IRACST – Engineering Science and Technology: An International Journal (ESTIJ), ISSN: 2250-3498
Vol.7, No.5, Sep-Oct 2017

Heat Transfer Augmentation of Nanofluid flow in
Ribbed Ducts: A Review
Yaswant Singh

Anil Kumar*

School of Mechanical and Civil Engineering,
Shoolini University, Solan-India

School of Mechanical and Civil Engineering,
Shoolini University, Solan-India

Rahul Nadda

Rajesh Maithani

School of Mechanical and Civil Engineering
Shoolini University, Solan-India

Department of Mechanical Engineering
DIT University, Dehradun-India

Sunil Kumar

Raj Kumar

School of Mechanical and Civil Engineering
Shoolini University, Solan-India

School of Mechanical and Civil Engineering
Shoolini University, Solan-India

Abstract: The demand for energy is expected to increase at a
faster rate in future years, partly because of the exponential
growth of the world’s population. Everything that happens in
the world can be expressed as a flow of energy. Heat transfer
enhancement in heat exchanger tube at low and moderate
Reynolds numbers has been a major subject of intensive
research over the years. Various techniques, based on both
active and passive methods, have been proposed to enhance
convective heat transfer in these applications. Using ribbed
duct is one of the most effective ways to increase the heat
transfer in many engineering applications such as heat
exchangers, cooling of turbine blades and heating and cooling
devices. Nanofluids with definition of ultrafine particles
suspended in a conventional base fluid with high thermal
conductivity can considerably assist in this issue. Metallic,
non-metallic and polymeric particles suspended in a base fluid

NOMENCLATURE
b

Ribbed groove width (mm)

b/H

Rib grooved width ratio (dimensionless)

e

Rib grooved height (mm)

e/H

Rib grooved height ratio (dimensionless)

frs

Friction factor (dimensionless)

H

Channel height (mm)

Nurs

Nusselt number (dimensionless)

P

Rib grooved pitch (mm)

p/H

Rib grooved pitch ratio (dimensionless)

Re

Reynolds number (dimensionless)

R/W

Serration width ratio (dimensionless)

w/e

Rib grooved width ratio (dimensionless)

y/w

Aspect ratio (dimensionless)

CFD

Computational flow dynamics

GREEK SYMBOLS

with high thermo-physical properties can improve the thermo-

⍺a

Angle of attack (degree)

physical properties of the mixture and subsequently bring

𝜂p

Thermal hydraulic performance (dimensionless)

higher heat transfer enhancement compared to conventional

ρ

Density (kg/m3)

working fluids. The objective of this article is to review

µ

Dynamic viscosity (kg/ms)

various studies on nanofluid flow and heat transfer behaviour
in which different obstacle turbulence promoter elements were
used to enhance heat transfer with a minimum friction loss.
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I.

much condensed model. Some experimental and mathematical

INTRODUCTION

Heat transfer improvement is one of the significant regions in

investigations were performed on the fluid flow and thermal

engineering investigations. In presents day’s fast increase of

behavior of traditional fluids in variant ribbed passages [20].

research activities and manufacturing processes concentrated

In current durations, the problems of providing much

on economizes the heat transfer by using new processes with

significant and consistent thermal method in case of

elevated efficiency [1-3]. Using grooves and ribs on internal

decreasing the dimension, economy and of energy have been

plane of heat exchanger is one of the normal methods to

earned considerable concentration. The current improvement

rupture the laminar secondary layer and form restricted wall

of nanotechnology directed to the theory of employing

turbulence because of the flow division and reattachment

pendent nano-particle in heat transfer liquids to enhance the

among consecutive corrugations, which decreases the thermal

convective heat transmission coefficient of the bottom fluids.

resistance and effectively improves the heat transfer [4-7]. In

Heat exchangers are fractions of manufacturing apparatus used

place of employing ribbed Chanel to provide a considerable

to replace or transmit thermal energy from one standard to

improvement in thermal performance of the dense heat

other at variant temperatures. In some manufacturing methods

exchangers, this enhancement was inadequate to meet whole

like

industrial requirements. Hence, research on improvement

conditioning and space purposes, it is needed to raise the

method in such conduits has become very important. For this

temperature of one fluid when cooling the remaining one [21-

function, employing nano-fluids as a cooling fluid in ribbed

23].

conduits in its place of conventional fluids can improve

Gavara [24] investigated the laminar strained convection of

thermal conductivity of the base fluids and thus a further

nano fluid within an upright passage among symmetrically

development in thermal efficiency of heat exchangers among a

accumulated rib heaters on planes of conflicting wall. The heat

more condensed design. A number of experimental and

transfer and fluid stream descriptions are observed for

mathematical investigations were performed on the stream and

different Re and nano particles volume portions of nanofluid.

