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Abstract
In the last decades, heat transfer enhancement techniques have been varied and increased rapidly to produce more efficient 
heat exchange equipment and in turn save energy and cost. One of the effective methods used for augmenting heat transfer is 
employing corrugations on heat exchanger equipment surfaces. Different applications of using corrugations such as circular 
and non-circular channels, microchannel heat sink, mini-channel heat sink, and solar air collector have been presented and 
reviewed in this paper. Researchers investigated various shapes of corrugations along with several corrugation configura-
tions. In addition, using corrugations with other heat transfer enhancement techniques, namely perforations, phase change 
materials, and nanofluids was discussed. From this overview study, it was found that some research topics are still attractive 
and need more investigations, while other topics have some limitations either in the application or side effects such as addi-
tional pressure drop penalty, further machining costs, more additional material, or more costs for synthesizing the coolants 
such as nanofluids or sedimentation.

Keywords  Enhancement techniques · Hydrothermal performance · Corrugated channels · Compound methods · Solar air 
collector

Abbreviations
CC	� Cross-corrugated plate
CHS	� Channel heat sink
SST	� Single-structured tube
CST	� Cross-structured tube
CTSS	� Corrugated trays solar still
CWSS	� Corrugated wick solar still
ICT	� Interruptions in the corrugated tube
LES	� Large Eddy Simulation
MCHS	� Microchannel heat sink
MHS	� Miniature heat sinks
MWCNT-GA	� Gum Arabic-treated multi-walled carbon 

nanotubes
OPI	� Overall performance index
PCM	� Phase change material

PEC	� Performance evaluation criteria
PF	� Performance factor
SAH	� Solar air heater
SRTs	� Sinusoidal ribbed tubes
VGs	� Vortex generators

Introduction

Passive, active, and compound (passive–active) heat transfer 
enhancement techniques have been introduced to improve 
the hydrothermal performance of heat exchangers yield-
ing a lighter mass, the smaller size of the exchanger, and 
lower in the cost of operation. However, due to the loss of 
energy and to the demand for small sizes and more eco-
nomic enhanced heat transfer systems, three techniques 
have been utilized which are essential in many applications, 
such as compressed air, exhaust gas, paint, oil refrigera-
tors, evaporators or condensers, heat exchangers for power 
generation, cooling and air-conditioning, and the industrial 
heat exchangers in chemical and food industry. One of the 
simplest methods used for improving the thermal perfor-
mance of heat exchangers involves deforming the channel 
surface for forming a corrugated wall [1]. The surface area 

 *	 Mohanad A. Alfellag 
	 mohanadheete@uoanbar.edu.iq

 *	 Hamdi E. Ahmed 
	 hamdi.ahmed@uoanbar.edu.iq

1	 Department of Mechanical Engineering, College 
of Engineering, University of Anbar, Ramadi 31001, Iraq

2	 Department of Energy Engineering, College of Engineering, 
University of Baghdad, Baghdad 10071, Iraq

http://orcid.org/0000-0002-6243-7553
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-022-11247-1&domain=pdf


10178	 M. A. Alfellag et al.

1 3

modifications or manipulations, which could induce swirls 
or spirally flowing patterns, have attractive increasing atten-
tion. The implementation of corrugation for improving the 
heat transfer has become interesting recently owing to sev-
eral advantages such as turbulators, extended surfaces, and 
roughness. The major role of surface corrugations, which 
is used widely in heat exchangers, is for augmenting the 
secondary recirculation flows by inducing the mixing of 
the flow layers. Moreover, the corrugated surfaces could 
enhance the heat transfer owing to the mixing of fluids 
caused by the separations and re-attachments [2].

Miniature heat sinks (MHSs) are powerful devices in 
the thermal management of mechanical or electronic com-
ponents. The plate–fin heat sinks are easy in fabrication, 
simple in structure, and low in cost. In modern electronic or 
mechanical equipment, efficient thermal management sys-
tems are necessary, particularly in critical operating condi-
tions such as high heat fluxes. Generally, the heat transfer 
enhancement in the mini-channel heat sink (CHS) can be 
executed either by modifying the channel surface or by 
improving the thermophysical properties of the coolant [3]. 
Augmenting the thermophysical coolant properties, such 
as the thermal conductivity, can enhance the heat transfer 
rate as well. Therefore, the suspending of solid metallic 
or nonmetallic nanoparticles to the traditional base fluids 
(poor thermal conductivity) could enhance the heat dissipa-
tion ability of the heat exchangers [4]. Some side effects of 
using nanofluids such as channel surface abrasion, clogging, 
sedimentation, and other adverse consequences might take 
place because of particles aggregation and collisions, which 
restrict their applications somewhat [5].

Flat-plate solar collectors are one of the most potential 
engineering applications which are simple and inexpensive 
technology and promise a remarkable reduction in the build-
ings’ energy consumption [6]. The basic role of the solar 
collectors is to preheat the ambient air for reducing the heat-
ing load of conventional ventilating, heating, and air-condi-
tioning systems during the cold season. Solar collectors are 
featuring low operation cost, long lifetime, high durability, 
inexpensive maintenance, and ease of installation. There is 
a great percentage of people who live in rural areas using 
traditional coal-fired heating systems, which is inadequate 
and unfriendly to the environment [7]. In contrast, such con-
ventional solar air heaters have low thermal performance and 
unsatisfactory for significant heat loss [8].

The heat transfer enhancement technique by impinging 
jet could significantly enhance the local heat transfer coef-
ficients. It is used in many engineering applications where 
high thermal dissipation is required [9]. The perforated 
plate–fin heat exchanger could not increase the heat transfer 
rate, but also reduce the pressure drop penalty [10].

From the available literature, there is an obvious need 
to survey the latest progress carried out on how and where 

the corrugation surfaces have been applied and what are 
the optimal heat transfer enhancement (positive side) and 
pressure drop increase (negative side) which were obtained. 
Therefore, the highlight has been applied to the heat trans-
fer enhancement technique, namely corrugation, and cat-
egorized according to the engineering applications such as 
circular channels, wavy and zigzag channels, converged and 
diverged ducts, mini- and micro-heat sinks, and solar collec-
tors. Different shapes of corrugation have been scanned. In 
addition, combined techniques with corrugation such as per-
foration, phase change materials, and nanofluids are also dis-
cussed. The conclusion involves a brief tabulated summary 
to show what has been investigated right now, and a focus 
on the research gaps which are still under investigation, not 
investigated yet, or not comprehensively investigated to draw 
a future research framework and may be a helpful key for 
the readers to follow one or more of the incomplete research 
areas.

Circular‑corrugated channel

Helical corrugation

Harleß et al. [11] performed a set of experiments of helically 
single-start and three-start corrugated tubes for exhaust gas 
heat exchangers with several geometrical configurations. The 
researchers have examined the effect of the angle, height, 
and pitch of the corrugation with Reynolds number (Re) 
ranging from 5000 to 23,000. It was revealed that the R3 
criterion, a performance evaluation term based on constant 
pumping power, was 1.55 obtained with a single-start cor-
rugated tube at a dimensionless corrugation pitch of 0.517 
and a dimensionless corrugation height of 0.04.

Helical-corrugated multi-tube heat exchanger inves-
tigation is numerically carried out by Wang et al. [12], 
for Re ranged from 8900 to 89,400. Three kinds of tube 
arrangements are studied, namely circular, square, and 
triangle, and also several tube spacings are tested along 
with different tube spacing. Triangular tube showed the 
highest hydrothermal performance compared with oth-
ers for Reynolds number below 40,000. Laohalertdecha 
and Wongwises [13] investigated experimentally helically 
copper-corrugated tubes to show the thermal and hydraulic 
performance of R-134a using different corrugated pitches, 
and depths were explored with a wide range of Re number 
(30,000–120,000). The results showed that when corruga-
tion pitch and depth increased, the Nusselt number (Nu) was 
augmented. Conversely, the two-phase friction factor was 
not affected significantly by varying corrugation pitch and 
depth. They predicted the Nu number and the friction factor 
by developing correlations based on their obtained results. 
In another similar study, experiments were conducted on a 
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spirally corrugated tube to evaluate the thermal and hydrau-
lic behavior by Vicente et al., [14]. Water and ethylene gly-
col were used as coolants for 2000 < Re < 90,000 and Prandtl 
number (Pr) of 2.5 < Pr < 100. The severity index (φ = e2/(p 
Dn)) was taken as a geometric parameter to study the effect 
of roughness on the flow. As a result, the helically corru-
gated tube could improve the heat transfer and pressure drop 
up to 300% and 250%, respectively, in compression with 
the typical tube. Besides, helically corrugated tubes with 
high severity index showed better thermal performance at 
Re < 10,000. On another hand, a corrugated tube with inter-
mediate severity was the best choice for Re ranging between 
10,000 and 40,000.

Balla [1] conducted a numerical simulation of a six-start 
helically corrugated tube, as illustrated in Fig. 1, for evaluat-
ing the hydrothermal performance considering the severity 
index as a main geometric parameter. Consequently, for 
φ  = 0.2796, the performance evaluation criter ia 
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range of 700–1300, indicating that the use of helical corru-
gation tubes could significantly enhance the thermal 
performance.

Harleß et al. [15] carried out an experimental study on 
a set of cross-corrugated tubes in order to evaluate the 
enhancement of heat transfer and friction characteristics. 
Air was used on the inner side of the tubes, while water was 
employed as a cooling liquid on the outer side. Corrugation 
pitch and angle were examined for 5000 < Re < 23,000. The 
highest R3 criterion was 1.55 with a corrugation height and 

a corrugation angle of 1.86 mm 38.4°, respectively, while 
the optimum angle was 38.4°.

Barba et al. [2] explored experimentally the effect of 
helically corrugated tubes, which are used for the chemi-
cal and food industry, on the heat transfer and fluid flow 
characteristics using ethanol glycol as a working fluid for 
ranging of Reynolds number of 100–800. The Nu number 
was augmented very sensitively compared with the straight 
tube, while the friction factor increased up to 2.45. Simi-
larly, Rozzi et al. [16] conducted experiments for studying 
the effect of corrugated tubes, used in the food industry, on 
the heat transfer and pressure drop of Newtonian and non-
Newtonian fluids. Cloudy orange juice, apricot, whole milk, 
and apple puree fluids were tested. The results demonstrated 
that there was no noticeable effect of using corrugations at 
Re < 800. For fully developed turbulent flow, a moderate 
improvement in heat transfer was obtained but with a high-
pressure drop. Also, the enhancement of heat transfer in the 
heating process was better than in the cooling process.

