and pitch ratio

© Turbulators and HNFs enhanced Nusselt number and
friction coefficient; CuO-SWCNT/water HNF improved
heat transfer rates by 20%-60%; economic and
environmental benefits were observed






OPS/images/fenrg-12-1509437/fenrg-12-1509437-t005.jpg
Hybrid
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Base fluid

Concentration range

Key findings

Shende and
Sundara (2015)

Li et al. (2020)

Mehrali et al.
(2018)

Zeng and Xuan
(2018)

Nitrogen-doped rGO-
MWCNTs

SIC-MWCNTs

1GO decorated Ag
nanoparticles

MWCNT and silica/silver
(SiO2/Ag)

Deionized water,
ethylene glycol

Ethylene
glycol (EG)

Deionized Water

Deionized Water

0.02 vol% (water), 0.03 vol% (EG)

0.01 Wt% to 1 wt%

40 ppm

0.001%-0.1%

® 17.7% increase in TC in water, 15.1% increase in ethylene
glycol; excellent stability

© The nanofluid exhibits strong optical absorption, which
increases with higher concentrations of nanoparticles

o Excellent stability; strong solar absorption (99.9% at
0.5 wt%)

© Improved solar-thermal conversion efficiency (97.3% at
1 witth)

@ Collector efficiency of 77% at 40 ppm due to enhanced light
absorption

© 0.1% MWCNT enhanced TC by 7%; binary nanofluid
achieved photo-thermal conversion efficiencies of 97.6% at
35°C and 42.7% at 70°C

Qu etal. (2019)

Tong et al. (2020)

Mashhadian et al.
(2021)

Bao et al. (2023)

Zheng et al. (2022)

Shin et al. (2020)

Struchalin et al,
(2022)

CuO-MWCNT

MWCNT/FesO4

AlOs and MWCNTs

MWCNT/SIiC

MWCNT/TiN

MWCNT/FesOa

FeaOs/MWCNT

Water

Ethylene glycol/
water (2:8)

Water

Deionized water

Deionized water

Ethylene glycol/
water (2:8)

Water-10% wt.
Ethanol

0.01 Wi%/0.0015 wt% to 0.25 wt
%/0.0015 wtd%

0.005-0.2 wt%

0.01 vol% to 0.04 vol%

0-10ppm MWCNT/
0-80ppm SiC

0-30ppm MWCNT/
0-20ppm TiN

0.005-0.2 wt%

0.0053% of FesOa and 0.0045% of
MWCNT

® Enhanced solar spectral absorption; optimal CMR of 0.15 wt
9/0.005 wt% achieved a maximum temperature rise of
14.1°C

© MWCNTs enhanced energy conversion and thermal
properties of the FesOa nanofluid

© MWCNT/FesOs HNF achieved faster temperature rise
(55°Cat 4:1 mixing ratio); higher efficiency maintained over
time

© At 02 wi% MWCNT/FesOs hybrid nanofluid, the photo-
thermal energy conversion efficiency was 32.8% and 45.1%
with the absence and presence of an external magnetic field

© The increase in magnetic force significantly improved the
TC of the nanofluids

 HNFs showed superior optical properties

© at 0.04 vol%, HNFs increased the maximum temperature
difference by 240.7% and thermal efficiency by 197.1%
compared to water

© negligible pressure drop

@ HNF absorbs a wider spectrum of sunlight and performs
better than single-component nanofluids

 HNF with 5 ppm MWCNTs and 40 ppm SiC achieves 64.7%
(highest) photothermal conversion efficiency

o Adding TiN to MWCNT nanofluids increased the
absorption of sunlight

© The hybrid nanofluid with 10 ppm of both MWCNT and
TiN showed the highest efficiency, outperforming the base
fluid and single-component nanofluids

@ The solar-weighted absorption fraction of hybrid MWCNT-
TIN nanofluids at a depth of 4 cm increased up to 96.5%,
98.6%,99.6%, and 9.9% from 89.8% for the mass fraction of
TiN at 5, 10, 15, and 20 ppm, respectively

o The highest efficiency of the hybrid MWCNT-TIN
nanofluids was achieved at the MWCNT/TIN mass fraction
of 10 ppm/10 ppm, which increased by 6.9%, 6.0%, and 3.8%
at 2000, 4,000, and 6,000 s, compared to the baseline of the
MWCNT nanofluid at 10 ppm