thermal descriptions of conventional fluids in variant ribbed

It was found that a skin frs coefficient beside the solid fluid

channels. One of the methods to improve heat transfer in the

boundries raises and reduces abruptly among the base and top

divided sections is to use nano-fluids. The nano-fluids are

surfaces of heaters because of the abrupt increase and decrease

fluids that include pendant nano-particles like metals and

in the velocity of fluid at the particular faces. The skin frs

oxides. Such nano-scale elements remain pendant in the base

coefficient and Nurs in the passage, enhance due to

fluid. Therefore, it does not cause an enhancement in pressure

improvement in volume part of nano-fluid.

chemical

and

food

industries,

refrigeration,

air

fall in the stream field [8–15]. In place of employing ribbed

Ahmed and Yusoff [25] studied the three variant

passage to supply a considerable improvement in thermal

kinds of nanofluids, Al2O3, CuO and SiO2 heat transfer and

behaviour

this

laminar stream descriptions which are pendent in ethylene

enhancement was inadequate to meet every manufacturing

glycol, within a triangular passage by employing delta winglet

need. So, investigation on improvement method in such

group of vortex respectively. They obtained that the standard

passage has become extremely significant [16-19]. For this

Nurs rises among the nano-particles volume portion and Re

function, employing nano-fluids as a cooling liquid in ribbed

related with an enhancement in pressure fall. The Nurs and

passage instead of conventional fluids can improve thermal

pressure fall consequences decrease due to enhancing the

conductivity of bottom liquids and thus an additional

particle span. A schematic diagram of simulation domain id

development in thermal behavior of heat exchangers among a

depicted in Fig. 1 respectively.

of

the

compacted

heat

exchangers,
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arc obstacle ribbed passage is achieved to be enhancing
maximum among less significant obstacle ribbed height
ratio and several ratios of arc rib grooved pitch
respectively. It was achieved that the aim purpose E is
optimal at Re = 10,000 and the arc obstacle groove has
an increment of 42.1% respectively. A schematic
diagram of 3D arc ribbed grooved passage is presented
in Fig. 2
Figure 1. (a) Schematic diagram of problem area, (b) geometric parameters
of problem VG (Source, [25])

Ghale, Haghshenasfard and NasrEsfahany [26] examined the
strained convective heat transfer of aluminium and H2O nanofluids in a straight micro passage by employing Computational
flow dynamics (CFD) modeling. They conducted the study in
two phases in the first phase, single phase and double phase
combination designs has been employed for calculation of
Nurs

and hydrodynamics factors of nano-fluids in a plain

micro passage heat drop and in the second phase the influence

Figure 2. Schematic diagram of 3D arc ribbed grooved passage (Source,
[28])

of ribs tabulators on nano-fluid stream and Nurs performance

Vanaki and Mohammed [29] studied the influence of variant

of micro passage were studied. They revealed that Nurs and frs

rib profiles and turbulent nano-fluid stream on thermal and

coefficient of nano-fluids in obstacle micro passage are larger

flow fields via diagonally roughened rectangular passage

as compared to that of simple micro passage, and such

among Re lies within 5000–20000 and consistent heat flux of

improvement raised by enhancing the width of obstacles.

10kW/m2 respectively. The outcomes depicts that the obstacle

Khdher, Sidik, Mamat and Hamzah [27] experimentally and
numerically investigated the pressure fall and heat transfer
coefficients of Al2O3 and H2O

nano-fluids streams in

circumferential obstacle pipe among variant rib dimensions.
They found that when the numerical values of ribbed pipes

passage performance was significantly effected through rib
profiles their experimental factors. It was obtained that the
H2O-SiO2 demonstrates the maximum Nurs improvement
evaluated with other examined nanofluid and Nurs through the
obstacle passages were increased due to the enhancement of

were evaluated with smooth pipes it shows Nurs ranges from

Re, particle volume fraction and

with reduction of nano-

92% - 621% and frs ranges from 25% - 241% as compared to

particles

Shamani

those achieved in flat tube based upon the circumferential
statistical factors, thermal conductivity and mass rate of

diameter

respectively.

et

al.