Spirally corrugated tubes were numerically investigated 
by Wang et al., [17]. Several corrugation height-to-diame-
ter and pitch-to-diameter ratios were covered to study their 
effect on the heat transfer and turbulent flow characteristics. 
The swirl and rotational flow were strengthened by increas-
ing the corrugation height ratio and decreasing the corru-
gation pitch. By increasing the pitch ratio, the swirl flow 
was weakened while the rotational flow was strengthened. 
In addition, the improved rotational flow could decrease the 
heat transfer and flow resistance performance. The maxi-
mum values of the local Nu number and friction factor were 

Fig. 1   Six-start spirally cor-
rugated tube [1]
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located at the reattachment point, and their minimum values 
were observed at the center of the swirl flow. They con-
cluded that the height-to-diameter and pitch-to-diameter 
ratios should be less than 0.1 and 2, respectively, for ensur-
ing that the heat transfer growth rate remains larger than the 
flow resistance growth rate.

Numerically, Córcoles et al. [18] studied the impact of 
the helical corrugation of tubes on the turbulent heat transfer 
and fluid flow characteristics. They pointed out that Nu num-
ber was augmented by increasing the corrugation height-to-
diameter ratio below the ratio of 0.05, while it was decreased 
with the ratio larger than 0.05. For equal diameter cases, the 
Nu number and pressure drop were both linearly dropped 
as the pitch to diameter increased. Also, the Nu and pres-
sure drop were improved as the height to diameter, severity 
index, and corrugation shape factor (an indicator of the tube 
deformation degree) increased.

Xin et al. [19] investigated numerically the heat transfer 
enhancement and oscillatory flow in a two-start helically 
corrugated tube with helium as a working medium as shown 
in Fig. 2. They indicated that the average heat absorption of 
a two-start spirally corrugated tube was 1.36 times greater 
than the typical pattern. The performance evaluation criteria 
(PEC) was 1.38 by average parameters in a cycle, while the 
value of transient PEC in a cycle was 1.69.

Dong et al. [20] evaluated the heat transfer characteris-
tics and friction factor of four helically corrugated tubes 
experimentally using water (6000 < Re < 93,000) and oil 
(3200 < Re < 19,000) as coolants with several geometric 
parameters. The results indicated that the thermal perfor-
mance of the corrugated tube was higher in comparison with 
the smooth tube. However, the increase in the friction factor 
was higher than that in the Nu number.

Pethkool et al. [21] investigated experimentally the influ-
ence of spiral corrugation on the thermal performance and 
fluid flow characteristics of the tubular heat exchanger for 
(5500 < Re < 60,000) using water as a coolant. Two geomet-
ric parameters were considered, namely pitch-to-diameter 
ratio and rib height-to-diameter ratio. The results revealed 
that the thermal performance of tubes with spiral corruga-
tion was superior compared to the conventional one. The 
maximum PEC was 2.3 with a pitch ratio of 0.27 and a rip 

height ratio of 0.06 at a low Re number. They found that 
the average friction factor of the new design was 1.46–1.93 
greater than the smooth tube. Moreover, empirical correla-
tions of Nu, f, and the thermal performance factor of heli-
cally corrugated tubes were derived.

Transverse corrugation

Xiao-Wei et al. [22] investigated experimentally the thermal 
performance enhancement of roughened tubes for a range 
of 7000 < Re < 90,000 where the coolant was water. When 
the corrugation height was lower than the viscous sublayer 
thickness, the heat transfer was barely augmented. In addi-
tion, when the roughness height exceeded the viscous sub-
layer thickness, heat transfer and flow increased. Moreover, 
when the corrugation height became five times the viscous 
sublayer thickness, the friction factor was greatly increased 
with a small increase in the heat transfer. The thermal perfor-
mance of corrugated tubes was enhanced employing water 
with high Prandtl numbers which showed a small pressure 
drop penalty.

Jaffal et al. [23] numerically performed a numerical study 
of a transverse-corrugated tube with adding interruptions to 
the perimeter of the corrugations (ICT), as shown in Fig. 3. 
The used working fluid was water, and the Re was ranged 
between 1200 and 2240. Several configuration parameters 
were tested. It was noted that the maximum performance 
factor achieved is 1.28 at Re of 1200. Influence of corruga-
tion width, pitch, and depth of outward convex transverse-
corrugated tube was tested and optimized by Lioa et al. 
[24], in terms of heat transfer and fluid flow characteristics 
based on roughness parameters of skewness and kurtosis. 
According to the findings, corrugated tube showed better 
hydrothermal performance in comparison with smooth tube, 
and also the hydrothermal performance parameter (PEC) 
increases with increasing corrugation depth and decreasing 
corrugation pitch.

L

D
s D

e

Fig. 2   Structural diagram of the two-start spirally corrugated tube 
[19]
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Fig. 3   Computational domain and configurational parameters of the 
interrupted-corrugated tube [23]
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Sun and Zeng [25] performed an experimental and 
numerical study of three transversely corrugated tubes to 
determine the thermal and hydraulic characteristics as shown 
in Fig. 4. The experimental and numerical results revealed 
that the transversely corrugated tubes could augment the 
thermal performance by 50% in comparison with the smooth 
tube; however, the friction factor was increased by more than 
50%. They concluded that the transversely corrugated tubes 
greatly promise effective heat exchange. As a continuous 
work, a numerical study for a turbulent flow regime was 
conducted by Mohammed et al., [26]. The rib pitch to diam-
eter, rib width to diameter, and rib height to diameter were 
optimized. The thermal performance of corrugated tubes 
was greatly augmented by varying the geometric parameters. 
The Nu was enhanced by increasing the rib height, rib width, 
and Re number and decreasing the rib pitch. The best hydro-
thermal performance was noticed with rib pitch to diameter, 
rib width to diameter, and rib height to diameter of 0.5, 0.2, 
and 0.025, respectively.

Fan et al., [27] performed experiments to study the influ-
ence of transversely corrugated tubes on the condensation 
heat transfer in pure steam and steam–air condition under 
the turbulent flow regime. In the case of pure steam, they 
revealed that the condensation heat transfer coefficient of 
the corrugated tube was increased up to 10% compared with 
a smooth tube. In the case of steam–air condition, the total 
pressure of 0.2–0.5 MPa and air mass fraction of 0.1–0.95 
were employed to evaluate the condensation heat transfer 
coefficients.

Experimentally, four transversely corrugated tubes were 
evaluated by Huang et al. [28], to evaluate the heat and mass 
transfer performance of falling films. It was found that rib 
height was the key factor that affected the thermal perfor-
mance in falling film evaporation. For the same rip pitch and 
height, the heat transfer was increased when the converg-
ing segment of the corrugated tube was longer. They stated 
that the optimal evaporation mass transfer rate, evaporation 
heat transfer coefficient, and sensible heating heat transfer 

coefficient of the corrugated tube were 38%, 62%, and 63%, 
respectively, higher than the straight tube. For the same cor-
rugated tube, the coefficient of evaporation heat transfer was 
larger than the coefficient of sensible heating heat transfer. 
However, both of them were augmented as the flow rate 
increased.

Non‑circular‑corrugated channel

Wavy corrugation

Piroozfam et al. [29] investigated computationally the ther-
mal and hydraulic performance of the counterflow heat 
exchanger using several techniques. One of the applied 
techniques was a sinusoidal-wavy-corrugated mid-plate 
between the heat exchanger channels. When the frequency 
of the sinusoidal-wavy plate increased, the Nu number was 
augmented to a specific value due to an increase in the heat 
transfer area. However, PEC was reduced with increas-
ing wavy plate frequency, and that was accounted for the 
increase in the friction factor relative to the increase in Nu.

Heat transfer and turbulent flow over a half-wavy-cor-
rugated channel were numerically investigated by Mirzaei 
et al. [30], employing the large Eddy simulation (LES). 
Simulations were carried out with a range of normalized 
wave amplitudes of 0–0.15. It was reported that the wave 
amplitude strongly affected the recirculating flow region. 
In addition, as the wave amplitude increased, the Nu num-
ber was augmented to a specific value and then it remained 
constant. The optimal thermal performance parameter was 
1.19 at a wave amplitude of 0.1. Hydrothermal performance 
of curved wavy channel was numerically investigated by 
Zhang et al. [31], under various wave amplitudes, as shown 
in Fig. 5. Curving the classic wavy channels leads to enhanc-
ing the heat transfer rate for several values of amplitudes. 
For a given dimensionless amplitude, there is an optimal 
combination of amplitude and wavelength to obtain the high-
est heat transfer performance. Fluid flow is more sensitive 
to wavelength.

Tsai et al. [32] investigated experimentally and numeri-
cally the pressure drop and distribution flow in two wavy 
cross-corrugated channels of a plate heat exchanger for 
170 < Re < 1700. The friction factor acted in two different 
trends considering that Re of 430 was the delineating of 
flow into laminar and turbulent. They indicated that the 
experimental data of pressure drop was 20% larger than the 
simulated results.

Faizal and Ahmed [33] performed a set of experiments on 
a wavy-corrugated plate heat exchanger. Twenty corrugated 
plates were employed using water for hot and cold channels. 
Plate spacing of 6, 9, and 12 mm was employed to determine 
the optimum spacing value. For the same plate spacing, the Fig. 4   Photograph of the corrugated tubes [25]
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heat exchange between two fluids was augmented when the 
flow rate of hot water increased because of the corrugation 
shape which improved the turbulence at high velocity. They 
pointed out that the optimum spacing which provided a 
maximum heat transfer was the smallest one.

The hydrothermal behavior of an offset-bubble primary 
surface channel was proposed by Ma et  al., [34]. They 
adopted the proposed design from the cross-corrugated pri-
mary surface channel and offset strip plate–fin channel as 
shown in Fig. 6. The new design showed better performance 
than the plate–fin channel and cross-corrugated channel. 
The area goodness factor (j/f) of the suggested channel was 
improved by 41% and 71% compared to the previous two 
channels, respectively. In addition, the wavelength showed 
a great effect on comprehensive performance compared with 
wave height.