© An external magnetic field enhanced the photo-thermal
energy conversion efficiency

At 02 wi% MWCNT/FesOs hybrid nanofluid, the photo-
thermal energy conversion efficiency was 32.8% and 45.1%
with the absence and presence of an external magnetic field

o Adding MWCNT nanoparticles increased the thermal
properties of the FesOs nanofluid

@ The increase in magnetic force significantly improved the
TC of the nanofluids

© The thermal efficiency of the DASC with hybrid nanofluid
was in the range of 52.3%-69.4%, slightly higher than the
collector with surface absorption

® The MWCNT nanofluid of the same concentration had
8.3%-31.5% higher efficiency than the hybrid nanofluid

® The HNF had a lower extinction coefficient and absorbed
less light than the MWCNT nanofluid

© The optimum flow rate for maximum efficiency was 6 L/
min. The turbulent mixing of the nanofluid reduced the
surface temperature at high flow rates






OPS/images/fenrg-12-1465349/crossmark.jpg
©

|





OPS/images/fenrg-12-1509437/fenrg-12-1509437-t002.jpg
Hybrid

nanoparticle

Base fluid

Concentration
range

Temperature
(C)

Viscosity results

Kumar etal. (2024)

Alfellag et al.
(2024)

Huinic et al.
(2024)

Kanti et al. (2024)

Jin et al. (2024)

Selvarajoo et al.
(2024)

Al-Rabeeah et al.
(2024)

Srinivasan and
Ponnusamy (2024)

Li et al. (2024)

Virdaru et al.
(2023)

Kanti etal. (2023b)

Kumar Kanti et al.
(2023)

Kanti et al. (2023a)

Kanti and Maiya
(2022)

Kanti et al. (2022)

Shajan etal. (2021)

GO-MXene (90:10)

CT-MWCNTSs/TiOz

Ag NPs-1GO

RM-GO (50:50)

GO/MXene (1:1)

ALOs-GO (80:20)

Graphene-FesOs

Oxygen-functionalized
GNP-CuO

GNPs/A1205

Ag1GO

GO-ALOs

Cu0-GO

GO-MXene

GOJcoal fly ash (CEA)

GO-8i02

GO-TiOz

ALOs-GNP

Vanadium
electrolyte

Water

Water/Ethylene
Glycol

Water

Ethylene glycol
(EG)/water-based
(50:50)

Deionized water

Water

DI water

Oleic Acid

Water

Water

Water

Water

Water

Water

‘Therminol” 55

0-0.1 wt%

0-0.1 wt%

0.050-0.10 wt%.

0.1-0.75 vol%

0.01 Wt%-0.3 wt%

025-1.0 vol%
0.01%-0.2%

0.1 wt%

GNPs: 0.1 wt%-0.4 wt%

Al203: 1 Wi%-4 Wit

0.05%-0.1 wtd%

0.1-1.0 vol%

0.1-1 vol%

0.5 vol%

0.1-1.0 vol%

0.05-1.0 vol% (50:50)

0.01-0.1 wt% (GNP),
1.0 wt% (AL:03)

15-45

30-50

20-50

60

20-60

30-50

20-60

20

30

20°C-50°C

30-60

30-60

25-60

30-60

30-60

20-90

14.5% and 10% increase for 0.1 wt% HNF at
15°C and 45°C, respectively

Increasing the CT-MWCNT proportion in the
HNF gradually increased the dynamic viscosity
of the hybrid nanofluid

The highest viscosity of 087 mPa s was

observed for the mixing ratio of 80:20 at 30°C,
while the lowest value of 0.645 mPa s was
recorded for the 20:80 mixing ratio at 50°C

‘The maximum increase in viscosity was
2.3 times (approx. 24%) at 293.15 K and
0.10 wi%