[30]

investigated the Nurs due to turbulent stream of nano-liquids
through obstacle groove passage with four variant obstacle

operational fluid respectively. Yang, Tang, Zeng and Wu

profiles and four different nano-particles respectively. They

[28] performed the mathematical simulation with single

revealed that the SiO2 nano-fluid has maximum data of Nurs as

and double phase design of nanofluids turbulent strained

compared to remaining nano-fluids and Nurs enhanced when

convection in 3D arc obstacle ribbed passage by steady

the volume fraction raises and then reduced when the nano-

wall temperature. They revealed that the standard Nurs of

particle diameter increased respectively. They also depicts that
such trapezoidal obstacle grooves employing nano-fluids has
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the probability to significantly enhance Nurs descriptions and

enhances when the Re and pumping power increases

hence can be superior for the enhancement of proficient heat

respectively. Navaei et al. [34] performed a numerical

exchanger apparatus. A schematic diagram of rib groove

investigation to study the influence of variant geometrical

passage for geometrical design is depicted in Fig. 3

factors and different nano-fluids on the thermal behavior of rib
grooved passage below consistent heat flux. They obtained
that the partially spherical rib groove among height of 0.2 and
pith equivalent to 48 mm has maximum Nurs and the nanofluid consists SiO2 has maximum Nurs as compared to rest of
nano-fluids. It was also found that in terms of employing
nano-fluids with varying factors like volume fraction, skin frs

Figure 3. Schematic diagram of rib groove channel (Source, [30])

Parsazadeh et al. [31] performed a strained convection
turbulent nano-fluid flow simulation to determine the
influence of variant kinds of nanoparticles among variant
nano-particle factors in an entirely separated obstacle passage.
The conclusion shows that the maximum Nurs improvement is
obtained among SiO2 nano-fluids and frs did not significantly
alter by employing variant kinds of nanoparticles in the
support

fluids.

Moreover,

increase

of

nano-particles

absorptions and Re has constructive impact on Nurs

and nano diameter has no considerable variations. Haridas et
al. [35] depicts the performance estimation of two kinds of
nano-fluids in effecting the heat transfer occurrence in
condensed condition passage with three different kinds of
nano-fluids and variant ranges of Re. It was found that the
Al2O3 nanoparticles have superior capability in distracting the
thermal edge layer shapes and tends to maximum fraction
decrease in width of thermal boundary layers. It has been
achieved experimentally the increase in boundary layer
interruption and thermal conductivity influence the mainly

improvement due to enhancement of speed and thermal

controlled heat transfer velocities in smaller array of Re. A

conductivity of mixtures. Mohammed et al. [32] examined the

rectangular assembly of testing setup is shown in Fig. 4.

hydraulic and thermal descriptions of turbulent nano-fluids
streams in a ribbed passage by using nine different ribbed
profiles and four variant kinds of nano-particles respectively.
It was achieved that the rectangular obstacle triangular groove
has maximum Nurs among former obstacle groove profiles.
The SiO2 nano-fluid has maximum Nurs than that of other
kinds of nano-fluid and the Nurs increased when the nanoparticle y/w, Re and volume fraction enhanced, however it
reduced when nano-particle diameter enhanced respectively.

Figure 4. Schematic diagram of rectangular test setup assembly(Source, [35])

Manca et al. [33] studied the strained convection of nano-

Boonloi and Jedsadaratanachai [36] studied the turbulent

fluids, created via H2O and Al2O3 nano-particles, in 2D and

strained convective heat transfer and different flow parameters

passage. A one phase technique is used to design nano-fluids

in square passage among crimped ribs placed in diagonally.

and the liquid properties are assumed stable among

They revealed that by employing wavy ribs highest Nurs and frs

temperature. They revealed that the Nurs improvement rises

loss above the flat passage has been achieved. The Nurs

among the particle volume absorption however it is

improvements were about 1.97 to 5.14 and 2.04 to 5.27 times

accompanied with the rising pumping energy. The Nurs

as compared to flat passage for ⍺a of 300 to 450 respectively. In

4
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terms of friction values the equivalent frs loss data are about

The optimal improvement depicts that the CuO nano-fluid,

4.26 to 86.55 and 5.03 to 97.98 times as compared to flat

nanoparticles minimum absorption ratio and pitch = 6 mm are

0

0

passage for ⍺a of 30 to 45 respectively. Wang et al. [37]

the most popular factors for energy saving. Ahmed et al. [40]

performed a mathematical study on turbulent force convection

examined the heat transfer and laminar stream descriptions of

stream in a particular phase passage among 2D ribbed inner

CuO-H2O nano-fluids in ribbed and straight passage above Re

plane in the array of Re from 20,000-60,000 respectively. The

and volume fraction array of 100 to 800 and 0 to 0.05

experimental results shows that the symmetric curve could

respectively. They observed that the standard Nurs and 𝜂p

considerably decrease the pressure fall up to 28%, but the

(Thermal hydraulic performance) parameters raises with rise

highest discharge velocity is 7.9% lower as compared to

in nanoparticles Re and volume portion of for every passage

triangular rib on a Re of 60,000. However in case of

profile. The dimensionless pressure drop enhance with

compound rib at a value of d/e = 0.6, the enhancement of heat

improvement in nanoparticles volume fraction, however it

discharge is 6.3% higher as compared to triangular rib and the

reduces when the Re increases for every passage geometries.