Hasis et al. [35] studied numerically the geometric vari-
ables of a twisted sinusoidal-wavy microchannel for Reyn-
olds number range of 300 < Re < 700. The ranges of the 
channel aspect ratio, the waviness, and extent of twist were: 
0.5–1.5, 0.03–0.07, and 1–4, respectively. It was reported 
that the twisted wavy sinusoidal channel showed better 
performance compared with the wavy sinusoidal channel, 
and the Nu number was augmented with increasing of Re 
number and channel waviness. Heat transfer performance 

was decreased with decreasing twist extend. However, the 
channel twisting did not considerably improve heat transfer 
performance at higher Re numbers and the channel waviness. 
In addition, it was highlighted that the higher aspect ratio 
means higher heat transfer performance due to the higher 
asymmetric nature of the flow. The maximum goodness fac-
tor achieved was 1.35.

Zigzag corrugation

Naphon [36] studied the impact of zigzag-corrugated chan-
nels on heat transfer enhancement under constant heat flux. 
The proposed modeled channel consisted of two opposite 
zigzag-corrugated channels as schematically illustrated in 
Fig. 7. They examined three different tilt angles of 20°, 40°, 
and 60°. Air was employed as a working fluid for the Reyn-
olds range of 400–1600. They revealed that the Nu was aug-
mented with increasing Re number. Moreover, the increasing 
wavy angle showed a better heat transfer rate. As continu-
ous research, another numerical study was performed by 
Naphon and Kornkumjayrit [37] in which the heat transfer 
and fluid flow were evaluated using a one-side zigzag-cor-
rugated channel with the tilt angle of 40° and channel height 
of 7.5 mm. They stated that the corrugated surface had a 
significant influence on the heat transfer enhancement, and 
it was a proper method to increase the thermal performance 
of heat exchangers.

Luo et al. [38] studied the performance of zigzag channel 
with the implementation of wavy fins and vortex generators 
(VGs). It is obtained that the longitudinal vortices enhanced 
the hydrothermal performance compared with smooth wavy 
channels with a maximum PEC of 1.23. Islamoglu and Par-
maksizoglu [39] conducted an experimental study to evalu-
ate the heat transfer coefficients and friction factor using 
a zigzag-corrugated channel. Experiments were performed 

Fig. 5   Schematic diagrams of a 
conventional wavy channel and 
a curved wavy channel. [30]
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with Re number range of 1200–4000 with employing air as 
a coolant. Two different channel heights were considered 
with a corrugation angle of 20°. As Re increased, both the 
Nu number and pressure drop were improved. Moreover, 
increasing channel height exhibited higher Nu number and 
friction factor.

Mohammed et al. [40] conducted a computational inves-
tigation on a zigzag-corrugated channel of a plate heat 
exchanger to evaluate turbulent convective heat transfer and 
fluid flow characteristics. The range of Re number and heat 
flux was from 8000 to 20,000 and from 0.4 to 6 kW m−2, 
respectively, using the working fluid of water. The variable 
parameters of their study were the corrugation tilt angle, 
channel height, and wave height. The results indicated that 
the wavy angle of 20°, channel height of 17.5 mm, and wave 
height of 2.5 mm were the optimum parameters compared 
with others, and they showed a great effect on enhancing the 
thermal performance.

Converging–diverging corrugation

An optimization study of converging–diverging channel 
under turbulent flow is examined by Parlak et al., [41]. Air 
was used as a working fluid with Re ranging between 4400 
and 6700. The influence of channel width, wavelength, 
and amplitude has been tested. They stated that the highest 
hydrothermal performance factor of the optimized channel is 
1.7. The hydrothermal performance of non-Newtonian fluid 
in the converging–diverging corrugated channel, as shown in 
Fig. 8, was numerically performed by Shubham et al., [42]. 
Low Re number range was covered (10–100), and the power-
law index range was 0.6–1.4. The results indicated that the 

heat transfer enhancement of converging–diverging corru-
gated channel was noticeable for high wall amplitudes with 
respect to the smooth channel, while it was insignificant for 
lower amplitudes, and thermal enhancement was augmented 
with decrease in the power-law index. Moreover, the heat 
transfer enhancement ratio of the corrugated channel was 
more than unity to the corresponding pressure drop ratio for 
all parameters, so the maximum thermal performance fac-
tor (PF) was 0.78. Therefore, selecting converging–diverg-
ing corrugated channels for compact heat exchangers using 
non-Newtonian fluids may lead to significant disadvantages 
toward the heat transfer effective costs.

In another related study, Wang and Chen [43] investigated 
numerically the heat transfer rate of fluid flowing inside 
the converging–diverging corrugated channel. The ampli-
tude–wavelength ratio range was 0–0.5 for 100 < Re < 700. It 
was found that with increasing amplitude–wavelength ratio 
and Reynolds number, the local Nu was significantly aug-
mented at the converging section of the wavy wall, while it 
showed a small increase at the diverging section. Therefore, 
the larger the amplitude–wavelength ratio, the higher the 
heat transfer rate, especially at higher Re.

Pehlivan [44] investigated experimentally the impact 
of airflows inside the converging–diverging corrugated 
channel on convection heat transfer and pressure drop for 
2000 < Re < 9000. Four converging–diverging corrugated 
channels were tested: two rounded and two sharp corruga-
tion peaks having two different corrugation angles (30° and 
50°), two different pitches (8.39 mm and 17.32 mm), and 
two different channel heights (5 mm and 10 mm). The results 
revealed that the heat transfer rate was augmented when the 
Re and corrugation angle increased and the channel height 
and the corrugation pitch decreased. Furthermore, the maxi-
mum heat transfer enhancement was about 15 times larger 
than the straight channel.

Experimentally, Taymaz et  al. [45] explored the 
heat transfer characteristics in a converging–diverging 
heat exchanger channel using air as a working fluid for 
2000 < Re < 7000. According to their results, the Nu was 
augmented with the increase in the Re number and decrease 
in the channel height. In addition, the converging–diverging 

Fig. 7   Schematic diagram of the 
test section [36]
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channel showed an increase in heat transfer rate 6 times 
compared to the straight channel.

Corrugated heat sink

Microscale

Gong et al. [46] optimized numerically the design of wavy 
microchannel heat sink (MCHS) to show its effect on heat 
transfer and fluid flow characteristics for low Re range, 
50–150. Several geometric parameters were the wave ampli-
tude, wavelength, and aspect ratio. Two wavy channel con-
figurations were considered, namely converging–diverging 
wall and serpentine wall. It was pointed out that the wavy 
walls showed higher heat transfer augmentation compared 
to the typical one. Also, the serpentine wall outperformed 
the converging–diverging walls in terms of thermal perfor-
mance. The maximum PEC was 1.55 for serpentine wall 
MCHS. Pourhammati and Hossainpour [47] numerically 
studied the effect of varying the wave amplitude and wave-
length on the hydrothermal performance of the wavy micro-
channel heat sink (MCHS) under laminar flow. A maximum 
overall performance (PEC) of 1.338 is achieved.

Rostami et al. [48] carried out a numerical study to deter-
mine the optimal design of wavy MCHS employing water 
as a working fluid. The wall thickness, aspect ratio, ampli-
tude, and wavelength were the key parameters varied in their 
study with 50 < Re < 200. According to their results, using 
wavy MCHS could augment the heat transfer compared to 
the conventional one. The heat transfer rate was augmented 
as Re and wave amplitude increased due to the presence of 
secondary flows and recirculation regions. Also, the Nu was 
increased with increasing wall thickness to a certain point 
and then it started to decrease; however, the pressure drop 
was decreased as the wall thickness increased.

Numerical research was conducted by Mohammed et al. 
[49], in which the heat transfer and fluid flow behavior of 
wavy MCHS were evaluated for 100 < Re < 1000 and dimen-
sionless wave amplitudes (0.0625–0.25). They indicated that 
the thermal performance of wavy MCHS was higher than 
the straight one. Also, it was mentioned that as the wave 
amplitude ratio increased, the temperature of wavy MCHS, 
heat transfer coefficient, and pressure drop were increased 
too. The wave amplitude in the range of 0.0625–0.21875 
could lead to optimum thermal performance. Continu-
ously, Mohammed et al. [50] modeled numerically a 3D 
heat transfer and fluid flow of MCHS considering several 
channel shapes (i.e., zigzag, curvy, and step) having the 
same cross section. It was displayed that the heat transfer 
coefficient and temperature of the zigzag MCHS were the 
smallest and highest, respectively, relative to other shapes. 
Additional pressure drop was observed for all channel shapes 

in comparison with conventional channels. The maximum 
pressure drop was recorded with the zigzag MCHS followed 
by the curvy and then step MCHS.

Yong and Teo [51] carried out a numerical investiga-
tion on thermal and hydraulic characteristics of converg-
ing–diverging MCHS for 50 < Re < 200 using water as a 
coolant. The influence of the aspect ratio and amplitude ratio 
on respective flow behavior and recirculating vortices was 
examined. The range of the aspect ratio was 0.25–2, and the 
amplitude ratio was 0.023–0.075. They indicated that the 
performance of converging–diverging MCHS was superior 
compared to the straight model. The channel with the aspect 
ratio range of 0.5–0.1 provided high hydrothermal perfor-
mance. Moreover, the optimum amplitude ratio range was 
0.023–0.035, and when the amplitude ratio increased above 
the value of 0.035, the hydrothermal performance became 
almost constant. The maximum achieved PEC was 1.6.

Wan et al. [52] studied computationally and experimen-
tally the impact of half-corrugated MCHS on heat transfer 
performance and water flow by varying the wave amplitude 
and wavelength. It was monitored that at lower Re, the pres-
sure drop was lower than straight MCHS, and this difference 
became larger at higher Re. The wavelength showed a large 
impact on the pressure drop compared to the wave ampli-
tude. Furthermore, the Nu was augmented with increasing 
Re. The researchers also carried out a comparison with the 
literature, and they have found that the overall performance 
of their study was higher than what was obtained by Ref. 
[104] which employed double-corrugated MCHS.