Increased with increasing hybrid NP
concentration

0.75vol% HNF has the highest viscosity of
0.728 mPa.$ at 60'C

Mono RM NF of 075 vol% has the lowest
viscosity compared to all the HNFs

Viscosity slightly increased with GO/MXene
dosage

0.3 wt% HNF shows the greatest TC
improvement of 16.42% at 20'C

4.6% reduction compared to deionized water

59% decrement for 0.2% HNF from 20°C

to 60°C

Hybrid NEPCMs, especially with higher CuO
ratios, showed greater viscosity enhancement

O'f-GNPs - CUO (25:75) HNF-PCM has the

highest viscosity increase of 15.2% at 20°C

Mono O'f-GNPs have a lower viscosity
increment than single CuO NFs and HNFs

‘The viscosity of the nanofluid increases as the
concentration and the proportion of GNPs
increase from 0%-10%

An increase of 10%-15% reduces the viscosity
due to poor dispersion

‘The viscosity of Ag-rGO/water hybrid
nanofluids increased by approximately 13%
with 0.1 wt% and at 50'C

17.38% maximum increase at 0.1 wt% and 20°C

Mono GO NF has a higher viscosity increment
than the HNFs, while that of ALOs NF is lesser

47.5% and 101% viscosity increase at 1.0 vol%
and 30°C for 20:80 and 50:50 HNFs,
respectively

GO mono-NF has the highest viscosity
increment of 177% at 30°C for 1 vol%

HNFs with a higher proportion of GO exhibit
greater viscosity enhancement than those with
more CuO

HNF (50:50) and (20:80) have a 115.3% and
55.2% increase at 1 vol% and 30°C, respectively

GO mono-NF showed the highest viscosity

enhancement of 110.1% at 25°C and 94.8%
at 60°C)

96.6% increase for GO-MXene (80:20) HNF at
25°C viscosity enhancement decreased with
increasing MXene concentration in the HNF

GO mono NE has the highest viscosity
increment of 177% for 1 vol% at 30°C

Adding CFA to GO NF reduces the HNF
viscosity

GOJCFA (50:50) and GO/CFA (30:70) HNF
have an increment of 152% and 113%,
respectively, at 30°C for 1.0 vol% relative to the
‘water

Mono GO N has a higher viscosity increment
(175%) than the HNFs, while those of mono
TiOz and SiOz NFs are lesser

HNFs show a maximum viscosity increment of
130.3% and 144% for GO-SI0z and GO-TiOz
HNF at 1.0 vol% and 30°C, respectively

66.69% maximum increase found for the
viscosity of 0.1 wt% GNP- 1.0% Al:0s HNF
at 20°C

Kishore et al.
(2020)

Said et al. (2020)

Kazemi et al.
(2020)

Syam Sundar et al.
(2017)

Yarmand et al.
(2016a)

Yarmand et al.
(20162)

Cu-GNPs

1GO coated over
F-CNF

Graphene-$iOz

GO-C0,0,

GNP-Pt

ACG

Water

Water

Water

Water

Water

EG

0.01%-0.02%

0.04 vol%

0.05%-1%

0.05%-0.2%
0-0.1 wt%

0.02%-0.06%

Up to 100

25-55

25'C-50°C

20-60

20-40

20-40

‘The viscosity of 0.02% hybrid nanofluid is
enhanced by 13.5% in comparison to the
distilled water

Mono NFs have a higher viscosity than
the HNF

At 20°C and 002 vol%, the viscosity increased
by over 15.2% (CNF), 12.5% (F-CNF), 7.2%
(rGO), and 6.3% (F-CNF/rGO)

‘The viscosity of the hybrid nanofluids s
between the viscosity of mono nanofluids, while
Graphene/Water mono-nanofluid samples
have the highest value

The G-SiO2 (30%-70%)/Water hybrid
nanofluid has a higher viscosity than SiO/
Water mono-nanofluid

1.70-times enhancement for 0.2% at 60°C
The HNF has a 33% increase at 0.1 wt%
and 40°C

The viscosity increases nonlinearly with an
increase in ACG weight concentration

0.06 wt% HNF has the highest increment
of 4.16%

Yarmand et al.
(2015)

GNP-Ag

Water

0.02%-0.1%

20-40

Viscosity increases by about 30% for 0.1%
weight concentration of nanofluids compared
to the viscosity of the base fluid at 40°C