pressure fall is decreased up to 18% respectively. Evaluated to

Shamsi et al. [41] investigated the laminar and CFD stream of

triangular ribs, the best compound ribs could significantly

non-Newtonian fluid with 0.5% of carboxy methyl cellulose

reduce pressure drop and enhance the heat discharge. A

and water as a cooling fluid. The influence of triangular ribs

channel with inlet and outlet portions is shown in Fig. 5

having angle of attack ⍺a = 300-600 was examined on flow

respectively.

factors and they found that the triangular rib with ⍺a = 300 had
maximum Nurs and minimum pressure reduction beside the
micro channel. Moreover with rise in ⍺a an unexpected contact
is achieved within the ribs and fluid which decreases the
length of rib and cause a reduction in heat transfer through the
fluid in parts that are away from the solid wall. The
investigation has been performed upon a 2D rectangular micro

Figure 5. Diagram of channel shape (Source, [37])

channel as shown in Fig. 6 respectively.

Manca et al. [38] performed a numerical examination on
strained convection in passages heated with a stable heat flux.
The ribs of equivalent material of passage walls are initiated
and the examination is carried out by the means of smooth
system. They found that the highest value of Nurs and frs has
been obtained for dimensionless pitches equivalent to 12-10
for square and 8-10 for triangular ribs respectively. Abed et al.
[39] studied the influence of variant kinds of nano-particles on
a completely developed heat transfer and turbulent stream
performance in trapezoidal passages with variant diameters

Figure 6. Schematic diagram of experimental setup (Source, [41])

and volume fractions beneath a stable heat flux. They revealed

Akbari et al. [42] examined the convective heat transfer of

that while the nano-fluids are employed in forced convection

Al2O3 nanofluid with a flat rib-micro channel by adjusting the

the standard Nurs is observed to be enhanced up to 10% with a

center part of the bottom wall of micro channel at minor

volume fraction of 4% and diameter of 20 mm respectively.

temperature rather than the inlet fluid. They revealed that with
rise in volume section and height of ribs the, heat transfer
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velocity, coefficient of friction and Nurs of ribbed micro

and nano-particle volume fraction raise and large amount of

channels tends to increase. The results shows that by varying

pumping powers are needed. A rib of rectangular and

the ribs height and solid volume portion a considerable

trapezoidal form depicts the optimal performance on a pitch

variation is achieved in dimensionless rate and temperature

rib height = 10 respectively.

along the centerline of stream, through ribbed part.

Behnampour et al. [46] performed a numerical simulation to

Alipour et al. [43] studied the effect of T-semi closed rib on

examine the influence of variant ribs on laminar heat transfer

heat transfer and turbulent stream factors of silver water

of H2O-Ag nano-fluid within a ribbed triangular passage under

nanofluid among variant volume ranges in 3D trapezoidal

a stable heat fluctuation by employing finite volume approach.

microchannel. The above results shows that as the Re and

The above results shows that enhancement in solid nano-

volume ranges of solid nano particles were raised the

particles volume fraction tends to increase in convectional

convective heat transfer coefficient of fluid was also increased

Nurs of cooling fluid, however the pressure drop and

respectively. The results also shows that at R/W = 0.5 a

coefficient of friction decreases with increase in Nurs

highest heat transfer coefficient was achieved for whole

respectively. From all the examined rib shapes the triangular

volume ranges of nanoparticles and variant Re as compared to

shape shows the optimum thermal performance difference

other related R/W conditions. The schematic diagram of

criterion values. The schematic diagram of investigated micro

experimental setup is depicted in Fig. 7 respectively.

channels is depicted in Fig. 8

Figure 7. Schematic diagram of experimental setup (Source, [43])