In another experimental study, Sui et al. [53] investigated 
the heat transfer and fluid flow in wavy-corrugated MCHS 
by varying the wave amplitude for 300 < Re < 800 and using 
cooling by water. The wavy-corrugated MCHS provided 
better thermal performance compared with straight MCHS 
accompanied by an increase in the pressure drop penalty. In 
addition, the heat transfer and pressure drop were improved 
with increasing Re and wave amplitude. At Re = 800 and 
a wave amplitude of 259 � m, the maximum heat transfer 
enhancement was 211%, while the pressure drop was raised 
to 76% compared to the straight MCHS.

Ermagan and Rafee [54] studied numerically the hydro-
thermal performance of wavy MCHS with superhydrophobic 
walls, as graphically illustrated in Fig. 9, for several values 
of wave amplitude, wavelength, and Re. It was mentioned 
that the Nu and pressure drop were augmented with increas-
ing wave amplitude and Re number, and decreasing the 
wavelength. The overall performance was slightly decreased 
with increasing of Re, and the optimum wave amplitude 
ratio and wavelength ratio were 0.4 and 0.025, respectively. 
Furthermore, the maximum area goodness factor was 1.47 
employing superhydrophobic walls.

A new design of wavy MCHS was proposed by Lin et al. 
[55], by changing the wavelength and/or wave amplitude 
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along with flow direction as observed from Fig. 10. The 
numerical results indicated that the proposed design exhib-
ited greater thermal performance than the conventional 
wavy as well as the straight MCHS. It was reported that the 
wavy MCHS with increasing the wave amplitude or decreas-
ing the wavelength along the flow direction showed lower 
thermal resistance and temperature difference at the bottom 
surface. Also, for increasing the wave amplitude difference 
or wavelength difference between two adjacent wavy units, 
the thermal performance of the proposed design has become 
more remarkable.

Chiam et al. [56] investigated experimentally and numeri-
cally the heat transfer and fluid flow behavior in a wavy 
MCHS with secondary branches with a range of 
50 < Re < 200 and waviness amplitudes of 0.075 and 0.15. It 
was highlighted that the effect of secondary branches was 
more beneficial at Re < 100. By adding secondary branches 
with amplitudes of the waviness of 0.15, the heat transfer 
performance and pressure drop were both improved with 
respect to the typical pattern. However, the heat transfer 

performance was increased with a small increase in pressure 
drop penalty when the wave amplitude was less than 0.075, 
whereas the maximum performance factor ( PF =

(

Nu

f
∕
Nu

s

f
s

)

) 
was 1.9.

Mini‑scale

Khoshvaght-Aliabadi et al. [57] performed a numerical 
and experimental study to improve the hydrothermal per-
formance of corrugated mini-channel heat sink by chang-
ing the cross section size of the routes. Water is used as 
a working fluid with Re ranging from 85 to 1145. Several 
models tested including convergent, divergent, and other 
hybrid models are investigated and compared to the classic 
design. Results indicated that the divergent model is the best 
in terms of overall performance index (OPI). Aliabadi and 
Nozan [58] investigated experimentally the impact of trian-
gular-, sinusoidal-, and trapezoidal-corrugated mini-chan-
nel heat sink (mini-CHS) on the heat transfer and pressure 
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drop characteristics with varying the corrugation length 
and corrugation amplitude. By using water as a coolant and 
650 < Re < 3000, it was displayed that the trapezoidal pattern 
showed higher heat transfer and pumping power compared to 
others. In addition, when corrugation length decreased and 
corrugation amplitude increased, both the Nu and pumping 
power were increased. The highest performance factor (the 
heat transfer to pumping power) was achieved with a sinu-
soidal pattern having a corrugation length of 30 mm, and a 
corrugation amplitude of 0.5 mm.

The hydrothermal performance of corrugated mini-CHS 
cooled by Al2O3–water nanofluid was experimentally car-
ried out by Aliabadi and Sahamiyan [59] by varying the 
parameters of wavelength, wave amplitude, nanoparticles 
concentration, and mass flow rate. The researchers have 
obtained higher performance more than that of a straight 
one. The heat transfer and pressure drop were both raised 
when the wavelength decreased and/or the wave amplitude 
increased. The impact of the wavelength was less than that 
of wave amplitude. The nanofluid showed thermal superior-
ity particularly when the volume fraction increased. Maxi-
mum PEC obtained was 3.5 at 0.3 vol.%, the wavelength of 
20 mm, the wave amplitude of 2 mm, and the mass flow-
rate of 0.024 kg s−1. By using the same coolant, Aliabadi 
et al. [60] investigated experimentally and numerically the 
hydrothermal performance wavy mini-CHS with integral 
and interrupted pin–fins under laminar flow conditions. They 
found that the pin–fin interrupted wavy heat sink showed 
higher hydrothermal performance in comparison with the 
integral pin–fin heat sink. Moreover, the Nu and pressure 
drop were improved when the nanofluid was used instead 
of water. The highest obtained performance factor was 2.65 
at 0.4vol.%. Moreover, the measurements of Aliabadi et al. 
[61] showed that the sinusoidal-wavy mini-CHS, as illus-
trated in Fig. 11, provided higher thermal performance when 

the Re ranged from 60–4000 and water–ethylene was used 
for cooling. They also confirmed that both heat transfer and 
pressure drop increased as the wave amplitude increased 
and wavelength decreased. Pure water exhibited a consid-
erable enhancement in heat transfer coefficient compared 
to the water–ethylene mixture. The maximum heat transfer 
enhancement obtained was about 200% at the wavelength 
of 20 mm and wave amplitude of 2 mm, while the optimum 
geometric design of wavy mini-CHS was for the wavelength 
of 40 mm and wave amplitude of 1 mm which provided high 
heat transfer-to-pumping power ratio.

Khalifa and Jaffal [62] studied experimentally and numer-
ically the hydrothermal performance enhancement of cor-
rugated cylindrical mini-CHS for the laminar flow regime 
as shown in Fig. 12. The corrugation geometry (wavy and 
helical), aspect ratio, pitch ratio, wave amplitude ratio, and 
solid void fraction were the variable parameters. In general, 
corrugated mini-CHS outperformed thermally better than 
the smooth one. The optimum solid void fraction, aspect 
ratio, amplitude ratio, and aspect ratio were 0.9, 0.46 0.08, 
and 2.1, respectively. Also, the Nu and pressure drop were 
both augmented with increasing amplitude and pitch ratios. 
Highest PEC obtained was 1.16 with the helical corrugation.

Corrugated solar collector

Greig et al. [7] performed an experimental study on the 
turbulent flow structure in a corrugated surface channel. A 
remarkable impact of the corrugation waveform was dis-
played on the flow behavior. The corrugated wall created 
a complex 3D flow behavior that expanded over the whole 
channel. The velocity profile exhibited a powerful diffu-
sion of shear. The profile of turbulent properties showed 
enhanced turbulence in the vicinity of the waveform. The 

Fig. 11   Top view of fabricated sinusoidal–wavy minichannel heat sink [61]
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turbulence of the flow was almost generated in this region 
above the corrugated trough. A considerable momentum 
transfer was monitored from the corrugated surface by the 
turbulent velocity field. The turbulent flow behavior was 
periodic compared to the waveform over the channel length. 
They reported that the existence of intensive turbulence is 
observed in the laminar flow regime.

An experimental investigation was performed by Abdul-
lah et al. [63], to improve the performance of trays solar still. 
Three different trays solar still designs are investigated: flat 
trays solar still, corrugated trays solar still, and conventional 
solar still. As an additional enhancement, phase change 
material (PCM) mixed with CuO nanoparticles has been 
used. According to the results, the total freshwater yield of 
corrugated trays solar still (CTSS) was increased by 122% 
using PCM with CuO nanoparticles compared to conven-
tional solar still. In another related study, tilted wick solar 
stills with different absorber configurations have been tested 
and evaluated experimentally and theoretically by Younes 
et al., [64]. Four solar stills designs are built including flat, 
corrugated, half barrel, and conventional solar stills. It was 
found that the daily productivity for corrugated wick solar 
still (CWSS) is improved by 134% in comparison with the 
conventional solar still.

Aboghrara et al. [65] explored experimentally the out-
let temperature and efficiency of corrugated plate solar air 
heater using circular jet impingement. Their results showed 
that the flow jet impingement on corrugated plat absorber 
was a powerful function of thermal augmentation. They 
observed a substantial influence of the airflow rate on the 
heat transfer rate. The optimal thermal efficiency of their 
proposed design rig was about 14% higher than the smooth 
duct with a temperature increase of up to 3 K.

Taha and Farhan [66] implemented an experimental work 
to investigate the hydrothermal performance of a solar air 

collector having zigzag metal foam fins. Fins were attached 
below the absorbing plate to create five herringbone chan-
nels for air flowing. The influence of different corrugated 
angles on hydrothermal efficiency was studied. Experiments 
were carried out under outdoor conditions in Iraq during the 
winter season. They reported that the corrugated angle of 
30° gave the highest thermal and hydrothermal efficiencies 
were 87.7% and 80.2%, respectively, at 0.04 m3 s−1 airflow 
rate.

Dormohammadi et al. [67] studied numerically the heat 
transfer, fluid flow, and entropy generation in a sinusoidal-
wavy-wall channel using Cu–water nanofluid coolant. They 
evaluated the parameters such as nanoparticles concentration 
(0–5 vol.%), Richardson number (0.1 < Ri < 10), wave ampli-
tude, and wavelength. An increase in the Nu was recorded 
with increasing nanoparticle concentration. The highest 
entropy generation was at a higher Richardson number. The 
authors could enhance the heat transfer by optimizing the 
wave amplitude and wavelength parameter.

Pavlovic et al. [68] utilized nanofluids (Al2O3, Cu, CuO, 
and TiO2 suspended in oil and water base fluid) in a solar 
dish collector with a smooth and corrugated absorber tube in 
order to reduce the utilization of traditional energy sources. 
It was reported that the oil-based nanofluids caused higher 
exergetic efficiency. However, using water-based nanofluids 
caused higher thermal performance. The Cu nanoparticle 
showed the greatest exergetical efficiency among the others, 
and the maximum exergetic efficiency was up to 12.29% 
for the Cu–oil-based nanofluid flowing in the corrugated 
absorber.