In this investigation, the Nurs and pressure fall for ribbed
curved sinks are 4% to 128% and 8% to 185% larger as
compared to flat curved sinks, tends to 𝜂p index within 0.93
and 1.75 respectively. It has been also obtained that the
nanofluid provides a maximum heat transfer coefficient and
pressure fall as compared to H2O, and moreover their values
enhanced if the value of weight increases [44].
Andreozzi et al. [45] performed a numerical simulation on
turbulent strained convection in nano-fluid combination, H2OAl2O3 in a heated passage among top and bottom wall. They
proposed that the rate of heat transfer is enhanced when the Re

Figure 8. Schematic of studied micro channels (Source, [46])

Kumar et al. [47] performed a numerical simulation for array
of methods and operational factors in order to determine the
influence of protrusion ribs on Nurs and fluid flow descriptions
of Al2O3 nano-particle in mini square passage. The analysis
results depicts that, an improvement of 3.73 times in Nu rs and
4.25 times improvement in pressure fall has been achieved
with selected set of geometric parameters respectively. The
mini square channel among protrusion ribs fixed in the heated
wall has been depiocted in Fig.9 respectively.

Identify applicable sponsor/s here. (sponsors)
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and ZnO
Parsazadeh et

SiO2, Al2O3,

Re = 10000-50000

Re = 50000

al. [31]

CuO and ZnO

dp = 20-50

dp = 50

Mohammed et

SiO2, Al2O3,

Re = 5000-20000

Re = 10000

al. [32]

CuO and ZnO

w/e = 0.5-4.0

w/e = 2

Manca et al.

H2O and

Re = 20000-60000

Re = 60000

[33]

Al2O3

w/e = 0.5-4.0

w/e = 2.0

Shamsi et al.

H2O-Al2O3

⍺a = 300-600

⍺a = 300

dp = 25-100

dp = 25

R/W = 0-5

R/W = 0.5

Re = 10000-16000

Re = 16000

ᵠ = 0-4

ᵠ=2

[41]
Fifure. 9 (A) Domain solution of CFD analysis (B) Protrusion rib
parameters(Source, [47])
Authors

Alipour et al.

H2O- H2O

[43]

Nano-fluid

Experimental

Optimal

used

parameters

functional
parameters

Hassan et al. [48] performed a numerical simulation to
examine the influence of heat transfer and fluid flow by

Gavara [24]

H2O-Al2O3

Re = 100-500

Re = 500

employing different nano-fluids on impingement gap jet over a

Ahmed and

Al2O3, CuO

ρ = 1114.4-

ρ = 1146.9

smooth plate with ribbed plane. They proposed that the y/w

Yusoff [25]

and SiO2

1157.2

Re =1300

increases with variation in Re and channel height. However

Re = 100-1300

µ = 0.01959

Nurs reduces at significant Re and heat transfer respectively.

µ = 0.0157-0.0164

u = 1.53

u = 1.45-1.95
Ghale et al.

H2O-Al2O3

[26]
Khdher et al.

Al2O3

[27]

Zheng et al. [49] investigated the turbulent flow descriptions

Re = 100-1000

Re = 900

and heat transfer behaviour in a rib grooved heat exchanger

W = 0.1-0.14

W = 0.14

passage. The author depicts that the Nurs ratio are ranges up to

Re = 10000-50000

Re = 40000

Circumferential

Circumferential

performance evaluation alternative values ranges from 1.19-

depth = 0.5-1.0

depth = 0.7

1.68 respectively.

Pitch distance = 5-

Pitch distance =

15

10

1.58-2.46 when the frs ratio are about 1.82-5.03 hence the

CONCLUSION
Yang et al. [28]

Al2O3

b/H = 0.325-0.775

b/H = 0.325

In this article, reviewed the investigations carried out by

e/H = 0.1875-

e/H = 0.1875

numerous investigators to enhance the heat transfer and

0.6525

Re = 10000

Re = 5000-20000

p/H = 0.75

p/H = 0.25-075

nanofluid flow using obstacles of different shapes, sizes, and
orientations to produce artiﬁcial roughness in flow ducts.
Improving heat exchangers with viewpoint of maximum

Vanaki and

H2O-SiO2,

y/w = 0.5 – 4

y/w = 4

Mohammed

Al2O3, CuO,

Re = 4000-24000

Re = 10000

[29]

ZnO

convective heat transfer enhancement and reduced size, weight
and cost is still taken into consideration. Using ribbed square
channel is one of the most effective ways to increase the heat
transfer in many engineering applications. Apart from

Shamani et al.

H2O-SiO2,

[30]

Al2O3, CuO

Re = 10000-40000

Re = 39000

appearance and geometric parameters of a roughened channel,
working fluid plays a significant role on the heat transfer
enhancement. Nanofluids with definition of ultrafine particles
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suspended in a conventional base fluid with high thermal
conductivity can considerably assist in this issue. Metallic,

REFERENCES
[1]

Taylor & Francis Group, New York, 2006

non-metallic and polymeric particles suspended in a base fluid
with high thermo-physical properties can improve the thermo-

[2]

T. A. Russh, T. A. Newell, A. M. Jacobi, “An experimental study of
flow and heat transfer in sinusoidal wavy passages,” International

physical properties of the mixture and subsequently bring
higher heat transfer enhancement compared to conventional

R. L. Webb, N. H. Kim, Principles of enhanced heat transfer, 2nd ed.,

Journal of Heat and Mass Transfer, 42, 1541-1553, 1999
[3]

H. Heidary, M. J. Kermani, “Effect of nano-Particles on forced

working fluids. The influence of triangular ribs having angle

convection in sinusoidal-wall channel,” International Communication of

of attack of 300-600 was examined on flow factors and they

Heat and Mass Transfer, 37, 1520-1527, 2010

found that the triangular rib with flow attack angle value of
300 had maximum heat transfer and minimum pressure

[4]

transfer: Analysis, design and application,” CRC Press, 2016
[5]

reduction beside the micro channel. In case of compound rib at
a value of d/e of 0.6, the enhancement of heat discharge is

M. Rebay, S. Kakac, R. M. Cotta, “Microscale and nanoscale heat

J. H. Lienhard IV, J. H. Lienhard V, A heat transfer textbook, 3rd ed.
Phlogiston press Cambridge, Massachusetts, USA, 2008

[6]

R. Saidur, K. Y. Leong, H. A. Mohammad, “A review on application

6.3% higher as compared to triangular rib and the pressure fall

and challenges of nanofluids,” Renewable and Sustainable Energy

is decreased up to 18% respectively. Evaluated to triangular

Reviews, 15, 1646-1668, 2011

ribs, the best compound ribs could significantly reduce

[7]

H. Shokouhmand, K. Vahidkhah, M. A. Esmaeili, “Numerical analysis
of air flow and conjugated heat transfer in internally grooved parallel

pressure drop and enhance the heat discharge. Influence of

plate channels,” World Academy of Science Engineering and

variant kinds of nano-particles on a completely developed heat

Technology, 73, 2011

transfer and turbulent stream performance in trapezoidal

[8]

visualization,” Transactions of the ASME, Journal of Heat Transfer,

passages with variant diameters and volume fractions beneath

104, 410-416, 1982

a stable heat flux. While the nano-fluids are employed in
forced convection the standard heat transfer is observed to be
enhanced up to 10% with a volume fraction of 4% and

J. E. Obrien, “Corrugated duct heat transfer, pressure drop and flow

[9]

E. M. Sparrow, J. W. Comb, “Effect of inter wall spacing and fluid flow
inlet conditions on a corrugated wall heat exchanger,” International
Journal of Heat and Mass Transfer, 26, 993-1005, 1983

diameter of 20 mm respectively. The performance estimation

[10] T. A. Rush, T. A. Newell, A. M. Jacobi, “An experimental study of flow

of two kinds of nano-fluids in effecting the heat transfer

and heat transfer in sinusoidal wavy passages,” International Journal of

occurrence in condensed condition passage with three

Heat and Mass Tansfer, 42, 1541-1553, 1999

different kinds of nano-fluids and variant ranges of Re. It was

[11] G. Fabbari, “Heat transfer optimization in corrugated wall channels,”
International Journals of Heat and Mass Transfer, 43, 4299-4310, 2000

found that the Al2O3 nano-particles have superior capability in
distracting the thermal edge layer shapes and tends to
maximum fraction decrease in width of thermal boundary

[12] C. C. Wang, C. K. Chen, “Forced convection in a wavy wall channel,”
International Journal of Heat and Mass Transfer, 45, 2587-2595, 2002
[13] Y. Islamoglu, “Effect of rounding of protruding edge on convection heat
channel,”

International

layers. The SiO2 nano-fluid has maximum heat transfer than

transfer

that of other kinds of nano-fluid and the heat transfer increased

Communication of Heat and Mass Transfer, 35, 643-647, 2008

when the nano-particle y/w, Reynolds number and volume
fraction enhanced, however it reduced when nano-particle
diameter enhanced respectively.