Theoretically, Kumar and Chand [69] enhanced the solar 
air collector performance by using herringbone-corrugated 
fins attached below the absorber plate along the flow pas-
sage. They stated that the optimal air mass flow rate was 
0.05 kg s−1 which showed maximum thermal efficiency as 

Helical channel

Outlet fluid

Heat source
Fin (channel wall)

Inlet fluid
Wavy channel

Outlet fluid

Heat source Fin (channel wall)

Inlet fluid

Fig. 12   Helical- and wavy-corrugated minichannel heat sink [62]
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there was no significant increase in the efficiency beyond 
this value. This efficiency increased when the fin pitch 
decreased owing to the increase in the heat transfer surface 
area. The maximum efficiency obtained was around 77% at a 
mass flow rate of 0.08 kg s−1 when the corrugated fins were 
used at a fin pitch of 1 cm. As a comparison with the typical 
solar collector, the thermal efficiency was improved around 
20% when the fins were used accompanied by a penalty of 
increased pressure drop.

Zheng et al. [70] developed mathematically and experi-
mentally a new solar air collector with metal-corrugated 
packing for heating buildings in cold regions. It was reported 
that the ranges of the temperature difference across the 
collector were 2.95–49.87 K, the thermal efficiency was 
47–66%, and the net exergy efficiency of the collector was 
0.51–7.31%. Their suggested design was more efficient for 
heating rural buildings in cold regions due to its great heat 
transfer area, high convection heat transfer coefficient, and 
good economic indication. They stated that the thermal 
efficiency of the collector was increased by increasing the 
corrugated packing height, specific surface area, radiation 
intensity, air velocity, and ambient air temperature. On the 
contrary, it was decreased with increasing the corrugated 
packing width and air inlet temperature. In addition, their 
suggested design had lower life-cycle costs and energy-
saving potential in the cold rural regions compared to the 
coal-fired heating system.

Álvarez et al. [71] evaluated the thermal performance of 
corrugated parallel-plate solar thermal collectors by pro-
posing a new design. A greater thermal performance was 
recorded for their proposed design compared to the com-
mercial designs. The maximum thermal efficiency they 
obtained was 86%, whereas it was 80% for the Brown Boveri 
Corporation product and 77.9% for the Roth Werke product 
collectors.

Joudi and Farhan [72] investigated experimentally the use 
of a v-corrugation solar air collector to heat an innovative 
greenhouse in Iraq during the winter season. A bank of solar 
air collectors was installed on the roof of the greenhouse. 
Experiments were implemented to study the effect of dif-
ferent air mass fluxes on the thermal performance of the 
solar collector under realistic weather conditions. Results 
show that, to keep the temperature inside the greenhouse at 
18 °C, the solar air collectors could be offered about 84% 
of the daily heating load demand. It was concluded that, at 
0.015 kg s−1 m−2 air mass flux, 45% of the daily heating 
demand inside greenhouse can be covered.

Kumar et al. [73] carried out experiments on v-corrugated 
surface solar air heater under laminar flow conditions. The 
inner surface of the absorber plate was roughened by a shot 
blasting process. It was declined that the Nu was higher for 
their modified pattern compared to the conventional one, 
whereas the friction factor was also higher but slightly. The 

highest thermal efficiency they obtained was around 55% at 
0.02 kg s−1 for the new pattern. The thermal performance 
factor decreased with the increase in Re, and the greatest 
value obtained was 1.57 at Re = 1000.

Zhang et al. [74] developed the traditional liquid solar 
collector by using a flat-plate solar collector with dual func-
tion. Three modes of heating were studied: air heating, water 
heating, and air–water compound heating. Their experimen-
tal results revealed that the thermal efficiency of the first and 
second modes was 51.3% and 51.4% at the mass flow rate of 
0.024 kg s−1 and 0.13 kg s−1, respectively. The maximum air 
and water temperature obtained was 60.4 °C and 59.8 °C for 
the respective two modes. Moreover, the thermal efficiency 
of the last mode was 73.4% greater than the others. The 
mass flow rate was the major effective factor affecting the 
efficiency, outlet fluid temperature, and heat transfer rate. 
For the water flow rate of over 0.10 kg s−1, the heat removal 
was increased inconsiderably.

Hedayatizadeh et al. [75] paid investigational attention 
to the v-corrugated solar air heater with various artificial 
roughness geometries from the exergetic point of view. Their 
theoretical results showed that as the inlet air temperature 
was low, the maximum exergy output was achieved with low 
values of air mass flow rates. But when the inlet air tempera-
ture was high, the exergy output increased with the mass 
flow rate to reach its peak value. The high aspect ratio of the 
collector could cause an increase in energy and exergy. Low 
possible triangular ducts bring about a decrease in energy 
and exergy outputs. They highlighted that a greater number 
of glasses cover enhanced the exergy outputs, but the eco-
nomical aspect must be considered in the account.

Double-pass flat and v-corrugated plate solar air heaters 
were theoretically and experimentally studied by El-Sebaii 
et al. [8], under the weather conditions of Tanta prevail-
ing—Egypt, as schematically illustrated in Fig. 13. Their 
results indicated that the double-pass v-corrugated plate 
model showed an efficiency of about 11–14% higher than the 
flat mode. The outlet temperature of the v-corrugated plate 
model was 5% over the typical one. The thermo-hydraulic 
efficiency of both models was increased with increasing the 
flow rate until 0.02 kg s−1, and it was decreased remarkably 
over this flow rate value. Basically, the pressure drop in the 
case of the v-corrugation pattern was observed higher than 
the flat plate.

Ho et al., [76] developed theoretically and experimen-
tally a new design of recycling double-pass solar air collec-
tor using a v-corrugated absorber. They could enhance the 
turbulence intensity and convection heat transfer coefficient 
compared to the conventional flat-plate system. The thermal 
efficiency was augmented as the airflow rate increased.

Hedayatizadeh et al., [77] analyzed the exergy of double-
pass/glazed v-corrugated plate solar air heater based. It was 
reported that the maximum exergy efficiency of the proposed 
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collector was 6.27% when the distance between the glazings 
was equal to 2.3 mm, corrugation height of 12.2 mm, heater 
area of 1.79 m2, and an airflow rate of 0.005 kg s−1. It was 
also discovered that the internal exergy loss term originating 
from the temperature difference between sun and absorber 
surface was the most fatal term in comparison with the other 
terms studied in their paper which was 63.57% of the whole 
exergy losses.

Karim and Hawlader [78] explored experimentally and 
theoretically the flat-plate, finned and v-corrugated solar 
air collectors under the climatic conditions of Singapore 
and over a wide range of design and operating conditions. 
The collectors were also examined in double-pass mode for 
showing their effectiveness without the need to increase their 
size and consequently the cost. Their results demonstrated 
that the v-corrugated heater was the most efficient mode, 
whereas the opposite was found with the flat-plate mode. By 
using double-pass flow, the efficiency of the v-groove mode 
was 2–5% greater than the finned one and 5–11% greater 
than the flat-plate one. The double-pass operation of the col-
lector could enhance the efficiency of all proposed patterns. 
The double-pass mode was most substantial in the flat-plate 
heater, while it was the waste in the v-groove heater. The 
efficiency of three collector modes increased with increas-
ing the flow rate until 0.06 kg s−1, as there was no change 
observed over this value. We would attract the attention of 
researchers that the authors did not take the pressure drop 
across the collectors into accounts as they believe that the 
pressure drop penalty across the v-corrugated and finned 
solar heater would be higher than the conventional one.

Farhan et al., [79] studied numerically the energetic and 
exergetic efficiencies of a v-corrugation solar collector hav-
ing twisted tape inserts inside the airflow channels. They 
examined the effect of channel numbers and twisted ratio 
on the hydrothermal performance of the collector with Re 
ranging between 1000 and 20,000. It was reported that when 

the twisted ratio decreases, the hydrothermal performance of 
the collector was increasing to the highest value at a certain 
Re value and then decreasing. The maximum hydrothermal 
performance was found at channel number 5. Results dem-
onstrated that the thermal efficiency of a solar collector with 
a twisted tape insert was greater than that without a twisted 
tape insert by about 17.5%.

Configuration of corrugation

Liu et al., [80] perform a comparative study of heat transfer 
improvement of cross-corrugated and v-corrugated solar air 
collectors. The study was carried out under a wide range of 
geometrical and operational conditions. In the case of the 
cross-corrugated collector, airflow channel was designed 
by a wavy absorber plate and a wavy bottom plate, while 
a v-corrugated absorber plate with a flat bottom plate was 
employed in the case of the v-corrugated collector. The use 
of the wavy bottom plate in a cross-corrugated collector was 
to improve the heat transfer rate inside the airflow channel 
and in turn enhance thermal performance. It was pointed out 
that the thermal performance of a cross-corrugated collec-
tor was higher than the v-corrugated collector in all studied 
cases. In addition, the thermal performance was augmented 
with a smaller gap between the cover plate and absorbing 
plate, slender configuration along the direction of airflow, 
using a coating on the absorber plate and glass cover that has 
high solar radiation absorptivity with small thermal radia-
tion emissivity, air mass flow rate above 0.1 kg m−2 s−1, and 
maintaining the temperature of the inlet fluid close to the 
ambient temperature. The maximum cross-corrugated solar 
collector efficiency achieved was about 78%, while it was 
about 69% in the case of the v-corrugated solar collector.

Akbarzadeh et  al., [81] numerically investigated the 
hydrothermal performance of solar air heater with sinu-
soidal- and triangular-corrugated plates. The proposed 
study also examined the influence of using Cu–water as the 
working fluid covering a range of Re of 4000–6000. It was 
reported that hydrothermal performance decreased with 
increasing Re in all cases, and thermal performance and 
pressure drop were increased when employing a triangular-
corrugated plate compared with a sinusoidal one. The hydro-
thermal performance of corrugated plates was higher than 
the straight plate using nanofluid. However, employing pure 
water, the hydrothermal performance of straight plate was 
higher in comparison with corrugated plates. In addition, 
increasing nanoparticle concentration of Cu from 0 to 0.04 
led to augmenting of PEC reaching a maximum enhance-
ment of 72.4% and 70% for sinusoidal and triangular plates, 
respectively.