in

a

converging-diverging

[14] E. A. M. Elshafei, M. M. Awad, E. El-Negiry, A. G. Ali, “Heat transfer
and pressure drop in corrugated channels,” Energy, 35, 101-110, 2010
[15] L. Zhang, D. Che, “Influence of corrugation profile on the thermal
hydraulic performance of cross corrugated plates,” Numerical Heat
Transfer, Part A: Applications, 59, 267-296, 2011
[16] R. Kumar, A. Kumar, R. Chauhan, M. Sethi, “Heat transfer enhancement
in solar air channel with broken multiple V-type baffle,” Case Study
Thermal Engineering, 8,187-197, 2016

8

IRACST – Engineering Science and Technology: An International Journal (ESTIJ), ISSN: 2250-3498
Vol.7, No.5, Sep-Oct 2017
[17] E. M. Sparrow, J. W. Comb, “Effect of inter wall spacing and fluid flow
inlet conditions on a corrugated wall heat exchanger,” International
Journal of Heat and Mass Transfer, 26, 993-1005, 1983

trapezoidal rib-groove using nanofluids,” Case study in Thermal
Engineering, 5, 48-58, 2015
[31] M. Parsazadeh, H. A. Mohammed, F. Fathinia, “Influence of nanofluid

[18] J. E. Obrien, “Corrugated duct heat transfer, pressure drop and flow

on turbulent forced convective flow in a channel with detached rib

visualization,” Transactions of the ASME, Journal of Heat Transfer,

arrays,” International Communication in Heat and Mass Transfer, 46,

194, 410-416, 1982

97-105, 2013

[19] R. Nadda , R. Maithani, A. Kumar, “Effect of multiple arc protrusion

[32] H. A. Mohammed, A.N. Al-Shamani, J. M. Sheriff, “Thermal and

ribs on heat transfer and fluid flow of a circular-jet impingement solar

hydraulic characteristics of turbulent nanofluids flow in a rib-groove

air

channel,” International Communication in Heat and Mass Transfer, 39,

passage,”

Chemical

Engineering

and

Processing:

Process

Intensification, 120,114-133, 2017

1584-1594, 2012

[20] E. A. M. Elshafei, M. M. Awad, E. El-Negiry, A. G. Ali, “Heat transfer
and pressure drop in corrugated channels,” Energy, 35,101-110, 2015
[21] L. Zhang, D. Che, “Influence of corrugation profile on the thermal
hydraulic performance of cross-corrugated plates,” Numerical Heat

[22] G. Fabbri, “Heat transfer optimization in corrugated wall channel,
International Journal of Heat and Mass Transfer,” 43, 4299-4310,2000
[23] Y. Islamoglu, “Effect of rounding of protruding edge on convection heat
in

a

converging-diverging

convection in ribbed channels,” Applied Thermal Engineering, 37, 280292, 2012
[34] A.S. Navei, H. A. Mohammed, K. M. Munisamy, H. Yarmand, Samira
Gharekhani, “Heat transfer enhancement of turbulent nanofluid flow

Transfer, Part A: Applied, 59, 267-296, 2011

transfer

[33] O. Manca, S. Nardini, D. Ricci, “A numerical study of nanofluid forced

channel,”

International

Communication of Heat and Mass Transfer, 35, 643-647, 2008
[24] M. Gavara, “Asymmetric forced convection of nanofluids in a channel

over various types of internally corrugated channels,” Powder
Technology, 286, 332-341, 2015
[35] D. Haridas, N. S. Rajput, A. Srivastava, “Interferometric study of heat
transfer characteristics of Al2O3 and SiO2 based dilute nanofluid under
simultaneously developing flow regime in compact channels,”
International Journal of Heat and Mass Transfer, 88, 713-727, 2015

with symmetrically mounted rib heaters on opposite walls,” Numerical

[36] A. Boonloi, W. Jedsadaratanachai, “Turbulent forced convection in a

Heat Transfer, Part A: Applications: An International Journal of

heat exchanger square channel with wavy ribs vortex generator,”

Computation and Methodology 62, 11, 884-904, 2013

Chinese Journal of Chemical Engineering, 23, 1256-1265, 2015

[25] H. E. Ahmed and M. Z. Yusoff, “Thermal enhancement of triangular

[37] H. T. Wang, W. B. Lee, J. Chan, S. To, “Numerical and experimental

duct using compound of vortex generators and nanofluids,” Heat

analysis of heat transfer in turbulent flow channels with two-dimensional

Transfer Engineering, 2017

ribs,” Applied Thermal Engineering, 23, 1256-1265, 2015

[26] Z. Y. Ghale, M. Haghshenasfard, M. NasrEsfahany, “ Investigation of

[38] O. Manca, S. Nardini, D. Ricci, “A two dimensional numerical

nanofluids heat transfer in a ribbed micro channel heat sink using single-

investigation on forced convection in channels with transversal ribs,”