Absorber plate

0.03 m

Upper and lower
glass covers

0.05 m

0.05 m

0.04 m

1 m
Back plate

Upper flowing air stream
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Fig. 13   Scheme of the double-pass v-corrugated plate solar air heater 
[8]
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An experimental study was performed by Rainieri and 
Pagliarini [82] to compare helical- and transverse-corrugated 
tubes in terms of thermal performance. Experiments were 
carried out with several pitch values covering a range of Re 
of 90–800 and employing ethylene glycol as the test fluid. It 
was indicated that the spiral corrugation produced noticeable 
swirl components, but there was no significant associated 
heat transfer enhancement, and local Nu depended on the 
corrugated pitch. Also, they pointed out that transverse-cor-
rugated tubes enhanced heat transfer rate higher than helical 
ones although the helical corrugation is preferable compared 
with axial symmetrical ones because it is easy to fabricate 
on a large scale.

In another experimental study, Islamoglu [83] investi-
gated the influence of rounding of protruding edge on ther-
mal performance in the converging–diverging channel as 
shown in Fig. 14. Experiments were carried out in the Re 
range of 2000–5000 with the angle of the corrugation of 30° 
and channel height of 5 mm. It was reported that the heat 
transfer enhancement ratio of sharp corrugation peak was 
higher than the rounded one about 18% for Re < 3500. As Re 
increased above 3500, the enhancement ratio of rounded cor-
rugation peak became higher than the sharp one with 21%. 
Furthermore, in terms of flow area goodness factor (j/f), it 
was revealed that channel with a rounded corrugation peak 

performed better than that with a sharp corrugation peak in 
all Re numbers.

Nelly et al. [84] carried out an experimental investiga-
tion on heat transfer and pressure drop behavior of helically 
single-structured and cross-structured tubes as shown in 
Fig. 15. Different structure depths and angles were inves-
tigated. It was reported that Nu and pressure drop ratios 
were increased with increasing Re and structure depth for 
both tubes. When the structure angle was increased, the Nu 
enhancement ratio was decreased in the case of SSTs, while 
it increases in CSTs case. In terms of hydrothermal perfor-
mance, performances of CSTs tubes were higher than SSTs 
tubes in all cases, and the best structure depths and angles 
were found to be 0.7 mm and 9°.

The hydrothermal performance of a double-pipe heat 
exchanger made of inner and outer corrugated tubes 
was experimentally investigated by Dizaji et al. [85] for 
3500 < Re < 18,000. The idea of the proposed study was 
to compare a double-pipe heat exchanger made of the cor-
rugated inner pipe and straight outer pipe with that made 
of inner and outer corrugated pipes. Also, they examined 
the arrangement of concave and convex corrugated pipes 
as shown in Fig. 16. It was indicated that corrugated pipes 
improved thermal performance, and arrangement types of 
corrugated pipes: concave and convex, had a noticeable 
influence on hydrothermal behavior. The Nu was enhanced 
up 117% at low Re, and the friction factor was increased also 
up to 254% for all Re for heat exchanger made of convex 
inner corrugated pipe and concave outer corrugated pipe. 
Additionally, the maximum PEC achieved was about 1.2 for 
heat exchanger made of convex inner corrugated pipe and 
concave outer corrugated pipe.

Elshafei et al., [86] performed experiments on corru-
gated channels under turbulent flow conditions, as shown 
in Fig. 17. The results showed that heat transfer was signifi-
cantly enhanced accompanied also by high-pressure drop. 
The average Nu and friction factor improved by 2.6–3.2 and 
1.9–2.6 relatives to the smooth plate channel, respectively, 
according to the spacing and phase shift. It was observed that 
the friction factor increased when the channel spacing and 
corrugation phase shift increased. The hydraulic and thermal 
performance was greatly affected by the spacing variations 
more than the phase shift variation. They observed a great 
PEC could be obtained by using a corrugated plate channel, 
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and the maximum PEC was evaluated by optimizing the 
spacing and phase shift factors.

Bilen et al., [87] carried out experiments for developing 
the performance of a fully developed turbulent airflow in 
tubes without and with circular, trapezoidal, and rectangular 
grooves as shown in Fig. 18. The heat transfer was improved 
up to 63%, 58%, and 47% for the tube with circular, trap-
ezoidal, and rectangular grooves, respectively, compared to 
the typical tube at Re = 38,000. The heat transfer rate of the 
tube with trapezoidal grooves was close to that with circu-
lar grooves, but it has a lesser groove number of 20%. On 
another hand, the flow disturbance in the pipe with trap-
ezoidal grooves was greater than that with circular grooves 
because of the lower groove number. They reported an 
important notice that the pipe having grooves requires more 
cost because of groove machining. But for the corresponding 
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thermal performance of the typical pipe, the heat exchanger 
will be shorter in length, lighter in mass, and smaller in size 
by grooving the pipes.

Han et al., [88] simulated computationally symmetric 
and asymmetric convex corrugated tubes using, as shown in 
Fig. 19, k-ε turbulent model. Both the Nu and pressure drop 
increased with increasing the corrugation depth. The PEC 
increased by increasing the radius of the circular corruga-
tion. In general, it was found that the asymmetric corrugated 
tube revealed superior hydrothermal performance compared 
to the symmetric corrugated tube by about 8–18%.

Wang et al., [89] conducted a numerical investigation 
with some experiments to study the turbulent flow and heat 
transfer characteristics of outward transverse and helically 
corrugated tubes for turbulent flow conditions close to the 
case study of Han et al., [88]. It was published that the heat 
transfer was enhanced due to the turbulent fluctuation and 
boundary-layer redevelopment, whereas this enhancement 
was slightly affected by the rotational flow. However, the 
secondary flow and fluid pulsation were inhibited, and con-
sequently, flow resistance was reduced. The maximum PEC 
value obtained was 1.40 at Re = 3800 at the corresponding 
geometric parameters detailed in their paper. They could 
obtain higher PEC for their proposed design compared to 
some designs such as the broken twisted tap in the smooth 
tube, the circular tube with wire coil insert, twisted oval 
tube, and internally finned tube. Consequently, the PEC 
declined sharply with increasing the Re number.

Du et al., [90] studied the effect of transverse sinusoidal 
ribbed tubes (SRTs) (corrugation toward the inner of the 
tube) numerically for laminar water flow in order to gener-
ate longitudinal vortex streams to intensify the flow mixing 

and to interrupt the thermal boundary layer as illustrated 
in Fig. 20. Their results inferred that Nu number and PEC 
increased when the rib height increased; the rib amplitude, 
rib width, and the rib pitch decreased. In addition, the Nu 
number and PEC increased when the circumferential rib 
numbers increased from 1 to 3 and then they decreased when 
the rib numbers ranged from 3 to 6. In general, the PEC 
was increased with the rise of Re number. The heat transfer 
was enhanced up to 4.89 times, and the friction loss was 
improved up to 5.62 times when the ribs were used. The 
maximum PEC recorded was about 3.64 using the sinusoidal 
rib technique.

Hong et  al. [91] investigated the hydrothermal 
enhancement of wavy-corrugated tube over the range of 
7500 < Re < 20,000. Several parameters are examined, 
namely corrugation number, arrangement, corrugation 
width, corrugation height, corrugation amplitude. Water 
is employed as the working fluid. It was indicated that all 
wavy-corrugated tubes considered provided better hydro-
thermal performance than straight tube due to enhanced flow 
mixing induced by corrugations. In addition, the wavy-cor-
rugated tube with the parallel arrangement is the best among 
other arrangements. The maximum PEC obtained is about 
1.56 at Re of 7500 with a number of corrugation of 3, cor-
rugation amplitude of 5 mm, corrugation width of 9 mm, and 
corrugation height of 1.4 mm.

Zhang and Che [92] studied numerically the hydrother-
mal performance of cross-corrugated (CC) plates; (sinusoi-
dal, isosceles triangular, trapezoidal, rectangular, and elliptic 
corrugations) compact heat exchanger, as shown in Fig. 21, 
using the k-ε turbulence model. It was reported that the Nu 
and f were about 1–4 times higher for the trapezoidal channel 

Fig. 19   Scheme of the convex-
corrugated tube [88]
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than for the elliptic channel. Higher Nu and friction factor 
were observed with the trapezoidal cross-corrugated plate 
compared with others, whereas the elliptic CC plate had 
the inferiority in terms of heat transfer and friction losses. 
Moreover, it was seen that the elliptic and sinusoidal CC 
plate exhibited the highest PEC relative to others.

Ferley and Ormiston [93] studied a steady 2D laminar 
forced convection in sinusoidal-, rounded-elliptic-, and 
rounded-vee-corrugated plate as schematically demonstrated 
in Fig. 22. It was revealed that the sinusoidal corrugation 
demonstrated the lowest friction factor and highest average 
Nu number among other shapes. Moreover, the rounded-
elliptic-corrugated shape showed the greatest heat transfer 
per unit pumping power at Re = 300 and provided a larger 

recirculation region relative to other patterns. In general, 
increasing the cavity depth of the corrugation could increase 
the number of recirculation zones. In addition, the hydraulic 
performance of the sinusoidal- and rounded-vee-corrugated 
shapes was identical approximately.

Bahaidarah et al. [94], studied also a 2D laminar fluid 
flow and heat transfer in a periodic sinusoidal- and arc-
wavy channel for Pr = 0.7. At low flow rates, two configu-
rations illustrated a little or no heat transfer enhancement 
compared to the parallel-plate passage. The heat transfer 
was enhanced up to 80% in some cases of the sinusoidal 
pattern at higher Re numbers. The recirculation size and 
strength were decreased when the height ratio or the length 
ratio increased for both configurations. The arc-wavy chan-
nel showed a higher pressure drop compared to the sinu-
soidal pattern. The average Nu raised monotonically with 
increasing Re. The Nu number ratio was less than unity for 
most cases, so they recommended that such channels can 
be used in applications in which pumping power is not in 
short supply.

Multiple techniques

Corrugation with perforations

Caliskan [9] examined experimentally two heat transfer 
enhancement techniques: impingement of circular air-jet and 
transverse rib surfaces with/without perforations to show 
their effect on the heat transfer and flow characteristics of a 
rectangular channel. They monitored a thermal superiority 
when the perforated rib surfaces were used compared to the 
channel having solid ribs (without perforations). The turbu-
lence kinetic energy and radial velocities were greater for the 
perforated transverse ribs as compared to the using of solid 
ribs. The maximum average Nu enhancement observed was 
48% over the smooth surface depending on the rib shape, 

Fig. 21   Configurations of one 
cell of a sinusoidal, b triangular, 
c trapezoidal, d rectangular, and 
e elliptic corrugation [92]
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jet-to-plate distance, and the flow rate value. They derived 
correlations for the average Nu when the perforated ribs 
were implemented within ± 12% deviation with the experi-
mental data.

Hassan et al. [95] experimentally studied the effect of 
using v-corrugated-perforated absorber, as shown in Fig. 23, 
on the performance of flat-plate double-pass solar air heater. 
Several air mass flow rates are tested with two absorber 
plates: corrugated and corrugated-perforated plates. Cor-
rugated-perforated plate exhibited the highest daily effi-
ciency of 71.85%. Zheng et al., [6] developed the design of 
the glazed transpired solar collector by using a perforating 
corrugated plate mathematically and experimentally. They 
highlighted that their proposed design would be applicable 
enough due to its advantages in terms of economy and ther-
mal performance in village cold zones. The thermal effi-
ciency of the new design decreased with increasing the inlet 
temperature, collector width, and porosity, while it increased 
with increasing the ambient air temperature, radiation inten-
sity, and collector height. The augmentation of thermal 
efficiency reduced with increasing the flow rate, radiation 
intensity, and collector height. Their predicted mathematical 

results of the thermal performance for the proposed model 
was deviated 3.6% from the experimental data.

Zhang et al. [96] developed mathematically the thermal 
design of a solar air collector by using a slit-perforated cor-
rugated plate (wavy plate with inclined waves) for enlarging 
the heat collection area and increasing the jet impingement 
more. It was reported that the height of the absorber plate 
has the largest effect on the thermal performance among 
structure parameters. When the air velocity in the collector 
increased up to 1.14 m s−1, the efficiency increased became 
67.83%. Among the transpired solar air collectors, their sug-
gested design provided higher thermal performance. Their 
proposed design could produce 820.7 MJ in the hot season 
to save 43.1 kg of standard coal and consequently reduce 
102.1 kg of carbon dioxide emission. They verified the 
results of the outcome with the experimental data within 
an average deviation of 4.8%. The details of their proposed 
design are illustrated schematically in their paper.

Aliabadi et al. [10] modified experimentally the thermal 
design of wavy perforating plate–fins heat exchangers for 
reducing their size as shown in Fig. 24. They investigated the 
effect of three passive techniques for heat transfer enhance-
ment: perforations, winglets, and nanofluids (0.1 and 0.3 
vol.%), and Re number is ranged from 3900 to 11,400 on 
heat transfer and flow specifications under turbulent flow 
regime. It was displayed that the winged wavy plate–fins 
technique outperformed the others in terms of heat removal, 
followed by the perforated one, and then the nanofluid. 
Moreover, they showed the same trend of the increase in 
frictional losses. The perforated wavy plate–fins displayed 
the same heat transfer and friction factor with the nano-
fluid when Re number was over 7000. The hydrothermal 
performance was greater than unity for all three techniques 
used. Its highest value was for the winged wavy plate–fins 
(around 1.26) compared to the typical one at the lowest Re 
number value and the highest waviness aspect ratio. They 
recommended using the winged wavy plate–fins in the heat 
exchangers as an effective interrupted surface. In addition, Fig. 23   Corrugated-perforated absorber [95]

Fig. 24   Photograph of a typical wavy plate–fin, b perforated wavy plate–fin, and c winged wavy plate–fin [10]
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Aliabadi et al. [97] improved the efficiency of the hydro-
thermal performance of corrugated-perforated fin (CPF) in 
a solar heating system. Water and Al2O3–water nanofluid 
were used as coolants. The wave aspect ratio, perforation 
diameter, nanoparticle concentration, and flow rate were 
evaluated. Their experimental results demonstrated that the 
heat transfer rate of the modified design was greater than that 
of a typical pattern, whereas the pressure drop was lower. 
The maximum hydrothermal performance was 1.95 at Re ≈ 
7000, the waviness aspect ratio of 0.51, perforation diameter 
of 6 mm, and flow rate of 0.117 × 10–3 m3 s−1. The greatest 
increase in the heat transfer coefficient and pressure drop 
was 14.1% and 9.5%, respectively, at 0.3 vol.%.

Corrugation with PCM

Ameri et al. [98] conducted an experimental investigation 
of v-corrugated solar air heater with the implementation of 
PCM using paraffin packs, as indicated in Fig. 25. Two kinds 
of paraffin wax with different melting temperatures along 
with four PCMs arrangements are tested. Utilizing PCM 
enhanced the daily thermal efficiency from 53.1% to 62.6%. 
Also, outlet temperature increased by 5 Co due to using PCM 
with high melting temperature, and equally distributed PCM 
exhibited the optimal daily performance. Kabeel et al. [99] 
carried out experiments on flat and v-corrugated plate solar 
air heaters with built-in phase change material (PCM) as a 
thermal energy storage material under the weather condi-
tion of Tanta city—Egypt. It was monitored that the outlet 
temperature of the corrugated plate model could raise from 
1.5 to 7.2 °C greater than the ambient temperature during 
3.5 h after sunset when the PCM was used in comparison 
with 1–5.5 °C during 2.5 h after sunset for the flat pattern 
at an airflow rate of 0.062 kg s−1. The daily efficiency of 

the corrugated plate pattern with PCM was 12% more than 
the corresponding values without PCM, and it was also 
15% and 21.3% greater than the corresponding ones for 
the flat plate with and without PCM, respectively, at the 
same above flow rate value. By increasing the mass flow 
rate, the daily and instantaneous thermal efficiency would 
be increased regardless of the use of PCM. In contrast, the 
air temperature difference across the heater, the amount of 
heat stored, and the PCM freezing time were decreased. In 
general, the heat transfer rate of the v-corrugated sample was 
much larger than that of the flat one despite the use of PCM 
and it increased with increasing the air mass flow. They also 
studied the effect of the PCM thickness on the temperature 
difference across the heater as the reader could go through 
their paper thoroughly. They recommended using the PCM 
due to its efficient effectiveness in improving the thermal 
performance of the v-corrugated plate solar air heater.

Corrugation with nanofluids

Aliabadi [100] performed a computational study on using 
Al2O3–water nanofluid (0–4 vol.%) as a coolant in a sinusoi-
dal-corrugated channel to show its effect on the heat transfer 
and flow characteristics. Besides, he studied the effect of the 
height and length of the channel, wavelength, wave ampli-
tude, and phase shift for 6000 < Re < 22,000. It was inferred 
that the channel height and wave amplitude influenced sig-
nificantly the Nu and friction factor. The nanofluid offered 
greater heat transfer rates in comparison with the base fluid, 
while a slight increase in the friction factor was observed. 
The highest PEC obtained was ~ 2.4 at 4 vol.%, and the larg-
est wave amplitude and wavelength examined. He correlated 
based on the nanofluid used for predicting the Nu and fric-
tion factor through sinusoidal-corrugated channels.

Also, Aliabadi and his research group [3] evaluated the 
hydrothermal performances of a plate and plate–pin-corru-
gated mini-CHS having triangular, trapezoidal, and sinusoi-
dal shapes for laminar flow regime. Water and Al2O3–water 
nanofluid were used as cooling fluids. Their numerical and 
experimental results displayed that the corrugated plate–fins 
HS could enhance the heat transfer rate with a moderate 
increase in the pressure drop penalty compared to the 
straight pattern. The highest increase in the heat transfer 
and pressure drop was recorded with the trapezoidal corru-
gation channel. The heat transfer coefficient was increased, 
and the pressure drop was decreased by about 22.9% and 
49.3%, respectively, when the pins were used in the sinusoi-
dal corrugation configuration in comparison with no pins 
pattern. In general, the nanofluid could augment the heat 
transfer with a moderate increase in the pressure drop. They 
highlighted that the hydrothermal performance of some 
cases was less than unity and others were greater depend-
ing on the corrugation shape and the value of Re number. 

Conventional SAH SAH using PCM blocks

Slabs filled with wood chips

Slabs filled with PCMs

Fig. 25   Illustrative scheme of semicircle-corrugated channel [98]
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The maximum hydrothermal performance factor was 1.84 
when nanofluid (0.3 vol.%) was used instead of water in 
the sinusoidal plate–pin fins. They stated that designers can 
reduce the pumping power in the corrugated HS for the same 
heat dissipation. In addition, we believe that the designers 
can reduce the heat sink size, while the heat transfer rate 
remains constant. Wang et al. [101], experimentally tested 
the influence of using TiO2-H2O nanofluids as a working 
fluid on the hydrothermal performance of corrugated tubes. 
Different corrugation pitches are tested as well. Using the 
mass fraction of the nanofluid of 0.5%, heat transfer was 
improved by 36.3% for different corrugation pitches. Also, 
it is revealed that the maximum hydrothermal performance 
achieved in the study is 1.56.

Ajeel et al., [102] optimized the height/width ratio and 
pitch/length ratio of the symmetry semicircle-corrugated 
channel with SiO2–water nanofluid (0–8.0 vol.%) numeri-
cally for 10,000 < Re < 30,000 in order to make it more com-
pact. It was revealed that the height/width ratio showed a 
greater heat transfer rate compared to the pitch/length ratio. 
At the highest value of Re, Nu number was increased up to 
13.59% when the pitch/length ratio decreased from 0.175 
to 0.075, whereas it increased by about 78.84% when the 
height/width ratio increased from 0.0 to 0.05. The opti-
mal hydrothermal performance was found to be 2.95 at the 
height/width ratio of 0.05, the pitch/length ratio of 0.075, 
and the volume fraction of 0.08 when Re number was at its 
lowest value. This enhancement was reduced by increasing 
the flow rate. Moreover, they derived correlations for Nu 
and friction factor using nanofluids in a corrugated channel 
according to their study conditions. See Fig. 26.