phase and multiphase CFD models,” International Communication in

American Society of Mechanical Engineers, 1099-1107

Heat and Mass Transfer, 68, 122-129, 2015

[39] A. M. Abed, M. A. Alghoul, K. Sopian, H. S. Majdi, A. N. Al-Shamani,

[27] A. B. M. Khdher, N. A. C. Sidik, R. Mamat, W. A. W. Hamzah,

H. A. Mohammed, “Design characteristics of corrugated trapezoidal

“Experimental and numerical study of thermo hydraulic performance of

plate heat exchangers using nanofluids,” Chemical Engineering and

circumferentially ribbed tube with Al2O3 nanofluid,” International

Processing, 87, 88-103, 2015

Communication in Heat and Mass Transfer, 69, 34-40, 2015

[40] M. A. Ahmed, M. Z. Yusoff, K. C. Ng, N. H. Shuaib, “Effect of

[28] Y. T. Yang, H. W. Tang, B. Y. Zeng, C. H. Wu, “Numerical simulation

corrugation profile on the thermal hydraulic performance of corrugated

and optimization of turbulent nanofluids in a three dimensional

channels using CuO water nanofluid,” Case Studies in Thermal

rectangular rib grooved channel,” International Communication in Heat

Engineering, 4, 65-75, 2014

and Mass Transfer, 66, 71-79, 2015

[41] M. R. Shamsi, O. A. Akbarib, A. Marzbana, D. Toghraiec, R.

[29] S. M. Vanaki, H. A. Mohammed, “Numerical study of nanofluid forced

Mashayekhib, “Increasing heat transfer of non-Newtonian nanofluid in

convection flow in channels using different shaped transverse ribs,”

rectangular microchannel with triangular ribs,” Physica, 93, 167-178,

International Communication in Heat and Mass Transfer, 67, 176-188,

2017

2015

[42] O. A. Akbari , D. Toghraie, A. Karimipour, M. R. Safaei, M. Goodarzi,

[30] A. N. A. Shamani, K. Sopian, H. A. M. M. H. Rusaln, A. M. Abed, S.

H. Alipour, M. Dahari, “Investigation of rib’s height effect on heat

Mat, “Enhancement heat transfer characteristics in the channel with

transfer and flow parameters of laminar water–nanofluid in a rib-

9

IRACST – Engineering Science and Technology: An International Journal (ESTIJ), ISSN: 2250-3498
Vol.7, No.5, Sep-Oct 2017
microchannel,” Applied Mathematics and Computation, 290,135–153,
2016
[43] H. Alipour, A. Karimipour, M. R. Safaei, D. T. Semiromid, O. A.
Akbari, “Influence of T-semi attached rib on turbulent flow and heat
transfer parameters of a silver-water nanofluid with different volume
fractions in a three-dimensional trapezoidal microchannel,” Physica, 88,
60–76, 2017
[44] M. K. Aliabadi, S. M. Hassani, S. H. Mazloumi, “Enhancement of
laminar forced convection cooling in wavy heat sink with rectangular
ribs and Al2O3/H2O nanofluids,” 2017
[45] A. Andreozzi, O. Manca, S. Nardini, D. Ricci, “Forced convection
enhancement in channels with transversal ribs and nanofluids,” Applied
Thermal Engineering, 2016
[46] A. Behnampour, O. A. Akbari, M. R. Safaei, M. Ghavami, A. Marzban,
G. A. S. Shabani, M. Zarringhalam, R. Mashayekhi, “Analysis of heat
transfer and nano-fluid flow in micro channels with trapezoidal,
rectangular and triangular shaped ribs,” Physica E: Low-dimensional
Systems and Nanostructures, 2017
[47] S. Kumar, A. D. Kothiyal, M. S. Bisht, A. Kumar, “Numerical analysis
of thermal hydraulic performance of Al2O3-H2O nano-fluid flowing
through a protrusion obstacles square mini channel,” Case Studies in
Thermal Engineering, 9, 108-121, 2017
[48] M. M. Hassan, M. A. Teamah, W. M. EI-Maghlany, “Numerical
investigation for heat transfer enhancement using nanofluid over rib
confined one end closed flat plate,” Alexandria Engineering Journal,
2017
[49] N. Zheng, P. Liu, F. Shan, Z. Liu, W. Liu, “Numerical investigations of
the thermal-hydraulic performance in a rib-grooved heat exchanger tube
based on entropy generation analysis,” Applied Thermal Engineering,
2016

10