Ahmed et al., [103], Ahmed et al. [104], and Ahmed 
et al. [105] published a computational study on the heat 
transfer and Cu– and CuO–water nanofluid (0–5 vol.%) 
flow characteristics in sinusoidal-, triangular-, and trape-
zoidal-corrugated channels under the laminar flow regime. 
It was stated that the heat transfer and pressure drop were 
improved by increasing the nanoparticle concentration and 
Re. In addition, they did not report a significant addition 
to the pressure drop penalty. The friction coefficient and 
Nu would be increased by increasing the amplitude of the 
wavy channel. The PEC was increased by increasing the 

flow rate. In general, the trapezoidal channel provided the 
greatest Nu number followed by the sinusoidal, triangular, 
and then straight channel. They also showed in their research 
[103] that the average Nu was augmented with the increase 
in the volume fraction and the amplitude of the corrugated 
channel. Besides, this enhancement was accompanied by an 
increase in the pressure drop. It was also found that the Nu 
number increased and the pressure drop decreased when the 
wavelength of the corrugated channel decreased. The highest 
heat transfer improvement registered was 43.9% at Re = 200, 
whereas the maximum PEC was about 1.46 at the highest Re 
number and 5 vol.%.

Also, Ahmed and his group [4] studied numerically the 
effect of the shifting of the sinusoidal-wavy surface on the 
laminar forced convection flow using Al2O3–water nano-
fluid. The sinusoidal-wavy channel with different phase 
shifts, namely 0°, 45°, 90°, and 180°, was investigated. It 
was indicated that the optimal PEC obtained was 1.46 at 0° 
phase shift channel (where the cross-sectional area of the 
wavy channel remains constant along the flow direction) at 
high laminar Re number and 5vol.% nanofluid.

Ahmed et al. [106] cooled straight-, trapezoidal-, and 
sinusoidal-corrugated channels by using SiO2–water nano-
fluid (0–1 vol.%) for 100 < Re < 4000 numerically and exper-
imentally. The thermophysical properties of the nanofluid 
were empirically measured. They confirmed that the Nu 
and f increased with the volume fraction. The trapezoidal-
corrugated channel outperformed the others in terms of heat 
transfer, whereas the sinusoidal-corrugated channel was the 
second better one in comparison with the straight pattern.

Qi et al., [5] used TiO2–water nanofluids as a working 
fluid in a stainless-steel-corrugated tube and a circular tube 
numerically and validated their data with their experiments. 
They reported that adding nanoparticles into deionized 
water did not show a significant additional resistance loss. 
A remarkable heat transfer enhancement was observed when 
both techniques were used simultaneously: corrugated tube 
and nanofluid, which enhanced the heat transfer by about 
54%.

Goodarzi et al., [107] investigated computationally and 
experimentally the thermophysical properties of Gum Ara-
bic-treated multi-walled carbon nanotubes (MWCNT-GA), 
functionalized MWCNT with cysteine (FMWCNT-Cys) and 
silver (FMWCNT-Ag) which were used as coolants. The 
effect of these coolants on the hydrothermal performance 
of the counterflow corrugated plate heat exchanger was 
studied under the turbulent flow regime and (0–1 vol.%). 
They measured the nanofluid properties experimentally. It 
was found that increasing Re number, Peclet number, and/
or volume fraction would improve the heat transfer rates of 
the nanofluid. A rise in the pumping power was recorded 
when Re number and/or volume fraction increased, whereas 
this penalty was relatively insignificant. The heat removal 
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Fig. 26   Illustrative scheme of semicircle-corrugated channel [102]
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was greater for nanofluids in comparison with water for the 
corresponding pumping power.

Naphon and Wiriyasart [108] combined both passive 
and active heat transfer enhancement techniques, namely 
(TiO2 nanofluids and helically corrugated rib) and (pul-
sating flow and magnetic field) to show their effect on the 
thermal and hydraulic performance through a circular tube. 
Nanofluid with a concentration of 0.25%, and 0.5%, pulsat-
ing flow frequency of 10, 15, 20 Hz, and helical-corrugated 
rib with the depth and pitch of 1.25 mm, 6.35 mm, respec-
tively, were involved in their experimental investigation. The 
comparison with the smooth tube showed that the nanofluid 
improved significantly the heat transfer rate. The disturb-
ing of nanoparticles Brownian motion by the magnetic field 
and pulsating flow frequency exhibited a great heat transfer 
enhancement. The disturbance of nanoparticles suspended in 
water was induced by the centrifugal force, magnetic force, 
and roughness of the helically corrugated ribs in which a 
higher heat transfer rate was recorded with a slight increase 
in the frictional forces was registered. Therefore, their results 
would allow investigators to design cooling systems with 
higher thermal performance for cooling electronic chips.

Mei et  al., [109] carried out experiments in order to 
investigate the hydrothermal performance of Fe3O4–water 
nanofluid in a corrugated tube under a magnetic field. The 
ranges of the magnetic induction intensities were 0–300 
G, nanoparticle mass fractions were 0–0.5%, electromag-
net arrangement modes were one-side electromagnet and 
two-side staggered electromagnet, a smooth and corrugated 
tube, and Re numbers were 800–12,000. It was shown that 
the heat transfer enhancement was influenced by the nano-
particle concentration, magnetic induction intensity, two-
side staggered electromagnet, and corrugated tube. The Nu 
was improved up to 10.0% and 17.6% when the nanofluid 
flow through the smooth and corrugated tube, respectively, 
under the magnetic field in comparison with water. The Nu 
of nanofluids with two-side staggered electromagnets would 
be improved by 2.0% compared to the one-side electromag-
nets. They displayed that the PEC would be increased with 
the increase in Re at first and then decrease. They concluded 
that coupling these passive and active techniques could aug-
ment the heat transfer noticeably with a slight increase in the 
flow resistance.

Conclusion and remarks

The recent and advanced developments of compact heat 
exchangers surface using corrugations (as a passive heat 
transfer enhancement techniques) alone or combined 
with other methods (passive, active, or passive and active 
together) for enhancing the hydrothermal performance have 
been discussed and analyzed in this paper. Experimental and 

numerical investigations covering conduits with corrugation 
in different shapes such as helical, transverse, wavy, zigzag, 
converging–diverging, and others are covered. Also, these 
corrugations are applied in several types of heat exchangers 
passages such as tubes, heat sinks, and solar collectors. It 
can be concluded as:

•	 This review of the literature shows that the Nu and fric-
tion factor were increased with increasing the height, 
and width of helical and transverse corrugation, and 
decreasing the pitch ratio. The angle of helical corruga-
tion was optimized between 20° and 30°. However, the 
PEC was greater than unity. Some researchers claimed 
that the increase in the friction factor was greater than 
the increase in the Nu.

•	 A high heat transfer rate was noticed with an increase 
in the wave amplitude of wavy and converging–diverg-
ing corrugated channel, but it was accompanied by an 
increase in the friction factor as some authors proved 
that. In zigzag-corrugated channels, the thermal perfor-
mance was augmented as the wave angle increased. In 
addition, the increase in the channel height could lead to 
an increase in the Nu as well as the friction factor.

•	 Researchers have found that the wave amplitude of cor-
rugations applied in MCHS and mini-CHS has a larger 
impact on heat transfer and pressure drop compared to 
the wavelength. Employing secondary branches in wavy 
MCHS could improve the thermal performance com-
pared with classical wavy MCHS. Moreover, corrugat-
ing the surface of solar air collectors would enhance the 
thermal efficiency by about 5–20% in comparison with 
the flat model.

•	 Cross-corrugated surfaces showed higher thermal per-
formance than v-corrugated surfaces, and also ellipti-
cal and sinusoidal CC exhibited high PEC compared to 
other shapes as most of the researchers claimed. Some 
researches revealed that circular grooves in tubes dis-
played high augmentation in Nu compared to trapezoidal 
and rectangular grooves. Furthermore, the transverse-
corrugated tubes outperformed that corrugated helically 
in terms of heat transfer rate.

•	 The heat transfer rate was enhanced, and the pressure 
drop was reduced when perforated corrugated surfaces 
were implemented. Using the PCM in corrugated plates 
was recommended with daily efficiency of 21.3% higher 
than that without PCM. In addition, increasing heat 
transfer rate was monitored using nanofluids but that was 
accompanied with an increase in the pressure drop.

In brief, the above survey of the available literature can be 
summarized in such a table as the main variable parameters 
of the corrugated channel are illustrated with the concrete 
findings resulted from this technique as shown in Table 1.
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Outlook for future works

Many efforts are required to be spent on thermal perfor-
mance enhancement using the technique of surface corru-
gating. These days, researchers’ attention is necessary to be 
focused on multi or compound heat transfer enhancement 
techniques for getting much higher heat dissipation with 
acceptable increase in the pumping power. From the above 
survey, it seems that there are some research topics that need 
to be fulfilled.

It can be said that no research is available on using non-
uniform wavy- or zigzag-corrugated channel (i.e., reducing 
the wavelength as required, at the entrance flow region, for 
example, and increasing the wavelength when it is unneces-
sary, it at the fully developed region, for example). Providing 
new designs of corrugated channels offers high heat transfer 
keeping the solid volume constant. Optimizing the shape and 
number of the corrugation on the heat transfer and the pres-
sure drop may be studied. Combined vortex generators with 
corrugated tape insertion are not studied yet. There is no 
study published on using corrugation technique with porous 
media with different porosities, PPIs, and porous properties 
uniformity. Due to the quick progress in the nanotechnology, 
same thermal performance can be obtained by corrugating 
the traditional heat exchanger, while the overall size is mini-
mized. There is lack of publication in applying the corruga-
tion technique in annulus heat exchangers. It is necessary to 
investigate the effect of oscillating flow (unsteady-state flow) 
in a corrugated channel. We apply a magnetic field on the 
nanofluid inside a corrugated enclosure to show the interac-
tion between the metallic-nanoparticle movement and the 
corrugated walls. In addition, how can the helical-corrugated 
tubes keep the stability of nanofluids and reduce the sedi-
mentation occurs due to the agglomeration.

From the point of view of the authors, the above sug-
gested research areas are still hot topics and need more 
attention from investigators to optimize the hydrothermal 
performance of corrugated channels experimentally, numeri-
cally, and/or theoretically. This great challenge encourages 
the researchers to obtain efficient thermal system design of 
heat exchangers, lower power consumption, and saving the 
environment better than the existence.
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